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ABSTRACT. Invasive aspergillosis (IA) is a severe infection that 
commonly occurs in immunocompromised patients after hematopoietic 
stem cell transplantation (HSCT). The present study explores the effect 
of Aspergillus fumigatus diffusates (AfDs) on phagocytic function and 
superoxide anion (O2

−) burst levels in polymorphonuclear neutrophils 
(PMNs) from post-HSCT patients. A. fumigatus conidia with or without 
AfD were used to stimulate the PMN from healthy donor or HSCT 
patient for two hours. PMN morphology was visualized by scanning 
electron microscopy. The levels of respiratory burst O2

− produced by 
the PMNs were determined by flow cytometry. PMN phagocytic rates 
and phagocytic indexes were observed and calculated using periodic 
acid-Schiff (PAS) staining under a light-field microscope. No difference 
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was found between the PMN phagocytic rates, phagocytic indexes, or 
O2

− respiratory burst levels in health donor PMNs following treatments 
of A. fumigatus conidia with or without AfD. However, significant 
inhibition of these indices was seen in the PMNs from HSCT patients 
following treatment of A. fumigatus conidia plus AfD, compared 
to that with conidium treatment alone (P < 0.05). Therefore, AfD 
significantly inhibited the phagocytic function of PMNs from HSCT 
patients, potentially through inhibition of intracellular respiratory burst 
levels during phagocytosis. This suggests that the reason underlying 
the greater susceptibility of HSCT patients to aspergillosis might be 
the existence of AfD in vivo during infection. Further research on the 
mechanisms by which AfD affects the phagocytic function of PMNs 
from HSCT patients is therefore of great significance for the prevention 
of IA.
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INTRODUCTION

Aspergillus fumigatus is the most commonly occurred pathogen in invasive aspergil-
losis (IA) (Rivera et al., 2005). IA is a severe infection that commonly occurs in immunocom-
promised patients, which has few effective treatment choices, thus yielding a mortality rate as 
higher as 80% (Solé et al., 2005; Iversen et al., 2007). As a key component of the human innate 
immune system, polymorphonuclear neutrophils (PMNs) participate in the nonspecific anti-in-
fection response during infection. However, the mechanism of A. fumigatus clearance by PMNs 
is not fully understood. Studies have found that remnant A. fumigatus can be transformed from 
conidia to mycelium form within PMNs, suggesting an important role for PMNs in mycelium 
removal. This model has been supported by other studies wherein cultured diffusates of A. 
fumigatus (AfDs) were shown to have immunosuppressive effects on PMNs (Higurashi et al., 
2007). Previous studies have elucidated an indispensable role for PMNs in the clearance of A. 
fumigatus (Ikegami et al., 1998). It has been recognized that PMN respiratory bursts can pro-
duce superoxide anions (O2

−) to inactivate the iron-sulfur proteins in microbes and effectively 
kill invading pathogens or tumor cells, thus playing an important role in host defense and in-
flammatory response (Witko-Sarsat et al., 2000). In clinical practice, post-hematopoietic stem 
cell transplantation (HSCT) patients are susceptible to fungal infections at the early post-trans-
plantation stage (Wang et al., 2008). However, the ability of and possible mechanisms utilized 
by PMNs in post-HSCT patients to clear A. fumigatus have not yet been reported.

In the present study, we explored the change in phagocytic function and respiratory 
burst levels of PMNs from post-HSCT patients during A. fumigatus infection in vitro. We hy-
pothesized that AfD affected the phagocytic function of post-HSCT patient PMNs through re-
pression of their respiratory burst levels during A. fumigatus infection. To test this hypothesis, 
we ascertained the phagocytic rates, phagocytic indexes, and O2

− respiratory burst levels of 
PMNs from both healthy donors and post-HSCT patients, through stimulation of their PMNs 
with A. fumigatus conidia with or without AfD.
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MATERIAL AND METHODS

General information

The Ethical Committee of the Third Military Medical University approved this study 
and confirmed that this research was in accordance with the Helsinki Declaration of 1975 (as 
revised in 1983). All patients (N = 8) recruited in this study received HSCT within three weeks 
from the Department of Hematology at Southwest Hospital, and had normal white blood cell 
counts (3-8 x 109/L). Healthy donors (N = 8), selected from blood donors in our hospital with 
normal white blood cell counts (4-8 x 109/L), were taken as controls. The general information 
of the patients and healthy controls is listed in Table 1.

 Controls Stem cell recipients

Age (years) 33.9 ± 7.3 29.3 ± 7.4
Body weight (kg) 66.7 ± 4.5 61.8 ± 5.9
No. of males (%) 4 (50%) 4 (50%)

Table 1. General information of the patients and controls. 

Fungal strains, reagents, and equipment

The A. fumigatus strain CMCCC(F)A1a was kindly provided by the Nanjing Der-
matology Institute (Nanjing, China). Human PMN separation buffer (Catalog No. LTS1087) 
was purchased from Jinmai Genetic Corp.(Tianjing, China). RPMI1640 and fetal bovine se-
rum (FBS) were purchased from Hyclone Labs (Logan, UT, USA). The periodic acid-schiff 
staining (PAS) staining kit was purchased from Sigma (St Louis, MO, USA). Phosphate 
buffer solution (PBS) (0.15 M, pH 7.4) as well as a high-speed frozen centrifuge (Model ST-
40R) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). The high-speed 
centrifuge (2-16) was a product of Sigma Corp. Giemsa and trypan blue dyes were prepared 
in-house by the Central Laboratory of Southwest Hospital. The reactive oxygen assay kit 
(DCFH-DA, Catalog No. S0021) was purchased from Beyotime Institute of Biotechnology 
(Shanghai, China). The carboxyfluorescein succinimydl ester (CFSE) test kit was provided 
by eBioscience (San Diego, CA, USA). The cell flow cytometer was produced by Becton 
Dickinson Corp. (Bedford, MA, USA). Other reagents used were locally produced at analyti-
cally pure grades.

Preparation of the A. fumigatus strain and A. fumigatus diffusates (AfDs)

The fungal strain was sub-cultivated onto freshly made Sandburg chloramphenicol 
agar culture medium. After incubation at 37°C for 4 days, the mycothallus was eluted using 
saline and vibrated with glass beads for 20 min. The mixture was then filtered, diluted to make 
a conidia mixture at 1 x 107 CFU/mL, and stored at 4°C for further use.

AfD was prepared as follows: The A. fumigatus conidia mixture was incubated in 
Hank’s balance saline solution (HBSS) at 37°C for 1 h, and filtered through a 0.22 μm pinhole 
membrane filter. The flow-through solution was then centrifuged at 15,000 rpm for 30 min, 
and the pellets were resuspended with HBSS. These steps were repeated six times to get pure 
AfD, which was stored at -20°C for further use (Lopez et al., 1986).
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Separation and purification of PMNs from peripheral blood

Venous blood samples (10 mL; using heparin as an anticoagulant) from healthy do-
nors or HSCT patients were mixed with equal volumes PBS buffer. An equal volume human 
neutrophils separation buffer was added and then centrifuged at 2000 rpm for 20 min at room 
temperature; clear separated white layers above the serum could be observed following cen-
trifugation. After an additional 2000 rpm centrifugation for 10 min, the white layers were gently 
resuspended using a micropipette filled with PBS buffer. The supernatants were collected and 
centrifuged at 2000 rpm for 10 min. The resultant supernatants were discarded, and the PMNs 
were resuspended in in PBS buffer. Living cells were quantified by the trypan blue exclusion 
method and >98% living cells were identified in all samples collected (Figure 1). The PMNs 
were diluted in PBS buffer to generate 1 x 106/mL cell suspensions for future use (Li et al., 2008).

Figure 1. Analysis of PMN cell viability by trypan blue stain after separation and purification. After the separation of 
PMN, trypan blue staining was employed to observe the viability of PMN cells from healthy donors (left panel, 200X, 
N = 10) or post-HSCT patients (right panel, 200X, N = 8). Representative pictures from both group were shown.

Giemsa staining and scanning electron microscopy of PMN cellular morphology

Blood cell smear slides were generated from 0.2 mL PMN suspensions (1 x 106/mL) 
of healthy donors and HSCT patients. Slides adhered with PMN were fixed in 95% ethanol for 
10 min, stained with several drops of Giemsa dye and buffer for 5 min, washed with distilled 
water, dried, and observed under a light-field microscope. 

For preparation of the samples for scanning electron microscopy, 0.5 mL PMN sus-
pensions from each group were horizontally centrifuged at 2000 rpm for 10 min. After dis-
carding the supernatant, cells were fixed in 3% glutaraldehyde solutions for 3 h. Samples were 
sent to the Electron Microscopic Laboratory in the Third Military Medical University for 
embedding and sectioning.

Determination of the level of PMN phagocytosis of A. fumigatus conidia by flow 
cytometry

A 0.5 mL sample of A. fumigatus conidia mixture suspension was mixed with 2 mL 
PBS buffer to re-suspend the conidia, and then centrifuged at 8000 rpm for 5 min. The super-
natant was discarded and the pellet re-suspended in 1 mL CFSE solution (1 μM), followed by 
incubation at 37°C for 15 min. The suspension was then washed 3 times with PBS buffer, re-
suspended in RPMI1640 plus 10% FBS, and incubated with 2 x 106 PMNs from healthy donors 
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or HSCT patients at 37°C for 2 h. After a gentle wash in PBS buffer, flow cytometry was used to 
measure the mean fluorescent intensities (MFIs) of the CFSE in PMN cells (Chitarra et al., 2005).

Determination of the PMN phagocytic ratios and indexes by PAS staining

Samples of PMN suspensions (0.5 mL; 1 x 106/mL) from healthy donors or HSCT 
patients were inoculated into separate 12-well plates that with a coverslip in each well al-
ready, followed by addition of 10 μL A. fumigatus conidia mixture with or without 10 μL 
AfD. The total volume in each well was adjusted to 1 mL with PBS buffer. After 2 h incuba-
tion at 37°C, coverslips from PMN-inoculated wells were taken for further PAS dye stain-
ing, according to the instructions provided by the company. The phagocytic rates and phago-
cytic indexes were calculated as follows: phagocytic rate = 100 x the number of PMNs 
with inclusions of conidia/total cell number; phagocytic index = 100 x the total number of 
phagocytic conidia/total cell number.

Determination of PMN respiratory burst O2
− levels by flow cytometry

Samples of PMN suspensions (0.5 mL; 1 x 106/mL) from healthy donors or HSCT 
patients were incubated with 10 μM dichloro-dihydro-fluorescein diacetate (DCFH-DA) solu-
tion at 37°C for 15 min. After being washed with HS buffer, the DCFH-DA loaded PMNs were 
co-cultured with 10 μL A. fumigatus conidia suspensions with or without 10 μL AfD in 1 mL 
total volume HS buffer. After 2 h incubation at 37°C, the cells were washed with HS buffer 
three times followed by flow cytometric analysis. The DCF MFIs of the sample were taken to 
quantify the burst levels of O2

− in the PMNs (Imrich and Kobzik, 1998).

Statistical analysis

All data are reported as means ± SD. SPSS ver. 10.0 (SPSS Corp., Chicago, IL, USA) 
was utilized for statistical analysis. One-way ANOVA was used for multiple comparisons. 
Statistical significance was defined as P < 0.05.

RESULTS

Basic morphology of PMN cells

Under Giemsa staining, PMNs from healthy donors displayed a rod shape or exhibited 
2-5 lobes between which thin connecting filaments existed. In the PMNs from HSCT patients, 
the nuclear cytosol showed an enlargement, along with a higher proportion of myelocytes ap-
peared as lobular eosinophils (Figure 2A). Flow cytometry analysis showed that the FSC and 
SSC values of the post-HSCT patient PMNs were significantly larger than those from healthy 
donor PMNs. These findings suggested a larger size and density of PMN cells in post-HSCT 
patients, compared with health donors (Figure 2B). By using scanning electron microscopy, 
we observed a relatively evenly distribution of cell sizes in healthy donor PMNs, whereas 
HSCT patients had PMNs of abnormally larger size and with uneven size distributions, with 
some cells remaining at an immature stage (Figure 2C).
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Figure 2. PMN cell morphology. A. Peripheral PMNs from healthy donors (left panel, N = 8) and patients post-
HSCT (HSCT, right panel, N = 4) under Giemsa staining were observed for cellular size and nuclear morphology. 
B. Scanning electron microscopic observation of PMN cellular morphology in healthy donors (N = 5) and patients 
post-HSCT (N = 4). C. Distribution of the FSC and SSC of peripheral blood PMNs from healthy donors (N = 6) and 
patients post-HSCT (N = 5) using flow cytometry. PMNs, polymorphonuclear neutrophils; HSCT, hematopoietic 
stem cell transplantation; FSC, forward-scattered light; SSC, side-scattered light.

Quantification of CFSE-positive conidia levels inside PMNs using flow cytometry

After co-culture of PMNs with CFSE-labeled A. fumigatus conidia with or without 
AfD for 2 h, flow cytometry was used to quantify PMN CFSE MFIs. The results showed no 
significant differences in CFSE MFIs between A. fumigatus conidia stimulation with or without 
AfD in PMN healthy donor (P > 0.05). However, in HSCT patients, the CFSE MFIs in PMNs 
were significantly decreased when conidia plus AfD were used for co-culture, compared with 
that with A. fumigatus conidia stimulation alone (P < 0.05). These results suggested that there 
was an inhibitory effect on PMN phagocytosis of conidia resulting from AfD (Figure 3).
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Figure 3. CFSE-positive conidia levels in different PMN samples by flow cytometry. After two hours co-incubation 
of peripheral separated PMNs with a CFSE-labeled conidia mixture or a conidia plus Afd mixture, flow cytometry 
was used to determine the mean fluorescent intensity (MFI) of CFSE in PMNs. A. Representative data from 
healthy donors (left panel) and post-HSCT patients (right panel). B. Statistical analysis of data from A. **P < 0.01, 
compared to PMNs only; #P < 0.05, compared to PMNs plus Aspergillus. Error bars represent SD. N = 6 or 4 in 
healthy donors or patients post-HSCT, respectively. CFSE, carboxyfluorescein succinimidyl ester; Afd, Aspergillus 
fumigatus diffusates; PMN, polymorphonuclear neutrophil; HSCT, hematopoietic stem cell transplantation.

Measurement of the phagocytic rates and indexes of PMNs by PAS staining

To ascertain the phagocytic rates and indexes, PAS staining was performed after 2 h co-
culture of PMNs with A. fumigatus conidia suspensions with or without AfD. The results showed 
that there were no significant differences in the phagocytic rates or indexes between the conidia 
and conidia plus AfD treatments in PMN healthy donor (P > 0.05). However, we found that AfD 
significantly inhibited the phagocytic rates and indexes in HSCT patient PMNs, compared with 
those obtained using co-culture with A. fumigatus conidia alone (P < 0.05; Figure 4).

Flow cytometric analysis of PMN respiratory burst O2
− levels

To determine the PMN respiratory burst O2
− levels, we detected the intracellular DCF 

MFIs, indicators of intracellular O2
−, by flow cytometry after 2 h co-culture of PMNs with 

A. fumigatus conidia with or without AfD. Results showed that there were no significant dif-
ferences of O2

− burst levels in healthy donor PMNs following stimulation by conidia with or 
without AfD (P > 0.05). However, in HSCT patients, the O2

− burst levels of PMNs after stimu-
lation by conidia plus AfD were significantly lower than those in cells stimulated by conidia 
alone (P < 0.05) (Figure 5).
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Figure 4. PMN phagocytic rates and indexes of Aspergillus fumigatus conidia. After 2 h co-incubation of PMNs 
with a conidia mixture or a conidia + AfD suspension, PAS staining was used to measure the phagocytic rates and 
indexes of PMN phagocytosis of Aspergillus fumigatus conidia. A. Representative pictures from healthy donors 
(left panel) and patients post-HSCT (right panel). B. Statistical analysis of data from A. *P < 0.05, compared to 
PMNs plus Aspergillus. Error bars represent SD (N = 6 or 4 in healthy donors or patients post-HSCT, respectively). 
PMNs, polymorphonuclear neutrophils; Afd, Aspergillus fumigatus diffusates; PAS, periodic acid-Schiff staining.

Figure 5. Flow cytometric measurement of PMN respiratory burst O2
- levels. After co-incubation with a conidia 

mixture suspension or a conidia plus AfD mixture for 2 h, the peripheral separated PMN O2
- burst levels (ROS) 

were quantified by flow cytometry. A. Representative data from healthy donors (left panel) and patients post-HSCT 
(right panel) are shown. B. Statistical data from A. **P < 0.01, compared to PMNs only; #P < 0.05 compared to 
PMN + Aspergillus. Error bars represent SD (N = 6 or 4 in healthy donors or patients post-HSCT, respectively). 
PMN, polymorphonuclear neutrophils; Afd, Aspergillus fumigatus diffusates.
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DISCUSSION

HSCT by cytokine-induced mobilization has been widely used as an effective therapy 
against various malignant hematological diseases (Gratwohl et al., 2001). Due to its mul-
tiple advantages over bone marrow transplantation (BMT), including a shorter recovery time 
for granulocytes, platelets, and hematopoietic functions, HSCT considerably shortens hospi-
tal stays and lowers transplantation expenses. These advantages resulted in peripheral blood 
rather than bone marrow becoming the standard source for allogeneic HSCT (Champlin et 
al., 2000; Couban et al., 2002). However, post-transplantation infection often occurs in HSCT 
patients, especially in those with immune deficiencies, due to their malnutrition and compro-
mised immune functions caused by high dosage chemotherapy (Wu and Li, 2009). IA has an 
occurrence rate of 8-15% in HSCT recipients, and is observed most often in patients within 
three weeks following transplantation. The course of IA proceeds rapidly and causes death in 
about 1 or 2 weeks in some cases. Clinical statistics show an IA mortality rate as high as 30-
80%, even up to 100% mortality if without any effective treatment (Bellocchio et al., 2005). 
Therefore, infection by Aspergillus, albeit clinically uncommon, renders the prognosis of 
HSCT patients more unfavorable. In order to understand the ability of patient PMNs to defend 
against Aspergillus infection, it is useful to study the morphology of PMNs from post-HSCT 
patients. This study found that patient PMN cells appeared to be at a relatively immature stage 
three weeks after HSCT. Giemsa staining, scanning electron microscope and flow cytometric 
analysis also demonstrated a lower phagocytic ability of patient PMNs. Therefore, we vali-
dated the previously described correlation between PMN morphology and phagocytic ability 
in post-HSCT patients. 

PMNs are an important component of the human immune system and are closely 
related to the nonspecific anti-infection process. PMNs are effective in the phagocytosis of 
pathogens, which involves a process including the chemotrophic attraction, recognition, bind-
ing, phagocytosis, inclusion, inactivation, and degradation of pathogens (Shurtz-Swirski et al., 
2001). Multiple metabolites of A. fumigatus have been shown to interfere with cellular phago-
cytic functions (Hao, 2004). The conidia and mycelium of A. fumigatus can induce PMNs 
and other inflammatory cells to produce various cytokines such as tumor necrosis factor-α 
and interleukins-1and -6, all of which play important roles in the clearance of A. fumigatus 
(Andrews and Sullivan, 2003). This study used flow cytometry and PAS staining to demon-
strate that AfD significantly inhibited the phagocytic ability of PMNs toward conidia in HSCT 
patients but not in healthy donors as shown by the lower PMN phagocytic rates and indexes, 
thereby suggesting that AfD contributes to the high infection rate of A. fumigatus in early 
post-HSCT patients.

Respiratory bursts are a feature of PMNs in which reactive oxygen species (O2
−) are 

abundantly released during the phagocytosis of foreign materials. These free oxygen radicals 
play an indispensable role in killing invading microbes, protecting the body, and maintain-
ing the homeostatic status (Zhao et al., 1989a,b). In other studies, IA was found to occur 
most commonly in secondary invasive fungal post-myelosuppression infections (Roden et al., 
2005). This study found that the respiratory burst O2

− levels of PMNs from HSCT patients af-
ter a single stimulus of A. fumigatus conidia were not significantly different compared to those 
of PMNs from normal individuals. However, the respiratory burst O2

− levels of patient PMNs 
were significantly suppressed by the stimulus of conidia plus AfD. Furthermore, the respira-
tory burst O2

− level was positively correlated with the effect of AfD on the phagocytic function 
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of HSCT patient PMNs. These results suggest that AfD probably affect the phagocytic ability 
of HSCT patient PMNs via inhibition of the PMN respiratory burst levels.

In conclusion, building upon the clinical observation that immunosuppressant patients 
are susceptible to A. fumigatus infections (Williamson et al., 2000; Loeffler et al., 2002; Pe-
traitiene et al., 2002; Su et al., 2006), this study demonstrated that PMNs from HSCT patients 
exhibited immature morphology and impaired phagocytic functions, and that their phagocytic 
function could be significantly inhibited by AfD. This study provides the basis for further 
analysis of the effects of A. fumigatus conidia and their metabolites on PMN-mediated im-
mune functions and related signaling pathways. This knowledge might lead to a new strategy 
for the prevention of nosocomial Aspergillus infections and the development of a bio-therapy 
or immune therapy against the pathogenic factors, which together will be the focus for our 
future research.
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