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Essential Role for Neutrophils but not Alveolar
Macrophages at Early Time Points
following Aspergillus fumigatus Infection
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Alveolar macrophages and neutrophils mediate innate immune defense against the opportunistic fungal pathogen Aspergillus fumigatus and are believed to be essential for host survival following inhalation of fungal
spores (conidia). Although alveolar macrophages are postulated to kill inhaled conidia and neutrophils are
believed to act against hyphae, the relative contribution of alveolar macrophages and neutrophils to early
defense against A. fumigatus remain incompletely defined. To more precisely characterize the contributions
of alveolar macrophages and neutrophils in antifungal host defense, we selectively depleted each cell population
at different times following pulmonary challenge with conidia. Mice depleted of alveolar macrophages prior
to pulmonary A. fumigatus infection recruited neutrophils normally and restricted hyphal tissue invasion. In
contrast, neutrophil depletion prior to or within 3 h after infection was associated with high mortality.
Neutrophil depletion at later time points, however, was associated with nearly normal survival rates. Our
studies suggest that neutrophils, but not alveolar macrophages, provide essential anticonidial defense and that
a brief period of influx into the respiratory tree is sufficient to prevent conidial germination and invasive
disease.
Invasive aspergillosis is a major cause of infectious morbidity and mortality in immunocompromised patients
[1–4]. Development of invasive aspergillosis signifies
host failure to kill inhaled spores (conidia) and to prevent hyphal tissue invasion. Although loss of or deficiency in myeloid function is common among highrisk persons, the precise in vivo role of and temporal
requirements for specific myeloid cells in host defense
against Aspergillus fumigatus, the most common cause
of invasive aspergillosis, remain controversial. The tim-
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ing between conidial exposure and myeloid dysfunction
or injury remains poorly understood but likely influences the outcome of infection.
Although neutropenia is an important risk factor for
invasive aspergillosis [5, 6], animal and in vitro studies
support a key role for alveolar macrophages in the early
stages of host defense [7]. This tenet is based in part
on the finding that corticosteroids impair macrophage
killing of conidia [8, 9] and enable hyphal escape from
intracellular compartments [10, 11]. Corticosteroidtreated mice are more susceptible to resting than to
swollen, germinating conidia [7], findings that were
interpreted to signify that macrophages form a primary
defense against inhaled conidia. Conversely, induction
of neutropenia with nitrogen mustard renders mice
more susceptible to germinating than to resting conidia,
supporting the notion that neutrophils act primarily
against products of germination [7]. In addition, neutrophil contact with hyphae induces degranulation and
the respiratory burst [12].
Animal models of invasive aspergillosis traditionally
Myeloid Cell Defense against Aspergillus • JID 2009:200 (15 August) • 647

Downloaded from jid.oxfordjournals.org at Memorial Sloan Kettering Cancer Center on April 11, 2011

Monica M. Mircescu,1 Lauren Lipuma,1 Nico van Rooijen,3 Eric G. Pamer,1,2 and Tobias M. Hohl1

rely on the administration of cytotoxic agents and corticosteroids. Whereas this strategy is successful in recapitulating many
aspects of human disease, extrapolating the role of individual
cell types in host defense is difficult because these regimens
exert pharmacologic effects on multiple cell types [13]. For
example, corticosteroids impair not only macrophage [10]
but also neutrophil function by inducing defects in trafficking, adherence, and the release of antimicrobial effector molecules [14].
Recent approaches to examine the role of innate immune
cells or effector systems against A. fumigatus rely on knockout
mice [15–17] and antibodies that deplete leukocyte subsets [18,
19] or interfere with their trafficking [18, 20]. Mice deficient
in the chemokine receptor CXCR2 or that are defective in
CXCR2 signaling develop invasive aspergillosis [17, 18]. Delayed airway neutrophil influx in CXCR2⫺/⫺ mice leads to conidial germination, a result that supports an early role for neutrophils in host defense [17]. Conidial exposure induces
alveolar macrophages to transcribe CXCR2 ligands (ie, macrophage inflammatory protein-2 [murine chemokine CXCL2;
MIP-2] and keratinocyte-derived chemokine [murine chemokine CXCL1; KC]) in vivo and secrete these chemokines in
648 • JID 2009:200 (15 August) • Mircescu et al

vitro, consistent with a key role for alveolar macrophages in
the orchestration of neutrophil recruitment [21–23].
In this study, we examined the temporal requirements for
alveolar macrophages and neutrophils following murine pulmonary A. fumigatus infection with use of approaches that
target these cells with specificity and temporal control. Our
results suggest that alveolar macrophages are dispensable for
survival. Alveolar macrophage–depleted mice were capable of
limiting hyphal tissue invasion, likely because of preserved lung
inflammatory responses and neutrophil airway recruitment. In
contrast, mice developed invasive aspergillosis if neutrophil depletion occurred prior to or within ∼3 h after infection. Neutrophil depletion at later time points was not associated with
mortality, even when conidial inocula were standardized for
different experimental conditions. These results support an

Figure 2. Effect of clodronate liposome administration on lung dendritic cell, macrophage, monocyte, and neutrophil populations.
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Figure 1. Alveolar macrophage (AM) depletion and murine susceptibility to Aspergillus fumigatus. A, Flow cytometric analysis of bronchoalveolar
lavage fluid collected after intratracheal (i.t.) administration of phosphate-buffered saline (PBS) (top panel) or clodronate (CL) liposomes (bottom panel)
4 and 3 days earlier. Ungated bronchoalveolar lavage samples were stained for CD45 and CD11c; gates representing AMs (CD45hi, CD11chi) are
illustrated, and the event frequencies are indicated. B, The bar graphs show the bronchoalveolar lavage fluid AM concentration ( standard deviation)
in mice (5–8 per group) that received PBS (white bar), CL (black bar), or no (gray bar) liposomes. Bronchoalveolar lavage fluid samples had red blood
cells lysed, were adjusted to a 0.3-mL volume, were enumerated, and were analyzed by flow cytometry as in (A). One of 2 representative experiments
is shown. *P p .0036 and **P p .010, by Mann-Whitney log-rank sum test and Bonferroni correction. C, 21-Day survival of mice that received PBS
(white bar, n p 10) or CL liposomes via the i.t. (black bar, n p 20 ) or intraperitoneal (i.p.) (hatched bar, n p 10 ) route prior to i.t. infection with
2.5 ⫻ 107 to 4 ⫻ 107 A. fumigatus conidia. The data are pooled from multiple experiments. No significant difference was found between experimental
groups by Fisher’s exact test. D, Representative methenamine silver–stained lung sections from mice treated with i.t. PBS (top panel) or CL (bottom
panel) liposomes on day 3 after infection. Two experiments with 3 mice per group were performed. The scale bar represents 50 mm.

early, nonredundant role for neutrophils, but not alveolar macrophages, in conidial defense.
MATERIALS AND METHODS
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Figure 3. Alveolar macrophage depletion and inflammatory responses
in naive or infected mice. A–D, bronchoalveolar lavage (BAL) sample
neutrophil concentration (A) and lung tumor necrosis factor (TNF) (B),
macrophage inflammatory protein–2 (MIP-2) (C), and keratinocyte-derived
chemokine (KC) (D) levels in mice after intratracheal (i.t.) administration
of phosphate-buffered saline (PBS) (white), clodronate (CL) (black), or no
liposomes (gray) 4 and 3 days earlier. A, BAL fluid samples were enumerated and analyzed by flow cytometry to compute neutrophil concentrations. B–D, Lung homogenates were analyzed for cytokine and chemokine levels by enzyme-linked immunosorbent assay. E–H, BAL
neutrophil concentration (E) and BAL and lung TNF (F), MIP-2 (G), and
KC (H) levels were measured in mice that received PBS (white) or CL
(black) liposomes 4 and 3 days prior to infection with 2.6 ⫻ 107 Aspergillus
fumigatus conidia. The BAL fluid and lung tissues were collected for
analysis 24 h after infection. A–H, 5–8 mice per group. One of 3 independent experiments is shown. P values are shown for 2-group comparisons by Mann-Whitney rank-sum test corrected for multiple comparisons by the Bonferroni method. NS, not significant.

Reagents. Dichloromethylenebisphosphonate (clodronate)
was a gift of Roche Diagnostics GmbH and was incorporated
into liposomes as described elsewhere [24]. Mice received 100
mL phosphate-buffered saline (PBS) or clodronate liposomes
delivered intratracheally. The monoclonal antibody RB6-8C5
(rat IgG2b) was purified by protein G chromatography and
quantified by Bradford assay with use of bovine serum albumin
as a standard [25]. For depletion studies, mice received 0.1 mg
of RB6-8C5 in PBS via intraperitoneal injection.
Animal care and Aspergillus infection. C57BL/6 mice
were purchased from The Jackson Laboratory. All in vivo studies were approved by the Memorial Sloan-Kettering Cancer
Center Institutional Review Board. For survival studies, mice
were maintained on Sulfatrim (Research Diets). A. fumigatus
strain AF293 conidial suspensions were administered to anesthesized mice via the intratracheal route as described elsewhere [21].
Organ harvest, enzyme-linked immunosorbent assay
(ELISA), and flow cytometry. Following euthanasia, 3 mL of
bronchoalveolar lavage (BAL) fluid was collected in PBS and
5% fetal calf serum. The lungs were perfused with PBS and
homogenized in 4 mL of PBS containing 0.025% Tween 20,
for colony forming unit (CFU) determination. For ELISA studies, the BAL fluid and lung homogenates were clarified by centrifugation and analyzed for tumor necrosis factor (TNF), interferon (IFN)–g (BD Biosciences), MIP-2, and KC (R&D
Systems) according to the manufacturers’ instructions.
For flow cytometric analysis, finely minced lung tissue was
digested at 37C in PBS and 5% fetal calf serum containing 3
mg/mL collagenase IV (Worthington Biochemical Corporation)
and 20 U/mL DNAse I (Roche) for 60 min, was ejected 5 times
through a 20-gauge syringe, had red blood cells lysed, and was
passed though a 100-mm filter.
BAL and lung cells were enumerated using a Z2 Coulter
Counter (7–15 mm window; Beckman Coulter) and were
stained with the following antibodies: anti-Ly6C-FITC (clone
AL-21), anti-Ly6G-PE (clone A18), anti-CD11b-PERCP-Cy5.5,
anti-CD11c-APC, anti-CD45-APC-Cy7 (BD Biosciences), anti7/4-Alexa 647, anti-F4/80-FITC, and mouse anti-rat IgG2bFITC (AbD Serotec). Alveolar macrophages were identified as
SSChighCD45+CD11c+ BAL cells, and neutrophils were identified
as CD45+CD11b+Ly6C+Ly6G+ cells. In specific experiments, 7/4
and Ly6G expression was used to define neutrophils. Flow cytometric data was collected on a BD LSR II flow cytometer and
was analyzed with FlowJo, version 8.7.1 (Treestar).
Histology. Mice were euthanized either 3 days after infection or following the final manipulation (ie, RB6-8C5 admin-

Figure 4. Effect of clodronate liposome administration on lung and
broncheolar lavage fluid interferon-g levels.

RESULTS
Alveolar macrophage depletion and susceptibility to A. fumigatus. To examine the role of alveolar macrophages in defense against A. fumigatus infection, C57BL/6 mice underwent
alveolar macrophage depletion via intratracheal instillation of
clodronate liposomes [24, 26]. Alveolar macrophage depletion
was assessed by flow cytometric analysis (figure 1A) and enumeration of BAL cells (figure 1B). Consistent with prior studies
[26, 27], intratracheal administration of clodronate liposomes
on consecutive days led to 190% alveolar macrophage depletion 3 days later (figure 1B). Depletion of pulmonary-resident CD103+ dendritic cells [28], CD11b+ dendritic cells, or
CD11b+Ly6C+Ly6G⫺ monocytes was not observed (figure 2).
Alveolar macrophage depletion was not observed in mice
treated with PBS liposomes (figure 1B) or in mice treated intraperitoneally with clodronate liposomes (data not shown),
a route of administration that targets splenic macrophage populations [24].
Alveolar macrophage depletion did not result in murine susceptibility to intratracheal challenge with 2.5 ⫻ 107 to 4 ⫻ 107
conidia. The 21-day survival rate approached 100% in 3 experiments pooled for analysis (figure 1C). Similar results were
observed in mice treated intraperitoneally with clodronate or
intratracheally with PBS liposomes. Histologic analysis of Gomori methenamine silver–stained lung sections showed that
alveolar macrophage depletion did not interfere with host ability to limit conidial germination (figure 1D). Abundant conidia
were visualized within the parenchyma, surrounded by neutrophil-rich infiltrates. Hyphae invading the lung parenchyma
650 • JID 2009:200 (15 August) • Mircescu et al

Figure 5. RB6-8C5 administration and depletion of lung neutrophils
and monocytes.
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istration). Perfused lungs were fixed in 10% formalin, embedded in paraffin, cut in 8-mm slices, stained with Gomori
methenamine silver, and analyzed by microscopy.
Statistics. Statistical analyses were performed using Stata,
version 10.0 (StataCorp). For 2-group comparisons, the MannWhitney U test was used. For 3-group comparisons, the Kruskal-Wallis 1-way analysis of variance was calculated and, in cases
of statistical significance, pairwise comparisons were analyzed
using the Mann-Whitney test. For multiple comparisons, the
P values were corrected by the Bonferroni method.
Survival data were plotted by the Kaplan-Meier method and
analyzed using log-rank testing. Fisher’s exact method was used
to analyze differences in 21-day survival among experimental
groups. Statistical significance was defined by a P value of !.05.

were not observed (figure 1D), though in rare instances, individual hyphae within large airways were noted (data not
shown). Thus, C57BL/6 mice control conidial germination
and survive A. fumigatus challenge in the absence of alveolar
macrophages.
Effect of alveolar macrophage depletion on inflammatory
responses. Because the alveolar macrophage depletion strategy per se may induce inflammation, BAL and lung neutrophil
counts and inflammatory cytokine and chemokine levels were
examined in mice treated with clodronate, PBS, or no liposomes. Neutrophil counts ( standard deviation) in BAL fluid
samples were marginally higher in mice treated with clodronate
liposomes (26.6 ⫻ 10 3  34.0 ⫻ 10 3 neutrophils/mL), compared with mice treated with PBS liposomes (4.6 ⫻ 10 3 
3.8 ⫻ 10 3 neutrophils/mL) or no liposomes (1.3 ⫻ 10 3 
0.5 ⫻ 10 3 neutrophils/mL) (figure 3A), although statistical significance was reached only when comparing the clodronate and
no liposome groups (P p .01, by Mann-Whitney test). The
neutrophil airway influx associated with clodronate liposome
treatment only constituted ∼1% of the influx associated with
A. fumigatus infection (figure 3E).
TNF, MIP-2, KC, and IFN-g were chosen for analysis because
of their role in A. fumigatus host defense [18, 29–31]. Intratracheal administration of clodronate or PBS liposomes did not
trigger TNF, MIP-2, KC, or IFN-g release in the lungs of naive
mice (figures 3B–3D 4). In all groups, TNF, MIP-2, and KC
levels in the airway were below the limit of detection (15 pg/
mL; data not shown). Thus, the alveolar macrophage depletion
strategy is highly unlikely to exert proinflammatory effects that
influence the experimental outcome.
Alveolar macrophage depletion and preservation of inflammatory responses after infection. Because alveolar macrophages secrete inflammatory mediators in response to A. fumigatus challenge [21–23, 32, 33], the effect of alveolar
macrophage depletion on airway neutrophil recruitment and
lung and BAL cytokine and chemokine levels was examined
24 h after infection, a time point that is associated with peak
TNF levels [34]. Alveolar macrophage depletion did not reduce
airway neutrophil recruitment (figure 3E). In addition, alveolar
macrophage depletion was associated with preserved TNF, MIP2, and KC release in the lungs and airways of infected animals
(figure 3F–3H). Although lung MIP-2 levels were higher in
infected mice treated with clodronate liposomes, this finding
failed to achieve statistical significance after correction for multiple comparisons (P p .054). These results suggest that alve-

olar macrophage depletion neither reduces lung or airway TNF,
MIP-2, and KC production nor impairs neutrophil airway influx 24 h after infection.
In summary, these data indicate that alveolar macrophages
are dispensible for control of A. fumigatus infection in otherwise
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Figure 6. Relationship between the onset of neutrophil depletion, murine mortality, and hyphal tissue invasion. A, Survival of mice infected
with 2 ⫻ 107 to 4 ⫻ 107 Aspergillus fumigatus conidia and given RB68C5 either 1 day prior to, or +1 h, +3 h, +6 h, or +1 day after infection.
The graph includes pooled data from 2–4 experiments per group (10–29
mice per group). *P p .0045 by log-rank test between the +3 h and +6 h
groups. B–D, Fungal tissue invasion in mice that received RB6-8C5 on
day 1 before infection (B) or +1 h (C) or 1 day (D) after infection with
1.1 ⫻ 107 A. fumigatus conidia. Lungs were harvested 3 days after the
last manipulation (ie, after infection [B and C] or after RB6-8C5 administration [D]). Gomori methenamine silver staining demonstrates hyphal
lesions in (B and C) and the presence of conidia in (D). Representative
examples are shown from 2 experiments with 3 mice per group. The
scale bar represents 50 mm.

immunocompetent mice. Alveolar macrophage depletion is
overcome because of preserved inflammatory responses and
neutrophil airway influx, resulting in host ability to prevent the
formation of tissue-invasive hyphae.
Timing of neutrophil depletion and the outcome of A. fumigatus infection. Because alveolar macrophages appear redundant for defense against A. fumigatus infection, the timing
of neutrophil depletion on the development of invasive aspergillosis and survival was examined. Although invasive aspergillosis develops in mice that are neutropenic at the time of
infection [7, 18, 19], the temporal requirement for neutrophils
in host defense remains unknown. We observed that C57BL/6
mice reared in pathogen-free conditions and infected with
1 ⫻ 107 to 4 ⫻ 107 conidia had reduced CFUs in lung tissue by
90%–95% by 48 h after infection, consistent with results published elsewhere [7, 11]. However, we routinely cultured
10 4–10 5 CFUs from lung samples at 30 days after infection (data
not shown), suggesting that infected mice may remain vulnerable to neutrophil depletion for prolonged periods.
To determine the effect of neutrophil depletion at specific
time points in relation to infection, mice were treated with a
single 0.1 mg intraperitoneal dose of monoclonal antibody
RB6-8C5 (anti–Gr-1; anti-Ly6G/Ly6C). This method of transient neutrophil depletion was chosen because it is well-characterized and specific compared with other methods (eg, administration of cyclophosphamide [19] or irradiation). RB68C5–induced neutropenia enables the establishment of invasive
aspergillosis in the lungs of infected mice [18], and tissue damage is exacerbated by neutrophil recovery [19]. The dose used
for experiments led to 199% neutrophil depletion in the circulation (data not shown) and in single cell lung suspensions
but to no significant depletion in CD11b+Ly6C+Ly6G⫺ monocytes (Gr-1+ or inflammatory monocytes; figure 5). C57BL/6
mice administered RB6-8C5 24 h prior to infection were highly
susceptible to intratracheal A. fumigatus challenge, with an observed mortality rate of 72% (figure 6A).
RB6-8C5–mediated neutrophil depletion initiated 1 or 3 h
after infection resulted in a similar mortality to that observed
among mice treated with RB6-8C5 24 h before infection (figure
6A). In contrast, no deaths were observed among mice that
received RB6-8C5 at 6 or 24 h after infection (figure 6A) or at
later time points (data not shown). Thus, infected mice remain
sensitive to neutrophil depletion for 3 h after infection.
Examination of Gomori methenamine silver–stained lung
sections revealed that murine susceptibility to RB6-8C5 administration correlated with the presence of tissue-invasive hyphae. Mice treated with RB6-8C5 either 24 h before (figure 6B)
or 1 h after (figure 6C) conidial challenge exhibited hyphal
lesions in airways and terminal air spaces with similar patterns
of hyphal tissue invasion. In contrast, mice treated with RB68C5 at 24 h after infection demonstrated numerous conidia

within the lungs without evidence of hyphal tissue invasion
(figure 6D).
A trivial explanation for differences in survival among experimental groups is a difference in fungal burden at the onset
of neutrophil depletion. To exclude this possibility, the inoculum was adjusted to achieve the same lung fungal burden at
the time of RB6-8C5 administration (figure 7A and 7B). Despite
a trend toward higher CFU counts in lung samples of mice
that received RB6-8C5 at 24 h after infection (P p .08, by
Mann-Whitney rank-sum test), this group had a greater 21day survival rate than did mice that received RB6-8C5 at 1 h
after infection (P p .001, by Fisher’s exact test). This result
indicates that differences in survival are not attributable to
differences in lung fungal burden at the time of neutrophil
depletion.
Survival and presence of neutrophils in alveolar macrophage–depleted mice. To examine the effects of combining
neutrophil and macrophage depletion, mice were treated with
RB6-8C5 as well as clodronate liposomes via the intratracheal
or intraperitoneal route. Mice treated intratracheally with clodronate liposomes and RB6-8C5 demonstrated a similar susceptibility to A. fumigatus infection as did mice treated with
652 • JID 2009:200 (15 August) • Mircescu et al
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Figure 7. Outcome of infection with standardization of the lung fungal
burden at the onset of neutrophil depletion. Mice were infected with a
target of 3 ⫻ 107 conidia (A) or 6 ⫻ 107 conidia (B) and were treated
with RB6-8C5 at 1 h (A) or 24 h (B) after infection. The concentration of
the inoculum was determined by plating serial dilutions of the conidial
suspensions. For each experiment, 2–5 mice were sacrificed at the time
of RB6-8C5 administration 1 h (A) or 24 h (B) after infection to determine
lung colony-forming units (CFUs). The remaining mice (5–10 mice per
experiment) were monitored for survival for 21 days. The 21-day survival
data was pooled (20 mice per group) from 3 (A) or 2 (B) independent
experiments. *P p .001, by Fisher’s exact test.

RB6-8C5 alone (figure 8A), consistent with a predominant role
for neutrophils over alveolar macrophages in host defense in
the experimental model examined.
As a control, 2 groups of mice received intraperitoneal clodronate liposomes (with or without intratracheal clodronate
liposomes) and were subsequently treated with RB6-8C5. Intraperitoneal administration of clodronate liposomes rendered
both groups resistant to conidial challenge (figure 8A). Single
cell lung suspensions from these mice were analyzed to examine
the cell populations affected by intratracheal or intraperitoneal
administration of clodronate liposomes and RB6-8C5. In this
experiment, 7/4 and Ly6G were used to define neutrophils to
avoid the use of antibodies with the same isotype (IgG2b) as
RB6-8C5. As expected, RB6-8C5 depleted circulating neutrophils (data not shown) and neutrophils in perfused lungs (figure
8B, top row vs. second row) but not CD11b+ F4/80+ macrophages. Intratracheal administration of clodronate liposomes
followed by RB6-8C5 led to depletion of lung macrophage and
neutrophil populations (figure 8B, third row). Intraperitoneal
administration of clodronate liposomes followed by RB6-8C5
did not deplete lung macrophages (figure 8B, bottom row)
and reduced the cell frequency in the neutrophil gate. In addition, a 7/4+Ly6Gint cell population was observed (figure 8B,
red arrow).
Neutrophils that bind RB6-8C5 are rapidly removed from
the circulation and other organs, including the lungs [35]. After
administration of 125I-labelled RB6-8C5, radiolabeled neutrophils are sequestered in the spleen and liver [35], suggesting
that the reticuloendothelial system mediates RB6-8C5–dependent neutrophil clearance. To determine whether systemic administration of clodronate liposomes influences neutrophil
clearance, mice were treated intraperitoneally with clodronate
liposomes followed by RB6-8C5, and single cell lung suspensions were stained with FITC-labeled anti–rat IgG2b to detect
bound RB6-8C5.
Administration of PBS liposomes did not interfere with RB68C5–dependent neutrophil clearance in the lung (figure 8C,
black gate), and 7/4+Ly6Gint cells were not observed (figure 8C,
red gate). In contrast, mice treated intraperitoneally with clodronate liposomes accumulated 7/4+Ly6Gint cells with bound
anti-rat IgG2b antibody (figure 8C). This result indicates that
7/4+Ly6Gint cells represent neutrophils with bound RB6-8C5.
Thus, mice treated intraperitoneally with clodronate liposomes
followed by RB6-8C5 are resistant to intratracheal A. fumigatus challenge because of defective neutrophil depletion rather than direct effects of intraperitoneal clodronate liposome
administration.
Impact of neutrophil depletion after infection in alveolar
macrophage–depleted mice. Mice that undergo neutrophil
depletion within 3 h after infection are as susceptible to invasive
aspergillosis as neutropenic mice at the time of infection (fig-

ure 6). To determine whether the presence of alveolar macrophages can alter murine susceptibility to A. fumigatus in the
context of neutrophil depletion, murine mortality was compared in alveolar macrophage–depleted or alveolar macrophage–sufficient mice that underwent neutrophil depletion
24 h after infection (figure 9A). There was no difference in
survival rate among experimental groups (P p .75 , by log-rank
test), consistent with the notion that loss of alveolar macrophages does not render mice more susceptible to neutrophil
depletion after infection.
DISCUSSION
The objectives of this study were to examine the essential role
and temporal requirements for alveolar macrophages and neutrophils in host defense against A. fumigatus. An important
finding is the redundancy of alveolar macrophages for murine
survival, neutrophil recruitment, and inflammatory responses
in a pulmonary infection model. This conclusion is based on

a compartmentalized macrophage depletion strategy rather
than systemic impairment with a broadly immunosuppressive
agent. A second finding relates to the brief period of host susceptibility to neutrophil depletion after infection. Neutrophil
influx to the lungs in the first 6 h after infection is sufficient
to protect mice from invasive disease.
The finding that alveolar macrophage–depleted mice sustain
neutrophil recruitment and the synthesis of inflammatory mediators may appear surprising. However, this finding has been
reported in other pulmonary infection models, such as those
for infection due to Klebsiella pneumoniae and Pseudomonas
aeruginosa [36, 37]. Preserved neutrophil recruitment may reflect a role for epithelial cells and endothelial cells in phagocytic
and inflammatory responses against A. fumigatus [38–40]. In
addition, natural killer cells and CCR6+ myeloid dendritic cells
participate in inflammatory responses in neutrophil-depleted
mice [20, 41]. The saturable uptake of conidia by alveolar macrophages in vitro [11] and the dispersal of conidia observed in
Myeloid Cell Defense against Aspergillus • JID 2009:200 (15 August) • 653
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Figure 8. Murine survival attributable to failure of neutrophil depletion on systemic administration of clodronate (CL) liposomes. A, Survival rate
of mice administered no liposomes, or intratracheal (i.t.) and/or intraperitoneal (i.p.) CL liposomes 4 and 3 days before infection with 2.5 ⫻ 107 to
4.1 ⫻ 107 conidia. All mice received RB6-8C5 one day before infection. Data were pooled from 1–2 experiments per group ( 9–19 mice per group).
*P p .012, by log-rank test. B, Flow cytometric analysis of lung suspensions from mice that received RB6-8C5 (on day 1) and CL liposomes via the
i.t. or i.p. route, as indicated (on day ⫺4 and day ⫺3). CD45+ lung leukocytes were analyzed for F4/80, CD11b (left column), 7/4, and Ly6G expression
(right column), and the frequency of lung macrophages (left column) and neutrophils (right column) are indicated. The red arrow indicates a 7/4hi Ly6Gint
cell population that stains with a lower Ly6G intensity than do cells in the neutrophil gate. C, Flow cytometric analysis of single-cell lung suspensions
from mice that received RB6-8C5 in combination with i.p. PBS or CL liposomes, as indicated. CD45+ lung leukocytes were stained with 7/4, Ly6G,
and FITC-labeled mouse anti-rat IgG2b or a FITC-labeled isotype control antibody. The black gate indicates neutrophils; the red gate indicates neutrophils
coated with monoclonal antibody RB6-8C5. The histograms in the bottom row demonstrate FITC–anti-rat IgG2b (black lines) or isotype control antibody
(gray) binding to cells found in the black (left) or red (right) gate.

lung sections suggest that it is highly unlikely that the small
number of alveolar macrophages that escape in vivo depletion
can compensate for the profound loss of these cells in the
generation of inflammatory responses. More likely, alveolar
macrophage depletion may result in a transient reduction in
the synthesis of inflammatory mediators in the period immediately after infection (!24 h). However, any alveolar macrophage–dependent reduction is readily compensated within a
time frame that permits intact neutrophil airway recruitment
and control of conidial germination.
Although these studies argue against an essential, nonredundant role for alveolar macrophages against A. fumigatus,
this conclusion does not preclude a role for these cells in optimal responses against A. fumigatus. Because these studies did
not employ broadly immunosuppressive or myelotoxic strategies to render mice susceptible to low conidial inocula (at the
cost of damaging multiple leukocyte subsets), we do not exclude
the possibility that alveolar macrophages have the capacity to
clear small inocula without participation of other cell subsets.
654 • JID 2009:200 (15 August) • Mircescu et al
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Figure 9. Susceptibility of alveolar macrophage–depleted mice to Aspergillus fumigatus with neutrophil depletion 24 h after infection. A,
Experimental scheme that depicts the alveolar macrophage and neutrophil
depletion strategy in 3 groups of mice. Mice were treated with phosphatebuffered saline (PBS) (white inverted triangles; 19 mice) or clodronate
(CL) (black inverted triangles; 18 mice) liposomes on day ⫺4 and day
⫺3 before infection with 1.7 ⫻ 107 to 2 ⫻ 107 A. fumigatus conidia and
were given monoclonal antibody RB6-8C5 24 h later. A third group of
mice (black circles) received no liposomes and were treated with RB68C5 1 day prior to infection (10 mice). B, Survival of experimental groups
described in (A). The survival data is pooled from 2 experiments with 5–
10 mice per experimental group. No statistically significant difference in
survival was noted between mice that received CL or PBS liposomes
prior to infection. P ! .05 between the RB6 day ⫺1 group and groups
administered CL or PBS liposomes and the RB6 day 1 group by log-rank
test.

Consistent with this possibility, there is evidence that mice
administered cytotoxic chemotherapy may become susceptible
to targeted macrophage depletion [42]. Thus, in patients with
significant myeloid injury, the slow turnover and relative resistance of alveolar macrophages to irradiation [43] may enable
these cells to maintain a cellular defense against inhaled conidia
after the production, trafficking, or function of short-lived leukocytes (eg, neutrophils) has been impaired.
The requirement for neutrophils in the period immediately
after infection period is consistent with an essential role for
these cells in preventing conidial germination at the earliest
stage after infection [17]. Our results suggest that there is a
critical time window for neutrophil recruitment for protection
to occur. Induction of neutropenia beyond 6 h after infection
did not result in murine mortality, even when inocula were
standardized for the time point of depletion. Neutrophils inactivate conidia and prevent their germination by phagocytic
and nonphagocytic mechanisms [17, 44, 45]. Although extravasated neutrophils undergo apoptosis rapidly, the rapid establishment of neutrophil-dependent extracellular defense mechanisms (eg, lactoferrin release, the formation of BAL aggregates,
and DNA extracellular traps) may serve to control conidial
germination and hyphal tissue invasion, even with subsequent
interruption in neutrophil influx.
The results presented in this study lend a cautionary note
to cell depletion strategies that target macrophages and neutrophils. We found that clodronate liposomes administered systemically eliminate phagocytic cells that promote the clearance
of antibody-coated neutrophils. Neutrophil and macrophage
depletion strategies are often combined in animal models of
inflammatory and infectious disease [46, 47]. Therefore, it is
imperative to verify that the depletion strategy of a particular
cell type does not unintentionally interfere with depletion of a
second cell subset.
Our findings relate to infection control practices in high-risk
patient populations. A major clinical goal is to prevent opportunistic infections in these populations, in part through
reduction in exposure and administration of antimicrobial prophylaxis. Acute infection in high-risk hosts is a likely route to
the development of invasive aspergillosis. However, a second
possibility is that exposure prior to the onset of immune suppression or myeloblation may enable conidia to persist long
enough in a viable form to establish invasive disease in the
context of incipient or progressive myeloid injury [48]. The
results presented in this study are most consistent with the first
possibility, because of the rapid resistance of mice to transient
neutrophil depletion after infection, despite a significant viable
burden of spores in the lung. Although a prior history of invasive aspergillosis has a deleterious effect on the outcome of
allogeneic stem cell transplantation [49, 50], the window of
susceptibility following conidial exposure to administration of

corticosteroids or cytotoxic agents remains unknown. Understanding both the specific requirements for and the critical
timing of innate immune cell action in relation to exposure is
highly relevant to the formulation of strategies to protect vulnerable hosts during periods of highest risk.

Acknowledgments
The A. fumigatus strain AF293 and the RB6-8C5 hybridoma were generous gifts from Michael Anderson (University of Manchester; Manchester,
England) and Robert Coffmann (DNAX Research Institute; Palo Alto, CA),
respectively. We thank Ingrid Leiner for help with antibody preparation
and technical support and Ying Taur for help with statistical analysis.

1. Denning DW. Invasive aspergillosis. Clin Infect Dis 1998; 26:781–803.
2. Latge JP. Aspergillus fumigatus and aspergillosis. Clin Microbiol Rev
1999; 12:310–50.
3. McNeil MM, Nash SL, Hajjeh RA, et al. Trends in mortality due to
invasive mycotic diseases in the United States, 1980–1997. Clin Infect
Dis 2001; 33:641–7.
4. Hohl TM, Feldmesser M. Aspergillus fumigatus: principles of pathogenesis and host defense. Eukaryot Cell 2007; 6:1953–63.
5. Young RC, Bennett JE, Vogel CL, Carbone PP, DeVita VT. Aspergillosis:
the spectrum of the disease in 98 patients. Medicine 1970; 49:147–73.
6. Gerson SL, Talbot GH, Hurwitz S, Strom BL, Lusk EJ, Cassileth PA.
Prolonged granulocytopenia: the major risk factor for invasive pulmonary aspergillosis in patients with acute leukemia. Ann Intern Med
1984; 100:345–51.
7. Schaffner A, Douglas H, Braude A. Selective protection against conidia
by mononuclear and against mycelia by polymorphonuclear phagocytes
in resistance to Aspergillus: observations on these 2 lines of defense in
vivo and in vitro with human and mouse phagocytes. J Clin Invest
1982; 69:617–31.
8. Merkow L, Pardo M, Epstein SM, Verney E, Sidransky H. Lysosomal
stability during phagocytosis of Aspergillus flavus spores by alveolar
macrophages of cortisone-treated mice. Science 1968; 160:79–81.
9. Waldorf AR, Levitz SM, Diamond RD. In vivo bronchoalveolar macrophage defense against Rhizopus oryzae and Aspergillus fumigatus. J
Infect Dis 1984; 150:752–60.
10. Schaffner A. Therapeutic concentrations of glucocorticoids suppress
the antimicrobial activity of human macrophages without impairing their responsiveness to gamma interferon. J Clin Invest 1985; 76:
1755–64.
11. Philippe B, Ibrahim-Granet O, Prevost MC, et al. Killing of Aspergillus
fumigatus by alveolar macrophages is mediated by reactive oxidant
intermediates. Infect Immun 2003; 71:3034–42.
12. Diamond RD, Clark RA. Damage to Aspergillus fumigatus and Rhizopus oryzae hyphae by oxidative and nonoxidative microbicidal products of human neutrophils in vitro. Infect Immun 1982; 38:487–95.
13. Rehm SR, Gross GN, Hart DA, Pierce AK. Animal model of neutropenia suitable for the study of dual-phagocyte systems. Infect Immun
1979; 25:299–303.
14. Barnes PJ. Anti-inflammatory actions of glucocorticoids: molecular
mechanisms. Clin Sci 1998; 94:557–72.
15. Morgenstern DE, Gifford MA, Li LL, Doerschuk CM, Dinauer MC.
Absence of respiratory burst in X-linked chronic granulomatous disease
mice leads to abnormalities in both host defense and inflammatory
response to Aspergillus fumigatus. J Exp Med 1997; 185:207–18.
16. Garlanda C, Hirsch E, Bozza S, et al. Non-redundant role of the long
pentraxin PTX3 in anti-fungal innate immune response. Nature 2002;
420:182–6.

Myeloid Cell Defense against Aspergillus • JID 2009:200 (15 August) • 655

Downloaded from jid.oxfordjournals.org at Memorial Sloan Kettering Cancer Center on April 11, 2011

References

17. Bonnett CR, Cornish EJ, Harmsen AG, Burritt JB. Early neutrophil
recruitment and aggregation in the murine lung inhibit germination
of Aspergillus fumigatus conidia. Infect Immun 2006; 74:6528–39.
18. Mehrad B, Strieter RM, Moore TA, Tsai WC, Lira SA, Standiford TJ.
CXC chemokine receptor–2 ligands are necessary components of neutrophil-mediated host defense in invasive pulmonary aspergillosis. J
Immunol 1999; 163:6086–94.
19. Stephens-Romero SD, Mednick AJ, Feldmesser M. The pathogenesis
of fatal outcome in murine pulmonary aspergillosis depends on the
neutrophil depletion strategy. Infect Immun 2005; 73:114–25.
20. Morrison BE, Park SJ, Mooney JM, Mehrad B. Chemokine-mediated
recruitment of NK cells is a critical host defense mechanism in invasive
aspergillosis. J Clin Invest 2003; 112:1862–70.
21. Hohl TM, Van Epps HL, Rivera A, et al. Aspergillus fumigatus triggers
inflammatory responses by stage-specific b-glucan display. PLoS Pathog
2005; 1:e30.
22. Steele C, Rapaka RR, Metz A, et al. The b-glucan receptor dectin–1
recognizes specific morphologies of Aspergillus fumigatus. PLoS Pathog
2005; 1:e42.
23. Cornish EJ, Hurtgen BJ, McInnerney K, et al. Reduced nicotinamide
adenine dinucleotide phosphate oxidase–independent resistance to
Aspergillus fumigatus in alveolar macrophages. J Immunol 2008; 180:
6854–67.
24. Van Rooijen N, Sanders A. Liposome mediated depletion of macrophages: mechanism of action, preparation of liposomes and applications. J Immunol Methods 1994; 174:83–93.
25. Hestdal K, Ruscetti FW, Ihle JN, et al. Characterization and regulation
of RB6-8C5 antigen expression on murine bone marrow cells. J Immunol 1991; 147:22–8.
26. Thepen T, Van Rooijen N, Kraal G. Alveolar macrophage elimination
in vivo is associated with an increase in pulmonary immune response
in mice. J Exp Med 1989; 170:499–509.
27. Shao X, Mednick A, Alvarez M, van Rooijen N, Casadevall A, Goldman
DL. An innate immune system cell is a major determinant of speciesrelated susceptibility differences to fungal pneumonia. J Immunol
2005; 175:3244–51.
28. Sung SS, Fu SM, Rose CE Jr, Gaskin F, Ju ST, Beaty SR. A major lung
CD103 (aE)-b7 integrin–positive epithelial dendritic cell population
expressing Langerin and tight junction proteins. J Immunol 2006; 176:
2161–72.
29. Mehrad B, Strieter RM, Standiford TJ. Role of TNF-a in pulmonary
host defense in murine invasive aspergillosis. J Immunol 1999; 162:
1633–40
30. Warris A, Bjorneklett A, Gaustad P. Invasive pulmonary aspergillosis
associated with infliximab therapy. N Engl J Med 2001; 344:1099–100.
31. Roilides E, Uhlig K, Venzon D, Pizzo PA, Walsh TJ. Enhancement of
oxidative response and damage caused by human neutrophils to Aspergillus fumigatus hyphae by granulocyte colony-stimulating factor
and g interferon. Infect Immun 1993; 61:1185–93.
32. Taramelli D, Malabarba MG, Sala G, Basilico N, Cocuzza G. Production of cytokines by alveolar and peritoneal macrophages stimulated
by Aspergillus fumigatus conidia or hyphae. J Med Vet Mycol 1996; 34:
49–56.
33. Gersuk GM, Underhill DM, Zhu L, Marr KA. Dectin-1 and TLRs
permit macrophages to distinguish between different Aspergillus fumigatus cellular states. J Immunol 2006; 176:3717–24.
34. Brieland JK, Jackson C, Menzel F, et al. Cytokine networking in lungs
of immunocompetent mice in response to inhaled Aspergillus fumigatus. Infect Immun 2001; 69:1554–60.
35. Thakur ML, Li J, Chandy B, John EK, Gibbons G. Transient neutropenia: neutrophil distribution and replacement. J Nucl Med 1996; 37:
489–94.
36. Broug-Holub E, Toews GB, van Iwaarden JF, et al. Alveolar macrophages are required for protective pulmonary defenses in murine Klebsiella pneumonia: elimination of alveolar macrophages increases neutrophil recruitment but decreases bacterial clearance and survival.
Infect Immun 1997; 65:1139–46.

656 • JID 2009:200 (15 August) • Mircescu et al

45.

46.

47.

48.

49.

50.

polymorphonuclear leukocytes inhibit Aspergillus fumigatus conidial
growth by lactoferrin-mediated iron depletion. J Immunol 2007; 178:
6367–73.
Jaillon S, Peri G, Delneste Y, et al. The humoral pattern recognition
receptor PTX3 is stored in neutrophil granules and localizes in extracellular traps. J Exp Med 2007; 204:793–804.
Qualls JE, Kaplan AM, van Rooijen N, Cohen DA. Suppression of
experimental colitis by intestinal mononuclear phagocytes. J Leukoc
Biol 2006; 80:802–15.
Koh AY, Kohler JR, Coggshall KT, Van Rooijen N, Pier GB. Mucosal
damage and neutropenia are required for Candida albicans dissemination. PLoS Pathog 2008; 4:e35.
Nawada R, Amitani R, Tanaka E, et al. Murine model of invasive
pulmonary aspergillosis following an earlier stage, noninvasive Aspergillus infection. J Clin Microbiol 1996; 34:1433–9.
Offner F, Cordonnier C, Ljungman P, et al. Impact of previous aspergillosis on the outcome of bone marrow transplantation. Clin Infect
Dis 1998; 26:1098–103.
Fukuda T, Boeckh M, Guthrie KA, et al. Invasive aspergillosis before
allogeneic hematopoietic stem cell transplantation: 10-year experience
at a single transplant center. Biol Blood Marrow Transplant 2004; 10:
494–503.

Downloaded from jid.oxfordjournals.org at Memorial Sloan Kettering Cancer Center on April 11, 2011

37. Cheung DO, Halsey K, Speert DP. Role of pulmonary alveolar macrophages in defense of the lung against Pseudomonas aeruginosa. Infect
Immun 2000; 68:4585–92.
38. Filler SG, Sheppard DC. Fungal invasion of normally non-phagocytic
host cells. PLoS Pathog 2006; 2:e129.
39. Botterel F, Gross K, Ibrahim-Granet O, et al. Phagocytosis of Aspergillus
fumigatus conidia by primary nasal epithelial cells in vitro. BMC Microbiol 2008; 8:97.
40. Chiang LY, Sheppard DC, Gravelat FN, Patterson TF, Filler SG. Aspergillus fumigatus stimulates leukocyte adhesion molecules and cytokine production by endothelial cells in vitro and during invasive
pulmonary disease. Infect Immun 2008; 76:3429–38.
41. Phadke AP, Akangire G, Park SJ, Lira SA, Mehrad B. The role of CC
chemokine receptor 6 in host defense in a model of invasive pulmonary
aspergillosis. Am J Respir Crit Care Med 2007; 175:1165–72.
42. Chignard M, Balloy V, Sallenave JM, Si-Tahar M. Role of Toll-like
receptors in lung innate defense against invasive aspergillosis. Distinct
impact in immunocompetent and immunocompromized hosts. Clin
Immunol 2007; 124:238–43.
43. Maus UA, Janzen S, Wall G, et al. Resident alveolar macrophages are
replaced by recruited monocytes in response to endotoxin-induced
lung inflammation. Am J Respir Cell Mol Biol 2006; 35:227–35.
44. Zarember KA, Sugui JA, Chang YC, Kwon-Chung KJ, Gallin JI. Human

