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JC polyomavirus (JCV) infection is highly prevalent and usually kept in a persistent state without clinical signs and symptoms. It
is only during immunocompromise and especially impaired CD4* T cell function in the brain, as seen in AIDS patients or natali-
zumab-treated multiple sclerosis patients, that JCV may cause progressive multifocal leukoencephalopathy (PML), an often life-
threatening brain disease. Since CD4™ T cells likely play an important role in controlling JCV infection, we here describe the T
cell response to JCV in a group of predominantly HLA-DR-heterozygotic healthy donors (HD) by using a series of overlapping
15-mer peptides spanning all JCV-encoded open reading frames. We identified immunodominant epitopes and compared T cell
responses with anti-JCV VP1 antibody production and with the presence of urinary viral shedding. We observed positive JCV-
specific T cell responses in 28.6% to 77.6%, humoral immune response in 42.6% to 89.4%, and urinary viral shedding in 36.4% to
45.5% of HD depending on the threshold. Four immunodominant peptides were mapped, and at least one immunogenic peptide

per HLA-DRBI allele was detected in DRB1*01*, DRB1*07*, DRB1*11*, DRB1*13*, DRB1*15%, and DRB1*03 ™" individuals.
We show for the first time that JCV-specific T cell responses may be directed not only against JCV VP1 and large T antigen but
also against all other JCV-encoded proteins. Heterozygotic DRB1*04:01* individuals showed very low T cell responses to JCV
together with normal anti-VP1 antibody levels and no urinary viral shedding, indicating a dominant-negative effect of this allele
on global JCV-directed T cell responses. Our data are potentially relevant for the development of vaccines against JCV.

C virus (JCV) is a member of the family of Polyomaviridae

(PyVs) (1), a small DNA virus family, which encompasses eight
more human viruses: BK PyV (BKV) (2), KI PyV (KIV) (3), WU
PyV (WUV) (4), Merkel cell PyV (MCV) (5), human PYV6
(HPyV6) and HPyV7 (6), trichodysplasia spinulosa-associated
PyV (TSV) (7), and HPyV9 (8). JCV consists of a circular double-
stranded DNA genome of 5,130 bp length and three capsid pro-
teins, namely, VP1, VP2, and VP3, with the VP1 major capsid
protein being able to self-assemble into virus-like particles (VLP)
(9), and a few additional proteins, agnoprotein, large T (LT) an-
tigen (LTAg), small T (ST) antigen (STAg), and three T’ antigens
(T'135, T'136,and T'165) (10).

Infection with JCV is common in healthy individuals with IgG
seroprevalence rates between 58% and 84% (11, 12). JCV entry
into the organism might occur via infection of tonsillar tissue after
inhalation or via a fecal-oral route but also by vertical transmis-
sion (13, 14). Usually, JCV infection remains clinically unappar-
ent, and the virus persists in tonsils and hematopoietic precursor
cells in the bone marrow. JCV also infects kidney epithelial cells in
a large fraction of infected individuals and is associated with viral
shedding in the urine in approximately 50% of individuals (15).
The reasons for urinary viral shedding in only a fraction of in-
fected individuals are not clear. Under circumstances of immuno-
compromise and especially impaired CD4 ™ T cell function such as
late-stage HIV infection, hematological malignancies, and organ
transplantation, but also in clinically inconspicuous idiopathic
CD4" lymphopenia, JCV is able to cause an opportunistic infec-
tion of the brain, progressive multifocal leukoencephalopathy
(PML) (15, 16). PML is caused by infection of oligodendrocytes
and astrocytes by neurotropic JCV strains with altered regulatory
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regions and often certain amino acid exchanges in the JCV major
capsid protein VP1 compared to archetypic strains (17, 18). Cell
lysis of oligodendrocytes leads to widespread demyelination, a se-
rious neurological impairment with fatal outcome in 30% to 50%
of cases (15, 16). Besides the above-mentioned causes, PML has
become a serious concern during therapy with a few monoclonal
antibodies, e.g., in multiple sclerosis (MS) patients receiving na-
talizumab, the highly effective and usually well-tolerated antibody
against a-4-integrin (VLA-4; CD49d), but also in systemic lupus
erythematosus and psoriasis patients receiving anti-CD20 and an-
ti-LFA-1 antibodies, respectively (15, 16). Until now, 285 of
104,400 natalizumab-treated MS patients have developed PML in
the postmarketing setting worldwide, and approximately 22%
have died from the complication (19). Current risk estimates
range between 2.33:1,000 and 2.95:1,000 in MS patients on natali-
zumab therapy but rise to approximately to 9:1,000 or higher in
JCV-seropositive individuals with more than 2 years treatment
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and prior immunosuppression (19). The treatment complication
of PML therefore threatens to lead to serious regulatory restric-
tions or even market withdrawal.

JCV-specific immunity is probably important not only for
containing JCV infection in healthy individuals but also for recov-
ery from PML, since immune reconstitution is associated with the
best clinical outcome among patients with PML (20-22). Serum
antibodies against JCV are frequent in clinically healthy individu-
als, whereas intrathecal JCV-specific antibodies are found at high
prevalence and high titers in PML patients (12). Furthermore,
JCV-specific IgG levels increase during the PML disease course of
PML survivors (23). However, as most PML patients harbor JCV-
specific antibodies before or at the onset of the disease (24), the
humoral immune response may not be sufficient to prevent the
development of PML. JCV-specific cellular immune responses
have been investigated as well, particularly the role of CD8™ cyto-
toxic T cells (25, 26). In individuals expressing the common hu-
man leukocyte antigen (HLA) class I molecule, (HLA-) A*02:01,
two nonamer peptides have been identified as immunodominant
JCV peptides: VP1 (100-109) peptide (ILMWEAVTL) and VP1
(36—44) peptide (SITEVECFL) (25, 26). The frequency of CD8™"
T cells specific for these epitopes ranges between 1:100,000 and
1:2,494 in peripheral blood mononuclear cells (PBMC), and 73%
of immunocompetent individuals possess such cells (27). JCV-
specific CD8™ T cells have been shown in 91% of PML survivors,
while they are detectable in only 9% of PML progressors (26).
Furthermore, the number of JCV-specific CD8* T cells at the
onset of the disease can predict subsequent disease progression.
Based on these data, it has been concluded that the JCV-specific
CD8™ cytotoxic T cell response is essential for the prevention of
and resolution from PML.

Despite the previously cited experience of an increased risk of
PML in AIDS patients with low CD4" T levels, and in patients
with idiopathic CD4 ™" lymphocytopenia, both suggesting an im-
portant role of JCV-specific CD4" T cells in the control of JCV
infection, CD4™ T cell function has been examined in fewer stud-
ies. Peripheral CD4 ™ T cell counts below 200 cells/pl at the time of
PML diagnosis were found associated with disease progression
and a survival rate at 1 year that is lower than the rate seen with
CD4™" T cell counts above 200 cells/pl (22). CD4™ T cells reactive
to JCV-like particles have been detected in healthy and HIV-in-
fected non-PML individuals with urinary excretion of JCV (28).
Furthermore, HIV-infected PML survivors harbor CD4" T cells
reactive to JCV-like particles, while the cells are absent in HIV-
infected individuals with active PML (28). With 80% of PML pa-
tients suffering from AIDS as an underlying disease and, recipro-
cally, up to 5% of AIDS patients developing PML (15, 16), CD4™
T cells are likely of particular importance in the control of JCV.
Moreover, like antibody-producing B cells, CD8™ T cells are at
least in part dependent on functional help from CD4" T cells.
Supporting this notion, we have recently demonstrated that JCV-
specific CD4" T cells of T helper 1 (T} 1) or T}, 1 and -2 phenotypes
predominantly infiltrate the brain in PML-immune reconstitu-
tion inflammatory syndrome (PML-IRIS), a condition occurring,
for example, upon washout of natalizumab in MS or restoration of
CD4" numbers in AIDS patients (29). While PML-IRIS and the
accompanying inflammation and swelling of the brain are also
life-threatening, they lead to the elimination of JCV infection and
PML and underscore the role of CD4™ T cell responses.

In the present study, we used a series of overlapping peptides
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TABLE 1 Demographic data of HD and experiments performed in the
study

Value(s)
HD cohort 1 HD cohort 2
Parameter (n=49) (n=22)
Male/female ratio (no. of males:no. of 1:1.33 (21:28) 1:2.14 (7:15)
females)
Mean age at date of collection, yr (range) 46.5 (23-72) 35.4 (26-46)
No. of Caucasians 49 22
No. HLA typed 49 22
No. with cellular response to peptide 49 0
pools tested
No. with cellular response to single 20 0
peptides and virus-like particles tested
No. with humoral response tested 25 22
No. with urinary viral shedding tested 0 22

that span all six open reading frames of JCV, including the 35 most
frequent variants of JCV, and characterized the proliferative re-
sponse in 49 healthy donors (HD). We subsequently identified
immunodominant epitopes of the four most immunogenic pools.
As expected, and consistent with the fact that our strategy primar-
ily tested CD4™ T cells, we found that the responses depended on
the HLA class IT haplotype with respect to peptide specificity and
the magnitude of the response. Of particular note, HLA-
DRB1*04:01" donors showed low to absent proliferative re-
sponses to JCV peptides and were negative for urinary JCV viral
DNA but produced large amounts of anti-JCV VP1 antibodies.
JCV-specific T cell responses were also reduced in individuals ex-
pressing DRB1*01:01. Our data are of interest in the context of
vaccine development and studies of the cellular immune re-
sponses to JCV under physiological and pathological conditions.

MATERIALS AND METHODS

Donors. 49 HD were recruited from the Blood Bank at the University
Medical Center Hamburg-Eppendorf, Hamburg, Germany, forming co-
hort 1 (Table 1). The mean age of the donors was 46.5 years (range, 23 to
72 years), and the gender distribution was 28 females and 21 males. Co-
hort 1 was used to determine the peripheral cellular response to JCV
peptide pools, individual peptides, and JCV VP1 virus-like particles
(VLP). The humoral response to JCV VLP was assessed by testing the
supernatant fluids obtained after Ficoll density centrifugation in this co-
hort, since we did not have access to serum samples from these donors.
Cohort 2 contained 22 HD recruited from our institute staff, with a mean
age of 35.4 years (range, 26 to 46 years) (Table 1). The gender distribution
in cohort 2 was 15 females and 5 males. Cohort 2 was employed to inves-
tigate urinary viral shedding and the relation between T cell responses and
the presence of JCV-specific IgG antibodies in serum. The study was ap-
proved by the local ethics committee (Ethik-Kommission der Arztekam-
mer Hamburg, no. 2758), and informed consent was obtained from all
study subjects.

HLA typing. All individuals in cohort 1 and 2 were typed for HLA class
I molecules at the HLA laboratory, University Medical Center Hamburg-
Eppendorf, Hamburg, Germany. Isolation of DNA from whole blood,
with a final concentration of 30 ng/pl, was performed with the help of
QiaCube (Qiagen GmbH, Hilden, Germany). The samples were high res-
olution typed for HLA class II (DRB1*, DRB3*, DRB4*, DRB5%, DQA1*,
and DQB1*) with a sequence-specific oligonucleotide (SSO)-based test,
Dynal Reli SSO (Invitrogen GmbH, Karlsruhe, Germany), and with a
sequencing-based typing kit, AlleleSEQR HLA-SBT (Abbott Molecular,
Wiesbaden, Germany). HLA class I types are listed in Table S1 (cohort 1)
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and Table S2 (cohort 2) in the supplemental material. Frequencies of HLA
class II alleles among cohorts 1 and 2 are summarized in Table S3 in the
supplemental material.

JCV sequence analyses. JCV sequences available in all databanks were
retrieved and analyzed by using the HUSAR software package (30). The
amino acid sequences of all proteins (VP1, VP2, VP3, agnoprotein, LTAg, and
STAg) from all nine human polyomaviruses were extracted from reference
genomes available in GenBank, i.e., BKV (accession number NC_001538),
JCV (NC_001699), KIV (NC_009238), WUV (NC_009539), MCV
(NC_010277), TSV (NC_014361), HPyV6 (NC_014406), HPyV7
(NC_014407), and HPyV9 (NC_015150). Each of the corresponding pro-
teins derived from all human polyomavirus reference genomes was aligned
with the ClustalW program (31). Furthermore, 479 VP1 amino acid (aa)
sequences were aligned. Conservation of the sequence alignments was plotted
with the Plotcon program from the EMBOSS software package (32) by using
a window size of 25. All multiple sequence alignments can be provided by us
upon request. Maximum sequence similarity of immunodominant JCV pep-
tides was calculated by using epitope conservancy analysis from the Immune
Epitope Database (IEDB) and Analysis Resource (www.immuneepitope.org)
(33).

Proteins and peptides. For the identification of JCV-specific CD4" T
cells, 204 (13- to 16-mer) peptides covering the entire JC viral proteome
(Fig. 1A) were applied. Peptides were synthesized and provided by pe
(peptides&elephants GmbH, Potsdam, Germany). The peptides overlap
by 5 amino acids and include 35 peptides with common single amino acid
mutations (see Table S4 in the supplemental material). To account for
amino acid variations (Fig. 1B) that occur among the different JCV geno-
types and strains, amino acid sequences of each JCV-encoded protein,
including agnoprotein (Agno), VP1, VP2, VP3, large T antigen (LTAg),
small T antigen (STAg), and three T’ antigens (T'135, T'136, and T'165)
from all 479 JCV genomic sequences available in GenBank (by March
2008) were aligned with the ClustalW program (31), and those polymor-
phisms which were prevalent in more than 1% of all retrieved sequences
were defined as common mutations. Peptides were arranged in a set of 42
pools, each pool containing 5 different peptides (Fig. 1C; see also Table S5
in the supplemental material). Variations of the same peptide were not
arranged in the same pool.

JCV VP1 protein forms virus-like particles (VLP), and VP1 and VLP
are therefore used as interchangeable terms. VP1 protein-forming VLP
(VP1/VLP) were generated by the Life Science Inkubator, Bonn, Ger-
many, as previously described (34). Tetanus toxoid (TTxd) (Novartis
Behring, Marburg, Germany) was used as a positive control.

Proliferation and activation assays. Peripheral blood mononuclear
cells (PBMC) were separated by Ficoll density gradient centrifugation
(PAA, Pasching, Austria), always using the same volume/volume ratio of
blood/Ficoll. Proliferation against peptide pools was performed with fresh
PBMC and proliferative assays with individual peptides with frozen cells
from the same individuals from the same date of sampling. In both assays,
T cell responses to VLP, TTxd, and phytohemagglutinin (PHA) were also
analyzed. A total of 2 X 10° PBMC per well were seeded in 96-well U-bot-
tom microtiter plates in RPMI medium (Invitrogen) containing 2 mM
glutamine, 50 pg/ml gentamicin, 100 U/ml penicillin-streptomycin (all
from Whittaker Bioproducts), and 5% pooled human AB serum. JCV
peptide pools, JCV individual peptides, VLP, or TTxd was added to the
cultures, and cells were cultured for 7 days. PHA-L (Sigma, St. Louis, MO)
(1 pg/ml) was added to some wells on day 4. Wells containing only cells
and medium served as negative controls. All JCV peptides were tested
either in pools at a final concentration of 2 WM per peptide or as individual
peptides at a concentration of 10 uM. TTxd was tested at 5 pg/ml. To
detect frequencies of JCV-specific cells lower than 1 in 2 X 10° PBMC, 8
replicate wells were seeded for each peptide pool. Individual peptides were
tested by seeding 10 wells per peptide. To control for variability between
96-well U-bottom microtiter plates in samples from each HD, each plate
contained wells stimulated with JCV peptides, PHA, TTxd, and VLP, as
well as unstimulated wells.
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After 7 days of incubation, proliferation was measured by *H-thy-
midine (Hartmann Analytic, Braunschweig, Germany) incorporation
in a scintillation beta counter (Wallac 1450; PerkinElmer, Rodgau-
Jiirgesheim, Germany). The stimulation index (SI) was calculated as
SI = counts per minute (cpm) of an individual well with antigen/mean
cpm of 72 negative-control wells. Individual wells with peptide pools
were considered positive if the ST was >3 (Fig. 2A). In order to detect
reactivity of thawed cells to single peptides, we considered positive
individual wells, with SI > 2.

To determine whether CD4" or CD8 " T cells or both of these T cell
subsets were equally or preferentially stimulated by the above-described
JCV-derived 13- to 16-mer peptides, representative blood samples from
cohort 1 were analyzed by using carboxyfluorescein succinimidyl ester
(CESE; Sigma, St. Louis, MO) dye dilution for proliferation and by intra-
cellular cytokine staining (ICS) using gamma interferon (IFN-v) for acti-
vation. Briefly, 10” PBMC/ml were incubated with 0.5 .M CFSE for 8 min
at room temperature, labeling was stopped using 33.3% fetal calf serum,
and unbound CFSE was washed out. A total of 2 X 10° CFSE-labeled
PBMC per well were seeded in 96-well U-bottom plates in the above-
mentioned medium. For each donor, two JCV peptide pools, which had
been identified as immunodominant in the respective donor by *H-thy-
midine incorporation assays, were selected for stimulation and, for each
peptide pool, 20 wells were stimulated at a final concentration of 2 WM per
peptide. Six wells were plated without antigen to serve as a negative con-
trol. TTxd at 5 pg/ml served as a positive control. After 10 to 14 days, five
JCV peptide-stimulated wells were pooled and processed for IFN-y ICS.
Therefore, the respective wells were restimulated with the corresponding
JCV peptide pool at a final concentration of 2 pM for each peptide, and
after 1 h of incubation at 37°C, Golgistop (BD Biosciences, Heidelberg,
Germany) was added, followed by incubation for 5 h at 37°C. After two
washes with phosphate-buffered saline (PBS), cells were labeled with a
Live/Dead Fixable Aqua Dead Cell Stain kit (Invitrogen GmbH,
Karlsruhe, Germany). After cellular Fc receptors were blocked with hu-
man IgG (Sigma, St. Louis, MO), the following surface markers were
stained with antibodies: CD3 (phycoerythrin [PE], clone SK7; Biolegend,
London, United Kingdom), CD4 (allophycocyanin [APC], clone RPA-
T4; eBioscience, San Diego, CA), and CD8 (Pacific Blue [PB], clone DK25;
Dako, Glostrup, Denmark). Cells were fixed and permeabilized with
Cytofix/Cytoperm (BD Biosciences) according to the manufacturer’s pro-
tocol, washed, and stained with an anti-IEN-vy antibody (PE-cy7, clone
4S.B3; BD Biosciences). Cells were washed twice with 200 .l fluorescence-
activated cell sorter (FACS) buffer (0.01% sodium azide—1% bovine se-
rum albumin-PBS) before samples were analyzed with a LSR-II flow cy-
tometer (BD Biosciences) and FACS Diva Software (BD Biosciences),
gating on lymphocytes, singlet cells, live cells, CD3" cells, CD4™ and
CD8" cells, and CFSEY™ and IFN-y™ cells (see Fig. SIA in the supple-
mental material). Approximately 30,000 singlet, live, CD3™" lymphocytes
were recorded per sample. The stimulation index for CFSE-labeled cells
was calculated as SI [CFSE] = percentage of CFSEY™ T cells among a
pooled set of five wells with antigens/percentage of CFSE“™ T cells among
a pool of six unstimulated control wells (Fig. 2B; see also Fig. S1B in the
supplemental material). The stimulation index for IFN-vy ICS was calcu-
lated as SI [IFN-y] = percentage of IFN-y™* T cells among a pooled set of
five wells with antigens/percentage of IFN-y " T cells among a pool of six
unstimulated control wells (Fig. 2B; see also Fig. S1B in the supplemental
material).

ELISA for VP1/VLP-specific antibodies. The level of JCV VP1/VLP-
specific IgG antibodies was determined as described previously (12).
Briefly, enzyme-linked immunosorbent assay (ELISA) plates were coated
with 100 wl JCV VLP (1 mg/ml)/well and incubated with serum samples
or Ficoll supernatant, diluted 1:5,000 in blocking buffer (5% nonfat pow-
dered milk-25 mM Tris-150 mM NaCl), and serial dilutions of a positive
control. Human IgG was captured by a biotin-conjugated anti-human Fc
antibody (eBioscience, Frankfurt, Germany) and detected by an avidin
horseradish peroxidase (eBioscience, Frankfurt, Germany). Extinction
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was measured as the optical density at 450 nm (OD,5,) using a pQuant
microplate reader (PerkinElmer, Waltham, MA). The measured extinc-
tions were normalized to the OD,5, of the positive control on the plate
and reported as normalized OD,, (nOD,5, = mean OD,5, of sample
replicates/mean OD 5, of positive-control replicates on the plate). The
same human serum was always used as the positive control, and its reac-
tivity approximated an OD,5, of 1. To check comparability between Ficoll
supernatants and sera, JCV-specific antibody levels were measured in sera
and Ficoll supernatants of three healthy donors, from whom sera and
whole blood for Ficoll gradient centrifugation were collected at the same
time. The Ficoll supernatant reproducibly showed a dilution factor of 1.2
in comparison to the serum sample from the same donor.

In order to determine serological cross-reactivity between JCV and
BKV VP1 proteins (kindly provided by Natalie Meinerz and Robert Gar-
cea, Department of Molecular, Cellular, and Developmental Biology,
University of Colorado Boulder), representative serum samples under-
went competitive inhibition (“preadsorption”) assays. Specifically, serial
dilutions of BKV VPI and JCV VPI1 proteins were added to a 1:5,000
dilution of serum in blocking buffer and incubated for 1 h at 4°C prior to
incubating samples with immobilized JCV VP1 and completing the ELISA
as described previously (12). The concentration needed to sufficiently and
reliably compete VP1-specific antibodies was 4.86 p.g/ml. Percent inhibi-
tion (PI) was calculated as PI = 100 X [1 — (average nOD,5, of VP1
preincubated samples/average nOD,, of buffer-incubated samples)].

Quantitative PCR assay for JCV detection. The JCV DNA load was
quantified in urine by applying a quantitative PCR (qPCR) with a set of
primers and probe located at the T antigen of JCV (35). Viral DNA was
extracted from 750 ! of urine by applying a QIAampUItraSens virus kit
(Qiagen, Hilden, Germany). Nucleic acids were recovered in 60 pl of
elution buffer. Thus, in a qPCR, 125 pl of urine was analyzed. The assay
was specific for JCV detection, and the lower limit of JCV DNA detection
was 1 to 10 copies per reaction, with a linear range from 10” to 10” genome
copies per reaction. Amplifications were performed in a 25-l reaction
mixture containing 10 pl of sample and 12.5 pl of TagMan Environmen-
tal Master Mix 2.0 (Applied Biosystems, Madrid, Spain), which offers
accurate, real-time PCR-based pathogen detection and is highly sensitive
even in the presence of inhibitors. The concentration of each primer
(JE3R and JE3F) was 0.9 uM and that of the fluorogenic probe (JE3P)
0.225 pM. This primer/probe set is specific for JCV and does not detect
human polyomavirus BK PyV or simian virus 40 (SV40) or bovine poly-
omavirus (35). Following activation of the AmpliTaq Gold for 10 min at
95°C, 40 cycles (15 s at 95°C and 1 min at 60°C) were performed in a
Mx3000P detection system (Stratagene, Santa Clara, CA). The samples
were run neat and as a 10-fold dilution in duplicate (4 runs/sample),
whereas each dilution of standard DNA suspension (from 10” to 107) was

JCV-Specific T Cell Epitope Mapping in Healthy Donors

run in triplicate. In all gPCR assays, the amount of DNA was defined as the
mean of the data obtained. A nontemplate control (NTC) was added to
each run in addition to the negative control of the nucleic acid extraction.
The possible presence of inhibitors, potentially leading to false-negative
results, has been tested, adding low copy numbers of viral DNA to urine
samples. JCV Madl cloned into the EcoRI site of a pBR322 vector was
used for the standard curve. All qPCRs were done in different rooms
isolated from post-PCR samples to prevent contamination.

RESULTS

JCV-specific immune response in healthy donors. In order to
study the CD4™" T cellular immune response to JCV, 204 13- to
16-mer peptides overlapping by 5 amino acids and spanning all
JCV proteins (Agno, VP1, VP2, VP3,LTAg, STAg, and T’ antigens
T'135, T'136, and T'165) were synthesized and arranged in 42
pools (Fig. 1; see also Table S5 in the supplemental material).
PBMC from 49 HD (cohort 1) were tested for antigen-specific
proliferation against the 42 pools. T cell responses showed a high
degree of interindividual variability with respect to recognition of
different peptide pools, with respect to the magnitude of the pro-
liferative response, i.e., the stimulation indices of individual pro-
liferating wells, and also with respect to the number of positive
wells responding to a single pool (Fig. 2A). Each of the measures
described above contains different information about JCV-spe-
cific T cell responses. First, the number of different pools that elicit
a proliferative response in a given donor expresses whether the
JCV-specific T cell response is broad, when many peptide pools
are recognized, or focused, if only a few or one pool is positive.
Second, the magnitude of the response (i.e., stimulation index)
expresses the amount of incorporated thymidine and hence, indi-
rectly, the number of cell divisions. And third, since a defined
number of PBMC is seeded per well, the number of positive wells
per pool serves as a measure of the presence of the response in a
predefined amount of cells, serving as a very rough approximation
of the precursor frequency of antigen-specific T cells. These 3
measures together allow assessing the JCV-specific immune re-
sponse within a single individual. Regarding our data, PBMC
from some of the HD failed to proliferate against any of the pep-
tide pools (Fig. 2A, upper graph), while others showed a strong
proliferative response to multiple peptide pools (Fig. 2A, lower
graph). The mean SI values for negative-control wells and tetanus
toxoid (TTxd)-stimulated wells of the same individuals are shown

FIG 1 JCV genome organization, protein sequence variability, and mapping of peptide pools. (A) The genomic organization of the JCV reference genome
(NC_001699), consisting of 5,130 bp, is shown with the nucleotide positions of all open reading frames indicated by colored arrows. Nucleotides are numbered
relative to the JCV reference genome (NC_001699). Large T antigen (LTAg, dark blue arrow), small T antigen (STAg, light blue arrow), three additional
alternative splice variants of the large T antigen (T'135, T'136, and T' 165, dark blue arrows), agnoprotein (agno, red arrow), VP1 (dark green arrow), VP2 (light
green arrow), and VP3 (orange arrow) are shown, as well as early and late mRNAs (gray, dotted arrows), the tandem repeats (TR, gray boxes) in the noncoding
region (NCR, gray line), and JCV microRNA (miRNA) (miR-J1, black dot). Introns within the respective open reading frames are depicted as boxes with dashed
lines. (B) Sequence variability of amino acid sequences among different JCV strains (continuous line) and among nine human PyVs (dashed line) comprised of
BKV (accession number NC_001538), JCV (NC_001699), KIV (NC_009238), WUV (NC_009539), MCV (NC_010277), HPyV6 (NC_014406), HPyV7
(NC_014407), TSV (NC_014361), and HPyV9 (NC_015150). Similarity scores were plotted against the respective amino acid of each protein and matched to the
relative nucleotide position of the JCV reference genome (NC_001699). (C) Mapping of 42 peptide pools (colored boxes) to the relative nucleotide positions of
the JCV reference genome (NC_001699). LTAg, STAg, T'135, T'136, and T'165, agno, VP1, VP2, and VP3 (gray-shaded boxes) are shown, as well as early and
late mRNAs (black lines) including introns (dashed lines) and polyadenylated 3" ends [3’ (A)n], in relation to the JCV reference genome (NC_001699). Each pool
consists of 5 different peptides. A total of 169 peptides overlap by 5 amino acids (pep; nonhatched boxes), and 35 peptides contain single amino acid substitutions
derived from common JCV variants (var; hatched boxes). Agno is covered by 3 peptide pools (pools 1 to 3, red), where pool 3 contains variants of peptides 5 (pool
1) and 7, 9, and 12 (pool 2), all matching agno. VP1 is covered by 13 peptide pools (pools 4 to 16, dark green), where pools 12 to 16 contain variants of peptides
included in VP1 pools 4 to 11. VP2 is covered by 8 peptide pools (pools 17 to 24, light green), where pool 24 contains variants of peptides 96 (pool 20) and 106
(pool 22). VP3, the sequence of which is identical to the N-terminal part of VP2, is covered by 6 peptide pools (peptides 90 to 92 from pool 19 and pools 20 to
24, orange), where pool 24 contains variants of peptides 96 (pool 20) and 106 (pool 22). LTAg is covered by 16 peptide pools (pools 25 to 40, dark blue), and STAg
is covered by 5 peptide pools (pools 25, 26, and 40 to 42, light blue), where pool 40 contains variants of peptides 185, 187, and 189 included in pool 39 (LTAg)
and variants of peptides 193 and 195 included in pool 41 (STAg).
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FIG 2 Interindividual variability in JCV-specific immune response in healthy donors. (A, left graphs) Proliferation of PBMC from three representative HD to
42JCV-derived peptide pools as measured by *H-thymidine incorporation. PBMC were stimulated with JCV peptides assembled in 42 peptide pools (x axis) and
eight wells per pool. Pools containing peptide variants are marked (v). Pool 3 contains variants of peptides included in pool 1 and 2 (agno). Pools 12 to 16 contain
variants of peptides included in pools 4 to 11 (VP1). Pool 40 contains variants of peptides included in pools 39 (LTAg) and 41 (STAg). Dots represent single
stimulation indices (SI) (y axis) and were considered positive when SI = 3 (horizontal line). (A, right graphs) Histograms representing the mean SI of
unstimulated and TTxd-stimulated wells. (B) A representative sample shows cell proliferation by *H-thymidine incorporation (left graph; mean SI [*H-
thymidine] + standard error of the mean [SEM]; one dot corresponds to 2 X 10° stimulated PBMC) and preferential proliferation and activation of CD4* T cells
over CD8™ T cells after stimulation by JCV peptide pools 7 and 10 as measured by CFSE dilution (central graph; mean SI [CFSE] = SEM; one dot corresponds
to 10° stimulated PBMC) and intracellular cytokine (IFN-y) staining (right graph; mean SI [IFN-y] = SEM; one dot corresponds to 10° stimulated PBMC) in
a FACS analysis. Peptide pools 7 and 10 were selected because HD29 showed pool 7- and pool 10-reactive wells as measured by *H-thymidine incorporation. (C)
Spectrum of anti-JCV humoral responses measured by ELISA using normalized optical density at 450 nm (nOD,,5,) in Ficoll supernatants of cohort 1 (left graph)
and sera of cohort 2 (right graph). Ficoll supernatants were diluted by the factor 1.2 in relation to sera. (D) Urinary JC viral shedding expressed as log,, GC/ml.

in the right graphs. CFSE labeling and IFN-vy ICS of PBMC from  thymidine incorporation assays (Fig. 2B; see also Fig. S1B in the
representative donors confirmed that CD4" T cells, and not  supplemental material). CESE™ cells representing proliferated
CD8™ T cells, preferentially responded to stimulation with donor-  cells were predominantly activated upon restimulation with JCV
specific immunodominant JCV peptide pools as identified by "H-  peptides as shown by IFN-y secretion in the ICS, and IFN-vy-
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secreting cells were predominantly CFSE®™, Since *H-thymidine
incorporation assays are more convenient for the analysis of such
a high number of peptide pools and donors, we decided to analyze
the fine specificity of JCV-specific CD4" T cells in depth by using
*H-thymidine incorporation assays.

We also analyzed the JCV-specific humoral response and shed-
ding of JCV DNA in urine. VLP-specific antibodies were quanti-
fied by ELISA in 44 HD. JCV DNA was determined by PCR in
urine from 22 HD. JCV-specific humoral responses and shedding
of JCV DNA in urine also showed a high degree of interindividual
variability (Fig. 2C and D). Considering a dilution factor of 1.2 for
Ficoll supernatant related to serum, nOD,;5, values among Ficoll
supernatants of cohort 1 and sera of cohort 2 showed similar vari-
abilities (Fig. 2C). Displayed are the urinary JCV DNA copy num-
bers of all 10 JCV-excreting individuals (Fig. 2D).

Next, in order to examine whether JCV-specific T cellular im-
mune responses are indicative of JC virus infection, we calculated
the percentage of HD with a positive T cell response to JCV and
compared this value with the percentage of HD presenting VLP-
specific antibodies and with JCV DNA in urine. The latter two
parameters are currently used to identify JCV-infected individu-
als. To calculate the percentage of HD with positive JCV-specific T
cell responses, we used two different arbitrary thresholds for pos-
itivity. The low threshold considers that a HD has a positive JCV T
cell response if she or he shows 3 or more wells with SI = 3, while
the high threshold considers 10 or more wells with ST = 3. Anal-
ogous thresholds were used to determine the percentage of HD
with VLP-specific antibodies (low threshold at nOD,5, = 0.08;
high threshold at nOD,5, = 0.2) and with JCV DNA in urine (low
threshold at copy number = 10 GC/ml; high threshold at copy
number = 100 GC/ml). Using the low thresholds for positivity,
77.6% of the HD were positive for JCV-specific T cell response
compared to 89.4% for anti-VLP antibodies and only 45.5% of
HD shedding JCV DNA in urine. Using the high thresholds,
28.6% of HD were positive for JCV-specific T cell response, 42.6%
for anti-VLP antibodies, and 36.4% for JCV DNA in urine. Con-
sidering a low threshold of nOD,5, = 0.08 for the definition of
seropositive donors, 33.3% of seropositive individuals showed no
T cell proliferation to JCV peptides (defined as fewer than 3 wells
with SI = 3). A total of 45.5% of seropositive donors showed no T
cell proliferation to JCV peptides when a high threshold of
nOD,5, = 0.2 was applied. The association between JCV-specific
antibody level and urinary JC viral load was weak (correlation
coefficient r = 0.27), similar to the results published by Gorelik et
al. (36). As a result of the use of two cohorts, measures of all the
three parameters in the same HD that would allow us to study
correlations are not available. This was due to using healthy blood
bank donors, from whom serum and urine could not be obtained.

Identification of JCV immunodominant epitopes. First, we
analyzed T cell responses from the 49 HD of cohort 1 against the
42 peptide pools. Individuals responded to peptide pools from all
JCV proteins (see Fig. S2 in the supplemental material). The pref-
erence and strength of reactivity to peptide pools from a specific
JCV protein varied between HD (see Fig. S3 in the supplemental
material). Most donor samples recognized pools derived from
four different JCV proteins (36.7%), some donor samples recog-
nized three different proteins (20.4%), and only 12.2% of all HD
samples recognized peptide pools derived from all JCV-encoded
proteins.

To determine the JCV peptide pools that likely contained im-
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munodominant peptides, we performed a detailed analysis of T
cell responses of cohort 1. Responses of individual wells were con-
sidered positive when the ST was higher than 3. First, the sum of SIs
[2(SI > 3)] from positive wells was calculated to account for the
strength and proliferative capacity of each donor with respect to
each peptide pool (Fig. 3A, upper graph). To correct for back-
ground proliferation, we calculated the > (SI > 3) also for un-
stimulated wells, normalized the value for the number of wells,
and subtracted it from the > (SI > 3) corresponding to each pool
and donor. Next, in order to integrate an estimation of the pre-
cursor frequency of JCV-peptide-specific T cells, we calculated the
fraction of positive wells (total number of positive peptide wells
[SI > 3] per number of seeded wells) (Fig. 3A, middle graph).
Again, with the purpose of excluding background proliferation,
the fraction of unstimulated wells with ST > 3 was calculated,
normalized, and subtracted from the fraction of positive peptide-
stimulated wells. Finally, we determined as a third indicator of
immunogenicity the frequency of donors with at least one positive
well for each pool (Fig. 3A, lower graph). Using these three param-
eters, we created a reactivity score [RS = >(SI > 3) X percentage
of reactive wells X percentage of reactive individuals] for each
pool that takes into account the stimulatory capacity of the pool,
the frequency of peptide-specific cells in the pool, and the fre-
quency of donors with at least one well positive for the pool
(Fig. 3B). Using this approach, we identified pools 14 (containing
VP1 peptides), 17 (containing VP2 peptides), and 32 and 33 (con-
taining LTAg peptides) as the pools showing a higher RS and in
consequence to be the best candidates to contain immunodomi-
nant peptides. These pools had a >'(SI > 3) higher than 125, with
a proportion of reactive wells of at least 5.0% and recognition by
more than 30% of HD.

Although the use of 15-mer peptides in combination with the
settings of the proliferative assay favors detection of CD4" T cell
responses according to current knowledge, we cannot exclude the
contribution of CD8™" T cells in the proliferative response to pools
14, 17, 32, and 33 since 15-mer peptides can be shortened by
proteolytic cleavage and presented on HLA class I molecules.

To identify immunodominant JCV peptides, we tested PBMC
from 20 HD (cohort 2) with the 20 individual peptides contained
in pools 14, 17, 32, and 33. Reactivity scores for each individual
peptide were calculated as mentioned above, but considering pos-
itive a response with SI > 2, since we used fewer cells per plate
(100,000/well) due to a limited amount of cells and cells had been
frozen before their use. Accordingly, a lower proliferative capacity
of the cells enrolled in these assays along with correspondingly less
background proliferation appeared. Results are summarized in
Fig. 3C. We identified peptide 41 [VP1 (123-137) variant 3; V3] as
the immunodominant peptide contained in pool 14, and peptides
81 [VP2 (30—43)] and 82 [VP2 (39-51)] as the immunodomi-
nant peptides contained in pool 17. Pool 33 contained the immu-
nodominant peptide 162 [LTAg (415-429)]. We were not able to
identify an immunodominant peptide in pool 32.

HLA class II restriction of JCV-specific cellular immune re-
sponses. CD4" T cells recognize antigenic peptides in the context
of HLA class II molecules. Table S1 in the supplemental material
shows the HLA class II alleles of the 49 HD from cohort 1. HD
were divided into 12 groups depending on HLA-DR expression
(see Table S3 in the supplemental material). Group DR1 included
all donors expressing the HLA-DRB1*01 alleles (n = 8), and we
similarly grouped donors expressing HLA class II molecules of the
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FIG 3 Proliferation of PBMC to peptide pools and individual peptides. (A) Immunogenicity of 42 pools was assessed with regard to stimulatory capacity (sum
of SI > 3) (upper graph), estimated precursor frequency (percentage of positive wells) (middle graph), and prevalence in tested cohort 1 (percentage of positive
donors) (lower graph). (B) Graph showing the reactivity score (RS) of the same cohort corresponding to each pool [2(SI > 3) X percentage of reactive wells X
percentage of reactive individuals], which accounts for all three aspects of immunogenicity. Pools containing peptide variants are marked (v). Pool 3 contains
variants of peptides included in pool 1 and 2 (agno). Pools 12 to 16 contain variants of peptides included in pools 4 to 11 (VP1). Pool 40 contains variants of
peptides included in pools 39 (LTAg) and 41 (STAg). Pools 14, 17, 32, and 33 are most immunogenic in all three aspects (columns marked in light or dark grey).
(C) Graphs showing the RS of cohort 2 corresponding to each of the 20 single peptides from pools 14, 17, 32, and 33. The higher proliferations were evoked by
peptides 41 [VP1 (123-137) V3], 81 [VP2 (30-43)], 82 [VP2 (39-51)], and 162 [(LTAg (415-429)].

major subtypes DRB1*04 (n = 15, DR4), DRB1*07 (n = 13,DR?7),
DRB1*08 (1 = 2, DR8), DRB1*10 (1 = 1, DR10), DRB1*11 (1 =
9, DR11), DRB1*12 (n = 4, DR12), DRB1*13 (n = 12, DR13),
DRB1*14 (n = 1, DR14), DRBI*15 (n = 13, DR15), DRBI*16
(n =7, DR16), and DRB1*03 (1 = 10, referred to as DR17). The

3400 jviasm.org

circle diagram in Fig. 4A represents the frequencies of the most
common DR types within this HD cohort. Note that nearly all
donors were heterozygotic for HLA-DRB1*alleles and are there-
fore contained in two different HLA-DR groups. Proliferative re-
sponses were analyzed for HLA-DRB1* cohorts, which were rep-
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FIG 4 HLA-restricted proliferation to JCV peptide pools. (A) Frequency of DRB1 expression among 49 HD from cohort 1. (B) Proliferation measured as RS of
PBMC from DR1*, DR4", DR7", DR11 %, DR13", DR15", and DR17" HD to 42 peptide pools. Because most donors are heterozygotic with respect to DRB1*
alleles, the same donor might appear in two different HLA cohorts. For quantitative comparisons of proliferation, RS values in each HLA group were normalized
toagroup of 10 HD. Pools containing peptide variants are marked (v). Pool 3 contains variants of peptides included in pool 1 and 2 (agno). Pools 12 to 16 contain
variants of peptides included in pools 4 to 11 (VP1). Pool 40 contains variants of peptides included in pools 39 (LTAg) and 41 (STAg). (C) Proliferation of PBMC
from DR1", DR4*, DR7", DR11", DR13*, DR15", and DR17* HD measured as the sum of RS from all peptide pools. (D) Proliferation measured as RS of
PBMC from DR1", DR4™, DR7*, DR11", DR13¥, DR15", and DR17" HD to TTxd. Values shown represent mean RS = standard error of the mean (SEM).

resented by at least 8 individuals. To analyze the T cell response of
each HD group against the 42 pools, we calculated the RS as de-
scribed above. Because each group was made up by different num-
bers of HD, we normalized each group for the number of donors;
therefore, values are directly comparable and adjusted to n = 10.
PBMC from HD expressing different HLA class IT molecules re-
sponded to different peptide pools (Fig. 4B); also, the RS varied
considerably among groups. HD from groups DR7 and DR17
showed significantly higher RS to JCV peptides than HD from
groups DR1 and DR4, while no differences were observed in RS to
TTxd (Fig. 4C and D). The preference for specific JCV proteins
also varied among HLA-DR groups (see Fig. S2 and Fig. S3 in the
supplemental material). All HD except the DR13* and DR16™
HD recognized peptides from the amino-terminal region of VP2
more often than expected (see Fig. S2 in the supplemental mate-
rial). Peptides from the carboxy-terminal region of VP2 were rec-
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ognized less frequently than expected (see Fig. S2 in the supple-
mental material). DR8", DR12*, and DR13" HD recognized
peptides from the LTAg more often than expected (see Fig. S2 in
the supplemental material). Importantly, the preference for spe-
cific JCV proteins was also variable within a group expressing
certain HLA alleles (see Fig. S3 in the supplemental material),
which is most likely due to the fact that there is variability with
respect to the second HLA-DR allele expressed by the heterozy-
gotic donors. The pools inducing the strongest cellular response in
the entire cohort (pools 14, 17, 32, and 33) were pools that were
stimulatory in the context of several class II alleles, including the
two groups showing the strongest responses (group DR7 and
group DR17) (Fig. 4B).

Next, we examined whether the peptides identified as immu-
nodominant after analyzing the whole HD cohort were also im-
munodominant for all HLA-DR haplotypes. PBMC from cohort 2
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FIG 5 HLA-restricted proliferation to individual JCV peptides. (A) Frequency
of DRBI expression among 20 HD from cohort 2. (B) Proliferation measured
as RS of PBMC from DR1*, DR7*, DR11*, DR13™, DR15", and DR17" HD
to JCV individual peptides, which were contained in the most immunogenic
peptide pools (pools 14, 17, 32, and 33). For quantitative comparisons of
proliferation, RS values in each HLA group were normalized to a group of
10 HD.

expressing different HLA class II alleles (Fig. 5A) were tested
against the 20 peptides contained in the pools inducing the stron-
gest cellular response in the entire cohort (pools 14, 17, 32, and
33). The reactivity scores induced by these 20 peptides are sum-
marized in Fig. 5B. The peptides inducing the highest RS clearly
differed between HLA subgroups, showing that HLA class II al-
leles contribute to the fine specificity of CD4™ T cells against JCV
peptides. An important factor in determining immunodomi-
nance is binding to the respective HLA class alleles, which can be
predicted in silico by a number of publicly accessible databases.
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When we calculated the in silico-predicted binding scores by using
the consensus method from the IEDB Analysis Resource (33), the
binding scores of immunodominant JCV peptides varied broadly
depending on the HLA allele (see Table S6 in the supplemental
material). Peptide 41 [VP1 (123-137) V3] was identified as one of
the most immunodominant peptides when analyzing the whole
cohort, probably because it was strongly stimulatory in DR11 and
DRI13 donors, who represented 50% of all tested individuals. Sim-
ilarly, peptide 82 [VP2 (39-51)] was identified as immunodomi-
nant, most likely because it induced prominent responses in indi-
viduals expressing DR7 and DRI17. Sequences for all
immunodominant JCV peptides are summarized in Table 2. All
peptides identified as immunodominant except for the two JCV
VP1-derived peptides showed highest sequence similarity with
BKV-encoded protein sequences (mean similarity, 78.4%; range,
53.3% to 100%), compared to all human PyV (Table 2). BKV-
derived peptides previously described as immunodominant
and/or cross-reactive to JCV were found to match to peptides
from immunodominant pools 32 and 33 (LTAg) and peptides
from substantially recognized pools 4, 5, 6, 35, and 38 of the pres-
ent study (see Table S7 and Table S8 in the supplemental mate-
rial).

Reduced cellular JCV-specific T cell immune response in
DRB1*04:01" donors. A more detailed analysis of HD from the
DRB1*04™ group revealed marked differences in JCV-specific T
cell responses. The RS of HD expressing the DRB1*04:01 allele
were significantly lower than those of HD expressing other
DRB1*04 alleles (Fig. 6A and B) or non-DR4 alleles (Fig. 4C).
Interestingly, this reduced T cell responsiveness was “specific” for
JCV, since the response to the recall antigen TTxd in these donors
was comparable to those of HD expressing other DRB1*04 mole-
cules (Fig. 6C).

In order to examine further the reduced JCV T cell response in
DRB1*04:01" donors, we determined the presence of JCV DNA
in urine samples from 8 DRB1*04:01" donors, from 7 donors
expressing other DR4 alleles, and from 10 HD not expressing any
DR4 allele. Results are summarized in Fig. 6D. Remarkably, none
of the urine samples from HD expressing the DRB1*04:01 allele
tested positive for JCV DNA. In contrast, JCV DNA was detected
in 4 of 5 (80.0%) urine samples from HD expressing DR4 alleles
other than DRB1%04:01 and in 6 of 10 (60.0%) from donors not
expressing DR4 alleles (Fig. 6D). These results, together with the
low frequency of JCV-specific T cells in DRB1*04:01 " HD, sug-
gested that these individuals might not have been exposed to the
virus. To examine this issue further, we then tested the humoral
response to JCV VP1 by ELISA to assess their infectious state in
serum samples from 7 DRB1*04:01™ donors, from 5 HD express-
ing DR4 alleles other than DRB1%04:01, and from 10 HD not
expressing any DR4 allele. DRB1*04:01" donors showed levels of
anti-JCV antibodies similar to or even higher than those seen with
the two other groups (Fig. 6E). Serological cross-reactivity to BKV
VP1 was excluded by competitive preadsorption assays (Fig. 6F).
Reactivity of serum samples from five DRB1*04:01" donors was
efficiently inhibited by preincubation with 4.86 wg/ml JCV VP1
(median PI, 64.9%; interquartile range [IQR], 58.5% to 68.6%;
minimum inhibition, 52.1%) and was minimally inhibited by 4.86
prg/ml BKV VP1 (median PI, 1.4%;IQR, 0.0% to 2.2%; maximum
inhibition, 3.0%). Similarly, serum samples from seven DRB1*04:
01" donors, including three HD expressing DR4 alleles other than
DRB1*04:01, showed strong inhibition after preincubation with
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TABLE 2 Immunodominant JCV peptides and their maximum sequence identity with the proteome of eight other human PyVs*

Maximum
. . identity
Immunodominant JCV epitope with PyV
JCV peptide ~ Pool  Protein and Amino  proteome PyV protein and
no. no. position Peptide sequence acid (%) position PyV peptide sequence
35 14 VP1 (108-122) V3 LKTEVIGVTALMNVH 15 66.7 TSV VP1 (119-133) VKTEVVGVSSLVNVH
41 14 VP1 (123-137) V3 SNGQASHDNGAGKPV 15 46.7 MCV VPI (131-145)  WDMKRVHDYGAGIPV
80 17 VP2 (20-34) AATGFSVAEIAAGEA 15 100.0 BKV VP2 (20-34) AATGFSVAEIAAGEA
81 17 VP2 (30-43) AAGEAAATIEVEIA 14 85.7 BKV VP2 (30-43) AAGEAAAAIEVQIA
82 17 VP2 (39-51) EVEIASLATVEGI 13 92.3 BKV VP2 (39-51) EVQIASLATVEGI
153 32 LTAg (328-342) FADSKNQKSICQQAV 15 933 BKV LTAg (329-343)  FAESKNQKSICQQAV
154 32 LTAg (338-351) CQQAVDTVAAKQRV 14 85.7 BKV LTAg (339-352) CQQAVDTVLAKKRV
155 32 LTAg (347-361) AKQRVDSIHMTREEM 15 80.0 BKV LTAg (348-362) AKKRVDTLHMTREEM
161 33 LTAg (405-419) VIYDFLKCIVLNIPK 15 73.3 BKV LTAg (406-420)  VIEDFLHCIVENVPK
162 33 LTAg (415-429) LNIPKKRYWLFKGPI 15 80.0 BKV LTAg (416-430) FNVPKRRYWLFKGPI

@ All protein sequences from the reference genomes of BKV (accession number NC_001538), KIV (NC_009238), WUV (NC_009539), MCV (NC_010277), HPyV6 (NC_014406),
HPyV7 (NC_014407), TSV (NC_014361), and HPyV9 (NC_015150) were used for epitope conservancy analysis (www.immuneepitope.org). Nonmatching amino acids are

indicated in bold and underlined.

4.86 pg/ml JCV VP1 (median PI, 83.7%; interquartile range
[IQR], 68.3% to 88.2%; minimum inhibition, 52.2%), but mini-
mal inhibition after preadsorption with 4.86 pg/ml BKV VP1
(median PI, 1.5%; IQR, 0.0% to 6.9%; maximum inhibition,
12.3%). Using a threshold of nOD,5, = 0.08 for the definition of
seropositive HD, 27.8% of DRB1*04:01 donors and 44.4% of
DRB1*04:01" individuals showed no T cell proliferation to JCV
peptides (fewer than 3 wells with SI = 3 per donor). Using the
higher threshold for seropositivity (nOD,5, = 0.2), even 60% of
DRB1*04:017, but only 33.3% of DRB1*04:01" donors, showed
no T cell proliferation. The anti-JCV VP1 seropositivity strongly
argues against the hypothesis that these donors were not exposed
to JCV but, despite the weak CD4™" T cell responses to JCV peptide
pools, showed a robust antibody response to the major capsid
protein from as-yet-unknown mechanisms.

Reduced cellular JCV-specific immune responses in DRB1*01:
01" healthy donors. Similar to DRB1*04:01-heterozygous donors,
HD positive for DRB1*01" mounted significantly weaker JCV-
specific cellular responses than DR7%, DR15", and DR17" HD
(Fig. 4B and 5B), although cellular reactivities to TTxd did not
differ among these groups (Fig. 4D). Unfortunately, we could not
analyze urinary shedding or JCV-specific humoral response in
DR1* HD because of a lack of samples.

DISCUSSION

In the present study, we examined the cellular immune response
to JCV with respect to prevalence of positive CD4™ T cell re-
sponses, specificity for JCV proteins/peptides, and relation to
HLA class II haplotype of the donor to develop a better under-
standing of JCV-specific immune control, to identify potential
risk factors for PML and as a basis for future vaccination ap-
proaches. We identified several immunodominant peptides
within the most prominent peptide pools, peptide 41 (pool 14),
peptides 81 and 82 (pool 17), peptide 155 (pool 32), and peptide
162 in pool 33 (Fig. 3C). However, after stratification for HLA
class IT haplotypes, differences in the responses to peptide pools as
well as to individual peptides within these pools became visible
(Fig. 4). While the magnitudes of the response to the pools dif-
fered, for example, between individuals carrying DR15 and DR17
alleles and those carrying DR1 and, even more so, DR4 alleles, the
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focus of the response remained on VP1 across different HLA-DR
haplotypes (Fig. 4). At the level of individual peptides, HLA strat-
ification revealed that the immunodominant single peptides
within the immunodominant pools differed according to the do-
nors’ HLA-DR haplotypes. This is not too surprising, considering
that the peptide binding grooves of the main alleles show consid-
erable differences with respect to their binding motifs. In this con-
text, it has to be mentioned that we did not formally establish
HLA-restricted peptide recognition, which needs to be done with
T cell lines or clones and antigen-presenting cells, e.g., HLA-DR
transfectants, matched for each individual HLA-DR molecule.
Such a detailed analysis is not possible at the level of the entire JCV
proteome and across several HLA-DR haplotypes; however, our
data should provide a basis for future studies in this direction.
Next we examined the issue of whether JCV-specific cellular
immune responses are comparable to VLP seropositivity or
whether there are substantial differences. Since there is at present
no commonly established definition for what constitutes a posi-
tive T cell response to JCV and hence for what is indicative of
whether the individual has been exposed to the virus, we arbi-
trarily defined thresholds for the cellular immune response to JCV
peptides or JCV VLP, for urinary viral shedding, and for the hu-
moral immune response. To determine if an individual shows a
positive JCV-specific T cell response, we took into account the
fraction of JCV peptide pool-reactive wells. We found a positive
cellular response to JCV in 28.6% to 77.6%, depending on the
threshold. Other ways to determine the status of exposure to or
infection with JCV are analyses of urinary excretion and the pres-
ence of JCV-specific antibodies. Here we found positivity ranging
from 36.4% to 45.5% (urinary excretion) and 42.6% to 89.4%
(anti-VP1 antibody response), depending on the threshold and
criterion. Since only approximately 50% of JCV-exposed individ-
uals shed virus in the urine, ascertainment of JCV exposure cannot
be based on JCV urinary excretion alone. On the other hand, an
individual who sheds virus in the urine must be JCV infected even
if JCV-specific T cell or antibody responses are low or borderline.
Based on our thresholds for positive T cell and antibody re-
sponses, we assume that JCV exposure in our cohort ranged be-
tween 60% and 80%. However, to formally address this issue,
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FIG 6 T cell proliferation to JCV, urinary viral shedding, and JCV-specific antibody levels in DRB1*04:01" healthy donors. (A) Proliferation of PBMC from
DRB1*04:01" HD (n = 10) measured as RS to JCV peptide pools in comparison to PBMC from DRB1*04* other than DRB1*04:01" HD (n = 5). For
quantitative comparisons of proliferation, RS values in each HLA group were normalized to a group of 10 HD. Pools containing peptide variants are marked (v).
Pool 3 contains variants of peptides included in pool 1 and 2 (agno). Pools 12 to 16 contain variants of peptides included in pools 4 to 11 (VP1). Pool 40 contains
variants of peptides included in pools 39 (LTAg) and 41 (STAg). (B) Proliferation of PBMC from DRB1*04:01" and DRB1*04* other than DRB1*04:01" HD
measured as the sum of RS from all peptide pools. (C) Proliferation measured as RS of PBMC from DRB1*04:01" and DRB1*04 ™" other than DRB1*04:01" HD
to TTxd. Values shown represent mean RS = SEM. (D) JCV urinary viral load expressed as log,, GC/ml of DRB1*04:01" (n = 7), DRB1*04" other than
DRB1*04:01" (1 = 5),and non-DR4™ HD (1 = 10). (E) VLP-specific antibody levels measured by ELISA using normalized optical density at 450 nm (nOD,s,) in sera
from DRB1%04:01" HD (n = 7), DRB1*04 " HD other than DRB1*04:01" (n = 5), and non-DR4 " HD (1 = 10). (F) Antibody reactivity (mean nOD,, * standard
error of mean) to JCV VP1 proteins after competition with soluble BKV VP1 protein (BKV competition) or soluble JCV VP1 protein (JCV competition) in sera of
DRB1*04:01" HD (1 = 5, left graph) and DRB1¥04:01~ HD (n = 7, right graph).
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much larger cohorts need to be examined and compared system-
atically.

The proteins triggering the highest overall proliferation are the
major capsid protein VP1 and the amino-terminal end of the mi-
nor capsid protein VP2 (Fig. 3A and B). However, most donors
also recognized other JCV proteins (see Fig. S3 in the supplemen-
tal material), and the preference for a JCV protein varied not only
among individual donors, but also among groups that had been
stratified according to HLA class I haplotype (see Fig. S2 and Fig.
S3 in the supplemental material).

As already mentioned above, when assessing immunodomi-
nance we considered the strength of the proliferative responses
and the precursor frequency of antigen-specific T cells. The latter
measure expresses the fraction of T cells of an individual that is
specific for JCV, while the prevalence of immunity in a population
provides information as to what fraction of a population responds
to a specific antigen. All three measures provide distinct informa-
tion and can be used to determine immunodominance. Only pep-
tide pools fulfilling all three criteria for immunodominance were
considered here, and the peptides within these pools were inves-
tigated individually. With this strategy, we found peptides 41 [VP1
(123-137); SNGQASHDNGAGKPV] and 82 [VP2 (39-51); EVE
TASLATVEGI] causing strong proliferation in the entire cohort of
HD. Peptides 81 and 82, as well as peptides 154 and 155, overlap by
5 aa, which may in part explain the proliferation to both. It is
possible that the optimal and most stimulatory peptide is situated
between peptides 81 and 82, or between other peptides that were
not identified here, due to the overlap of only 5 aa. However, the
broad specificity of the CD4™ T cell responses indicates that mul-
tiple JCV peptides can be recognized by Caucasian individuals,
and this is consistent with the fact that JCV is a highly prevalent
virus to which the human immune system is well adapted.

Previously, two CD8™" T cell epitopes, peptides VP1 (100-109)
and VP1 (36-44), have been described as immunodominant in
HLA-A*0201-restricted donors (25, 26). In our study, the VPI
(100-109) peptide ILMWEAVTL) was represented by peptides
31 [VP1 (91-105); LNEDLTCGNILMWEA] and 32 [VP1 (101—
115); LMWEAVTLKTEVIGV] in peptide pool 6. The VP1 (36—
44) peptide (SITEVECFL) is covered by peptide 20 [VP1 (34—48);
VDSITEVECFLTPEM] in pool 4. Both pools 4 and 6 were among
the 12 and 6 pools, respectively, that elicited the strongest re-
sponses (Fig. 3B), and DR15" and DR17" individuals recognized
pool 6 as the second strongest and strongest pool, respectively
(Fig. 4B). Further support for the relevance of peptide VP1 (36—
44) and peptide 20 from pool 4 (together with only 7 other JCV
peptides) comes from our recent data indicating that these pep-
tides are relevant targets for brain-infiltrating CD4™ T cells that
had been isolated from a brain biopsy specimen of a patient suf-
fering from PML-immune reconstitution inflammatory syn-
drome (29). We also demonstrated CD8* T cells recognizing JCV
VP1 (36—44) in the brain biopsy specimen of this HLA-A2™ MS
patient, although the CD4" T cells were more prevalent in the
biopsy specimen than CD8™ T cells. Data from the latter study and
work presented here indicate that CD8™ T cells and CD4™ T cells
recognize related epitopes and that JCV peptide VP1 (36—44) is of
particular relevance.

Regarding the influence of certain HLA-DR haplotypes on cel-
lular immune responsiveness to JCV, the comparably very low or
absent reactivity in DRB1*04:01" individuals was of particular
interest. Since all individuals in the two DRB1*04™ subgroups
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were heterozygotic for DRB1*04:01 or DRB1*04:other except for
one, and the effect of low proliferative response was not more
pronounced in the homozygous DRB1*04:01" individual, we
conclude that the DRB1*04:01 haplotype has a dominant-nega-
tive influence on the JCV-specific proliferative response. It re-
mains to be elucidated which mechanisms lead to this gross reduc-
tion of JCV-specific T cell responses in heterozygotic DRB1*04:
01" HD. Several associations between HLA-DRB1*04:01 and
specific infections have been described in epidemiological studies,
in which a considerable number of heterozygotic donors were
included: HLA-DRB1*04:01 was reported to be associated with
slower progression of HIV-1 infection (37), clearance of chronic
hepatitis C virus (HCV) infection (38), and low hepatitis C virus
activity (39). Furthermore, DRB1*04:01 is associated with in-
creased risk for rheumatoid arthritis (RA) (40), mixed connective
tissue disease (41), and insulin-dependent diabetes mellitus (42),
as well as with a reduced age at onset of multiple sclerosis (MS)
(43). DRB1*04:01* MS patients show a restricted T cell receptor
repertoire in the context of the T cell response to one immuno-
dominant myelin basic protein (residues 111 to 129) peptide (44).
Taken together, these reports appear to document dominant-pos-
itive effects of the HLA-DRB1¥04:01 allele. However, no experi-
mentally proven domination of the DRB1*04:01 allele leading to
reduced or abrogated function of other HLA-DR alleles has been
reported. Previously, an HLA-associated low responsiveness to
streptococcal antigen in healthy donors has been described and
linked to the DR2-DQA1*0102-DQB1*0602 (DQw6)-Dw2 hap-
lotype and DR2-DQA1%0103-DQB1*0601 (DQw6)-Dw12 haplo-
type (45, 46). One possible mechanism for such low responsive-
ness inherited in a dominant fashion is clonal deletion. A second
mechanism could involve the deletion of JCV-specific T cells by
chronic antigenic restimulation in situ. A third possibility is the
induction of a T-regulatory phenotype of JCV-specific T cells re-
sponding to HLA-DRBI*04:01" antigen-presenting cells.
Whether the HLA-DRB1*04:01 allele itself or a immunosuppres-
sive gene in strong linkage disequilibrium confers this effect is of
further interest, but remains to be clarified.

Additionally, we observed a B cell-skewed JCV-specific im-
mune response in DRB1*04:01" individuals. The mechanisms
underlying a strong humoral anti-JCV response in HLA-
DRB1*04:01-restricted donors and at the same time a low to ab-
sent CD4™" T cell response remain to be elucidated. It could rep-
resent a T cell-independent JCV-specific B cell response with the
second stimulation signal delivered by the JCV antigen itself, e.g.,
binding to Toll-like receptors or extensive cross-linking of the
membrane. Such a T cell-independent virus-specific antibody re-
sponse has been shown in mice lacking T cells and infected with
mouse PyV (47). A second mechanism could involve a cross-re-
active B-cell response, which recognizes not only JCV-encoded
epitopes, but also similar epitopes encoded by other human
polyomaviruses or infectious agents, which has been generated by
CD4™ T cells specific against other human polyomaviruses or in-
fectious agents, but not JCV. This mechanism could operate in the
absence of JCV-specific CD4™ T cell responses and lead to JCV-
specific B cell responses that are detectable only due to cross-
reactivity between epitopes of JCV and other human polyomavi-
ruses or other infectious agents.

Antibody cross-reactivity has been suggested between JCV and
BKV VP1 proteins (36), BKV and S40 VP1 proteins (48, 49), and
JCV and SV40 VP1 proteins (48, 49). However, little or no anti-
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body cross-reactivity between BKV and JCV VP1 proteins or be-
tween SV40 and both JCV and BKV VP1 proteins has been re-
ported in the majority of studies (11, 49-55), and no antibody
cross-reactivity was found between VP1 proteins of other poly-
omaviruses, e.g., lymphotropic polyomavirus (LPV) versus MCV
or KIV versus WUV (48). Since we also did not find serum cross-
reactivity between JCV VP1 and its most closely related VP1
protein among human polyomaviruses (BKV VP1) in a represen-
tative set of sera from HLA-DRB1*04:01" as well as from HLA-
DRB1*04:01~ donors, we expect the latter scenario to be less
likely.

A third mechanism could be that the JCV-specific B cell re-
sponse and a long-lasting JCV-specific B cell memory had been
generated with CD4™ T cell help earlier in life and that JCV-spe-
cific T cells had been deleted by chronic antigenic restimulation in
situ. It is well known that the so-called type 2 helper T cell (T}2)
subset of CD4" T cells activates B cells to provide neutralizing
antibody production of various IgG isotypes by CD4™ T cell-me-
diated production of interleukin (IL)-4 and IL-5 (56), whereas
type 1 helper T cells (T,,1) cells producing IL-2 and gamma inter-
feron (IFN-vy) favor clonal expansion of cytotoxic CD8™ T cells
and macrophage activation. There are only a few reports on an
influence of major histocompatibility complex (MHC) class II
genes in shifting the CD4™ T cell phenotype in humans and
thereby predetermining an immune response, which is skewed to
be more cell or more antibody mediated. Agrewala and Wilkinson
(57) showed that the p(91-110) epitope of the 16-kDa antigen of
Mpycobacterium tuberculosis is able to elicit a T}, 1 or T},2 response,
depending on the HLA-DR haplotype of the donor. It was sug-
gested that a high MHC-peptide affinity leads to a T, 1 response
and lower binding affinities to a T} 2 response (58, 59). Wen et al.
(60) showed in HLA-DR4 transgenic mice that DRB1*04:01-en-
coded molecules may promote a T},2 immune response. Further-
more, HLA-DRB1%*04:01 has been associated with the develop-
ment of antibodies against beta interferon in MS patients and
autoantibodies against insulin (61, 62).

The above previously described associations between higher or
lower prevalence of a specific infection and variations in disease
presentation as well as the association with certain autoimmune
diseases are poorly understood at the functional level. They argue,
however, that specific host-pathogen interactions may alter im-
mune responsiveness in a way that impacts on the outcome of the
infection. The fact that such associations have been observed even
for much larger/more complex organisms than JCV, e.g., M. tu-
berculosis, argues that the reasons must be more complex than a
lack of binding of peptides to the DRB1*04:01 allele. Given the
molecular/cellular mechanisms governing a low/absent CD4™ T
cell response to JCV in DRB1*04:01" individuals, together with a
very strong humoral response and lack of urinary shedding, its
implications for JCV immune control clearly merit further study.

Secondary to those of HLA DRB1*04:01 subjects, cells from
DRB1*01% individuals also demonstrated low proliferation on
JCV peptide pools, but the response was less pronounced than in
the DRB1*04:01 subgroup (Fig. 4C). Additionally, PBMC from
DRB1*01" HD responded less to TTxd stimulation than those
from other DR groups. However, these differences were not sig-
nificant. Related to viral immunity, HLA-DRB1*01 has been as-
sociated with resistance to HIV infection (63), with clearance of
HCV infection (64-66), and with a good responsiveness to
HBsAG vaccination (67). More importantly, in analogy to HLA-

3406 jviasm.org

DRB1-04:01, HLA-DRB1*01:01 is associated with increased risk
for RA (40), and these commonalities with DRB1*04:01 and other
RA-associated DR alleles have been attributed to a shared motifin
the peptide binding grooves of these DR molecules. Whether re-
duced JCV-specific T cell responses in HLA-DRB1-04:01" and
HLA-DRB1*01:017 individuals with RA contribute to the precip-
itation of PML, especially during immunomodulatory treatment
with, e.g., rituximab (68), remains to be elucidated in larger pop-
ulations. In comparison to RA patients, PML occurs even more
frequently in patients with systemic lupus erythematosus (69) and
natalizumab-treated MS patients (15, 16, 19). Whether HLA as-
sociations contribute to an elevated PML risk needs to be clarified,
however, in larger population-based studies.

Our assay does not allow us to distinguish directly between
CD4" T cell- and CD8™" T cell-driven proliferation. We have cho-
sen 15-mer peptides, which preferentially stimulate CD4* T cell
proliferation, since this length can be accommodated by the open
HLA class I1 binding groove, in contrast to the HLA class I binding
pocket, which is closed and optimally accommodates peptides of 8
to 10 amino acids in length. In order to use the most sensitive assay
with a broad dynamic range that allowed us to detect even small
numbers of proliferating cells reliably, we used thymidine incor-
poration as a readout. Alternative approaches using CESE or en-
zyme-linked immunosorbent spots (ELISPOT) are less sensitive,
but the former can distinguish CD4" from CD8™" T cell prolifer-
ation. When checking the composition of the proliferating T cell
population after JCV peptide or protein stimulation by flow cy-
tometry, we observed mainly CD4* T cells, supporting the above
assumption. This does not verify exclusive CD4* T cell prolifera-
tion but indicates that strong immunogenicity of some of the pep-
tides mainly stems from CD4" T cells with the possibility that
CD8™" T cells contribute as well. By choosing an overlap of only 5
aa between adjacent peptides, we may have missed potential
epitopes not covered by our selection of peptides. However, a wide
range of different epitopes scattered over the entire JCV proteome
may be recognized by single healthy donors; as shown in Fig. 1 and
3, peptide pools from all JCV proteins were recognized (see Fig. S2
in the supplemental material), and there was high interindividual
and inter-HLA-DR-group variability regarding preference and
strength of reactivity to single JCV peptide pools (see Fig. S3 in the
supplemental material), indicating that a set of 15-mer peptides
overlapping by 5 aa and covering the whole JCV proteome is suf-
ficient to uncover the intra- and interindividual variability in
epitope specificity and immunodominant JCV CD4" T cell
epitopes.

We are aware that our data give rise to a number of questions.
They do, however, provide a good basis for future, more focused
studies on specific aspects as well as examination of larger patient
numbers, which may employ additional tools, including HLA
class II tetramers loaded with JCV peptides and subsequent
screening of populations of interest, such as MS patients receiving
natalizumab and other populations at risk for PML. In our view,
assessing the T cell reactivity will, besides serological anti-JCV
response and JCV viral DNA testing, provide important addi-
tional information with respect to virus exposure of the individual
and the robustness of her or his immune status. Studying the
strength, the antigen fine specificity, and, in the future, also the
functional phenotype of the T cell response to JCV is expected to
be useful as a basis for subsequent studies on JCV immune con-

Journal of Virology

popuadd3g-6inqueH wnyiuy-"Alun Ag €102 ‘22 Areniga4 uo /610" wse IAl:diy wouy pepeojumoq



trol, for diagnostic purposes and also for the development of anti-
JCV vaccination.
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Characterization of JC virus-specific CD4" T cell epitopes

in healthy individuals

Infection with John Cunningham virus (JCV) is very common in humans and
usually remains asymptomatic in healthy individuals. However, under circumstances
of severe immunocompromise, the polyomavirus JC may cause progressive
multifocal leukoencephalopathy (PML), a life-threatening demyelinating disease of
the human brain. PML preferentially occurs in situations of compromised CD4" T cell
function or number and little is known about the JCV epitopes recognized by CD4" T
cells. In this study, we mapped the JCV-specific CD4" T cell response in healthy
individuals using proliferation assays with peptides spanning the entire JCV
proteome. Our aim was to obtain a better understanding of the mechanisms assuring

immune control of JCV.

Introduction

History

PML was first described in 1958, in a report of three patients presenting with
progressive weakness and gait disturbances among other symptoms. Upon autopsy,
widespread lesions in the central nervous system (CNS) were detected, which could
not be explained by the patients' underlying diagnoses of chronic lymphocytic
leukemia or Hodgkin's disease (Astrom et al., 1958). Pathological examination of two
of the three patients' brains revealed small focal lesions in the white matter and
swollen basophilic nuclei of oligodendrocytes with intracellular granules. The
causative agent of the disease was not defined, but viral infection was an early
suspect (Cavanagh et al., 1959). Richardson discussed 22 cases of clinically and
pathologically similar disease courses and suspected a viral etiology in 1961
(Richardson, 1961). This was confirmed by the demonstration of viral inclusion
bodies in the formalin-fixed brain biopsy of a PML patient when electron microscopy
became feasible a few years later (Figure 1) (ZuRhein & Chou, 1965). The virus
gained it's name after the initials of the PML-patient John Cunningham, whose
autopsy material was used for the first isolation and cultivation of the virus in 1971
(Padgett et al., 1971).
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Figure 1: First illustration of virus-like particles (VP) in the nucleoplasm of a JCV infected glial cell by

electron microscopy. Arrow points to nuclear membrane (ZuRhein & Chou, 1965).

The virus

JCV has an icosahedral shape with a capsid size of less than 40 nm in
diameter. It is non-enveloped and contains 5.1kb doublestranded supercoiled DNA.
Together with BK-, Merkel-cell-, murine-, WU polyomavirus, Simian virus 40, and a
few others, it is classified as a polyomavirus. The virus has five open reading frames,
subdivided into early and late genes. The early genes encode for the large T (LTAQ)
and small T (STAg) antigens, which are responsible for regulatory processes. The
late genes encode for the structural agnoprotein, and the viral capsid proteins VP1,
VP2, and VP3 (Tan & Koralnik, 2010). Among these, VP1 is considered the major
capsid protein, and it is able to self assemble into virus-like particles (VLPs) in
solution (Ou et al.,, 1999). The function of VP1 includes the mediation of cell
attachment by interaction with an n-linked glycoprotein, which contains terminal a(2-
6)-linked sialic acids (Liu et al., 1998). Furthermore, the genome contains a non-
coding regulatory region that is important for the neurovirulence of the virus (Tan &
Koralnik, 2010).

JCV infection

Infection with JCV occurs via tonsillar tissue through either inhalation or fecal-
oral transmission (Bofill-Mas et al., 2003). Additionally, vertical transmission during
pregnancy appears to be a possible mechanism of viral spreading (Monaco et al.,

1996). JCV usually causes a latent infection, and can be detected in renal tissue,



lymphoid tissue and bone marrow of clinically asymptomatic individuals (Chesters et
al., 1983; Tan et al., 2009; Monaco et al., 1996; Randhawa et al., 2005; Gallia et al.,
1997).

PML is by far the most established disease caused by JCV, but the virus can
also cause granule cell neuronopathy through lesions in the granule cell layer of the
cerebellum (Koralnik et al., 2005) and potentially JC virus meningitis and JC virus
encephalopathy (Blake et al., 1992; Tan & Koralnik, 2010).

Since PML occurs mostly in patients with human immunodeficiency virus (HIV)
infections and along with other conditions of immunocompromise, the disease is
considered an opportunistic infection. In addition to increased susceptibility of the
patient, changes in the virus itself are required for the development of PML although
the exact sequence of events is not fully understood. The regulatory region of the
viral genome is hypervariable and determines the level of viral replication (Jensen &
Major, 2001). Increased early gene expression was found in the CNS of PML
patients (Gosert et al., 2010). Moreover, rearranged regulatory regions of JCV are
associated with a poorer outcome of PML compared to wild-type regulatory regions
(Pfister et al., 2001). These findings lead to the assumption that viral rearrangements

contribute to viral pathogenicity.

Preconditions for PML

PML was mainly associated with lymphoproliferative disorders before the
HIV/acquired immunodeficiency syndrome (AIDS) epidemic started (Richardson,
1974). Since then, it has appeared in about 4% of AIDS cases as a major
opportunistic infection (Johnson, 1998), and more than 80% of PML patients were
HIV positive in 1993 (Selik et al., 1997). Less frequently, the disease also appears
along with hematological malignancies, chronic inflammatory disorders, CD4"
lymphocytopenia and in organ transplant recipients (Tan & Koralnik, 2010; Gheuens
et al., 2010)

With the introduction of anti-retroviral therapy, the incidence of PML in HIV-
infected individuals dropped substantially, but in 2005 PML again gained major
attention, when Natalizumab (Tysabri®), a monoclonal antibody used in the
treatment of multiple sclerosis (MS) (Polman et al., 2006), was withdrawn from the

market due to three events of PML during treatment. Since the U.S. Food and Drug

3



Administration (FDA) recommended the re-launch in 2006, Natalizumab has been
used for the treatment of highly active relapsing-remitting MS (RRMS) after other
treatments have failed to prevent relapses. As a result, 395 cases of Natalizumab-
associated PML have been reported as of August 6, 2013 (Anon, 2013). In addition
to compromised immune status and viral alterations, the risk for the development of
PML depends on multiple other variables including the presence of anti-JCV
antibodies, the duration of Natalizumab treatment, and prior use of
immunosuppressants. Dependent on these factors, the incidence ranges from less
than 0.1 to more than 10 PML cases per 1000 Natalizumab-treated MS patients
(Bloomgren et al., 2012; Sorensen et al., 2012). The overall risk is estimated to be
2.2 cases per 1000 treated patients (Bloomgren et al., 2012). In addition, PML has
also been observed during treatment with other monoclonal antibodies, e.g. the anti-
CD20 antibody Rituximab (Freim Wahl et al., 2007; Molloy & Calabrese, 2012), or the
anti-LFA-1 antibody Efalizumab (Molloy & Calabrese, 2009). The latter had been
used for the treatment of severe plaque psoriasis, but was withdrawn from the market
in 2009 because of PML (Major, 2010).

PML

PML is characterized by a lytic infection of oligodendroglial cells and non-
productive infection of astrocytes (Koralnik, 2006). Clinical features include visual
deficits, cognitive impairment, motor weakness or speech deficits, and seizures have
also been reported (Clifford et al., 2010). The symptoms and signs correlate with the
site of demyelination as well as the extent of the lesion, but the underlying disease
leading to PML also influences the pattern of symptoms (Berger, 2011). Magnetic
resonance imaging (MRI) in PML typically displays subcortical white matter lesions,
appearing hyperintense in T2- and FLAIR images. Lesions can also be found in the
grey matter, such as the basal ganglia or thalamus (Tan & Koralnik, 2010). In
contrast to MS lesions or PML-immune reconstitution inflammatory syndrome (IRIS),
there is usually no edema, mass effect or contrast enhancement due to the absence
of inflammatory cells and opening of the blood-brain-barrier (Figure 2) (Whiteman et
al., 1993).



Figure 2: PML in an MS patient who had been treated with Natalizumab. Arrows indicate a frontal
lobe white matter lesion, which appears hyperintense on FLAIR (A) and shows no contrast
enhancement on the T1-weighted MRI (B) (Tan & Koralnik, 2010).

Despite these features, differentiating between an MS relapse and PML, or
PML-IRIS, can be difficult (Boster et al., 2013). Diagnosing PML requires typical
changes in MRI or a consistent clinical presentation. The diagnosis of definitive PML
is made by detection of JCV in brain-derived material or evidence of JCV DNA in
cerebrospinal fluid (CSF) (Cinque et al., 2009). All other PML-typical changes in
disease course or imaging but without detection of JCV in either CSF or biopsy

material are classified as possible PML (Cinque et al., 2009).

Prognosis and treatment of PML

The prognosis of the disease has changed substantially within the last few
decades: in the early 1970s none of the 100 reported cases survived (Richardson,
1974), and before highly active antiretroviral therapy (HAART) was introduced in the
1990s, only 10% of HIV-PML patients were still alive after the first year of PML
(Berger et al., 1998). Today, about 50% of HIV-PML patients survive the first year
(Antinori et al., 2003), and with Natalizumab-associated PML, the mortality rate is
around 22% (Bloomgren et al., 2012). However, it should be noted, that disability in
survivors is often severe. Treatment mainly consists of restoration of the immune
system, although this can promote the development of further complications, namely
an IRIS and brain swelling. Formerly applied drugs like the antiviral Cidofovir or



malaria medication Mefloquine have shown to be ineffective in AIDS-related PML (De
Luca et al., 2008; Friedman, 2011). Preventing viral entry into the host cells may be
improved theoretically by the use of serotonin receptor agonists like Risperidone or
Olanzapine (Altschuler & Kast, 2005); however, preliminary clinical testing has so far

also been disappointing. There is currently no approved therapy for PML.

Role of B cells, CD8" T cells and CD4" T cells

B cell responses and antibodies appear incapable of preventing the onset of
PML, because even though PML patients show normal to high antibody titers against
JCV, they still develop the disease (Weber et al., 2001). Still, JCV antibody titers
actually increase during the disease course in PML survivors (Khanna et al., 2009),
and intrathecal antibody production is exclusively seen in PML patients (Weber et al.,
1997).

CD8" T cells seem to play a more pronounced role in PML, since their
presence correlates with recovery from PML: JCV-specific CD8" T cells are present
in 91% of PML survivors, and in only 9% of PML progressors (Koralnik et al., 2002).
Two human leukocyte antigen (HLA) A*0201-restricted immunodominant epitopes for
CD8" T cells have been identified in VP1, namely the peptides VP1(100-109)
(ILMWEAVTL) and VP136.44) (SITEVECFL) (Du Pasquier et al., 2003; Koralnik et al.,
2002).

The importance of CD4" T cells becomes obvious when considering the
characteristics of PML patients. 3-5% of HIV-1-infected individuals develop PML as
their AIDS-defining illness (Major, 2010), with AIDS being mainly characterized by a
reduction of CD4" T cells. At the same time the vast majority of PML patients suffer
from AIDS as their underlying diagnosis (Tan & Koralnik, 2010). Besides other
determinants, low CD4" T cell counts of less than 200 cells/ul at the time of PML
diagnosis is associated with a worse outcome than CD4" T cell counts of more than
200 cells/pl (Marzocchetti et al., 2009). Also, CD4" lymphocytopenia (Stoner et al.,
1986; Zonios et al., 2008) and, more precisely, reduced type 1 helper T cell (Th1)
function (Weber et al.,, 2001) increase the risk of PML. During the disease, the
number of JCV-specific CD4" T cells correlates with JCV clearance from the CSF of
PML survivors (Gasnault et al., 2003), and PML survivors show a trend of earlier

JCV-specific CD4" T cell responses than patients with disease progression (Gheuens



et al.,, 2011). Besides the work described in the attached publication, we have
isolated and analyzed cells from a PML-IRIS lesion. One finding here was that CD4"
T cells constitute also the majority of T cells in these lesions (Figure 3) (Aly et al.,
2011).
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Figure 3: PML-IRIS lesion with massive infiltration of T cells. Immunohistochemistry reveals the
pronounced perivascular and parenchymal infiltration of CD3" T cells (A). Flow cytometric analysis
shows that T cells constitute 42.4% of the isolated cells (B). Out of these cells, 70.4% express CD4
(C) (Aly et al., 2011).

HLA

Unlike B cells, T cells in general only recognize antigen when it is presented to
them on autologous major histocompatibility complex (MHC) molecules, termed HLA
in humans. For CD4" T cells, MHC class Il molecules, which are expressed by
professional antigen presenting cells like dendritic cells or macrophages, present
extracellular antigen. These proteins have been endocytosed and ingested before
they appear nine to 25 amino acids (aa) long in the antigen binding groove, the aj
and B4 subunits of the MHC class Il molecule. An important difference between
antigen recognition by CD4" and CD8" T cells is the length of the presented peptide:
MHC class | molecules have closed binding grooves, and usually present shorter
peptides with only eight to ten aa, while MHC class Il molecules accommodate longer
peptides in open binding grooves. When activated, CD4" T cells communicate with B
cells and induce their transformation into antibody-producing plasma cells, while
CD8" T cell activation leads to a more pronounced release of perforin and granzymes

inducing apoptosis in the presenting cell.



In humans, chromosome 6 contains the HLA class Il genes encoding for,
among others, DRB1, DRB3, DRB4, DRB5, DQB1, DQA1, DPA1 and DPB1 genes.
Besides HLA-induced graft rejection after transplantation, the variations of HLA types
among individuals are also associated with different susceptibilities to infections,
autoimmune disease, or cancer. For instance, HLA DRB1*04:01" HIV-1 infected
individuals have shown slower disease progression (Kroner et al., 1995), whereas in
autoimmunity the HLA DR15 haplotype accounts for the strongest genetic risk of
developing MS (Hillert & Olerup, 1993; Sospedra & Martin, 2005), and is associated
with an earlier disease onset (Masterman et al., 2000).

Markers for JCV exposure

JCV exposure can be determined by different diagnostic measures: JCV-
specific 19G is found with high variability in the sera of 39% to 85% of Caucasian
individuals (Egli et al., 2009; Weber et al., 1997; Kean et al., 2009; Knowles et al.,
2003), while JCV DNA is not found in the peripheral blood of immunocompetent
individuals (Koralnik et al., 1999). Although at much lower rates, urinary viral
shedding can be another parameter verifying latent infection and persistence of JCV
with a prevalence of about 20% (Egli et al., 2009). So far, there is no test to clearly
identify JCV negative individuals (Tan & Koralnik, 2010), since even a negative
antibody titer, being the most sensitive parameter for JCV exposure, does not assure
JCV negativity. There have been MS patients without detectable antibody titers, who
showed urinary viral shedding, and therefore evidence for exposure to the virus
(Gorelik et al., 2010). A possible new method for the assessment of immune
reactions to JCV is T cell proliferation after stimulation with virus-like particles (VLP)

or viral peptides.

Aims of our study

In order to characterize immunodominant viral epitopes and improve the
understanding of JCV immune control in healthy individuals, we examined the
frequency and magnitude of CD4" T cell proliferation upon stimulation with
overlapping viral peptides spanning all open reading frames. These data might serve
for the identification of risk factors for PML or provide information for the development

of therapeutic approaches. Besides evaluation of proliferation as a new marker for
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JCV positivity, we also performed a comparison to JCV-specific antibody levels and
urinary viral shedding. Since HLA class Il contributes significantly to peptide
recognition of CD4" T cells, we also grouped all donors according to their HLA class
Il type, and included an analysis of HLA-dependent recognition of viral peptides.

Brief summary of methods

Peripheral blood mononuclear cells (PBMC) used for all proliferation assays
were attained by Ficoll density gradient centrifugation and either used fresh or after
storage in liquid nitrogen. We analyzed the proliferation of T cells from of 49 healthy
donors (HD) after stimulation with JCV peptides. Phytohemagglutinin and tetanus
toxoid (TTxd) served as positive controls, and T cell medium without any supplement
was used as negative control. The JCV peptides were created to represent all
potential JCV epitopes, therefore 204 13-16mer peptides with a five aa overlap were
synthesized on the basis of the aa sequence of all JCV proteins. These peptides
were arranged in 42 peptide pools, and each pool was seeded with eight replicates to
detect peptide-specific T cells even if they were present only at very low frequencies.
The proliferation was measured in a [°H]-thymidine incorporation assay after one
week of incubation. The stimulation index (Sl) was calculated as counts per minute
(cpm) of a well with antigen per mean cpm of all negative control wells. Wells with an
SI>3 for fresh cells and SI>2 for frozen cells were considered positive. The
phenotype of proliferating cells was determined by carboxyfluorescein succinimidyl
ester (CFSE) assays and intracellular cytokine staining for interferon-y production in

a flow cytometric analysis.

We determined the presence of JCV VP1-specific IgG antibodies by enzyme-
linked immunosorbend-assay (ELISA) with JCV VLP-coated plates exposed to serum
or Ficoll supernatant of HD. Urinary shedding of JCV DNA was measured by
quantitative real-time PCR (RT-gPCR) at the Department of Microbiology at the
University of Barcelona. Additionally, the Department of Transfusion Medicine at the
University Medical Center Hamburg-Eppendorf typed all donors for HLA class I
molecules. For more detailed descriptions of the methods the reader is referred to

the publication attached.



Summary of results with discussion

Proliferation upon stimulation with JCV showed high inter-individual variability
among the donors with respect to the number of positive wells and the magnitude of
positivity in individual wells. Also the peptides recognized by single donors varied
substantially. Figure 2A in the attached publication depicts the proliferation after
stimulation with JCV peptides, as well as negative and positive controls of three
representative HD. By the use of 13-16mer peptides, our assay was designed to
favor CD4" T cell proliferation. We chose radioactive [°H]-thymidine incorporation as
the most sensitive tool for the measurement of proliferation and were therefore not
able to distinguish between CD4" and CD8" T cell proliferation. To prove CD4" rather
than CD8" T cell proliferation, CFSE labeling and intracellular cytokine staining for
the detection of interferon-y production was performed. These assays confirmed that
CD4" T cells respond preferentially to stimulation with JCV peptide pools (Figure 2B
in the attached publication). Besides proliferation as a potential indicator of JCV
exposure, seropositivity and urinary viral shedding were used to detect JCV infection.
Similar to the publication by Gorelik et al. (2010), we identified only a weak

correlation between JCV-specific IgG in serum and JCV DNA in urine in our samples.

To assess positivity with respect to JCV infection, we applied two arbitrarily
defined thresholds for JCV positivity in each of the three assays. They were defined
by the number of positive wells demonstrating a cellular immune response, the
degree of extinction in an ELISA for JCV IgG indicating seropositivity and the amount
of JCV DNA in urine proving urinary viral shedding. Depending on the threshold,
positivity was between 28.6% and 77.6% in proliferation assays. IgG detection
ranged from 42.6% to 89.4%, and urinary excretion varied between 36.4% and
45.5% depending on the defined threshold. Obviously, an individual showing urinary
JCV excretion must be JCV exposed, whether or not she/he also tested positive in
proliferation assays and serology. In contrast, it is very difficult to prove JCV
negativity. Definite negativity could be postulated, when all three markers give
negative results, but again, there is not even a universal threshold for a negative
result. The samples used in our study were derived from different cohorts, since we
were not able to obtain urine and serum from the anonymized donors of the PBMCs

used in our proliferation assays. Therefore, further investigation with analysis of all
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three parameters in the same individuals will be required to address the question of
definite JCV negativity.

In order to account for different aspects of JCV-specific T cell responses, we
considered three parameters into our calculation of immunodominant peptides: The
first parameter was the magnitude of the proliferative response of each peptide pool.
It is represented by the Sl and describes the strength of the actual proliferation in
each pool. In order to include only positive wells, this measure was calculated as the
sum of all positive SI (3 (SI>3)) (Figure 3A in the attached publication, upper graph).
The second parameter for immunodominance was the percentage of positive wells
out of all seeded wells per peptide pool (Figure 3A in the attached publication, middle
graph). Since the same amount of cells was seeded into each well, this measure
served as an approximation for the precursor frequency within a certain range. The
third parameter was the frequency of donors recognizing a distinct peptide pool,
represented by the percentage of reactive individuals (Figure 3A in the attached
publication, lower graph). Multiplying these three parameters displayed the reactivity
score (RS), reflecting the immunogenic capacity of a peptide pool within the tested
cohort (Figure 3B in the attached publication). Undoubtedly, these arbitrarily defined
parameters can only serve as an approach towards immunodominance in vivo,
where multiple other factors including the localization of the epitope on the surface or
within the virus, the processing of the JCV proteins and the formation of neutralizing
antibodies contribute to effective epitope recognition. However, we included three
very important aspects into our analysis: the proliferative capacity of a CD4" T cell,
precursor frequency in an individual, and the prevalence of epitope recognition in a
cohort. Only peptides fulfilling all three criteria were considered immunodominant. It
appears very likely that these epitopes also play an important role in viral control in

vivo.

The highest RS were achieved by pool 14, 17, 32, and 33 (Figure 3B in the
attached publication). They are therefore considered most immunogenic and most
likely contain the immunodominant peptides. In order to determine which of the 5
peptides contained in each pool was responsible for the proliferation of the respective
pool, the proliferation towards the single peptides from pools 14, 17, 32, and 33 was
assessed. Among the 20 peptides contained in these four pools, peptides 41
(VP1(123-137)), 81 (VP2 (30.43)), 82 (VP2 (39.51)), and 162 (LTAQ (s15-429)) caused higher

proliferative responses than the other peptides within these pools. We were not able
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to detect a single peptide responsible for the proliferation in pool 32. Both recognition
of peptide 81 and 82 as well as 154 and 155 may be similar because of their overlap
by five aa and thus potential T cell recognition of the same aa sequence. The ideal
epitope might have been located between peptide 81 and 82, or 154 and 155.

We were able to show that T cells from healthy individuals can recognize
various JCV-derived epitopes. With seroprevalences up to 85% (Weber et al., 1997)
it is not surprising that the human immune system is well adapted to JCV, and
therefore broadly recognizes this ubiquitous virus. Another finding is the identification
of promising epitopes with regard to immunodominance. This might suggest future
research on JCV-specific PML immunotherapy, either by the construction of vaccines
preventing PML, or the ex vivo activation and expansion of CD4" T cells against

important JCV epitopes.

Since the recognition of each peptide pool by different donors also varies
according to the HLA type of the individual, all individuals enrolled in this study were
HLA-typed and HLA-restricted proliferation upon stimulation with peptide pools and
single peptides was analyzed. 48 of the 49 HD were heterozygous for HLA
DRB1*alleles, and therefore most of them appeared in two of the following groups
(Figure 4 in the attached publication): DR1 (n=8), DR4 (n=15), DR7 (n=13), DR11
(n=9), DR13 (n=12), DR15 (n=13), DR17 (n=10), and other DRB1 haplotypes (n=15).
In order to facilitate comparison, all groups were normalized to a virtual group of 10
HD (Figure 4B and 5B in the attached publication).

Notably, distinct HLA groups recognized different peptide pools: for instance
the general proliferation in pool 14 was mainly due to DR7* and DR17" HD, while
pool 33 was recognized mostly by DR7*, DR11*, and DR13" HD (Figure 4B in the
attached publication). While proliferation after stimulation with TTxd revealed no
significant differences among HLA groups, JCV-specific proliferation of DR1" and
DR4" HD was lower than the one of DR7" or DR17" individuals (Figure 4C and 4D in
the attached publication). Taking into account that binding motifs within the peptide
binding grooves vary substantially according to the HLA DR haplotype of the HD,
recognition of different peptides is a natural consequence. It would, however, be
expected that at least some epitopes of a common pathogen like JCV are recognized

in the context of each of the common HLA-class Il haplotypes. Hence, the finding of
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lower reactivity in individuals positive for HLA-DRB1*04:01 and to some extent also
DRB1*01:01 is interesting.

Next, we examined HLA dependent specificity for individual peptides. HLA
class Il molecules trigger epitope recognition by CD4" T cells, and according to the
recognition of peptide pools, we found differences among HLA class Il groups in
reactivity against single peptides (Figure 5B in the attached publication). It appears
likely that the immunodominant peptide 41 was mainly recognized by DR11* and
DR13" HD whithin the whole cohort, while the recognition of peptide 81 can be
attributed to HD in the groups DR7, DR15, and DR17. Immunodominant peptides 82
and 162 were selected by the reactivity of distinct HLA groups as well, but
additionally peptides 153 or 161, which did not appear in the whole cohort of HD,
induced proliferation in certain HLA groups. Generally, CD4" T cells recognized many
JCV epitopes, but the clarity of HLA-restricted peptide recognition might be
compromised by the fact that most HD were DRB1* heterozygous and it was
impossible to create groups of only one DRB1 allele without the second HLA DR
allele contributing to peptide recognition. Clarifying which HLA-class Il allele presents
which of the immunodominant JCV peptides should be addressed by future studies

employing e.g. JCV peptide-specific T cell clones.

In a more detailed analysis of the low RS conducted by DR4" HD, we
subdivided the group of DR4" into ten HD with DRB1*04:01 and 5 HD with other
DR4" alleles (referred to as DRB1*04:other). Interestingly, the low proliferation
towards JCV peptide pools in the whole DR4" cohort was mainly due to extremely
low proliferation of DRB1*04:01" HD, while the group DRB1*04:other showed robust
RS (Figure 6A in the attached publication). Differences between the two groups were
significant with regard to peptide pools, while the general proliferative capacity
measured with TTxd was almost similar (Figure 6B and 6C in the attached
publication). The exceptional role of DRB1*04:01 also became clear in the urinary
viral shedding: none of the seven tested HD excreted viral DNA, while in both other
groups, the DRB1*04:other, and the non-DR4" HD, four out of five and six out of ten,
respectively, showed JCV DNA in urine (Figure 6D in the attached publication). Still,
seropositivity was given in DRB1*04:01 HD (Figure 6E in the attached publication). In
order to refute cross-reactivity between the polyomaviruses JCV and BKV, which
could lead to a false positive result in DRB1*04:01" HD, JCV VP1 antibodies were

also tested in competition with BKV VP1 protein. No significant cross-reactivity was
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detected in any of the tested cohorts, confirming that IgG measured in Figure 6E in
the attached publication was indeed specific for JCV. Since nine of the ten
DRB1*04:01" donors were heterozygotes and each DRB1*04:01" donor showed a
similar low RS, the negative effect of DRB1*04:01 alleles appears dominant. For
instance, an individual with both alleles DRB1*04:01 and DRB1*15:01, would not
strongly proliferate according to DRB1*15:01, but as low as other HD in the
DRB1*04:01 cohort. The exact mechanism behind this observation still needs to be
investigated. However, HLA positive dominant association with disease progression,
control of infections, or responsiveness to drugs have been reported frequently, in
particular with regard to DRB1*04:01 (Hoffmann et al., 2008; Newton et al., 2004; Wu
et al., 2010).

The fact of negative urinary shedding, together with the marginal RS in
proliferation of DRB1*04:01" HD might indicate that these individuals had not been
exposed to the virus. However, we detected strong JCV-specific IgG in the same
individuals who had also been tested in the assays mentioned before. Apparently,
the immune response of DRB1*04:01" individuals against JCV included more
antibody-producing plasma B cells than proliferating CD4" T cells. It can only be
speculated whether cross-linking on the B cell receptor, binding to toll-like receptors,
or even another mechanism activated B cells without involvement of CD4" T cells.
On the other hand, involvement of CD4" T cells without consequent proliferation, but
instead a shift towards humoral immune responses can be triggered by CD4" type 2
helper T cells (Th2) releasing interleukin (IL)-4 and IL-5. HLA dependency of such a
shift towards Th1 over Th2 T cells, favoring CD8" and macrophage activation has
been reported for an antigen of M. tuberculosis (Agrewala & Wilkinson, 1999). Wen
et al. (2001) postulated that cells from HLA-DR4 transgenic mice developed Th2-like
phenotypes upon stimulation with B-pancreatic antigens.

The major aim of our study was the mapping of immunodominant JCV
epitopes. We were the first to identify four JCV peptides that cause strong CD4" T
cell responses in healthy individuals. This result represents important information for
the potential development of vaccines against JCV, and thus the prevention of PML.
A second application of the aforementioned data is the development of a more
efficient screening for JCV infection. Such a test may involve the detection of virus-
specific CD4" T cells by HLA class |l tetramers loaded with immunodominant

peptides. Thirdly, knowledge about immunodominant epitopes might serve as the
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basis for therapeutic strategies, e.g. an ex vivo expansion of JCV-specific T cells and
subsequent autologous reinfusion. We also identified the cohort of DRB1*04:01" HD,
presenting an unusual pattern of immune responses against JCV, which might come
along with an altered risk for PML. With our findings, we uncovered relevant novel
questions about JCV immune control, and provide a comprehensive basis for future

studies.
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