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One Sentence Summary: Cloning, recombinant expression and characterization of human 

monoclonal antibodies that broadly neutralize multiple PML-causing JC polyomavirus variants.  

 

 

 



ABSTRACT 

In immunocompromised individuals, JC polyomavirus (JCPyV) may mutate and gain access to 

the central nervous system (CNS) resulting in progressive multifocal leukoencephalopathy 

(PML), an often fatal opportunistic infection for which no treatments are currently available. 

Despite recent progress, the contribution of JCPyV-specific humoral immunity to controlling 

asymptomatic infection throughout life and to eliminating JCPyV from the brain is poorly 

understood. Here, we examined antibody responses against JCPyV major capsid protein VP1 

variants in serum and cerebrospinal fluid (CSF) of healthy donors (HD), JCPyV-positive multiple 

sclerosis (MS) patients treated with the anti-VLA-4 monoclonal antibody natalizumab, and 

patients with natalizumab-associated PML. Prior to and during PML, CSF antibody responses 

against JCPyV VP1 variants show "recognition holes"; however, upon immune reconstitution, 

CSF antibody titers rise, then recognize PML-associated JCPyV VP1 variants and eliminate the 

virus. We therefore reasoned that the memory B cell repertoire of individuals who recovered 

from PML could be a source for the molecular cloning of broadly neutralizing antibodies for 

passive immunization. We generated a series of memory B cell-derived JCPyV VP1-specific 

human monoclonal antibodies from HD and a NAT-PML-IRIS patient. These antibodies 

exhibited diverse binding affinity, cross-reactivity with the closely related BK polyomavirus, 

recognition of PML-causing VP1 variants, and JCPyV neutralization. Interestingly, almost all 

antibodies with exquisite specificity for JCPyV, neutralizing activity, recognition of all tested 

JCPyV PML variants and high affinity were derived from one patient, who had recovered from 

PML. These antibodies are ideal candidates for the treatment of PML. 

 

 

 



INTRODUCTION 

JCPyV establishes life-long persistent infection of the kidney in a large fraction of the healthy 

population without known clinical consequences (1). During acquired or hereditary 

immunodeficiency such as AIDS, cancer, CD4 lymphopenia or monoclonal antibody therapy, 

archetypic JCPyV may acquire mutations. Whether these mutations are a prerequisite for CNS 

entry or occur in the CNS is not clear. Mutated JCPyV variants (JCPyVPML/GCN) either cause a 

lytic infection of glial cells or cerebellar granule neurons resulting in progressive multifocal 

leukoencephalopathy (PML) and granule cell neuronopathy (GCN), respectively (2-5). 

Immunomodulatory or -suppressive treatments with specific monoclonal antibodies including 

efalizumab, rituximab and particularly natalizumab have been shown to increase risk for 

PML/GCN, underscoring that JCPyV infection of the CNS may occur when immune surveillance 

by virus-specific T cells and/or antibodies is perturbed (5-8). Both PML and GCN may be fatal if 

the underlying immune suppression is not resolved.  

To overcome PML, measures to boost general immune competence such as infusion of 

recombinant IL-2 (9) and IL-7 (10, 11), administration of polyvalent intravenous 

immunoglobulins (12) as well as the infusion of JCPyV-specific cytotoxic T cells (13) and a 

combination of active vaccination with JCPyV VP1 and recombinant IL-7 (14) have been applied 

and shown promise. These data together with the abovementioned studies indicate that specific 

immune recognition by T cells and antibodies are critical for terminating PML. In patients with 

AIDS and also in natalizumab-associated PML restored CD4
+
 T cell function and recovering 

immune surveillance of the CNS after natalizumab washout can lead to a so-called PML immune 

reconstitution inflammatory syndrome (IRIS), which is characterized by massive infiltration of T 

and B cells leading to prominent inflammation of the JCPyV-infected CNS tissue that efficiently 



eliminates JCPyV, but often also results in acute neurological deterioration, additional brain 

damage, and can even lead to death of the patient due to tissue swelling (15-18).  

Attempts to treat PML with antivirals, mefloquine and mirtazapine have all failed (19), and no 

effective therapy is currently available. Observations from AIDS patients, who can recover from 

PML once CD4
+
 numbers and virus-specific IgG titers rise under antiretroviral therapy (5, 7) and 

also data from PML in natalizumab (NAT)-treated MS patients, who eliminate JCPyV once the 

anti-VLA4 monoclonal antibody has been washed out, suggest that regaining 

immunocompetence and allowing JCPyV-specific T cells access to the brain are critical factors to 

recover from PML. According to immunological studies JCPyV-specific CD8
+
, CD4

+
 T cells, 

and associated with the latter also JCPyV-specific IgG titers have been implicated in recovery 

from PML (6-8, 17), although the specific contributions of each component of the adaptive 

immune system are not fully understood. 

PML incidence steadily declined in HIV-infected individuals with the introduction of 

antiretroviral therapy, but emerged as a major medical concern during monoclonal antibody 

therapy, particularly in natalizumab-treated MS patients (5). More than 560 PML cases have been 

reported (20). In more than 20% of patients PML was fatal, and in a large fraction it led to severe 

residual neurological deficits (21). Both in AIDS patients and in NAT-associated PML, the major 

capsid protein of JCPyV VP1 has been identified as most important target antigen for CD4
+
 and 

CD8
+
 T cells in several studies (17, 22-24). While the role of JCPyV-specific antibodies has 

remained less clear, the abovementioned data indicate that CD4
+
 T cell numbers and function and 

JCPyV-specific IgG titers correlate with recovery from PML in AIDS patients (7). In NAT-

treated MS patients risk stratification strategies have been based on prior exposure to 

immunosuppressive drugs, length of NAT treatment as well as JCPyV-specific antibody indices 

(25, 26). Approximately 54% of MS patients are JCPyV-seropositive (26-28). Both serum 



JCPyV-specific antibody levels and intrathecal JCPyV-specific antibody production are increased 

in patients at onset of NAT-associated PML (28, 29). The latter finding and the fact that pre-PML 

samples revealed sustained higher anti-JCPyV antibody indices over time (26) questions the role 

of JCPyV-specific antibodies in the prevention of PML development and clearance of JCPyV 

infection from the brain. However, no data are available on functional aspects of JCPyV-specific 

antibodies regarding neutralization, affinity and target epitopes, and neither for healthy subjects, 

MS patients nor in PML patients.  

Besides the quality and quantity of the adaptive immune response of the infected host, 

characteristics of the virus play an important role in PML. Archetypic or wild type (WT) virus, 

which causes life-long, clinically inapparent infection of the epithelial cells in the kidney and 

urinary tract, has to undergo mutations in order to be able to cause PML (30). PML-associated 

JCPyV genotype variants show characteristic mutations of VP1 and rearrangements of the non-

coding regulatory region (NCCR), which are probably responsible for preferential tropism for 

glial cells or neurons and propagation in the CNS (31-33). Furthermore, rearranged NCCRs 

constitutively activate early gene expression and increase viral replication rate (34). It is not 

known, however, whether mutations of VP1 of PML-causing JCPyV variants influence the 

immune surveillance of JCPyV VP1-specific antibodies.  

Based on the above considerations, it is highly desirable to establish prophylactic and therapeutic 

immunization regimens in order to avoid the onset of PML or eliminate the virus, once it has 

infected the CNS. Such active and passive vaccinations should either stimulate protective 

adaptive immunity or, in the case of ongoing PML, be administered as a treatment. In patients 

with underlying hereditary or acquired immunodeficiency, we reasoned that active immunization 

with JCPyV VP1 may only be effective if combined with measures that allow a certain degree of 

immune reconstitution. Our recent data from compassionate use vaccinations of PML patients 



with idiopathic CD4 lymphopenia or immunodeficiency after cancer and stem cell transplantation 

support this rationale (14). Administration of human recombinant IL-7 as globally immune 

reconstituting agent combined with active immunization using JCPyV VP1 and a toll-like 

receptor 7/9 agonist as adjuvant (imiquimod) led to clearance of JCPyV from the CNS and 

recovery from PML (14). However, active immunization with JCPyV VP1 may only be effective 

if the patient either has residual immune function or if the latter is restored by cytokines like IL-7 

and IL-2 (9-11). If JCPyV-specific antibodies play a role in neutralizing free infectious virions 

and/or clearing the virus from the CNS during PML, we assumed that the therapeutic 

administration of JCPyV-specific antibodies, i.e. passive vaccination, may be an effective and 

safe measure that could immediately be applied, once PML has been diagnosed. Support for this 

assumption stems from a third patient with idiopathic CD4 lymphopenia, whom we successfully 

vaccinated with JCPyV VP1/VLP, imiquimod and recombinant IL-7 as previously shown (14). In 

this patient, the JCPyV-specific antibody response not only rapidly increased following 

vaccination and broadened with respect to recognition of PML variants including the one 

infecting the patient, but in parallel to the increasing antibody response the patient's CSF JCPyV 

viral load declined to zero (35).  

The present study aimed at developing a better understanding of the biological role of JCPyV-

specific antibodies in the onset/termination of PML. Further, we speculated that NAT-treated MS 

patients, who developed PML and following IRIS eliminated the virus, should harbor antibodies 

that are suitable for passive vaccination. For this purpose we evaluated the antibody response in 

serum and CSF of HD, NAT-treated MS patients, NAT-PML and NAT-PML-IRIS patients 

against various JCPyV VP1 variants, in order to identify individuals for the molecular cloning of 

JCPyV-specific human monoclonal antibodies from memory B cells after recovery from PML. 

We characterized 30 human JCPyV VP1-specific monoclonal antibodies with respect to 



functionality and specificity profile and selected antibody candidates for the treatment/passive 

immunization of PML patients or patients at risk for PML. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



RESULTS  

Humoral immune response against JCPyV VP1 variants is compromised in PML 

We developed a capture enzyme-linked immunosorbent assay (ELISA) using recombinant 

JCPyV VP1 variants including the prototypic neurovirulent MAD1 strain, a kidney isolate strain 

(WT3), as well as three of the most frequently occurring PML-associated VP1 variants harboring 

the mutations L55F, S267F or S269F in the background of VP1MAD1 (36, 37). Equivalence in 

purity and quantity of the recombinant VP1 proteins was demonstrated by gel electrophoresis 

(Fig. 1A). A HD serum was selected as reference standard with equivalent concentration-

dependent binding to all VP1 variants (Fig. 1B). Screening using VP1MAD1 revealed an increase 

of anti-JCPyV VP1 antibodies in serum of NAT-PML patients and even higher levels in NAT-

PML-IRIS patients, compared to healthy subjects (HD) and JCPyV-seropositive MS patients 

under natalizumab treatment (NAT)(Fig. 1C; demographics in Table 1), consistent with a 

previous report (28). Sera were further analyzed for binding activity to VP1 variants following 

normalization to their response against prototypic MAD1. Responses varied widely between 

individuals (Fig. 1D). The average reactivity to VP1WT3 did not differ between groups and was 

similar to responses against VP1MAD1. In contrast, reduced serum responses against the PML-

associated variant VP1L55F were observed in NAT-PML, indicating compromised immune 

recognition. Interestingly, both serum antibody responses to variants L55F and S269F are lower 

in JCPyV-seropositive NAT MS patients (Fig. 1D). The JCPyV variant VP1S267F is poorly 

recognized by all groups suggesting that the S267F mutation affects an immunodominant epitope 

that is targeted by a large fraction of the JCPyV VP1-specific antibody repertoire. Recognition 

patterns of individual NAT-PML patients varied from robust humoral responses against all 

variants (e.g. patient 4), patients with stronger recognition against one VP1 variant but lower 

response to others (e.g. patients 8 and 12) to patients with low responses to all PML-associated 



mutations (patients 7 and 13) (Fig. 1E).   

 

Immune reconstitution leads to broadened antibody responses against PML-causing JCPyV 

VP1 variants  

It is important to note that the serum antibody responses against VP1L55F and VP1S269F increased 

during immune reconstitution (NAT-PML-IRIS) (Fig. 1D). Intrathecal JCPyV VP1-specific 

antibody titers also increased upon immune reconstitution from NAT-PML to NAT-PML-IRIS 

(Fig. 2A). While intrathecal antibodies against VP1L55F are lower compared to MAD1 in NAT-

PML patients, similar to what we observed in serum, these responses increased and were higher 

in NAT-PML-IRIS patients (Fig. 2B). Since the above analysis, which compares the antibody 

response against JCPyV VP1 variants to VP1MAD1, does not allow us to judge whether antibodies 

are synthesized at higher levels within the CSF compared to serum, we assessed the intrathecal 

antibody production against different JCPyV VP1 proteins. In line with a previous report (28), 

approximately half of the NAT-PML patients (6 out of 14) showed signs of intrathecal antibody 

production (CAIJCPyV>1.5) against both JCPyV VP1MAD1 and VP1WT3 (Fig. 2C, left and second 

panel from left). We then extended this analysis to the JCPyV PML variants, and again a 

substantial fraction of NAT-PML patients showed intrathecal antibody responses against all three 

mutant VP1 proteins (Fig. 2C middle, second from right and right panels). Most important in the 

context of this study, the intrathecal antibody responses against all VP1 proteins (MAD1, WT3 

and mutant proteins) increased by tenfold or more during NAT-PML-IRIS in 7 of 8 patients 

indicating a high-titer and broad antibody response directed against multiple variants within the 

CNS compartment upon immune reconstitution.   

 

Generation and characterization of human monoclonal antibodies against JCPyV reveals 



different binding properties 

The above data indicate that our original assumptions were likely correct in that patients who 

eliminated JCPyV from the CNS compartment following PML-IRIS mount robust and broad 

antibody responses against several JCPyV VP1 proteins including non-pathogenic JCPyV 

archetype (WT3), prototypic PML variant MAD1 and frequent VP1 PML-causing mutations. The 

observation that the antibody responses are even stronger in the CNS compartment than in the 

serum further hints at their biological relevance. We therefore selected a NAT-PML-IRIS patient 

(for patient information see supplementary materials), who had successfully controlled PML and 

showed strong antibody responses to JCPyV VP1. From this individual and selected HD we 

isolated memory B cells expressing VP1-specific antibodies with the aim to identify broadly 

neutralizing antibody lead candidates for passive immunization. 

As expected based on seroprevalence in the general population we could identify B cells 

expressing antibodies binding to JCPyV VP1 VLPs from most of the healthy donors (HD) (27 

out of 40). The frequency of JCPyV VP1-reactive memory B-cells was increased by more than 

10-fold in the NAT-PML-IRIS patient suggesting an efficient antibody response. We cloned and 

recombinantly expressed 30 human-derived monoclonal antibodies (10 from HD and 20 from the 

NAT-PML-IRIS patient) and characterized their binding affinities towards JCPyV and BKPyV 

VP1 VLPs and their specificity to intact or denatured VLPs. 

The majority of the antibodies from the NAT-PML-IRIS patient showed extremely high affinity 

for the JCPyV VP1 VLPs with a half-maximal binding (EC50) down to the femtomolar range 

(Fig. 3A) and weak or no binding to BKPyV VP1 VLPs. Interestingly, those antibodies were only 

able to recognize intact VLPs and did not show binding to denatured VLPs on ELISA or on 

Western blot following denaturing SDS-PAGE, suggesting the targeting of conformational 

epitopes specific to the JCPyV VP1 capsid (Fig. 3A). 



A second class of antibodies showed similarly high affinity to JCPyV but also to BKPyV VP1 

VLPs with EC50 in the low picomolar range. These antibodies also only bound to intact VLPs and 

did not recognize any linear epitope. Thus, we classified this second category as antibodies that 

specifically recognize JCPyV and BKPyV VP1 VLPs with high affinity and target a 

conformational epitope that is shared by the capsids of both viruses (Fig. 3B). 

In contrast to the antibodies from the NAT-PML-IRIS patient antibodies from HD displayed a 

wide range of binding affinities with EC50 values to the low picomolar range. They did not 

discriminate between intact and denatured VLPs by ELISA and recognized JCPyV as well as 

BKPyV VP1 proteins. These data suggest a profound difference in the memory B cell repertoires 

in HD versus NAT-PML-IRIS with the majority of antibodies generated by HD targeting linear 

epitopes that are mostly shared between JCPyV and BKPyV (Fig. 3C). 

 

Human JCPyV-specific monoclonal antibodies inhibit JCPyV infection in vitro  

To assess the neutralizing ability of the recombinant human-derived monoclonals, we established 

an infection assay using JCPyVMAD4 strain infection of the human fetal astrocyte-derived glial 

cell line SVG-A (Fig. 4, top middle panel). Antibodies that were previously determined to target 

a conformational VP1 capsid epitope completely abolished JCPyV infection whereas antibodies 

recognizing linear epitopes did not, comparable to an unrelated isotype control antibody (Fig. 

4A). While only one of the antibodies cloned from HD was capable of blocking JCPyV infection, 

the majority of antibodies (18/20) cloned from the PML-IRIS patient showed complete 

neutralization of the viral infection (Fig. 4B, right graph). 

 

Human monoclonal antibodies show crossreactivity against multiple JCPyV VP1 variants 



The structure of JCPyV VP1 highlights three exterior loops at the outer surface of the JCPyV 

capsid, which are in principle accessible as epitopes for VP1-specific antibodies (Fig. S1). 

Interestingly, the most common PML-associated mutations such as L55F, S267F and S269F are 

located in several of these loops (Fig. S1), which are involved in host receptor binding (36) 

explaining why these mutations from an aliphatic to an aromatic (L55F) or a relatively small 

polar (S) to a large aromatic amino acid (F) in positions 267 and 269 have such an impact on 

antibody recognition. We therefore tested the monoclonal antibodies for binding to the respective 

VP1 mutants by ELISA. In line with the above data on serum and CSF antibodies, we confirmed 

at the level of the individual monoclonal antibody that most of the VP1-specific antibodies bound 

with reduced affinity or even completely failed to recognize some of the VP1 variants in 

comparison to VP1MAD1 (Fig. 5A). The observed reduction in antibody binding was independent 

of the affinity established for JCPyVMAD1 VLP. Consistent with the much weaker recognition of 

VP1S267F by serum and CSF antibodies in HD and patients, binding to S267F seemed to be 

affected in the majority of antibodies derived from the NAT-PML-IRIS patient, however, 

absence of antibody recognition was observed also for other VP1 variants in some monoclonals. 

The observation that the mean responses of the NAT-PML-IRIS patient-derived antibody 

responses closely match with the autologous serum response underscores that the memory B 

cells, which had been picked for generation of the monoclonal antibodies, reflected the humoral 

immune response in vivo (Fig. 5B). Interestingly, during NAT-PML-IRIS several antibodies 

developed with increased binding to some VP1 variants compared to MAD1, in particular to 

VP1S269F (Fig. 5B). Reduced antibody binding to some of the VP1 variants was also observed in 

HD-derived monoclonal antibodies, but less pronounced than in the NAT-PML-IRIS patient (Fig. 

5C). This is probably due to the much higher affinities of the NAT-PML-IRIS-derived antibodies. 

Non-neutralizing antibodies (e.g. 72F7, 43E8 and 8 of 9 HD-derived antibodies) were less 



affected in their recognition of VP1 variants, indicating that epitope binding of these antibodies 

most probably occurs outside of the mutation-associated exterior loops of VP1. 

Regarding the overall goal of our study, it is most important that we identified five monoclonal 

antibody candidates (27C11, 47B11, 26A3, 50H4 and 98H1) derived from the NAT-PML-IRIS 

patient, which not only revealed high affinity to JCPyV VLP and potent neutralization capacity, 

but also very efficient recognition all five VP1 variants. Furthermore, we could also demonstrate 

this broad binding to additional VP1 variants with mutations located within the exterior loops 

(e.g. VP1N74S, VP1R75K, VP1T117S) by using a complementary approach with pCAG-JCPyV -

transfected cells (38) combined with intracellular staining (Fig. S2). 

Based on the established binding profiles of the monoclonal antibodies, we tested whether the 

broadly recognizing antibodies target shared or independent binding regions. Towards that end, 

we performed competition experiments assessing whether selected antibodies could recognize 

JCPyV VLPs following saturation with the antibody 98D3. While antibody 72F7 displayed an 

unaltered binding profile, antibodies 27C11, 47B11, 26A3, 50H4 and 98H1 were unable to bind 

to the 98D3-bound VLPs suggesting that they target the same binding pocket in JCPyV VP1 

whereas the non-neutralizing 72F7 antibody binds to a distinct epitope (Fig. S3). It is, however, 

unlikely that these antibodies bind to the exact same amino acid residues since they are showing 

different recognition profiles of PML-associated VP1 mutants. 

Further characterization of the antibodies with respect to their sequence revealed that at least 10 

of 20 IGH clones isolated from the PML-IRIS patient originated from different germline 

sequences (Table 2). This indicates that a broad spectrum of B cell clones is involved in 

mounting a JCPyV-specific humoral immune response with a variable degree of affinity to 

JCPyV VP1 variants and neutralization and cross-recognition of JCPyV VP1 variants and wild-

type BKPyV VP1 (Fig. 6). Amongst all these recombinant antibodies, a subgroup of evolutionary 



convergent antibodies (98H1, 50H4, and 27C11) represent highly promising candidates for the 

development of a broadly neutralizing passive immunotherapy against JCPyV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DISCUSSION  

The occurrence of PML in diseases like SLE, during immunomodulatory treatments, which affect 

B cells (5, 6), and in immunodeficiencies that primarily involve antibodies, i.e. Franklin disease 

(39), or B cells/antibodies and T cells, i.e. Good's syndrome (40) and hyper IgE syndrome (41), 

indicates that not only T cells, but also B cells are possibly involved in the development of PML. 

Natalizumab compromises CNS immune surveillance by reducing the migration of T cells, 

CD19
+
 B cells and CD138

+
 plasma cells through the blood-brain-barrier (42), but also perturbs 

peripheral B cell niches by increasing the number of memory- and marginal zone-like B cells 

(43). The release of CD34
+
 progenitor cells into the peripheral blood may favor the evolution and 

reactivation of neurotropic JCPyV variants (44, 45). Rituximab depletes CD20
+
 B cells and 

perturbs B cell homeostasis (5, 46), however, it is currently unknown, if the B cell depletion by 

rituximab results in PML because of reduced antibody responses against JCPyV, which is less 

likely, or perturbation of other B cell functions such as antigen presentation to T cells (47). 

Hence, B cells could be involved at multiple steps of PML development from viral mutation to 

PML variants, and transport of glial/neurotropic JCPyV variants into the CNS, and both the 

underlying disease, e.g. HIV/AIDS or idiopathic CD4 lymphopenia, or specific immune 

interventions such as natalizumab or chemotherapy can probably contribute. 

Regarding their protective function several, albeit mostly indirect, lines of evidence indicate that 

B cells and JCPyV-specific antibodies play a role. These include the observations that IgG 

responses and CD4
+
 T cell counts positively correlate with survival in HIV/AIDS patients (7) and 

that CD19
+
 B cells, CD38

+
 plasmablasts and CD138

+
 plasma cells are found in the immune cell 

infiltrate in the brain of PML-IRIS and GCN-IRIS patients (17, 18, 48). Further support stems 

from the analysis of the T cell infiltrate in the brains of PML-IRIS and GCN-IRIS patients (17, 

48). During IRIS CD4
+
 T cells with a T helper 1/2 phenotype, i.e. cells that secrete both 



interferon-γ and interleukin-4, which is important to mount B cell responses, are particularly 

prevalent, and it is of interest to note that the vast majority of these are directed against JCPyV 

VP1 epitopes (17, 49). Consistent with previous data (26, 28) we found an increase of JCPyV-

specific antibodies in the serum when PML occurs. Probably more importantly, intrathecal 

JCPyV-specific antibody titers strongly rise and are considered as diagnostic evidence of ongoing 

PML in patients with clinical findings compatible with PML and at the same time low or absent 

JCPyV DNA in the CSF, which is not rarely the case, when IRIS has begun (12, 17, 28). Finally, 

the rise in CSF anti-JCPyV antibodies with specificity against several PML variants including the 

one found in the CSF in a patient following vaccination with JCPyV VP1/VLP (35) argues that a 

B cell/antibody response in the CNS compartment plays an active role in containing and/or 

eliminating the virus. 

JCPyV VP1-specific antibody responses in the serum are used for risk stratification of patients 

that are treated with natalizumab (25). Interestingly, patients with intermediate antibody indices 

have a much lower risk to develop PML, while those with high indices show an elevated risk 

(26). It is currently not clear if this unexpectedly higher PML risk in the presence of higher anti-

JCPyV VP1 antibody titers indicates that antibodies are functionally deficient, i.e. not capable of 

neutralizing the virus, or if they are directed against the VP1 that is used in the assay (MAD1 

strain) but fail to bind other relevant mutant strains. Regarding risk stratification it has been 

shown that JCPyV viremia was observed in patients seronegative for anti-JCPyV VP1 antibodies, 

indicating that testing JCPyV-specific antibodies might not be sufficient to assess the status of 

JCPyV infection in natalizumab-treated MS patients (50). Our data show that VP1 mutations of 

JCPyV probably play a critical role in determining whether a humoral response is protective or 

not. JCPyV VP1 mutations are frequently found in addition to prototype MAD1 sequences in the 

CNS of PML patients (32, 33). In contrast to archetypic JCPyV strains that are excreted in the 



urinary tract, PML-associated JCPyV genotypes present characteristic mutations of VP1 and 

rearrangements of the non-coding regulatory region, which probably allow entry to and 

propagation in the CNS as well as preferential tropism for glial cells or neurons (3, 31, 32). Up to 

date it is not clear whether PML-associated alterations of the JCPyV genome occur inside or 

outside of the CNS, and which mechanisms contribute to their occurrence or selection (32, 33, 

45). Besides influencing cellular tropism and CNS invasion, the individual heterogeneity in 

serum and CSF antibody responses against the most frequently found JCPyV VP1 mutations at 

positions 55, 267 and 269, however, indicate that antibody “recognition holes” likely play a role 

in PML. This notion is supported by data of Ray et al. (35) showing that PML patients fail to 

produce antibodies recognizing their "own" PML mutant. Particularly JCPyV VP1L55F and 

VP1S267F are recognized less well by sera and CSF in NAT-PML patients, and, while the 

responses to JCPyV VP1L55F rise at NAT-PML-IRIS, recognition of VP1S267F remains lower. 

Despite strong intrathecal antibody responses already during NAT-PML and further increase in 

NAT-PML-IRIS against all tested JCPyV VP1 variants, the response to VP1S267F remains weaker 

compared to JCPyV VP1MAD1.  

The above data indicate that JCPyV-specific antibodies play an important role in controlling 

JCPyV infection and probably also in containing and eliminating virus from the brain once PML 

has developed. In MS patients a recent proof-of-concept study demonstrated that 29% of sera 

from MS patients lack anti-JCPyV neutralizing activity despite the presence of anti-JCPyV VP1 

antibodies (51). Hence, the functional properties of JCPyV antibodies, i.e. their neutralizing 

activities, and their breadth regarding recognition of multiple JCPyV PML variants may 

determine how well infection with JCPyV is controlled. 

Natalizumab remains one of the most effective and generally very well tolerated therapies, but 

the impaired immune surveillance of the CNS leads to a PML risk between 1/100-1/1000 or even 



higher for patients, who have been treated for longer than 2 years and after prior 

immunosuppression (25). Once PML occurs, immune surveillance is restored after antibody 

washout by plasmapheresis, and when NAT-PML-IRIS begins, JCPyV-infected cells are 

recognized by virus-specific CD4
+
 and CD8

+
 T cells with preferential specificity for JCPyV VP1 

and the strong intrathecal JCPyV VP1-specific antibody response (17). NAT-PML-IRIS carries 

the risk of too vigorous immune responses with subsequent brain damage and clinical worsening 

up to death from acute brain swelling. From these reasons and different from patients with 

underlying immunodeficiencies or compromised immune function, active immunization with 

JCPyV VP1, for which we recently provided promising preliminary data in immunocompromised 

patients (14), would not be indicated or at least carry substantial risk. However, a treatment with 

anti-JCPyV VP1-specific antibodies could be applicable to all patients with PML immediately 

following their diagnosis, with a significantly lower expected risk of clinical liabilities including 

IRIS, although high doses of antibody may be needed due to the limited access of antibodies 

through the blood-brain- and blood-CSF barriers. Furthermore, since almost all NAT-PML-IRIS 

patients are capable of eliminating JCPyV from the CNS and recover from PML, we assumed 

that they would represent an ideal resource for the generation of recombinant therapeutic 

antibodies with ideal drug-like properties combining high affinity targeting of the VP1 capsid, 

biological neutralization activity and a broad cross-recognition of clinically relevant JCPyV PML 

variants. The molecular engineering technology applied to generate the human-derived antibodies 

preserves the favorable immunobiological features of the human antibody response, including 

epitope selection, affinity maturation, and tolerance mechanisms creating a set of optimized drug 

candidates with optimal biophysical, pharmacological and safety properties. When we compared 

the memory B cell repertoires from both HD and a NAT-PML-IRIS patient using JCPyV and 

BKPyV VLPs we were surprised to find that the human antibodies cloned from HD, i.e. during 



the state of persistent JCPyV infection of the kidney, are of relatively low affinity, are cross-

reactive with BKPyV and that only one of the antibodies had neutralizing activity. In contrast, the 

antibodies cloned from the NAT-PML-IRIS patient were with few exceptions high affinity, many 

showed broadly neutralizing activity and were highly specific for JCPyV VP1 but failed to 

recognize BKPyV VP1. This is in agreement with sequence differences between the BKPyV and 

JCPyV VP1 pentamers, which mostly map to surface-exposed loops that display mutations in 

PML and that would be likely targets for antibody neutralization (Fig. S4).  

Regarding antibody function, few data are currently available, however, the IgG subclass 

distribution in the CSF of two patients with natalizumab-associated PML-IRIS, who recovered 

well from the infection (17), showed that IgG1 and IgG3 were most prominent, which may 

indicate in addition to direct virus neutralization a role also of effector functions including 

opsonization, complement activation, phagocytosis, and/or antibody-dependent cellular 

cytotoxicity. It is also not clear if anti-JCPyV antibodies act primarily by neutralizing 

extracellular virions or also intracellularly in infected cells or by inhibiting binding of the mutant 

viruses to an as yet unknown receptor, which is different from the glycan receptor LSTc and in 

particular to the sialic acid moiety of that receptor (52). The latter point is supported by the fact 

that infection of oligodendrocytes and astrocytes during PML has been proposed to be LSTc 

independent (53). Antibodies against intracellular and even nuclear epitopes are, however, well 

documented in autoimmune diseases (54), and a recent study showed that the intracellular 

antibody receptor, tripartite-motif protein 21 (TRIM21), a ubiquitously expressed E3 ubiquitin 

ligase provides a mechanism to protect mice from lethal adenoviral infection via intracellular 

antibody recognition (55). Hence, JCPyV-specific antibodies may contribute to both extracellular 

and intracellular mechanisms in PML. 



Consistent with our above assumptions, a biologically different antibody repertoire had been 

generated during PML and subsequent PML-IRIS. Considering the reduced recognition of 

JCPyV PML variants VP1L55F and VP1S267F and generally the lack of recognition of different 

JCPyV VP1 variants (Fig. 1E) by serum antibodies of HD and NAT-PML patients, we defined a 

set of criteria for the selection of lead antibody candidates for future therapeutic development as 

a) recognition of conformational capsid epitopes of a broad spectrum of JCPyV VP1 PML 

variants, b) high binding affinity, and c) biological activity in neutralization of JCPyV infectivity.  

27C11 represents the most promising human-derived monoclonal that was identified in the 

present study. It  shows low picomolar affinity, neutralizing activity, equivalent recognition of all 

JCPyV VP1 variants examined in Fig. 5A, and beyond these also recognizes cells transfected 

with the pseudoviral constructs (pCAG-VP1) of VP1 variants VP1N74S, VP1R75K, VP1T117S, 

VPNGCN (Fig. S2).  

We did not find other examples of CNS infections, where broadly neutralizing antibodies 

developed during the course of infection, however, such antibodies arise in HIV-infected 

individuals independent of their germline repertoire (56) and are characterized by long heavy 

chain complementarity determining regions 3, polyreactivity and high levels of somatic 

mutations (57), which is also the case for the antibodies described here. 

Limitations of the present study include the moderate number of PML and PML-IRIS patients 

studied, that neutralization was only shown against infection with a prototypic JCPyV PML 

strain, although broad recognition of the most prevalent JCPyV PML strains has been tested with 

different methods, and the limited understanding of the contribution of the humoral immune 

response and anti-JCPyV antibodies during PML and the exact mechanism of action, i.e. whether 

they act primarily extracellularly and inhibit propagation of infection, or also have antiviral 

effects intracellularly in infected cells. Proof-of-concept clinical testing will hopefully shed light 



on this point. However, together with our promising data on active vaccination with JCPyV VP1 

(14, 35), the above findings provide insight about the role of the humoral immune responses 

during PML and lay the foundation for the development of targeted immunotherapy for PML 

with a newly identified class of broadly neutralizing human recombinant monoclonal antibodies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



MATERIALS AND METHODS 

Study design 

This study was a non-randomized laboratory study designed to investigate the antibody responses 

in serum and CSF in healthy subjects and patients with MS, PML or PML-IRIS and to 

recombinantly clone and characterize human-derived antibodies targeting JCPyV VP1 for the 

further development towards a treatment of PML. A newly developed JCPyV VP1 pentamer 

ELISA was used to evaluate humoral responses against PML-associated JCPyV variants in serum 

and CSF samples. JCPyV-specific human monoclonal antibodies were then cloned from memory 

B cells of selected HD and a NAT-PML-IRIS patient, who had recovered from PML, and further 

investigated regarding their affinities, specificities and functional properties using 

BKPyV/JCPyV VLP ELISA, Western Blot, JCPyV VP1 pentamer ELISA, FACS analysis of 

transfected VP1 variants as well as a JCPyV neutralization assay. Sample size was dictated by 

rate of sample collection (generally 2-5 ml serum, 5-10 ml CSF, 50-80 ml of peripheral blood for 

isolation of PBMCs), and blinding was not used. 

 

Study subjects 

Peripheral blood of patients with MS under natalizumab, natalizumab-associated PML, and PML-

IRIS and matched healthy controls, as well as CSF samples from natalizumab-associated 

PML/PML-IRIS were obtained after written informed consent of patients and approval by the 

Cantonal Ethical Committee of Zürich, Switzerland (EC-ZH-No. 2013-0001). MS patients under 

natalizumab therapy were all seropositive for JCPyV antibodies (Unilabs). Demographic data of 

all donors are shown in table 1. Samples at onset of PML-IRIS were obtained from the 

corresponding PML cases after washout of natalizumab and clinical as well as radiological signs 

of IRIS. Peripheral blood was used to collect serum and peripheral blood mononuclear cells 



(PBMCs) for isolation of memory B cells. 

 

Cells and virus 

SVG-A (transformed human fetal astrocytes, kindly provided by R. Girones, University of 

Barcelona, Spain) and HEK 293TT (human embryonal kidney cell line, kindly provided by C. 

Buck, Center for Cancer Research, NIH, USA) cell lines were cultured in suitable culture 

medium according to recommendations of ATCC. The JCPyVMAD4 strain (VR-1583
™

) was 

obtained from ATCC and propagated upon infection in SVG-A cells. Infectious supernatants 

were collected from productively infected SVG-A cultures with late-stage cytopathic effects, 

separated from cell debris by centrifugation and stored at -80°C. This strain is neurooncogenic 

and differs from MAD1 strain only by a 19 bp deletion in the regulatory region. 

 

JCPyV VP1 variant pentamer ELISA 

Purified recombinant JCPyV VP1 variant pentamers (provided by T. Stehle, University of 

Tübingen, Germany) (36) were preincubated with reassociation buffer (1 mM CaCl2 in TBS, pH 

7.6) before coating 100 ng of each VP1 variant pentamer per well of a 96-well microplate 

(Costar, Corning). After coating overnight at 4°C, plates saturated with a Casein-based blocking 

solution containing 1 mM CaCl2 at 37°C. Following wash steps, serial dilutions of standard 

serum, serum (1:404 and 1:2020 dilutions), CSF (1:2, 1:10, 1:100 and/or 1:1000 dilutions) or 

human monoclonal antibodies (100 pM, 1 nM and 10 nM dilutions) were added for 2 h at 37°C. 

Human IgG was detected using biotin-conjugated anti-human Fc antibody and horseradish 

peroxidase (HRP)-conjugated avidin (eBioscience). TMB single solution (Lifetechnologies) was 

used as colorimetric substrate for HRP and optical density at 450nm (OD450) was measured with 

a Synergy H1 microplate reader (BioTek). Antibody reactivity was assessed in arbitrary units 



(AU) using a standard curve obtained from a serial dilution of the respective standard serum for 

interpolating ODs by four parameter logistic curve fit. AUs within standard curve were 

multiplied by the corresponding dilution factor to obtain absolute AU. The JCPyV variant VP1-

specific CSF/serum antibody index (CAI VP1JCPyV) was calculated according to Reiber (58). 

Briefly, CAI VP1JCPyV was assessed as CAI VP1JCPyV = Qspec/QIgG, if  QLim > IgG, or  CAI 

VP1JCPyV = Qspec/QLim (IgG), if  QLim < IgG. The variables were calculated as follows:  Qspec = 

JCPyV variant-specific IgGCSF [AU]/JCPyV variant-specific IgGserum [AU]); QIgG = 

IgGCSF/IgGserum; QLim (IgG) = 0.93x (Qalb
2
 + 6x10

-6 
)
0.5 

–1.7x10
-3

.  Qalb = albCSF/albserum (with alb = 

albumin). QLim (IgG) refers to the upper discrimination line of the hyperbolic reference range for 

the blood-derived IgG in CSF as zero intrathecal IgG synthesis. Intrathecal antigen-specific 

antibody synthesis was defined as CAI VP1JCPyV ≥ 1.5. Data were analyzed using Microsoft 

Excel and GraphPad Prism 6. Heat maps were generated using Spice (NIH, NIAID) software. 

 

Memory B cell screening and molecular cloning of human antibodies 

Memory B cells were isolated from peripheral blood lymphocyte preparations and screened for 

the ability to bind to JCPyV VP1 VLPs. 96-well microplates (Costar) were coated overnight at 

4°C with VP1 or BSA (Sigma-Aldrich) diluted to a concentration of 1 µg/ml in reassociation 

buffer. Plates were washed in PBS-T pH 7.6 and non-specific binding sites were blocked for 1 h 

at RT with PBS/0.1% Tween-20 containing 2% BSA. Plates were incubated with B cell 

conditioned medium for one hour at RT, washed in PBS-T and binding was determined using 

HRP-conjugated anti-human immunoglobulins polyclonal antibodies (Jackson ImmunoResearch) 

followed by measurement of HRP activity in a standard colorimetric assay. Selected reactive B-

cell cultures were subjected to cDNA cloning of IgG heavy and kappa or lambda light chains 

variable region sequences, and sub-cloned in expression constructs using Ig-framework specific 



primers for human variable heavy and light chain families in combination with human J-H 

segment-specific primers. Functional recombinant monoclonal antibodies were obtained upon co-

transfection into HEK 293 or CHO cells of an Ig-heavy-chain expression vector and a kappa or 

lambda Ig-light-chain expression vector. Recombinant human monoclonal antibodies were 

subsequently purified from the conditioned medium using a standard Protein A column 

purification. VP1 antigens for recombinant full length JCPyV VP1 (strain MAD1) and BKPyV 

VP1 (strain AS) were purchased from Abcam. The antigen was incubated for 48 hours at 24°C 

with shaking in reassociation buffer to form the VLPs.  

 

JC and BK VLP ELISA 

ELISA assays were performed with varying antibody concentrations to validate the binding of the 

antibodies to JCPyV- or BKPyV-derived VP1 (Abcam) and to be able to determine their half 

maximal effective concentration (EC50). The ELISA was performed in 96-well microplates 

(Costar) coated overnight at 4°C with JCPyV or BKPyV VP1 VLPs solutions or BSA diluted to a 

concentration of 5 µg/ml in reassociation buffer. Non-specific binding sites were blocked PBS 

containing 2% BSA and 0.5% Tween20. Binding of human antibodies of the present invention 

was determined using a donkey anti-human IgG antibody conjugated with HRP (Jackson 

ImmunoResearch), followed by measurement of HRP activity in a standard colorimetric assay. 

EC50 values were estimated by a non-linear regression using GraphPad Prism. To determine the 

binding of the antibodies to the denatured VLPs, the 96-well microplates were coated overnight 

at 4°C with VP1 proteins diluted to a concentration of 5 µg/ml in carbonate buffer (15 mM 

Na2CO3, 35 mM NaHCO3, pH 9.42) and the ELISA was performed as previously described. 

 

Western Blot 



Recombinant VP1 proteins (1µg) from JCPyV and BKPyV were separated on a SDS-PAGE gel 

and then transferred onto nitrocellulose membranes. After blocking, the membrane was incubated 

with the human recombinant antibodies diluted to 1ug/mL in blocking buffer. After multiple 

washes, the secondary antibody (HRP-conjugated donkey anti-human IgG Fcγ only) was added 

and the membrane was then developed with ECL. The original blots are shown in Fig.S5. 

 

JCPyV neutralization assay 

To test the ability of the anti-VP1 antibodies to block the infection by JCPyV, we established an 

infection assay using the JCPyVMAD4 strain and the cell line SVG- A. 20,000 cells were seeded 

on a cover slip placed in a well of a 24-well tissue culture plate. After 15-24 h of incubation at 

37°C to allow cells to adhere to the surface of the cover slip, the JCPyVMAD4 strain was added to 

the well at the concentration necessary to achieve up to 10% infection. The viruses were allowed 

to adhere to the cells for 1 h at 37°C, and then cells were washed with PBS and cultured in fresh 

media at 37 °C to allow the infection to take hold. Infection of cells was determined 72 h post-

infection by fixation, permeabilization and labeling with a mouse JCPyV VP1-specific antibody 

(Abcam) and DAPI. Analysis of virus-containing cells was performed with a Zeiss Axiovert 

200M fluorescence microscope. Neutralization tests were performed by pre-incubating human-

derived JCPyV VP1-specific monoclonal antibodies (50 µg/ml) with the virus for 1 h at 37°C 

adding the mixture to the cells for 1 h at 37°C during viral attachment period. Infection of cells 

was determined in the presence and absence of human-derived anti-VP1 antibodies as well as an 

isotype control as described above.  

 

Sequence analysis and inference of germline ancestors 



Immunoglobulin heavy chain (IGH) sequences isolated from monoclonal antibodies from the 

NAT-PML-IRIS patient were identified by using IMGT/V-QUEST 3.3.2 (59). In particular, the 

most closely related germline sequences of variable (VH), diversity (DH) and joining (JH) heavy 

chain genes as well as the numbers of non-silent mutations was assigned to each clone by using  

IMGT/V-QUEST (Table 2). PML-IRIS IGH sequences were aligned by using ClustalW 

2.0.12 (60). Maximum parsimony lineage was inferred with the dnapars application online tool of 

PHYLIP v3.67 and an unrooted phylogenetic tree was constructed using Archaeopteryx 0.962 

beta 2N on the Pasteur Mobyle platform (61).  

 

Statistical analysis 

Statistical analyses were performed with GraphPad Prism. Data on antibody responses against the 

different VP1 pentamers were checked for normality (D`Agostino and Pearson omnibus 

normality test, α = 0.05). Data on serum responses against the JCPyV VP1 variants (Fig. 1C and 

1D) were tested with a nonparametric one-way ANOVA with Kruskal-Wallis test and Dunn 

multiple comparisons test (α = 0.05). Two-tailed Mann-Whitney U test was performed on data 

with CSF responses of NAT-PML and NAT-PML-IRIS (Fig.2A-C). P values are reported in the 

figure and figure legend where significant. 

 

 

 

 

 

 

 



SUPPLEMENTARY MATERIALS 

Supplementary materials and methods: Patient information 

Supplementary materials and methods: Transfection and flow cytometry analysis 

Supplementary materials and methods: Cross-competition assay 

Fig. S1. Mutations in JCPyV viral capsid protein VP1.  

Fig. S2. Recognition of JCPyV VP1/VLP variants by human monoclonal antibodies.  

Fig. S3. Cross-competition assay of VP1-specific monoclonal antibodies. 

Fig. S4. Differences between JCPyV and BKPyV VP1. 

Fig. S5. Recognition of denatured JCPyV VP1 and BKPyV VP1 (Western Blot). 

Source data in tabular form (separate excel file) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



REFERENCES AND NOTES 

 

1. A. Egli, L. Infanti, A. Dumoulin, A. Buser, J. Samaridis, C. Stebler, R. Gosert, H. H. 

Hirsch, Prevalence of polyomavirus BK and JC infection and replication in 400 healthy 

blood donors. The Journal of infectious diseases 199, 837-846 (2009). 

2. S. M. Gillespie, Y. Chang, G. Lemp, R. Arthur, S. Buchbinder, A. Steimle, J. 

Baumgartner, T. Rando, D. Neal, G. Rutherford, et al., Progressive multifocal 

leukoencephalopathy in persons infected with human immunodeficiency virus, San 

Francisco, 1981-1989. Annals of neurology 30, 597-604 (1991). 

3. S. Gheuens, C. Wuthrich, I. J. Koralnik, Progressive multifocal leukoencephalopathy: 

why gray and white matter. Annual review of pathology 8, 189-215 (2013). 

4. D. I. Zonios, J. Falloon, J. E. Bennett, P. A. Shaw, D. Chaitt, M. W. Baseler, J. W. 

Adelsberger, J. A. Metcalf, M. A. Polis, S. B. Kovacs, J. A. Kovacs, R. T. Davey, H. C. 

Lane, H. Masur, I. Sereti, Idiopathic CD4+ lymphocytopenia: natural history and 

prognostic factors. Blood 112, 287-294 (2008). 

5. E. O. Major, Progressive multifocal leukoencephalopathy in patients on 

immunomodulatory therapies. Annual review of medicine 61, 35-47 (2010). 

6. I. Jelcic, I. Jelcic, W. Faigle, M. Sospedra, R. Martin, Immunology of progressive 

multifocal leukoencephalopathy. Journal of neurovirology,  (2015). 

7. N. Khanna, M. Wolbers, N. J. Mueller, C. Garzoni, R. A. Du Pasquier, C. A. Fux, P. 

Vernazza, E. Bernasconi, R. Viscidi, M. Battegay, H. H. Hirsch, H. I. V. C. S. Swiss, JC 



virus-specific immune responses in human immunodeficiency virus type 1 patients with 

progressive multifocal leukoencephalopathy. Journal of virology 83, 4404-4411 (2009). 

8. R. A. Du Pasquier, M. J. Kuroda, Y. Zheng, J. Jean-Jacques, N. L. Letvin, I. J. Koralnik, 

A prospective study demonstrates an association between JC virus-specific cytotoxic T 

lymphocytes and the early control of progressive multifocal leukoencephalopathy. Brain : 

a journal of neurology 127, 1970-1978 (2004). 

9. R. J. Buckanovich, G. Liu, C. Stricker, S. M. Luger, E. A. Stadtmauer, S. J. Schuster, K. 

Duffy, D. Tsai, A. Pruitt, D. L. Porter, Nonmyeloablative allogeneic stem cell 

transplantation for refractory Hodgkin's lymphoma complicated by interleukin-2 

responsive progressive multifocal leukoencephalopathy. Ann Hematol 81, 410-413 

(2002). 

10. K. B. Alstadhaug, T. Croughs, S. Henriksen, C. Leboeuf, I. Sereti, H. H. Hirsch, C. H. 

Rinaldo, Treatment of progressive multifocal leukoencephalopathy with interleukin 7. 

JAMA neurology 71, 1030-1035 (2014). 

11. A. Patel, J. Patel, J. Ikwuagwu, A case of progressive multifocal leukoencephalopathy and 

idiopathic CD4+ lymphocytopenia. J Antimicrob Chemother 65, 2697-2698 (2010). 

12. J. Kuhle, R. Gosert, R. Buhler, T. Derfuss, R. Sutter, O. Yaldizli, E. W. Radue, C. 

Ryschkewitsch, E. O. Major, L. Kappos, S. Frank, H. H. Hirsch, Management and 

outcome of CSF-JC virus PCR-negative PML in a natalizumab-treated patient with MS. 

Neurology 77, 2010-2016 (2011). 



13. A. Balduzzi, G. Lucchini, H. H. Hirsch, S. Basso, M. Cioni, A. Rovelli, A. Zincone, M. 

Grimaldi, P. Corti, S. Bonanomi, A. Biondi, F. Locatelli, E. Biagi, P. Comoli, 

Polyomavirus JC-targeted T-cell therapy for progressive multiple leukoencephalopathy in 

a hematopoietic cell transplantation recipient. Bone Marrow Transplant 46, 987-992 

(2011). 

14. M. Sospedra, S. Schippling, S. Yousef, I. Jelcic, S. Bofill-Mas, R. Planas, J. P. Stellmann, 

V. Demina, P. Cinque, R. Garcea, T. Croughs, R. Girones, R. Martin, Treating 

progressive multifocal leukoencephalopathy with interleukin 7 and vaccination with JC 

virus capsid protein VP1. Clinical infectious diseases : an official publication of the 

Infectious Diseases Society of America 59, 1588-1592 (2014). 

15. I. L. Tan, J. C. McArthur, D. B. Clifford, E. O. Major, A. Nath, Immune reconstitution 

inflammatory syndrome in natalizumab-associated PML. Neurology 77, 1061-1067 

(2011). 

16. K. Tan, R. Roda, L. Ostrow, J. McArthur, A. Nath, PML-IRIS in patients with HIV 

infection: clinical manifestations and treatment with steroids. Neurology 72, 1458-1464 

(2009). 

17. L. Aly, S. Yousef, S. Schippling, I. Jelcic, P. Breiden, J. Matschke, R. Schulz, S. Bofill-

Mas, L. Jones, V. Demina, M. Linnebank, G. Ogg, R. Girones, T. Weber, M. Sospedra, R. 

Martin, Central role of JC virus-specific CD4+ lymphocytes in progressive multi-focal 

leucoencephalopathy-immune reconstitution inflammatory syndrome. Brain : a journal of 

neurology 134, 2687-2702 (2011). 



18. I. Metz, E. W. Radue, A. Oterino, T. Kumpfel, H. Wiendl, S. Schippling, J. Kuhle, M. A. 

Sahraian, F. Gray, V. Jakl, D. Hausler, W. Bruck, Pathology of immune reconstitution 

inflammatory syndrome in multiple sclerosis with natalizumab-associated progressive 

multifocal leukoencephalopathy. Acta neuropathologica 123, 235-245 (2012). 

19. D. B. Clifford, Progressive multifocal leukoencephalopathy therapy. Journal of 

neurovirology,  (2014). 

20. Biogen Idec. Tysabri Update. http://www.biogen.ch/tysabri__update.aspx?ID=10825. 

Accessed 23 June 2015. 

21. K. J. Baldwin, J. P. Hogg, Progressive multifocal leukoencephalopathy in patients with 

multiple sclerosis. Current opinion in neurology 26, 318-323 (2013). 

22. S. Gheuens, E. Bord, S. Kesari, D. M. Simpson, R. T. Gandhi, D. B. Clifford, J. R. 

Berger, L. Ngo, I. J. Koralnik, Role of CD4+ and CD8+ T-cell responses against JC virus 

in the outcome of patients with progressive multifocal leukoencephalopathy (PML) and 

PML with immune reconstitution inflammatory syndrome. Journal of virology 85, 7256-

7263 (2011). 

23. R. A. Du Pasquier, M. J. Kuroda, J. E. Schmitz, Y. Zheng, K. Martin, F. W. Peyerl, M. 

Lifton, D. Gorgone, P. Autissier, N. L. Letvin, I. J. Koralnik, Low frequency of cytotoxic 

T lymphocytes against the novel HLA-A*0201-restricted JC virus epitope VP1(p36) in 

patients with proven or possible progressive multifocal leukoencephalopathy. Journal of 

virology 77, 11918-11926 (2003). 



24. I. J. Koralnik, R. A. Du Pasquier, M. J. Kuroda, J. E. Schmitz, X. Dang, Y. Zheng, M. 

Lifton, N. L. Letvin, Association of prolonged survival in HLA-A2+ progressive 

multifocal leukoencephalopathy patients with a CTL response specific for a commonly 

recognized JC virus epitope. Journal of immunology 168, 499-504 (2002). 

25. C. Bozic, S. Richman, T. Plavina, A. Natarajan, J. V. Scanlon, M. Subramanyam, A. 

Sandrock, G. Bloomgren, Anti-John Cunnigham virus antibody prevalence in multiple 

sclerosis patients: baseline results of STRATIFY-1. Annals of neurology 70, 742-750 

(2011). 

26. T. Plavina, M. Subramanyam, G. Bloomgren, S. Richman, A. Pace, S. Lee, B. Schlain, D. 

Campagnolo, S. Belachew, B. Ticho, Anti-JC virus antibody levels in serum or plasma 

further define risk of natalizumab-associated progressive multifocal leukoencephalopathy. 

Annals of neurology 76, 802-812 (2014). 

27. L. Gorelik, M. Lerner, S. Bixler, M. Crossman, B. Schlain, K. Simon, A. Pace, A. 

Cheung, L. L. Chen, M. Berman, F. Zein, E. Wilson, T. Yednock, A. Sandrock, S. E. 

Goelz, M. Subramanyam, Anti-JC virus antibodies: implications for PML risk 

stratification. Annals of neurology 68, 295-303 (2010). 

28. C. Warnke, G. von Geldern, P. Markwerth, T. Dehmel, R. Hoepner, R. Gold, M. Pawlita, 

T. Kumpfel, M. Maurer, M. Stangel, F. Wegner, R. Hohlfeld, V. Straeten, V. Limmroth, 

T. Weber, D. Hermsen, C. Kleinschnitz, H. P. Hartung, M. P. Wattjes, A. Svenningson, E. 

Major, T. Olsson, B. C. Kieseier, O. Adams, Cerebrospinal fluid JC virus antibody index 

for diagnosis of natalizumab-associated progressive multifocal leukoencephalopathy. 

Annals of neurology 76, 792-801 (2014). 



29. A. K. Trampe, C. Hemmelmann, A. Stroet, A. Haghikia, K. Hellwig, H. Wiendl, S. Goelz, 

A. Ziegler, R. Gold, A. Chan, Anti-JC virus antibodies in a large German natalizumab-

treated multiple sclerosis cohort. Neurology 78, 1736-1742 (2012). 

30. B. J. Brew, N. W. Davies, P. Cinque, D. B. Clifford, A. Nath, Progressive multifocal 

leukoencephalopathy and other forms of JC virus disease. Nature reviews. Neurology 6, 

667-679 (2010). 

31. X. Dang, J. E. Vidal, A. C. Oliveira, D. M. Simpson, S. Morgello, J. H. Hecht, L. H. Ngo, 

I. J. Koralnik, JC virus granule cell neuronopathy is associated with VP1 C terminus 

mutants. The Journal of general virology 93, 175-183 (2012). 

32. L. Gorelik, C. Reid, M. Testa, M. Brickelmaier, S. Bossolasco, A. Pazzi, A. Bestetti, P. 

Carmillo, E. Wilson, M. McAuliffe, C. Tonkin, J. P. Carulli, A. Lugovskoy, A. Lazzarin, 

S. Sunyaev, K. Simon, P. Cinque, Progressive multifocal leukoencephalopathy (PML) 

development is associated with mutations in JC virus capsid protein VP1 that change its 

receptor specificity. The Journal of infectious diseases 204, 103-114 (2011). 

33. C. E. Reid, H. Li, G. Sur, P. Carmillo, S. Bushnell, R. Tizard, M. McAuliffe, C. Tonkin, 

K. Simon, S. Goelz, P. Cinque, L. Gorelik, J. P. Carulli, Sequencing and analysis of JC 

virus DNA from natalizumab-treated PML patients. The Journal of infectious diseases 

204, 237-244 (2011). 

34. R. Gosert, P. Kardas, E. O. Major, H. H. Hirsch, Rearranged JC virus noncoding control 

regions found in progressive multifocal leukoencephalopathy patient samples increase 

virus early gene expression and replication rate. Journal of virology 84, 10448-10456 

(2010). 



35. U. Ray, P. Cinque, S. Gerevini, V. Longo, A. Lazzarin, S. Schippling, R. Martin, C. B. 

Buck, D. V. Pastrana, JC Polyomavirus Mutants Escape Antibody-Mediated 

Neutralization. Sci Transl Med, accepted for publication (2015). 

36. U. Neu, M. S. Maginnis, A. S. Palma, L. J. Stroh, C. D. Nelson, T. Feizi, W. J. Atwood, 

T. Stehle, Structure-function analysis of the human JC polyomavirus establishes the LSTc 

pentasaccharide as a functional receptor motif. Cell host & microbe 8, 309-319 (2010). 

37. L. J. Stroh, M. S. Maginnis, B. S. Blaum, C. D. Nelson, U. Neu, G. V. Gee, B. A. O'Hara, 

N. Motamedi, D. DiMaio, W. J. Atwood, T. Stehle, The Greater Affinity of JC 

Polyomavirus Capsid for alpha2,6-Linked Lactoseries Tetrasaccharide c than for Other 

Sialylated Glycans Is a Major Determinant of Infectivity. Journal of virology 89, 6364-

6375 (2015). 

38. A. Nakanishi, B. Chapellier, N. Maekawa, M. Hiramoto, T. Kuge, R. U. Takahashi, H. 

Handa, T. Imai, SV40 vectors carrying minimal sequence of viral origin with 

exchangeable capsids. Virology 379, 110-117 (2008). 

39. G. Tasca, R. Iorio, U. Basile, L. Lauriola, R. Tartaglione, M. Mirabella, E. Ricci, M. 

Sabatelli, Progressive multifocal leukoencephalopathy in a patient with Franklin disease 

and hypogammaglobulinemia. J Neurol Sci 284, 203-204 (2009). 

40. O. Sveinsson, H. Matell, L. Herrman, Progressive multifocal leukoencephalopathy in a 

patient with Good's syndrome. BMJ Case Rep 2013,  (2013). 

41. A. Day-Williams, C. Sun, I. Jelcic, H. McLaughlin, T. Harris, R. Martin, J. P. Carulli, 

Whole Genome Sequencing Reveals a Chromosome 9p Deletion Causing DOCK8 



Deficiency in an Adult Diagnosed with Hyper IgE Syndrome Who Developed Progressive 

Multifocal Leukoencephalopathy. Journal of clinical immunology,  (2014). 

42. O. Stuve, C. M. Marra, K. R. Jerome, L. Cook, P. D. Cravens, S. Cepok, E. M. Frohman, 

J. T. Phillips, G. Arendt, B. Hemmer, N. L. Monson, M. K. Racke, Immune surveillance 

in multiple sclerosis patients treated with natalizumab. Annals of neurology 59, 743-747 

(2006). 

43. R. Planas, I. Jelcic, S. Schippling, R. Martin, M. Sospedra, Natalizumab treatment 

perturbs memory- and marginal zone-like B-cell homing in secondary lymphoid organs in 

multiple sclerosis. European journal of immunology 42, 790-798 (2012). 

44. L. J. Marshall, M. W. Ferenczy, E. L. Daley, P. N. Jensen, C. F. Ryschkewitsch, E. O. 

Major, Lymphocyte gene expression and JC virus noncoding control region sequences are 

linked with the risk of progressive multifocal leukoencephalopathy. Journal of virology 

88, 5177-5183 (2014). 

45. E. M. Frohman, M. C. Monaco, G. Remington, C. Ryschkewitsch, P. N. Jensen, K. 

Johnson, M. Perkins, J. Liebner, B. Greenberg, N. Monson, T. C. Frohman, D. Douek, E. 

O. Major, JC virus in CD34+ and CD19+ cells in patients with multiple sclerosis treated 

with natalizumab. JAMA neurology 71, 596-602 (2014). 

46. K. R. Carson, D. Focosi, E. O. Major, M. Petrini, E. A. Richey, D. P. West, C. L. Bennett, 

Monoclonal antibody-associated progressive multifocal leucoencephalopathy in patients 

treated with rituximab, natalizumab, and efalizumab: a Review from the Research on 

Adverse Drug Events and Reports (RADAR) Project. The Lancet. Oncology 10, 816-824 

(2009). 



47. N. Cooper, D. M. Arnold, The effect of rituximab on humoral and cell mediated immunity 

and infection in the treatment of autoimmune diseases. British journal of haematology 

149, 3-13 (2010). 

48. S. Schippling, C. Kempf, F. Buchele, I. Jelcic, O. Bozinov, A. Bont, M. Linnebank, M. 

Sospedra, M. Weller, H. Budka, R. Martin, JC virus granule cell neuronopathy and GCN-

IRIS under natalizumab treatment. Annals of neurology 74, 622-626 (2013). 

49. S. Yousef, R. Planas, K. Chakroun, S. Hoffmeister-Ullerich, T. M. Binder, T. H. 

Eiermann, R. Martin, M. Sospedra, TCR bias and HLA cross-restriction are strategies of 

human brain-infiltrating JC virus-specific CD4+ T cells during viral infection. Journal of 

immunology 189, 3618-3630 (2012). 

50. E. O. Major, E. Frohman, D. Douek, JC viremia in natalizumab-treated patients with 

multiple sclerosis. The New England journal of medicine 368, 2240-2241 (2013). 

51. R. A. Diotti, N. Mancini, N. Clementi, G. Sautto, G. J. Moreno, E. Criscuolo, F. 

Cappelletti, P. Man, E. Forest, L. Remy, S. Giannecchini, M. Clementi, R. Burioni, 

Cloning of the first human anti-JCPyV/VP1 neutralizing monoclonal antibody: epitope 

definition and implications in risk stratification of patients under natalizumab therapy. 

Antiviral research 108, 94-103 (2014). 

52. M. S. Maginnis, L. J. Stroh, G. V. Gee, B. A. O'Hara, A. Derdowski, T. Stehle, W. J. 

Atwood, Progressive multifocal leukoencephalopathy-associated mutations in the JC 

polyomavirus capsid disrupt lactoseries tetrasaccharide c binding. MBio 4, e00247-00213 

(2013). 



53. S. A. Haley, B. A. O'Hara, C. D. Nelson, F. L. Brittingham, K. J. Henriksen, E. G. Stopa, 

W. J. Atwood, Human Polyomavirus Receptor Distribution in Brain Parenchyma 

Contrasts with Receptor Distribution in Kidney and Choroid Plexus. Am J Pathol 185, 

2246-2258 (2015). 

54. E. I. Kampylafka, J. G. Routsias, H. Alexopoulos, M. C. Dalakas, H. M. Moutsopoulos, 

A. G. Tzioufas, Fine specificity of antibodies against AQP4: epitope mapping reveals 

intracellular epitopes. J Autoimmun 36, 221-227 (2011). 

55. M. Vaysburd, R. E. Watkinson, H. Cooper, M. Reed, K. O'Connell, J. Smith, J. 

Cruickshanks, L. C. James, Intracellular antibody receptor TRIM21 prevents fatal viral 

infection. Proceedings of the National Academy of Sciences of the United States of 

America 110, 12397-12401 (2013). 

56. C. Scheepers, R. K. Shrestha, B. E. Lambson, K. J. Jackson, I. A. Wright, D. Naicker, M. 

Goosen, L. Berrie, A. Ismail, N. Garrett, Q. Abdool Karim, S. S. Abdool Karim, P. L. 

Moore, S. A. Travers, L. Morris, Ability to develop broadly neutralizing HIV-1 antibodies 

is not restricted by the germline Ig gene repertoire. Journal of immunology 194, 4371-

4378 (2015). 

57. M. Bonsignori, K. Wiehe, S. K. Grimm, R. Lynch, G. Yang, D. M. Kozink, F. Perrin, A. 

J. Cooper, K. K. Hwang, X. Chen, M. Liu, K. McKee, R. J. Parks, J. Eudailey, M. Wang, 

M. Clowse, L. G. Criscione-Schreiber, M. A. Moody, M. E. Ackerman, S. D. Boyd, F. 

Gao, G. Kelsoe, L. Verkoczy, G. D. Tomaras, H. X. Liao, T. B. Kepler, D. C. Montefiori, 

J. R. Mascola, B. F. Haynes, An autoreactive antibody from an SLE/HIV-1 individual 

broadly neutralizes HIV-1. J Clin Invest 124, 1835-1843 (2014). 



58. H. Reiber, Cerebrospinal fluid--physiology, analysis and interpretation of protein patterns 

for diagnosis of neurological diseases. Multiple sclerosis 4, 99-107 (1998). 

59. X. Brochet, M. P. Lefranc, V. Giudicelli, IMGT/V-QUEST: the highly customized and 

integrated system for IG and TR standardized V-J and V-D-J sequence analysis. Nucleic 

acids research 36, W503-508 (2008). 

60. J. D. Thompson, D. G. Higgins, T. J. Gibson, CLUSTAL W: improving the sensitivity of 

progressive multiple sequence alignment through sequence weighting, position-specific 

gap penalties and weight matrix choice. Nucleic acids research 22, 4673-4680 (1994). 

61. B. Neron, H. Menager, C. Maufrais, N. Joly, J. Maupetit, S. Letort, S. Carrere, P. Tuffery, 

C. Letondal, Mobyle: a new full web bioinformatics framework. Bioinformatics 25, 3005-

3011 (2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgments: We thank A. Nakanishi, National Center for Geriatrics and Gerontology, 

Aichi, Japan, for supplying the plasmid pCAG-JCPyV, S. Müller, Kanton Hospital St. Gallen, 

Switzerland, and S. Ramseier, Kanton Hospital Aarau, Switzerland, for providing serum and CSF 

samples from PML patients, R. Girones, University of Barcelona, Spain, for providing SVG-A 

cell line, C. Buck, NIH, USA, for providing HEK 293TT cell line and F. Largey, NIMS, 

University Hospital Zurich, Switzerland, for technical support. Funding: This work was 

supported by the commission for technology and innovation (CTI), Switzerland. Author 

contributions: Iv. J., B. C., M. S., J. G. and R. M. designed the study. Iv. J. and R.M. drafted the 

manuscript. Iv. J., B. C., IL. J., R. N., T. S., J.G. and R. M. corrected the manuscript. R. N. and R. 

M. initiated the study. Iv. J., B. C., W. F., B. R. and L. Se. performed experiments, acquired and 

analyzed data. In particular, Iv. J. acquired data on VP1 variant recognition using VP1 pentamer 

ELISA and flow cytometry, B. C. isolated and characterized VP1-specific monoclonal antibodies 

with respect to affinity, epitopes and BKPyV crossreactivity, W. F. performed microscopy and B. 

R. completed neutralization assay. IL. J. followed disease course and sample collection of PML 

and PML-IRIS patients, performed sequence analysis and designed phylogenetic tree based on 

antibody sequences. Iv. J. performed statistical analysis using Graphpad prism. L. St. designed 

and purified the recombinant VP1 pentamers as well as elaborated structural images of VP1. M. 

S. and T. S. were involved in the experimental design and supervision of several aspects of the 

study. Iv. J., B. C., IL. J., W. F., B. R., M. S., J. G. and R. M. interpreted the data. Competing 

interests: B. C., Iv. J., R. M. and J. G. are listed as inventors on a patent of the human 

monoclonal antibodies against JCPyV VP1 for the treatment of PML. J. G. and R. N. are 

employees and shareholders of Neurimmune. B. C. and L. Se. are employees of Neurimmune. 

The remaining authors declare no competing interests. Data and materials availability: The 

human monoclonal antibodies against JCPyV VP1 are patented. No MTAs. 



FIGURES  

 

                 

 

Fig.1. VP1 mutations compromise serum antibody responses in natalizumab-associated 

PML. (A) SDS-PAGE of monomeric recombinant VP1 variants that were used as pentamers in 

ELISA. (B) Serial dilutions of a human standard serum with a high concentration of JCPyV VP1-

specific antibodies and equal recognition of all VP1 variants was used as a reference standard to 

estimate antibody binding expressed as arbitrary units (AU). (C) Serum antibody responses of 

healthy donors (HD), natalizumab-treated MS patients (NAT), natalizumab-associated PML 

patients (NAT-PML) and PML-IRIS patients (NAT-PML-IRIS) to VP1MAD1 pentamers, depicted 



in AU (Mean ± SEM). Statistically significant P values are shown for HD vs. NAT-PML-IRIS (n 

= 38; P = 0.0027, Kruskal-Wallis), HD vs. NAT-PML (n = 45; P = 0.0206, Kruskal-Wallis), 

NAT vs. NAT-PML-IRIS (n = 36; P = 0.0037, Kruskal-Wallis) and NAT vs. NAT-PML (n = 43; 

P = 0.0283, Kruskal-Wallis). (D) Relative binding of individual sera of the different donor 

populations to VP1 variants in comparison to VP1MAD1 (Mean ± SEM). Data from each donor 

was normalized to its corresponding recognition to VP1MAD1 set as 100% binding (red dotted 

line). Statistically significant P values are shown for HD vs. NAT-PML (n = 45; P = 0.0002, 

Kruskal-Wallis), NAT vs. NAT-PML-IRIS (n = 35; P = 0.0055, Kruskal-Wallis), NAT-PML  vs. 

NAT-PML-IRIS (n = 23; P < 0.0001, Kruskal-Wallis) for binding to VP1L55F and NAT vs. NAT-

PML-IRIS (n = 35; P = 0.0034, Kruskal-Wallis) for binding to VP1S269F. (E) Relative binding of 

serum from patients with natalizumab-associated PML to VP1 variants in comparison to 

VP1MAD1 represented as heat map. Binding efficiency to VP1 variants is illustrated by color 

gradient. Data were normalized as in (D).  

 

 

 

 

 

 

 

 

 

 

 



 

Fig.2. Immune reconstitution in natalizumab-associated PML enhances intrathecal 

antibody response against VP1 variants. (A) CSF antibody responses of natalizumab-

associated PML patients (NAT-PML) and PML-IRIS patients (NAT-PML-IRIS) to VP1MAD1 

pentamers, depicted in AU (Mean ± SEM). Statistically significant P value is shown (n = 22; P = 

0.0022, Mann-Whitney U test). (B) Relative binding of CSF from each individual at diagnosis of 

PML or onset of PML-IRIS to VP1 variants in comparison to VP1MAD1 (Mean ± SEM). Data 

from each patient was normalized to its corresponding recognition to VP1MAD1 set as 100% 

binding (red dotted line). Statistically significant P value is shown for binding to VP1L55F (n = 22; 

P = 0.0106, Mann-Whitney U test). (C) Intrathecal antibody production against VP1 variants in 

PML and PML-IRIS was determined by calculation of a JCPyV variant-specific CSF/serum 

antibody index (CAI VP1JCPyV), which accounts for VP1-specific antibody levels in serum and 



CSF normalized to total albumin and total IgG CSF/serum ratio. A CSF/serum JCPyV variant-

specific antibody index >1.5 (red dotted line) was considered as evidence for intrathecal antibody 

synthesis. Statistically significant P values are shown for CAI VP1MAD1 (n = 22; P = 0.0081, 

Mann-Whitney U test), for CAI VP1WT3 (n = 22; P = 0.0061, Mann-Whitney U test), for CAI 

VP1L55F (n = 22; P = 0.0103, Mann-Whitney U test), for CAI VP1S267F (n = 22; P = 0.0159, 

Mann-Whitney U test) and for CAI VP1S269F (n = 22; P = 0.024, Mann-Whitney U test).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



               

Fig.3. Human-derived monoclonal antibodies against JCPyV VP1 show distinct binding 

characteristics with respect to their affinity and cross-reactivity against BKV VP1. Human-

derived JCPyV VP1-specific monoclonal antibodies were recombinantly cloned from HD and 

NAT-PML-IRIS and characterized with respect to their binding properties. (A) Example of a 

high affinity JC VLP-specific antibody (98D3) targeting a conformational epitope, (B) example 

of a JC/BK VLP-cross-reactive antibody (44F6B) targeting a conformational epitope, and (C) 

example of a JC/BK VLP-cross-reactive antibody (11G6) targeting a linear epitope. Affinity and 

BKPyV-cross-reactivity was determined by EC50 in a serial dilution of a JC/BK VLP ELISA. 

ELISA of native and denatured JC VLP as well as Western Blot of JCPyV VP1 and BKPyV VP1 

were used to characterize recognition of linear or conformational epitope. 

 

 

 

 

 



                        

Fig.4. Identification of neutralizing JCPyV-specific human monoclonal antibodies. (A) 

Neutralization assay using JCPyVMAD4 on SVG-A cells. An appropriate dilution of the 

JCPyVMAD4 strain was incubated for 1 h in the absence or presence of the human monoclonal 

antibodies or isotype control at 50 µg/ml. Infected cells were detected by staining with a mouse 

anti-JCPyV VP1 (green) 72 h after infection. Nuclei were counterstained with DAPI (blue). Scale 

bars, 50 µm. Representative images illustrating neutralization capacity of antibodies belonging to 

the different categories are shown. (B) Binding affinities represented as EC50 value of HD- (left 

graph) and NAT-PML-IRIS-derived (right graph) JCPyV VP1-specific monoclonal antibodies 

against JC and BK VLP. Antibodies were classified as non-neutralizing (blue) or neutralizing 

(green). 

  

 

 



               

Fig.5. Human monoclonal antibodies display diverse binding profiles to JCV VP1 variants. 

Relative binding of NAT-PML-IRIS-derived monoclonal antibodies to VP1 variants in 

comparison to VP1MAD1 depicted as heat map (A) or scatter plot (Mean ± SEM) (B). Data of each 

antibody was normalized to its corresponding recognition to VP1MAD1 set as 100% binding (red 

dotted line in B). The antibodies were arranged according to their affinities for JC VLP and 

JCPyV neutralization capacity as well as BKPyV cross-reactivity are indicated. In (B) grey filled 

circles represent individual monoclonal antibodies and red filled circles reflect serum antibody 

responses of the NAT-PML-IRIS patient, from whom the antibodies were cloned. (C) Relative 

binding of different HD-derived monoclonal antibodies to VP1 variants in comparison to 

VP1MAD1 represented as heat map. Binding efficiency to VP1 variants is illustrated with a color 

gradient. nd = not determined 

 



                                

Fig.6. Phylogeny of IGH sequences of NAT-PML-IRIS patient-derived monoclonal 

antibodies as inferred by maximum parsimony. The branch length represents the amount of 

evolutionary divergence. 

 

 

 

 

 

 

 

 

 

 

 

 

 



TABLES 

Table 1. Demographic data of patients and controls. Age and duration of natalizumab 

treatment are shown for natalizumab-treated multiple sclerosis patients (NAT), natalizumab-

associated PML patients (NAT-PML), natalizumab-associated PML-IRIS patients (NAT-PML-

IRIS) and healthy donors (HD). No statistically significant differences in age, female to male 

ratio and duration of natalizumab treatment were detected between the groups. SD = standard 

deviation. 

 NAT NAT-PML NAT-PML-

IRIS 

HD 

Number (n) 28 15 8 30 

Mean age (years ± SD) 37.6 ± 9.2 38.1 ± 8.3 42.0 ± 6.6 33.9 ± 7.5 

Range of age (years) 19-53 23-55 32-55 25-49 

Female to male ratio 1.8 2.0 1.7 1.5 

Mean duration of NAT treatment   

     (months ± SD) 

42.9 ± 22.0 51.1 ± 16.3 49.8 ± 11.3  – 

Range of treatment duration  

     (months) 

3-86 14-81 35-72 – 

 

 

 

 

 



Table 2. IGH gene usage of NAT-PML-IRIS patient-derived monoclonal antibodies. The 

germline usage for V-,D- and J-segment of IGH genes defined using the IMGT database and the 

number of amino acids in  the CDR3 region as well as amino acid  mutations as compared to the 

germline sequence are shown. IGH = immunoglobulin heavy chain; mAb = monoclonal 

antibody; VH = V-segment heavy chain; DH = D-segment heavy chain; JH = J-segment heavy 

chain; CDR3 = complementarity determining region 3; aa = amino acids. 

mAb VH DH JH CDR3 length aa mutations 

98D3 3-30*14 5-5*01 4-1*02 16 13/96 

43E8 3-30*04 3-22*01 4-1*02 14 19/95 

105C7 3-23*04 2-15*01 4-1*02 19 14/96 

45E10 3-23*04 2-15*01 4-1*02 19 13/96 

29B1 3-23*04 3-22*01 4-1*02 17 17/96 

26A3 3-23*04 3-3*02 6-1*02 17 13/96 

58C7 3-11*01 6-13*01 4-1*02 16 10/96 

47B11 3-11*01 6-13*01 4-1*02 16 5/96 

56A8 3-21*01 1-1*01 4-1*02 11 3/96 

27C2 3-21*01 1-1*01 4-1*02 11 8/96 

72F7 3-48*03 3-3*01 6-1*02 21 5/96 

59A7 3-48*03 5-5*01 4-1*01 16 4/96 

57D4 3-9*01 4-17*01 6-1*02 14 7/96 

105A6 3-9*01 5-5*01 6-1*02 14 2/96 

72F10 3-9*01 5-12*01 4-1*02 14 10/96 

27C11 4-4*02 1-14*01 6-1*02 20 5/96 

50H4 4-4*02 1-14*01 6-1*02 20 6/96 

7J3 4-30.4*01 3-10*01 6-1*02 20 3/97 

98H1 4-31*03 3-22*01 6-1*02 21 11/97 

53B11 5-51*01 1-26*01 4-1*02 13 3/96 
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