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Abstract
Invasive aspergillosis is among the most common human fungal infections and occurs in patients
with severe and complex defects in immune responses. Natural killer cells have previously been
found to be important in host defense against this infection, but the mechanism of this effect is not
known. We hypothesized that NK cells mediate their protective effect in invasive aspergillosis by
acting as the major source of IFN-γ during early infection. We found that, in the lungs of
neutropenic mice with invasive aspergillosis, NK cells were the major population of cells capable
of generating IFN-γ during early infection. Depletion of NK cells resulted in reduced lung IFN-γ
levels and increased lung fungal load that was independent of T and B cell subsets. Depletion of
NK cells and absence of IFN-γ resulted in a similar increase in susceptibility to the infection, but
depletion of NK cells in IFN-γ-deficient hosts did not result in further increase in severity of the
infection. NK cell-derived IFN-γ caused enhanced macrophage antimicrobial effects in vitro and
also resulted in greater expression of IFN-inducible chemokines in the lungs. Finally, transfer of
activated NK cells from wildtype, but not IFN-γ-deficient hosts, resulted in greater pathogen
clearance from the lungs of both IFN-γ-deficient and wildtype recipients. Taken together, these
data indicate that NK cells are the main source of early IFN-γ in the lungs in neutropenic invasive
aspergillosis, and this is an important mechanism in the defense against this infection.
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Introduction
Invasive aspergillosis is among the most common human fungal infections and is often
characterized by a poor outcome, even with appropriate antimicrobial therapy (1). The
causative microorganisms, Aspergillus species, are moulds that are extensively distributed in
diverse environmental niches. The asexual reproductive spores of Aspergillus species,
known as conidia, are released in large numbers into ambient air, remain air-borne for many
hours, and are inhaled daily by all humans. Normal hosts uniformly eliminate these inhaled
conidia without developing disease, but in immunocompromised hosts, the conidia can
germinate to form multicellular filaments, known as hyphae, that penetrate the respiratory
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epithelium and produce a severe pneumonia, invasive pulmonary aspergillosis (2). Despite
advances in antifungal therapy, invasive aspergillosis continues to carry a poor prognosis
and there is a pressing need to better understand the host defense mechanisms in this
infection.

Defects in neutrophil number or function have long been recognized as key risk factors that
predispose the host to the development of invasive aspergillosis, but in the clinical setting,
the immunological defects in patients with invasive aspergillosis are complex and extend
beyond neutrophil deficiency. Indeed, the proportion of non-neutropenic
immunocompromised patients succumbing to invasive aspergillosis has increased in recent
clinical studies (3–5), underscoring the importance of understanding other cellular
mechanisms of host defense in this infection. In the context of animal models, the
importance of Th-1 acquired immunity is established as being critical to protective
responses in invasive aspergillosis (6–8). We and others have previously observed the early
expression of IFN-γ in the lungs of immunocompetent and neutropenic mice challenged
with the microorganism (9,10). Importantly, while the cellular source of IFN-γ during late
infection and in immunized mice is CD4 T cells (6,11,12), the cellular source of IFN-γ early
in the course of invasive aspergillosis is unknown.

We have previously found that, in the context of early innate immunity, NK cells are
essential to defense against invasive aspergillosis in neutropenic mice (13). NK cell-derived
IFN-γ has been shown to be required for successful elimination of many viral (14–16),
bacterial (17,18), and protozoal (19,20) pathogens, as well as the yeast Cryptococcus (21–
23). We therefore tested the hypothesis that NK cells mediate their protective effect in
invasive aspergillosis by acting as the major source of IFN-γ during early infection.

Materials and methods
Animals

Wildtype C57BL/6 mice, mice with targeted deletion of IFN-γ or the RAG-1 genes (all on
C57Bl/6 background) were purchased from Jackson Laboratories (Bar Harbor, Maine). Age-
and gender-matched 6–14-week old animals were used in the experiments. All animals were
maintained under pathogen-free conditions and in compliance with institutional animal care
regulations.

In vivo procedures
We used a previously characterized model of invasive pulmonary aspergillosis in transiently
neutropenic mice (10,13,24–26). Depletion of neutrophil was achieved using a single i.p.
injection of a monoclonal Ab (anti-Gr-1; clone RB6-8C5) one day before intratracheal
challenge with Aspergillus fumigatus conidia. As described previously, this resulted in
peripheral blood neutropenia (absolute circulating neutrophil count less than 50 cells/µl) on
days 1 and 3 after injection in both infected and uninfected mice, with a return of peripheral
counts to pretreatment levels (>1000 cells/µl) by day 5 (27,28). In uninfected animals,
administration of the mAb did not influence the number of non-neutrophil peripheral blood
leukocytes, nor lung or spleen lymphocyte or DC subsets, including plasmacytoid DCs (26).
A. fumigatus (strain 13073, American Type Culture Collection, Manassas, VA) conidia were
collected in 0.1% Tween-80 in PBS from 7–14 day old cultures on Sabouraud’s dextrose
agar plates, filtered and counted under a hemacytometer, and administered in inocula
ranging from 2–5×106 conidia per mouse in various experiments. At designated time points,
animals were euthanized by CO2 asphyxiation, and whole lungs were removed and
processed as described (10,13,26,27). NK cells were depleted using a monoclonal antibody
(PK136, anti-NK1.1) or anti-asialoGM1 (WAKO, Richmond, Virginia). Intraperitoneal
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administration of 200 µg of anti-NK1.1 or 25µl of anti-asialoGM1 2 days before A.
fumigatus challenge resulted in depletion of NK cells for ϥ days, as previously described
(13,29,30).

Identification of leukocyte subsets
Leukocyte-enriched whole lung single-cell suspensions were prepared as described
(10,13,26,27). The following reagents were used to label cells (from BD Biosciences, San
Jose, California, unless otherwise noted): α-Gal-Cer–loaded or control FITC-labeled CD1d
tetramers (National Institute of Allergy and Infectious Disease Tetramer Facility), anti-CD3-
allophycocyanin (clone 17A2), anti-CD4-Pacific Blue (GK1.5), anti-CD45-peridinin
chlorophyll A protein (30-F11), anti-IFN-γ-PE (XMG1.2) and anti-NK1.1-biotin (PK136) or
respective isotype controls. To determine the lung cells capable of producing IFN-γ, lung
cell suspensions were incubated with Brefeldin A (10 ng/ml), PMA (10 ng/ml) and
ionomycin (100 ng/ml) in RPMI with 5% fetal calf serum for 4 hrs and intracellular staining
was detected using a commercial kit (Cytofix/Cytoperm, BD Biosciences). Samples were
analyzed on a FACS Canto II instrument using Diva software (all from BD Biosciences).
The absolute number of each leukocyte subset was determined as the product of the
percentage of the cell type and the total number of cells in the sample, as determined under a
hemacytometer.

NK cell culture and in vitro studies
Activated NK cells were prepared as described (13). Briefly, splenocytes were cultured with
mIL-12 (mIL-12, 1 ng/ml) and mIL-18 (100 ng/ml) for 5 days and negatively selected by
immunomagnetic depletion of CD5+, Ly-6G+, TER-119+, CD22+, and F4/80+ cells
according to the manufacturer’s instructions (Stem Cell Technologies, Vancouver, BC),
resulting in ϩ5% purity of NK cells. The resulting cells were highly activated lymphoblasts,
spontaneously produced large amounts of IFN-γ and perforin and exhibited potent natural
cytotoxicity against NK-sensitive targets, as previously shown (31–34). In adoptive transfer
experiments, 2 × 106 NK cells in 100 µl PBS were delivered intravenously.

For co-culture experiments, resident alveolar macrophages or thioglycollate-elicited
inflammatory peritoneal macrophages were obtained from naive animals as described
(35,36) and phagocytosis and hyphal damage were assessed with minor modification of
published protocols (26,37–40). Macrophages and various numbers of NK cells were
cultured in RPMI 1640 with 5% FCS in U-bottom 96-well plates at 37°C in 5% CO2 for 3
hrs before addition of fungal elements. To assess rates of phagocytosis, freshly harvested
conidia were first conjugated to FITC, washed, and uniform staining verified by
epifluorescent microscopy before addition to leukocytes. In different experiments, 2–4×105

macrophages were added per well and the ratio of macrophages: NK cells: conidia was
2:1:10. Phagocytosis was halted after 1 hour of incubation by addition of cytochalasin D
(final concentration 4 µg/ml; Sigma) and extracellular fluorescence quenched in trypan blue
(250 µg/ml in PBS) prior to flow cytometric analysis. In preliminary studies, no further
increase in phagocytosis was noted after 1 hour (unpublished observation). In some
experiments, hyphal viability was assessed after conidia were co-incubated with leukocytes
for 16 hours. In other experiments, hyphae were prepared by incubating fresh A. fumigatus
conidia in RPMI 1640 at 1.5×106 conidia/ml at 37°C for 18 hours; the resulting hyphae were
then incubated with leukocytes (4×105 macrophages and various numbers of NK cells per
well) for a further 2 hours before quantification of hyphal viability. To measure hyphal
viability, leukocytes were lysed hypotonically and remaining hyphae were then incubated
for 60 min in 100 µl of a solution containing 0.5 mg/ml 2,3-bis-2-methoxy-4-nitro-5-
sulfophenyl-2H-tetrazolium-5-carboxanilide (XTT) and 40 µg/ml coenzyme Q (both from
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Sigma), and absorbence was determined at 450 nm. Hyphal killing was expressed as percent
reduction in viability as compared to hyphae incubated without leukocytes.

Cytokine and chitin assays
Moulds, including Aspergillus species, grow as multicellular hyphae that do not form
distinct reproductive structures in infected tissues. We therefore used a previously
characterized assay for chitin, a carbohydrate component of hyphal wall absent from conidia
and from mammalian tissues, to quantify the burden of hyphae in infected lungs, as detailed
previously (10,13,24,25). Briefly, homogenized organs were boiled in sodium lauryl sulfate
and then heated in KOH (120% w/v) at 121° C for 60 minutes. Samples were then washed in
ethanol, and NaNO2 (5% w/v), KHSO4 (5% w/v), ammonium sulfamate (12.5% w/v), and
3-methyl-2-benzothiazolinone hydrazone hydrochloride hydrate (MBTH, 5mg/ml) were
added sequentially. Samples were boiled and OD650nm was measured after addition of
FeCl3.6H2O (0.83% w/v). Chitin content was expressed as the ratio to glucosamine control.
We have previously shown that lung chitin content on day 3 of infection, as measured by
this protocol, correlates with mortality from the infection and histological severity of the
infection in this model (24).

ELISA was performed on filtered supernatants of lung homogenates using complementary
Ab pairs against murine IFN-γ, CXCL9, CXCL10 and CXCL11 (all from BD Biosciences)
according to manufacturer’s instructions.

Statistical analysis
Data were analyzed on a Macintosh Powerbook G4 computer using Prism statistical package
(v.4.0a, Graphpad Software, San Diego, CA). Survival data were compared using Fischer’s
exact test. All other data were expressed as mean ± SEM. Values between 2 groups over
multiple times were compared with 2-way ANOVA, comparisons between 2 groups at a
single time were performed with unpaired two-tailed Mann-Whitney (non-parametric) test,
and comparisons between multiple groups at a single time were compared using the
Kruskal-Wallis test with Bonferroni post-test. Probability values were considered
statistically significant if they were less than 0.05.

Results
NK cells as the major cellular source of lung IFN-γ in early invasive aspergillosis

Given that early expression of IFN-γ in the lungs in response to Aspergillus has previously
been documented (9,10), we began by examining lungs of neutropenic mice with invasive
aspergillosis for cells capable of IFN-γ production (Figures 1A–B). We found lung NK cells
to be the largest population of IFN-γ-producing cells in the context of the infected lungs,
with NKT cells, other T cell subsets, and myeloid cells making up much smaller numbers of
IFN-γ-producing cells. We next examined the effect of depletion of NK cells on lung IFN-γ
levels during the infection. In the context of neutropenia, depletion of NK cells with anti-
NK1.1 mAb (clone pk136) resulted in reduction in lung levels of IFN-γ in the first 2 days of
the infection (Figure 1C).

The NK1.1 antigen is also expressed, at a lower density, on a subset of NKT cells. We
sought to ascertain that the observed effect of anti-NK1.1 was not related to an effect on
lung NKT cells. Depletion of NK cells in wildtype mice with invasive aspergillosis using
anti-asialo GM1 (which does not influence NKT cell populations) resulted in comparable
reduction of lung IFN-γ levels to the effect achieved with anti-NK1.1 (Figure 2A).
Similarly, depletion of classical NK cells in neutropenic RAG-deficient animals, which lack
T cell subsets including NKT cells, also resulted in reduction in lung IFN-γ levels (Figure
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2A). Interestingly, lung IFN-γ levels were markedly reduced but remained detectable in the
lungs of RAG-deficient animals with NK cell depletion, suggesting a non-lymphocyte
source for IFN-γ in this context. Depletion of NK cells resulted in a parallel increase in lung
chitin content on day 3 of infection in both wildtype and RAG-1-deficient mice with
neutropenia (Figure 2B), indicating that, during early infection, NK cells are necessary for
host defense and their presence correlated with lung IFN-γ content. In addition, the lung
fungal content did not differ significantly between neutropenic wildtype and RAG-1-
deficient animals, suggesting that, at this early point in the infection, clearance of the
microorganism is independent of acquired immunity.

NK cell-derived IFN-γ exerts a protective role in invasive aspergillosis
In order to specifically link NK cell-derived IFN-γ to host defense during invasive
aspergillosis, we next compared the effect of NK cell depletion on the severity of infection
in wildtype and IFN-γ-deficient mice. As expected, an LD20 inoculum of Aspergillus
conidia for neutropenic wildtype animals resulted in higher mortality in wildtype mice with
depletion of both neutrophils and NK cells. Mortality from the infection in wildtype mice
with NK cell depetion was comparable to the increased mortality observed in neutropenic
IFN-γ-deficient animals. Furthermore, depletion of NK cells in neutropenic IFN-γ-deficient
mice did not result in further increase in mortality (Figure 3A). Similar results were found
when lung fungal content of these groups were compared: On day 3 of infection, depletion
of NK cells, absence of IFN-γ, or depletion of NK cells in IFN-γ-deficient hosts each
resulted in a comparable 2-to 3-fold increase in lung fungal content as compared to wildtype
neutropenic mice (Figure 3B). These data indicate that, in the setting of IFN-γ deficiency,
NK cells do not contribute measurably to host defense against this infection, and that, in the
absence of NK cells, generation of IFN-γ by other cellular sources does not measurably
affect host responses in this model. These observations support the hypothesis that NK cell-
derived IFN-γ mediates host defense in this infection.

Anti-microbial mechanisms of NK cell-derived IFN-γ
To assess the mechanism by which NK cell-derived IFN-γ mediates antimicrobial effects,
we examined the in vitro interaction of NK cells, macrophages, and Aspergillus elements.
Resident alveolar macrophages are critical to early defense of the lung against many micro-
organisms, including Aspergillus (41–43). We therefore first examined the effect of NK
cells on the efficiency of alveolar macrophage phagocytosis of conidia. Co-incubation of
alveolar macrophages with either wildtype or IFN-γ-deficient NK cells was found to have
little effect on the ability of alveolar macrophages to ingest conidia (Figure 4A). When
incubation periods were extended to 16 hours to allow conidial germination and formation
of hyphae, however, alveolar macrophages incubated with wildtype NK cells induced 2–8-
fold greater fungal killing as compared to macrophages alone or macrophages incubated
with IFN-γ-deficient NK cells (Figure 4B). These data indicate that, in the confines of this in
vitro co-culture system, NK cell-derived IFN-γ results in inhibition of hyphal growth from
resting conidia.

In addition to resident alveolar macrophages, there is an influx of inflammatory monocyte/
macrophages into the lungs during invasive aspergillosis. Based on our prior observations
regarding the timing of influx of these cells to the lungs (26), we reasoned that recruited
macrophages are likely to encounter pre-formed hyphae rather than conidia upon their
arrival to the lungs. While neutrophils constitute the primary defense against the hyphal
form of Aspergillus, monocytic phagocytes are capable of hyphal killing and constitute an
important line of defense in neutropenic hosts (44,45). Since the design of the experiments
depicted in Figure 4B did not differentiate between activity against resting conidia, swollen
conidia, or hyphae, we next examined the capacity of NK cell-derived IFN-γ to mediate
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fungicidal activity against pre-formed hyphae in the presence of inflammatory monocyte/
macrophages. Incubation of increasing numbers of both wildtype and IFN-γ-deficient NK
cells with inflammatory macrophages resulted in measurable increases in hyphal killing, but
this effect was significantly greater with wildtype NK cells (Figure 4C). In the absence of
macrophages, however, activated NK cells only induced detectable hyphal killing when the
number of NK cells exceeded the number of fungal cells (data not shown), a circumstance
that is likely not relevant to the in vivo setting of infection. Thus, these data indicate that NK
cell-derived IFN-γ is required for optimal macrophage-mediated anti-fungal effects. In
addition, IFN-γ-deficient NK cells were found to augment macrophage antifungal effects to
a lesser degree; this effect did not result in improved fungal clearance in vivo (Figure 3).

In addition to direct immunostimulation of phagocytes, we sought to determine if NK cell-
derived IFN-γ could affect local expression of mediators during the infection. We therefore
examined role of NK cells in mediating expression of interferon-inducible CXC
chemokines, CXCL9, CXCL10 and CXCL11. There was a marked induction of CXCL9,
CXCL10 and CXCL11 in the lungs during early invasive aspergillosis, with greater
induction of CXCL9 and CXCL10 as compared to CXCL11 (Figure 5A). Depletion of NK
cells in this context resulted in significant reduction in expression of CXCL9 and CXCL10
in wildtype mice, indicating that NK cells are necessary for optimal expression of these
CXC chemokines in the lungs during invasive aspergillosis (Figure 5B). As expected, IFN-γ
deficient mice had lower lung levels of CXCL9, CXCL10 and CXCL11 compared to
wildtype animals; but lung levels of these chemokines in IFN-γ deficient mice was not
substantially affected by the depletion of NK cells (Figure 5B). This indicates that the effect
of NK cells on the lung expression of CXCL9 and CXCL10 is dependent on IFN-γ, which is
consistent with the hypothesis that this effect is attributable to NK cell-derived IFN-γ.
Interestingly, lung levels of CXCL9 and CXCL10 were somewhat higher in wildtype NK
cell-depleted mice as compared to IFN-γ deficient mice with NK depletion; this effect may
be attributable to non-NK cells sources of IFN-γ in lungs of wildtype mice, as noted in
Figure 1. Taken together, Figures 4 and 5 suggest that NK cell-derived IFN-γ influences
host defense during invasive aspergillosis by several mechanisms, including stimulation of
phagocyte anti-fungal effects as well as induction of interferon-inducible CXC chemokines.

NK cell transfer mediates a protective effect in hosts with invasive aspergillosis
We next sought to determine whether the transfer of exogenous NK cells could improve the
outcome of experimental invasive aspergillosis. The transfer of activated NK cells from
wildtype, but not IFN-γ-deficient, donors reversed the susceptibility of IFN-γ-deficient
recipients to invasive aspergillosis (Figure 6A). Interestingly, the transfer of these highly
activated wildtype NK cells to IFN-γ-deficient hosts resulted in lower lung fungal content as
compared to infected wildtype mice that did not receive cell transfer (Figure 6A). This
finding led us to examine the utility of NK cell transfer as a therapeutic strategy in wildtype
mice inoculated with lethal (LD100) infectious inocula. We found that the transfer of
wildtype, but not IFN-γ-deficient, NK cells to neutropenic recipients resulted in lower lung
fungal burden in wildtype hosts (Figure 7B). Taken together, these data indicate that NK
cells are the main source of early IFN-γ in neutropenic invasive aspergillosis, and this
mechanism is an important mechanism in the early defense against this infection.

Discussion
The innate defenses against inhaled Aspergillus conidia include the physical barriers of the
respiratory tract, recognition of the pathogen via cell-bound and soluble pattern-recognition
receptors, and a complex array of cellular and soluble effector mechanisms. The cellular
effector mechanisms have long been recognized to include myeloid cells, specifically
neutrophils, recruited and resident monocyte/macrophages and dendritic cells; but less in
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known about the role of innate lymphocytes in this infection. NK cells have been strongly
implicated in early defenses against many infections (46), including defense against several
viral and bacterial pathogens that cause pneumonia (47–50). The role of NK cells in
pneumonia is compatible with the large numbers of resident NK cells found in normal lungs,
which is only exceeded by the number of NK cells found in the spleen (51–54). In addition,
NK cells are capable of homing to inflamed tissues via several chemokine receptor-ligand
interactions (51). We have previously found NK cells to be essential to early innate
immunity in invasive aspergillosis in a neutropenic mouse model (13), but the mechanism of
their contribution to host defense in this infection has not been defined.

NK cells were first described for their ability to mediate direct cytotoxicity against tumor
cells, a finding that was subsequently extended to virally-infected cells and transplanted
cells. In addition to this cytotoxic effector function, NK cells contribute to innate immunity
and to the development of Th-1 acquired immunity by mediating a potent regulatory effect
via elaboration of several key cytokines, notably TNF-α and IFN-γ. In this context, the
importance of Th1 immunity to defense against Aspergillus infection was initially noted
when susceptibility of different inbred mouse strains to aspergillosis was found to correlate
with their production of Th-1 cytokines (6,7). In mouse models that use cytotoxic drugs to
mimic human immunosuppression, IFN-γ knockout animals are more susceptible to invasive
aspergillosis (8). In contrast, vaccination with Aspergillus proteins with Th-1-priming
adjuvant (55), exogenous administration of IFN-γ (56,57), or administration of Th-1 T cells
(58) or antigen-pulsed dendritic cells (59) result in improved outcome of experimental
infection. In contrast, Th2-mediated immunity to Aspergillus results in a lesser degree of
protection from infection as compared to a Th1 response (6,8) and early evidence suggests
that Th17 responses may also be less effective than the Th1 responses (60). Importantly,
while the cellular source of IFN-γ in late infection and in immunized mice is recognized as
Aspergillus-specific clones of CD4 T cells (6,11,12), the cellular source of early IFN-γ in
invasive aspergillosis is unknown. In the context of early infection, IFN-γ, IL12, and IL18
are induced in the lung of immunocompetent animals in the first 48 hours after microbial
challenge (7,9). Similarly, human mononuclear cells express Th1 cytokines when exposed to
Aspergillus conidia in vitro (61–64).

IFN-γ mediates diverse and complex effects in the context of antimicrobial immunity,
including activation of oxidative and non-oxidative microbicidal mechanisms in phagocytes,
enhancement of antigen presentation, and reciprocal induction of IL12 leading to the
development of Th-1 acquired immunity (65). In addition, IFN-γ mediates influx of effector
leukocytes to sites of infection via induction of adhesion molecules and expression of
several local mediators. Notable among these are the IFN-inducible CXC chemokines,
CXCL9, CXCL10 and CXCL11, which mediate the influx of Th-1 effector cells via their
interaction with their common receptor CXCR3 (66,67). These ligands are potently induced
by both type-1 and type-2 interferons in diverse biological settings and their induction is
further potentiated by exposure to TNF (68–70). We found that NK cell-derived IFN-γ both
augments the anti-microbial effects of macrophages against Aspergillus. NK cell-derived
IFN-γ also had a marked effect on lung expression of CXCL9 and CXCL10; we speculate
that the induction of these chemokines is further promoted by high levels of lung TNF in
this infection (71). Interestingly, these chemokine ligands are capable of inducing the influx
of activated NK cells and Th-1 CD4 T cells (72,73), and may therefore be a component of a
beneficial positive feedback cycle in this infection.

In summary, our data provide evidence for a protective role of NK cell-derived IFN-γ in the
early phase of infection in neutropenic hosts with invasive aspergillosis. This mechanism
appears to boost the antimicrobial responses of resident and recruited myeloid cells against
the pathogen and augment the expression of IFN-inducible chemokines that may, in turn,
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mediate further recruitment of effector leukocytes. The recognition of NK cells as the early
cellular source of IFN-γ is likely to be relevant to human invasive aspergillosis for several
reasons. First, human invasive aspergillosis typically occurs in patients with impaired T cell
responses and can follow a rapid course (74,75); cellular sources of IFN-γ other than
clonally-expanded CD4 T cells may therefore be particularly relevant in host defense in this
setting. Second, NK cell-derived IFN-γ during the effector phase of innate immunity has
been shown to promote the development of Th-1 immunity by priming CD4 T helper cells in
other experimental systems (76,77); this effect may be relevant in the development of
protective immunity in invasive aspergillosis. Finally, transfusion of cultured autologous
NK cells has been utilized therapeutically in human clinical trials for the treatment of
several cancers, in some of which the transfer of NK cells resulted in enhanced expression
of IFN-γ in the plasma (78). Administration of exogenous IFN-γ has been used successfully
as adjunctive therapy in human invasive aspergillosis in case-reports (79–81); therapeutic
infusion of NK cells has the potential to allow for targeting the IFN-γ response to the tissue
micro-niche of infection.
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Figure 1.
Cellular source of lung IFN-γ in neutropenic mice with invasive aspergillosis. A–B: Gating
scheme and summary data of flow cytometry of lung single cell suspensions on day 1 of
infection. Data are representative of 4 mice per group. C: Lung IFN-γ protein level in lung
homogenates at various time points after onset of infection as measured by ELISA. Both
groups were neutrophil-depleted; NK cell depletion was achieved with anti-NK1.1. Day 0
represents uninfected animals. n=10–12 mice/group in 2 separate experiments. *, p<0.05
compared to other groups.
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Figure 2.
Effect of NK cell depletion on lung IFN-γ and fungal content in wildtype and RAG-1
deficient mice. Lung IFN-γ levels (panel A) and chitin content (panel B) were measured on
days 1 and 3 of infection, respectively. All groups were neutrophil depleted; NK cell
depletion was achieved with anti-asialo-GM1. n=6 mice/group; *, p<0.05 compared to mice
of the same genetic background without NK depletion.

Park et al. Page 14

J Immunol. Author manuscript; available in PMC 2011 January 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Role of NK cell-derived IFN-γ in outcome of neutropenic invasive aspergillosis. A: Survival
study comparing neutropenic wildtype and IFN-γ-deficient mice with invasive aspergillosis
with or without NK cell depletion after infection with an LD20 inoculum for neutropenic
wildtype mice. n=24–35 mice/group, pooled from 3 experiments. B: Lung chitin content on
day 3 on infection. n=14–18 mice/group, pooled from 3 experiments. *, p<0.05 compared to
each of the other experimental groups.
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Figure 4.
Effect of NK cell-derived IFN-γ on macrophage antimicrobial functions in vitro. A–B:
Effect of NK cells on alveolar macrophage phagocytosis and killing of Aspergillus elements.
Macrophages with or without NK cells from various donors were co-cultured for 3 hours
prior to addition of conidia. Phagocytosis was determined after 1 hour and fungal growth
was measured after 16 hours. *, p<0.05 compared to each of the other experimental groups.
C: Effect of NK cells on inflammatory macrophage killing of Aspergillus hyphae.
Macrophages from wildtype mice and activated NK cells from various donors were
incubated at the indicated ratios with pre-formed hyphae. *, p<0.05 compared to
macrophages alone and macrophages incubated with IFN-γ-deficient NK cells.
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Figure 5.
Protein levels of CXCL9, CXCL10 and CXCL11 in lung homogenates in neutropenic mice
with invasive aspergillosis. A: Lung chemokine levels at various time points after
inoculation. Day 0 represents uninfected animals. Data represent mean ± SEM; n = 5–6 mice
per time point; *, p<0.05 for increase over time for each chemokine. B: Lung chemokine
levels in neutropenic C57BL/6 and IFN-γ gene knockout mice on C57BL/6 background with
or without NK depletion on day 3 of infection. Data represent mean ± SEM; n = 5–6 mice
per group; *, p<0.05 compared to no NK depletion; **, p<0.05 compared to wildtypes.
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Figure 6.
Effect of NK cell transfer on lung fungal clearance in neutropenic invasive aspergillosis.
Lung chitin content on day 3 of invasive aspergillosis after infection with an LD20 (panel A)
or LD100 (panel B) inocula for neutropenic mice after adoptive transfer of activated NK
cells. Animals were given PBS, or activated NK cells from various donors on days 1 and 2
of infection. *, p<0.05 compared to each of the other groups. Data shown represent mean ±
SEM of n=5–12 mice per group.
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