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Abstract
Zygomycosis is increasingly recognized in immunocompromised hosts. We investigated whether
platelets become activated after contact with Zygomycetes and adhere to conidial and hyphal
structures using immunofluorescence. The platelets’ influence on fungal viability was evaluated
by assessing hyphal elongation and hyphal damage. Platelets became activated and strongly
adhered to conidia and hyphae of Zygomycetes. Platelets induced time dependent damage to
hyphae and significantly reduced (P < .05) hyphal elongation. We found that platelets possess
antifungal capacities against Zygomycetes based on granule dependent mechanisms and
significantly reduce fungal growth and spread, both of which are of major importance in evolving
invasive disease.

Aspergillus species remain the most common cause of invasive fungal disease [1].
Zygomycetes have recently attracted attention as the second most common opportunistic
mold causing invasive disease among patients with hematological malignancies and
recipients of transplants [1, 2]. Zygomycosis has a particularly poor prognosis, with
mortality rates for disseminated disease that can exceed 90% [2]. Rhizopus, Rhizomucor,
Mucor, and Absidia species are most commonly involved [2].

Platelets are the smallest cells of human blood and, with numbers ranging from 150,000 to
300,000 platelets/mm3, are second only to red cells in abundance [3]. They contain 3 distinct
cytoplasmatic granule types: dense (δ) granules store mediators that include serotonin and
adenosine nucleotide diphosphate; alpha (α) granules are involved in adhesion and
coagulation and contain an arsenal of platelet microbicidal proteins (PMPs); and lysosomal
(λ) granules contain lysosomal enzymes [4]. Several PMPs have been characterized and
have been identified from supernatants of thrombin-stimulated rabbit and human platelets
[4].

Platelets are essential components in hemostasis [3, 4], but they also play a role in
antimicrobial host defense and exhibit features characteristic of classic cell-mediated
immune effector cells [3, 4]. Platelets impair the viability of Staphylococcus aureus and
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several other bacteria [4] and are capable of binding, aggregating, and internalizing viral
particles, which enhance the clearance of pathogens from the bloodstream [4]. However,
only few data are available on the role of platelets in defending against fungi [5, 6].

Zygomycetes typically invade blood vessels (angioinvasion), causing local thrombosis with
consequent distal hemorrhagic infarction [2]. This and the known antifungal capacities of
platelets against Aspergillus species led us to examine the potential antifungal role of
platelets in host defense against Zygomycetes.

Materials and methods
Four clinical isolates each of Rhizomucor species, Absidia species, Mucor species, and
Rhizopus species were grown on sabouraud dextrose agar (Merck) and incubated at 37°C for
4 days. The conidial suspension was harvested by flooding each colony with 2 mL of
Roswell Park Memorial Institute (RPMI) 1640 medium, and the number of conidia was
calculated using a hemocytometer and adjusted to a concentration of 1 × 105 colony-forming
units/mL, if not otherwise indicated. The viability and inoculum sizes of the various strains
were checked by using quantitative colony counts. For hyphal growth, conidia were
incubated for 18 h at 37°C; >90% formed hyphae under these conditions.

Fresh platelet concentrates were provided from the local Department of Immunology and
Blood Transfusion (Innsbruck Medical University, Innsbruck, Austria). Platelets were
collected from regular healthy blood donors and prepared by thrombocytapheresis with
Amicus cell separator (Baxter). Platelets were stored for a maximum of 2 days at 22°C and
platelet aggregation analyses were used for quality control. The platelet counts were 6 × 108

cells/mL. For selected experiments, the microfilament inhibitor cD (Sigma-Aldrich) was
added to platelets at a final concentration of 10 μM.

Platelet activation by Zygomycetes was detected by a fluorescent labelling of CD 42b, an
antigen present on the plasma membranes of both resting and activated platelets, and of CD
62P, which is present only on activated platelets. Platelets were mixed with Zygomycetes
conidia or hyphae in an effector:target (E:T) ratio of 100:1 and incubated for 30 min at
37°C. Fluorescein isothicyanate–conjugated mouse anti-human CD 42b (Becton Dickinson)
and R-Phycoerythrin-conjugated CD 62P (Becton Dickinson) were added using 20 μL/106

cells for 30 min at 37°C, and samples were visualized by fluorescent microscopy. Each
sample was assessed in duplicate, and the procedure was repeated 3 times.

Zygomycetes conidia-platelet adherence was determined by a modification of the
spectrophotometric method of Herzberg et al [7]. In short, equal volumes (100 μL) of
Zygomycetes conidia and platelets appropriate to achieve E:T ratios of 100:1 were mixed,
incubated for 30 min at 37°C, and centrifuged at 55 g for 5 min at 4°C. After centrifugation,
100-μL supernatant aliquots were sampled from wells and diluted into 1.9 mL of phosphate
buffered saline (Sigma-Aldrich); the OD700 of each supernatant sample was determined
spectrophotometrically, and the percentage of Zygomycetes-platelet adherence was
calculated by using the following formula: 1—OD reaction supernatant/0.5 × (OD conidia
supernatant + OD platelet supernatant) × 100 [8].

For detection of Zygomyctes hyphae-platelet adherence, hyphal structures were coincubated
with platelets for 30 min. Adherence was measured by microscopic examination. The
number of platelets attached to each of the first 100 hyphae was counted. On the basis of
results obtained from various microorganisms, fungal isolates exhibiting ±15% platelet
adherence were considered as highly active platelet adherence.
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Hyphae plus platelets (E:T ratio of 100:1) or cD treated platelets were incubated for 30 min
and 60 min at 37°C. The reactions were stopped by adding 0.5 mL of ice-cold double-
distilled water, and the tubes were washed twice to lyse platelets. For measurement of
hyphal metabolic activity, 2,3-bis [2-methoxy-4-nitro-5-sulfophenyl] 2 H-tetrazolium-5-
carboxynilide sodium salt (XTT) plus 40 μg/mL coenzyme Q (2,3-dimethoxy-5-methyl-1,4-
benzoquinone) (Sigma) was used [8]. Absorbance was determined at 450 nm using an
enzyme-linked immuno-sorbent assay plate reader (ASYS Hitech), and antifungal activity
was calculated as the percentage of hyphal damage equal to (1 — X/C) × 100, where X is
the optical density of test wells and C is the optical density of control wells with hyphae
only. Each sample was assessed in duplicate, and repeated 3 times.

The morphology of conidia treated with platelets, without platelets, and cD-treated platelets
was investigated by assessing hyphal elongation [9]. A total of 100 μL each of platelets and
conidia (E:T ratio of 100:1) were inoculated into 96-microwell plates (Greiner) and
incubated at 37°C. The morphology of the organisms was determined microscopically after
18 h; platelets were lysed with ice-cold water and a micrometer was used for length
measurement. The conidial inhibition rate was calculated from the percentage of conidia
which did not germinate. Each sample was assessed in triplicate, measuring 50 conidia per
sample.

Conidial suspensions were prepared as described above and coincubated with platelets for 1
h and 5 h at 37°C, and the postplatelet effect was assessed [9]. In brief, fungi were washed
twice with sterile water, centrifuged at 4000 g for 2 min, and refilled with RPMI 1640.
Quantitative cultures of nondiluted samples and 1:100 and 1:1000 dilutions in aqua were
spread on sabouraud dextrose agar, incubated at 37°C, and examined visually for growth
after 24 h. Colony count, colony size, and pigmentation release of untreated and platelet-
treated isolates were determined.

Each set of experiments was performed in triplicate and repeated at least 3 times for each
species. The results were expressed as mean ± standard deviation (SD). Student’s t test for
paired samples was used to determine statistical significance. P < .05 was considered to be
statistically significant.

Results
In all assays performed, platelets adherence for hyphae (Figure 1A and 1B) was 45% ± 2%,
46% ± 4%, 57% ± 3%, 44% ± 7% and for conidia (Figure 1C and 1D) 50% ± 3%, 49% ±
4%, 51% ± 3%, 50% ± 3% for Rhizomucor species, Mucor species, Absidia species, and
Rhizopus species, respectively. No difference between the species was observed.

The CD42b surface antigen proved to be constitutively expressed on surfaces of both resting
and activated platelets (Figure 1A and 1C). Interaction of platelets either with hyphae or
conidia of Zygomycetes clearly induced strong adherence and expression of the CD62P
antigen on platelet surfaces (Figure 1B and 1D), an established antigenic marker for platelet
activation.

A prolonged incubation time of 30–60 min revealed significantly greater effects, with an
increase in hyphal damage for Rhizomucor species, Absidia species, Mucor species, and
Rhizopus species. In contrast, cD-treated platelets showed a statistically significant reduced
capacity (P < .05) of hyphae to metabolize XTT, compared with untreated platelets (Table
1).

Platelets were found to be strong inhibitors of fungal growth, because conidial germination
was significantly decreased under platelet treatment (P < .05): 85%, 91%, 89%, and 85% of

Perkhofer et al. Page 3

J Infect Dis. Author manuscript; available in PMC 2011 January 10.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



conidia did not germinate in Rhizomucor species, Absidia species, Mucor species, and
Rhizopus species, respectively, whereas germination in untreated controls samples was 98%
(Table 1). The microfilament inhibitor cD neutralized all effects (Table 1).

Visual examination of platelet-pretreated Zygomycetes cultures did not result in different
fungal pigmentation, colony count, or colony size after 24 h (data not shown). No difference
between platelets-treated and untreated fungi was observed.

Discussion
In this study, we show that platelets adhere to conidia and hyphae of Zygomycetes, undergo
activation after exposition to fungi, damage hyphae in a time-dependent manner, and reduce
fungal growth, because germination and hyphal elongation were statistically significantly
decreased (P < .05). In contrast, cD-pretreated platelets any antifungal effects, which reflects
granule-dependent mechanisms.

The interaction between Zygomycetes and platelets resulted in highly activated platelets as
CD62P was expressed on their surface. Platelet surface glycoproteins are essential for
different platelet functions and play a primary role in the adhesion, ligand-interaction and
aggregation [10]. CD62P is stored in α granule membrane and is rapidly transported to the
plasma membrane upon activation [10]. This result confirms the observation that platelets
interact with various fungi [5, 6].

The exact mechanisms by which platelets interact with microorganisms are as yet little
understood. In this study, we showed that platelets adhere to Zygomycetes, the invasive
form of the fungus, and tended to spread over hyphal surfaces, because this was also found
for aspergilli [5]. Adherence was similar for all Zygomycetes tested, without showing strain-
dependent differences, as demonstrated for S. aureus and streptococci [11]. Fibrinogen binds
to fungal cell surfaces and has been postulated to play a significant role in platelet
attachment to Candida albicans [12]. The nature of hyphal cell wall surface constituents
binding these plasma factors remains to be defined.

The changes in the ability to reduce the tetrazolium dye XTT indicated that platelets
inflicted significant damage to hyphae of Zygomycetes species. Similar results were found
for polymorphomuclear leucocytes [13], which are well known for their hyphal killing of
fungi [13]. A study by Simitsopoulou et al [13] found polymorphomuclear leucocytes
induced hyphal damage of 3 Zygomycetes, ranging from a mean (±SD) of 15.9% ± 1.7% up
to 26.7% ± 6.7%, depending on the species tested. Our data reveal similar or even greater
damage caused by human platelets, emphasizing their potent antifungal activity against
invading hyphae. The observed damage was time dependent and ranged from 12.5% to 27%
after 30 min and was almost twice this level after 60 min.

All platelets antifungal effects were abrogated by cD, high-lighting the role of granules in
antifungal activity, as was found for Aspergillus species [5]. cD is a microfilament inhibitor
that suppresses the formation of contractile microtubules and, therefore, the platelets’
degranulation [5].

The most important finding from this study was the lack of germination and the lack of
hyphal elongation of Zygomycetes exposed to platelets. It is widely held that the onset of
invasive zygomycosis is dependent on 2 main steps: first, the failure to suppress the
germination of spores, and second, the failure to kill growing hyphae [2]. We clearly
demonstrated that platelets have the capability of interfering with both steps.
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A recent study identified thrombocytopenia as a risk factor for invasive fungal diseases in
organ transplant recipients [14]. Thrombocytopenia is often seen in patients with
hematological malignancy who experience invasive zygomycoses and is usually associated
with the severity and type of underlying disease or its treatment [14]. However, severe
thrombocytopenia has also been reported in cases of zygomycoses associated with other
medical conditions [15], which suggests that the interaction of platelets with hyphae is
involved in vascular damage, angioinvasion and infarction.

In conclusion, our investigations support a strong interaction between platelets and
Zygomycetes. Platelets employ granule dependent mechanisms against the invading fungi.
Because platelets exhibit antifungal activity and function as immune cells, a better
understanding of platelet-dependent host defenses may help in evaluating risk factors and
inform therapeutic strategies.
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Figure 1.
Representative fluorescence photomicrographs of platelet adherence (A, C) and activation
(B, D) after contact with either hyphae or conidia of Zygomycetes, which were stained with
calcofluor white (blue fluorescence). Platelets adhered to hyphae (A) and conidia (C) of
zygomycetes and were visualized by monoclonal anti CD-42b–fluorescein isothicyanate
conjugated antibody (green fluorescence). Platelets became activated after contact with
either hyphae (B) or conidia (D) of zygomycetes as shown by monoclonal anti-CD62P-PE
antibody (red fluorescence), which is presented exclusively on activated platelets.
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