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ABSTRACT 

The human polyomavirus JC (JCPyV) is the causative agent of the fatal demyelinating disease 

progressive multifocal leukoencephalopathy (PML). While the archetypal form of the virus is 

ubiquitous in the healthy human population, it is the rearranged form that is responsible for 

PML. The archetype form of JCPyV has a conserved noncoding control region (NCCR) that is 

defined by six designated blocks, A-F. However, the rearranged form has deletions and/or 

duplications in its NCCR. Although it has been established that the rearranged form of JCPyV is 

pathogenic, the events leading to the reactivation and/or rearrangement in its NCCR have yet to 

be determined. Thus, the lack of in vitro and in vivo archetype JCPyV replication models have 

hindered the understanding of mechanisms underlying the development of PML pathogenesis. 

In this report, we demonstrate in vitro infection and efficient replication of archetype JCPyV in 

renal proximal tubule epithelial (RPTE) and human brain microvascular endothelial (HBMVE) 

cells, limited or no replication in human brain cortical astrocytes (HBCA) and primary human 

fetal glial (PHFG) cells, and in vitro rearrangement of archetype JCPyV at day 645 in COS-7 

cells. In addition, we demonstrate that archetype JCPyV (CY) and rearranged JCPyV (Mad1) 

can replicate in HBMVE cells, while limited replication was observed when HBMVE cells were 

transfected with the hybrid JCPyV (CYrM1c). Lastly, we demonstrate in vivo infection of JCPyV 

in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. To our knowledge, this is the first study 

demonstrating the ability for urine-derived archetype JCPyV to rearrange in vitro, to be 

infectious in naïve primary cells, and to demonstrate JCPyV infection in humanized NSG mice. 

This study will therefore give insight on cellular conditions involved in urine-derived archetype 

JCPyV infection, reactivation, and rearrangement, which will impact the development of much-

needed therapeutics for PML. 
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JC VIRUS AND HUMAN DISEASE 

JCPyV 

JC virus (JCPyV), a neurotropic human polyomavirus belonging to the genus 

Orthopolyomavirus in the family Polyomaviridae, was first isolated in 1971 from the brain of 

John Cunningham, a patient suffering from progressive multifocal leukoencephalopathy (PML), 

for whom the virus is named (183). Polyomaviruses have been found in humans, monkeys, 

rodents and birds (48, 105). According to the International Committee on Taxonomy of Viruses, 

the family Polyomaviridae consists of three genera Orthopolyomavirus with the species simian 

vacuolating virus 40 (SV40), Brennan Krohn polyomavirus (BKPyV), and JCPyV; 

Wukipolyomavirus with Karolinska Institute polyomavirus (KIPyV) and Washington University 

polyomavirus (WUPyV); and Avipolyomavirus with respective PyVs infecting birds (Fig.1) (111) .  

In addition to JCPyV, the polyomaviruses that have the ability to infect humans include BKPyV, 

KIPyV, WUPyV and Merkel cell polyomavirus (MCPyV), Trichodysplasia spinulosa-associated 

polyomavirus (TSPyV), human polyomavirus 6, 7, and 9 (HPyV6, HPyV7, and HPyV9), and 

Malawi polyomavirus (MWPyV) (117, 231). The prototype nonhuman primate polyomavirus, 

simian vacuolating virus 40 (SV40), is also known to rarely infect humans. 

 

Like other tumor viruses in the family Polyomaviridae, JCPyV is non-enveloped with an 

icosahedral capsid containing a small, circular, double-stranded DNA genome. JCPyV virions 

measure approximately 40-45 nm in diameter and itôs circular double-stranded DNA genome is 

5.1 kb (147). The single negatively super coiled double-stranded DNA is associated with host 

cell histones to form mini-chromosomes.  
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Figure 1. Phylogenetic tree of Polyomaviridae:  The phylogenic relationships among the 

Polyomaviridae family was constructed based on whole genomic nucleotide sequences (99). 

The mammalian polyomaviruses include the genera Orthopolyomavirus and Wukipolyomavirus, 

while polyomaviruses infecting birds are grouped under the Avipolyomavirus genus. JC 

polyomavirus (JCPyV), BK polyomavirus (BKPyV), Simian virus 40 (SV40), Baboon 

polyomavirus I (SA12), California sea lion polyomavirus (SLPyV), Bat polyomavirus (BatPyV), 

Murine pneumotropic virus (MPtV), Squirrel Monkey polyomavirus (SqPyV), Bovine 

polyomavirus (BPyV), Bornean orangutan polyomavirus (OraPyVI), Tricodysplasia spinulosa-

associated polyomavirus (TSPyV), B-lymphotropic polyomavirus (LPyV), Hamster polyomavirus 

(HaPyV), Murine polyomavirus (MPyV), Sumatran orangutan polyomavirus (OraPyV2), Merkel 

cell polyomavirus (MCPyV), Human polyomavirus 6 (HPyV6), Human polyomavirus 7 (HPyV7), 

Karolinska Institute polyomavirus (KIPyV), Washington University polyomavirus (WUPyV), 
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Goose hemorrhagic polyomavirus (GHPyV), Crow polyomavirus (CPyV), Canary polyomavirus 

(CaPyV), Finch polyomavirus (FPyV), Avian polyomavirus (APyV) 

  

JCPyVôs circular genome is functionally divided into three regions:  the early coding region, the 

late coding region and the non-coding control region (NCCR) or regulatory region (Fig.2) (145). 

Transcription of the early and late coding regions begin at the  NCCR (0.4 kb), where early 

transcription proceeds in a counterclockwise direction and late transcription proceeds clockwise 

on the opposite strand of the DNA (117). The NCCR encompasses the origin of replication (ori), 

viral promoter-enhancing sequences, and the transcriptional control region (TCR), which act as 

binding sites for cell transcription factors (43).   

 

The early region (2.4 kb) encodes the transforming proteins, large T and small t antigens, which 

are involved in gene regulation, viral replication and important in promoting transformation of 

cells in culture and oncogenesis in vivo (117, 230); along with the recently described Tô proteins 

generated by alternative splicing of the early mRNA.  
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Figure 2. JCPyV genome:  (A) The JC virus circular double stranded DNA genome is 5.13 Kb 

and consists of three regions:  the early coding region, the late coding region, and the non-

coding control region (NCCR) or regulatory region (78, 84). (B) The archetype NCCR is usually 

found in the kidney and urine of both healthy and immunosuppressed individuals. Rearranged 

strains are characterized by having deletions, duplications, and/or tandem repeats in their 

NCCRs, and are most commonly found in the brain or cerebrospinal fluid of PML patients.  

 

A 

B 
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The late region (2.3 kb) encodes the major viral capsid protein VP1 which mediates cell 

attachment, the minor capsid proteins VP2 and VP3, and the accessory agnoprotein (43). The 

early and late coding regions are highly conserved and have not been convincingly associated 

with disease pathogenesis (230). They do however, make up about 90% of the viral genome 

and confer the genotype that is associated with the various subtypes that can be found in 

different geographical areas (230). 

 

Based upon the structure of the NCCR, two types of JCPyV have been identified in human 

tissues. The sequence of the regulatory region is known as the ñarchetypeò,  because it is 

thought that all other forms of JCPyV have evolved from it (260).  Archetype JCPyV is found in 

the kidneys and urine of healthy individuals as well as those affected with PML (139, 260) and it 

is this type that is thought to circulate in the human population. Little sequence variation exists 

in the genomes of independent isolates of archetype JCPyV (259, 260). It has been suggested 

that the rearranged form is generated by sequence rearrangements within the archetype NCCR 

during viral replication, yielding a new, potentially more active form of the virus (50). The 

regulatory region of JCPyV most often isolated from CSF and brain of patients with PML has 

rearrangements, including duplications, tandem repeats, insertions and deletions (Fig.3). The 

rearranged form can also be detected in brain, tonsil and lymphocytes in people with and 

without PML (81, 213).  The differences in cellular tropism of both archetype and rearranged 

JCPyV in PML and non-PML patients are summarized in Table 1.  
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Figure 3. Structural arrangements of various JCPyV NCCRs:  Vertical numbers above the 

diagram indicate the nucleotide position according to the numbering system described in 

Frisque et al. 1984 (79). Horizontal numbers indicate the number of nucleotides defined in each 

block of the NCCR archetype region, with the TATA box contained in the 25-bp region. The CY 

strain of JCPyV was first isolated from the urine of a healthy individual and described by Yogo et 

al., 1990 (260). Mad1, Mad4, Mad11Br, and Mad8Br are naturally occurring strains isolated 

from PML brain tissue described by Padgett et al. 1971 (183) and Grinnell et al. 1983 (90). 

CYȹ23, CYȹ66, and Mȹ198 are laboratory constructs (49). Sequences that are identical to the 

CY strain are represented by solid horizontal lines, deleted sequences by gaps between lines, 

and duplications by parallel lines. Repeated sequences are read from the beginning of the 

sequence from the left and continues to the right before continuing at the left of the second line. 
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Table 1. JCPyV tropism in PML and non-PML patients 

 
Non-PML patients 

 
References 

 
PML patients 

 
References 

Archetype JCPyV in 
urine 

 

Kitamura et al. 
(1990) (121), 

Markowitz et al. 
(1993) (155), 

Omodeo-Zorini et al. 
(2003) (180) 

Archetype JCPyV in 
urine 

 

Dorries et al. 
(1983) (55), 
White et al. 
(1992) (250) 

 

 
 
 

 Archetype and 
rearranged JCPyV in 

bone marrow 

Marzocchetti et al. 
(2008) (159) 

  Rearranged JCPyV 
in plasma 

Fedele et al. 
(2003) (66) 

Archetype JCPyV in B 
lymphocytes 

 Archetype JCPyV in 
B lymphocytes 

Houff et al. 
(1988) (102) 

Rearranged JCPyV in 
lymphocytes* 

Tornatore et al. 
(1992) (234) 

Rearranged JCPyV 
in lymphocytes 

Tornatore et al. 
(1992) (234) 

Archetype JCPyV in 
kidneys 

 

Chesters et al. 
(1983) (39), 

Kitamura et al. 
(1997) (123) 

  

Archetype JCPyV in 
gastrointestinal tract 

 

Laghi et al. 
(1999) (131), 
Selgrad et al. 
(2009) (211), 

Ricciardiello et al. 
(2000) (193) 

  

Archetype JCPyV in 
tonsillar tissue  

 

Goudsmit et al. 
(1981) (88), 
Kato et al. 

(2004) (112) 

  

Archetype JCPyV in 
brain 

White et al. 
(1992) (250), 

Perez-Liz et al.  
(2008) (186) 

Archetype and 
rearranged JCPyV in 

brain 
 

White et al. 
(1992) (250), 

Tan et al. 
(2010) (229) 

Archetype JCPyV in 
CNS and CSF* 

 

Vago et al. 
(1996) (237) 

Rearranged JCPyV 
in the CNS and CSF 

Vago et al. 
(1996) (237), 
Fedele et al.l 
(2006) (67) 

*HIV-1 positive patients without PML 
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JCPyV transmission and epidemiology 

Although JCPyV is widespread throughout the human population, the mechanism of human-to-

human transmission of JCPyV is poorly understood. Seroepidemiological data indicate that 

JCPyV infection occurs during childhood and is typically subclinical (182). Furthermore, about 

80-85% of the adult population have  antibodies against JCPyV, which implies previous 

exposure and a possible latent infection (83, 150).  It is known that JCPyV is excreted and found 

in sewage which suggests oral ingestion and inhalation of contaminated material as a possible 

entry of JCPyV into the human population (19, 169). Recent environmental studies 

demonstrated detection of human polyomaviruses (HPyV) in almost all types of environmental 

water, including wastewater (25, 120), costal seawater (171), storm water (218), river water (26, 

93, 97), and drinking water sources (2).  

 

A possible means by which JCPyV enters and spreads in the body is via the infection of tonsil 

cells. It is presumed that via infected tonsil cells, JCPyV subsequently spreads elsewhere by 

replication in lymphoid cells (169). Because asymptomatic shedding of JCPyV in the urine can 

be seen in both healthy individuals and immunosuppressed patients (4) the kidney is thought to 

be the major organ of JCPyV persistence during latency (39). After initial infection, the virus 

disseminates and establishes a persistent infection in the kidney throughout life. It is thought 

that upon reactivation, JCPyV enters the brain via a Trojan horse mechanism via B 

lymphocytes.  
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JCPyV life cycle 

JCPyV infects cells by first binding to a receptor on the outer membranes of susceptible cells. 

JCPyV possess intrinsic hemagglutination activity which allows it  to engage alpha 2-3- and/or 

alpha 2-6-linked sialic acid residues, suggesting binding to oligosaccharide as an important step 

in JCPyV infection (136). It has also been shown that JCPyV can interact with the serotonin 

receptor 2A (5HT2AR) (62), which leads to virus internalization into glial cells. Virus is taken up 

by clatherin-dependent endocytosis (10) followed by its transportation to the nucleus where the 

removal of the viral capsid proteins occurs. Early transcription results in a primary transcript that 

is alternatively spliced into two mRNAs which code for the large T-antigen (TAg), a nuclear 

phosphoprotein that is essential for viral DNA replication, and the small t-antigen (117). TAg 

complexes with host DNA polymerase Ŭ and the replication protein-A at the origin of DNA 

replication to promote DNA synthesis (18). Once TAg initiates DNA replication and stimulates 

transcription from the late promoter the late phase of the viral lifecycle begins. JCPyV relies on 

host cell enzymes and cofactors for DNA replication. Since expression of these proteins are 

confined to the S-phase of the cell cycle, TAg stimulates the cell cycle by modulating cellular 

signaling pathways via binding key cellular control proteins including p53, pRb, and IRS-1, for 

example (253). Hsp70 interacts with VP2, VP3, and TAg and accumulates in the nucleus of 

infected cells. Association of VP2, VP3, and TAg though their DNA binding domains results in 

enhancing TAg binding to the origin of replication subsequently inducing JCPyV viral DNA 

replication (208). Ultimately, the capsid proteins, VP1, VP2 and VP3, are expressed from the 

late region and assemble with the replicated viral DNA to form intranuclear virions, which are 

released upon cell lysis (60, 117) (Fig.4).  
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Figure 4. Life cycle of JCPyV: [1] The lifecycle starts when virus attaches to a cellular receptor 

complex. [2] Following this initial interaction, virus internalization into the cytosol happens via 

clatherin-dependent endocytosis. [3] Nuclear transport occurs where [4] uncoating happens 

thereafter to expose the genome for [5] early gene expression. [6] Viral DNA synthesis precedes 

[7] late gene expression. Finally, new virions are [8] assembled, which are released, thus 

marking the successful completion of productive infection (60).  
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JCPyV persistence and latency 

JCPyV is excreted in the urine of healthy persons and in patients with PML. JCPyV remains 

latent in the kidneys, lymph nodes, and bone marrow of healthy and immunosuppressed 

individuals without PML and, upon reactivation, can cause a lytic infection of oligodendrocytes in 

the brain, leading to PML (229). It has also been detected in renal tissue, including that of 

healthy persons (39). These data suggest that the kidney serves as a site of latent infection, but 

the mechanisms and/or biochemical events that allow this are unclear (203). Bone marrow is 

another possible site for JCPyV latency. Susceptibility of infection has been demonstrated in 

both a CD34+ hematopoietic progenitor cell line, KG-1, and in primary cells (167). In addition, a 

current study by Tan et al. (229) suggests that JCPyV can spread throughout the body in 

immunosuppressed and immunocompetent individuals alike and that it is present in the brains 

of individuals without PML (Fig.5). The ability for JCPyV to persist for life in an infected host is a 

common characteristic of many DNA viruses, including herpesviruses, adenoviruses, and other 

polyomaviruses (20, 107). In a persistent infection, viral replication is kept in check by the hostôs 

immune system resulting in either a low or absent replication state. In doing so the virus has 

developed mechanisms to evade the immune system, allowing it to coexist with the host.  
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Figure 5. JCPyV dissemination and pathogenesis of PML:  The events thought to occur 

during the JCPyV life cycle and pathogenesis of PML are shown with the common 

nonpathogenic events labeled in blue and the rare pathogenic events in red. Virions are thought 

to be transmitted through sewage contaminated material by inhalation or ingestion via the 

mouth and nose, [1] top right-hand corner, of predominantly archetype JCPyV (blue), but 

occasionally the neurotropic form (red). [2] It is thought to enter the bloodstream through either 
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the epithelium of the tonsils and the upper respiratory tract or [3] the gastrointestinal tract [4] to 

establish primary viremia . Currently, the nature of primary JCPyV viremia is not well 

understood, but [5] it has been suggested that virus may exist as free virions and/or as white 

blood cell-associated virus . [6] Virus is thought to spread to the kidney and other organs via a 

hematogenous route. [7] In the kidney, JCPyV can replicate sporadically and at low levels in the 

epithelium of the kidney tubules, from where it can shed from the apical face of the kidney 

epithelium. This shedding can lead to viruria and transmission of infectious virions via urine, 

completing the JCPyV lifecycle. [8] It is thought that virus can also spread to the bone marrow, 

where it has been speculated but not proven that neurotropic virus (red) can emerge by an 

unknown mechanism. [9] JCPyV may also undergo hematogenous spread from the bone 

marrow and possibly other locations in association with leukocytes, [10] including the brain, 

where neurotropic JCPyV DNA can be detected in healthy, immunocompetent individuals in the 

absence of expression of detectable levels of viral proteins. [11] Under immunosuppression , 

neurotropic JCPyV can become reactivated, undergo transcription and DNA replication, and 

spread to form microlesions, which can coalesce, increase in size, and result in PML. The 

pathological features of PML are shown in the bottom panels (left to right) T2-weighted MRI 

showing hyperintense signal abnormalities in the white matter of the parieto-occipital lobes, H 

and E staining demonstrating oligodendrocytes bearing nuclear inclusion bodies (upper arrow) 

and bizarre astrocytes (lower arrow), and TEM of PML tissue showing crystalline arrays of 45 

nm viral particles within a nuclear inclusion body (256). 
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JCPyV reactivation and rearrangement 

Although the prevalence of archetype JCPyV infection in the general population is high, the 

incidence of JCPyV PML in immunocompetent individuals is absent, indicating stringent immune 

mechanisms to prevent reactivation and disease in an immunocompetent host. The site and 

modality of JCPyV reactivation and rearrangement has yet to be conclusively described, 

although immunosuppression is a major component. The most likely hypothesis is that virus 

reactivation occurs in the periphery, where it infects circulating B lymphocytes, and through a 

Trojan horse mechanism these JCPyV-infected cells cross the blood-brain barrier to enter the 

central nervous system (CNS) where JCPyV infects astrocytes. JCPyV infection is usually 

restricted by the actions of the immune system, most notably cell-mediated immunity, where it is 

thought that there is an association between a defect in the generation of cytotoxic T cells and 

the reactivation of JCPyV from latency to cause PML (83, 128). Dormant JCPyV contains the 

archetype NCCR and has been described as predominantly associated with peripheral organs, 

including the tonsils, kidneys, spleen, and bone marrow. Whether archetype JCPyV is present in 

the CNS in immunocompetent individuals remains controversial (123, 185). Conversion of non-

pathogenic archetype JCPyV to the neurotropic PML-causing JCPyV involves rearrangements 

in the NCCR, which regulates JCPyV transcription and DNA replication. However, the 

mechanism(s) by which JCPyV undergoes NCCR sequence alterations has yet to be described. 
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PML associated JCPyV VP1 mutations  

Mutations in the major viral capsid protein 1 (VP1) of JCPyV have been suggested to favor the 

onset of PML. Several studies have reported the presence of several mutations in VP1 from 

JCPyV isolated from PML patients. These nonpolymorphic (i.e. JCPyV subtype-independent) 

PML-associated mutations or deletions of JCPyV VP1 include amino acids at positions 50, 51, 

55, 60, 61, 122-125, 265, 267, 269, 271, and 283 (113, 262, 263). These studies suggest that 

the role of VP1 in PML pathogenesis might be attributed to its direct interaction with host 

immune responses, as well as cell attachment and viral entry via sialic acid receptors on 

susceptible cells (36, 135, 174). Thus, the virulence of PML associated JCPyV can be a result 

from changes in the affinity and specificity of the virus via its viral capsid for its cellular 

receptor(s) which directly affect viral infectivity and transmission. 

 

PML, an always-fatal demyelinating disease of the CNS, is characterized by multiple foci of 

demyelination caused by the lytic infection of JCPyV infected oligodendrocytes (86, 116, 150, 

194). PML was first described by Astrom et al. in 1958 (5), in a patient with lymphatic leukemia 

and a patient with Hodgkinôs disease. Although viral etiology for PML was proposed by 

Cavanagh et al. in 1959 (29) and Zu Rhein and Chou demonstrated viral particles resembling 

Papovaviruses in 1965 via electron microscopy (265), it wasnôt until 1971 that Padgett et al. 

cultivated JCPyV from the brain of a PML patient [1], where the virus was ultimately named after 

the initials of the patient. From 1958 to the 1980s, PML was primarily observed in patients 

treated with corticosteroids, other immunosuppressive drugs, and chemotherapy (134). It wasnôt 

until the 1980s when PML became predominantly associated as a complication related to AIDS 

patients. Recently, the use of immunomodulatory and immunosuppressive drugs may increase 

the risk of development of PML in the setting in these immunosuppressive conditions (17). 
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Clinical and pathological features of PML 

Primary JCPyV infection is typically subclinical (182), PML develops only in individuals with 

severely impaired immune systems, such as AIDS patients (117). PML has most often 

presented as an opportunistic infection in HIV patients with lymphopenia but recently it has been 

seen in patients treated with immunosuppressive drugs (22), including natalizumab, a 

monoclonal antibody (mAb) used to treat multiple sclerosis (MS) .  

 

The onset of PML is insidious, but in the absence of treatment, disease progression is usually 

rapid, with death ensuing in 3 to 6 months after diagnosis. The clinical features of PML vary 

according to the localization of the demyelinating lesion and are non-specific. The 

periventricular and sub-cortical regions of the parieto-occipital and frontal lobes of the brain are 

the most affected regions (254). Common presenting symptoms include cognitive deficits, gait 

disorders, limb weaknesses, speech disorders and visual impairments (14, 64, 65).The 

pathogenesis of PML can be divided into 3 phases, with the first phase being a primary clinically 

inapparent infection. In the second phase, it has been suggested that  a persistent and latent 

peripheral infection occurs within the urinary tract, bone marrow, and probably the spleen (244). 

The third and final phase is probably induced by immunologic and molecular alterations of the 

viral NCCR (245)  resulting in reactivation of archetype JCPyV to the virulent rearranged 

JCPyV. Although the rearrangement of the NCCR of archetype JCPyV is thought to be an 

important event in the pathogenesis of PML, little is known about what induces this 

rearrangement. In addition, it is not known whether JCPyV is present in a latent state in the 

brain or whether it enters only after reactivation has occurred elsewhere in the periphery.  

 

The neuropathological hallmarks of PML consist of multifocal microscopic and macroscopic 

demyelinating lesions that tend to coalesce in the subcortical white matter near the gray-white 

matter junction. Oligodendrocytes sustain productive lytic infection and when infected with 
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JCPyV, their nuclei become enlarged and filled with eosinophilic inclusion bodies. In addition, 

bizarre astrocytes appear enlarged, with multiple or multilobate hyperchromatic nuclei, at times 

resembling neoplastic cells (44) (Fig.6 and 7).  
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Figure 6. Histological features of PML: (a) Multiple areas of demyelination or plaques are 

observed at low magnification in paraffin-embedded sections of PML brain tissue stained with 

luxol fast blue. (b)  Bizarre, transformed reactive astrocytes that may be multinucleated and 

resemble neoplastic cells are frequently observed in PML lesions. (c) Residual JCPyV-infected 

oligodendrocytes harboring intranuclear eosinophilic inclusion bodies can be seen with 

demyelinated plaques. (d)  Electron microscopy of oligodendrocyte inclusions reveals the 

presence of 45 nm icosahedral viral particles in the nucleus consistent with JC virions (115).  
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Figure 7. Brain lesions and cell types infected by JCPyV: The classical description of PML 

indicates demyelinating lesions of JCPyV infected oligodendrocytes and astrocytes located in 

the white matter of the cerebrum or the cerebellum. More recently, descriptions of lesions found 

in the cerebral cortex or at the gray matter-white matter junction with JCPyV-infected neurons 

have been described. When JCPyV infection occurs in granule cell neurons, cerebellar atrophy 

can occur (84). 
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PML in HIV/AIDS patients 

Prior to the 1980s, PML was considered an extremely rare opportunistic infection; the incidence 

of PML was 0.15 cases per million population. However, the HIV pandemic led to a new subset 

of immunosuppressed individuals, resulting in a dramatic increase in the prevalence of PML to 

0.6 cases per million (100). Currently, the most common predisposing factor for symptomatic 

JCPyV infection is HIV-induced immunodeficiency, with about one in 20 HIV-infected persons 

developing PML (8, 15, 16). The increased frequency of PML among patients with AIDS when 

compared to other immunocompromised patients suggests that the presence of HIV-1 in the 

brain of infected individuals is closely associated with the pathogenesis of AIDS-related PML 

(178). Thus, the significantly longer survival times reported for PML patients treated with highly 

active antiretroviral therapy (HAART) are primarily due to the successful reduction of HIV viral 

loads and resulting immunosuppression (244). The introduction of HAART has led to a 

significant prolonged median survival time, with AIDS patients living 4.5 years if their CD4+ cell 

counts >100 cells/µL after diagnosis of PML. This is in contrast to the median survival time 3.4 

years for those with CD4+ cell counts <100 cells/µL after PML diagnosis (14). Although HIV 

accounts for an overwhelming majority of PML cases, in the order of 80%, there is increasing 

incidence of non-HIV related PML cases (98) (Fig.8).  
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Figure 8. Occurrence of PML in the United States: The Venn diagram depicts the occurrence 

of PML, seen in the gold circles, in different populations of the United States. The outer circle 

represents the total population in 2012, which was 314 million individuals. The outer black ring 

represents the majority of healthy individuals in the population. This group of healthy individuals 

refer to those with no apparent case of immunosuppression and include the elderly, patients 

with chronic liver or kidney disease, and those with idiopathic or transient lymphocytopenia. The 

purple circle refers to a subpopulation of individuals who have impaired cell-mediated immunity 

(CMI), including, cancer survivors, bone marrow and solid transplant recipients, individuals 

suffering from rheumatoid arthritis treated with immunosuppressive agents like rituximab, and 

multiple sclerosis (MS) patients treated with natalizumab, fingolimod, or dimethyl fumurate. 

Lastly, the inner red circle represents individuals with impaired CMI due to HIV-1 infection/ 

AIDS, approximately 1.2 million individuals (256). 
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PML in HIV-uninfected individuals  

The incidence of PML in HIV-uninfected individuals has increased with the broader use of 

immunosuppressive and immunomodulatory drugs used to treat an array of systemic and 

neurologic autoimmune disorders. These agents include, but are not limited to, chemotherapies, 

rheumatologic disease-modifying therapies, and multiple sclerosis (MS) treatments, which result 

in a decrease in immune surveillance of the CNS and therefore an increased risk of PML. PML 

has been associated with a variety of medications including alemtuzumab, belatacept, dimethyl 

fumurate, eculizumab, brentuximab, fingolimod, fludaribine, infliximab, leflunomide, 

mycophenolate mofetil, natalizumab, rituximab, among others. 

 

In recent years, monoclonal antibodies (mAbs) have been used to treat a wide spectrum of 

immunological diseases. A resurgence of PML occurred in the 2000s as a result of the use of 

immunomodulatory compounds like the monoclonal antibodies natalizumab, efalizumab, and 

rituximab for the treatment of autoimmune diseases, including multiple sclerosis, Crohnôs 

disease, severe forms of plaque psoriasis, hematologic malignancies, and rheumatoid arthritis 

(148). Some mAbs suppress the immune system and, as a result, predispose patients to PML 

(8). In 2005, PML developed in MS patients treated with the mAb natalizumab, trade name 

Tysabri (244), which is directed against the Ŭ4-integrin of the cell adhesion molecule family (8) 

(Fig.9).  

 

In addition, hematologic malignancies, immunodeficiency disorders, idiopathic lymphopenia, 

and autoimmune rheumatologic disorders can lead to an increased risk of PML in the absence 

of pharmacologic therapies, which is likely due to the aberrant immune function associated with 

these conditions (210). Particular among autoimmune diseases, systemic lupus erythematosus 

(SLE) is associated with an increased risk of PML even in the absence of immunosuppression.  
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Figure 9. Natalizumab induced PML in MS patients: This figure summarizes three current 

hypotheses of how natalizumab may lead to PML. (a) Natalizumab may prevent entry of JCPyV-

specific cytotoxic T cells into the brain, which are necessary to control latent JCPyV infected 

oligodendrocytes. (b) Natalizumab inhibits VLA-4-dependent homing and retention of 

lymphocytes in the bone marrow, a possible site of JCPyV latency, therefore resulting in an 

increase of JCPyV-infected peripheral leukocyte population. Lastly, it has been suggested that 

natalizumab-induced expression of Spi-B, a transcription factor associated with increased 

JCPyV transcription (54). 
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PML in immunologically normal individuals  

PML is described as affecting individuals with severe immunosuppression such as HIV/AIDS, 

those receiving immunosuppressant therapy, those with hematological malignancy, and organ 

transplant recipients. Descriptions of PML in immunologically healthy individuals have been 

described in case reports, however, these individuals are described as being immunologically 

normal and immunocompetent in the context of either being HIV negative and/or using no 

medication or having significant medical history. In a recent review, immunologically healthy 

individuals are referred to those with no apparent case of immunosuppression and include the 

elderly, patients with chronic liver or kidney disease, and those with idiopathic or transient 

lymphocytopenia (Fig. 8) (256). This description therefore lumps individuals with causes of 

possible immune dysregulation as being immunologically healthy. This begs the question who is 

immunologically healthy? 

 

This misinterpretation of immunologically healthy individuals becomes apparent when cases of 

PML are described in individuals that have a predisposing factor, such as older age, diabetes, 

and chronic infections, that may lead to immune dysregulation. Therefore, it is accurate to 

believe that all individuals presenting with PML are predisposed by some form of immune 

dysregulation. One such report, ñProgressive Multifocal Leukoencephalopathy in a HIV 

Negative, Immunocompetent Patient,ò (172) describes a 66-year-old male, with an undetectable 

JCPyV viral load in the CSF and a CD4+ >200, whom the authors define as being 

immunocompetent. However, upon further details it is noted that the patient had a history of 

HCV related cirrhosis and hepatocellular carcinoma. In another report, ñProgressive Multifocal 

Leukoencephalopathy in an Immunocompetent Patient,ò Aasly et al. describes a 72-year-old 

previously healthy woman who developed PML. The woman had a history of well-regulated 

hypertension and total alopecia at age 40 years with spontaneous improvements (110). There 

have been descriptions demonstrating associations between hypertension, proinflammatory 
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cytokines, and cells of the innate and adaptive immune systems (219). A series of cases by 

Gheuens et al. demonstrated that a certain degree of mild immunosuppression was present in 

38 PML cases who were HIV-negative and free of malignancies (82). The associated conditions 

among these individuals included hepatic cirrhosis, chronic renal failure, dermatomyositis, 

pregnancy, and Alzheimerôs disease.  

 

Therefore, these case reports may not be the prototypical definition of immunosuppression 

usually associated with PML, but prove the point that immune dysregulation may warrant an 

environment conducive for JCPyV related PML. The underlying mechanism of JCPyV 

reactivation resulting in PML in an array of individuals makes it difficult to find one cohesive 

cause for PML pathogenesis. It may not be one mechanism of reactivation leading to PML but 

multiple roads diverging.   

 

PML diagnosis and treatment  

The diagnosis of PML can be thought of as a three-stage process that includes clinical 

suspicion, radiological identification, and confirmation by cerebrospinal fluid or tissue analysis 

(44). Clinical suspicion relies on the character and development of focal neurological symptoms 

and signs over time and disease susceptibility. Once PML is suspected, brain lesions are 

detected and characterized via MRI. In the case of PML, characteristic white-matter lesions in 

the brain areas associated with the clinical deficits can be visualized. Demyelinating lesions are 

usually hyperintense on T2-weighted and FLAIR MRI sequences, but hypointense on T1-

weighted sequences, which indicate white matter destruction (Fig.10). Hypointense lesions help 

distinguish PML from other pathologies, primarily HIV-1 encephalopathy, which is characterized 

by diffuse central white-matter changes that are not detected on T1-weighted sequences.   
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Lastly, the laboratory methods used for a definitive PML diagnosis include detection of JCPyV 

DNA or proteins via in situ hybridization or immunohistochemistry on brain biopsy samples or by 

the detection of JCPyV DNA in CSF by PCR. Among patients with HIV-1 and neurological 

diseases not treated with HAART, the diagnostic sensitivity for PML with this technique was 72-

92%, with a specificity of 92-100% (45). However, in recent times, it has been more common to 

see negative JCPyV PCR results in AIDS patients that have clinical and imaging presentations 

making these patients indistinguishable from those patients with PML. The decreased viral 

replication and clearance of JCPyV DNA from the CSF is thought to be associated with the 

immune restoration process as a result of antiretroviral therapy (41). As a result of this, the 

sensitivity of PCR testing for JCPyV DNA has dropped to 58% (8). Histologically, PML is 

characterized by a productive and lytic infection of both oligodendrocytes and astrocytes that 

lead to multiple areas of demyelination in the CNS. There may also be reactive gliosis and giant, 

bizarre astrocytes in affected areas (230). Currently, there are no specific antiviral drugs against 

JCPyV. Without a specific antiviral drug, the current treatment goal in PML is to restore the host-

adaptive immune response to JCPyV for control of the infection. In HIV-positive patients, this 

goal is accomplished mainly by treatment of HAART. In HIV-negative patients, the main 

therapeutic objective is to reduce, if possible, immunosuppressive drugs, enabling the adaptive 

immune system to control the infection. However, in organ transplant recipients, decreasing 

these drugs increases the risk of graft rejection. Therefore, a better strategy might be to 

augment the cellular immune repose to JCPyV by use of immunotherapies such as dendritic cell 

vaccines (230).  
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Figure 10. Cerebellar lesions in a patient with PML via MRI:  An MRI scan of a lymphocytic 

leukaemia patient with classic PML. The patient was identified as JCPyV positive via PCR 

detection of JCPyV in the CSF. Lesions (arrows) were identified by fluid attenuated inversion 

recovery (FLAIR) (Fig 4A and 4C) and T1-weighted MRI (Fig 4B and 4D) (230).  

 

 

 

 

 

 

 



29 
 

PML-immune reconstitution inflammatory syndrome (IRIS) 

IRIS is an inflammatory syndrome in response to clinically apparent or subclinical pathogens 

associated with the recovery of the immune system after a period of immunosuppression 

(Fig.11). In certain cases, a rapid global recovery of the immune system may not be favorable. 

So although a cellular immune response directed against JCPyV is beneficial in classic PML, 

PML-IRIS can be triggered if such a recovery of the immune system were to occur. HIV-1 

associated PML-IRIS comprises of three elements. First, immune reconstitution, meaning a 

decrease of plasma HIV-1 RNA with or without an increase in CD4+ T cells associated with the 

start of combined antiretroviral therapy. Second, tissue inflammation, and third, clinical disease 

or worsening that would not be expected from the natural course of the disease (77, 215). IRIS 

may occur during either of the two phases of immune restitution that occurs after the initiation of 

HAART (197). The first period of susceptibility occurs in the initial weeks when the increase in 

CD4+ T cells is largely due to the redistribution of pre-existing memory T cells. The late phase is 

a direct result of the proliferation of naïve T cells, usually after 4-6 weeks but can be as long as 

4 years after the initiation of HAART (103). In PML, IRIS occurs in two settings, the first known 

as paradoxical IRIS, where inflammation develops in relation to existing lesions as a result of 

the symptomatic disease being treated with combined antiretroviral therapy. The second setting, 

known as unmasking IRIS, happens when patients develop PML after the start of combined 

antiretroviral therapy and an inflammatory picture is found via MRI (76).  
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Figure 11. PML induced immune reconstitution inflammatory syndrome (IRIS): 

Unregulated or prolonged immunosuppression can lead to poor clinical prognosis of PML. As 

the immune response increases, for example by weaning a patient off of immunosuppressive 

drugs or starting HAART, prognosis improves as JCPyV is controlled (x-axis to the right). At 

some point prognosis once again declines as pathological IRIS develops. Inset depicts marked 

CD3 infiltration into the brain of a patient with IRIS that would not be found in a severely 

immunocompromised individual developing PML. Increases in inflammation breaks down the 

blood-brain barrier during immune reconstitution. However, clinical intervention with 

corticosteroids can shift the inflammatory response to the left (47).  

 

 

 

 














































































































































































































































































































































