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Abstract

JCV causes the CNS demyelinating disease progressive multifocal leukoencephalopathy (PML).
After primary infection, JCV persists in a latent state, where viral protein expression and
replication are not detectable. NF-xB and C/EBPf regulate the JCV promoter via a control
element, kB, suggesting proinflammatory cytokines may reactivate JCV to cause PML, e.g., in
HIV-1/AIDS. Since HIV-1 induces cytokines in brain, including TNF-o, we examined a role for
TNF-a in JCV regulation. TNF-a stimulated both early and late JCV transcription. Further, the kB
element conferred TNF-a response to a heterologous promoter. Immunohistochemistry of HIV+/
PML revealed robust labeling for TNF-a and TNFR-1. These data suggest TNF-a stimulation of
kB may contribute to JCV reactivation in HIV+/PML.
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1. Introduction

The human neurotropic polyomavirus JC (JCV) is the etiological of the fatal CNS
demyelinating disease, progressive multifocal leukoencephalopathy, PML (Berger, 2003;
Khalili et al., 2006, 2008). While this disease is very rare, the occurrence of JCV infection is
common throughout the population worldwide as judged by the high prevalence of
antibodies to JCV in human sera (Padgett and Walker, 1973; Walker and Padgett, 1983).
JCV infects most people in childhood and is usually subclinical and asymptomatic, after
which the virus is thought to continue to persist in the body in a latent state, where viral
protein expression cannot be detected and replication occurs only episodically and at low
levels (Hou and Major, 2000; Khalili et al., 2006). The nature of the latent state is not well
understood but it is known that viral DNA can be detected by PCR but expression of the
viral proteins is not detectable. Sites where latent JCV has been reported include the
kidneys, tonsils, Gl tract and brain (reviewed in Del Valle et al., 2008). Interestingly, the
genomic arrangement of the JCV non-coding control region (NCCR) reported in the brain
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has the hallmark rearrangements typical of strains of JCV isolated from PML, e.g., Mad-1
(Perez-Liz et al., 2008; Elsner and Dorries, 1992; Greenlee et al., 2005; Mori et al., 1991,
1992; White et al., 1992). The cells that harbor the latent JCV DNA are the
oligodendrocytes and astrocytes but not neurons as determined by laser capture
microdissection followed by PCR (Perez-Liz et al., 2008). On the other hand, it has been
argued that the probability that the brain harbors JCVV DNA as a functional site of latency
may be small and that B lymphoid cells are the real site of functional latency (Major, 2010).
Recently, Tan et al (2010) demonstrated the presence of JCV DNA in non-PML brain using
three different approaches: quantitative PCR, cloning and sequencing of PCR products and
in situ hybridization.

In most individuals, JCV replication is either undetectable or occurs episodically at a low
level, as evidenced by the intermittent appearance of virus in the urine of normal

individuals, and infection is asymptomatic. However in the context of severe
immunosuppression, especially AIDS, JCV can be reactivated in the CNS leading to PML.
The high incidence of PML in patients infected with HIV-1 makes it an AIDS-defining
disease (Holman et al., 1998). The clinical signs that are observed in patients with PML vary
depending on the location of the demyelinated lesions but common symptoms include
headaches, limb weakness and cognitive impairments (Berger et al., 2008; Brooks and
Walker, 1984). In PML lesions, expression of the JCV early proteins, e.g., large T-antigen,
and late proteins, e.g. VP1 capsid protein, is clearly observable by immunohistochemical
labeling in the nuclei of both oligodendrocytes and astrocytes (Del Valle et al., 2008).
Replication of virus occurs in both of these cell types as judged by the presence of virions
observed by electron microscopy (Mazl6 et al., 2001). Lytic destruction of oligodendrocytes,
which produce myelin, is thought to account for the demyelinated phenotype of the PML
lesion.

Since the presence of latent PML-type JCV DNA is detectable in the oligodendrocytes and
astrocytes of some human brains but viral protein expression is not, it is possible that, in at
least some cases of PML, reactivation of the transcriptional status of JCV in the brain might
be an initiating event in the pathogenesis of PML. The mechanism of reactivation of JCV
from latency is unknown but likely involves molecular events that upregulate the expression
of viral genes including the viral early protein T-antigen, which is necessary for viral DNA
replication. The genome of JCV is a circular, closed and supercoiled DNA, is small in size
(5,130 base pairs for the Mad-1 strain) and is comprised of two regions, early and late,
which are transcribed in opposite directions from a bidirectional promoter (Imperiale and
Major, 2007). This bidirectional promoter is also known as the non-coding regulatory region
(NCCR) and contains the sites from which early and late transcription are initiated and the
origin of viral DNA replication. The NCCR contains binding sites for many transcription
factors that regulate early and late gene expression and some of these transcription factors
are regulated by signal transduction pathways that lie downstream of extracellular growth
factors and immunomodulators such as proinflammatory cytokines (reviewed in White et al.,
2009). In particular, earlier work indicated the involvement of the NF-«B signaling pathway
in the activation of JCV transcription (Mayreddy et al., 1996; Ranganathan and Khalili,
1993; Safak et al., 1999; Romagnoli et al., 2009). The unique binding site for NF-kB (the xB
element) is located in the JCV NCCR on the early side of the origin of replication
(Ranganathan and Khalili, 1993). Previous studies demonstrated that this site is a functional
NF-xB binding site and activates JCV gene expression (Mayreddy et al., 1996; Ranganathan
and Khalili, 1993; Romagnoli et al., 2009). Recently, we have found that the kB element of
JCV can also bind and be modulated by the transcription factor C/EBPJ (Romagnoli et al.,
2009).
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NF-«B is a transcription factor that is induced by a variety of proinflammatory cytokines,
including TNF-a, and regulates the expression of many cellular and viral genes (Fiers, 1991;
Nabel and Baltimore, 1987; West et al., 2001). NF-xB normally exists in the cytoplasm
complexed with the inhibitor protein 1B (Ghosh and Karin, 2002; Phelps et al., 2000) but
activated proinflammatory cytokine receptors trigger upstream protein kinases causing 1xB
to become phosphorylated and targeted for ubiquitination and degradation releasing active
NF-«B to the nucleus (Karin and Ben-Neriah, 2000). Like NF-xB, C/EBPp activity is
controlled by cytokines, including TNFa, but its regulation is more complex and occurs at
multiple levels including transcription, alternate translation initiation and phosphorylation
(Buck et al., 2001; Cardinaux et al., 2000; Ramji and Foka, 2002).

Since JCV transcription is regulated by NF-xB and C/EBPJ via the kB site in the JCV and
these two transcription factors are, in turn, regulated by proinflammatory cytokines, such as
TNF-a, we have now investigated a role for TNF-a in the reactivation of latent JCV to cause
PML. Most cases of PML occur in the context of HIVV-1/AIDS. In this regard, the presence
of HIV-1 and its associated proteins in the CNS can lead to the occurrence of cytokine
cascades involving the production of pro-inflammatory cytokines, including TNF-a
(Benveniste, 1994; Kaul et al., 2005; Yeung et al., 1995). We now report that TNF-a can
stimulate JCV transcription measured using different reporter constructs in both the early
and late orientations in several astrogilal and oligodendroglial cell types. Moreover, robust
expression of TNF-o and its receptor TNFR1 was observed in JCV-infected astrocytes and
oligodendrocytes in PML lesions from an HIV-positive patient relative to normal brain.

2. Materials and methods
2.1. Plasmids

The promoter reporter constructs, JCVg-CAT and JCV -CAT contained the noncoding
control region (NCCR) from the Mad-1 strain of JCV linked to the chloramphenicol
acetyltransferase (CAT) gene in the early and late orientations respectively (Chen and
Khalili, 1995). The JCVE-CAT promoter mutants m1 and m2 were made by site-directed
mutagenesis of the kB site as previously described (Romagnoli et al., 2009). The reporter
constructs, JCVg-LUC and JCV| -LUC were made by blunt end cloning of the full-length
Mad-1 NCCR into the Smal site immediately upstream of the luciferase gene in the plasmid
pGL3 (Promega, Madison WI). The hygromycin-selectable luciferase reporter plasmids
JCVE-LUC(4) and JCV| -LUC(4) were made by cutting out the JCV promoter elements
from JCVE-LUC and JCV| -LUC respectively with Kpnl and Bglll, which flank the Smal
site, and cloning into the Kpnl/Bglll site of pGL4.14 (Promega). Heterologous reporter
plasmids were made by cloning tandem wild-type or mutant JCV «B sites into pPBLCAT?2 to
give pBLCAT2-wt-xB and pBLCAT2-mt-kB respectively. The CAT reporter plasmid
pBLCAT?2 contains the constitutive Herpes simplex virus thymidine kinase (tk) promoter
driving CAT expression (Luckow and Schiitz, 1987). The tandem kB elements were
introduced by cloning double-stranded synthetic oligonucleotide into the HindllI/BamH1
site upstream of the pBLCAT2 tk promoter. For wt-«xB, the following oligonucleotides were
used: TOP: 5'-agc tta aaa caa ggg aat ttc cct ggc ctc aaa caa ggqg aat ttc cct ggc ctc get age
g-3’; BOTTOM: 5'-gat ccg cta gcg agg cca ggg aaa ttc cct tgt ttg agg cca ggg aaa ttc cct tgt
ttt a-3'. The xB elements are shown underlined. For mt-kB, the following oligonucleotides
were used: TOP: 5'-agc tta aaa caa CTC aat ttc cct ggc ctc aaa caa CTC aat ttc cct ggc ctc
gct agc g-3'; BOTTOM: 5'-gat ccg cta gcg agg cca ggg aaa ttG AGt tgt ttg agg cca ggg aaa
ttG AGt tgt ttt a-3'. The mutated nucleotides are show in capitals.

Lentivirus constructs containing the luciferase reporter gene under the control of the JCV
early and late promoters were made with the HIV-1-based lentivirus expression vector
pLVX-Puro (Clontech, Mountain View CA) as follows. The pCMV promoter was removed

J Neuroimmunol. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wollebo et al.

Page 4

from the pLVX-Puro vector by digestion with Clal followed by blunt-ending by fill-in with
Klenow, digestion with BamHI and gel purification of the plasmid fragment now lacking the
promoter. Similarly, fragments were produced containing the JCV early and late promoters
from JCVE-LUC(4) and JCV -LUC(4) respectively by digestion with Kpnl, blunt-ending,
digesting with BamHI and gel purification followed by ligation to the vector fragment. The
resulting pLUX-puro early or late vectors were then introduced into 293T cells by
transfection using fugene reagent (Roche, Basel, Schweiz) together with pPCMV-VSVG,
pRSV-REV and pMDLg/pRRE. After 48 hours, the lentivirus-containing supernatants were
harvested, filtered through 0.45 pum filters and added to cells 36-48 hours prior to the
cytokine stimulation assay.

2.2. Cell culture and transfection

The human TC620 oligodendroglioma cell line was obtained from Dr. Bassel Sawaya
(Sawaya et al., 1996) and was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin and 1% |-
glutamine. Primary cultures of human fetal astrocytes were prepared as described previously
(Radhakrishnan et al., 2003, 2004). Experiments involving co-transfection of reporter
plasmids and C/EBPB-LIP and NF-kB-p65 expression plasmids were performed as we have
previously described (Romagnoli et al., 2009). Stable clonal cell lines expressing luciferase
under the control of the JCV early and late promoters by transfecting TC620 with JCVg-
LUC(4) and JCV | -LUC(4) respectively followed by hygromycin selection and dilution
cloning as follows, Following transfection, TC620 cells were subcultured in complete DEM
containing 400 ug/ml hygromycin B for two weeks. Clonal colonies were detached by
trypsinization using cloning rings and expanded in culture in the presence of hygromycin.
Clones were tested for integrity of the luciferase gene by luciferase assay and for integrity of
the JCV promoters by measuring for inducibility by PMA. All transfections were performed
using fugene according to the manufacturer’s instructions (Roche).

2.3. Cytokine stimulation reporter assays

Cell cultures were grown in 6-well plates and then incubated in serum-free DMEM for 24
hours prior to cytokine addition and were harvested for reporter assays after another 24
hours. For assays involving transient transfection with reporter plasmid, transfections were
performed with 1 pg of plasmid/well using fugene reagent (Roche) at 24 hours prior to the
serum starvation step. Phorbol 12-myristate 13-acetate (PMA) was used as a positive control
(100 ng/ml). Cytokines were used at the following concentrations: TNF-a - 10ng/ml; IL-6 -
10ng/ml; IL-1B - 10ng/ml; TGFB - 20 ng/ml. For, reporter assays the chloramphenicol acetyl
transferase (CAT) activity of samples was determined as previously described (Romagnoli
et al., 2008, 2009) and luciferase (LUC) activity was determined with the dual-luciferase
assay kit according to the Manufacturer’s instructions (Promega).

2.4. Antibodies

Mouse monoclonal antibody to TNFR1 and rabbit polyclonal antibody to TNFR2 were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Mouse monoclonal
antibody to TNF-a was obtained from Chemicon international (Temecula CA, clone 195).
Rabbit polyclonal antibody against JCV capsid protein VP1 was provided by Dr. Walter
Atwood (Brown University).

2.5. Western blots

Western blot assays were performed as previously described (White et al., 2006).
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2.6. Immunohistochemistry

Immunohistochemical analysis was performed with the use of an avidin-biotin—peroxidase
complex system according to the manufacturer’s instructions (Vectastain Elite ABC
Peroxidase Kit; Vector Laboratories Inc., Burlingame, CA) as we have described previously
(Del Valle et al., 2002).

3. Results

3.1. The JCV early and late promoters are modulated by NF-kB p65 and C/EBPB LIP in
TC620 oligodendroglioma cells

Previous studies had shown that the JCV early and late promoters were positively regulated
by NF-«B and negatively regulated by C/EBPp isoforms (especially LIP) in U-87 MG
human glioblastoma cells (Romagnoli et al., 2009). In order to test whether this was also the
case in cells of oligodendrocytic origin, we performed co-transfection experiments with the
human oligodendroglioma cell line TC620. Note that in earlier studies, we employed JCV
early and late reporter plasmids based on the chloramphenicol acetyltransferase (CAT) gene
(Romagnoli et al., 2009). In most of the studies reported here, we use plasmids in which we
have subcloned the JCV early and late promoters in front of the luciferase (LUC) reporter
gene since the luciferase assay is simpler and less time-consuming to perform. The
construction of these reporter plasmids is described in Materials and Methods and a
schematic of the reporter plasmids used in the transient transfection experiments is shown in
Fig. 1A indicating the location of the NF-xB binding site (labeled «B) relative to the early
and late JCV transcription units and the origin of viral DNA replication (ORI). Co-
transfection of early reporter plasmid, JCVg-LUC, with plasmid expressing NF-xB p65
stimulated transcription (Fig. 1B, compare lanes 1 and 2) while C/EBP LIP inhibited (lanes
3 and 4). The same results were obtained with the JCV late promoter (lanes 5-8). Thus NF-
kB p65 and C/EBPB modulate the JCV early and late promoters in human
oligodendroglioma cells as we reported previously in human glioblastoma cells (Romagnoli
et al., 2009).

3.2. The JCV early and late promoters are modulated by TNF-a in transient transfection
reporter assays with TC620 oligodendroglioma cells

Since the NF-xB pathway is activated by TNF-a, we next examined the effect of TNF-a on
the JCV early and late transcription in transient reporter plasmid transfection assays. Also
included in these experiments were IL-1p, another proinflammatory cytokine that activates
the NF-xB pathway (Mercurio and Manning, 1999), and I1L-6, which has been reported to be
upregulated in PML (Nagano et al., 1994; Torre et al., 1992). TGF-B was included as a
positive control, since we have previously found that JCV transcription can be activated by
the Smad signaling pathway downstream of the TGF-p receptor (Enam et al., 2004). Each
individual cytokine stimulation experiment included PMA as a positive control. TNF-o.
stimulated the early promoter as strongly as did PMA (Fig. 1C, compare lanes 1-3) as did
TGF-B (lanes 10-12). IL-6 had a minimal effect (lanes 4-6) while IL-1p was intermediate
(lanes 7-9). For the late promoter, there was a smaller but statistically significant effect for
TNF-a (lanes 13-15) and a minimal effect for the other cytokines (lanes 16-25). Similar
results were obtained with U-87 MG human glioblastoma cells (data not shown).

3.3. Mutation of the kB site in the JCV early promoter abrogates its induction by TNF-a and
PMA

For our earlier studies of NF-KB/C/EBPJ interaction with the JCV promoter, we constructed
mutant JCV early promoter CAT reporter constructs in which the B site (where NF-xB and
C/EBPS bind) and these were designated m1 and m2 (Romagnoli et al., 2009). As shown in
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Fig. 1D, while wild-type early promoter (lane 1) responded to TNF-a (lane 2) and PMA
(lane 3), neither of the kB site mutants responded (lanes 4-9) demonstrating the importance
of the kB site for response of the JCV early promoter to TNF-a.

3.4. Stably transfected clonal cell lines expressing the luciferase reporter gene from the
JCV early or late promoters are responsive to TNF-a

As well as the transient transfection experiments described above, we also produced clonal
reporter cell lines by stable transfection. The JCV promoter was cloned into the pGL4
reporter plasmid in both the early and late orientations as described in Materials and
Methods. The resulting plasmids, which have the hygromycin-resistance gene, are shown in
Fig. 2A. After transfection into TC620, a series of clonal early and late reporter cell lines
were generated. Clones were chosen that were positive for luciferase to make sure the
luciferase structural gene was intact and positive for PMA-inducibility to make sure the JCV
promoter was intact. Clones were treated with or without TNF-a and PMA. A representative
experiment is shown in Fig. 2b. In agreement with the data obtained with the transient
transfection assays, TNF-ao stimulated both the early and later promoter with the early
promoter showing the stronger stimulation. Similarly, PMA but not IL-6 stimulated the early
promoter, while the stimulation by TGF-B was not as strong (Fig. 2C).

3.5. The JCV NCCR kB element confers NF-kB p65 and C/EBP LIP regulation to a
heterologous promoter

Since the introduction of mutations into kB site of the JCV early promoter abrogates its
ability to respond to NF-xB (Romagnoli et al., 2009) and TNF-a (Fig. 1D), this suggests that
the kB element is the site of action of TNF-a-stimulated NF-«xB activation. To further
investigate this, we constructed heterologous promoters based on the Herpes simplex
thymidine kinase promoter (tk), which is not responsive to cytokine stimulation. Tandem
wild-type or mutant B elements were cloned upstream of tk in the reporter plasmid as
described in Materials and Methods and shown schematically in Fig. 3A. As shown in Fig.
3B, reporter plasmid with wild-type xB elements was strongly stimulated by co-transfection
of NF-kB whereas plasmid with mutant «B elements or no elements were not responsive.
Further, this stimulation is blocked in the presence of C/EBP LIP (compare lane 10 to 12).
These data indicate the JCV «B element is sufficient to confer responsiveness to both NF-xB
and C/EBPp and supports earlier studies that it «B binds both transcription factors and
confers NF-xB and C/EBPp responsiveness to the JCV promoters Romagnoli et al., 2009).

3.6. The JCV NCCR kB element confers TNF-a regulation to a heterologous promoter

Next, we examined the effect of cytokine stimulation on the heterologous promoters using
PMA as a positive control. TNF-a stimulated the wild-type kB promoter (Fig. 3C, compare
lanes 11 and 12) but not the mutant kB or pBLCAT2 promoter. Neither IL-6 nor TGFp had
any effect on these three promoters (data not shown).

3.7. TNF-a regulated the JCV promoters in primary cultures of human astrocytes
transduced by reporter lentiviruses

In order to introduce JCV reporters into a primary cell type that is capable of supporting
productive JCV replication, we constructed lentiviral expression vectors for transduction of
primary cultures of human fetal astrocytes (Fig. 4A). Luciferase activity was inducible by
TNF-a in astrocytes transduced by both lentiviruses expressing the reporter gene from the
JCV early and late promoter (Fig. 4B). Next, we evaluated the expression of the two types of
TNF-a receptors (TNFR1 and TNFR2) in the human cells used in these studies, i.e., TC620
oligodendroglioma cells and primary fetal astrocytes (PFA) and in our earlier study, U87
MG human glioblastoma and the SV40 T-antigen transformed human glial cell line, SVGA
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(Romagnoli et al., 2009). U937 human monocytic cells were used as a positive control for
TNFR2. As shown in Fig. 4C, all cell types expressed high levels of TNFR1. TNFR2 was
expressed at a high level in U937 cells but was barely detectable in the other cell types
except for U87 MG. Therefore, we conclude that the effects of TNF-a observed in primary
astrocytes and TC620 cells are likely mediated by TNFR1.

3.8. Immunohistochemistry of clinical samples of PML from an HIV+ patient reveals the
robust presence of TNF-a and TNFR1

To investigate the relevance of our findings to PML, immunohistochemistry (IHC) was
performed on tissue from a PML lesion and from a normal brain using primary antibodies to
TNF-a, TNFR1 and TNFR2 (Fig. 5). IHC for TNF-a demonstrates robust expression in
bizarre astrocytes within demyelinated plaques and in the inclusion body-harboring
oligodendrocytes. TNF-R1 was found upregulated on the cell surface of bizarre astrocytes
and in enlarged oligodendrocytes as indicated by a punctuate pattern. IHC for TNF-R2 gave
only a weak labeling (data not shown). No labeling for TNF-a. or TNF-R1 was observed in
brain tissue that lay outside of the PML lesion or in IHC of normal brain tissue. Productive
infection of the bizarre astrocytes and the inclusion body-harboring oligodendrocytes within
the PML lesion was demonstrated by IHC with antibody to the VVP1 capsid protein. These
data suggest that the stimulation of the JCV promoters observed in cell culture may be
important for the pathogenesis of PML.

4. Discussion

In earlier work, we described an NF-xB binding site («B), which positively regulates JCV
early and late transcription in response to NF-xB and lies between the JCV early region start
codon and the origin of viral DNA replication (Ranganathan and Khalili, 1993; Mayreddy et
al., 1996; Safak et al., 1999; Romagnoli et al., 2009), Since NF-xB can be activated by TNF-
a (Fiers, 1991), this suggests a mechanism for JCV activation in glial cells similar to the
stimulation of the HIV-1 promoter activity in glial elicited by TNF-a via NF-kB (Atwood et
al., 1994). However, it has been reported that TNF-a does not stimulate transcription of JCV
reporter constructs or the multiplication of JCV in human fetal glial cells (Atwood et al.,
1995) although it should be noted that the JCV reporter construct used in this study did not
contain the kB element. Since most cases of PML occur in the context of HIV-1/AIDS and
HIV-1 can generate cytokine cascades in the CNS involving TNF-o (Wesselingh et al.,
1993; Benveniste, 1994; Kaul et al., 2005; Yeung et al., 1995), this is an important issue.
Accordingly we have carefully and thoroughly evaluated a role for TNF-a and the B site in
latent JCV transcriptional reactivation. We now report that TNF-a can stimulate JCV
transcription measured using four different reporter constructs in both the early and late
orientations in astroglial and oligodendroglial cell types. This stimulation was abrogated by
mutations within the kB element. Moreover, the kB element was able to confer inducibility
by NF-xB and TNF-a. to a heterologous promoter. The relevance of these findings to the
pathogenesis of HIV+/PML is indicated by the presence of robust levels of TNF-a and
TNFR1 in clinical samples of PML lesions from an HIV+ patient. Note that is not clear
whether TNF-a expression is involved in other disorders associated with PML, e.g., chronic
lymphocytic leukemia where significant alterations in cytokine expression in the brain
milieu would not be anticipated. Also it is not possible to exclude the possibility that TNF-o
is induced as a consequence of PML itself rather than HIV-1 cytokine storms.

Other studies have also highlighted connections between proinflammatory cytokines and
PML pathogenesis. A link between inflammatory cytokines and JCV infection was indicated
by a study using the anti-inflammatory agent cyclosporine A which was found to block
infection of glial cells by inhibition of the NFAT4 transcription factor (Manley et al., 2006).
Using microarray analysis of glial cells resistant to JCV infection, Manley et al (2007)
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provided evidence for a correlation between viral infection and inflammatory cytokine gene
expression. Enam et al (2004) provided evidence for the involvement of the TGFp/Smad
signaling pathway in PML. Other transcription factors that are modulated by signaling
pathways downstream of cytokines have been found to bind and regulate JCV transcription
such as Egr-1 (Romagnoli et al., 2008) and AP-1 (Kim et al., 2003; Sadowska et al., 2003).
These cytokine-regulated signal transduction pathways and possibly other important
cytokines and signaling pathways are likely to co-exist and interact with the TNF-o/NF-xB
pathway in regulating JCV activation.

The finding that TNF-a. activates JCV transcription and is present in PML lesions may be
relevant to understanding the pathogenesis of PML. The life cycle of JCV is thought to
involve transmission of the virus to an individual during childhood, establishment of a
primary viremia, elimination by the immune system followed by entry into a “latent state”.
Following the occurrence of severe immunosuppression, JCV then “reactivates” to cause
PML. The nature and site(s) of viral latency within the body and the molecular events
involved in viral reactivation have been much debated and are incompletely understood.
Many tissues have been reported to harbor latent JCV including kidney, tonsil, peripheral
blood leukocytes and the brain (reviewed by Del Valle et al., 2008). With regard to the
brain, there have been many reports that JCV can be present in the brain of normal
individuals who do not have PML (White et al., 1992; Elsner and Dorries, 1992; Greenlee et
al., 2005; Mori et al., 1991, 1992; Perez-Liz et al., 2008). For example, the presence of
subclinical areas of JCV replication presenting as tiny punched demyelinated foci can often
be detected in the brains of elderly patients without PML (Mori et al., 1991). Perez-Liz et al
(2008) detected JCV DNA in brain from some non-PML individuals and used laser-capture
microdissection to show the presence of JCV DNA in oligodendrocytes and astrocytes, but
not in neurons. On the other hand, it has been argued that functional JCV DNA is not found
in the normal brain and that B cells represent the site of functional latency (Major, 2010).
Recently, using quantitative PCR, cloning and sequencing of PCR products and in situ
hybridization, Tan et al (2010) found JCV DNA to be present in non-PML brain. Taken
together, these studies suggest that the normal brain may be a site of viral latency in at least
some individuals and thus JCV reactivation events may involve cytokines such as TNF-a
acting directly on glial cells. In this scenario, cytokine storms in the CNS activate JCV
transcription, expression of T-antigen and onset of viral replication. In the context of a lack
of immunosurveillance, virus could then spread and PML lesions form.

Other models of JCV latency and reactivation have been proposed. For example, it has been
suggested that B-lymphocytes in the bone marrow may be sites of JCV latency and serve as
a source of virus allowing JCV to circulate around the body and enter the brain (Berger et
al., 2009; Major, 2010). This may be important in the induction of PML in patients receiving
drugs that modulate the immune system such as natalizumab and rituximab. This model is
not inconsistent with models proposing cytokine induction in the brain. Indeed, Berger et al
(2009) have argued that the great rarity of PML compared to the ubiquity of JCV infection is
indicative of the existence of multiple barriers to the development of PML and all of these
barriers must be breached for PML to occur. Understanding and targeting these barriers may
provide new routes for developing novel treatments for PML.
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Figure 1. Effects of NF-xB p65, C/EBPp LIP and cytokines on JCV promoter reporter
constructs transiently transfected into TC620 human oligodendroglioma cells

A. Schematic representation of the JCV promoter reporter constructs showing the relative
locations and orientations of the early (upper) and late (lower) promoters, the kB element,
which contains binding sites for NF-xB and C/EBP, the origin of viral DNA replication
(Ori) and the 98 base-pair tandem repeats. B. TC620 cells were transfected with the JCVg-
LUC (left) or JCV -LUC reporter plasmids in the presence or absence of pPCMV-p65 and/or
pCMV-LIP. In each assay, LUC activity was normalized to reporter alone (lanes 1 and 5)
and presented as a histogram. The error bars encompass one standard deviation. The
asterisks indicate lanes that are significantly different (P < .05) from the control in each
panel (lanes 1 and 5). C. TC620 cells were transfected with JCVE-LUC (upper panels) or
JCV| -LUC reporter plasmids (lower panels), serum-starved and then stimulated with
cytokine (as indicated) or PMA and then harvested for luciferase assay as described in
Materials and Methods. LUC activity was normalized to reporter plasmid alone (left-hand
lane in each panel) and presented as a histogram. The error bars encompass one standard
deviation. The asterisks indicate lanes that are significantly different (P < .05) from the
control in each panel (left-hand lane). D. The effect of TNF-a was assessed for three CAT
reporter plasmids: wild-type and two mutants m1 and m2, which have mutations in the kB
element. Protocol was as for C. except that CAT assays were performed.
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Figure 2. Effects of cytokines on JCV early and late promoter clonal reporter cell lines derived
from TC620 human oligodendroglioma cells

A. Clonal cell lines were derived by cloning the JCV early or late promoter into pGL4,
which contains the hygromycin-resistance gene, transfecting into TC620, selecting with
hygromycin and cell cloning as described in Materials and Methods. B. Clonal early reporter
cells (left-hand panel) or late reporter cells (right-hand panel) were serum-starved and then
stimulated with TNF-o. or PMA as indicated and then harvested for luciferase assay as
described in Materials and Methods. LUC activity was normalized to reporter plasmid alone
(left-hand lane in each panel) and presented as a histogram. The error bars encompass one
standard deviation. The asterisks indicate lanes that are significantly different (P < .05) from
the control in each panel (left-hand lane). C. Clonal early reporter cells were serum-starved
and then stimulated with cytokines or PMA as indicated and then harvested for LUC assay.
LUC activity was normalized to reporter plasmid alone (lane 1) and presented as a
histogram. The error bars encompass one standard deviation. The asterisks indicate lanes
that are significantly different (P < .05) from the control (lane 1).
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Figure 3. Introduction of the JCV kB element into a heterologous promoter confers
responsiveness to NF-kB p65, C/EBPB LIP, PMA and TNF-a

A. Diagrammatic representations of the three constructs used in these assays are shown. The
first contains the HSV tk promoter driving the CAT reporter. The second has a tandem
repeat of the wild-type JCV kB element inserted as described in Materials and Methods,
while in the third the kB element was mutated. B. TC620 cells were transfected with each of
the reporter plasmids in the presence or absence of pCMV-p65 and/or pCMV-LIP. The error
bars encompass one standard deviation. The asterisks indicate lanes that are significantly
different (P <.05) from the control in each panel (lanes 1 and 5). C. TC620 cells were
transfected with each of the reporter plasmids, serum-starved and then stimulated with TNF-
a or PMA as indicated and then harvested for CAT assay as described in Materials and
Methods. The error bars encompass one standard deviation. The asterisks indicate lanes that
are significantly different (P < .05) from the control in each panel (left-hand lane).
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Figure 4. Introduction of the JCV early and late reporters into primary human fetal astrocytes
using a lentiviral vector

A. Diagrammatic representation of two lentiviral vectors containing a JCVg-LUC or JCV -
LUC reporter cassette. B. Primary cultures of human fetal astrocytes were transduced with
the lentiviruses, serum-starved and then stimulated with TNF-a or PMA as indicated and
then harvested for luciferase assay as described in Materials and Methods. LUC activity was
normalized to unstimulated transduced cells (left-hand lane in each panel) and presented as a
histogram. The error bars encompass one standard deviation. The asterisks indicate lanes
that are significantly different (P < .05) from the control in each panel (left-hand lane). C.
Western blots were performed for the cell types used in these studies to determine which
forms of the TNF-a receptor are expressed: TNFR1 and TNFR2. The control for protein
loading was a-tubulin.
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Figure 5. Expression of TNF-a and TNF-a receptor 1 (TNFR1) in JCV-infected cells in PML
brain tissue and normal brain

Immunohistochemistry was performed in a sample of PML. The PML case was of a 29 year-
old male, HIV+, with AIDS, exhibiting signs of dementia, confusion and belligerence. The
lesions were located in the subcortical white matter of predominantly the frontal and
temporal lobes, consistent with the symptomatology, i.e., frontal lobe lesions associated with
dementia, and temporal lobe lesions associated with confusion and belligerence. The
immunohistochemistry shows the presence of TNF-o and TNF-a receptor in reactive
astrocytes and enlarged JCV-infected oligodendrocytes, while there is no evidence of TNF-a
expression or its receptor in the control normal brain. The presence of JCV infection was
demonstrated with an anti-capsid antibody (VP-1), which shows a robust labeling in both,
bizarre astrocytes and enlarged oligodendrocytes. X1000.
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