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Summary

Adoptive immunotherapy with in vitro expanded antigen-specific cytotoxic T
lymphocytes (CTLs) may be an effective approach to prevent, or even treat,
Aspergillus (Asp) infections. Such lines can be generated using monocyte-
derived dendritic cells (DC) as antigen-presenting cells (APC) but requires a
relatively high volume of starting blood. Here we describe a method that
generates Asp-specific CTL responses more efficiently using a protocol of
antigen presented on DC followed by Epstein–Barr virus (EBV)-transformed
B lymphoblastoid cell lines (BLCL) as APC. Peripheral blood mononuclear
cells were stimulated weekly (2–5¥) with a complete pool of pentadecapep-
tides (PPC) spanning the coding region of Asp f16 pulsed onto autologous
mature DC. Cultures were split and stimulated subsequently with either
PPC-DC or autologous PPC-pulsed BLCL (PPC-BLCL). Lines from the
DC/BLCL arm demonstrated Asp f16-specific cytotoxicity earlier and to a
higher degree than lines generated with PPC-DC alone. The DC/BLCL-
primed lines showed a higher frequency of Asp f16-specific interferon (IFN)-g
producing cells but an identical effector cell phenotype and peptide specificity
compared to PPC-DC-only-primed lines. Tumour necrosis factor (TNF)-a,
but not IL-10, appeared to play a role in the effectiveness of BLCL as APC.
These results demonstrate that BLCL serve as highly effective APC for the
stimulation of Asp f16-specific T cell responses and that a culture approach
using initial priming with PPC-DC followed by PPC-BLCL may be a more
effective method to generate Asp f16-specific T cell lines and requires less
starting blood than priming with PPC-DC alone.
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Introduction

Aspergillus fumigatus is a ubiquitous and opportunistic
fungal pathogen for humans and animals. Invasive pulmo-
nary aspergillosis (IPA), caused mainly by A. fumigatus, is
characterized by hyphal invasion and destruction of pulmo-
nary tissue and is a leading cause of morbidity and mortality
in recipients of haematopoietic stem cell transplant, solid
organ transplant patients [1–3] and patients with human
immunodeficiency virus (HIV) infection [4,5]. The overall
mortality from untreated IPA is nearly 85%. Even with treat-
ment, mortality is still as high as 50% [6,7]. The high mor-
tality of IPA reflects the severe state of immunosuppression
of affected patients and the suboptimal in vivo efficacy of
anti-fungal agents against Aspergillus (Asp) species. There-

fore, development of additional therapies directed toward
restoration of host-immune defence post-transplantation is
needed urgently.

T cells are recognized increasingly as important mediators
of protection from IPA. Studies in mice [8–11] and in
humans [12,13] have shown that a T helper 1 (Th1)/Th2
dysregulation and a switch to a Th2-type immune response
during an IPA infection may contribute to a poor outcome.
Resistance to infection in a murine model of IPA was asso-
ciated with a Th1-type response characterized by high levels
of tumour necrosis factor (TNF)-a and interleukin (IL)-12
and the presence of interstitial lymphocytes producing inter-
feron (IFN)-g and IL-2 [11]. Resistance was increased in
susceptible mice with predominant Th2 type responses upon
local IL-4 or IL-10 neutralization or IL-12 administration
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[11]. Adoptive transfer of CD4+ splenocytes from mice sen-
sitized to a crude culture extract of A. fumigatus into naive
mice was found to prolong survival significantly after a sub-
sequent intravenous challenge with A. fumigatus conidia [9].
In humans, a significant antigen-specific proliferation of
IFN-g-producing T cells has been found in healthy individu-
als and in patients surviving IPA [14]. All this evidence
points to a crucial role of a Th1-type cellular immune
response against A. fumigatus for the control of IPA and
suggests the possibility of prevention and treatment of IPA
by restoring the host immune responses through infusion of
A. fumigatus-specific CTLs. A recent study has demonstrated
that infusion of donor-derived Asp-specific Th1-type CD4+

clones to patients with haematological malignancies induced
a protective high IFN-g/low IL-10 production phenotype
within 3 weeks of infusion, controlled Asp antigenaemia,
and helped to clear invasive aspergillosis [15].

The use of dendritic cells (DC) as antigen-presenting cells
(APC) has been the most widely explored approach for the
establishment of T cell lines and clones specific for human
tumour or viral antigens in vitro. In our own studies DC
were shown to be efficient in their capacity to induce T cell
immunity to A. fumigatus [16,17]. However, DC have several
significant drawbacks, including: (i) their relative rarity in
peripheral blood [18]; (ii) the fact that they are not homo-
geneous but represent several populations of functionally
disparate cell types [19]; (iii) the difficulty in expanding DC
ex vivo from non-stem cell sources [20]; and (iv) the expense
and time required for isolating DC directly from blood or
generating DC from other cells types, such as monocytes. On
the contrary, Epstein–Barr virus (EBV)-transformed B lym-
phoblastoid cell lines (BLCL) are easy to establish, and have
been shown to be effective as APC in generating adenovirus
and cytomegalovirus (CMV)-specific T-cell lines [21,22]. As
one A. fumigatus antigen, Asp f16, has been shown to stimu-
late both T and B cell responses from patients with allergic
bronchopulmonary aspergillosis (ABPA) [23] and to be
associated with potentially protective Th1-type T cell
responses [16,17,24], we evaluated BLCL pulsed with a com-
plete pentadecapeptide pool (PPC) spanning the 427-aa
coding region of Asp f16 as APC to expand and stimulate Asp
f16-specific CTLs in our protocol. We demonstrated that the
sequential stimulation with PPC-DC followed by PPC-BLCL
resulted in much stronger lytic activity and a higher fre-
quency of IFN-g-producing Asp f16-specific T cells, but with
an identical peptide specificity and effector cell phenotype
compared to the use of DC alone as APC.

Materials and methods

Peripheral blood mononuclear cells and human
leukocyte antigen typing

Peripheral blood mononuclear cells (PBMCs) from healthy
non-mobilized apheresis donors (RD0601, RD0604, RD0308

and RD0309) were collected and studied after written
informed consent under research protocols approved by
the Medical College of Wisconsin and Froedtert Hospital
Investigational Review Boards. PBMCs were isolated by
Ficoll-Hypaque (Biochrom, Berlin, Germany) density gra-
dient centrifugation. Sequence-based human leucocyte
antigen (HLA) typing was performed by the Immunogenet-
ics Laboratory, Blood Center of South-eastern Wisconsin,
Milwaukee, WI, USA.

Generation of EBV-transformed BLCL

BLCL were generated by infection of PBMCs with con-
centrated supernatant from the EBV-producing cell line
B95-8, as described previously [25]. BLCL were main-
tained in RPMI-1640 complete medium (RPMI-1640 with
2 mM l-glutamine and 25 mM Hepes plus penicillin–
streptomycin, 100 U/ml and 100 g/ml, respectively; Invitro-
gen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS) (C-six Diagnostic, Inc., Mequon, WI, USA).

Asp f16 overlapping pentadecapeptides

A complete pool containing all 104 pentadecapeptides, each
at 1 mg/ml, with 21 small pools arranged in a matrix (10
vertical and 11 horizontal) consisting of four to 11 peptides
at 2 mg/ml, were prepared as reported previously [16,17].
The complete peptide pool was used to generate Asp f16-
specific T cell lines, and small pools together with single
peptides were used to identify the specificity of the CTLs.

Generation and pulsing of fast-DC

Monocyte-derived fast-DC were prepared from adherent
blood monocytes as described previously [26,27]. Fast-DC
were CD14– and expressed mature DC surface markers to the
same degree as standard-DC, and maintained this pheno-
type after withdrawing cytokine from the cultures. Fast-DC
and standard-DC were equally capable of inducing A. fumi-
gatus and CMV-specific T cell proliferation, as well as
priming antigen-specific CTL activity as reported [26]. Asp
f16 peptide pulsing of DC was performed prior to matura-
tion by pulsing with Asp f16 peptides for 6 h. Mature, pulsed
fast-DC were then used to generate T cell lines.

Generation of Asp f16-specific T cell lines

Non-adherent PBMCs were co-cultured with irradiated
(25 Gy), autologous, mature, Asp f16 complete peptide pool-
pulsed fast-DC (PPC-DC) at a 1 : 10 ratio (stimulators :
responders) in RPMI-1640 complete medium supplemented
with 10% pooled human serum (PHS) (GTI Diagnostics,
Waukesha, WI, USA) (10% PHS). IL-2 at 1000 IU/ml was
used throughout the whole stimulation process to expand
T cells [28]. IL-12 at 500 pg/ml (R&D Systems, Inc.,
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Minneapolis, MI, USA) was added to the culture medium
only for the first round of stimulation to promote the devel-
opment of Th1-type immune responses [29,30]. Cells were
restimulated weekly with PPC-DC, then the cultures were
split and stimulated subsequently either with PPC-DC or
with irradiated (75 Gy), autologous PPC-BLCL weekly at a
1 : 4 ratio. The cultures were fed every third day with half-
fresh media.

Enzyme-linked immunospot (ELISPOT) assay

ELISPOT assays were used to detect Asp f16-specific T cells
that secrete IFN-g according to the instruction manual (BD
Biosciences, San Diego, CA, USA) with some modifications.
Briefly, 96-well ELISPOT plates were coated with capture
antibodies to IFN-g overnight at 4°C, washed once with 10%
PHS and then blocked with the same medium for 2 h. Cells
were removed from the cultures, washed and resuspended at
106/ml in 10% PHS and 100 ml was added to the ELISPOT
plate wells in duplicate as responder cells. Autologous mature
DC were pulsed with either Asp f16 peptides (either the
complete pool, small pools or single peptides) for 2 h and
then used as stimulator cells in the ELISPOT assay. Peptide
pulsed-DC (100 ml) were added to the wells containing
responder cells. The plates were incubated for 24 h at 37°C in
a humidified atmosphere with 5% CO2. T cells with phorbol
myristate acetate (PMA) (5 ng/ml) plus ionomycin (500 ng/
ml) (Sigma, St Louis, MO, USA) were used as a positive
control. T cells plus non-pulsed DC (NP-DC) were the nega-
tive control. Background controls included NP-DC, PPC-DC
and T cells. Following overnight incubation, the plates were
developed according to the manufacturer’s instructions.
Coloured spots were counted by ImmunoSpot TM Series 1
Analyser and analysed by supporting ImmunoSpot TM soft-
ware (Cellular Technology, Cleveland, OH, USA).

Chromium release assays

The cytotoxicity of each CTL line was analysed using a stan-
dard 4 h 51Chromium release assay at a range of effector :
target (E : T) ratios as described previously [16,17]. Target
cells included 51Chromium-labelled non-pulsed autologous
BLCL (NP-BLCL) and Asp f16 peptide complete pool pulsed
autologous BLCL (PPC-BLCL). Specific lysis was calculated
as: %specific lysis = [experimental counts per minute (cpm)
- spontaneous cpm)/(maximum cpm - spontaneous cpm].

CD4+ and CD8+ T cell population enrichment

After the seventh or eighth round of stimulation of cultures
from donors RD0601 and RD0604, CD4+ and CD8+ T cell
populations from each of the T cell lines were enriched by
depleting either CD4+ or CD8+ T cells using Dynabeads CD8
or Dynabeads CD4 (Invitrogen, Dynal AS, Oslo, Norway),
according to the manufacturer’s instructions.

Flow cytometric analysis of cell surface markers on
T cell lines, DC and BLCL and intracellular cytokine
production within T cells

Cell surface staining was performed as described previously
[16,17]. The antibodies used included: fluorescein isothio-
cyanate (FITC), phycoerythrin (PE) or peridinin chloro-
phyll (PerCP)-conjugated CD3, CD4, CD8, CD14, CD19,
CD25, CD40, CD45, CD56, CD80, CD83, CD86 and
anti-HLA-DR (all from BD Biosciences, San Jose, CA,
USA). The cells were fixed with 2% paraformaldehyde
before acquisition on a FACSCaliburTM cytometer (BD
Immunocytometry Systems, San Jose, CA, USA). List mode
data were analysed using FloJo version 8 (Treestar, Ashland,
OR, USA). For intracellular staining, intracellular IFN-g
production of T cells was determined using FastImmune
Intracellular Cytokine Detection Kits (BD Biosciences).
Effectors incubated with either staphylococcal enterotoxin
B superantigen (SEB; Sigma) or no antigens were consid-
ered as positive and negative controls, respectively, for the
assay.

Cytokine detection

Matured DC and BLCL were pulsed with Asp f16 PPC for
2 h, then incubated at 37°C, 5% CO2 for 24 h before collect-
ing supernatants. Th1 and Th2 cytokines were measured by
Bio-Plex cytokine assay (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions.

Hyphae killing assay

Hyphae killing was determined by using a tetrazolium dye
XTT, as described previously [16,17,31]. The percentage of
fungal cell damage was defined by the following equation:
[1 - (A450 of hyphae incubated with CTL-A450 of CTL
alone)/(A450 of hyphae live)] ¥ 100.

Antibody blocking experiments

Asp f16-primed T cells were split into four parts and
restimulated subsequently with either Asp f16 PPC-DC,
PPC-BLCL or PPC-BLCL in the presence of goat anti-
recombinant human TNF-a neutralizing antibodies (0·1 mg/
ml) (R&D Systems) or with PPC-BLCL in the presence of
goat anti-recombinant human IL-10 neutralizing antibodies
(1 mg/ml) (R&D Systems). The concentration of recombi-
nant human TNF-a and recombinant human IL-10 (rhIL-
10) neutralizing antibodies was determined based upon the
company’s data sheet, at which 0·25 ng/ml rhTNF-a and
5 ng/ml of rhIL-10 could be 100% neutralized within 24 h
and 48 h, respectively. After 1 week of incubation, the lytic
activity of all the T cell lines was assessed by chromium
release assay.
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Statistics

Statistical analysis was performed with the paired t-test using
the excel program to compare between two or more groups,
respectively. P-values of < 0·05, < 0·01 and < 0·001 were con-
sidered statistically significant, highly significant and very
highly significant, respectively.

Results

CTL activity in cultures primed only with PPC-DC
compared to switching to PPC-BLCL

We have reported previously that Asp f16 CTL responses
could be induced after the third round of stimulation using
Asp f16 PPC-DC [16,17]. Later we found that the PBMCs
from two donors, RD0601 and RD0604, failed to develop
CTL responses even after five rounds of weekly stimulation
using PPC-DC as APC. To determine if BLCL used as APC
might induce a T cell response, the lines were split into two
parts and stimulated subsequently with either PPC-DC or
with autologous PPC-BLCL. CTL activity was assessed by
51Cr-release assay and compared. As shown in Fig. 1, with
continued PPC-DC priming CTL activity by the line from
donor RD0601 was not detected until after the seventh
priming with 3·6%-, 15·6%- and 29·1%-specific lysis after
the sixth, seventh and eighth primings (E : T ratio = 50 : 1),
respectively; in contrast, lytic activity of the cells switched to
PPC-BLCL as APC increased to 15·2%, 32·1% and 49·0%
(P < 0·001), respectively, with little or no EBV-specific killing
(data not shown). Similarly, the line primed only with
PPC-DC from donor RD0604 had CTL activity of 10·8%,
19·6% and 22·3% after six, seven and eight primings, respec-
tively, with PPC-DC versus 31·6%-, 35·8%- and 40·1%-
specific lysis (P < 0·0001), respectively, using PP-BLCL.
These results demonstrate that BLCL can serve as APC for
the presentation of Asp f16 and stimulate more potent
cytolytic activity than lines primed only with DC as APC.

Frequency of IFN-g-producing T cells and peptide
specificity

IFN-g-producing cells in the lines from both donors were
enumerated by ELISPOT after the sixth, seventh and eighth
primings. Responses to the complete Asp f16 peptide pool
were determined first. As shown in Fig. 2a, spot-forming
cells (SFCs) per 105 cells in lines switched to PPC-BLCL as
APC (DC/BLCL) were 1·6–10 times higher than those in the
DC-only-primed lines from both donors (P < 0·05), indicat-
ing a more potent Asp f16-specific response in DC/BLCL-
primed lines.

Next, we went on to identify the specificity of the T cell
lines after the seventh or eighth priming. ELISPOT assay
using Asp small pool pulsed DC as stimulators demonstrated

that small pools P1, P3, P4, P10, P14, P15 and P2, P4, P8, P12,
P13 and P16 stimulated the T cell lines from donor RD0601
and RD0604, respectively (Fig. 2b). DC-only-primed lines
and DC/BLCL-primed cell lines from each donor showed a
similar pattern of small peptide pool recognition. In most
cases, the DC/BLCL-primed line showed a higher frequency
of IFN-g-producing cells in response to the small pools
(SFCs of DC/BLCL-primed in comparison with SFCs of
DC-primed: RD0601, P < 0·05 or P < 0·01 for P1, P3, P4 and
P10, except for P14 and P15; RD0604, P16, P < 0·05; P2, P4,
P8, P12 and P13, not statistically significant). Based on small
pool reactivity, the cell lines were tested by ELISPOT using
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Fig. 1. Aspergillus (Asp) f16-specific cytotoxic lymphocyte (CTL)

activity in lines primed with complete peptide pool pulsed

pentadecapeptides-dendritic cells (PPC-DC) compared to lines

primed with PPC-DC followed by PPC-B lymphoblastoid cell lines

(BLCL). Non-adherent peripheral blood mononuclear cells from

donor RD0601 or RD0604 were primed with Asp PPC-DC for five

rounds weekly, then split into two parts and primed subsequently

with either PPC-DC (denoted as DC-primed) or with PPC-BLCL

(denoted as DC/BLCL primed) weekly. CTL activity to PPC-pulsed

and non-pulsed BLCL targets was tested 1 week following each round

of stimulation. Shown are the mean and standard deviation of the

percentage of specific lysis by triplicate wells of effector cells from the

two donors against PPC pulsed autologous BLCL (effector : target

ratio = 50 : 1). Lysis of non-pulsed targets was consistently below 10%

(not shown).
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DC pulsed with candidate single peptides (Fig. 2c). The
results showed that both lines from donor RD0601 recog-
nized a sequence shared by the single peptides SP40 and
SP41 (HTYTIDWTKDA position 161–171) and a second
sequence shared by SP43 and SP44 (TWSIDGAVVRT posi-
tion 173–182). The T cell lines from donor RD0604 recog-
nized minimally four different single pentadecapeptides,
three of which were confirmed. These included SP18
(GAEFTVAKQGDAPTI position 69–83), SP22 (TDFYFFFG

KAEVVMK position 85–99) and SP24 (KAEVVMKAAP
GTGVV position 93–108). Due to technical reasons the can-
didate peptides contained in small pool P16 were not tested,
but based on the frequency of IFN-g-producing cells from
the small pool screening, the most likely candidate is SP58
(RGTVHHVRQVRPYRE position 229–243). Similar to the
small pool screening, there was an identical pattern of single
peptide recognition, but in general a higher frequency of T
cells recognizing the individual peptides in the lines switched
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Fig. 2. Peptide specificity and frequency of peptide reactive cells in dendritic cells (DC)-primed versus DC/B lymphoblastoid cell lines

(BLCL)-primed lines. The frequency of interferon (IFN)-g producing T cells responding to the complete pool of Aspergillus (Asp) f16 peptides

[complete peptide pool pulsed pentadecapeptides (PPC)] was tested by enzyme-linked immunospot (ELISPOT) 1 week following the sixth, seventh

and eighth primings for DC-primed lines and for DC followed by BLCL-primed lines (DC/BLCL) from donors RD0601 and RD0604. The results

are expressed as the mean � standard deviation (s.d.) number of spot-forming cells (SFC) per 105 cells in replicate wells tested after addition of

PPC-pulsed DC or non-pulsed (NP) DC (a). DC-primed and DC/BLCL-primed lines from both donors were tested after the seventh or eighth

priming by IFN-g ELISPOT for reactivity to 21 small pools of Asp f16 peptides. Results are expressed as mean � s.d. of SPC per 105 cells plated in

replicate wells (b). Based on the results of the small pool screening, candidate single peptides (boxed areas within the matrix) as well as the

immediately flanking peptides were pulsed onto autologous DC and the DC-primed and DC/BLCL-primed lines were tested after the seventh or

eighth priming by IFN-g ELISPOT. Shaded areas indicate IFN-g production significantly above background for the small pools (outer numbers) and

for the single peptides (inner numbers) recognized by the T cell lines. For technical reasons candidate peptides 52, 54 and 58 for donor RD0604

were not tested. Similar to the small pool screening shown (b), the number of SPC/105 were higher in DC/BLCL-primed lines although the pattern

of SP recognition was identical (c).
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to BLCL as APC (not shown). The HLA restriction of the
CTLs was tested using partially matched single peptide-
pulsed BLCL, as described previously [16,17]. For both
donors, lines primed only with PPC-DC and those switched
to PPC-BLCL were found to share the same HLA class II
restriction (data not shown).

Phenotype analysis of the Asp f16-specific lines

The phenotype of the cell lines was determined by flow
cytometry. The lines were tested after the fifth priming to the
eighth priming and were shown to be predominately CD3+ T
cells, with a mixture of CD4+ and CD8+ T cells (Table 1). For
donor RD0604, the percentage of CD4+ T cells in PPC-DC-
primed lines was increased from around 35% after the fifth
priming to more than 95% after the eighth priming, while
the phenotype of the cells switched to PPC-BLCL increased
from around 67% CD4+ T cells after the sixth priming to
99% after the eighth priming. Whereas the CD4+ T cell
content of the PPC-DC-primed lines from donor RD0601
remained constant at approximately 87%-95%, the fraction
switched to PPC-BLCL decreased from 94·7% CD4+ at week
6 to 76·0% CD4+ at week 8, with a corresponding rise in
CD8+ from 12·3% to 21·7%. In general, the percentage of
CD8+ T cells in the DC/BLCL-primed lines was higher than
that in cell lines primed exclusively with DC.

Asp f16 responding cell phenotype

In order to identify the subset of T cells responding to the
Asp f16 peptides, intracellular IFN-g production was
assessed by flow cytometric analysis. Gates were first set on
CD4+ or CD8+ cells and then assessed for co-expression of
IFN-g and CD69. We observed that IFN-g was produced
mainly by CD4+ T cells in lines from both donors, and con-
sistent with the ELISPOT data a higher percentage of CD4+

cells from the DC/BLCL-primed cultures produced IFN-g
than the DC-primed cultures, although there was a small
amount of IFN-g produced by CD8+ cells (Fig. 3a). These
results indicated that the CTL responses from both donors

might be mediated mainly or exclusively by CD4+ T cells.
To confirm this postulation, CD4+ and CD8+ T cells were
enriched in each of the T cell lines by negative depletion and
the lytic activity was determined. As shown in Fig. 3b, the
CD8-depleted population contained most, if not all, of the
CTL activity compared with the original T cell line. A sig-
nificant reduction in CTL activity between the unseparated
and the CD8 depleted fractions was seen only in the
DC/BLCL-primed RD0601 culture (P < 0·05). In contrast,
little or no lytic activity was detected in the CD4-depleted
populations (P < 0·01), confirming that cytotoxic activity
was mediated mainly by CD4+ T cells in both of the T cell
lines.

Direct killing of Asp hyphae by Asp f16-specific
T cell lines

To assess if the T cell lines primed with PPC-BLCL have the
ability to kill Asp hyphae directly, as reported previously for
DC-primed lines [16,17], Asp hyphae germinated from
conidia after overnight culture were co-incubated with the
Asp f16-specific CTLs. As shown in Fig. 4, for both donors
DC/BLCL-primed lines as well as DC-primed lines could
cause hyphae damage directly. For donor RD0601, the
DC/BLCL-primed line resulted in somewhat greater hyphae
killing (59·5% versus 42·3%, P < 0·05), while the reverse was
true for the lines from donor RD0604, where greater killing
was mediated by the DC-only-primed line (85·6% versus
57·2%, P < 0·001). These results suggest that Asp f16-specific
CTLs were involved in the direct killing of Asp, but that the
killing was not related directly to the degree to which
peptide-pulsed targets were lysed in 51Cr release assays.

Surface antigen expression and cytokine secretion
analysis of Asp PPC-DC and PPC-BLCL

We have demonstrated the use of PPC-BLCL as APC results
in Asp f16-specific T cell lines with identical peptide speci-
ficity but with more potent cytolytic activity and a higher
frequency of IFN-g-producing T cells than T cell lines

Table 1. The percentage (%) of CD3+, CD4+ and CD8+ T cells in lines from donors RD0601 and RD0604.

Priming Cell lines

RD0601 RD0604

CD3+ CD4+ CD8+ CD3+ CD4+ CD8+

Fifth DC primed 88·9 98·5 14·0 97·6 34·5 60·0

Sixth DC primed 99·0 94·3 10·9 97·7 75·0 29·1

DC/BLCL primed 99·2 94·7 12·3 96·7 67·1 35·0

Seventh DC primed 95·2 87·2 13·8 99·7 93·5 11·0

DC/BLCL primed 98·8 85·4 20·9 99·9 82·5 19·1

Eighth DC primed 98·0 90·6 13·3 99·9 95·2 6·5

DC/BLCL primed 90·0 76·0 21·7 96·2 98·8 5·0

Immunophenotype was performed by flow cytometry following the indicated number of primings using dendritic cells (DC) alone or DC followed

by B lymphoblastoid cell lines (BLCL) as antigen-presenting cells (APC) (DC/BLCL). The results are the percentage of antigen-positive cells in the

cultures. Fifth, sixth, seventh and eighth denote weekly stimulation with Asp f16.
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primed exclusively with PPC-DC. We then addressed the
question of what causes this response difference. It is known
that co-stimulatory molecules and cytokines constitute the
second signal required for efficient activation of antigen-
specific T cells. Therefore, we determined and compared the
levels of co-stimulatory molecule expression and the cytok-
ine secretion profiles of the PPC-pulsed DC and BLCL used
in our studies. As expected, CD40, CD45, CD80, CD83,
CD86 and HLA class II-DR were all up-regulated on Asp
peptide-pulsed, mature DC from the two donors (Fig. 5a).
The expression profile of surface co-stimulatory molecules
on PPC-BLCL highly resembled the expression profile of
DC, except that there was little or no expression of CD83
(Fig. 5a). Supernatants from the overnight culture were used
to test the cytokine secretion profile of the DC and BLCL. Of
note, BLCL produced higher levels of IL-10 and TNF-a than
DC (Fig. 5b). The low expression levels of CD83 and high
levels of IL-10 and TNF-a may contribute to the stronger T
cell responses induced after switching to BLCL priming.

Role of TNF-a and IL-10 in induction of Asp f16
responses

TNF-a is a Th1-type cytokine that activates immune
response, whereas IL-10 is an inhibitory cytokine for T cells.
We therefore hypothesized that the addition of neutralizing
antibody to IL-10 might increase the induction of T cell
responses by PPC-BLCL while neutralizing TNF-a would
weaken T cell responses. To address this issue, fifth-round
primed T cells from donor RD0601 were restimulated with
PPC-DC, PPC-BLCL, PPC-BLCL in the presence of TNF-a
neutralizing antibodies, or PPC-BLCL in the presence of
IL-10 neutralizing antibodies. After 1 week of incubation, the
lytic activity of the T cell lines was assessed. As expected,
using PPC-BLCL as APC stimulated stronger cytotoxic activ-
ity than PPC-DC (Fig. 6). The ability of the PPC-BLCL APC
to induce CTL activity in the DC/BLCL-primed line was

abrogated in the presence of neutralizing TNF-a antibodies,
whereas there was no effect on CTL activity of neutralizing
IL-10 antibodies (Fig. 6). These data suggest that the
increased TNF-a produced by PPC-BLCL was involved in
their ability to serve as more potent APC, and that IL-10 did
not interfere with this effect, at least in the present study.

Effect of earlier priming with PPC-BLCL

PBMC from additional donors were tested to determine the
effect of switching to BLCL APC earlier in the course of
priming and the effect on lines from donors who responded
to fewer rounds of stimulation using PPC-DC. Two experi-
ments using cells from donors that have been well character-
ized and reported previously [16,17] are shown in Table 2.
Asp f16-specific T cell lines from donor RD0308 were raised
using PPC-DC alone, PPC-BLCL alone or after two primings
with PPC-DC, before switching to PPC-BLCL as APC. Asp-
specific CTL activity was detected after the second priming
with PPC-DC that increased with subsequent primings. Lines
initiated with PPC-BLCL showed strong EBV-specific CTL
activity as soon as 1 week after priming, and although slightly
greater lysis towards PPC-BLCL targets was seen by week 2,
strong lytic activity to the non-pulsed BLCL persisted.
However, the line that was pulsed twice with PPC-DC fol-
lowed by PPC-BLCL as APC showed a similar degree of Asp
f16-specific lysis as the line primed with PPC-DC alone with
little or no lysis of non-pulsed BLCL targets (Table 2). PBMCs
from donor RD0309 required five rounds of priming with
PPC-DC alone to exhibit Asp f16-specific CTL activity, but
required only four rounds of stimulation when switched to
PPC-BLCL after the second priming with PPC-DC. EBV-
specific CTL activity was present, but did not dominate the
cultures when preceded with minimally two rounds of stimu-
lation with PPC-DC (Table 2).

A PPC-DC-primed line from donor RD0308 has been
reported previously as recognizing a single class II HLA-

Table 2. Effect of antigen-presenting cells (APC) source on Aspergillus f16-specific cytotoxic lymphocyte (CTL) activity.

Week Target

RD0308 RD0309

PPC-DC PPC-BLCL 2DC/BLCL PPC-DC 2DC/BLCL 3DC/BLCL 4DC/BLCL

1 NP-BLCL NT 40·8 � 3·9 NT

PPC-BLCL NT 40·6 � 0·8 NT

2 NP-BLCL 4·1 � 0·8 26·9 � 2·3 13·4 � 1·3

PPC-BLCL 14·2 � 2·8 35·3 � 3·9 15·2 � 6·0

3 NP-BLCL 10·6 � 1·5 34·9 � 1·1 7·6 � 3·9 4·5 � 1·6 10·2 � 5·8

PPC-BLCL 34·7 � 2·8 42·9 � 1·0 42·0 � 1·9 8·2 � 4·5 11·8 � 1·8

4 NP-BLCL 9·6 � 1·2 37·5 � 1·8 4·6 � 2·6 1·6 � 0·5 25·0 � 1·3 10·5 � 2·7

PPC-BLCL 46·6 � 1·7 46·7 � 2·0 37·2 � 1·4 10·5 � 0·5 46·6 � 2·9 19·7 � 0·9

5 NP-BLCL 6·0 � 0·4 NT NT 4·8 � 3·9 20·3 � 6·7 23·8 � 5·3 10·7 � 1·5

PPC-BLCL 47·8 � 0·7 NT NT 46·8 � 6·4 60·8 � 2·8 50·6 � 1·5 43·9 � 4·3

Peripheral blood mononuclear cells from donors RD0308 and RD0309 were primed weekly with Asp f16 complete peptide pool pulsed

pentadecapeptides-pulsed dendritic cells (PPC-DC), B lymphoblastoid cell lines (BLCL) or with PPC-BLCL after the indicated number of primings with

PPC-DC. CTL activity was tested 1 week after the indicated priming and is shown as the %specific lysis � standard deviation of triplicate wells at an

effector : target ratio of 50 : 1. Targets were non-pulsed (NP)-BLCL or Asp f16 PPC-BLCL. NT, not tested.
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DRB1*0301-restricted peptide (WSIDGAVVR, position
174–182) [17]. The PPC-DC-primed line in this study and
the line switched to PPC-BLCL after the second priming had
identical peptide specificity and a similar percentage of CD4+

T cells (> 94%) when tested after the fourth priming. Simi-
larly, both DC-primed and DC/BLCL-primed lines from
donor RD0309 recognized the same single HLA class
I-restricted peptide (LPLCSAQTW position 14–22), as was
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identified previously in an earlier study [16]. Both the
DC-primed and the DC/BLCL-primed lines from RD0309
were a mixture of CD4+ and CD8+ cells after the fifth
priming; however, the DC/BLCL-primed line showed a
higher percentage of CD8+ T cells (85% CD3+CD8+ versus
50% in the DC-only-primed line), possibly reflecting con-
current expansion of a population of EBV-specific T cells in
the line expanded with BLCL.

Lines generated from two other donors primed two to
three times with PPC-DC have also shown Asp f16-specific
CTL activity with low to moderate EBV-specific killing
within 1 or 2 weeks after being switched to PPC-BLCL as
APC (not shown). However, EBV-specific CTL activity did
dominate even after three rounds of PPC-DC priming in one
donor with a particularly high frequency of EBV-specific T
cells, indicating that, for some donors, the number of stimu-
lations with PPC-DC may need to be increased before
switching to BLCL as APC (not shown). These data indicate
that, for most donors, switching to PPC-BLCL as APC after
two to three primings with PPC-DC results in T cell lines
recognizing predominately Asp f16, with low to moderate
EBV-specific reactivity.

Discussion

The development of reproducibly effective methods for
generating antigen-specific CTLs is necessary for the
clinical application of adoptive immunotherapy. For this
purpose, monocyte-derived DC have been studied exten-
sively as APC in expanding antigen-specific CTL precursors
[16,17,28,32–34]. Although DC are proved to be the most
potent APC of the immune system, their use to expand
CTL lines to clinically feasible numbers is limited by the
volume of blood required for the DC preparations, especially
for weak antigens that may require repetitive priming to
generate responses. Thus, alternative sources of autologous
APC, such as EBV-transformed BLCL, have been considered
and studied [35].

BLCL are morphologically, phenotypically and function-
ally reminiscent of DC after activation [36], and can be
established readily from a small amount of blood. They have
good antigen processing and presenting functions and have
been used effectively in generating T cell lines with specificity
for EBV [37]. Most adults have encountered EBV and
harbour the virus in a latent form that reactivates periodi-

cally, resulting in repeated stimulation of the immune
system. Reactivation of EBV is controlled by EBV-specific
CTLs, which constitute on average 1·3% (range 0·1–3·8%) of
circulating CD8+ T cells [38]. The combined DC/BLCL
stimulation protocol was proposed first by Lucas et al. [21],
and studied further by Sili et al. [35] in an attempt to gener-
ate CMV pp65-specific CTL on a large scale. Although these
experiments did not compare directly lines primed with DC
alone, they demonstrated success in generating lines with
predominately CD8+ and CD4+ CMV pp65 specificity after
two rounds of stimulation with DC prior to use of pp65
transduced-BLCL as APC [21,22,35]. However, similar to
EBV, CMV-specific T cells constitute a relatively high per-
centage of circulating T cells in seropositive individuals [39].
Therefore, a potential concern with using BLCL as APC for
the generation of Asp f16-specific responses was that under
the same conditions, the competition between the less
numerous Asp f16-specific and EBV-specific T cell clones
would result in the domination of one specificity and the loss
of the other.

To overcome the CTL expansion limitations imposed by
the lack of sufficient DC and to utilize the characteristics of

Fig. 3. Identification of the T cell subset producing interferon (IFN)-g and mediating cytotoxic lymphocyte (CTL) activity in response to

Aspergillus f16 complete peptide pool pulsed pentadecapeptides (PPC). IFN-g-producing cells stimulated by Aspergillus complete peptide pool were

detected by intracellular staining after gating on CD4+ and CD8+ T cells from dendritic cells (DC)-primed lines and DC/B lymphoblastoid cell lines

(DC/BLCL)-primed lines from donors RD0601 and RD0604. Shown are the dot plots of CD69 (y axis) versus IFN-g (x axis) from the activated

CD4+ or CD8+ T cells. Little or no IFN-g was detected in non-stimulated lines (not shown) (a). CTL assays were performed using unseparated

(solid bars), CD4+-enriched (open bars) and CD8+-enriched (hatched bars) cells from the DC-primed lines and DC/BLCL-primed lines from

donors RD0601 and RD0604. CD4+ and CD8+ T cells were enriched by negative selection. Shown are the percentage of specific lysis of non-pulsed

(NP) BLCL and Aspergillus complete peptide pool pulsed (PPC) BLCL targets by the separated CD4+ and CD8+ T cells (effector : target

ratio = 50 : 1) (b).
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Fig. 4. Effect of the Aspergillus f16-specific T cell lines on Aspergillus

fumigatus hyphae. Cells from dendritic cells (DC)-primed or DC/B

lymphoblastoid cell lines (BLCL)-primed cultures were incubated

with A. fumigatus hyphae for 2 h and hyphae damage was assessed

using a tetrazolium dye XTT-formazan assay. Results are the

mean � standard deviation of two experiments (each performed in

triplicate) of the percentage of A. fumigatus hyphae damage calculated

according to the formula in Materials and methods.
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DC to prime naive and memory T cell responses in donors
who responded poorly to PPC-DC-only priming, we
explored the use of a combined DC/BLCL stimulation
protocol. PBMCs were stimulated initially with PPC-DC fol-
lowed by two to three rounds of stimulation with PPC-
BLCL, and the lytic activity and specificity of the resulted
lines was compared. We found that the combined DC/BLCL
stimulation protocol was highly effective in generating Asp
f16-specific CTL lines in a shorter period of time, with more
potent CTL activity and a higher frequency of IFN-g-
producing T cells, but with the same specificity as lines
primed with DC only. We have demonstrated that, as pre-
dicted, if lines are initiated using PPC-BLCL as APC, EBV-
specific activity dominates and obscures any Asp-specific
component. However, for most donors two to three primings
with DC prior to use of BLCL as APC resulted in lines that
predominately recognize Asp f16, with low to moderate reac-
tivity to EBV antigens (Table 2). A greater number of prim-
ings with DC, as was performed on cells from donors
RD0601 and RD0604, resulted in even less EBV-specific CTL
activity after switching to BLCL stimulators. For our pur-
poses, lines with both EBV and Asp-specific T cells are desir-
able, because the risk factors for Asp infection also make
patients more susceptible to EBV reactivation. However, the
optimal time during line expansion to utilize BLCL as APC
may vary depending upon the starting frequency of EBV-

Fig. 5. Surface antigen expression on

Aspergillus (Asp) f16 complete peptide pool

pulsed pentadecapeptides-pulsed mature

dendritic cells (PPC-DC) and PPC-B

lymphoblastoid cell lines (BLCL) and cytokine

secretions of the pulsed DC and BLCL. Mature

DC and Epstein–Barr virus (EBV)-transformed

BLCL from donor RD0601 and RD0604 were

pulsed with Aspergillus fumigatus complete

peptide pool for 2 h, and then incubated at

37°C overnight. The next day, cells were

collected by centrifugation, stained with

conjugated antibodies and analysed by flow

cytometry. Supernatants were saved for

cytokine detection later by Bio-Plex cytokine

assay (Bio-Rad). Mature DC (open bars) or

BLCL (solid bars) were pulsed with Asp f16 A.

fumigatus complete peptide pool overnight then

stained for cell surface antigens. The results

are shown as the percentage of cells expressing

the indicated antigen. Data represents

mean � standard deviation (s.d.) of two

experiments (a). Supernatants from the

PPC-pulsed DC (open bars) or BLCL (solid

bars) were tested for cytokine production

by Bio-Plex cytokine assay. Cytokine

concentrations (pg/ml) are mean � s.d. of three

independent tests (each performes in duplicate)
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Fig. 6. Analysis of the effects of interleukin (IL)-10 and tumour

necrosis factor (TNF)-a on the induction of cytotoxic lymphocyte

(CTL) responses. T cells from donor RD0601 after fifth-round

priming were restimulated with Aspergillus f16 complete peptide

pool pulsed pentadecapeptides-dendritic cells (PPC-DC), PPC-B

lymphoblastoid cell lines (BLCL), PPC-BLCL in the presence of

TNF-a neutralizing antibodies and PPC-BLCL in the presence of

IL-10 neutralizing antibodies separately. After 1 week of incubation,

the cytolytic activity of all the T cell lines was assessed by chromium

release assay. NP-BLCL: non-pulsed BLCL, PPC-BLCL: Asp f16

peptide complete pool pulsed BLCL. Shown are the percentages of

specific lysis of BLCL by the lines (effector : target ratio = 50 : 1).
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specific precursors for a given donor, as evidenced by a line
from one donor (of seven tested) in which EBV specificity
predominated even after three stimulations with PPC-DC
(not shown). In this situation, as well as for donors who
respond poorly to Asp f16 presented on DC, five or more
primings with DC may be more effective in enriching Asp
f16-specific precursors that can be expanded further with
antigen-pulsed BLCL.

Compared to lines generated with DC alone, the combined
DC/BLCL protocol generated Asp f16-specific CTL responses
that were detectable approximately 1 week sooner (three of
four donors) and with higher cytotoxicity activity. For two of
the four lines studied,Asp f16-specific CTL activity was medi-
ated exclusively by CD4+ T cells,one line contained both CD4+

and CD8+ effectors and one line contained only CD8+ effec-
tors, demonstrating that BLCL are effective in expanding Asp
f16-specific CTL of both subsets.Antigen-specific CD4+ CTLs
have been described in tumour, bacterial and viral infections
[40–46]. As reported previously [40,41,43,46], CD4+ CTLs,
like CD8+ CTLs, can use a perforin–granzyme mechanism to
lyse a variety of targets, suggesting that CD4+ CTLs also play
an important role in protection against bacterial and viral
infection and tumour progression.Although the mechanisms
through which Asp f16-specific CTLs protect against fungal
infection are still not understood fully, the hyphae killing
activity demonstrated in the present study, and in our previ-
ous studies that included CD4+ and CD8+ effectors [16,17],
suggests that both subsets are involved in the protection
against fungal infection and shows that this activity is main-
tained in lines switched to BLCL as APC.

Consistent with the more potent CTL activity, the com-
bined DC/BLCL protocol induced a higher frequency of
IFN-g-producing T cells than priming with DC alone. IFN-g
is the signature cytokine of the Th1 subset of CD4+ T cells
and is produced by natural killer (NK) cells, CD4+ T cells and
CD8+ T cells. IFN-g has many important functions [47].
First, IFN-g activates macrophages to kill phagocytosed
microbes; secondly, IFN-g stimulates expression of class I
and class II MHC molecules and co-stimulatory molecules
on APC; thirdly, IFN-g promotes the differentiation of naive
CD4+ T cells to the Th1 subset and inhibits the proliferation
of Th2 cells, and fourthly, IFN-g activates neutrophils and
stimulates the cytolytic activity of NK cells. By promoting
Th1 cell differentiation and prohibiting Th2 cell prolifera-
tion, IFN-g can polarize the T cell development and expan-
sion towards a Th1 T cell response. As Th1-type cellular
immune responses play a crucial role in protecting against
Asp infection [8–14], the higher frequency of Asp f16-
specific Th1-type cells in lines generated with the combined
DC/BLCL protocol may improve the immunotherapeutic
potential of this approach to the prevention or treatment of
Asp infection, especially in immunocompromised patients.

Co-stimulatory molecules and cytokines have been well
known to be the second signals required for the efficient
activation of antigen-specific T cells. Thus, we determined

and compared the expression levels of co-stimulatory mol-
ecules and cytokine secretion profiles of DC and BLCL. All
the antigens assessed were expressed at high levels on DC
from donors used in these experiments, which confirms their
identity as mature DC. BLCL demonstrated similar levels of
expression of the co-stimulatory molecules as DC except for
CD83, which showed little if any expression on BLCL. CD83
has been known for a decade to be the best marker for
mature DC, but its functions remain largely unknown. Pre-
vious data demonstrated that soluble CD83 played immu-
nosuppressive roles both in vivo and in vitro, such as the
inhibition of maturation of DC and DC-mediated T cell
stimulation [48]. On the other hand, evidence also showed
that CD83 is required for CD4+ T cell generation in CD83-
deficient mice [49], and that CD83 could augment the
CD80-dependent proliferation of antigen-specific CD8+ T
cells [50]. Thus, while CD83 may play a role in the activation
of T cell responses, it does not appear to be required and
further studies are needed to elucidate its precise function.

Cytokine gene expression and cytokine production by
BLCL have been carried out previously. One group of inves-
tigators found that each of 16 BLCL tested expressed high
levels of TNF-a, TNF-b and transforming growth factor
(TGF)-b mRNA, while IL-10 transcripts were detected in
most BLCL but at a lower level [51]. Another group reported
that 89% of the BLCL tested produced measurable amounts
of IL-10, ranging from 13 pg/ml to 3·7 ng/ml, while 32% of
the BLCL produced TNF-a [52]. Interleukin-10, TNF-a, as
well as IL-6 produced by most BLCL, may serve in autocrine
loops that contribute to the maintenance of the lymphoblas-
toid phenotype [51,52]. In agreement with previously
reported data, the cytokine secretion profile comparison of
BLCL and DC showed that BLCL produced much higher
levels of IL-10 and somewhat higher levels of TNF-a com-
pared with DC. Blocking experiments showed that neutral-
izing anti-Hu-IL-10 did not affect significantly the cytolytic
activity of the T cells primed with BLCL as APC. The failure
of blocking IL-10 to increase CTL activity might be due to a
level of IL-10 produced by BLCL in the present study, which
might be insufficient to exert inhibitory effects on T cell
activation. Alternatively, IL-10 may only play a role in the
BLCL autocrine loops. In contrast, the addition of anti-Hu-
TNF-a abrogated the ability of BLCL APC to induce Asp
f16-specific lytic activity of the T cells, suggesting that
TNF-a is involved in the process of T cell activation.

In conclusion, our study demonstrates the feasibility of an
approach by which Asp f16-specific CD4+ and CD8+ T cell
lines are generated by sequential primings with antigen-
pulsed DC followed by priming and expansion using
antigen-pulsed BLCL. Asp-specific reactivity in such lines is
detected earlier, cytotoxic potential is higher and the lines
contain a higher frequency of antigen-specific IFN-g-
producing T cells than lines generated using DC alone. This
protocol will be of practical value not only for adoptive
immunotherapy of Asp infection, but also for the expansion
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of T cells to other known viral or tumour antigens for which
the generation of DC can be a limiting factor.
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