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    Abstract     This chapter gives an overview over the biology and the clinical conse-
quences of infection with the human polyomavirus JCV. Current data as well as 
those aspects that are not yet fully understood are explained. 

 JCV virus is a human polyomavirus that leads to an asymptomatic infection in a 
large percentage of healthy individuals and can lead to a latent infection of the kid-
neys or the bone marrow. JCV reactivation and lytic infection of oligodendrocytes 
in the brain lead to a devastating demyelinating disease called progressive multifo-
cal leukoencephalopathy (PML). PML typically occurs in patients with an impaired 
cellular immune response due to an underlying disease such as human immunode-
fi ciency virus (HIV) infection or a systemic malignancy or due to treatment with 
immunomodulatory therapies. While supporting the recovery of the patient’s 
immune system (either by giving antiretroviral therapy in HIV-infected patients or 
by stopping the immunomodulatory therapies leading to PML) is currently the only 
known effective therapeutic intervention, the response of the immune system can 
lead to clinical and radiographic worsening known as immune reconstitution infl am-
matory syndrome (IRIS). The clinical and biological consequences of neuroinfl am-
mation in this viral infection are presented in this chapter.  
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1         Introduction 

 In 1972, two different human polyomaviruses were isolated from a lymphoma 
patient with a CNS demyelinating disease: JC virus (JCV) from the brain of a 
patient with progressive multifocal leukoencephalopathy (PML) and BK virus 
(BKV) from a kidney transplant recipient with fulminant polyomavirus-associated 
nephropathy (PVAN). Both viruses were named from the initials of the patients 
from whom they were isolated. Although JCV and BKV were shown to be nearly 
75 % homologous at both the nucleotide and amino acid level, these new polyoma-
viruses demonstrated very different characteristics for kinetics of growth, host 
range, and pathologies [ 1 ]. Both JCV and BKV infections are almost exclusively 
found in individuals with impaired cell-mediated immune responses. Since then, 
there have been at least four more human polyomaviruses identifi ed including 
Merkel cell from rare skin carcinomas, Ki and Wu from the respiratory tract, and 
Trp from trichoplasia skin lesions [ 2 ]. All human polyomaviruses, however, are 
globally ubiquitous, infecting the majority of the population in the early years and 
maintaining latency in nearly half the population as evidence of viral DNA identifi -
cation in urinary excretions. This is a common feature of all primate, rodent, and 
avian polyomaviruses. JCV however is the only human polyomavirus that is pre-
dominantly neurotropic and neurovirulent, targeting the myelin-producing cell in 
the human brain causing a slowly progressing lytic infection of the oligodendrocyte 
resulting in widespread loss of myelin in the brain. Although many attempts have 
been made to model PML in rodents and nonhuman primates, there are currently no 
animal models to study JCV lytic infection. Also, there are no antiviral agents to 
inhibit JCV infection nor effective treatments for PML. Studies of the biology and 
pathogenesis of JCV in its human host remain diffi cult challenges for laboratory 
and clinical investigations.  

2     The Biology of the JC Virus 

2.1     Cellular Host Range and Molecular Factors 
for Productive Infection 

 Epidemiological studies indicate that seroconversion to positive antibody status 
occurs early in childhood starting at 4–5 years with increasing prevalence in the pop-
ulation. By the fi fth decade, 60–75 % of the population is seropositive although 
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antibody levels can rise or decline over time [ 3 ]. It is obvious, however, that initial 
infection that accounts for seroconversion or maintaining high titers of antibody does 
not occur in the brain. JCV can establish latency in uroepithelial cells and be excreted 
into the urine at high concentrations without pathogenic consequences unlike BKV. 
There is no clear understanding of this observation. What is interesting, however, is 
the genotype of the urine-excreted variant. In Fig.  1 , the JCV genome is shown as a 
closed circular, double-stranded DNA of 5.13 kilobases, packaged into a naked, ico-
sahedral 40-nm virion particle. There are two protein- coding regions for the early 
proteins, T and t, that have multiple functions for DNA replication and control over 
cellular metabolism that are synthesized from transcripts on one strand. Capsid pro-
teins VP1, VP2, and VP3 are synthesized from transcripts on the opposite strand. The 
intergenic region between the 5′ start sequences of the early and late genes is the 
noncoding regulatory region or NCRR whose nucleotides have the origin for DNA 
replication, the transcription binding protein sites, and enhancer sequences for tran-
scription effi ciency also seen in Fig.  2 . In the urine-excreted or archetype variant, the 
nucleotide sequences show a linear 200-base-pair arrangement. In pathological tis-
sues such as the brain and cerebrospinal fl uid, the nucleotide sequences show direct 
tandem repeats of 98 or fewer nucleotides with frequent deletions and duplication 
known as the prototype variant. A number of DNA-binding proteins have been identi-
fi ed on the NCRR as shown in Fig.  1  extending from the origin of DNA replication to 
nucleotide 50 that are essential for virus growth including those for the TATA-binding 
proteins and NF-1 class X [ 4 ].

  Fig. 1    JC virus characteristics. On the  left , an electron microscopic picture of a virion particle is 
shown. The structure of the JC viral genome is depicted on the  right upper part  of this fi gure with 
the regions encoding for the early T protein, the noncoding regulatory region (promoter enhancer), 
and the late capsid proteins VP1, VP2, and VP3. The  lower right corner  of the picture shows 
lesions caused by JCV as seen on an MRI       
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    There has been considerable interest in determining the contributions to cellular 
host range between the NCRR and the capsid VP1 protein that binds cell receptors. 
The comparison between these two regions of the viral genome is shown in Fig.  2 . 
The three-dimensional crystallographic structure shows the amino acid domains in 
color that interact with sialic residues on cell surface membranes for virion attach-
ment [ 5 ]. In addition to sialic acids, the key receptor for JCV, the 5HT2A serotonin 
receptor plays a secondary role in attachments and particle entry [ 6 ]. Virions enter 
the cell cytoplasm and traffi c to endosomes using clathrin-coated pits and are then 
transported to the nuclear membrane as disrupted particles. Viral DNA enters the 
nucleus that is then transcribed using host DNA-binding factors starting with early 
region for T proteins. The NCRR plays a key role in viral susceptibility since it 
contains the transcription binding sites for factors that initiate T protein mRNA and 
synthesis. The T protein then binds the origin of DNA replication on the 5′ region 
of the NCRR that interacts with cellular DNA alpha polymerase to form protein 
complexes for viral DNA synthesis. It is thought that an increase in the amount of 
viral DNA then allows transcription of mRNA for viral capsid proteins and then 
virion assembly—all in the nucleus. The current working models suggest that those 
factors that are necessary for JCV growth in uroepithelial cells bind to the archetype 
arrangement of the NCRR and those factors for JCV growth in glial cells and some 
immune system cells bind to prototype arrangement of the NCRR that leads to lytic 
infection and PML [ 7 ]. 

 In cell culture studies and in clinical tissue samples, JCV multiplication is evi-
dent in oligodendrocytes and astrocytes in the brain and in CD34+ and CD19+ cells 
in the bone marrow and peripheral blood, as well as stromal cells in tonsils and B 
cells in the spleen [ 8 ,  9 ].  

  Fig. 2    Viral factors that may favor JCV infection. Part ( a ) shows the amino acid residues for the 
viral capsid protein VP1, which is responsible for binding to host cells; sequences for VP1 can be 
altered following latency. Part ( b ) shows two variations of the noncoding regulatory sequences. 
The nonpathogenic archetype, which is typically found in kidney tissue and contains no tandem 
repeats, is depicted  above , whereas the pathogenic prototype, which is found in affected tissues in 
PML and which contains direct tandem repeat structures, is shown  below        
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2.2     Presence of JCV in Infected Individuals 

 Without an animal model of JCV lytic infection resulting in PML, tracking virus in 
tissues requires samples mostly from infected patients, notably those with PML. 
Nothing is known about the initial site or timing of infection. However, since the 
majority of the population worldwide demonstrates antibodies to JCV, it is assumed 
that respiratory inhalation and/or ingestion is the primary route of infection. There 
are several major techniques used to identify JCV in tissues: quantitative poly-
merase chain reaction, qPCR, and in situ DNA hybridization that detects the viral 
genome and immunocytochemistry for viral proteins [ 10 ]. For the laboratory confi r-
matory diagnosis of PML, real-time qPCR assays are done detecting viral DNA in 
the cerebrospinal fl uid of suspected PML patients. One assay currently used at the 
National Institute of Neurological Disorders and Stroke (NINDS), a validated/certi-
fi ed assay in the Laboratory of Molecular Medicine and Neuroscience (LMMN), is 
the multiplex qPCR that not only quantitates the level of viral DNA but also distin-
guishes whether the JCV variant is the more pathogenic prototype from the non-
pathogenic archetype genotype [ 11 ]. Typically in PML patients, the brain and CSF 
will show the prototype, while the urine will show the archetype. Plasma or serum 
of patients may have both but, during the course of active infection leading to PML, 
will shift from archetype to prototype. In HIV patients, approximately 20 % can be 
viremic at some time although only 3 % will develop PML. Approximately 2 % of 
healthy individuals may be viremic at some time point and seem to clear infection. 
This observation is not surprising since JCV is ubiquitous in all parts of the world. 
It is surprising, however, that nearly 30 % of the population excretes JCV in urine 
without pathological consequences.   

3     The Pathogenesis of JCV Demyelinating Infection 

3.1     Viral Variants and Latency 

 The principal cells in which JCV DNA has been detected during infection are the 
uroepithelial cells in the kidney, CD34+ cells in the bone marrow, CD20+ cells in 
peripheral blood, and oligodendrocytes in the brain. Figure  3  shows nuclear location 
of replicating DNA using in situ DNA hybridization with a highly specifi c viral 
DNA probe and diaminobenzidine as the chromophore (brown) staining [ 10 ]. The 
bone marrow biopsy shown in Fig.  3  was taken 4 years prior to the development of 
PML in a Wiskott-Aldrich syndrome patient. The NCRR of the variant in the bone 
marrow was the prototype and nearly identical to what was seen in the B cells and 
brain taken at the time of PML diagnosis. Observations such as these and in other 
cases have led to the hypothesis that bone marrow may harbor latent JCV in hema-
topoietic cells for long periods [ 12 ]. If such latently infected cells migrate into the 
peripheral circulation and differentiate toward a B-cell lineage, then it is possible 
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that JCV can reactivate to slowly multiply as such cells begin the expression of fac-
tors that favor viral growth [ 4 ]. This pathway is thought to account for the 
 development of PML in multiple sclerosis patients treated with natalizumab, a 
monoclonal antibody that blocks the alpha 4 cell surface integrin VLA 4 to VCAM, 
vascular cell adhesion molecule, preventing homing of CD+ 34-positive cells in the 
bone marrow and extravasation of infl ammatory cells into the brain [ 13 ]. Certainly, 
JCV maintains decades-long periods of latency in the kidney with the NCRR arche-
type variant. If that is the predecessor to the pathogenic prototype, then virions 
released from the kidney may fi nd their way to lymphoid tissues in which genotypic 
alterations or rearrangements occur to produce the prototype NCRR. This is also a 
plausible pathway that may occur in some patients [ 13 ].

3.2        Traffi cking of Virus from Sites of Latency to the Brain 

 There is little evidence of how JCV enters the brain from peripheral sites of infec-
tion. Two possibilities are possible and not mutually exclusive. Since cell-free virus 
can be found in the blood, it is possible that JCV can cross the blood-brain barrier 
and enter the brain parenchyma, directly infecting astrocytes and its primary target, 
the oligodendrocyte. JCV may also be carried into the brain within a cell such as B 
cells seen in blood. JCV does not seem to infect monocytes or T lymphocytes that 
bring other viruses into the brain like HIV-1 and cytomegalovirus (CMV). There 
have been reports of viral latency in the brain that reactivates due to lack of immune 
surveillance [ 14 ]. However, that observation does not address the low incidence of 
PML in the many thousands of patients with substantial immune suppression like 
AIDS, organ transplants, cancer, and rheumatic diseases. Mechanisms of viral 
entry into the brain remain mostly unknown, requiring better cell culture and clinical 
studies.  

  Fig. 3    Possible pathway of JCV in the body. Depicted are tissues shown to contain JC virus. 
( a ) Shows the kidney tissue (which usually contains archetype JCV),  b  shows the bone marrow 
(which usually contains prototype JCV),  c  shows the peripheral blood (which can contain arche-
type and/or prototype), and  d  shows oligodendrocytes in the brain (which contain prototype)       
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3.3     Predictive Markers for Active JCV Infection 

 Although PML is considered a rare disease using the NIH criterion for prevalence, 
of 200,000 cases, the reports of PML have increased substantially over the last 
10 years. In fact, PML is now considered a complication of not only HIV-1 infection 
and an AIDS defi ning illness but also a risk associated with a number of therapies 
for other diseases [ 15 ]. Consequently assessing that risk becomes a critical issue for 
patient treatment. Investigations have focused on defi ning biomarkers that identify 
active JCV infection in high-risk patients. Three JCV-linked factors for active infec-
tion that have well-developed assays have been described including the presence 
and rise of antiviral antibodies, viremia during the course of a risk treatment, and 
identifi cation of T-cell responses to JCV multiple antigens [ 16 ]. In addition to these 
markers, molecular factors needed for infection in specifi c target cells like DNA- 
binding proteins for viral mRNA transcription may have a useful role, but their 
detection has not been reduced to a practical assay methodology. Detection of 
 specifi c antibodies to JCV is a marker for prior exposure. Any increase in the anti-
body levels would indicate either an active or recent infection. ELISA, enzyme-
linked immunosorbent assay, is the most routine technique used to measure 
antibodies and their levels. There are several such assays in clinical use for JCV that 
both detect antibody and measure its levels using the viral VP1 capsid protein as the 
antigen [ 17 ,  18 ]. The VP1 protein makes up the majority of virion structure and 
receptor for cell attachment. Plasma/serum levels of antibody can be monitored over 
time in patients to determine not only serostatus but also whether there is a rise in 
antibody levels. Most frequently, patients about to enter treatment with a drug or 
biological with a PML risk would have antibody levels determined. Samples that 
test seronegative however can be confounding since antibody levels can change over 
time from negative to positive. And in some cases, patients may not develop detect-
able antibodies but still have been exposed or have an active infection [ 19 ,  20 ]. 
Consequently, other markers should be used to assess those patients’ JCV status. 

 Recently, CD4 and CD8 T-cell responses have been measured using viral pep-
tides across the entire viral genome. Healthy individuals and MS patients treated 
with natalizumab showed both T-cell responses to all viral proteins including the 
nonstructural T proteins and agno and all three capsid proteins. Some of these indi-
viduals who had T-cell responses did not have antibody [ 21 ]. Assays for T-cell 
responses require more blood than antibody assays and use fl ow cytometric analysis 
and cytokine measurement following viral peptide contact. However, these assays 
have become routine in many laboratories and so do not present a diffi cult obstacle 
for assessment. In combination with serology assays, measurement of cell immune 
response to JCV provides a more complete analysis of not only exposure but also 
the ability of the patient to mount an appropriate immune response. 

 The advantage of measuring immune responses is their relative stability over 
time. However, they do not refl ect direct measurement of JCV infection at times of 
greatest risk for PML. The advances in qPCR methods that are specifi c to ultrasensi-
tive detection of viral DNA, ten copies of the genome per ml of sample, have led to the 
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laboratory confi rmation of PML in many cases that may not have been accurately 
diagnosed. The current multiplex qPCR assay developed at NINDS requires small 
volumes of blood, CSF, urine, or cells in tissue samples. As a risk-monitoring assay, 
detection of viral DNA in the plasma or serum in a patient with an underlying dis-
ease that is a risk for PML can lead to substantial concern. If the individual remains 
viremic over weeks or months, particularly with the pathogenic variant, and shows 
any increase in the amount of viral DNA, then the risk for PML is elevated. At pres-
ent there are no data that statistically measures that risk, i.e., percent of patients with 
viremia who develop PML. However, most patients show viremia at the time of 
PML diagnosis. It is possible to monitor patients then over time using these mark-
ers, antibody levels, T-cell responses, and viremia measured from one blood sample. 
As more data are collected on these patient populations, it may be possible to use a 
checklist of factors that refl ect the risk in which combinations of “checks” can 
become a quantifi able number.   

4     The Clinical Pattern of JCV-Induced PML 

4.1     Patients at Risk for PML: Underlying Diseases 
and Medications 

 Exposure to JCV occurs in a large proportion of the population [ 3 ,  22 ], but the virus 
is thought to lead to PML almost exclusively in individuals with an impaired 
immune system. Some case reports of patients with PML without any apparent 
immunodefi ciency exist [ 23 ], but they are the exception, and in most cases, an 
occult immunodefi ciency-like idiopathic CD4+ lymphocytopenia or liver cirrhosis 
is eventually discovered. However, not all immunocompromised patients develop 
PML. Some diseases or medications affecting the immune system are more com-
monly associated with PML than others, and understanding these connections may 
help us in our understanding of the pathogenesis of PML. The initial description of 
PML was in a patient with lymphoma [ 24 ], and the majority of published cases in 
the mid-1980s described lymphoproliferative diseases as the underlying disease 
[ 25 ]. The incidence of PML increased signifi cantly with the beginning of the HIV 
epidemic in the 1990s, and despite antiretroviral therapy, PML is still seen in up to 
5 % of HIV-infected individuals [ 26 ]. 

 Additionally, since 2004, a number of drugs have been found to be associated 
with the development of PML. Natalizumab, a monoclonal anti-integrin antibody 
used for the treatment of MS, is perhaps the most prominent of these immunomodu-
latory agents found to lead to an increased risk of developing PML [ 27 ]. However, 
other immunomodulatory medications used for the treatment of rheumatological, 
neurological, or oncological diseases, especially monoclonal antibodies like ritux-
imab, efalizumab, and brentuximab, have been reported to be associated with PML 
[ 12 ,  28 ]. Patients undergoing bone marrow or solid organ transplant have also been 
described to develop PML. These patients are often immunocompromised due to 
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the disease leading to transplant (e.g., kidney or liver failure, leukemia) and are 
furthermore often on multiple immunosuppressive agents. The exact rate of PML in 
these patients is diffi cult to assess. One multicenter study reported a rate of 1 in 
1,000 patients undergoing lung or heart transplant [ 29 ]. It is challenging to get an 
accurate assessment of the actual risk associated with each of these underlying dis-
eases or predisposing medications as PML is not a reportable disease, and our 
knowledge about the incidence and prevalence of PML is limited.  

4.2     Diagnosis 

 An accurate diagnosis of PML can be challenging, especially in patients with other 
underlying neurological diseases like MS, which like PML is a multifocal demye-
linating disease. In the early years of understanding the disease, the diagnosis of 
PML was usually based on brain biopsy showing typical histological fi ndings 
(demyelination, multinuclear bizarre astrocytes, oligodendroglial nuclear  inclusions; 
see below). Since JCV was identifi ed as the virus causing PML, laboratory methods 
have been established that together with clinical and radiological fi ndings can help 
establish the diagnosis of PML without the need for an invasive brain biopsy. A 
recent consensus statement from the American Academy of Neurology (AAN) 
Neuroinfectious Disease Section recommends to base the diagnosis of PML on a 
triad of compatible clinical features, compatible imaging fi ndings, and a presence of 
JCV in the CSF by PCR. In cases where JCV can be detected in the CSF but the 
clinical or imaging fi ndings are not typical, the AAN assigns a diagnosis of proba-
ble PML. If only clinical and imaging factors are present but the JCV in the CSF is 
non-detectable or if the CSF is positive but both clinical and MRI fi ndings are atypi-
cal, a diagnosis of possible PML is suggested. 

 The typical clinical fi ndings seen in PML are discussed in the next section of this 
chapter. Imaging used for the diagnosis of PML is mainly magnetic resonance 
imaging (MRI) of the brain. A recent study evaluating the MRIs of 22 patients with 
natalizumab-associated PML identifi ed typical PML lesions as large (>3 cm), sub-
cortical, T2 or fl uid-attenuated inversion recovery (FLAIR) hyperintense, T1 
hypointense, and diffusion hyperintense lesions, with a sharp border toward the 
gray matter and an ill-defi ned border toward the white matter on T2-weighted 
images [ 30 ]. An example of these typical MRI fi ndings can be seen in Fig.  4 . While 
PML lesions in HIV-infected individuals are usually not contrast enhancing, 41 % 
of the natalizumab-associated PML cases in this study were found to have contrast 
enhancement on the fi rst scan at clinical presentation. However, these patients all 
had clinically diagnosed immune reconstitution infl ammatory syndrome (IRIS). 
This complication is described in more detail in Sect.  5.1  of this chapter. Magnetic 
resonance spectroscopy of the brain has been suggested by some to add informa-
tion, but most studies to date have not found this technique helpful [ 31 ,  32 ]. Positron 
emission tomography can in some cases help to differentiate between lymphoma 
and PML but is also not commonly used in the diagnosis of PML [ 32 ].
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4.3        Clinical Manifestations 

 Symptoms in this multifocal disease can be varied, depending on the location of the 
lesions and the extent of demyelination. As in other brain diseases, patients can 
present with hemiparesis, ataxia, or visual changes. In contrast to other multifocal 
demyelinating CNS diseases like MS, optic neuritis and spinal cord involvement are 
not typically seen [ 33 ]. However, there are some rare reports of PML lesions in the 
spinal cord either by imaging or by histology at autopsy. Unlike MS but similar to 
acute disseminated encephalomyelitis (ADEM), another demyelinating syndrome 
more commonly seen in children, changes in alertness, behavior, and cognition are 
common in PML. In fact, about 50 % of patients with PML exhibit mental status 
changes at diagnosis [ 34 ]. Seizures are also frequently seen in PML and can be the 
initial presenting feature. About 20 % of patients in multiple different case series 
describing PML associated with HIV, lymphoproliferative disease, or immunomod-
ulatory medications develop seizures, typically within the fi rst few months, if not at 
presentation [ 34 ,  35 ]. This is somewhat surprising, since seizures are generally 
thought to arise from the cortical gray matter but PML patients with seizures are 
often found to have lesions immediately adjacent to the cortex.  

4.4     Histopathology 

 While the development of JCV PCR detection in the CSF has replaced brain biopsy 
as the most important diagnostic tool in PML care, evaluation of brain tissue is still 

  Fig. 4    MRI fi ndings in PML. Panel ( a ) shows an axial T2-weighted image with large multifocal 
hyperintense lesions with an ill-defi ned border toward the white matter. Panel ( b ) shows a coronal 
T1-weighted post-contrast image which demonstrates faint, patchy contrast enhancement in mul-
tifocal PML lesions in a patient with IRIS       
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done in cases of diagnostic uncertainty, especially when recurrence of lymphoma is 
a differential consideration or in cases of IRIS. Analysis of brain tissue can also 
increase our pathophysiological understanding of the disease. Biopsy or autopsy 
material of patients with PML is characterized by the combination of multifocal 
demyelination, bizarre astrocytes with hyperchromatic nuclei, and nuclear inclu-
sions in oligodendrocytes in the white matter. When demyelination is extensive, 
necrosis can also be seen [ 36 ]. Lymphocyte infi ltrates are not typically seen in PML 
lesions, unless there is presence of immune reconstitution (see the following sec-
tion). Immunostaining can demonstrate presence of JCV capsid antigen, primarily 
in the white matter and typically in oligodendrocytes and to a lesser degree in astro-
cytes. Detection of JCV DNA in infected tissue with in situ hybridization or in 
situ PCR may be more sensitive and specifi c than immunohistochemistry [ 36 ]. 
In addition to causing the infection of oligodendrocytes characteristic for PML, 
JCV has also been reported by some to infect neurons, especially the granule cell 
neurons in the cerebellum. Histopathologically, granule cell neuropathy is charac-
terized by hypochromatic granule cells with enlarged nuclei [ 37 ]. Signifi cant gliosis 
is seen throughout the cerebellar cortex with relative sparing of the Purkinje cell and 
molecular layers [ 38 ]. Examples of typical demyelination and immunohistochemis-
try of autopsy brain tissue of a patient with PML are depicted in Fig.  5 .

5         Treatment and Prognosis of PML 

5.1      Infl ammation and IRIS 

 In some patients with PML, rapidly worsening neurological symptoms, fever, and 
seizures develop. This clinical worsening is thought to be due to an improvement of 
immune function called immune reconstitution infl ammatory syndrome (IRIS). 
IRIS occurs in 10–20 % of HIV patients that are started on antiretrovirals and in 
most patients with natalizumab (up to 90 %). HIV patients are at an increased risk 

  Fig. 5    Histopathology in PML. Panel ( a ) shows multifocal demyelination of the brain 
(hematoxylin- eosin staining). Panel ( b ) shows evidence of JCV detected by immunohistochemistry       
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of developing IRIS if they are antiretroviral naïve and have a CD4 count of less than 
50 cells/mm 3  [ 39 ]. IRIS typically develops about 3–12 weeks after antiretrovirals or 
plasma exchange to remove natalizumab are initiated, but in some cases, IRIS can 
develop up to 6 months after the initiation of antiretroviral therapy [ 42 ]. On MRI, 
there may be enhancement detected due to the local infl ammation and breakdown 
of the blood-brain barrier. However, only in about 50 % of clinically or biopsy-
diagnosed IRIS have contrast enhancement on MRI [ 39 ]. Edema or mass effect may 
also be seen on imaging. In the most severe cases, the infl ammation and subsequent 
edema can lead to cerebral herniation and death. Analysis of brain biopsy samples 
of PML patients with and without IRIS shows an increase in cytotoxic CD8 T cells 
in patients with IRIS. This is associated with a better control of JCV dissemination 
but at the cost of oligodendrocyte cell death and demyelination [ 40 ,  41 ]. 

 While there are no randomized trials assessing the best management of IRIS, 
most physicians use corticosteroids to dampen the immune response and avoid del-
eterious cerebral edema. A retrospective analysis of 54 patients with PML-IRIS in 
the setting of HIV infection showed that corticosteroids, especially if administered 
early and for a prolonged period of time, may improve survival [ 42 ].  

5.2     Immune Responsiveness: T and B Cells 

 The immune system encompasses humoral, mainly B cell driven, as well as cellular, 
mainly T cell driven, immunity. The role of these components of the immune system 
in the development of and the recovery from PML is not fully understood, but there 
are many clues that can help answer this question. T-cell-mediated immune response 
appears to be a signifi cant risk factor for developing PML as a defi cit in CD4+ T cells 
is a prominent component of HIV infection. Rituximab, a drug that depletes B cells 
but not T cells, however, has also been found to be associated with PML risk, albeit 
at a lower rate than HIV infection [ 12 ]. A recent study showed that natalizumab-
treated MS patients with PML have absent or aberrant JCV-specifi c T-cell responses 
compared with non-PML MS patients, indicating that changes in T-cell-mediated 
control of JCV replication may contribute to the risk of developing PML [ 21 ]. 

 While brain biopsy or autopsy samples of PML without IRIS generally do not 
reveal many lymphocytes, in patients with IRIS, there are usually infi ltrates with 
predominately cytotoxic CD8 T cells present. Plasma cells or macrophages can also 
be seen, but B cells or immunoglobulin deposits are uncommon, suggesting a 
mainly cellular immune response to PML at least in the case of IRIS [ 40 ,  41 ].  

5.3     Treatment Targets: Failures and Future Directions 

 Several agents have been proposed as treatments for PML, but no specifi c anti-JCV 
therapy has been proven to have clinical effi cacy to date. On the basis of in vitro 
experiments demonstrating inhibition of JCV replication as well as anecdotal case 
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reports, intravenous and intrathecal cytarabine were tested in a clinical trial but 
neither form of application was found to be benefi cial [ 43 ,  44 ]. Although cidofovir 
is not effective against JCV in cell culture, case reports and retrospective case series 
implicated effi cacy in both HIV-positive and HIV-negative patients with PML. 
However, subsequent studies demonstrated no survival benefi t and no improvement 
in residual disability at 12 months [ 45 ,  46 ]. Since JCV infection of glial cells is at 
least partially mediated through the serotonergic receptor 5-hydroxytryptamine 
receptor 2A (5HT2A) and several 5HT2A receptor antagonists blocked JCV 
 infection of glial cells in vivo [ 6 ], the serotonin receptor blocker mirtazapine has 
been used off-label in a number of cases. No rigorous placebo-controlled trials have 
been undertaken, but analysis of the existing case series does not show any statisti-
cally signifi cant clinical benefi t [ 47 ]. A screen of chemical compounds indicated 
that the antimalarial drug mefl oquine can inhibit JCV replication in vitro [ 48 ]. 
However, despite anecdotal reports of the benefi cial effect of mefl oquine, a multi-
center clinical trial could not demonstrate an effect of mefl oquine on CSF JCV 
titers, clinical, or MRI fi ndings [ 49 ]. None of these agents is therefore recommended 
for the therapy of PML. 

 Since no specifi c therapy for PML has been identifi ed, the main approach to 
treatment currently consists of a reversal of the immune suppression interfering 
with the normal host response to JCV. Treatment strategies depend on the patient’s 
underlying predisposing condition. In HIV-infected individuals, antiretroviral ther-
apy (ART) is the most important aspect of PML management. In patients who are 
not on ART, this should be started immediately. For patients on ART but with 
detectable HIV viral load, antiretroviral resistance should be investigated, and their 
ART regimen should be optimized to accomplish viral suppression. More problem-
atic are patients who develop PML despite successful viral suppression on ART. In 
these patients, intensifi cation of their antiretroviral regimen with special attention to 
the CNS penetrance of their ART should be considered, though the effectiveness of 
this approach requires further study. While no study directly comparing the out-
come of patients receiving ART and those not receiving ART in the setting of PML 
has been done, the comparison of the clinical outcomes of patients receiving ART 
and historic controls prior to the availability of ART shows a dramatic improvement 
in survival from 10 to 50 % when antiretrovirals were given [ 50 ]. In patients who 
develop PML due to treatment with immunomodulatory medications like natali-
zumab, removal of the immunomodulatory drug with plasmapheresis or immunoab-
sorption is generally recommended [ 34 ]. In patients with other underlying immune 
defi cits (like idiopathic CD4+ lymphocytopenia or hematologic malignancy), how-
ever, restoring the immune system in a timely manner can be challenging or impos-
sible. Immunomodulation with interferon alpha has been implicated after a 
retrospective analysis suggested improved mortality in HIV-infected patients with 
PML, though a subsequent study did not support a benefi t of this treatment. 
Anecdotal reports suggested a benefi t of interleukin-2 therapy, though no controlled 
trials have substantiated this claim. In summary, only initiation of antiretroviral 
therapy in HIV-infected individuals and discontinuation or removal of immuno-
modulatory or immunosuppressive medications can currently be recommended 
given the existing evidence. 
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 As discussed above, immune reconstitution achieved by initiation of ART or 
removal of immunomodulatory medications is often associated with the develop-
ment of IRIS. Corticosteroids are currently the mainstay of management of clini-
cally signifi cant IRIS, though further data are needed to establish the optimal dose 
and duration of this therapy.  

5.4     PML Prognosis and JCV Persistence 

 The prognosis of PML is generally thought to be poor, though survival depends on 
the underlying condition. Before antiretrovirals were available, the mortality in 
HIV-infected individuals was about 90 %, whereas the outcome is signifi cantly 
improved when viral load suppression is achieved with antiretrovirals [ 50 ]. A retro-
spective study assessing 87 patients with PML, mainly associated with HIV, showed 
no survival benefi t for the 27 individuals who developed IRIS [ 39 ]. In patients who 
develop PML due to immunomodulatory therapy, mortality can be close to 90 % as 
in the reported cases of rituximab [ 12 ] or as low as 22 % as reported for natali-
zumab. This may be in part due to the fact that most PML cases associated with 
rituximab occur in patients with lymphoma and therefore worse general heath at 
baseline compared to MS patients who receive natalizumab. However, outside of 
survival, it is important to note that many natalizumab-treated patients who survive 
PML have signifi cant residual disability [ 34 ]. 

 Since we do not currently have specifi c treatments for PML and our main 
approach is to promote restoration of the immune system (while managing IRIS if 
it occurs), what happens with JCV in the brain is an interesting question. A small 
retrospective study analyzed serial CSF samples of a cohort with natalizumab- 
associated PML and found persistence of JCV in the CSF for 3 years or longer in 
more than 50 % of patients [ 51 ].  

5.5     Epilogue 

 As summarized in this chapter, PML is a devastating demyelinating disease of the 
brain that typically occurs in individuals with an impaired immune system. The 
natural history of this disease and the role different risk factors play in the develop-
ment and in the course of this disease are not suffi ciently understood. As several 
new monoclonal antibodies and other immunomodulatory drugs are currently being 
developed and new medications have recently been implicated as risk factors for 
developing PML, the epidemiology of PML may be changing. Since PML is not a 
reportable disease, there are no publically available data to better study this disease. 
An additional challenge to the development of a unifi ed approach to the diagnosis 
and management of PML is that patients with PML can be seen by physicians 
from different specialties like neurology, hematology-oncology, dermatology, 

G. von Geldern et al.



351

gastroenterology, transplant medicine, or rheumatology. To improve our under-
standing of the epidemiology and underlying pathophysiology of PML, a group of 
experts from different institutions (Mayo Clinic, Rochester, MN; Cleveland Clinic, 
Cleveland, OH; Massachusetts General Hospital, Cambridge, MS; Center for 
Disease Control and Surveillance, Atlanta, GA; Washington University, St. Louis, 
MO; and NINDS, NIH, Bethesda, MD) has formed a steering committee and initi-
ated and implemented a web-based disease registry for PML (  https://pmlregistry.
ninds.nih.gov    ). Health-care providers from around the world can enter anonymized 
clinical,  radiographic, laboratory, and demographic data as well as treatment strate-
gies and outcomes on their patients with PML, regardless of the underlying etiol-
ogy. The data in this registry is stored on a secure server and administered by a team 
at the NIH. Researchers can request access to the data by contacting the steering 
committee, and a summary of the epidemiological data will be posted annually on 
the registry website. Additionally, the website serves as an informational source for 
providers as well as for patients and their families.      
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