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Summary

 

Invasive aspergillosis (IA) is a major cause of infection-related mortality in
patients with haematological malignancies, especially in recipients of hae-
matopoietic stem cell transplants. We have prepared overlapping pentade-
capeptides (11-aa overlap with previous peptide) spanning the entire 427-aa
coding region of the 

 

Aspergillus

 

 allergen, Asp f16 shown previously in mice to
induce Th1-type cell responses 

 

in vivo

 

 and in humans to induce proliferative
and cytotoxic CD4

  

++++

 

 T cell responses. Mature dendritic cells (DC) pulsed with
a complete pool of peptides were used to generate T cell lines. Two lines from
HLA-B*3501

  

++++

 

 donors were found to be strongly cytotoxic to autologous
Asp f16-peptide pool- and 

 

Aspergillus

 

 culture extract-pulsed targets after 4–
5 weekly primings. Cytotoxic T lymphocyte (CTL) culture supernatant killed

 

Aspergillus

 

 conidia, and cells directly killed 

 

Aspergillus

 

 hyphae. Cytotoxic
activity and interferon (IFN)-gggg

 

 production were mediated exclusively by CD8

  

++++

 

T cells in response to pool-pulsed targets. Interleukin (IL)-4 production was
not detected. CTL activity was restricted by HLA-B*3501 and based on pep-
tide prediction programmes was most probably directed to YFKYTAAAL
(YFK), LPLCSAQTW (LPL) and GTRFPQTPM (GTR) in one donor, while
only LPL was recognized by CTL from the second donor. Pool-pulsed B*3503

  

++++

 

BLCL but not B*3502

  

++++

 

 or B*3508

  

++++

 

 BLCL presented peptide to donor no. 1.
B*3503

  

++++

 

 BLCL presented YFK and to a lesser extent GTR, but not peptide LPL.
Our data show that in addition to our previously identified Class II restricted
peptide response, DC pulsed with a pentadecapeptide pool from Asp f16 are
capable of inducing polyclonal, HLA-Class I-restricted, 

 

Aspergillus

 

-specific T
cells that may be capable of conferring immunity to IA.
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I

 

ntroduction

 

Immune deficiency is a common side effect of haematolog-
ical malignancy and is especially severe during periods of
dose-intense chemotherapy or radiotherapy for the treat-
ment of the disease or as preparation for haematopoietic
stem cell transplant (HSCT). Immune deficiency can be even
more prolonged in patients who suffer from graft-

 

versus

 

-
host disease (GVHD) secondarily to allogeneic HSCT. Inva-
sive aspergillosis (IA), characterized by hyphal invasion
and destruction of pulmonary tissue, is a major cause of
infection-related mortality in patients during these periods

of extreme immune deficiency [1,2]. Although neutropenia
is a leading predisposing factor for IA, impaired T cell
immunity has been associated significantly with a higher risk
of infection, particularly late infection in HSCT patients
with GVHD [2–7]. Evidence from murine models and from
patients with allergic bronchopulmonary aspergillosis
(ABPA) shows that T cell immunity plays a central role in
this disease and that T-helper 1 (Th1) responses may be
essential in the prevention and control of infection [8–12].

It is possible to induce protective immunity against

 

Aspergillus

 

 infection by immunizing mice with antigen in
the form of crude extracts from mycelia, spores and whole
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culture filtrates [12–14]. These preparations contain non-
antigenic components including carbohydrates, proteins,
nucleic acids and even toxins in addition to the relevant anti-
gens [15–17]. Mycelia extracts of organisms grown in serum
free medium contain as many as 52 distinct proteins [18].
Currently, 23 recombinant 

 

A. fumigatus

 

 allergens have been
identified and cloned based on reactivity to IgG and/or IgE
antibodies in serum from patients with ABPA (IUIS official
list of allergens: http://www. allergen.org). Some of these
recombinant allergens are strongly homologous to human
proteins. Other allergens induce primarily Th2 immune
responses or antibody responses that do not protect the
organism from infection, thus are not antigens that would be
useful to target for the development of immunotherapeutic
approaches to IA [19–23]. However, the Asp f16 allergen was
found not only to induce IgE responses, but also vigorous T
cell proliferative responses that were highest in patients with
ABPA [24]. Furthermore, in mice local delivery of Asp f16
allergen in the presence of CpG oligodeoxynucleotides as
adjuvants resulted in the functional maturation and activa-
tion of airway dendritic cells (DC) capable of inducing a pro-
tective Th1 type T cell response to infection with 

 

Aspergillus

 

conidia that was similar to that induced by crude culture fil-
trates [12].

Our own and a number of other laboratories have focused
on means by which antigen-specific T cell immunity to
infectious agents such as 

 

A. fumigatus

 

 might be augmented
during periods when HSCT patients are most susceptible to
infections, such as early after transplant or secondary to
treatment for acute or chronic GVHD [25–27]. Transfer of
donor-derived T cell clones [28] or T cell lines [29] for the
prevention or treatment of cytomegalovirus (CMV) and
Epstein–Barr virus infection post-HSCT has proved to be
effective. While these antiviral protective responses are pre-
dominately mediated by CD8

 

+

 

 T cells, antigen-specific CD4

 

+

 

T cells are also required for an effective 

 

in vivo

 

 response [30].
To date, similar approaches to prevent or treat fungal infec-
tions have not been reported due, at least in part, to lack of
well-defined purified antigens that might induce protective
T cell responses [17]. Given the promising preclinical results
using Asp f16 our effort to develop an immunotherapeutic
approach to prevent or treat 

 

Aspergillus

 

 infection has now
focused on this antigen. We have used a series of 104 over-
lapping pentadecapeptides [11-amino acid (aa) overlap]
spanning the entire 427-aa coding region of Asp f16 and have
shown strong proliferative T cell responses by peripheral
blood mononuclear cells (PBMC) from normal donors
when peptides are presented on autologous DC [31].
Through repeated priming of donor T cells with peptide-
pool pulsed autologous DC, we went on to identify a single
peptide sequence, WSIDGAVVR, from Asp f16 that induced
a potent Th1 response by CD4

 

+

 

 T cells in one of these normal
donors. These T cells produced interferon (IFN)-

 

g

 

 and
directly mediated cytotoxicity to peptide-pulsed targets that
was restricted by the HLA-DRB1-*0301 allele of the donor.

This T cell line also recognized targets pulsed with crude
antigen extracts of 

 

Aspergillus

 

 cultures; supernatant from the
CTL line was directly cytotoxic to 

 

Aspergillus

 

 conidia and the
CTL directly killed 

 

Aspergillus

 

 hyphae. In this report we con-
tinue our studies of the Asp f16 allergen by generating CTL
lines in two additional normal donors using an identical
approach. Unlike the CD4

 

+

 

 T cell response of the previous
donor, both donors made a CD8

 

+

 

 T cell response restricted
by the same HLA Class I allele, B*3501. One donor recog-
nized a single peptide while the other recognized this peptide
plus two others each restricted by HLA-B*3501.

 

Materials and methods

 

Study participants and HLA-typing

 

Non-mobilized apheresis products were obtained from
healthy individuals after written informed consent under
research protocols approved by the Medical College of
Wisconsin and Froedtert Hospital Investigational Review
Boards. Sequence-based HLA typing was performed on cells
from all donors by the Immunogenetics Laboratory, Blood
Center of South-eastern Wisconsin, Milwaukee, WI, USA.

 

Overlapping pentadecapeptides

 

Overlapping 15 amino acid (aa) pentadecapeptides (

 

n

 

 

 

=

 

 104)
spanning the entire 427 aa sequence of the Asp f16 allergen
were synthesized and analysed by NMI Technologietransfer
GmbH, Reutlingen, Germany. Each pentadecapeptide over-
laps the previous peptide by 11-aa. Peptides were prepared in
single use aliquots and stored frozen at 

 

-

 

70

 

∞

 

C as described
previously [31]. A complete pool containing all 104 peptides,
each at 1 

 

m

 

g/ml was prepared, along with 21 small pools
arranged in a matrix (10 vertical and 11 horizontal) consist-
ing of four to 11 pentadecapeptides at 2 

 

m

 

g/ml of each pep-
tide. Smaller pools together with single peptides were used to
identify the specificity of the CTL.

 

Generation and peptide pulsing of monocyte 
(Mo)-derived DC

 

Generation of immature blood Mo-derived DC was per-
formed as described previously [27], with minor modifica-
tion [31]. Instead of the more standard 5–6-day culture
period in medium containing granulocyte-macrophage col-
ony stimulating factor (GM-CSF) and interleukin (IL)-4 to
generate immature DC, we pulsed immature DC generated
after only 2–3 days in culture (fast-DC) with Asp f16-peptide
pool complete (PPC) for 6 h, then matured the DC for 2 days
with a mixture of 10 ng/ml IL-1

 

b

 

, 1000 U/ml IL-6, 10 ng/ml
tumour necrosis factor (TNF)-

 

a

 

 (all from R&D Systems,
Inc., Minneapolis, MN, USA) and 1 

 

m

 

g/ml prostaglandin
(PG)-E

 

2

 

 (Sigma-Aldrich Corp, St Louis, MO, USA) before
using them to prime proliferative and CTL responses.
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Priming of polyclonal 

 

Aspergillus-CTL

 

 effectors

 

Asp f16-CTL effectors were generated according to our
published method [27] by co-culture of mature, irradiated
(25 Gy), PPC-pulsed fast-DC with autologous lymphocytes
at ratio 1 : 10, respectively, in the presence of 500 pg/ml IL-
12 (R&D Systems) in RPMI complete medium (RPMI-1640
with 25 m

 

m

 

 HEPES, 2 m

 

m l

 

-glutamine, BioWhittaker,
Walkersville, MD, USA) with 10% pooled human AB serum
(HS, Labquip Ltd, Niagara Falls, NY, USA). Cultures were
fed every third day with half-fresh RPMI complete medium

 

-

 

10% HS and 200 IU/ml IL-2 (Chiron, Emeryville, CA, USA).
The cultures were restimulated every 7 days and cell density
was adjusted to 10

 

6

 

 cells/ml and maintained at this concen-
tration throughout the culture period.

 

51

 

Cr-release assay

 

Lytic activity of Asp f16-effectors was measured by a 4-h

 

51

 

Cr-release assay as described previously [27]. Targets
included autologous DC or PHA blasts and partially HLA-
matched B lymphoblastoid cell lines (BLCL). Additional tar-
gets such as the natural killer (NK)-sensitive cell line K562
(American Type Culture Collection, Manassas, VA, USA)
were also used. Targets were either unpulsed, or pulsed with

 

A. fumigatus

 

 commercial culture filtrate antigen (Asp f-CF,
Greer Laboratories Inc., Lenoir, NC, USA) (50 

 

m

 

g/ml), Asp
f16-PPC (1 

 

m

 

g/ml each peptide), one of the small peptide
pools (2 

 

m

 

g/ml each peptide) or with single peptides (2 

 

m

 

g/
ml) by incubation with antigen in serum-free RPMI com-
plete medium for 1 h at 37

 

∞

 

C prior to labelling and washing.
HLA-typed BLCL were either homozygous cell lines used in
the 10th International Histocompatibility workshop, or were
BLCL prepared under experimental protocols from patients
or donors undergoing allogeneic HSCT. Consent was
obtained at the time of sample collection for use of patient
and donor BLCL for other experimental protocols. Sponta-
neous release was measured using medium with targets (no
effectors) and maximum release was measured using 0·5%
Triton X-100 (Sigma-Aldrich Corp) with targets only. Spe-
cific lysis was calculated as:

[(cpm test 

 

-

 

 cpm spontaneous) 

 

∏

 

 (cpm maximum 

 

- 

 

cpm 
spontaneous)] 

 

¥ 

 

100.

 

T cell subset separation

 

The CTL line from donor RD0401 was fractionated by
positive selection of CD4

 

+

 

 T cells using Miltenyi CD4-
conjugated beads (Miltenyi Biotec, Auburn, CA, USA) and a
magnetic cell sorter (MACS). The purity of the separation
was assessed by FACS analysis and the cytolytic activity of the
CD4-enriched and CD4-depleted fraction was assessed sep-
arately as indicated above using HLA-matched non- and Asp
f16-PPC-pulsed BLCL as targets.

 

Conidiacidal assay

 

A. fumigatus

 

 conidia were cultured, harvested and labelled
with a fluorescent molecular stain (FUN-1, Molecular
Probes, Eugene, OR, USA) as described by Balajee 

 

et al

 

. [32].
CTL were restimulated 24 h prior to the assay. FUN-1-
stained live conidia (10

 

6

 

) were incubated overnight in fresh
RPMI culture medium or in CTL culture medium (1 ml)
and then examined under a fluorescence microscope. Live
and heat-inactivated (85

 

∞

 

C for 30 min) FUN-1-labelled
conidia in medium alone were used as positive and negative
controls, respectively. Metabolically active conidia accumu-
late orange fluorescence in vacuoles, while dormant and
dead conidia stain green.

 

Hyphae killing assay

 

Hyphae killing was determined by using a tetrazolium dye
XTT modified from a method described by Meshulam 

 

et al

 

.
[33], as described previously [31]. Briefly, 

 

Aspergillus

 

 conidia
were germinated at 45

 

∞

 

C for 16 h to form hyphae. Asp f16-
specific CTL or CMVpp65-specific CTL were added to
hyphae [effector : hyphae (E : H) ratio of 3 : 1] and incu-
bated at 37

 

∞

 

C for 2 h (with continued mixing) in the pres-
ence or absence of Asp f16-PPC or pp65 peptide mix (Jerini
Peptide Technologies, Berlin, Germany). Controls included
tubes containing live hyphae, CTL and 10% formaldehyde
killed hyphae alone. Lysis was stopped by addition of 1 ml
ice-cold distilled water, the tubes mixed, then centrifuged at
4

 

∞

 

C for 10 min at 3000 

 

g

 

 prior to the addition of 400 

 

m

 

l of
freshly prepared XTT (0·5 mg/ml, Sigma) containing coen-
zyme Q (40 

 

m

 

g/ml, Sigma). After 1 h incubation at 37

 

∞

 

C with
continued mixing, 100 

 

m

 

l supernatant was transferred to a
flat-bottomed 96-well plate and absorption at 450 nm was
determined with 96-well plate reader (Packard, Meriden, CT,
USA). Absorption of each well at 650 nm was also obtained
to control non-specific absorption. The percentage of fungal
cell damage was defined by the following equation:

[1 

 

- 

 

(A450 of hyphae incubated with CT 1 

 

-

 

 A450 of CTL 
alone)/A450 of hyphae live) 

 

¥ 

 

100]

 

Quantification of T cells producing IFN-gggg

 

 in response to 
Asp f16-pentadecapetides

 

IFN-

 

g

 

 production was assessed by a method modified
from Koehne 

 

et al

 

. [34] using the FastImmune Intracellu-
lar Cytokine Detection Kits (BD Biosciences, San Jose, CA,
USA) as described previously [31]. Tubes containing effec-
tors either unstimulated or stimulated with staphylococcal
enterotoxin B superantigen (SEB) were added as negative
and positive controls, respectively. Staining and flow
analysis were performed according to the manufacture’s
recommendations.
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Immunophenotyping

 

Approximately 0·25 

 

¥

 

 10

 

6

 

 cells/tube were immunopheno-
typed using a four-colour direct panel including FITC-,
PE-, PerCP- and APC-conjugated MoAb to: CD3, CD4,
CD8, CD14, CD19, CD45, CD56, CD69, CD107a, IFN-

 

g

 

,
IL-4 and T cell receptor (TCR)-

 

g

 

/

 

d

 

. Non-specific binding
was monitored using isotypic controls. All antibodies were
obtained from Becton-Dickinson, Hialeah, FL, USA. The
stained cells were acquired on a FACSCalibur flow cytometer
and were analysed from list mode data using the FCAP soft-
ware package.

 

Statistics

 

Statistical analysis was performed with unpaired 

 

t

 

-test, for
comparison between two groups and one-way 

 

anova

 

 (and
non-parametric) test, for comparison between more than
two groups using 

 

graphpad prism

 

 version 3·0 for Macin-
tosh (GraphPad software, San Diego, CA, USA). 

 

P

 

-values
of 

 

<

 

0·05, 

 

<

 

0·01 and <0·001 were considered statistically
significant, highly significant and very highly significant,
respectively.

Results

Induction of Aspergillus-specific CD8++++ cytotoxic T cell 
responses by Asp f16-PPC pulsed fast-DC

Mature fast-DC pulsed with Asp f16-PPC were used to prime
CTL responses from three donors, cells from each of whom
also proliferated in response to PPC-pulsed DC [31]. A CD4+

CTL line generated from one of these donors has been
described previously [31]. Additional CTL lines were
obtained from the other two donors. Both lines were found

to be strongly cytotoxic and lysed autologous Asp f16-PPC-
and Aspergillus culture extract-pulsed DC and autologous or
HLA-matched BLCL targets to the same extent (P > 0·05,
one-way analysis of variance) after 4–5-weekly primings
(Fig. 1). The cytolytic activity towards Asp f16-PPC-BLCL
targets of the line from donor RD0401 increased steadily
from 49·1 ± 3·0% (E : T ratio = 50 : 1) at week 4 to
63·0 ± 2·3% by week 7, whereas the lytic activity of the line
from donor RD0309 increased from 46·8 ± 1·4% at week 5 to
68·5 ± 1·1% at week 7. The effectors did not show any sig-
nificant lytic activity to autologous non-pulsed DC, non-
pulsed autologous or HLA-matched BLCL (Fig. 1), autolo-
gous PHA blasts (not shown) or culture-filtrate pulsed BLCL
under the conditions described in Methods for target cell
pulsing (not shown). Moreover, no NK-mediated cytotoxic-
ity was seen as determined by using K562 target cells (not
shown).

The Asp f16-effectors from donor RD0401 were predom-
inately CD3+/CD4+, but the minor CD3+/CD8+ population
increased steadily from 5·2 ± 0·5% of the total cells in the
culture at week 3 to 19·0 ± 0·6% at week 7. To assess the phe-
notype of the cells mediating CTL activity, CD4+ and CD8+

effectors were separated from the Asp f16 bulk-culture.
Cytolytic activity of the separated CD4+ (purity = 99·7%)
and CD8+ (purity = 99·9%) cells was assessed using HLA-
matched non- and Asp f16-PPC-pulsed BLCL as targets.
CD8+ cells specifically lysed PPC-pulsed BLCL (65% at
50 : 1), and there was no significant cytolytic activity by
CD4+ cells (<5% at 50 : 1). To further support the role of
CD8 + T cells in the Aspergillus-specific CTL response we
performed FACS-based assays for cell activation, IFN-g
production and degranulation of cytolytic granules in
response to Asp f16-PPC-pulsed targets. CD8+ cells, but
not CD4+ cells, increased significantly (P < 0·001, unpaired
t-test) CD69 expression (22·1 ± 0·5%) and IFN-g production

Fig. 1. Lytic activity of the generated Asp f16-specific T cells. Asp f16-CTL from donor RD0401 (a) and RD0309 (b) were generated by four or five 

stimulations, respectively, with autologous, mature, fast-DC, pulsed with Asp f16-PPC. Cytolytic activity was assessed 5 days after the last priming 

using autologous Asp f16-PPC- and CF-pulsed DC or Asp f16-PPC-pulsed HLA-matched (a) or autologous (b) BLCL as targets. Non-pulsed DC and 

non-pulsed BLCL targets were used as controls. Data are presented as the mean of triplicate samples ± s.d. Asp f16-effectors lysed CF- and PPC-pulsed 

targets to a similar extent but not non-pulsed targets (P > 0·05, one-way analysis of variance). Less than 5% lytic activity was seen using NK-sensitive 

cell line K562 and autologous PHA blasts as targets in the assay (not shown). NP: Non-pulsed, PPC: complete overlapping pentadecapeptides pool, 

CF: commercial Aspergillus culture-filtrate antigen.
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(16·8 ± 0·9%) in response to PPC-pulsed autologous DC
compared to NP-DC. A high level of CD107a expression was
induced exclusively on CD8+ cells (41·1 ± 3·3% of CD8+

cells) in response to Asp f16-PPC-pulsed autologous DC
indicating degranulation (Fig. 2a). The phenotype of the
CTL line from donor RD0309 at week 5 was divided more
evenly between CD4+ and CD8+ T cells with 51·4% CD3+/
CD4+ and 49·4% CD3+/CD8+. As for donor RD0401, expo-
sure to Asp f16-PPC pulsed targets stimulated exclusively the
CD3+/CD8+ population, with 12·7% of CD8+ T cells produc-
ing IFN-g, 16·4% co-expressing CD69 and 37·7% co-
expressing CD107a (Fig. 2b). All these results indicated that
Aspergillus-specific cytotoxic CD8+ T cells were generated by
priming with PPC-pulsed fast-DC in both donors.

Identification of Asp f16-epitopes recognized by the 
CTL effectors

To define the epitope(s) inducing the Asp f16-specific
response, we screened 21 smaller pools containing four to 11
pentadecapeptides using cytolytic assays. The CTL line from
donor RD0401 showed lytic activity to targets pulsed with
six of the smaller pools, PP1, PP3, PP4, PP8, PP11 and PP15

(Fig. 3a–c). We then screened the eight single peptides (SP1,
SP3, SP4, SP8, SP41, SP43, SP44 and SP48) shared by the
pools. No cytolytic activity was found in response to SP8,
SP41, SP43 and SP44, whereas the cytolytic activity in
response to SP1, SP3, SP4 or SP48 was not significantly dif-
ferent from the response to the entire pool (P > 0·05, one-
way analysis of variance) (Fig. 3d). We additionally screened
the CTL line against HLA-matched targets pulsed with pen-
tadecapeptides SP2, SP5, SP47 and SP49 and found no lytic
activity (Table 1), therefore we could narrow one epitope
contained in SP1 to the sequence MYFKYTAAALAA. SP3
and SP4 shared the sequence VLPLCSAQTWS, making this a
sequence that probably contains a second epitope and a third
epitope present in SP48 is probably GTRFPQTPM (Table 1).
The CTL line from donor RD0309 was screened in an iden-
tical manner but was found to react only to PP3, PP4 and
PP11 and reacted to the single peptides, SP3 and SP4 shared
by these pools, but not to SP2 or SP5, indicating recognition
of the shared sequence VLPLCSAQTWS (Table 1).

The HLA type of the CTL donor RD0401was determined
by DNA sequencing and is shown in the legend to Table 2.
Asp f16-PPC pulsed BLCL matched with the effectors for one
or more HLA alleles were used in cytotoxicity assays to

Fig. 2. IFN-g production and degranulation by 

Asp f16-specific CTL. CD8+ effectors from donor 

RD0401 (a) and RD0309 (b) were activated 

(white bars), produced IFN-g (black bars) and 

expressed CD107a (hatched bars) in response to 

PPC-pulsed autologous DC compared to NP-DC. 

Data are shown as the mean ± s.d. of replicate 

staining tubes. SEB was used as a positive control 

and unstimulated CTL were used as a negative 

control. NP: non-pulsed, PPC: complete overlap-

ping pentadecapeptides pool, US: unstimulated.
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Fig. 3. Peptide specificity of the Asp f16 specific 

CTL. The Asp f16-specific CTL line from donor 

RD0401 was screened in a 51Cr-release assay 

against HLA-matched BLCL pulsed with 21 

smaller pools each containing 4–11 pentade-

capeptides. Cytotoxicity was seen to six smaller 

pools, PP1, PP3, PP4, PP8, PP11 and PP15 (a,b,c) 

and specificity could be narrowed by screening 

single peptides shared by the pools to four candi-

date peptides, SP1, SP3-SP4 and SP48 (d). Data 

are presented as mean value of triplicate samples 

± s.d. PP: peptide pool, SP: single peptide.
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identify the restricting elements for cytolytic activity to Asp
f16. BLCL from bone marrow (BM) donors 1 and 2 together
covered all the HLA alleles of donor RD0401 and shared only
HLA-B*3501 with each other (Table 2). Asp f16-CTL lysed to
exactly the same extent PPC-BLCL from BM 1 and BM 2
donors (P > 0·05, unpaired t-test). In addition, Asp f16-
effectors were cytotoxic for two additional PPC-pulsed
B*3501+ targets but not for PPC-pulsed B*3501– targets
(Table 2). In a similar fashion the CTL line from donor

RD0309 (also HLA-B*3501+) was screened using Asp f16-
PPC-pulsed BLCL from partially HLA-matched donors and
similarly lysed only targets sharing HLA-B*3501 with the
donor. These results indicated that Asp f16-epitopes were
presented by HLA*B3501 for both donors. A database search
of peptides likely to be restricted by HLA*B3501 identified
the probable epitope in SP1 recognized by RD0401 as
YFKYTAAAL (position 2–10), the epitope shared by SP3 and
SP4 as LPLCSAQTW (position 14–22) recognized by both

Table 1. Asp f16 epitopes.

SP no. Sequence

% Lytic activity

RD0401

% Lytic activity

RD0309

1 MYFK YTAA ALAA VLP 63·4 ± 2·5 n.d.

2 YTAA ALAA VLPL CSA 7·4 ± 0·6 5·2 ± 2·6

First epitope is YFKYTAAAL  (position 2 Æ 10)

2 YTAA ALAA VLPL CSA 7·4 ± 0·6 5·2 ± 2·6

3 ALAA VLPL CSAQ TWS 58·4 ± 2·7 63·3 ± 5·8

4 VLPL CSAQ TWSK CNP 56·5 ± 0·9 64·9 ± 4·6

5 CSAQ TWSK CNPL AET 6·9 ± 0·6 9·8 ± 1·0

Second epitope is LPLCSAQTW  (position 14 Æ 22)

47 TYND AKGG TRFP QTP 6·3 ± 0·1 n.d.

48 AKGG TRFP QTPM RLR 61·7 ± 0·8 n.d.

49 TRFP QTPM RLRL AAG 5·2 ± 1·2 n.d.

Third epitope is GTRFPQTPM  (position 192 Æ200)

Asp f16-CTL were screened in 51Cr-release assays to HLA-matched BLCL targets (RD0401) or autologous BLCL (RD0309) pulsed with single

peptides shared by the smaller pools which were recognized (indicated in bold) and by flanking peptides as listed in the table. Data are presented as

the percentage specific lysis ± s.d., at an E : T ratio of 50 : 1. The CTL line from RD0401 lysed targets pulsed with SP1, SP3, SP4 and SP48 but not

targets pulsed with SP2, SP5, SP47 and SP49. Therefore one epitope is contained in SP1, a second epitope is contained in the sequence VLPLCSAQTWS,

shared between SP3 and SP4 and is also the epitope recognized by CTL from donor RD0309, while a third epitope is contained in SP48. A database

search of peptides likely to be restricted to B*3501 identified the three epitopes as YFKYTAAAL (position 2–10), LPLCSAQTW (position 14–22) and

GTRFPQTPM (position 192–200). SP: Single peptide.

Table 2. HLA restriction pattern of Asp f16-specific effectors.

PPC-BLCL HLA shared with RD0401

% Lysis

RD0401 HLA shared with RD0309

% Lysis 

RD0309

RD0309 DRB1*0401, DQ*0301, DQ*0501, A*0301, B*3501,

DRB1*0101, DQ*0501

60·8 ± 1·0 A*0201, A*0301, B*3501, B*4402, C*0401,

C*0501, DRB1*0101, DRB4*0101

60·8 ± 2·8

BM Don #1 A*0301, A*1101, B*1801, B*3501, C*0704 61·4 ± 1·4 n.a. n.d.

BM Don #2 B*3501, C*0304, DRB1*0101, DRB1*0301 61·9 ± 1·2 B*3501, DRB1*0101, DQ*0501 61·5 ± 2·5

L0081785 A*0301, B*1801, DRB1*0301, DQ*0201, DRB3*0202 10·2 ± 1·1 A*0301, C*0501 3·4 ± 0·5

BM Don #3 A*0301, DRB3*0202 7·9 ± 1·2 n.a.

RD0307 A*1101, B*3501, DQ*0501, DRB3*0202 62·3 ± 0·6 B*3501, C*0401, DQ*0501 60·6 ± 1·5

TISI DRB3*0202 8·8 ± 2·3 NA

BM Don #4 n.a. n.d. A*0301, DQ*0501 5·3 ± 1·0

BM Don #5 n.a. n.d. A*0201, DRB1*0401 8·3 ± 0·9

BM Don #6 n.a. n.d. A*0201, B*4402, C*0501 0·3 ± 1·0

BM Don #7 n.a. n.d. A*0301, C*0401, DRB4*0101 7·8 ± 1·1

RD0402 n.a. n.d. DQ*0301 0·8 ± 1·2

The full HLA typing of donor RD0401 is A*0301, A*1101, B*1801, B*3501, C*0304, C*0704, DRB1*0101, DRB1*0301, DQ*0201, DQ*0501,

DRB3*0202. Typing for donor RD0309 is shown in the table. The BLCL from donor RD0401 was not established at the time of the experiment.

However, BM donors 1 and 2 together share all  the HLA alleles of RD0401 but together shared only HLA-B*3501. Data are shown as the mean ±
s.d. percentage specific lysis of Asp f16-PPC-pulsed targets at an E : T ratio of 50 : 1. Only targets that were B*3501+ were lysed by either donor CTL

line.
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donors, and confirmed the epitope in SP48 identified
through pool screening as GTRFPQTPM (position 192–200)
recognized by RD0401, as shown in Table 1. Together these
results show that DC pulsed with a pentadecapeptide pool
from Asp f16 are capable of inducing polyclonal, HLA-Class
I restricted, Aspergillus-specific CTL directed to multiple
peptides contained within the pool.

Cross-reaction of Asp f16-effectors with other 
HLA*B35 BLCL

To assess whether the epitopes are presented by multiple
subtypes of HLA-B35, CTL from RD0401 were tested with
peptide pulsed BLCL targets from B*3502+, B*3503+ and
B*3508+ donors in the cytotoxicity assay. At least two differ-
ent donors from each HLA-B35 subtype were analysed. Asp
f16-CTL from RD0401 mediated significant lysis of PPC-
pulsed B*3503+ BLCL, although to a somewhat lesser degree
than to HLA*B3501+ targets, but failed to lyse PPC pre-
sented on B*3502+ or B*3508+ BLCL, as shown in Fig. 4a.
The cross-reactivity of Asp f16-effectors with B*3503+ BLCL
pulsed with either SP1, SP3, SP4 or SP48 was tested to define
the shared epitopes presented by HLA-B*3503. Asp f16-
effectors were able to lyse B*3503+ BLCL pulsed with SP1
(40·0 ± 1·0, E : T ratio = 50 : 1) and SP48 (24·1 ± 2·9, E : T
ratio = 50 : 1) but did not lyse B*3503+ BLCL pulsed with
either SP3 or SP4 (Fig. 4b). These data indicate that B*3503+

BLCL presented the epitope enclosed in SP1 (YFKYTAAAL)
and to a lesser extent the epitope enclosed in SP48 (GTRF-
PQTPM) but not epitope LPLCSAQTW enclosed in SP3 and
SP4 to Asp f16-specific HLA-B*3501+ CTL. The sequence
differences between the HLA-B35 alleles tested is shown in
Fig. 4c.

Direct killing of Aspergillus by Asp f16-specific CTL

We have shown previously that CD4+ Asp f16-specific effec-
tors were able to kill Aspergillus directly using two assays, one
for conidia and the second for hyphae killing [31]. The CD8+

CTL from donor RD0401 were tested similarly in a FUN-1
conidiacidal assay. In this assay metabolically active live
conidia (positive control) accumulate orange fluorescence in
vacuoles (Fig. 5a), whereas dormant, heat-killed conidia
(negative control) stain green (Fig. 5b). FUN-1-labelled
Aspergillus conidia cultured overnight in fresh culture
medium (Fig. 5c) stained orange but labelled conidia incu-
bated in CTL culture supernatant (Fig. 5d) became inactive
and stained green, indicating that Asp f16-effector culture-
supernatant contains substances that killed fresh Aspergillus
conidia. Because lymphocytes take up FUN-1 cells could not
be added directly in this assay. We determined the direct kill-
ing effect of the CTL by co-culture with Aspergillus hyphae in
an XTT dye reduction assay (Fig. 5e). CTL from RD0401
resulted in 22·4 ± 0·9% killing that increased to 27·3 ± 0·6%
killing when Asp f16-PPC was added to the culture, while
CTL from donor RD0309 were somewhat less potent, show-
ing 15·2 ± 1·6% lysis without and 17·8 ± 1·4% lysis with
added peptide. In contrast, two control CTL lines, one gen-
erated by priming with DC pulsed with a pool of peptides
from CMV-pp65 and the second primed with autologous
EBV transformed BLCL, failed to result in any significant
hyphae killing without or with added antigen, even though
these lines exhibited potent killing of their respective virus-
infected targets (32·4 ± 4·3% for the CMV-pp65-specific
CTL and 47·0 ± 0·5% for the EBV-CTL at an E : T of 25 : 1).
Culture medium from peptide pool activated donor RD0309
CTL also resulted in background lysis of Aspergillus hyphae,

Fig. 4. Cross-reaction of HLA-B3501 restricted 

Asp f16-effectors with other HLA-B35 alleles. Asp 

f16-CTL from donor RD0401 lysed PPC-pulsed 

B*3503+ BLCL but not B*3502+, or B*3508+ BLCL 

(a). B*3503+ BLCL presented epitope contained 

in SP1 (YFKYTAAAL) and to a lesser extent the 

epitope contained in SP48 (GTRFPQTPM) but 

not peptide LPLCSAQTW contained in SP3 and 

SP4 (b). Data are presented as mean value of trip-

licate samples ± s.d. At least two different donors 

from each HLA-B35 subtype are analysed in this 

experiment. (c) Sequence differences between the 

HLA-B35 alleles tested. A dash indicates identity 

with the B*3501 allele at the indicated position. 

PPC: complete overlapping pentadecapeptides 

pool, SP: single peptide.
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as can be seen in Fig. 5e. Formalin-killed hyphae showed
~99% killing while hyphae in fresh medium alone were used
as a negative control to blank the enzyme-linked immun-
osorbent assay (ELISA) reader. These data suggest that, like
CD4+ effectors, CD8+ CTL generated by using PPC-pulsed
fast-DC not only kill peptide-pulsed targets but also have
activity directly against the fungus.

Discussion

The methodology to generate Aspergillus-specific Th1 T cell
responses from healthy donors by using mature, autologous,
fast, Mo-derived DC pulsed with a complete pentadecapep-
tide pool (PPC) of Asp f16 has been described previously by
us [31]. We found that PBMC from five of five donors tested
proliferated strongly in response to Asp f16-PPC-pulsed
DC. A HLA-Class II DRB1*0301 restricted CD4+ CTL line
was generated from one donor that was specific for a single
peptide, WSIDGAVVR. IFN-g-producing precursors could
be detected in the unstimulated peripheral blood from each
of seven DRB1*0301+ donors in response to peptide pool,
and response to the single peptide containing WSIDGAVVR
was similar to the complete pool for five of these donors,
indicating that peptide WSIDGAVVR may be recognized
widely. Here we describe T cell lines from two additional
donors, RD0401 and RD0309 that were strongly and specif-
ically cytotoxic to autologous Asp f16-PPC- and Aspergillus
culture extract-pulsed targets. Unlike our previously
described donor, CTL activity and IFN-g production by
both lines was exclusively from CD3+CD8+ T cells even
though both lines were a mixture of CD4+ and CD8+ T cells.
Similar to the previously described line, there was no IL-4
production by CD4+ T cells indicative of a Th2 response.
Asp f16-PPC-pulsed BLCL induced a high level of CD107a
on CD8+ T cells with little or no expression on the CD4+ T
cells in both lines (Fig. 2). CD107a (also known as lysoso-
mal-associated membrane protein-1) is a vesicle membrane
protein that becomes transiently mobilized to the cell sur-
face during the release of cytotoxic mediators such as per-
forin and granzymes of cytotoxic T cells [35]. The use of
CD107a mobilization in flow cytometric analysis as a
marker of degranulation in antigen specific CTL has been
described recently [36].

CD8+ CTL usually recognize peptide fragments from eight
to 11 aa residues in length bound to MHC class I molecules
[37], although longer peptides may also be recognized
[38,39]. Synthetic, overlapping pentadecapeptides that span
regions encoding viral antigens have been used for the iden-
tification of T cell epitopes [40–43]. Overlapping pentade-
capeptides (each peptide overlaps the preceding peptide by
11-aa) are of an optimal size for the generation of T cell
responses to both the shorter Class I-binding peptides and to
the longer 11–13-aa peptides that bind to Class II molecules
[41]. The use of pentadecapeptide pools to prime epitope-
specific T cells is dependent upon adequate processing and

Fig. 5. Conidiacidal and hyphae damage assay. In the FUN-1 conidi-

acidal assay metabolically active live conidia (positive control) accumu-

late orange fluorescence in vacuoles (a), whereas dormant, heat-killed 

conidia (negative control) stain green (b). FUN-1-labelled Aspergillus 

conidia cultured overnight in fresh culture medium (c) stained orange 

but labelled conidia cultured in supernatant from the donor RD0401 

CTL-culture (d) became inactive and stained green. In XTT hyphae 

damage assay (e) Asp f16-CTL from donor RD0401 resulted in 

22·4 ± 0·9% killing (effector : hyphae ratio of 3 : 1) that increased to 

27·3 ± 0·6% killing when Asp f16-PPC was added to the culture, whereas 

CTL from donor RD0309 resulted in 15·2 ± 1·6% lysis in the absence 

and 17·8 ± 1·4% in the presence of Asp f16-PPC. Control CTL lines 

included a line specific for CMV pp65 in the absence or presence of 

added peptide mix containing overlapping pentadecapeptides spanning 

the coding region of pp65 (pp65-PM) and an Epstein–Barr virus-

specific CTL line (EBV-CTL) in the absence and presence of the autol-

ogous BLCL against which it was raised. CTL activity of the control lines 

in standard 51Cr release assays was 32·4 ± 4·3% and 47·0 ± 0·5%, respec-

tively, at an E : T ratio of 25 : 1 to virus infected targets. Culture super-

natant from donor RD0309 CTL resulted in only background killing. 

Formalin killed hyphae showed ~99% killing. Hyphae in medium alone 

were used to blank the ELISA reader. Data are presented as mean value 

± s.d. of triplicate assays.
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presentation by DC of smaller immunogenic peptides
derived from the pentadecapeptides [44]. Specific epitopes
were identified in CTL assays using 21 smaller pools contain-
ing four to 11 pentadecapeptides. The CTL line from donor
RD0401 reacted to six smaller pools (PP1, PP3, PP4, PP8,
PP11 and PP15) and specificity could be narrowed by
screening individual peptides shared by the pools to four
candidate peptides (SP1, SP3, SP4, SP48). The CTL line from
donor RD0309 reacted only with three smaller pools, PP3,
PP4 and PP11, sharing two of the same candidate peptides
(SP3 and SP4). Through examination of the amino acid
sequences in these peptides and in the adjacent peptides that
were not reactive (see Table 1) we could narrow the
candidate sequences for the first epitope recognized by CTL
from RD0401 to MYFKYTAAALAA. The second epitope
recognized by both cell lines was contained within
VLPLCSAQTWS and the third also recognized only by
RD0401 to narrowed to GTRFPQTRM. Once HLA restric-
tion was determined to be by HLA-B*3501 for both donors,
a database [45] search identified the probable sequences as aa
2–10 YFKYTAAAL (YFK), aa 14–22 LPLCSAQTW (LPL)
and aa 192–200 GTRFPQTPM (GTR).

Each of the identified epitopes induced similar reactivity
by the RD0401 line when the individual pentadecapeptide
containing these sequences were pulsed onto B*3501+ tar-
gets. RD0401 CTL cross-reacted with Asp f16-PPC-pulsed
B*3503+ BLCL but not B*3502+, or B*3508+ BLCL and this
cross-reactivity was primarily to peptide YFK and to a lesser
extent GTR, but not to peptide LPL. B*3502 differs from
B*3501 at 3 aa while B*3503 and B*3508 differ at just one
amino acid, position 116 and position 156, respectively, as
shown in Fig. 4 [46]. Position 116 lies in the floor of the pep-
tide binding groove while position 156 is on the exterior sur-
face of the a-helix in a position that is likely to contact the
TCR. B*3501 and B*3503 share leucine, a highly hydropho-
bic amino acid (hydrophobicity index of 3·8) at position 156,
which is replaced by arginine, a much larger amino acid that
is only partly hydrophobic (hydrophobicity index of -4·5) in
B*3508, a difference that may well affect interaction with
TCR. While B*3502 shares leucine 156 with B*3501 it con-
tains two disparities, positions 114 and 116, that both lie in
the floor of the peptide-binding groove and may affect the
ability of the peptide to bind to the MHC molecule and one
disparity at position 109 that lies in the a-helix that may
affect presentation [46]. The serine to phenylalanine differ-
ence between B*3501 and B*3503 at position 116 appears to
permit binding of peptides YFK and GTR but not peptide
LPL. Asp f16 shares sequence homology with a probable
membrane protein from Saccharomyces cerevisiae in the
region from 99 to 214 and 31% identity with the hybrid
endo-b-1,3–1,4 gulcanase in the regions between aa 73–204,
an area containing peptide GTR [24]. However, a search for
matching peptides using the Protein Information Resource
programme revealed that each of the three identified pep-
tides was limited to A. fumigatus [47].

The manner by which Th1-type T cells protect against
fungal infection is not fully understood. Inhaled Aspergillus
conidia invade the respiratory tract and attach more readily
to epithelium damaged from the transplant preparative reg-
imen, infection or by GVHD and its treatment than in
healthy individuals [48]. Cytokines produced by Th1-type T
cells such as IL-2, IFN-g and IL-12 may activate secondarily
pulmonary macrophages and granulocytes that serve as a
first line of defence against infection [2,49]. Direct contact
with activated T cells has been shown to inhibit the ability of
germinating Aspergillus conidia to adhere to surfaces, which
may limit infection [50]. The role for a CD8+ T cell response
to A. fumigatus or other fungal infection is less clear. CD8+ T
cells have been demonstrated to inhibit directly the growth
of Candida hyphae and may thus limit the spread of the
infection [51] and CD8+ T cells produce high levels of IFN-
g after antigen encounter, and therefore may act more like
Th1-type CD4+ T cells as opposed to Th2-type suppressor T
cells. Both CD8+ T cell lines in this report and our CD4+

Class II-restricted Asp f16-specific T cell line were able to
directly kill hyphae to a similar extent (18–27%) at the same
3 : 1 E : T ratio. Hyphae killing was not seen when culture
supernatant from peptide primed CTL in the absence of cells
was used in the assay, suggesting that the secreted molecules
involved in conidia killing were not adequate alone to kill
hyphae and may require the presence of the Asp f16-specific
CTL. The increased killing seen when Asp f16-specific effec-
tors were pulsed with peptide may reflect increased activa-
tion and secretion of lytic molecules (granzyme, perforin)
induced by the peptides. Further experiments are planned
to examine CD107a expression secondary to heat-killed
conidia and hyphae exposure in the absence of added pep-
tides to determine if the CTL lytic machinery is directly acti-
vated by fungus. While the role of antigen-specific CD8+ T
cells in the immunotherapy or prevention of herpes virus
infections in HSCT patients has been demonstrated [29,52],
the benefit of CD8+ CTL immunotherapy in the setting of
fungal infection remains to be determined. Finding two
unrelated donors each responding to the same HLA-B*3501-
restricted peptide (LPL), and the identification of two addi-
tional B*3501-restricted peptides that can be cross-presented
by other HLA-B*35 subtypes, suggests a functional role of
memory CD8+ T cell responses towards A. fumigatus in
healthy donors. Indeed, even though peptide WSIDGAVVR
appeared to be recognized by most HLA-DRB1*0301+ indi-
viduals donor RD0401, who is DRB1*0301+, failed to
respond to this peptide in an ELISPOT assay of fresh PBMC
(data not shown) and instead made a polyclonal CD8+ CTL
response after repeated primings. Probably both antigen-
specific CD4+ and CD8+ T cells will be needed to maintain a
protective A. fumigatus specific immune response in vivo
[30,53]. Our results indicate that priming with Asp f16 PPC-
pulsed fast-DC can induce either a CD4+ or a CD8+ T cell
response and, at least thus far, in the absence of a Th2-type
response characteristic of other allergens purified from
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Aspergillus [54]. To determine further the biological rele-
vance of Asp f16-specific T cell responses we plan to measure
T cell precursor frequencies to peptide-pool pulsed autolo-
gous DC in ABPA patients, patients with allergies to Aspergil-
lus, and in transplant patients during and following
Aspergillus infection to determine if higher frequencies are
associated with response to treatment.

In conclusion, our data demonstrate further the potential
usefulness of Asp f16 as an immunogen to induce protective
immune responses to prevent or treat IA in severely immu-
nocompromised patients. The methodology described here,
utilizing autologous Asp f16 pentadecapeptide pool pulsed-
DC also permits the rapid generation of polyclonal Th1-type
CD4+ or CD8+ Aspergillus-specific T cell lines that recognize
multiple epitopes on the immunizing antigen. Such T cells
could be generated from individuals even when epitopes and
HLA restriction are not already identified and could there-
fore be applied to patients of any HLA type capable of
responding to Asp f16 peptides. Clinical trials to determine
the safety and potential usefulness of Asp f16-specific T cell
lines in preventing IA are warranted.
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