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Efficient protocols to generate cytomegalovirus (CMV)-specific T cells are required for
adoptive immunotherapy. Recombinant Epstein-Barr virus (EBV) vectors called mini-
EBV can be used to establish permanent B cell lines in a single step, which present the
CMV antigen pp65 in a constitutive manner. These B cell lines, coined pp65 mini-LCL,
were successfully used to reactivate and expand CMV-specific cytotoxic T cells. Here we
evaluate this pp65 mini-EBV system in closer detail, focusing on (1) the quantification of
T cells with specific effector function and (2) the identification of CMV-specific CD4™
helper T cells. The co-expansion of various functional CMV epitope specificities was
demonstrated by IFN-y enzyme-linked immunospot assay (ELISPOT) assays and HLA-
peptide tetramer staining. Single-cell cloning resulted in both CD4" and CD8™" T cell
clones, the majority of which was CMV specific. Thus, mini-LCL present the pp65
antigen on HLA class I and II, mobilizing both arms of the T cell response. Using a
peptide library covering the pp65 sequence for further analysis of T cell clones, we
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identified new pp65 CD8* and CD4™" T cell epitopes.

Introduction

Cytomegalovirus (CMV) continues to be a major clinical
problem in immunocompromised patients, like those
undergoing allogeneic hematopoietic stem cell trans-
plantation (SCT) [1]. CMV disease is considered to
result from the lack of virus-specific T cells, since the
presence of CMV-specific T cells in sufficient numbers
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was shown to be associated with protection [2].
Antiviral medication can protect from fatal CMV disease,
but comes with side effects which limit overall benefit
[3]. Antivirals also favor late-onset CMV disease [4], and
the occurrence of resistant CMV strains [5]. In search of
therapeutic alternatives, the reconstitution of protective
T cell immunity by adoptive transfer of CMV-specific
T cells has been successfully performed [5-8].

To select for and expand CMV-specific T cells from
peripheral blood cells in vitro, various kinds of antigen-
presenting cells (APC) and methods of antigen delivery
to these APC have been used, often focusing on the
dominant CMV antigen pp65. CMV-infected fibroblasts
as APC [6] have generally been replaced either by

www.eji.de



Eur. J. Immunol. 2005. 35: 2110-2121

unseparated PBMC [5] or by defined professional APC
populations such as dendritic cells (DC) [9-12] or
activated B cells [13, 14]. The CMV antigenic stimulus
has been provided by infection of APC with recombinant
viral vectors introducing relevant CMV antigens [9, 10,
13, 14], loading with epitope peptides [12] or CMV
protein lysates [5, 11].

Many of these studies focused on demonstrating the
generation of CD8" cytotoxic T cell cultures in vitro.
However, clinical studies on CMV indicated that the
acquisition of both CD8* and CD4" antigen-specific
T cells was necessary for long-term maintenance of
specific T cell immunity and therapeutic efficacy [5, 7,
8]. CD4" Tecells have an important role in the
establishment of a functional CD8" T cell memory
[15, 16]. In addition, CD4* T cells have a direct antiviral
effect due to their secretion of effector cytokines, and
can also exert direct virus-specific cytolytic activity [17].
Therefore, the use of both CD4" and CD8" T cells,
preferably recognizing various different CMV epitopes,
would be highly desirable for immunotherapy. However,
whether a proliferating cell line with a constant
phenotype, serving as a permanent source of APC,
can be used for the generation of both CD8* and CD4*
CMV-specific T cells recognizing various epitopes re-
mains to be shown.

We have previously presented a method for expand-
ing CMV-specific cytotoxic CD8* T cells using a novel
kind of renewable APC, called mini-LCL [18]. Mini-LCL
are generated with the aid of a multifunctional "mini"-
Epstein-Barr virus vector (mini-EBV) that mediates

Table 1. CD8" T cell epitopes investigated in this study®

Immunity to infection

growth transformation of B cells and expression of
the pp65 antigen. Here, we reinvestigated the in vitro
stimulation of CMV-specific T cells with the pp65 mini-
EBV system, with a focus on (1) the monitoring of the co-
expansion of CMV- and EBV-specific CD8* T cells by a
combination of functional and phenotypic assays, (2)
the quest for CMV-specific CD4 ™" helper T cells, and (3)
the use of the mini-LCL system as a tool to identify new
CMV-specific CD8" and CD4™" T cell epitopes.

Results

Co-expansion of CMV- and EBV-specific CD8"
T cells with pp65 mini-LCL

We have shown previously that stimulation of PBMC
from CMV/EBV-seropositive donors with autologous
pp65 mini-LCL yielded CMV/EBV-specific T cell cultures
that displayed a predominantly pp65-specific cytotoxic
reactivity. The presence of T cells specific for CD8™ T cell
epitopes of CMV and EBV was shown by HLA-peptide
tetramer staining [18]. Now we wanted to determine the
proportions of functional CMV and EBV antigen-specific
T cells in such cultures, and relate these numbers to the
initial frequencies in PBMC ex vivo. In a pilot experi-
ment, we used cells from donor 1, with an HLA type for
which CD8™ T cell epitopes of pp65 and an EBV latent
cycle protein were known (the Al-restricted pp65
epitope YSE, and the B8-restricted EBNA3A epitope
QAK; see also Table 1). To quantify functional epitope-

Abbreviation HLA Antigen Position, aa Sequence

YSE Al pp65 363-373 YSEHPTFTSQY
NLV A2 pp65 495-503 NLVPMVATV
ATV All pp65 501-509 ATVQGQNLK
TPR B7 pp65 417-426 TPRVTGGGAM
RPH B7 pp65 265-274 RPHERNGFTV
IPS B35 pp65 123-131 IPSINVHHY
FPT B3502 pp65 188-195 FPTKDVAL
VAF Cw12 pp65 294-302 VAFTSHEHF
RRR P B14 pp65 539-547 RRRHRQDAL
NQw P B3501 Pp65 173-181 NQWKEPDVY
CLG A2 EBV LMP2 426-434 CLGGLLTMV
RPP B7 EBV EBNA3A 379-387 RPPIFIRRL
QAK B8 EBV EBNA3A 158-166 QAKWRLYTL
YPL B35 EBV EBNA3A 458-466 YPLHEYHGM

3 For an overview of known CMV pp65 CD8* epitopes, see [13, 29]; for known EBV epitopes, see [30].

Y Epitopes identified in this study.
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Fig. 1. Expansion of CMV- and EBV-specific T cells by pp65
mini-LCL stimulation. T cells specific for the CMV pp65 epitope
YSE and the EBV EBNA3A epitope QAK (see Table 1) were
quantified by HLA/peptide tetramer staining (A) or IFN-y
ELISPOT assay (B), ex vivo (day 0) and after the indicated
periods of expansion. The detection limit is indicated by a
dotted line. Total cell numbers (C) were determined by

counting trypan blue-excluding cells. T cells and stimulators
were from donor 1.

specific T cells ex vivo and after different periods of
cultivation, we used an IFN-y ELISPOT assay. Fig. 1
shows the combined functional (ELISPOT) and pheno-

Table 2. HLA types of donors
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typic (tetramers) analysis of epitope-specific T cells from
donor 1 ex vivo and at various times of cultivation. Both
methods of analysis consistently showed that T cells
specific for the CMV pp65 epitope YSE were more
frequent than T cells specific for the EBV latent protein
epitope QAK. A considerable absolute expansion of the
T cell culture as well as a relative increase in T cells
specific for either of both epitopes was obvious. On
day 0, numbers of phenotypically detectable T cells
were higher than numbers of functional T cells for the
pp65 epitope (no T cells were detectable for the EBV
epitope). At later times, however, numbers of tetramer-
staining T cells and of IFN-y-secreting T cells approxi-
mately correlated.

Analysis of polyclonal T cell cultures from donors
with diverse HLA backgrounds

Next, we generated T cell cultures from four additional
donors seropositive for both CMV and EBV (donors F45,
F46, F60 and F62). The donors covered a range of
different HLA types (Table 2). We ensured peptides and
tetramers for at least one CMV and one EBV epitope for
each donor's HLA type were available, but had no prior
knowledge about epitope specificities actually recog-
nized by the donors' T cells. For this series of experi-
ments, we used cell culture medium supplemented with
2% human AB serum only. We found that T cell cultures
could be maintained and expanded by pp65 mini-LCL
stimulation under these conditions. However, expansion
was not as effective as under conditions using 10% FCS
(Fig. 2A). Flow cytometric analysis showed that the
cultures contained CD8* T cells, CD4* Tcells and
CD4°CD8™ cells, usually in this order of decreasing
frequency (Fig. 2B).

In all of these T cell cultures, CMV and EBV epitope-
specific T cells were quantified ex vivo and after several
rounds of cultivation, using a functional assay (IFN-y
ELISPOT) and a phenotypic assay (HLA-peptide tetra-
mer staining; for an example, see Fig. 2C). In all four
donors, an expansion of T cells specific for at least one
pp65 epitope was demonstrated by tetramer staining
and the ELISPOT assay. In most cases, the order of

Donor HLA-A* HLA-B* HLA-C* HLA-DQ* HLA-DRB1* DRB3/4/5
W 1 8, 62 3,7 n. d.® n. d. n. d.

F45 1, 68 8, 14 7,8 3,6 13, 15 3,5

F46 3,11 7, 3501 4,7 6 13, 15 3,5

F60 2, 26 7,38 7, 1203 1,6 8,13 3

F62 3 3501, 52 4,1202 1,6 1,15 3

3 n. d., not determined.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 2. Establishment of T cell cultures of four donors under xenogeneic serum-free conditions. In (A) the expansion of T cell
cultures from 4 donors (F45, F46, F60, F62) is shown. For comparison, cell numbers for the T cell culture of donor 1 (cultivated with
FCS) are also given. The phenotype of T cell cultures was analyzed by flow cytometry near the end of the cultivation period (B), on
day 53 (donors F45 and F46) or day 44 (donors F60 and F62) of cultivation. Epitope-specific T cells were detected by HLA/peptide
tetramer staining. Such an analysis is shown for donor F46 (C). Tetramers representing two pp65 epitopes (TPR and IPS) and an
epitope from an EBV latent cycle antigen (RPP) were used. For T cell epitopes, see Table 1.

frequencies of CMV epitope specificities was preserved
during cultivation. For a given epitope and donor,
numbers of active effector (IFN-secreting) T cells tended
to be lower than numbers of tetramer-staining T cells,
but usually represented a significant proportion of the
latter. Unlike CMV-specific T cells, EBV epitope-specific
T cells tended to expand less strongly or in some cases
even to decrease over time. Additionally, we performed
intracellular IFN-y staining of Tcells after brief
stimulation with pp65 mini-LCL or control mini-LCL
(Fig. 3C). While a quantitative interpretation was
hindered by the lack of a clear separation of IFN-y-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

positive and -negative T cells, the results gave a first
indication that both CMV-specific CD8" and CD4"
T cells were present.

Consistent with these results, there was a strong
cytotoxic reactivity of the T cell cultures against targets
endogenously expressing pp65 or exogenously loaded
with pp65 peptides, as shown in Fig. 4 for donor F45
(top) and donor F60 (bottom). Lysis of targets
expressing only EBV antigens was weaker. The cytotoxic
reactivity was HLA restricted, mismatched target cells
were not lysed.
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Fig. 3. Virus-specific T cells in cultures from four donors. Numbers of T cells specific for various epitopes from pp65 and
immunodominant EBV latent proteins were determined by HLA/peptide tetramer staining (A) or IFN-y ELISPOT assay (B) at the
start of cultivation (day 0) and at later times. Epitopes are designated with their three-letter abbreviation (see Table 1). CMV pp65
epitopes are represented by closed symbols and continuous lines, EBV latent cycle epitopes by open symbols and dashed lines. For
two of these T cell lines, CMV-specific T cells were also visualized by increased intracellular staining for IFN-y after short-term
stimulation with pp65 mini-LCL as compared to stimulation with control mini-LCL (C).

Clonal analysis of pp65 mini-LCL-stimulated
T cell cultures

While there was a clear pp65-specific reaction pattern of
the pp65 mini-LCL-stimulated T cell cultures, epitope-
specific assays never accounted for more than 20% of
total cell numbers (Fig. 3). Therefore, we were
interested in characterizing the specificity of the
remaining T cells. Formal single-cell clones were
established from the T cell cultures of three donors.
Cloning was performed at day 45 (donors F45 and F46)
or day 31 (F62) of polyclonal cultivation, and cloned
T cells were nonspecifically expanded. Between 44 and
85 clones of each donor were screened for pp65
specificity by an IFN-y ELISA with pp65 mini-LCL and
control mini-LCL as stimulators, and tested for their
expression of CD4 and CD8. In each of the three donors,
the majority of T cell clones displayed CMV-specific IFN-
v release (Table 3), showing that among those T cells
with sufficient proliferative potential to grow out as
clones, CMV-specific T cells indeed predominated.
Clones displaying the CD8" phenotype were predomi-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nant among CMV-specific T cell clones, but, in two of the
three donors, CD4™ T cell clones were also found in
significant proportions, demonstrating that pp65 mini-
LCL could reactivate and select for CMV-specific CD4™"
as well as CD8™ T cells.

To determine the HLA restriction of the CD4" and
CD8™ T cell clones, we tested their reactivity against
allogeneic target cells with a panel of HLA class II and
class I allele matches. In donor F46, individual CMV-
specific CD8" T cell clones exhibited one of three
different reactivity patterns, consistent with HLA
restrictions through HLA-B*07, A*11 and B*3501,
respectively (Fig. 5A). For CD4™" clones from the same
donor three patterns were found, indicating restriction
through HLA-DRB1*13, DRB1*15 and DRB5 (Fig. 5B).
HLA restrictions of all Tcell clones analyzed are
summarized in Table 4. HLA restriction was especially
diverse in donor F46 (six different HLA class I and II
restrictions), but the other two donors' clones also
displayed at least three different HLA restriction
patterns. Remarkably, several clones from donor 45
showed reactivity restricted through HLA-B*14, a
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Fig. 4. Cytotoxic reactivity of T cell cultures from donor F45 (A)
and donor F60 (B). Reactivity was tested against autologous
target cells (pp65 mini-LCL, black bars, and control mini-LCL,
white bars) and allogeneic targets matched for HLA class I
alleles as indicated. To test for epitope-specific cytotoxic
reactivity, autologous EBV-free B lymphoblasts (hatched bars),
loaded with epitope peptides as indicated, were used as targets.
Experiments were performed at day 36 (donor f45) or day 37
(donor F60) of cultivation. An effector-to-target ratio of 8 was
used.

Immunity to infection

restriction element for which no pp65 epitope has been
described so far. The same is true for the DRB5
restriction displayed by clones from donor F46.

Selected CMV-specific CD4* Tcell clones from
donors F46 and F62 were also tested for their cytokine
secretion profile by ELISA assays. Besides IFN-y, both
tested T cell clones secreted the effector cytokines TNF-
a, GM-CSF and IL-2 in an antigen-specific and HLA-
restricted manner, but differed in the amounts of the
individual cytokines (Fig. 6).

Identification of pp65 CD8* and CD4" epitopes

Since we were unable to detect any reactivity of some of
the CD8™" T cell clones from donor F46 against well-
established CMV epitopes for the relevant restriction
elements (see Table 1), we sought to determine the
epitope specificity of these clones using an overlapping
peptide library covering the complete pp65 sequence. As
previously described [19], the 138 peptides of this
library were used to compose two sets of 12 peptide sub-
pools each in a cross-matrix orientation, which enabled
the pp65 subsequence recognized by the T cell clone to
be define using only 24 individual reactions. Fig. 7 A
shows some typical results. For example, clone 14 from
donor F46 only reacted with "vertical" pools 7 and 8 and
"horizontal" pool 16, making it likely that the epitope
recognized by this clone was to be found in the overlap
region of two neighboring peptides, one present in pools
7 and 16, the other in pools 8 and 16; this overlap region
has the sequence NQWKEPDVYYT, previously suspected
of containing an HLA-B*3501-restricted epitope [19].
This region contains the nonameric sequence
NQWKEPDVY carrying the typical C-terminal tyrosine
"anchor residue". We tested the reactivity of our T cell
clones against this nonamer and confirmed NQWKEPD-
VY as an HLA-B*3501 epitope (Fig. 7B). Two out of two
B*3501-restricted T cell clones analyzed from donor F46
recognized this epitope, consistent with ELISPOT data
indicating dominance of this epitope over the B*3501-
restricted epitope IPS in donor 46 (Fig. 3). Analogously,

Table 3. Clonal analysis of pp65 mini-LCL-generated T cell cultures

Antigen specificity

cMV @ EBV or other ¥ Nonreactive
Donor CD8+ CD4+ CD8+ CD4+ CD8+ CD4+
F45 61 0 9 1 7 7
F46 16 11 8 2 4 3
F62 59 4 2 0 12 3

3 T cell clones were considered CMV-specific when they secreted at least three times the amount of IFN-y after challenge with

pp65 mini-LCL than after challenge with mini-LCL.

b T cell clones recognizing both pp65 mini-LCL and control mini-LCL.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 4. HLA restriction and epitope specificity of pp65-specific clones
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Fig. 5. Antigen specificity and HLA restric-
tion of pp65-specific CD8" and CD4" T cell
clones, generated from pp65 mini-LCL-sti-
mulated T cell cultures from donor F46.
Three CD8" T cell clones (A) and three CD4*
T cell clones (B) were tested in an interferon-
v ELISA for their activation by cocultivation
with various stimulator cells. Stimulators
were pp65 mini-LCL (black bars) or control
mini-LCL (white bars) from the autologous
donor ("auto") or from diverse allogeneic
donors ("allol" etc.), whose HLA class I or
classII alleles are stated for the experiments
involving CD8" or CD4" T cells, respectively.

HLA alleles that match with those of the
T cell donor are written in boldface.

Donor HLA No. of HLA-  Epitope recognized Amino acid  No. of Reference

restriction restricted position in epitope-
clones pp65 specific clones

F45 A’68 8 n.d. - - -
B*14 11 RRRHRQDAL 539-547 5/5 This study
n.d.? 20 n.d. - - -

F46 A*11 4 ATVQGQNLK 501-509 3/3 [13]
B*07 4 TPRVTGGGAM 417-426 1/4 [31]
B*35 8 NQWKEPDVY 173-181 2/2 This study
DRB1*13 5 (QPFM)RPHERNGFTVL(CPKN) ®  261-279 1/1 [22]
DRB1*15 1 MSIYVYALPLKMLNI 109-123 1/1 This study
DRB5 2 (AGIL)ARNLVPMVATV(QGQN) ¥ 489-507 1/1 [21, 22]

F62 A*03 3 n.d. - - -
Cw*12 15 VAFTSHEHF 294-302 1/3 [13]
DRB1*01 4 (GQNL)KYQEFFWDAND(IYRI) ®  505-523 1/1 [21, 22]

3 CD8" T cell clones that did not recognize any available partially HLA class I-matched target cells.

®) Two 15-mer peptides, overlapping by 11 amino acids, were both recognized.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji.de
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we identified the HLA-A*11-restricted epitope

ATVQGQNLK and the HLA-Cw*12-restricted epitope
VAFTSHEHEF, both recently described by Kondo et al.
[13], to be target epitopes of our T cell clones.

For donor 45, the T cell clones displaying the novel
HLA-B*14 restriction were analyzed with the peptide
library (Fig. 6A), and the 15-mer PAAQPKRRRHRQDAL
was found to be recognized. The nonameric sequence
RRRHRQDAL, being in very good accordance with the
established HLA-B*14 motif [20] (xRxxRxxxL), was
found to be recognized by 5 out of 5 evaluable HLA-
B*14-restricted T cell clones, confirming RRRHRQDAL
as a new CD8" T cell epitope of pp65.

For each HLA class II restriction displayed by our
CMV-specific CD4™ T cell clones, a representative clone
was tested for epitope specificity using the pp65 peptide
library (Table 4). Two previously described CMV epitope
specificities [21, 22], restricted through HLA-DRB1*01
and DRB1*13, were confirmed. Our DRB5-restricted
T cell clone recognized amino acids 489-507, already
described as a presumably DR11-restricted epitope [21,
22]. This sequence, which also contains the HLA class I

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Fig. 6. Cytokine secretion profile of CMV-specific T cell
clones. T cells were stimulated with various mini-LCL
targets for 32 h or left unstimulated, as indicated.
Cytokine concentrations were determined by ELISA:
1,000 pg/ml correspond to 0.005 pg cytokine per T cell.

no stimulators 4

(HLA-A2) epitope NLVPMVATV, can therefore be
presented by at least two different class II molecules.
Another pp65 subsequence (amino acids 109-123), to
our knowledge previously undescribed, represents a
new CD4" Tcell epitope restricted through HLA-
DRB1*15.

Discussion

In this study, we present a refined analysis of CMV-
specific T cell cultures generated by stimulation of
PBMC with permanent APC lines, the autologous pp65
mini-LCL. These mini-LCL are activated B cell lines
stably carrying a recombinant mini-EBV episome that
simultaneously mediates expression of the foreign
antigen pp65 and growth transformation of the cell
line [18]. The efficient routine generation of autologous
mini-LCL that are free from wild-type EBV or helper
virus is based on a packaging system for EBV vectors
[23], by which EBV vector plasmids are enveloped with
an intact EBV coat. To our knowledge, this is to date the
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Fig. 7. Identification of the epitopes recognized by pp65-specific CD8" T cell clones. Results are shown for an HLA-B*14-restricted
T cell clone from donor F45 (A and B, left) and an HLA-B*3501-restricted clone from donor F46 (A and B, right). The epitope-
containing region was determined using a 15-mer peptide library covering the pp65 sequence, as described in the main text. T cell
clones were tested for reactivity against autologous mini-LCL pulsed with peptide sub-pools (A) in an IFN-y ELISA. Candidate
nonameric epitope peptides were then prepared and similarly tested in ELISA assays (B).

only gene vector system that can confer these three
constitutive properties by means of a single infection
step: foreign antigen expression, induction of a profes-
sional APC phenotype, and growth transformation.
Therefore, we anticipate that pp65 mini-LCL are likely to
facilitate CMV-specific immunotherapy in the near
future, much like standard LCL facilitated EBV-specific
cellular therapy [24].

To investigate the potential of pp65 mini-LCL to
expand both CD4" and CD8" T cells of various HLA
restrictions, we randomly selected four CMV-seroposi-
tive donors, excluding only such donors whose HLA type
did not permit any epitope-specific T cell analysis. We
found that, except for one epitope in one donor (donor
F60, TPR epitope), all CMV epitope specificities in these
four donors that could be monitored with the available
HLA/peptide tetramers and peptides were indeed
expanded by pp65 mini-LCL stimulation. In contrast,
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the expansion of EBV epitope-specific T cells could only
be demonstrated in some of the donors, a result
consistent with the generally less pronounced lysis of
target cells expressing only EBV antigens, in contrast to
the efficient lysis of targets expressing pp65 (Fig. 3).
Thus, pp65 mini-LCL are a reliable tool to expand a wide
spectrum of CMV pp65-specific, but not necessarily EBV
epitope-specific T cells.

We used single-cell cloning at limiting dilution under
non-antigen-specific conditions to analyze pp65 mini-
LCL-stimulated polyclonal T cells. In all three donors
tested, a clear majority of T cell clones was found to be
CMV-specific (Fig. 5 and Table 3). Therefore, pp65 mini-
LCL stimulation generates T cell cultures that contain
T cells capable of extended proliferation in vitro, and
these T cells are mainly CMV specific. Most CMV-specific
T cell clones were CD8 positive, but in two out of three
donors, CMV-specific CD4" T cells clones were also
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found. It follows that pp65 mini-L.CL can stimulate both
CMV-specific CD4" and CD8™ T cells, presenting pp65
epitopes through HLA class I and II. According to the
classical picture, MHC class II processing and presenta-
tion operates on exogenous antigens that have been
endocytosed by the APC. However, examples of class II
presentation of cytosolic antigens by endogenous path-
ways are accumulating. For example, a model cytosolic
antigen [25] and the EBV antigen EBNA1 [26] have been
recently shown to access vesicular compartments by
autophagy, resulting in their presentation on HLA class
II by EBV-immortalized B cells. Similar mechanisms
might be operative in mini-LCL.

A set of pp65 mini-LCL and control mini-LCL
displaying single HLA allelic matches with the T cell
donors enabled convenient testing of the HLA restriction
of the T cell clones. Among the CMV-specific CD8* T cell
clones, at least two different HLA class I restrictions were
identified for each donor. In one donor (F46), three
different HLA class I restrictions and three class II
restrictions were found, demonstrating that a diverse
HLA restriction pattern of pp65-specific T cells can be
maintained in pp65 mini-LCL-stimulated T cell cultures.

The presentation of the pp65 antigen by mini-LCL
through both HLA class I and II enabled us to identify
two new HLA class I-restricted epitopes, one new class II
epitope, and to confirm several recently described pp65
epitopes at the level of Tcell clones (Table 4).
Remarkably, some epitope specificities prominent in
the cloned T cell populations had been undetectable in
PBMC ex vivo, indicating the capability of the mini-EBV
system to expand T cell populations with low precursor
frequencies in peripheral blood.

To conclude, here we have shown that the pp65 mini-
LCL system permits the in vitro reactivation and
expansion of CMV-specific CD8* and CD4" T cells
recognizing a variety of CMV epitopes restricted through
different HLA alleles. Therefore, pp65 mini-LCL are
likely to prove useful in clinical application for adoptive
T cell transfer. In addition, they provide useful tools for
the identification of new target structures of the CMV-
specific cellular immune response, the knowledge of
which will facilitate future applications in immunother-
apy, vaccination and immunomonitoring.

Materials and methods

Cell culture

Standard cell culture medium was RPMI 1640 with 10% fetal
calf serum (FCS), penicillin (100 U/ml), and streptomycin
(100 pg/ml). For mini-LCL generation, medium was supple-
mented with cyclosporin A (1 pg/ml), for the first 4 weeks of
cultivation. Unless otherwise noted, T cell medium contained
2% human serum type AB (Cambrex Bioproducts) instead of
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FCS and was supplemented with recombinant interleukin-2
("Proleukin," Chiron) as specified. Medium for CD40-stimu-
lated B blasts contained IL-4 (2 ng/ml; R&D) and cyclosporin
A (1 pg/mb).

Mini-EBV vectors, mini-LCL, and CD40 B lymphoblasts

The construction of the pp65 mini-EBV and the control mini-
EBV plasmid, the preparation of packaged mini-EBV vectors,
and the generation of wild-type EBV-free mini-LCL have been
described previously [18]. Mini-EBV vectors for B cell infection
were generated by packaging of mini-EBV plasmids, which are
replication incompetent, in the complementing cell line TR-2/
293 [23]. Mini-LCL-expressing pp65, and control mini-LCL,
were generated by infection of unseparated PBMC with
packaged mini-EBV vector. CD40-stimulated B blast cultures
were established by weekly replating PBMC on irradiated
feeder cells, which were murine L fibroblasts stably expressing
the human CD40 ligand [27], in the presence of IL-4 (2 ng/ml)
and cyclosporin A (1 ug/ml).

T cell lines and clones

T cells were derived from peripheral blood of five human adult
CMV-seropositive donors. Except for donor 1 (from whom
freshly drawn blood was available), material was obtained in
the form of a buffy coat preparation containing enriched PBMC
from a routine 500-ml blood donation. PBMC were further
purified by Ficoll centrifugation and immediately used to set
up mini-LCL and CD40-stimulated B blast cultures. The
remaining PBMC were cryoconserved for later use in T cell
stimulation. Low-resolution HLA class I and II typing was
performed by PCR-based methods (Labor Dr. Klein, Martins-
ried, Germany). CMV IgG antibody status was determined on
plasma-containing buffy coat supernatants with a CMV IgG
latex agglutination test kit (CMVScan, Becton-Dickinson).

T cells were reactivated from cryoconserved (for donor 1,
freshly isolated) autologous PBMC by restimulation with the
irradiated autologous pp65 mLCL [18]. Per well of a 24-well
plate, 2x10° PBMC and 5x10% irradiated mini-LCL (50 Gy)
were cocultivated in 2 ml medium. On day 10 and then after
intervals of 7 days, cells were pooled, counted, and replated at
1x10° cells/2 ml medium per well, adding freshly irradiated
mLCL cells as stimulators at an effector-stimulator ratio of 4:1.
Cells were re-fed or expanded at least every 4 days. From
day 15 onward, culture medium was supplemented with rIL-2
(90 U/ml).

T cell clones were generated in 96-well round-bottom plates
by seeding 0.5 T cells/well in medium containing 10% FCS and
supplemented with 1,000 U recombinant IL-2, 0.5 pg/ml PHA,
1x10* irradiated mLCL, and 1x10° irradiated feeder cells
consisting of a mix of allogeneic PBMC from four donors.
Restimulations of Tcell clones were performed every
2-3 weeks, and outgrowing clones were expanded in 96-well
plates under same conditions.

IFN-y ELISPOT and ELISA

An ELISPOT was used to determine the frequency of pp65-
specific IFN-y-secreting cells in freshly prepared PBMC or in
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T cell cultures after various cultivation periods. IFN-y ELISPOT
assays were performed according to the manufacturer's
instructions (Mabtech, Nacka, Sweden) in 96-well cellulose
ester plates (MAHAS4510, Millipore). For analysis of PBMC,
200,000-10,000 cells were distributed to each well. Antigenic
peptide was added at 5 pg/ml. For analysis of cultivated
T cells, stimulator cells (autologous CD40 B lymphoblasts)
were loaded with antigenic peptide (at 5 pg/ml for 2 h at
37°C), washed and used in ELISPOT assays at 1x10* cells/well,
together with various numbers of T cells ranging from 1,000 to
100,000 per well. In both cases, stimulation was performed in
200 pl medium overnight. T cell clones were also analyzed
with ELISA assays for IFN-y, TNF-q, IL-2 (Mabtech) and GM-
CSF (Becton Dickinson).

Cytotoxicity assay

The cytotoxic activity of T cells was analyzed as described [18],
by an assay based on the time-resolved fluorometric
quantification of a complex of Europium (Eu®") and the
chelate ligand TDA (terpyridine dicarboxylic acid), which is
released from labeled target cells upon cell lysis.

Flow cytometry

The HLA/peptide tetrameric complexes representing CMV and
EBV epitopes were prepared as described [28] or purchased
from Proimmune (Oxford, UK). Staining, data acquisition and
analysis were performed as described [18]. For intracellular
cytokine staining, resting T cell cultures were added to mini-
LCL as stimulators at a ratio of 4:1. Cytokine export was
blocked by addition of brefeldin A after 1 h. After additional
5 h, cells were harvested and stained using "Fix&Perm" reagent
(Caltag) according to the manufacturer. Antibodies IFNg-
Alexa488 and CD4-PE were from Caltag, antibodies CD8-FITC,
CD3-CyChrome and CD56-APC were from Becton Dickinson.
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