
INFECTION AND IMMUNITY, Feb. 2010, p. 1269–1275 Vol. 78, No. 3
0019-9567/10/$12.00 doi:10.1128/IAI.01091-09
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Activation of Platelets by Aspergillus fumigatus and Potential Role of
Platelets in the Immunopathogenesis of Aspergillosis�

Ernst Kristian Rødland,1,2,5* Thor Ueland,1,3,5 Turid M. Pedersen,1 Bente Halvorsen,1,5
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Aspergillus fumigatus is the most frequent cause of invasive mold infections worldwide. Platelets con-
tribute to inflammation and promote thrombosis, characteristically seen in aspergillosis, and might be
involved both in antifungal defense and in the histopathological process. In the experiments reported here,
in vitro activation of platelets by conidia, swollen conidia, and hyphae from A. fumigatus was assessed by
flow cytometry and enzyme immunoassays. THP-1 monocytes and human monocytes with and without
platelets were cultured with hyphae from A. fumigatus, and the release of interleukin-8 (IL-8) was
measured by enzyme immunoassays. A. fumigatus potently induced the expression of CD62-p and CD63
and the release of CD40 ligand, RANTES, and Dickkopf homolog 1 in platelets, with particularly enhanc-
ing effects of hyphae compared with conidia. The hypha-mediated activation of platelets further enhanced
the release of IL-8 both in THP-1 monocytes and in human adherent monocytes. In conclusion, we have
found that A. fumigatus is a potent inducer of platelet-mediated inflammation, potentially promoting
protective as well as harmful responses during aspergillosis.

Aspergillosis is the most common mold infection worldwide,
and Aspergillus fumigatus accounts for more than 90% of the
cases (6). In contrast to most human pathogens, which are
encountered infrequently, A. fumigatus spores are inhaled on a
daily basis, and occasionally, exposure to large numbers of
conidia can occur. The first-line host defense against Aspergil-
lus infection is based on innate immunity mediated by mono-
cytes/macrophages and neutrophils (11, 12, 17, 18). The adap-
tive immune system responds to a pathogen only after it has
been recognized by the innate immune system (11). While
inadequate immune responses may predispose to invasive dis-
ease, overly robust responses can result in immune-mediated
inflammatory tissue damage. Thus, imbalanced immune re-
sponses to A. fumigatus may result in a spectrum of human
disease states ranging from allergic bronchopulmonary as-
pergillosis to invasive aspergillosis in the immunocompromised
host (9). Despite better diagnostic tools and therapeutic ad-
vances, the infection is difficult to diagnose and treat, and the
outcome of invasive aspergillosis is often fatal.

Several lines of evidence support a role for platelets in in-
flammation (10). Platelet-mediated inflammation has been
demonstrated during various acute and chronic infections, and
it has been suggested that platelets contribute to antimicrobial
defenses (5, 8). Very little is known about the role of platelets
in defense against Aspergillus infection. In this connection, it is
interesting that important risk groups for invasive aspergillosis,
e.g., patients with chemotherapy-induced neutropenia and re-
cipients of hematopoietic stem cell transplants (6, 13), very

often have concurrent thrombocytopenia in addition to neu-
tropenia. Furthermore, it has been reported that liver trans-
plant recipients with thrombocytopenia have a considerably
higher incidence of fungal infection than nonthrombocytope-
nic patients (3). There are some reports on the interaction
between A. fumigatus and platelets, showing inhibition of fun-
gal growth potentially involving the release of known platelet-
derived microbial peptides, as well as direct physical interac-
tion between platelets and conidia or hyphae (4, 16).

Aspergillus fumigatus is angioinvasive, leading to intravascu-
lar thrombosis and dissemination of the fungus through the
bloodstream (1, 2, 21). In view of the well-known role of
thrombocytes in vascular thrombosis in general, it is also pos-
sible that thrombocytes contribute to the vascular damage and
thrombosis which are a hallmark of invasive aspergillosis.

To further study the possible role of platelets in the immune
response and pathogenesis of Aspergillus fumigatus, we have
examined the effect of conidia and hyphae on relevant platelet-
related inflammatory mediators. We have also examined the
ability of Aspergillus-exposed platelets to modulate inflamma-
tory responses in monocytes.

MATERIALS AND METHODS

Preparation of Aspergillus conidia and hyphae. A. fumigatus (ATCC MYA
1163) was grown on Sabouraud agar at 28°C for 7 days. The agar contained
penicillin (12 mg/liter) and streptomycin (40 mg/liter) to prevent bacterial con-
tamination. Conidia were harvested by gently scraping the medium and solubi-
lizing in phosphate-buffered saline (PBS) with 0.05% Tween. The suspension was
filtered through a 25-mm-diameter Easy Pressure syringe filter holder (Gelman
laboratory, New York, NY) with polypropylene separators (10-�m pore size).
The conidial concentration was determined by counting in a Bürker chamber.
Live conidia were stored at 4°C with a weekly turnover to ensure the best possible
viability and were diluted to correct concentrations in RPMI 1640 (PAA Labo-
ratories, Pasching, Austria) prior to use. In some experiments, the conidia were
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incubated at 37°C under 5% CO2 for 6 or 18 h to generate swollen conidia and
hyphae, respectively.

Preparation and stimulation of citrated PRP. Preparation of citrated platelet-
rich plasma (PRP), obtained from healthy volunteers, was performed as previ-
ously described (15). PRP (6.0 � 108 platelets/ml) was incubated at 22°C with 10
�M SFLLRN (synthesized at The Biotechnology Centre of Oslo, Oslo, Norway)
in Tris-buffered saline (20 mM Tris and 150 mM NaCl [pH 7.4]). Conidia,
swollen conidia at a concentration of 6.0 � 107/ml, hyphae grown from the same
conidial concentration, or a combination of SFLLRN and the conidia or hyphae
were dissolved in medium as described in the preceding paragraph. Some ex-
periments were done with hyphae separated from platelets with 0.4-�m-pore-
sized cell culture inserts (BD Falcon, Franklin Lakes, NJ). At different time
points, aliquots were removed and centrifuged at 13,000 � g for 5 min to obtain
platelet-free (and Aspergillus-free) plasma (PFP), which was stored at �80°C
until cytokine measurement or was used for further in vitro experiments with
THP-1 monocytes and adherent monocytes (see below).

Preparation and stimulation of THP-1 and adherent monocytes. The human
monocytic cell line THP-1 (American Type Culture Collection, Manassas, VA)
was cultured in RPMI 1640 (PAA Laboratories, Pasching, Austria) with or
without PRP, hyphae from A. fumigatus in PRP as described above, and hyphae
from A. fumigatus at the same concentration at 37°C under 5% CO2. In a
separate set of experiments, THP-1 monocytes were also incubated with PFP
from unstimulated and A. fumigatus (hypha)-activated (120 min) PRP (see
above).

In a separate set of experiments, peripheral blood mononuclear cells (PBMC)
(5 � 106/ml), isolated from heparinized blood from six healthy volunteers by
Isopaque-Ficoll (Lymphoprep; Nycomed Pharma, Oslo, Norway) gradient cen-
trifugation, were incubated in RPMI medium with 10% fetal calf serum (FCS;
PAA Laboratories) in 12-well cell culture clusters (Costar, Corning, NY) at 37°C
under 5% CO2 for 45 min and washed carefully three times in PBS at 37°C to
obtain adherent monocytes, which were verified by microscopy. Stimulation and
culturing of adherent monocytes with hyphae from A. fumigatus were done as
described for THP-1 monocytes with adjusted platelet and hyphal concentrations
to yield the same ratios.

After 4 h, cell- and hypha-free supernatants were harvested and stored at �80°C
until further analysis.

Flow cytometry. The labeled platelets were analyzed using a FACSCalibur flow
cytometer (Becton Dickinson, San Diego, CA) as described previously (7).
Briefly, light scatter and fluorescence channels were set at logarithmic gain, and
platelets were gated based on forward and side scatter properties as well as
fluorescein isothiocyanate (FITC)-conjugated monoclonal antibodies against
CD41 or CD61 (BD Pharmingen, San Jose, CA). Platelet activation was checked
by the well-documented surface exposure of the integral �-granule membrane
protein P-selectin (CD62P) and the lysosomal integral membrane protein CD63
using FITC-conjugated monoclonal antibodies against CD62P and CD63 (both
from BD Pharmingen), respectively. Isotype control antibodies were used as
appropriate, and positive cells were defined by a fluorescence intensity gate
containing only 1% of the events observed with the nonspecific antibody. Alto-
gether, 10,000 positive events were analyzed each time, and the CXP software
(Beckman Coulter, Miami, FL) was used for data processing.

EIAs. Concentrations of regulated-on-activation, normal T-cell expressed and
secreted (RANTES/CCL5), the tumor necrosis factor (TNF) superfamily mem-
ber LIGHT (TNFSF14), interleukin-8 (IL-8/CXCL8), monocyte chemotactic
protein 1 (MCP-1/CCL2), and Dickkopf homolog 1 (DKK-1) were measured by
enzyme immunoassays (EIAs) from R&D Systems. Soluble CD40 ligand
(sCD40L) was measured by an EIA from Bender Medsystems (Vienna, Austria).
The intra- and interassay coefficients of variation were �10% for all assays.

Ethics. Informed consent for blood collection was obtained from all individ-
uals. The study was approved by the local ethics committee.

Statistical analyses. Data are presented as means � standard errors of the
means (SEM) unless otherwise stated. The Wilcoxon matched-pair test was used
in the paired situation. Coefficients of correlation were calculated by the Spear-
man rank test. P values (2-sided) were considered significant at �0.05.

RESULTS

A. fumigatus induces platelet-activation. When the ability of
A. fumigatus to induce platelet activation was investigated,
several significant findings were made (Fig. 1 to 3). First, rest-
ing conidia, swollen conidia, and in particular hyphae markedly
induced an increase in the surface expression of CD62P as

assessed by flow cytometry. In fact, the hypha-induced expres-
sion of CD62P was similar to the effect of the thrombin recep-
tor agonist SFLLRN, and the combination of these two stimuli
showed an additive effect on CD62P expression. Second, a
similar pattern was seen for the expression of the lysosomal
integral membrane protein CD63, although no effect of resting
conidia was observed. Third, in contrast to the effects of
conidia and hyphae on the membrane expression of CD62P
and CD63, only hyphae induced a significant increase in the
release of RANTES and CD40L, with a particularly pro-
nounced effect on CD40L. Fourth, we have recently shown that
upon activation, platelets may release significant amounts of
DKK-1, an important regulator of the wingless (Wnt) signaling
pathways, which are involved in inflammation and vascular
development (22), and notably, hyphae, but not conidia, in-
duced a marked release of DKK-1 upon platelet activation.
Finally, while combined stimulation with SFLLRN and swollen
conidia or hyphae showed an enhancing effect on CD40L, the
combination of SFLLRN and resting or swollen conidia atten-
uated the SFLLRN-induced release of RANTES and DKK-1.
The release of TNFSF14 (LIGHT) was very low in all exper-
iments, with no significant effects of conidia or hyphae either
alone or in combination with SFLLRN (data not shown).

Aspergillus is known to produce secondary metabolites that
potentially could induce platelet activation. However, experi-
ments (n � 3) with cell culture inserts showed that direct
contact between platelets and Aspergillus hyphae is necessary
to achieve increased expression of CD62P and CD63 (Fig. 3).

Effect of hypha-activated platelets on chemokine release in
THP-1 monocytes. Platelets are known to induce inflammatory
responses in adjacent cells such as monocytes/macrophages
(10). To further elucidate the inflammatory interaction be-
tween A. fumigatus and platelets, we therefore examined the
ability of hypha-activated platelets to induce the release of the
inflammatory chemokines IL-8 and MCP-1 in THP-1 mono-
cytes. While there was no release of IL-8 in unstimulated
THP-1 cells or in cells cocultured with unstimulated PRP,
hyphae induced a modest and significant release of IL-8 in
THP-1 monocytes after culture for 4 h (Fig. 4). More impor-
tantly, this hypha-mediated increase in IL-8 release was mark-
edly enhanced when THP-1 cells were incubated with hyphae
and PRP, suggesting that the interaction between hyphae and
platelets promotes inflammatory responses in THP-1 mono-
cytes (Fig. 4). The increase in IL-8 levels in the coculture
experiments could potentially reflect enhanced release from
Aspergillus-activated platelets. However, neither conidia nor
hyphae from A. fumigatus induced any detectable amounts of
IL-8 (the detection limit of the assay was 2 pg/ml) when they
were cultured with PRP for 120 min (data not shown). In
contrast to the enhancing effect of coculture with hyphae and
PRP on IL-8 release in THP-1 cells, PFP from PRP that had
been stimulated with hyphae for 4 h did not induce a significant
increase in IL-8 release after incubation for an additional 4 h
with THP-1 monocytes (1.8 � 0.7 pg/ml versus 3.6 � 1.7 pg/ml
for unstimulated and PFP-exposed THP-1 cells, respectively;
n � 2). This finding suggests that the inflammatory response in
THP-1 monocytes may be dependent on direct contact be-
tween monocytes, platelets, and hyphae. Finally, in contrast to
the effect on IL-8, hyphae and PRP did not induce the release
of MCP-1 when cocultured with THP-1 monocytes (20 � 5.9
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pg/ml versus 25 � 7.6 pg/ml for THP-1 plus PRP and THP-1
plus PRP plus hyphae, respectively; n � 6; P � 0.3), suggesting
that the Aspergillus/platelet-induced inflammatory response in
THP-1 monocytes has some degree of selectivity.

Effect of hypha-activated platelets on chemokine release in
human adherent monocytes. As with THP-1 cells, when human
adherent monocytes (n � 6) were incubated with hyphae and
PRP, there was a significant increase in IL-8 release over that
in cells that were incubated with hyphae or PRP alone (Fig. 5).
In fact, the IL-8 response was even more pronounced in ad-
herent human monocytes than in THP-1 cells, further support-
ing the in vivo relevance of the inflammatory interaction be-
tween hyphae, platelets, and monocytes. Moreover, as with
THP-1 cells, hyphae and PRP had no effect on MCP-1 release
in adherent human monocytes (22 � 6.3 pg/ml versus 20 � 5.5
pg/ml for monocytes plus PRP and monocytes plus PRP plus
hyphae, respectively; n � 6; P � 1.0).

DISCUSSION

Previous in vitro studies have suggested that platelets may be
involved in the immune response against Aspergillus fumigatus,
but their role in aspergillosis is still unclear. In the present
study, we report several new findings concerning the interac-

tion between platelets and Aspergillus with potential relevance
to the role of platelets in aspergillosis.

Our findings indicate that A. fumigatus induces the activation of
�-granules and lysosomal granules, resulting in enhanced expres-
sion of membrane-bound (i.e., CD63 and CD62P) as well as
soluble (i.e., RANTES, CD40L, and DKK-1) mediators. Al-
though RANTES, CD40L, and DKK-1 are released from �-gran-
ules, the release mechanisms of CD40L differ from those of the
two other molecules (15). Thus, the ability of A. fumigatus to
enhance the release of all these mediators underscores its capa-
bility to promote platelet activation in a broad way. Moreover,
hyphae from A. fumigatus induced platelet responses to the same
extent as thrombin receptor activation, and for some of the re-
sponses (e.g., CD63 and CD62P), coactivation with hyphae mark-
edly enhanced the SFLLRN-mediated responses. These findings
indicate that A. fumigatus is a potent activator of platelets, which
may act synergistically with thrombin activation.

Molds such as A. fumigatus differ from most other pathogens
in their ability to switch between different morphological phe-
notypes, inducing different immune response patterns (19).
The present study clearly shows that conidia and hyphae differ
in the ability to activate platelets. Thus, while hyphae potently
induced platelet activation, as assessed by all the parameters
measured (except for LIGHT release), there was no significant

FIG. 1. Expression of CD62P (A) and CD63 (B) in platelets upon stimulation with conidia (left), swollen conidia (center), and hyphae (right)
from Aspergillus fumigatus as assessed by flow cytometry after incubation for 120 min.
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FIG. 2. Relative change in the expression of CD62P (A) and CD63 (B) on platelet surfaces and release of CD40L (C), RANTES (D), and
DKK-1 (E) in platelets stimulated with SFLLRN (10 �M) alone or in combination with conidia (left), swollen conidia (center), or hyphae (right)
from Aspergillus fumigatus. The expression of CD62P and CD63 was assessed by flow cytometry (percentage of positive platelets), and the release
of CD40L, RANTES, and DKK-1 was measured by an EIA in platelet-free supernatants after incubation for 120 min. The levels of release of
CD40L, RANTES, and DKK-1 in unstimulated cells were 2.5 � 0.35 ng/ml, 9.1 � 0.8 pg/ml, and 0.1 � 0.02 pg/ml, respectively. Data are given
as means � SEM (n � 6). *, P � 0.05 versus unstimulated (Us) cells. †, P � 0.05 versus SFLLRN.
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release of RANTES, CD40L, or DKK-1 when platelets were
exposed to conidia. Moreover, resting conidia attenuate the
release of RANTES, CD40L, and DKK-1 in SFLLRN-acti-
vated platelets, while hyphae had the opposite effect. Although

the responses were more modest than those for hyphae, swol-
len and even resting conidia induced the upregulation of mem-
brane-bound CD62P, and swollen conidia induced the upregula-
tion of CD63, suggesting that the release of soluble mediators and

FIG. 3. Expression of CD62P (A) and CD63 (B) in unstimulated (Us) platelets (left) compared with that in platelets stimulated with hyphae from
Aspergillus fumigatus (center) and with that in hyphae separated from platelets with cell culture inserts (right) as assessed by flow cytometry after
incubation for 120 min.

FIG. 4. Release of IL-8 from THP-1 monocytes after culture for 4 h
with or without unstimulated PRP, hyphae from Aspergillus fumigatus,
or both. Data are given as means � SEM (n � 11). *, P � 0.05 versus
unstimulated THP-1 monocytes (Us). †, P � 0.05 versus THP-1 mono-
cytes plus hyphae and THP-1 monocytes plus PRP.

FIG. 5. Release of IL-8 from human monocytes after culture for
4 h with or without unstimulated PRP, hyphae from Aspergillus fumiga-
tus, or both. Data are given as means � SEM (n � 6). *, P � 0.05 for
comparisons with unstimulated monocytes (Us), monocytes plus hy-
phae (MC � Asp), and monocytes plus PRP.
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the upregulation of membrane-bound markers may be somewhat
differently regulated upon exposure to conidia. Hyphae, which
are the fungal morphotype responsible for invasive disease, are
likely to come into contact with platelets during infection.
However, it is also conceivable that inhaled conidia may en-
counter platelets in both interstitial tissue and alveolar spaces
in the presence of inflammation and hemorrhage, which occur
frequently during Aspergillus infection (20).

Monocytic phagocytes play an important role in the innate
immune response to A. fumigatus by ingesting and inactivating
conidia. It is therefore interesting that we could demonstrate
that hypha-activated platelets may enhance the inflammatory
response in monocytes as measured by the release of the in-
flammatory chemokine IL-8. We found no enhancing effect on
IL-8 release when platelets were replaced by PFP from hypha-
activated PRP in the coculture experiments with THP-1 mono-
cytes, suggesting that direct contact between monocytes, hy-
phae, and platelets is necessary. This finding may support
previous studies by Weyrich et al. showing that platelet-medi-
ated release of IL-8 in monocytes is dependent on direct con-
tact between activated platelets and monocytes (24).

Our findings with human monocytes suggest that the inflam-
matory interaction between platelets, monocytes, and Aspergil-
lus also occur in vivo, potentially contributing to the inflam-
matory responses seen in invasive aspergillosis. Hence,
RANTES, released from platelets upon exposure to hyphae,
may induce monocyte arrest in an inflamed endothelium (23).
The colocalization of platelets, monocytes, and hyphae in in-
flamed vessel walls may promote inflammatory responses,
which may be relevant in Aspergillus infection, where the his-
topathological hallmarks include angioinvasion, thrombosis,
and vascular events. It has been reported previously that the
histological patterns of tissue injury in invasive pulmonary as-
pergillosis differ between neutropenic and nonneutropenic pa-
tients (20). Thus, inflammatory necrosis is the predominant
pattern in nonneutropenic patients, while angioinvasion is
most frequent in neutropenic patients. Since most neutropenic
patients also have an often profound thrombocytopenia, nor-
mal platelet numbers may not be necessary for Aspergillus-
associated angioinvasion and thrombosis, but inflammatory ac-
tive thrombocytes may well contribute to the marked
inflammatory necrosis in nonneutropenic patients without
thrombocytopenia.

A novel finding in the current study was that hyphae from A.
fumigatus promoted a platelet-mediated release of DKK-1.
DKK-1 is a major regulator of the Wnt signaling pathway, a
complex cascade of mediators that have been shown to be
involved in a wide range of physiological and pathophysiolog-
ical responses, such as inflammation, angiogenesis, and regu-
lation of cell survival (14). Recently, we reported that DKK-1
also may play a major role in platelet-dependent endothelial
activation and inflammation (22), and Wnt signaling has been
shown to be involved in the pathogenesis of various disorders
ranging from cancer to atherosclerosis and septicemia (14, 22).
It is tempting to hypothesize that DKK-1 and the Wnt pathway
could also be involved in A. fumigatus-induced inflammation
and vascular pathology. Our findings should encourage further
studies of the role of the Wnt signaling pathway and DKK-1 in
responses to Aspergillus infection.

In the current study, we show that A. fumigatus is a potent

inducer of platelet-mediated inflammation, potentially pro-
moting further inflammatory responses in monocytes. These
findings may reflect a role for platelets in the protective im-
mune response against Aspergillus infection. On the other
hand, inflammatory necrosis, thrombosis, and fungal invasion
of blood vessels are well-known histopathological hallmarks in
patients with invasive infections caused by A. fumigatus, and
Aspergillus-induced activation of platelets with release of in-
flammatory mediators may well contribute to these harmful
consequences of invasive aspergillosis. The specific importance
of platelets for the pathogenesis of Aspergillus infection may
differ between patient groups according to the presence or
absence of thrombocytopenia. We believe that further studies
are warranted to elucidate the possible importance of platelets
in Aspergillus infection.
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