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A transgenic mouse model was used to identify an HLA-A*02-restricted epitope within the VP1 polypeptide
of a human polyomavirus, BK virus (BKV), which is associated with polyomavirus-associated nephropathy in
kidney transplant patients. Peptide stimulation of splenocytes from mice immunized with recombinant mod-
ified vaccinia virus Ankara expressing BKV VP1 resulted in expansion of cytotoxic T lymphocytes (CTLs)
recognizing the sequence LLMWEAVTV corresponding to amino acid residues 108 to 116 (BKV VP1p108).
These effector T-cell populations represented functional CTLs as assessed by cytotoxicity and cytokine pro-
duction and were cross-reactive against antigen-presenting cells pulsed with a peptide corresponding to the
previously described JC virus (JCV) VP1 homolog sequence ILMWEAVTL (JCV VP1p100) (I. J. Koralnik et
al., J. Immunol. 168:499–504, 2002). A panel of 10 healthy HLA-A*02 human volunteers and two kidney
transplant recipients were screened for T-cell immunity to this BK virus VP1 epitope by in vitro stimulation
of their peripheral blood mononuclear cells (PBMC) with the BKV VP1p108 peptide, followed by tetramer
labeling combined with simultaneous assays to detect intracellular cytokine production and degranulation.
PBMC from 4/10 subjects harbored CTL populations that recognized both the BKV VP1p108 and the JCV
VP1p100 peptides with comparable efficiencies as measured by tetramer binding, gamma interferon produc-
tion, and degranulation. CTL responses to the JCV VP1p100 epitope have been associated with prolonged
survival in progressive multifocal leukoencephalopathy patients (R. A. Du Pasquier et al., Brain 127:1970–
1978, 2004; I. J. Koralnik et al., J. Immunol. 168:499–504, 2002). Given that both human polyomaviruses are
resident in a high proportion of healthy individuals and that coinfection occurs (W. A. Knowles et al., J. Med.
Virol. 71:115–123, 2003), our findings suggest a reinterpretation of this protective T-cell immunity, suggesting
that the same VP1 epitope is recognized in HLA-A*02 persons in response to either BK or JC virus infection.

BK virus (BKV) is a ubiquitous human polyomavirus that
causes asymptomatic primary infection and establishes persis-
tent infection in several body sites, notably the kidney (5). In
immunocompromised individuals, such as recipients of hema-
topoietic stem cell transplantation or kidney transplantation
(KTx), BKV reactivation often occurs, as evidenced by viruria
and/or viremia (16, 18, 19). In a minority of individuals, BKV
can cause clinical disease, including hemorrhagic cystitis, ure-
teric stenosis, and BK virus-associated nephropathy (BKVN),
which is associated with significant morbidity and mortality in
KTx patients (29). The incidence of BKVN in KTx recipients
has increased in recent years due to the use of newer and more
potent immunosuppressive agents, suggesting that immune re-
sponses to BKV are important in control of the virus (18, 30).
Current treatment options for BKVN are limited to reduction
of immunosuppression and experimental use of cidofovir (20,
39). BK virus is closely related (�70% homology) to a second
human polyomavirus, JC virus (JCV), the etiologic agent of
progressive multifocal leukoencephalopathy (PML), a fatal de-

myelinating disease of the central nervous system seen in im-
munocompromised patients with AIDS or cancer or recipients
of organ transplantation (1). Two T-cell epitopes have been
identified within the JCV major capsid protein VP1, and cyto-
toxic T lymphocytes (CTLs) recognizing these epitopes have
been associated with control of the virus (12–14, 23).

Although limited investigations of T-cell immunity to BK
virus have been described (6, 7, 9, 10), these studies employed
BKV-infected cell lysates as complex antigens and did not
define the specific antigens or epitopes recognized by the im-
mune system. Knowledge of specific major histocompatibility
complex class I-restricted epitopes within BK virus antigens
could permit tracking of virus-specific CTLs in at-risk popula-
tions and analysis of the correlates of protective immunity to
this increasingly important pathogen. We have employed
transgenic (Tg) mice expressing human HLA-A*02 and in-
fected with recombinant modified vaccinia virus Ankara
(rMVA) expressing BKV antigens as a model system to ana-
lyze T-cell immune responses to BKV. We have also extended
these studies to investigation of immune responses to BKV in
healthy human volunteers and to KTx recipients.

MATERIALS AND METHODS

Study subjects. Peripheral blood mononuclear cells (PBMC) were collected
from 10 healthy HLA-A*02 donors at the City of Hope Comprehensive Cancer
Center and from two HLA-A*02 KTx recipients at the University of Washington
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Medical Center. KTx recipient 4 (KTx04) had documented BKV viremia and
viruria as measured by PCR, but no biopsy evidence of BKVN. KTx07 had
documented viruria, but no viremia or biopsy evidence of BKVN. The study
protocols were approved by the City of Hope and University of Washington
Institutional Review Boards, and specimens and data were obtained prospec-
tively after informed consent was obtained from the enrollees. HLA typing was
performed by PCR, as described elsewhere (24) for all patients or blood donors.

Peptides. Peptides were synthesized in our laboratory with a Symphony Quar-
tet peptide synthesizer (Protein Technologies, Inc., Tucson, Arizona) using stan-
dard 9-fluorenylmethoxy carbonyl protocols and purified to �95% purity by
high-performance liquid chromatography. The identities of the peptides were
confirmed by matrix-assisted laser desorption ionization–time of flight mass
spectrometric analysis using a Kompact Probe mass spectrometer (Kratos Ana-
lytical, Shimadzu Corp., Kyoto, Japan).

Tetramer construction. The HLA-A*02 BKV VP1p108 (BKV VP1 with the
sequence LLMWEAVTV corresponding to amino acid residues 108 to 116) and
HLA-A*02 JCV VP1p100 (peptide corresponding to the previously described
JCV VP1 homolog sequence ILMWEAVTL) tetramers were refolded, purified,
and conjugated to fluorochromes in our laboratory using previously described
methods (27).

Construction of rMVAs expressing BKV VP1. Nucleotide sequences corre-
sponding to the BKV VP1 open reading frame (ORF) sequence was cloned by
PCR amplification using as a template a genomic clone of the MM strain of BKV
(pBKV 33-1 [ATCC 45024]) obtained from the American Type Cell Culture
Collection (43). The amplification product was cloned into pCR2.1 and verified
by nucleotide sequencing before recloning into the recombination vector
pLW22. Generation and selection of rMVA were performed using previously
described methods (41). Verification of expression was done by immunostaining
of BHK monolayers infected with the rMVA with an antipolyomavirus antibody
(Novocastra).

Immunization of Tg mice and in vitro expansion of CTLs. The transgenic
mouse strain HHDII was obtained from F. Lemonnier (Pasteur Institute) (15).
This mouse expresses a transgenic monochain histocompatibility class I molecule
in which the C terminus of the human �2m is covalently linked to the N terminus
of a chimeric heavy chain (HLA-A*0201-�1, -�2, H-2Db-�3-transmembrane and
intracytoplasmic domains). Eight- to 12-week-old mice were immunized intra-
peritoneally with 3 � 107 to 5 � 107 PFU of rMVAs expressing BKV VP1. The
animals were sacrificed after 2 weeks and the spleens retrieved. Single-cell
splenocyte suspensions were prepared by passing the cells through a 70-�m
Falcon cell strainer (Becton Dickinson Labware, Franklin Lakes, NJ) using the
plunger from a sterile 1-ml syringe. Splenocytes were subjected to one round of
in vitro expansion as previously described (27). Briefly, splenocytes from immu-
nized animals were cocultured with peptide-loaded lipopolysaccharide blasts in
complete in vitro stimulation medium at a ratio of 3:1 for 7 days, with the
addition of 10% rat T-stim (Collaborative Biomedical Products, Bedford, MA).

Cytotoxicity assay. Cytolytic activity of effector cell populations was deter-
mined using a 4-h chromium release assay following one round of in vitro
stimulation, as previously described (8, 26). Jurkat A2.1 cells pulsed with 10 �M
of the relevant or control human immunodeficiency virus peptides were used as
targets for the chromium release assay. Jurkat A2.1 cells were loaded with 200
�Ci of Na51 CrO4

� (ICN, Costa Mesa, CA) for 1 h in a 37°C water bath and
further processed as described previously (26). Experimental evaluations were
performed in triplicate.

Intracellular cytokine assays. Splenocytes after 1 week of in vitro stimulation
were tested for intracellular gamma interferon (IFN-	) production by stimula-
tion overnight with 5 �M BKV VP1p108 or JCV VP1p100 peptide. The follow-
ing day, brefeldin A was added to all the cultures and incubation continued for
4 h. The cells were then washed with 3 ml phosphate-buffered saline containing
0.5% bovine serum albumin (PBS-0.5% BSA) before they were labeled for 20
min at 4°C with fluorescein isothiocyanate (FITC)-conjugated antibody to mu-
rine CD8 (Pharmingen). The cells were then washed again with PBS-0.5% BSA
before permeabilization (Cytofix/Cytoperm; Pharmingen) and labeling with al-
lophycocyanin (APC)- or phycoerythrin (PE)-conjugated antibody to IFN-	 for
30 min at 4°C. The cells were washed and analyzed on a FACSCanto flow
cytometer (Becton Dickinson).

In vitro stimulation of PBMC. Cryopreserved human PBMC were cultured in
24-well tissue culture plates at a density of 3.5 � 106/ml in RPMI 10 medium
containing 1 �g/ml of either BKV VP1p108 or JCV VP1p100 peptide at 37°C in
a CO2-gassed incubator. After 3 days, recombinant human IL-2 (National Insti-
tutes of Health [NIH] AIDS Research and Reference Reagent Program) was
added to 30 units/ml. Each 2 days thereafter, 50% of the culture medium was
removed and replaced by fresh medium containing recombinant IL-2. Incubation
was continued for 11 to 14 days before flow analysis.

Combined intracellular cytokine and CD107 mobilization/degranulation as-
say. This combined intracellular cytokine and CD107 mobilization/degranulation
assay was performed essentially as previously described (3). Cells from in vitro
stimulation cultures were washed once with RPMI 10 medium. Aliquots of 1 �
106 cells were labeled with tetramers in 100 �l of medium for 30 min at 37°C.
RPMI 10 medium (1 ml) and FITC-conjugated antibodies to CD107a and
CD107b (Pharmingen) were then added to each aliquot, followed by the addition
of costimulatory antibodies to CD28 and CD49d (Pharmingen) to 1 �g/ml each.
Antigenic peptides corresponding to those incorporated in the tetramers or
irrelevant peptides as controls were then added to some of the tubes to a final
concentration of 5 �
. Monensin (1 �l) (GolgiStop; Pharmingen) was added to
all the tubes before incubation at 37°C in a gassed incubator for 5 h. The cells
were then washed with 3 ml PBS-0.5% BSA before labeling for 20 min at 4°C
with PerCP (PhycoLink activated peridinin-chlorophyll-protein complex)-conju-
gated antibody to CD8 (Pharmingen). The cells were then washed again with
PBS-0.5% BSA before permeabilization (Cytofix/Cytoperm; Pharmingen) and
labeling with APC-conjugated antibody to IFN-	 (Pharmingen) for 30 min at
4°C. The cells were washed a final time and resuspended in 0.5 ml sheath fluid
for flow analysis. A primary gate was set on lymphocytes using forward and side
scatter, and a secondary gate was set on CD8� tetramer-binding cells. At least
100,000 events were collected per sample. The percentage of CD8� tetramer-
binding lymphocytes expressing elevated surface CD107a/b and secreting IFN-	
was determined by reference to controls incubated with costimulatory antibodies
to CD28 and CD49d but no peptides.

RESULTS

Prediction of HLA-A*02-restricted T-cell epitopes within
BKV VP1 polypeptide and evaluation in cell culture and a Tg
mouse model system. A panel of six candidate T-cell epitopes
(Table 1) were identified within the ORF encoding the BKV
VP1 major capsid polypeptide using computer-based algo-
rithms (SYFPEITHI, BIMAS, SVMHC, and FRAGPRE-
DICT) that predict 9- or 10-mer amino acid sequences likely to
be generated by proteasomal cleavage and to bind to HLA-
A*02. Peptides corresponding to these sequences were tested
for their ability to bind HLA-A*02 and stabilize its expression
on the surfaces of T2 cells deficient in the transporter associ-
ated with antigen processing. The levels of surface HLA-A2
were measured by staining the peptide-pulsed cells with a fluo-
rescently conjugated antibody to HLA-A2 and flow analysis.
Five of the six VP1 peptides (the exception being the p109-118
peptide) clearly showed positive HLA-A2 binding as measured
by an increase in relative fluorescence intensity on the surfaces
of the cells (data not shown).

A transgenic murine model was then used to test whether
peptides that showed positive HLA-A2 binding were gener-
ated by in vivo cellular processing of a full-length antigen
expressed in MVA used for immunization. HHD-II transgenic
mice were immunized intraperitoneally with rMVA expressing
BKV VP1. Expression of the BKV polypeptide from this
rMVA (a recombinant modified vaccinia virus Ankara express-
ing BKV VP1) was verified by immunostaining of infected
BHK monolayers (not shown). Two weeks following immuni-

TABLE 1. Candidate HLA-A2-restricted epitopes from BKV VP1

Positions Sequence

26–35 ..............................................................................KLLIKGGVEV
27–36 ..............................................................................LLIKGGVEVL
27–35 ..............................................................................LLIKGGVEV
108–116 ..........................................................................LLMWEAVTV
107–116 ..........................................................................NLLMWEAVTV
109–118 ..........................................................................LMWEAVTVQT
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zation, the mice were sacrificed, the spleens were harvested,
and the splenocytes were stimulated for 2 weeks in culture with
the individual VP1 peptides. Following in vitro stimulation,
immune splenocytes were tested for their abilities to lyse Jur-
kat A2 cells pulsed with cognate peptides and to produce
IFN-	 upon peptide stimulation in intracellular cytokine as-
says. The results of these experiments indicated that only pep-
tides VP1p108-116 and VP1p107-116 were recognized. The
shorter VP1p108-116 peptide, LLMWEAVTV, likely repre-
sents the minimal cytotoxic epitope and was designated BKV
VP1p108. The JCV homolog, ILMWEAVTL, which differs at
the C-terminal and N-terminal positions from the BKV VP1
sequence has been described as a functional HLA-A*02-re-
stricted T-cell epitope in humans (12, 14, 23). We synthesized
this peptide, designated JCV VP1p100, and compared it with
the BKV VP1p108 peptide in cytotoxicity and intracellular
cytokine assays using the murine effectors elicited by immuni-
zation with rMVA-BKV VP1 and expanded by stimulation
with BKV VP1p108 (Fig. 1). Both the intracellular cytokine
and the cytotoxicity results suggest that these Tg murine CTLs

recognized both the BKV and JCV VP1 homologs by cross-
reaction. Slightly higher cytotoxicity was seen towards target
cells pulsed with the BKV peptide, and somewhat higher
IFN-	 production was observed in response to stimulation with
the BKV peptide.

Detection of CTL populations recognizing the BKV
VP1p108 sequence among PBMC from HLA-A*0201 subjects.
We were interested in determining whether cross-reactivity
between two polyomavirus VP1 epitopes in Tg mice would also
be seen in the context of human lymphocytes. To facilitate this
analysis, we prepared an HLA-A*0201 tetramer incorporating
the BKV VP1p108 peptide. This tetramer (BKV VP1p108
Tet-APC) was used to screen PBMC samples from 10 healthy
donors and 2 kidney transplant recipients expressing the HLA-
A*0201 phenotype. To enrich for CD8� effector cells, the
PBMC samples were stimulated for 2 weeks in culture with the
VP1p108 peptide in the presence of IL-2 before tetramer anal-
ysis. The results, shown in Fig. 2, indicated that after this in
vitro expansion PBMC from 2 of the 10 healthy donors
(healthy or normal donor 4 [ND04] and ND07) had distinct

FIG. 1. Immune responses to BKV VP1p108 and JCV VP1p100 epitopes in transgenic mice immunized with rMVA expressing BKV VP1.
Transgenic HHD-II mice (four per group) were immunized intraperitoneally with 3 � 107 PFU of rMVA-BKV VP1. Two weeks after immuni-
zation, the mice were sacrificed, the spleens were harvested, and the splenocytes were cocultivated with syngeneic irradiated peptide-pulsed naı̈ve
mouse splenocytes. After 1 week, the cultures were tested for specific cytotoxicity versus A2-Jurkat cells pulsed with peptides (A) and in
intracellular cytokine assays for IFN-	 production on peptide stimulation (B). E:T ratio, effector-to-target cell ratio; CD8-FITC, FITC-conjugated
antibody to murine CD8; IFN-	-APC, APC-conjugated antibody to IFN-	.
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populations of CD8� T lymphocytes that bound BKV
VP1p108 tetramer. Two more individuals (ND02 and ND06)
may also have had very small tetramer-binding populations
that were difficult to resolve from the assay background. The
samples from one of two kidney transplant recipients tested
harbored a large population of BKV VP1p108 tetramer-bind-
ing cells after stimulation. The frequency of these cells was
10-fold higher than that seen in the two positive healthy donors
(24.9% of CD8� T cells after amplification versus 1.9% and
3.3%). Labeling of unstimulated PBMC from donors ND04
and ND07 with the BKV VP1p108 tetramer did not detect any
specific binding above background (data not shown), indicating
that the levels of these CTL precursors in PBMC were below
the detection limit of the tetramer-binding assay (approxi-
mately 0.05% of CD8� PBMC).

Functionality and specificity of the CD8� T-cell population
labeled by the BKV VP1p108 tetramer. To address this ques-
tion of functionality and specificity, we employed a modifica-
tion of a recently described flow-based assay (3, 4, 42) that

combines tetramer binding, intracellular cytokine reactivity,
and measurement of CD107 binding. We have previously used
a simpler version of this assay to investigate the functionality of
cytomegalovirus-specific T cells (25). PBMC are first stained
with tetramer and then stimulated for 4 h in culture with
peptide in the presence of costimulatory antibodies and fluo-
rescently conjugated antibodies to the lysosome-associated
membrane proteins LAMP-1 (CD107a) and LAMP-2
(CD107b), present on the membranes of the cytotoxic gran-
ules. Monensin is also added to the culture to inhibit secretion
of cytokines and to neutralize the pH within the cytotoxic
granules that would quench fluorescence of fluorochrome con-
jugated to the CD107a and CD107b antibodies. If the cells
recognize the peptide, then during this incubation step, en-
gagement of the T-cell receptor by the complex formed by the
peptide and major histocompatibility complex class I molecule
will result in production of IFN-	, mobilization of the cytotoxic
granules to the cell surface, fusion with the plasma membrane,
and exposure of the CD107a and CD107b markers to the

FIG. 2. Screening PBMC from healthy donors and KTx recipients for CTLs recognizing the BKV VP1p108 epitope. PBMC from 10 healthy
donors (ND01 to ND10) and from two KTx recipients expressing the HLA-A*02 haplotype were stimulated once in culture with the BKV VP1p108
peptide in the presence of 30 U/ml recombinant IL-2. After a 14-day incubation period, the cultures were stained with FITC-conjugated antibody
to CD8 (CD8-FITC) and with BKV VP1p108 Tet-APC before flow analysis. All plots are gated on lymphocytes by forward versus side scatter.
Probable tetramer-binding populations are circled for emphasis, and their frequencies are indicated as a percentage of CD8� T lymphocytes.
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exterior milieu to be labeled by the fluorescently conjugated
antibodies to these markers. The cells are then fixed, perme-
abilized, and stained with fluorescently conjugated antibodies
to IFN-	 and to CD8 before flow analysis (3).

Figure 3 shows the result of a representative experiment on
PBMC from ND07. Similar results were obtained with PBMC
from ND04 (data not shown). Stimulation in culture with ei-
ther the BKV VP1p108 or JCV VP1p100 peptide induced
IFN-	 secretion and degranulation by the majority (58% or
59%) of the BKV VP1p108 tetramer-binding CD8� T cells. In
this assay, we observed a noticeable background (approxi-
mately 11%) of tetramer-binding cells with nonspecific degran-
ulation and a smaller proportion of cells (approximately 4.5%)

with both degranulation and IFN-	 production. This back-
ground may be due to the analysis being performed on PBMC
that had been stimulated for 2 weeks in culture, since less
background is seen with unstimulated PBMC (25). Stimulation
with a combination of the two peptides only slightly increased
the proportion of cells that degranulated and produced IFN-	,
indicating a high degree of overlap between the cells respond-
ing to the BKV VP1p108 peptide and those responding to the
JCV VP1p100 peptide (Fig. 3). These experiments suggest that
the majority of the CD8� T cells bound by the BKV VP1p108
tetramer are functional CTLs, as assessed by mobilization of
cytotoxic granules and cytokine production, and further, that
they recognize both the BKV and JCV peptides.

FIG. 3. Functionality of BKV VP1p108 tetramer-binding cells. PBMC from donor ND07 were expanded by in vitro stimulation with the BKV
VP1p108 peptide in the presence of 30 U/ml recombinant IL-2. The expanded cell culture was then labeled with BKV VP1p108 Tet-APC and
restimulated in culture for 4 h with peptides in the presence of costimulatory antibodies, monensin, and FITC-conjugated antibodies to CD107a
and CD107b (�-CD107a/b-FITC) before permeabilization and labeling with a CyChrome-conjugated antibody to CD8 and a PE-conjugated
antibody to IFN-	 (�-IFN-	-PE). For more details, see Materials and Methods. For flow analysis, a primary gate was set on lymphocytes by forward
versus side scatter, and in the case of the four CD107 versus IFN-	 plots, a primary gate was set on tetramer-positive cells. The values in the plot
quadrants indicate cell numbers as a percentage of CD8�/BKV VP1p108 tetramer-positive lymphocytes.

11174 KRYMSKAYA ET AL. J. VIROL.



Investigation of antigenic specificity of CD8� T cells by
simultaneous staining with BKV and JCV VP1 tetramers. We
tested CD8� T cells expanded from human PBMC samples in
response to stimulation with the BKV VP1p108 or JCV
VP1p100 peptide for cross-recognition using VP1-specific tet-
ramers. The JCV VP1p100 peptide was refolded into an
HLA-A2 tetramer conjugated with the fluorescent molecule
phycoerythrin. Since the BKV VP1p108 tetramer (Tet) was
conjugated to allophycocyanin, this permitted the discrimina-
tion in flow cytometry between populations of cells binding
either or both tetramers. We used PBMC from KTx07 for this
experiment and stimulated aliquots of these cells in culture
either with BKV VP1p108 peptide or with JCV VP1p100 pep-
tide for 2 weeks in the presence of IL-2. Following this expan-
sion, the cells were labeled with either BKV VP1p108 Tet-
APC or JCV VP1p100 Tet-PE or with both tetramers together.
For purposes of comparison, unstimulated PBMC from this
subject were also labeled with these tetramers. The results are
presented in Fig. 4 and show that in the absence of in vitro
stimulation, the tetramer-binding cells were infrequent, close
to assay background. However, double staining with the PE-

and APC-conjugated tetramers assisted in the resolution of
these cells (circled in the upper right-hand plot of Fig. 4) and
permitted a more confident estimation of their frequency as
approximately 0.6% of CD8� lymphocytes in this unstimulated
sample.

Stimulation with the BKV VP1p108 peptide (Fig. 4) ex-
panded a sizeable population of tetramer-binding cells (30.3%
binding the BKV tetramer and 20.1% binding the JCV tet-
ramer). The majority (84%) of these tetramer-binding cells
could simultaneously bind both the JCV and BKV tetramers
(right plot of the middle row). Stimulation with the JCV
VP1p100 peptide (Fig. 4) expanded a smaller population of
tetramer-binding cells (4.4% binding the BKV tetramer and
3.7% binding the JCV tetramer). This difference in expansion
efficiency could reflect a higher affinity of the CTL precursors
within the PBMC for the BKV version of the epitope peptide.
Again, a somewhat smaller majority (63%) of these tetramer-
binding cells could simultaneously bind both the JCV and the
BKV tetramers (right plot of the bottom row). This difference
could reflect expansion in response to stimulation with the

FIG. 4. Costaining of PBMC and peptide-stimulated cell cultures from a KTx recipient with BKV and JCV VP1 tetramers. The top row of plots
represent analyses performed on unstimulated, uncultured, cryopreserved PBMC from subject KTx07. The center row of plots represent analyses
on an aliquot of these PBMC stimulated in culture with BKV VP1p108 peptide in the presence of recombinant IL-2. The bottom row represent
analyses on an aliquot of these PBMC stimulated in culture with JCV VP1p100 peptide in the presence of recombinant IL-2. The cells were labeled
with either BKV VP1p108 Tet-APC (left column) or JCV VP1p100 Tet-PE (center column) or both (right column). The values in the plot
quadrants indicate tetramer-binding cell numbers as percentages of CD8� lymphocytes. Plots in the right column represent analyses performed
by gating on CD8� lymphocytes. The double tetramer-positive population within the unstimulated PBMC is circled for emphasis. �CD8-FITC,
FITC-conjugated antibody to murine CD8.
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JCV peptide of a population of cells that bind the JCV tet-
ramer but not the BKV tetramer.

We also investigated the effect of titration of the relative
amounts of the two tetramers used to label these samples.
Briefly, we found that increasing the amount of JCV VP1p100
tetramer while keeping the amount of BKV VP1p108 tetramer
constant did not alter the proportion of the CD8� cells binding
either or both tetramer (data not shown). Thus, the results of
these competitive tetramer-binding experiments did not alter
our key finding of a high degree of cross-reactivity between the
BKV and JCV variants of this T-cell epitope.

DISCUSSION

We have demonstrated that immunization of Tg mice with
rMVA expressing BKV VP1 leads to the production of CTLs
recognizing the BKV VP1p108 epitope LLMWEAVTV and
cross-recognizing the JCV VP1 homolog sequence ILMWEA
VTL. We have also shown that healthy seropositive HLA-A2
individuals and a KTx recipient also harbor low frequencies of
CTL precursors that can be expanded by stimulation with ei-
ther peptide into functional CTLs recognizing this BKV
epitope and cross-recognizing the JCV homolog sequence.
This HLA-A*02-restricted epitope is the first T-cell epitope
that has been defined for BKV, offering the prospect of being
able to use peptides and tetramers corresponding to this
epitope to monitor immune responses to this virus in at-risk
populations.

The results described in this report suggest a need to reap-
praise the data presented in a series of studies published by I. J.
Koralnik, R. A. Du Pasquier, N. L. Letvin, and colleagues (13,
14, 23). These investigators identified the JCV VP1p100
epitope sequence by using a computer-based epitope predic-
tion method similar to the method that we employed in this
study (23). They used a peptide corresponding to this JCV
VP1p100 epitope and a tetramer incorporating this peptide as
tools to identify CTLs recognizing this epitope in HLA-A*02
human immunodeficiency virus-positive PML survivors (23)
and in healthy individuals (14). Correlation of clinical PML
status and the presence of CTLs recognizing this epitope was
used to demonstrate an association between these cells and the
early control of PML (13, 23). However, as we have demon-
strated in the present study, the JCV VP1p100 epitope peptide
and tetramer are not JCV specific, since they both cross-react
with cells elicited in response to and recognizing the BKV
homolog. Koralnik and colleagues did not report the BKV
serostatus of their subjects. Several studies have shown that
both JCV and BKV are common in most adult populations but
that JCV is less prevalent than BKV (22, 31, 37). Knowles and
colleagues reported 81% seropositivity for BKV and 35% se-
ropositivity for JCV in a survey of 2,435 serum samples from
1991 (22). These types of studies are complicated by substan-
tial serological cross-reactivities between antibodies to these
two human polyomaviruses (40). However, antibody adsorp-
tion studies have shown that some individuals experience in-
fection by both JCV and BKV (17), and this is further sup-
ported by PCR studies of polyomavirus shedding in urine that
indicates coinfection in a minority of patients (2, 32, 36). Du
Pasquier and colleagues also reported a second HLA-A2-re-
stricted epitope within the JCV VP1 polypeptide (12, 14). This

epitope, SITEVECFL, at position 36 within the ORF, differs
by only the N-terminal amino acid from the BKV homolog
AITEVECFL. It will be of interest to determine whether the
latter sequence represents an immunodominant epitope of
BKV and if so, whether a similar situation to JCV VP1p100/
BKV VP1 p108 exists. We are currently addressing this ques-
tion as part of our ongoing investigations into BKV immunity.

Our results indicate that T-cell responses recognizing the
JCV VP1p100 epitope may have arisen from either JCV or
BKV infection or both. The relative antigenicity of these two
viruses in the context of this epitope may thus be influenced by
their replication kinetics, tissue tropism, and other biological
parameters. The significantly higher levels of BKV/JCV VP1-
specific CD8� T cells seen in one of two KTx recipients tested
compared to the 10 healthy donors examined suggest the pos-
sibility that the documented BKV reactivation in this immu-
nocompromised individual may have driven expansion of CTL
precursors recognizing this epitope. We note that while this
individual (KTx07) had documented viruria, viremia was not
seen, suggesting more immune control over BKV replication
than in subject KTx04, who experienced both viremia and
viruria in the absence of detectable BKV VP1p108-specific T
cells. Further investigation of T-cell immunity to BKV in a
cohort of similar KTx recipients will be needed to address
these issues, and this is currently in progress. It will be neces-
sary to stringently determine which individuals in future study
cohorts are infected with BKV and/or JCV using serological
and/or PCR methods that can discriminate between the two
viruses.

Given that these T-cell immune responses have been re-
ported to protect against PML (11, 13, 23), it follows that prior
BKV infection may cross-protect against JCV disease. Con-
versely, it may also imply that JCV infection could induce
T-cell responses that might be protective against BKV-associ-
ated nephropathy. Many examples, mostly in murine models,
of cross-reactive CTLs recognizing conserved epitopes en-
coded by families of related or even unrelated viruses have
been described (for a recent review, see reference 34). CTLs
recognizing a H-2kd-restricted epitope within the Ross River
virus capsid cross-react with a range of other alphaviruses,
including Sindbis and Semliki Forest viruses (28). Lymphocytic
choriomeningitis virus-specific murine CTLs have been shown
to be activated by infection with murine cytomegalovirus, vac-
cinia virus, or Pichinde virus (35). Similarly, cross-reactive, and
in some cases, protective CTLs have been described for han-
taviruses (38), influenza virus (33) and Epstein-Barr virus (21)
subtypes. There is thus precedence for the possibility that CTL
responses to one human polyomavirus could reduce the like-
lihood of infection and/or disease by the other virus.

These findings may have implications for the monitoring of
at-risk populations for BKV and/or JCV disease and possibly
for the design of immunointerventive therapies that could be
targeted against both human polyomaviruses.
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