

  transplantology-02-00004




transplantology-02-00004







Transplantology 2021, 2(1), 37-48; doi:10.3390/transplantology2010004




Review



JC Polyomavirus and Transplantation: Implications for Virus Reactivation after Immunosuppression in Transplant Patients and the Occurrence of PML Disease



James E. K. Hildreth 1,2,3 and Donald J. Alcendor 1,3,*





1



Center for AIDS Health Disparities Research, Department of Microbiology and Immunology, School of Medicine, Meharry Medical College, 1005 Dr. D.B. Todd Jr. Blvd., Nashville, TN 37208, USA






2



Department of Internal Medicine, School of Medicine, Meharry Medical College, 1005 Dr. D.B. Todd Jr. Blvd., Nashville, TN 37208, USA






3



Center for AIDS Health Disparities Research, Immunology, and Physiology, Department of Microbiology, School of Medicine, Meharry Medical College, 1005 Dr. D.B. Todd Jr. Blvd., Nashville, TN 37208, USA









*



Correspondence: dalcendor@mmc.edu







Academic Editor: Nassim Kamar



Received: 15 December 2020 / Accepted: 29 January 2021 / Published: 2 February 2021



Abstract

:

The JC polyomavirus (JCPyV/JCV) is a member of the Polyomaviridae family and is ubiquitious in the general population, infecting 50–80% of individuals globally. A primary infection with JCV usally results in an asymptomatic, persistent infection that establishes latency in the renourinary tract. Reactivation from latency via iatrogenic immununosuppression for allograft transplantation may result in organ pathology and a potential life-threatening neuropathological disease in the form of progressive multifocal leukoencephalopathy (PML). Currently, no treatment exists for PML, a rare complication that occurs after transplantation, with an incidence of 1.24 per 1000 persons a year among solid organ transplant patients. PML is also observed in HIV patients who are immununosuppressed and are not receiving antiretroviral therapy, as well as individuals treated with biologics to suppress chronic inflammatory responses due to multiple sclerosis, Crohn’s disease, non-Hodgkin’s lymphoma, rheumatoid arthritis, and other autoimmune-mediated hematological disorders. Here, we describe the proposed mechanisms of JCV reactivation as it relates to iatrogenic immunosuppression for graft survival and the treatment of proinflammatory disease, such as biologics, proposed trafficking of JCV from the renourinary tract, JCV central nervous system dissemination and the pathology of PML in immunosuppressed patients, and potential novel therapeutics for PML disease.
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1. Introduction


The JC polyomavirus (JCPyV/JCV) is a member of the Polyomaviridae family, genus Orthopolyomavirus, which also includes the BK polyomavirus (BKPyV/BKV) [1,2,3]. Both viruses were isolated from patients with the initial JC and BK polyomaviruses, respectively [1,2]. JCV is thought to be transmitted by inhylation and infects 50–80% of the global population [4,5], with 10–30% of the world population shedding JCV in their urine [6]. JCV produces an asymptomatic, persistent infection primarily in the renourinary tract, reactivating only when the immune system is compromised. The reactivation of latent JCV in the brain of immune-compromised individuals may result in a lytic infection of oligodendrocytes, glial cells, and astrocytes [7,8,9,10,11]. The demyelination of oligodendrocytes induced by JCV lytic replication may lead to progressive multifocal leukoencephalopathy (PML). PML is a frequently fatal demyelinating infectious disease of the brain caused by neuropathogenic prototypes of JCV and is accompanied by progressive neurological deficits and death [11,12,13,14,15]. The spectrum of neurological presentations includes ataxia, hemiparesis, hemianopia, cognitive impairment, limb ataxia, gait disorder, and aphasia. The commonly involved areas include the subcortical white matter, periventricular areas, and cerebellar peduncles. PML is rare, with an incidence of <0.3/100,000 persons a year among the general population [16]. However, the incidence of PML HIV/AIDS patients without antiretroviral therapy is 2.4 per 1000 persons a year [17]. PML occurs in 3–5% of HIV-infected individuals with an uncontrolled disease, but HIV therapy has been shown to improve clinical outcomes [6,10,11,18]. This is a significantly higher incidence when compared to patients with other means of immunomodulation therapy. The clinical presentations of PML disease include motor weakness, speech abnormalities, cognitive deficits, headache, visual fields deficits, ataxia, aphasia, cranial nerve deficits, and seizures [8,10,19].



Currently, no specific treatment exists for JCV-induced PML. This represents an urgent unmet medical need for efficacious therapeutics for JCV-induced PML in immunocompromised patients. In addition, no suitable animal model for PML exists due to the failure of JCV to productively replicate in nonhuman hosts cells [20,21]. Here, we examine the role of iatrogenic immunosuppression on JCV reaction and the neuropathology that may result post-reactivation.




2. JCPyV Biology


JCV, along with BKV, identified in 1971, were the first two polyomaviruses associated with human, but not oncogenic, disease [2,3]. To date, 13 different polyomaviruses exist that may infect humans, and this number likely will rise due to novel methodologies used in virus discovery [22]. Five out of the 13 human polyomaviruses have been associated with clinical disease, including JCV, BKV, Trichodysplasia spinulosa polyomavirus, human polyomavirus 7, and Merkel cell polyomavirus [22]. JCV is a small nonenveloped, double-stranded, circular DNA virus with a five-kilobase genome associated with cellular histones, forming a viral mini-chromosome that replicates in the nucleus of permissive cells. Erickson et al. showed that the JCV recruits and modulates the host DNA damage response to replicate its genome [23]. JCV encodes six proteins, the large T and small t antigens, which have oncogenic properties, three capsid proteins (VP1–3), and the agnoprotein [24]. Currently, it is unknown whether the transmissible form of the virus is archetypal (found in the kidney, urine, and sewage, such as the CY strain of JCV); prototypical (found in the brain and is associated with PML, such as the Mad-1 strain of JCV); or both. These two types of JCV viruses differ only within their noncoding regulatory region (NCRR). The prototypical JCV-PML types isolated from the cerebrospinal fluid (CSF) and brain tissues from PML patients have rearrangements, including duplications, tandem repeats, and insertions and deletions in the NCRR region. Evidence of JCV persistence has been found in renal tissue, bone marrow, and brain tissue. This state of persistence appears as episomal circular DNA that is nonreplicating, with no viral gene transcription. Evidence of genomic DNA in normal brain tissue has been observed [25]. The asymptomatic shedding of JCV occurs in the adult human population at a level of 50,000 copies/mL of urine. It has been demonstrated by Coleman et al. that pregnant women in their second and third trimesters may shed JCV asymptomatically at a rate of 3.2% [26]. The seropositivity rates for JCV are found in the range from 39% to 81% and to steadily rise as an individual reaches adulthood, having more sustained viral titers when compared to BKV [5,27]. Primary infections are thought to occur in childhood via the upper respiratory tract through inhalation and, also, via the gastrointestinal route due to contaminated food or water (Figure 1). These findings are supported by the presence of JCV in the tonsils and intestinal cells, respectively [28,29,30]. In addition, JCV is known to infect B cells in the peripheral circulation, adding to the complexity of viral transmission (Figure 1). JCV infection is endemic and ubiquitous, and transmission occurs in childhood by the feco-oral, urino-oral, and respiratory routes. The virus will remain latent in the bone marrow, kidneys, tonsils, lymphoid tissues, and/or the brain throughout the life of an infected individual (Figure 1). Over time, if an individual becomes immunocompromised, JCV may reactivate from latency and cause a life-threatening clinical disease, most notably in the form of PML (Figure 1).




3. JCV Reactivation from Latency and CNS Dissemination after Immunosuppression


JCV is the only human neurotropic polyomavirus that reactivates in the brain under conditions of immunosuppression to cause a severe life-threatening clinical disease. JCV latency is defined as a subclinical, chronic, persistent infection, where JCV DNA, not proteins, may be detected at the site of latent reservoirs. This occurs after immune control of the viremic phase. Polyomavirus-associated nephropathy typically occurs due to BKV, but on occasion, it occurs due to the reactivation of JCV, which occurs almost exclusively in immunosuppressed individuals. JCV rarely causes kidney disease, whereas BKV is a known cause of viral nephropathy [31]. There is a higher incidence of BKV reactivation than JCV reactivation in renal transplant patients [32]. BKV reactivation, as demonstrated clinically by active viruria, which occurs in 23–57% of renal allograft recipients, and BKV-associated nephropathy in as many as 8% of renal allograft recipients. In a study by Lopez et al., they estimated the incidence of JCV viruria to be around 25% [33]. Wiegley et al. observed that, unlike BKV infection, which occurs early post-transplantation, JCV nephropathy occurs at both early and late times after renal transplantation, and that differential diagnosis for BKV may be problematic [34].



JCV often establishes latency in the kidneys, where it displays a stable archetypal noncoding control region (NCCR) in the noncoding region of its genome (Figure 1). The rearrangement of gene sequences in the NCCR of JCV DNA is essential for the reactivation of these latent forms that are associated with PML [35]. The primary sites of viral latency after transmission include the kidney, bone marrow, and B lymphocytes (Figure 1) [36,37,38]. The virus enters the brain via circulation by penetration of the blood–brain barrier (BBB) to establish a nonproductive/low level of infection in the glial cells [39]. No clear understanding of JCV reactivation has been established; however, it has been suggested that a high incidence of infection and the rare incidence of PML imply that many host cell factors are involved in suppressing JCV reactivation [40] (Figure 1). The immune system plays a key role in controlling JCV reactivation from latency, leading to active viral replication and the development of PML (Figure 1). It has been proposed that transcription factor-binding sites located in the NCRR induce cytokine signaling transduction pathways in the binding factors, such as NF-kB, AP-1, Egr-1, and C/EBPβ, which serve to jumpstart viral transcription and DNA replication in response to extracellular cytokines, with primary lesions developing at local sites in the brain parenchyma [41,42,43,44,45]. Further progression of the lesions occurs in the absence of CNS immunosurveillance during immunosuppression. In HIV-infected patients who develop PML, it is proposed that the HIV Tat protein has a role due to its ability to enhance JCV transcription and viral replication [46,47]. B cells are implicated in harboring and trafficking latent prototype PML-JCV in the CNS [48]. The exact viral and host cell factors that contribute to JCV reactivation are currently unknown; however, the outcome appears to depend on the nature of the immunosuppression and patient-specific factors that predispose individuals to JCV reactivation in the CNS and the development of PML disease.




4. PML in Immunosuppressed Patients


4.1. Transplant Patients


PML may be problematic in iatrogenic immunocompromised patients and is a rare complication of solid organ transplantation, mainly due to the virus reactivation, with an incidence of 1.24 per 1000 persons a year [49] (Figure 2). However, PML has a mortality rate of 84% and a median survival rate following symptom onset of 6.4 months in solid organs vs. 19.5 months in bone marrow recipients [49].



PML may often present as neurological symptoms, along with abnormal magnetic resonance imaging (MRI) findings during immune recovery for allograft transplantations. This may be observed with immunosuppressants, such as mycophenolate mofetil (MMF) and tacrolimus. Reduction in patients’ immunosuppressive regimens has resulted in the development of immune reconstitution inflammatory syndrome (IRIS), an immune-induced inflammatory response to JCV replication in the brain parenchyma that results in serious neuronal damage [50]. A case report by Bennett et al. found PML that developed in a 67-year-old male who received an autologous stem cell transplant (ASCT) for multiple myeloma (Figure 2). The patient received induction treatment with four cycles of bortezomib, thalidomide, and dexamethasone [51]. Computerized tomography scanning showed evidence of PML, and an MRI of the brain showed numerous hyperintense T2 lesions within the subcortical white matter of both cerebral hemispheres, indicative of PML disease. The patient’s CSF was positive for JCV, with 830,000 copies/mL [51]. PML disease is a rare complication of ASCT for multiple myeloma, with only 11 cases reported in the literature, and is highly fatal. Lippa et al. reported PML presenting with acute sensorineural hearing loss in an intestinal transplant recipient (Figure 2). The study involved a 20-year-old male that clinically presented with rapidly progressive sensorineural hearing loss 3.5 years after intestinal transplant surgery [52]. The MRI of the brain was consistent with inflammation and/or demyelination. The patient was found to be JCV-positive after lumbar puncture. The patient continually deteriorated after the withdrawal of prior immunosuppression therapy and subsequent treatment with mirtazapine, maraviroc, and steroids. The patient died of PML five months after his initial clinical presentation [52]. Ahmadinejad et al. described PML that developed in a 41-year-old female after liver transplantation [53]. The patient required a liver transplantation due to liver failure resulting from autoimmune hepatitis [53]. She was admitted with a stroke attack, resulting in a right hemiplegia two months post-transplantation, during which time, she developed dysarthria and left central facial paresis. An MRI showed abnormal multifocal lesions, with a high T2-weighted fluid-attenuated inversion-recovery (T2-FLAIR) signal in the deep subcortical white matter of the left hemisphere and the splenium of the corpus callosum, consistent with PML. An analysis of the CSF using polymerase chain reaction (PCR) was positive for JCV [53]. PML in liver transplant patients has been found to be rare, with only eight cases of JCV reported post-transplantation up until 2019. Loyaga-Rendon et al. observed PML in a heart transplant recipient following rituximab therapy for antibody-mediated rejection [54]. A 48-year-old male underwent heart transplantation for dilated cardiomyopathy, and, at approximately four years post-transplantation, he developed acute cellular rejection (ACR), grade 3B, and C4d+ antibody-mediated rejection [54]. He was treated with pulse steroids, an increased daily cyclosporine dose to 275 mg, and MMF; due to persistent rejection, he was transitioned from cyclosporine to tacrolimus [54]. Years later, after five weeks of a rituximab therapy for ACR, he developed progressive motor and cognitive impairments and was diagnosed with PML. An MRI of the brain showed multiple confluent subcortical white matter lesions, and he tested positive for JCV by PCR of the CSF. He was treated with a reduction of his immunosuppressive medications, mirtazapine, intravenous immunoglobulin (IVIG), and plasmapheresis but did not survive [54]. Crowhurst et al. reported the development of PML in a 66-year-old male after lung transplantation for chronic hypersensitivity pneumonitis (Figure 2) [55]. At 19 months post-transplantation, he presented with nonspecific memory disturbances. An MRI revealed white matter abnormalities, and PML was confirmed by brain biopsy. Iatrogenic immunosuppression was halted, and the patient developed antibody-mediated rejection four months later [55]. The patient was later found neurologically stable on mirtazapine after the resumption of immunosuppression eight months following PML diagnosis [55]. Kishida et al. observed PML after an umbilical cord blood transplantation in a 37-year-old male with chemotherapy-related acute myelocytic leukemia (Figure 2) [56]. An MRI revealed multiple frontotemporal hyperintense white matter lesions on T2-FLAIR imaging, more prominent on the left side than on the right. A PCR of the CSF yielded positive results, showing 911,175 copies/mL [56]. Lajaunie et al. provided some evidence for the person-to-person transmission of PML by JCV in a clinical setting among three transplant patients (two, five, and eleven years post-transplantation), treated with combination therapies, including tacrolimus, mycophenolic acid belatacept, and steroids [57]. However, the confirmation of JCV sequences from viruses isolated from these patients was not performed [57]. The JCV normal sites of latency, including the kidney and bone marrow, may result in the virus reaction after immunosuppression for transplantation. PML is a rare complication following renal transplantation with an incidence of 0.027% in transplant recipients and is typically associated with high JCV viral loads in the CSF [58,59]. In addition, there have been only a few cases of nephropathy attributed to JCV. Viral shedding is common in immunocompetent individuals; however, the incidence of asymptomatic viruria is surprisingly not increased in renal allograft recipients [60,61]. Renal transplant patients with PML have significant JCV viruria, and studies have shown that both PML and JCV PyVAN can occur together [62]. The median time of PML development after transplant is approximately 30 months [63]. In a case study by Lin et al., a 63 -year-old female who developed lupus nephritis with end-stage renal disease (ESRD) received a living donor renal transplant. Six years post-transplant, she presented clinically with mild incontinence and a personality change characterized by slow responses and emotionless behavior. PML was suspected and later diagnosed via a stereotactic brain biopsy. A definitive diagnosis was made by immunohistochemistry (IHC) staining biopsy tissue for SV40 antibodies, which is typically used in the diagnosis of polyomavirus-associated diseases [58]. After diagnosis, the patients’ immunosuppressive regimen was reduced accordingly [58]. JCV-associated PML in bone marrow transplants is not reviewed here.




4.2. Patients Receiving Biologics


Most recently, PML has been observed among patients receiving immunomodulatory therapies that result in lymphocyte depletion, changes in lymphocytes function, or the prevention of lymphocyte transmigration. Fatal PML cases have been reported among patients using biologics (humanized monoclonal antibodies) for the treatment of multiple sclerosis (MS) and Crohn’s disease. Natalizumab (TYSABRI®) is a highly effective alpha4 integrin antagonist approved for the treatment of active relapsing-remitting multiple sclerosis [64]. Natalizumab binds to the α4 subunit of α4β1 and α4β7 integrins on lymphocytes and blocks binding to their endothelial receptor VCAM-1, preventing lymphocyte transmigration into the brain and thereby attenuating the inflammation associated with MS [65]. The net result is a reduction in T-cell immunesurveillance that can lead to the reactivation of JCV from latency and the develpment of PML. Rituximab (TRUXIMA®,Genentech and Biogen Idec, South San Francisco, CA and Cambridge, MA, USA) is an anti-CD20 monoclonal antibody used in the treatment of many lymphoproliferative conditions and immune-mediated diseases, such as MS, non-Hodgkin’s lymphoma, rheumatoid arthritis, autoimmune hematological disorders, myasthenia gravis, systemic lupus erythematosus, and B cell lymphoma. Rituximab is a chimeric monoclonal antibody that depletes B and pre-B cells that express CD20. It effects CD20+ B cells via antibody-dependent cytotoxicity, cell-mediated cytotoxicity, apoptosis, and the direct sensitization of cells to chemotherapy. The suppression of B cell functions effecting the humoral immune responses in controlling JCV can also lead to a reduction in B cell populations and functions that can lead to the reactivation and dissemination of JCV from latency and the develpment of PML. Efalizumab (RAPTIVA®), a tumor necrosis factor alpha (TNFα) inhibitor used for the treatment of plaque psoriasis, was withdrawn from the market in 2009 for causing PML [66]. The pathogenesis of TNFα inhibitors in PML is unclear; however, it has been proposed that TNFα inhibitors may influence the frequency of JCPyV infection, viral load, and genotype selection, as well as interfere with lymphocyte recruitment and decrease interferon-γ levels, thereby alleviating control of the antiviral state [67]. Among the biologics associated with the developemnt of PML, the highest risk is seen with natalizumab, followed by rituximab [67]. Dimethly furmurate (Tecfidera™), used to treat MS and psoriasis, are among the small molecules associated with PML risk [68]. Its therapeutic effect in MS is unknown but may activate the Nrf2 pathway in vivo that promotes the expression of products that protect against oxidative stress, which can inhibit the proliferation of lymphocytes and hematopoeietic stem cells [69]. Dimethyl fumarate has been shown to produce a significant sustained reduction in CD8 lymphocyte counts and, to a lesser extent, CD4 lymphocyte counts, which could lead to a level of immunsuppression that would contribute to the development of PML [70]. Belatacept (CTLA4-Ig), a CD28-B7 costimulation blocker and T-cell anergy inducer, was shown to produce rapidly fatal PML with JCV T-cell anergy in a renal transplant patient [71]. Therapies that induce T-cell anergy may lead to cases of PML that are difficult to manage with other clinical therapies. This autoimmune treatment-associated PML is due partly to the expanded use of biologics in the last 15 years. Individuals with lymphoproliferative disorders, AIDS, and immunomodulatory therapies comprise most of the PML cases, with an estimated worldwide incidence of two cases/100,000 persons, which will vary with the population [72].




4.3. HIV Patients


Largely, PML was a very rare disease until the mid-1980s; the increased incidence coincided with the HIV epidemic in the US [73]. The incidence of PML, classified as an AIDS-defining illness, was 2%–5% in HIV-infected patients; however, the introduction of antiretroviral therapy (ART) significantly reduced the incidence and mortality associated with PML disease [74]. HIV-associated PML is still problematic; however, ART therapy has made the disease more manageable in some HIV patients. Immune reconstitution with ART in HIV patients treated for PML disease may result in a fatal inflammatory reaction, IRIS [75].





5. Treatment Strategies for PML


Currently, no effective curative treatment for PML exists. Drugs such as cidofovir, cytarabine, and mefloquine have been used; however, these therapies are not specific, have no effect on virus replication, and have limited efficacy in crossing the BBB at the therapeutic level. In limited studies, these drugs were not shown to be clinically beneficial in PML treatment [76,77,78,79]. Immune restoration to restore anti-JCV T-cell responses has been found to be the most effective approach to PML treatment. Interleukin-2 (IL-2), used to stimulate T cells, and adoptive cytotoxic T-cell infusions for patients with T-cell deficiencies unrelated to HIV, have reportedly been successful in battling PML [80,81,82]. In a case study by Giacomni et al., they showed that treatment with maraviroc, a CCR5+ agonist, may selectively limit the trafficking of CCR5+ T-cell into the CNS, contributing to patient survival in both PML infection and PML-IRIS [83]. A recent study by Cortese et al. using pembrolizumab, which targets PD-1 (programmed cell death protein-1), a negative regulator of the immune response, may contribute to impaired viral clearance [84]. Their strategy involved blocking PD-1 on T cells with pembrolizumab to enhance the viral clearance, which could have an effect on the immune response to JCV. The results showed reductions in the JCV viral loads and an increase in CD4+ and CD8+ T-cell activity against the JCV, along with clinical improvement or stabilization in five of the eight patients who received pembrolizumab [84]. PML has a high fatality rate in most cases, and the current therapy is centered around prolonging patient survival. Treatment options for PML are limited, and the diagnosis frequently only occurs once symptoms are already severe [85]. Low CD4+ and CD8+ T-cell counts have been associated with more severe PML disease and the recovery of PML disease, respectively [86]. The use of polyomavirus JC-targeted cytotoxic T-cell therapy for PML in a hematopoietic cell transplantation recipient has shown promise, as it has led to an improvement in symptoms and clearance of JCV from the CSF [82].




6. Discussion and Conclusions


Transplant recipients who require immunosuppression, have HIV/AIDS, have malignancies, and/or receive routine infusions of biologics to treat autoimmune and inflammatory diseases, such as MS or Crohn’s disease, should be monitored for abnormal neurological signs and symptoms associated with PML. Transplant patients who require iatrogenic immunosuppression are especially vulnerable to JCV reactivation in the brain, which may expose them to JCV lytic replication in the CNS, demyelination, and the life-threatening PML disease.



However, no curative treatment for JCV-induced PML exists to date. A PML diagnosis in transplant patients is often nonresponsive to existing therapies, and up to 50% of patients with PML will die without any treatment within the first few months of receiving a diagnosis. With the increased use of biologics, small molecules, antineoplastics, and immunosuppressants in clinical practice—many designed to impair cell-mediated immunity and neuroimmunosurveillance [67,68]—the incidence of PML will increase in these patient populations. Therefore, it is essential to develop specific effective interventions, including antiviral strategies to prevent a JCV lytic infection upon reactivation in the CNS. This effort will require the development of therapies that are designed to cross the human BBB.
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Abbreviations




	ACR
	Acute Cellular Rejection



	AP-1
	Activator protein 1



	ART
	Antiretroviral Therapy



	ASCT
	Autologous Stem Cell Transplant



	BBB
	Blood–Brain Barrier



	BKV
	BK polyomavirus



	CCR5+
	Biomarker on CD4+ T-cells



	C/EBPβ
	CCAAT/enhancer-binding protein beta



	CD4+
	Cluster of Differentiation 4 positive



	CD8+
	Cluster of Differentiation 8 positive



	CD20
	Cluster of Differentiation 20 positive



	CD28-B7
	Cluster of Differentiation 28 and B7 positive



	CSF
	Cerebral Spinal Fluid



	CNS
	Central Nervous System



	CTLA4-Ig
	Cytotoxic T-lymphocyte-associated protein 4-Immunoglobulin



	CY-JCV
	Archetype CY Strain of JCV



	Egr-1
	Early Growth response protein 1



	EC
	Endothelial cells



	IL-2
	Interleukin-2



	IRIS
	Immune Reconstitution inflammatory Syndrome



	IVIG
	Intravenous Immunoglobulin



	JCV
	JC polyomavirus



	JCV PyVAN
	JC polyomavirus associated nephropathy



	MMF
	Mycophenolate mofetil



	MRI
	Magnetic Resonance Imaging



	MS
	Multiple Sclerosis



	NCRR
	Non-Coding Regulatory Region



	NF-kB
	Nuclear factor kappa B



	PCR
	Polymerase Chain Reaction



	PML
	Progressive multifocal Leukoencephalopathy



	Tat
	Trans-Activator of Transcription



	TNFα
	Tumor necrosis factor alpha



	T2-FLAIR
	T2-weighted-Fluid-Attenuated Inversion Recovery



	VP1–3
	Viral Capsid Proteins 1–3
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Figure 1. JC polyomavirus (JCV) infection and dissemination from environmental exposure to a latent infection and implications for immunosuppression after transplantation. A hypothetical model of JCV infection, latency, and reactivation in the brain after iatrogenic immunosuppression in transplant patients. (A) Environmental exposure to JCV occurs via the oral route with the initial infection and replication of the non-neuropathogenic archetype (JCV-A) in the tonsils and B cells. (B) JCV-A infection of B cells leads to the dissemination of JCV-A to the kidney, bone marrow, and brain, where latent infections are established. (C) Immunosuppression for a solid organ or stem cell transplantation results in the suppression of immune surveillance, resulting in the impairment of CD4+, Th1, and CD8+ responses and the infection of B cell progenitors that may lead to transformations (mutations in the noncoding regulatory region (NCRR) and VP-1 capsid protein) of the JCV-A prototype virus to the neuropathogenic prototype virus (JCV-N) that induces lytic replication in the oligodendrocytes and demyelination. (D) Uncontrolled multifocal lytic replication of JCV-N in the brain, followed by progressive demyelination, resulting in progressive multifocal leukoencephalopathy (PML), as diagnosed by brain imaging. Figure 1A was modified from a figure provided by Teach-Me-Anatomy. Figure 1C was modified from an image developed by Tim Taylor from Inner Body Research, Brain: Anatomy Mastery Course. Figure 1D was obtained and modified from Infectious Disease Advisor: JC polyomaviruses: Progressive Multifocal Leukoencephalopathy (Clinical Condition). The bone marrow image was obtained and modified from Health Visions, bloodless bone marrow transplants Narayana Health City. We acknowledge the National Kidney foundation for the image of the human kidney (unpublished data) EC: endothelial cells. 
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Figure 2. Transplantation and PML. Reported types of human transplantation (cord blood, kidney, liver, heart, lungs, intestines, autologous stem cells, and bone marrow) associated with a PML clinical diagnosis following iatrogenic immunosuppression. The image of the cord blood was obtained and modified from BioCord: “Researchers find new breakthrough in search for cure for blood cancers”; images of the kidney, liver, heart, and lungs were obtained and modified from Pearson Education 2012 for the image of alveolar organization that was modified (unpublished data); and images of the intestines and bone marrow were obtained and modified from National Geographic Kids: “Human Digestive System and from Health Visions, bloodless bone marrow transplants Narayana Health City respectively”. 
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