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Infectious Complications

Introduction

Invasive aspergillosis is a common, life-threatening compli-
cation in recipients of allogeneic stem cell transplants.1

Patients are most at risk in the neutropenic phase, although a
substantial number of patients are diagnosed with invasive
aspergillosis in a later phase after the transplant at a time
when neutrophil granulocyte counts have recovered to nor-
mal. It is hypothesized that impaired T-cell mediated immu-
nity after stem cell transplantation plays a role in the
increased risk of aspergillus infection in these patients. 
In murine studies, vaccination with Aspergillus recombi-

nant proteins or adoptive transfer of Aspergillus-pulsed den-
dritic cells or Aspergillus-specific CD4+ splenocytes decreased
fungal burden and improved survival after experimental
aspergillus infection.2-5 In humans, it was shown that
aspergillus infections after haploidentical stem cell transplan-
tation were cleared more often in patients who were treated
with T-cell lines generated by stimulation with Aspergillus
crude extracts than in patients who did not receive adoptive
immunotherapy.6

In healthy individuals the presence of Aspergillus-specific T
cells in peripheral blood was demonstrated by stimulating
peripheral blood mononuclear cells (PBMC) with Aspergillus
crude extracts or conidia, A. fumigatus recombinant proteins or
overlapping peptides of A. fumigatus proteins.5,7-13 We have pre-
viously identified Crf1- and Catalase1-specific T cells in
healthy individuals using overlapping peptides. Crf1- and
Catalase1-specific T cells recognizing a broad variety of T-cell

epitopes were identified in the majority of healthy individuals
and Aspergillus reactivity was shown by stimulating the T cells
with Aspergillus protein extract or recombinant protein.14 This
method of studying Aspergillus-specific T-cell responses, which
has been demonstrated to be efficient and reliable, can also be
used to study the T-cell-mediated immune response in
patients with invasive aspergillosis. Previously, the Aspergillus-
specific immune response in patients with aspergillosis was
studied by stimulating PBMC with Aspergillus crude extracts. A
lymphoproliferative response was identified in patients whose
aspergillus lesions regressed; however, the kinetics of
Aspergillus-specific T-cell responses were not studied in detail.5

When Aspergillus-specific T cells are important in the preven-
tion or clearance of aspergillosis, there could be a role for
adoptive immunotherapy in managing  this invasive infection.
In this study in patients with invasive aspergillosis, we

demonstrate the induction of Crf1- or Catalase1-specific CD4+

T cells coinciding with the regression of aspergillus lesions.
These data support the hypothesis that Aspergillus-specific T
cells with a T helper 1 phenotype play an important role in the
prevention and/or clearance of aspergillus infection.

Methods

Aspergillus antigens and synthetic peptides
Overlapping peptides of Aspergillus proteins Crf1 and Catalase1

were synthesized by JPT Peptide Technologies (Berlin, Germany). To
confirm the specificity of the T-cell clones, synthetic peptides were
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made at the Leiden University Medical Center (LUMC, Leiden,
The Netherlands). For the production of Catalase1 recombinant
protein, three Catalase1 fragments were generated with a 12-
amino acid overlap. We used the A. fumigatus strain CBS144.89 for
the in-house preparation of Aspergillus crude extract.
Commercially available crude extracts of strain CBS192.65 (HAL
Allergy, Leiden, The Netherlands) and strain CBS545.65 (Allergon,
Ängelholm, Sweden) were also used (see the Online Supplementary
Methods for details).

Flowcytometry
All studies were conducted with the approval of the institution-

al review board of the LUMC and after obtaining informed con-
sent from the patients.
Peripheral blood samples were obtained from patients before

and at regular intervals after allogeneic stem cell transplantation
and cryopreserved until further use. PBMC (0.5x106) were stimu-
lated with overlapping peptide pools (10-6M) in 96-well plates, cul-
tured for 7 days in 150 mL T-cell medium consisting of Iscove’s
Modified Dulbecco’s Medium (IMDM, Lonza, Breda, The
Netherlands), supplemented with 5% fetal calf serum (Gibco,
Invitrogen, Bleiswijk, The Netherlands), 5% human serum and
100 IU/mL interleukin (IL)-2 (Novartis, Emeryville, CA, USA), and
restimulated with non-loaded or peptide-pulsed autologous
PBMC (0.5x106). One hour after restimulation, 10 mg/mL brefeldin
A (Sigma-Aldrich, Zwijndrecht, The Netherlands) was added to
promote intracellular accumulation of cytokines. Five hours after
restimulation, cells were stained with peridinin chlorophyll-
labeled anti-CD4 (BD/Pharmingen, Breda, The Netherlands), fixed
with paraformaldehyde 1% (pharmacy LUMC) and permeabi-
lized with saponin 0.1% (Sigma-Aldrich). Phycoerythrin-labeled
anti-CD154 (Beckman Coulter, Woerden, The Netherlands) and
allophycocyanin-labeled anti-interferon (IFN)γ (BD/Pharmingen)
were added for intracellular staining of IFNγ production and the
activation marker CD154. Cells were collected and analyzed on a
Calibur II (BD, Breda, The Netherlands).

Generation of T-cell clones
PBMC (0.5x106) were stimulated with overlapping peptide

pools (10-6 M) in a 96-well plate, cultured for 7 days in 150 mL T-
cell medium and restimulated with peptide-pulsed autologous
PBMC (0.5x106). Anti-CD40 antibody (1 mg/mL) was added and 48
h after restimulation Aspergillus-specific T cells were selected on
the basis of CD154 expression, by sorting one cell per well by flu-
orescence activated cell sorting (FACS) after staining with phyco-
erythrin-labeled anti-CD154 (Beckman Coulter) and fluorescein
isothiocyanate-labeled anti-CD4 (BD/Pharmingen).14

Epitope identification and determination of Aspergillus
reactivity and HLA-restriction
For epitope identification, T-cell clones were stimulated with an

autologous Epstein-Barr virus-transformed B lymphoblastoid cell
line (EBV-LCL, responder:stimulator ratio 1:4) loaded with sub-
pools (10-6M) of overlapping peptides. To confirm the identified
epitopes, clones were tested against single peptides. 
To determine Aspergillus reactivity, peptide-specific clones were

stimulated with an autologous EBV-LCL (responder:stimulator
ratio 1:4) loaded with recombinant protein (100 mg/mL) or with
autologous monocyte-derived dendritic cells preloaded with
Aspergillus crude extract (responder:stimulator ratio 1:4) (see the
Online Supplementary Methods for details). To determine the HLA-
restriction, we used HLA-blocking antibodies, an HLA-typed EBV-
LCL panel and HLA-class II-negative Hela cells transduced with
relevant HLA-DR, -DQ or -DP molecules14 (see the Online
Supplementary Methods for details).

Results

Clinical characteristics of the patients
For inclusion in this study, we screened 33 patients who

were diagnosed with probable or proven invasive
aspergillosis after allogeneic stem cell transplantation,
according to revised definitions of invasive fungal disease
from the European Organization for Research and
Treatment of Cancer and the Mycoses Study Group
(EORTC/MSG) consensus group.15 Twenty-two patients
could not be included in the study. The median survival
period of these 22 patients was 4 weeks (range, 1 week to
3 months). Due to the short survival period no peripheral
blood samples could be collected from 13 of these
patients. Nine patients had no T cells in this short follow-
up period after invasive aspergillosis and analysis of the
presence of Aspergillus-specific T cells was not, therefore,
possible. Of the patients not included in the study, 15 had
progressive invasive aspergillosis, six had stable
aspergillus infection and in one patient the aspergillus
infection was improving. 
For the remaining 11 patients blood samples with suffi-

cient T cells for analysis were available after aspergillosis
and these patients were included in this study. The medi-
an survival period of the patients included was 9 months
(range, 4 months to more than 6 years). The characteristics
of the 11 patients analyzed are summarized in Table 1.
The microbiological diagnosis was made on the basis of A.
fumigatus culture and Galactomannan in serum or bron-
cho-alveolar lavage fluid; A. fumigatus polymerase chain
reaction analysis and information on β-Glucan were not
available. One patient (FBV) underwent a lung biopsy and
was diagnosed with proven invasive aspergillosis. Nine
patients with a probable invasive aspergillosis had a posi-
tive test for Galactomannan in serum, broncho-alveolar
lavage fluid or both, and one patient (ESF) was diagnosed
with probable invasive aspergillosis on the basis of repeat-
ed positive sputum cultures for A. fumigatus. All patients
had typical computed tomography (CT) findings.
Aspergillus infection was diagnosed 2 weeks to 10 months
after allogeneic stem cell transplantation and antifungal
treatment was started with voriconazole in eight patients,
liposomal amphotericin B in two patients, and caspofun-
gin in one patient. In the case of lack of improvement of
aspergillus infection, azole-resistance was tested,
voriconazole serum levels were measured and antifungal
treatment was optimized by increasing the dose or chang-
ing the antifungal medication (Table 1).
All patients had received a T-cell depleted allogeneic

stem cell transplant because of a hematologic malignancy.
In four cases the graft was from a matched sibling donor,
whereas in seven cases it was from a matched unrelated
donor. The myeloablative conditioning regimen consisted
of total body irradiation (9 Gy), whereas non-myeloabla-
tive conditioning therapy consisted of fludarabine (150
mg/m2), busulfan (6.4 mg/kg body weight) and either
antithymocyte globulin (20 mg/kg body weight) or alem-
tuzumab (30 mg). Nine patients needed systemic immuno-
suppression for post-transplantation graft-versus-host dis-
ease (GvHD) or auto-immune phenomena (Table 1).

Crf1- and Catalase1-specific T cells develop in patients
with invasive aspergillosis, coinciding with 
the regression of aspergillus lesions
The frequencies of Aspergillus-specific T cells at several
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time points before and after the diagnosis of invasive
aspergillosis were analyzed by flow cytometry. IFNγ pro-
duction and CD154 expression in CD4+ T cells were meas-
ured after stimulating and restimulating PBMC with Crf1
or Catalase1 overlapping peptides.
FACS-plots, imaging studies and graphs summarizing

the kinetics of Aspergillus-specific T cells from two repre-
sentative patients with improvement of invasive
aspergillosis are shown in Figure 1. In patient MLF a steep
increase was seen in the frequencies of Crf1- and
Catalase1-specific T cells, within 3 weeks after the diagno-
sis of invasive aspergillosis (Figure 1A). The frequencies of
Crf1- and Catalase1-specific T cells peaked at the moment
of regression of the aspergillus lesion on the CT scan
(Figure 1D) and, after clearance of the infection, decreased
to undetectable levels (Figure 1A-C). The rise and decline
of Crf1- and Catalase1-specific T cells showed a similar
pattern, when analyzed on the basis of CD154 expression
(Figure 1B) or IFNγ production (Figure 1C). During the
course of her aspergillus infection patient MLF used topi-
cal immunosuppressive medication because of GvHD,
and did not experience leukopenia or granulocytopenia
(Figure 1B,C). 
Patient TPA was treated for invasive aspergillosis for

more than a year because of a prolonged period of
leukopenia and granulocytopenia (Figure 1F,G). During
this period she was treated alternately with systemic and
topical immunosuppression for GvHD (figure 1F,G). More
than 1 year after the diagnosis of invasive aspergillosis, 8

months after recovery of  leukocyte and granulocyte
counts, peaks in both Crf1- and Catalase1-specific T cells
were identified on the basis of CD154 expression (Figure
1E,F) and IFNγ production (Figure 1E,G), coinciding with
regression of the aspergillus lesions (Figure 1H). 
Aspergillus-specific T cells were also identified in the

seven other analyzed patients with improvement of
aspergillus infection (Figure 2). The majority received sys-
temic immunosuppression during the course of their
aspergillus infection. In two patients (JHF and FBV) only
Crf1-specific T cells were present, one patient (JKJ) had
only Catalase1-specific T cells, and in four patients (NKB,
MPK, ACD and CSS) both Crf1- and Catalase1-specific T
cells were identified (Table 1). Peak frequencies of Crf1-
and Catalase1-specific T cells occurred around the time of
regression of the aspergillus lesions, and varied between
0.1% and 2.3% of CD4+ T cells on the basis of IFNγ pro-
duction. 
Two patients had progressive aspergillus infection.

Patient MST was diagnosed with a probable invasive
aspergillosis 1 week before allogeneic stem cell transplan-
tation and was treated with antifungal medication. At that
moment sputum cultures were positive for A. fumigatus,
but serum Galactomannan was negative. Despite recovery
of leukocyte and granulocyte counts (Figure 3B), the
patient developed new nodular lesions on the CT scan 4
months later, with positive serum Galactomannan (Figure
3C). A. fumigatus and Rhizomucor were grown from a spu-
tum culture. At this moment the patient had GvHD of the

Table 1. Characteristics of the patients with invasive aspergillosis.
Patient Age Gender Hemat. SCT Systemic IS EORTC EORTC criteria for IA Antifungal Occurrence of Clinical 

(year) disease at time category medication¶ Asp-specific course
of IA IA T-cells of IA

A. fum Galactomannan CT Crf1 Cat1
culture

MLF 41 female MM NMA MSD no probable BAL, sputum BAL nodules Vori, 8 mo yes yes clearance
FBV 40 male CML MA MUD cyclo, pred proven biopsy, sputum neg nodules, cavitation AmB, 6 w yes no clearance

Itra, 2 mo
NKB 43 male MM NMA MUD no probable BAL BAL, serum nodules Vori, 8 mo yes yes clearance
CSS 45 female NHL MA MUD cyclo, pred probable neg BAL nodules, cavitation Vori, 1 w yes yes clearance

AmB, 2 w,
Vori, 6 mo

MPK 62 female MM NMA MUD cyclo probable sputum BAL, serum nodules AmB, 6 w yes yes clearance
Vori*, 6 mo

TPA 62 female NHL NMA MUD pred probable BAL BAL nodules Vori, 15 mo yes yes clearance
ACD 55 female MM NMA MUD pred probable sputum serum nodules Vori, 5 w yes yes regression

Vori*, 5 mo
JKJ 73 male CLL NMA MUD pred probable neg BAL nodules, halo Vori, 8 mo no yes regression
JHF 48 female MM NMA MSD no probable neg serum nodules, halo Caspo, 4 w yes no stable

Vori, 8 w
Posa, 4 w

MST 37 male NHL NMA MSD cyclo, pred probable sputum serum nodules Vori, 4 mo no no progressive
Caspo, 3 d
AmB, 4 d

ESF 42 male CML MA MSD cyclo, probable sputum neg nodules, halo Vori, 4 mo no no progressive
pred, MMF No antifung, 7 mo

Vori, 2 w
¶Consecutively prescribed antifungal medication, starting from day of diagnosis. Hemat disease: hematologic disease, SCT: stem cell transplantation; IA: invasive aspergillosis; MM: multiple myeloma;
CML: chronic myeloid leukemia; NHL: non-Hodgkin lymphoma; CLL: chronic lymphoid leukemia;  NMA: non-myeloablative; MA: myeloablative; MSD: matched sibling donor; MUD: matched unrelated
donor; cycle: cyclosporine; Pred: prednisolone; MMF: mycofenolate-mofetil; BAL: bronchoalveolar lavage; Vori: voriconazole; Vori* voriconazole dose adjusted according to serum levels, Itra: itracona-
zole; AmB liposomal amphotericin B: Caspo:caspofungine; Posa: posaconazole; mo:months; w: weeks; d: days.

Aspergillus-specific T cells in aspergillosis
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skin, liver and colon for which he was treated with pred-
nisolone and cyclosporine. The patient died of respiratory
failure and refractory shock due to progressive fungal
infection and suspected bacterial superinfection. No Crf1-
or Catalase1-specific T cells could be identified on the

basis of CD154 expression or IFNγ production (Figure
3A,B). In patient ESF possible invasive aspergillosis was
diagnosed 2 weeks after allogeneic stem cell transplanta-
tion. This patient was treated for 4 months until chest X-
rays normalized. Seven months later, he had a progressive,
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Figure 1. Aspergillus-specif-
ic T-cell responses and
imaging studies in patients
with improvement of inva-
sive aspergillosis. FACS-
analyses, imaging studies
and kinetics of the
Aspergillus-specific T-cell
responses of patient MLF (A-
D) and patient TPA (E-H). (A
and E) FACS analyses were
performed on PBMC that
were stimulated with Crf1 or
Catalase1, and restimulat-
ed with Crf1- or Catalase1-
pulsed PBMC or with
unpulsed PBMC (no pep). T
cells were analyzed 5 h after
restimulation and FACS-
plots are gated on CD4+ T
cells. The kinetics of the per-
centages of Crf1- (■) and
Catalase1-specific (●)
CD154+ CD4+ T-cells (left y-
axis, B and F) and IFNγ+

CD4+ T cells (left y-axis, C
and G) and absolute leuko-
cyte (□) and granulocyte
counts (○) (right y-axis) are
shown before and after
diagnosis (▼) and improve-
ment ( ) of aspergillus
infection. Use of topical
( ) and systemic ( )
immunosuppression and
lowering of the dose ( ,

) during the study peri-
od are depicted in the
graphs. Percentages of
Aspergillus-specific CD154+

CD4+ T cells were calculated
as % CD154+ of CD4+ T cells
after restimulation with pep-
tide-pulsed PBMC minus %
CD154+ of CD4+ T cells after
restimulation with unpulsed
PBMC. The same method of
calculation was used for
IFNγ+ CD4+ T cells.
Pulmonary CT scans of
patient MLF (D) and patient
TPA (H) at different time
points after diagnosis show
the changes in the size of
aspergillus lesions during
the course of infection.
Aspergillus lesions on the CT
scans are indicated with an
arrow. The timepoints indi-
cated by Roman numerals
in the top of the graphs in
(B) and (C) and in (F) and (G)
correspond to the time
points of FACS analyses and
CT scans in respectively (A)
and (D), and (E) and (H). In
figure (A) and (E) the corre-
sponding period in months
after invasive aspergillosis
(Mo after IA) is given for
every timepoint. SCT: stem
cell transplantation; WBC:
white blood cells.
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probable aspergillosis with positive A. fumigatus sputum
cultures and new lesions on a CT scan (Figure 3F), despite
normal leukocyte and granulocyte counts (Figure 3E). The
patient had been treated with topical and systemic
immunosuppression because of skin GvHD, which even-
tually worsened with development of GvHD of the liver.
Shortly after, he deteriorated and died of brain herniation
due to an intracerebral bleed. Retrospectively, very low
frequencies of Catalase1-specific T cells were identified,
0.04% of CD4+ T cells, on the basis of IFNγ production, 3
months before his death (Figure 3D,E). No samples were
available from the last period of his life. To exclude that
the absence of Aspergillus-specific T cells was caused by
the limited number of antigens used for stimulation, we
stimulated PBMC with peptide pools of four different
Aspergillus proteins. After stimulation and restimulation
with Aspf1, Aspf2, Aspf3 and Aspf4 no Aspergillus-specific
T cells were identified in patients MST and ESF (Online
Supplementary Figure S1).
The mean percentage of Crf1-specific T cells of all ana-

lyzed patients around diagnosis was 0.03% (range, 0-
0.2%), while that of Catalase1-specific T cells was 0.02%
(range, 0-0.09%). The percentages of Crf1- and Catalase1-
specific T cells were not changed at the first time point
with normal leukocyte counts. However, around the
moment of improvement of aspergillus infection, the
mean percentage of Crf1-specific T cells was significantly
higher (0.35%; range, 0.03-1.2%) (P<0.01). For Catalase1-
specific T cells a trend towards an increase (P=0.07) was
seen, with the mean percentage being 0.42% (range, 0-
2.28%) (Figure 4).

Overall, in nine of 11 analyzed patients who had an
improvement of their aspergillus infection, we identified
Aspergillus-specific T cells on the basis of CD154 expres-
sion and IFNγ production, with peak frequencies occurring
around the time of regression of the aspergillus lesions. In
two patients with progressive disease no or very low fre-
quencies (below 0.05%) of Aspergillus-specific T cells were
detected.

Aspergillus-specific T-cell clones from patients 
with invasive aspergillosis mainly have a T helper 1
phenotype
It has been suggested in the past that Aspergillus-specific

T helper 1 cells are beneficial in invasive aspergillosis,
whereas T helper 2 cells could be detrimental.2-5,16 To ana-
lyze the cytokine profiles of Aspergillus-specific T cells in
patients with improvement of their aspergillus infection,
we sorted single CD4+ T cells from six patients at the peak
of the immune response on the basis of CD154 expres-
sion, after stimulation and restimulation with overlapping
peptide pools of Crf1 and Catalase1. 
From the patients we isolated 49 T-cell clones specific

for either Crf1 or Catalase1, of which 19 were unique
clones based on Vβ usage and specificity (Online
Supplementary Table S1). To analyze the cytokine profiles
of the clones, the T-cell clones were stimulated with over-
lapping peptide pools and production of IFNγ, IL-4, IL-10
and IL-17 was measured using standard enzyme-linked
immmunosorbent assays. Of the 19 T-cell clones, 16 pro-
duced large amounts of IFNγ and a minority of the IFNγ-
producing T-cell clones also produced small amounts of IL-

Aspergillus-specific T cells in aspergillosis
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Figure 2. Kinetics of Aspergillus-specific T cells in patients with improvement of aspergillus
infection. Percentages of Crf1- (■) and Catalase1-specific (●) IFNγ+ CD4+ T cells (left y-axis)
and absolute leukocyte (□) and granulocyte counts (○) (right y-axis) in seven patients
before and after diagnosis (▼) and improvement ( ) of aspergillus infection. Use of topical
( ) and systemic ( ) immunosuppression and lowering of the dose ( , ) dur-
ing the study period are depicted in the graphs. Percentages of Aspergillus-specific IFNγ+

CD4+ T cells were calculated as % IFNγ+ of CD4+ T cells after restimulation with peptide-
pulsed PBMC minus % IFNγ+ of CD4+ T cells after restimulation with unpulsed PBMC.

0 3 6 9 12 15
Time (months after SCT)

0.0 2.5 5.0 7.5 10.0 12.5 15.0
Time (months after SCT)

0 10 20 30
Time (months after SCT)

0 10 20 30 40 50
Time (months after SCT)

0 1 2 3 4 5 6 7
Time (months after SCT)

JKJFBVJHF

MPK

CSS

NKB ACD

6.0

4.5

3.0

1.5

0.0

18

13

5

0

12

9

6

3

0

6.0

4.5

3.0

1.5

0.0

6.0

4.5

3.0

1.5

0.0

12

9

6

3

0

12

9

6

3

0

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

4

3

2

1

0

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

W
BC (10

6/m
L)

As
p 
sp

ec
 IF

Nγ
+ 
CD

4 
T 
ce

lls
 (%

)

As
p 
sp

ec
 IF

Nγ
+ 
CD

4 
T 
ce

lls
 (%

)

As
p 
sp

ec
 IF

Nγ
+ 
CD

4 
T 
ce

lls
 (%

)
As

p 
sp

ec
 IF

Nγ
+ 
CD

4 
T 
ce

lls
 (%

)
As

p 
sp

ec
 IF

Nγ
+ 
CD

4 
T 
ce
lls

 (%
)

As
p 
sp

ec
 IF

Nγ
+ 
CD

4 
T 
ce

lls
 (%

)

As
p 
sp

ec
 IF

Nγ
+ 
CD

4 
T 
ce

lls
 (%

)

W
BC (10

6/m
L)

W
BC (10

6/m
L)

W
BC (10

6/m
L)

W
BC (10

6/m
L)

W
BC (10

6/m
L)

W
BC (10

6/m
L)

0 4 8 12 16 20
Time (months after SCT)

0 2 4 6 8 10
Time (months after SCT)



4, IL-10 or IL-17. Two clones only produced IL-17, and one
only produced IL-4 (Online Supplementary Table S1). T-cell
clones with different cytokine profiles can be present in
one patient; for example, in patient ACD we identified
four IFNγ-producing T-cell clones and one IL-17-producing
T-cell clone and in another patient (FBV) we identified two
IFNγ-producing T-cell clones and one IL-4-producing
clone. Epitope specificity did not correlate with cytokine
profile, since we identified two T-cell clones directed
against the same peptide with a different cytokine profile
(amino acids 57-67, presented in HLA-DQB1*0301)
(Online Supplementary Table S1). 
To exclude that the T helper 1 phenotype that we found

was due to the type of antigens used, we performed an
additional analysis of patient TPA as well as some healthy
controls, using intracellular staining for IFNγ, IL-4 and IL-
5. After stimulation and restimulation with four other A.
fumigatus proteins in addition to Crf1 and Catalase1, we

found a T helper 1 response against these proteins in some
of the healthy controls. In patient TPA we again observed
a T helper 1 response against Crf1 and Catalase1, whereas
no response against Aspf1, Aspf2, Aspf3 or Aspf4 was
observed (data not shown). 

Aspergillus-specific T cells that develop in patients
recovering from invasive aspergillosis recognize a
diverse repertoire of Crf1 and Catalase1 epitopes
Previously, we showed that the immune response

against A. fumigatus in healthy individuals is directed
against a broad variety of T-cell epitopes.14 To study the
diversity of the Aspergillus-specific immune response in
patients in more detail, we determined the epitope-speci-
ficity of the T-cell clones by stimulating the T cells with
EBV-LCL loaded with subpools of Crf1 or Catalase1 over-
lapping peptides, which have been composed in a matrix,
as described previously.14 As every peptide is only present
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Figure 3. Aspergillus-specific T-cell responses and imaging studies in patients with progressive invasive aspergillosis. FACS analyses, imaging
studies and kinetics of the Aspergillus-specific T-cell responses of patient MST (A-C) and ESF (D-F). (A and D) FACS analyses were performed on
PBMC after restimulation with Crf1- or Catalase1-pulsed PBMC or with unpulsed PBMC (no pep). T cells were analyzed 5 h after restimulation
and FACS-plots are gated on CD4+ T cells. (B and E) Percentages of Crf1- (■) and Catalase1-specific (●) IFNγ+ CD4+ T cells (left y-axis) and absolute
leukocyte (□) and granulocyte counts (○) (right y-axis) after diagnosis (▼) of aspergillus infection. Use of topical ( ) and systemic ( )
immunosuppression during the study period is depicted in the graphs. Percentages of Aspergillus-specific IFNγ+ CD4+ T cells were calculated as
% IFNγ+ of CD4+ T cells after restimulation with peptide-pulsed PBMC minus % IFNγ+ of CD4+ T cells after restimulation with unpulsed PBMC.
Pulmonary CT scans of patient MST (C) and ESF (F) show progressive disease with new nodular lesions at later time points. Aspergillus lesions
on the CT scans are indicated with an arrow. The time points indicated by Roman numerals in the top of the graphs in (B) and (E) correspond to
the time points of FACS analyses and CT scans in, respectively, (A) and (C), and (D) and (F). In (A) and (D) the corresponding period in months after
invasive aspergillosis (Mo after IA) is given for every time point. 
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in two subpools, we could identify the epitopes recog-
nized directly from the subpool analysis. A representative
example is shown in Online Supplementary Figure S2A. T-
cell clone ACD3 recognized subpools 1G and 11, and
therefore recognized peptide 1G11 (amino acids 333-347,
DPTKIVPEEFVPITK). The T-cell epitopes were confirmed
by stimulating the T-cell clones with newly synthesized
peptides: an example is shown in Online Supplementary
Figure S2B. 
HLA restrictions of the majority of the T-cell clones

were determined by using HLA-class II monoclonal anti-
bodies and an HLA-typed EBV-LCL panel. In the case of
unclear results, HLA restriction was established using
HLA-transduced Hela cells. An example is shown in
Online Supplementary Figure S2C. On the basis of HLA-
class II monoclonal antibodies and the HLA-typed EBV-
LCL panel the HLA restriction of clone ACD3 was deter-
mined to be HLA-DPB1*0401 and HLA-DPB1*0402 (data
not shown). This was confirmed by stimulating the T-cell
clone with peptide-loaded Hela cells transduced with dif-
ferent HLA-DR-, DP- or DQ-molecules expressed by indi-
vidual ACD. IFNγ production was seen after stimulation
with the peptide-loaded HLA-DPB1*0401 and HLA-
DPB1*0402-transduced Hela cells (Online Supplementary
Figure S2C). T-cell clones directed against several different
epitopes of Crf1 or Catalase1 protein were identified in
the majority of patients. Eight of 16 epitopes identified in
these patients had been previously identified in healthy
individuals (Online Supplementary Table S1). 
To confirm that the Crf1- and Catalase1-specific T cells

were Aspergillus-specific and developed in the immune
response against A. fumigatus, we tested the Aspergillus
reactivity of the T-cell clones. All Crf1-specific T-cell
clones were reactive to Aspergillus crude extract (Online
Supplementary Figure S2D). Five of the seven Catalase1-
specific T-cell clones recognized Catalase1 recombinant
protein, and three of these also recognized Aspergillus pro-
tein extract (Online Supplementary Figure S2E).

Discussion

In this study we demonstrated the induction of Crf1-
and Catalase1-specific T cells in nine patients with inva-
sive aspergillosis. The appearance of these Aspergillus-spe-
cific T cells coincided with regression of the aspergillus
lesions, indicating that Aspergillus-specific T cells are
important in the clearance of aspergillus infection. In two
patients with progressive aspergillus infection, we were
not able to identify Crf1- or Catalase1-specific T cells. In
patients recovering from invasive aspergillosis, Aspergillus-
specific T cells were directed against various different epi-
topes derived from Crf1 or Catalase1 and preferentially
exerted a T helper 1 phenotype.
In previous studies low frequencies of Aspergillus-specif-

ic T cells were identified in the peripheral blood of healthy
individuals stimulated with conidia of A. fumigatus,5,7,10 A.
fumigatus crude extract,5,8,10 A. fumigatus recombinant pro-
teins5,7,8 or overlapping peptides of A. fumigatus proteins.9,11-
14 Aspergillus-specific T-cell responses were equivalent
when stimulated with Catalase1 or Crf1 recombinant pro-
tein compared to conidia7 or crude extracts,5 and we have
previously demonstrated that T cells directed against A.
fumigatus can be identified by using overlapping peptides
of Crf1 and Catalase1.14 It was not, however, investigated

whether these T cells play a role in the defense against A.
fumigatus. 
In this study we were able to follow, over time, 11

patients who were diagnosed with invasive aspergillosis
after allogeneic stem cell transplantation. In the nine
patients recovering from invasive aspergillosis we were
able to show the induction of CD4+ T cells directed against
the A. fumigatus proteins Crf1 and Catalase1 at the time of
regression of the aspergillus lesions. There were blood
samples with sufficient T cells for analysis from only two
patients with progressive aspergillus infection. No Crf1- or
Catalase1-specific T cells were identified in these two
patients. The small size of the group of patients with pro-
gressive aspergillosis who could be analyzed for the pres-
ence of Aspergillus-specific T cells precluded a statistical
analysis of the comparison between patients whose infec-
tion was progressing or recovering. However, among nine
patients with lymphopenia who were screened for this
study, but not included in it, eight also had progressive
invasive aspergillosis, suggesting that in these patients the
total absence of T cells may have played a role. Based on
the amount and size of aspergillus lesions we expect no
difference in the load of A. fumigatus between patients
whose infection cleared and those in whom the infection
progressed. Thus, the presence or absence of Aspergillus-
specific T cells cannot be explained by a difference in the
amount of A. fumigatus antigen present in these patients.
However, in the patients with progressive infection, as
well as in five of the nine patients recovering from inva-
sive aspergillosis, levels of systemic immunosuppression
were high during aspergillus infection, whereas at the
moment of recovery of invasive aspergillosis doses of sys-
temic immunosuppression were lowered. Thus, in these
patients the high levels of immunosuppression probably
led to the absence of Aspergillus-specific T cells, contribut-
ing to the increased risk of invasive aspergillosis.
Furthermore, when comparing the frequencies of Crf1-
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Figure 4. Increases of Crf1- and Catalase1-specific T cells at the time
of improvement of aspergillus infection. Percentages of Crf1- (■) and
Catalase1-specific (●) IFNγ+ CD4+ T cells around diagnosis of
aspergillus infection (11 patients), at the first time point with normal
leukocyte counts (11 patients) and at the time of improvement of
aspergillus infection (9 patients). *Significant difference between
compared groups (P<0.01, two-tailed Student T test) Horizontal lines
indicate the mean percentage of Crf1- or Catalase1-specific T cells
among all analyzed patients at this time point.
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and Catalase1-specific T cells at the moment of regression
of aspergillus lesions and the frequencies at the moment of
diagnosis or recovery of leukocyte count, we found a sig-
nificant difference in frequencies between these time
points, further pointing to a role for Aspergillus-specific T
cells in the recovery from invasive aspergillosis.
Previously, Hebart et al. studied the T-cell response to

Aspergillus crude extracts in patients with invasive
aspergillosis.5 For the majority of patients in that study,
only one time point after stem cell transplantation was
analyzed, and therefore no correlation between the induc-
tion of Aspergillus-specific T cells and the regression of
aspergillus lesions could be demonstrated. Furthermore,
many patients in that cohort were diagnosed as having
possible invasive aspergillosis, so the diagnosis was more
open to doubt. Finally, the T-cell immune responses iden-
tified by Hebart et al.may have been overestimated due to
reactivity to other components than A. fumigatus proteins
in the crude extract.
In previous studies, Aspergillus-specific T cells from

patients with a favorable response had a high IFNγ/IL-10
ratio,5 whereas high levels of IL-10 production were docu-
mented in patients with invasive aspergillosis before
adoptive immunotherapy with Aspergillus-specific T cells,6
and in patients with progressive disease.5 In this study,
similarly to what was demonstrated in healthy individu-
als,14 the majority of T-cell clones from patients recovering
from invasive aspergillosis were directed against a broad
diversity of Crf1 and Catalase1 epitopes and had a T
helper 1 phenotype, producing large amounts of IFNγ. A
selection of clones also produced IL-4, IL-10 or IL-17, but
only three T-cell clones produced only IL-4 or IL-17, indi-
cating that T regulatory cells and T helper 2 cells probably
did not play a major role in these patients. Although this
could be a consequence of the culture procedure or the
selection method based on CD154 expression, it fits with
previous data indicating that T helper 1 cells are associated
with improvement of aspergillus infection,2-5,7,17 whereas T
helper 2 and T helper 17 cells are associated with
increased fungal growth.5,6,16,17 We were not able to select
T-cell clones from the patients with progressive infection
because of the lack of CD154+ T cells after stimulation
with the overlapping peptides. This suggests the absence
of Aspergillus-specific T cells in these patients rather than a
T helper 2-skewed cytokine profile, because we could not
detect an increase in CD154-expressing, non-IFNγ-produc-
ing T cells by flow cytometry. Furthermore, an additional
analysis of a subset of patients using intracellular cytokine
staining after stimulation with four other A. fumigatus pro-
teins did not detect any IL-4- or IL-5-producing T cells,
either in patients recovering from invasive aspergillosis or
in patients with progressive disease.
Although the peaks of Aspergillus-specific T cells

occurred around the time of regression of the aspergillus

lesions, the sequence of events could not be established.
No validated, sensitive, non-invasive diagnostic method is
available to diagnose invasive aspergillosis, in contrast to,
for example, cytomegalovirus infection, which can be con-
firmed reliably and quantitatively by determining the plas-
ma viral load.18 In cytomegalovirus infection it has been
demonstrated that the clearance of the viral infection is
preceded by the occurrence of CMV-specific T cells in the
peripheral blood.19 Invasive aspergillosis is diagnosed
when a patient fulfills the EORTC criteria for a possible,
probable or proven diagnosis of aspergillosis,15 based on
clinical, microbiological and radiological data. The exact
time of improvement of the aspergillus infection is hard to
establish. Non-culture-based methods can be used, but are
not sensitive, such as serum Galactomannan, or not vali-
dated, like Aspergillus polymerase chain reaction analysis.
Radiological improvement can often only be observed on
a CT scan, a diagnostic test that is not performed on a reg-
ular basis. However, it seems likely that the induction of
Aspergillus-specific T cells preceded the improvement of
the aspergillus infection, indicating a role for Aspergillus-
specific CD4+ T cells in the clearance of invasive
aspergillosis. This is also in line with the positive results
obtained in several murine studies2-4,7 and a human study6

on adoptive immunotherapy for invasive aspergillosis,
which demonstrated a beneficial effect of the administra-
tion of Aspergillus-specific T cells. 
In summary, we analyzed the natural course of

Aspergillus-specific T-cell immunity in 11 patients with inva-
sive aspergillosis. In patients recovering from invasive
aspergillosis, IFNγ-producing Crf1- or Catalase1-specific
CD4+ T cells, directed against several T-cell epitopes, were
identified at the time of regression of aspergillus lesions,
whereas no Aspergillus-specific T cells were present in
patients with progressive aspergillus infection. These data
indicate that CD4+ T cells specific for A. fumigatus proteins
play an important role in the recovery from invasive
aspergillosis in patients with normal neutrophil granulocyte
counts, and suggest that adoptive immunotherapy might be
a valuable additional tool in the management of invasive
aspergillosis after allogeneic stem cell transplantation.
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