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Abstract

Infection by the human fungal pathogen Aspergillus fumigatus induces hypoxic microenvironments within the lung that can alter the course
of fungal pathogenesis. How hypoxic microenvironments shape the composition and immune activating potential of the fungal cell wall remains
undefined. Herein we demonstrate that hypoxic conditions increase the hyphal cell wall thickness and alter its composition particularly by
augmenting total and surface-exposed f-glucan content. In addition, hypoxia-induced cell wall alterations increase macrophage and neutrophil
responsiveness and antifungal activity as judged by inflammatory cytokine production and ability to induce hyphal damage. We observe that
these effects are largely dependent on the mammalian B-glucan receptor dectin-1. In a corticosteroid model of invasive pulmonary aspergillosis,
A. fumigatus B-glucan exposure correlates with the presence of hypoxia in situ. Our data suggest that hypoxia-induced fungal cell wall changes
influence the activation of innate effector cells at sites of hyphal tissue invasion, which has potential implications for therapeutic outcomes of

invasive pulmonary aspergillosis.
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1. Introduction

Over the past three decades increased use of medical
technologies such as organ transplantation, chemotherapy, and
other immunomodulation therapies, have led to an increase in
the incidence of human fungal infections [1]. In patients
undergoing these therapies, the mold Aspergillus fumigatus
remains one of the most common causes of fungal morbidity
and mortality [2]. Despite the advent and increased prophy-
lactic use of antifungal drugs, the mortality and morbidity of
Aspergillus infections, particularly with invasive pulmonary
aspergillosis (IPA), remains high [2—4]. One avenue of
research that holds promise for improving invasive fungal
infection (IFI) patient outcomes is the study of fungal—host
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interactions. A better understanding of the pathogenesis and
physiology of both the fungus and host as they interact in vivo
may identify new therapeutic strategies that can augment
existing antifungal drug regimens.

A critical step in understanding fungal—host interactions is
to elucidate the micro-environmental stresses encountered by
both the pathogen and host cells as they interact in situ in
dynamic microenvironments. Although pathogenic fungi
respond to temperature, reactive oxygen intermediates, pH
changes, and macro- and micronutrient limitation [5—9], much
less is known about how human pathogenic fungi respond to
oxygen limitation, particularly when hypoxic conditions are
encountered in host tissue. Moreover, how infection-induced
changes in tissue microenvironments alter host immune
responses are poorly defined. We recently observed that host
and fungal cells encounter hypoxic microenvironments in the
lung in murine models of IPA [10]. Oxygen is required for
survival of both the fungus and host cells and when oxygen
levels are insufficient for normal cellular processes a signifi-
cant stress is placed on obligate aerobic eukaryotic organisms.
Oxygen is important for ATP production through oxidative
phosphorylation, sterol production, fatty acid synthesis, the
TCA cycle, and other pathways that are involved in cell
metabolism and growth. Adaptation to hypoxia is a require-
ment for A. fumigatus in vivo survival based on the need for
the sterol regulatory element binding protein, SrbA, to over-
come hypoxia and cause disease in murine models of IPA
[11,12].

To control and overcome infection, the host must be able to
recognize the pathogen and mount a robust immune response.
For fungi, a major source of innate immune system recogni-
tion is the fungal cell wall. The cell wall of A. fumigatus is
composed of different polysaccharides that are comprised into
a fibrillar skeleton made up of B-glucan and chitin and an
amorphous cement containing galactomannan and o-glucan
[13,14]. These fractions are located on the outside of the
plasma membrane and are involved in host recognition as
fungal pathogen associated molecular patterns (PAMPs) [15].
In addition, galactosaminogalactan is secreted by A. fumigatus
and covers the cell wall surface and is also present in the ECM
with immunomodulatory activity [16]. Flux of critical path-
ways involved in the synthesis of these cell wall and cell
membrane components, such as glycolysis and fatty acid
synthesis pathways was demonstrated to occur in response to
hypoxia [7,12,17—23]. Detection of fungal cell wall compo-
nents drives innate and adaptive immune activation that can
either lead to protective responses or host mediated tissue
damage [24]. Exposure of these PAMPs in the fungal cell
wall, either through environmental, nutritional or drug stress,
has been demonstrated to be important to initiate immune
responses [7,14,24,25]. Previously, exposure of A. fumigatus
to echinocandin drugs, B-(1,3)-glucan synthase inhibitors, was
shown to increase exposure of -(1,3)-glucan on the surface of
hyphae leading to an increased dectin-1-dependent inflam-
matory response and antifungal activity, with this effect being
Aspergillus-specific [25,26]. Dectin-1 is a major fungal
pattern recognition receptor (PRR) that recognizes soluble (-

glucan [27,28]. For fungi, stress leads to increased f-glucan
levels and here we report that hypoxia is not an exception.
Previous studies have suggested that levels of oxygen can
influence the nature and abundance of potential immuno-
modulatory factors in fungi including the cell wall proteome
of Candida albicans and cell wall composition in Saccharo-
myces cerevisiae [17,22]. In our most recent studies, we have
demonstrated that hypoxia also causes alterations of the cell
wall transcriptome of A. fumigatus, specifically, the tran-
scriptional up-regulation of a subset of genes involved in B-
glucan and chitin synthesis [18]. The outcome of these
hypoxia-mediated alterations may be of clinical significance
as most antifungal drug targets are components of the cell
wall and plasma membrane, whose levels are altered by
oxygen availability.

How hypoxia-induced alterations in the cell wall affect the
host immune system responses to and recognition of A.
fumigatus is poorly understood. A further understanding of the
mechanisms involved may provide new insights into
management and treatment of IFIs. For example, increased
PAMP exposure may contribute to immune reconstitution
syndrome (IRIS) [29]. IRIS involves an exaggerated response
of host effector cells to pathogens or failure in activation of
regulatory effectors to dampen the response [30]. Un-masking
of B-glucan following antifungal treatment has been specu-
lated to illicit IRIS due to increased inflammatory cytokine
release. Clinical onset of IRIS in neutropenic patients with IPA
may occur following neutrophil recovery, resulting in wors-
ening of clinical symptoms, morbidity, and mortality [31].
Therefore, the significance of PAMPs alterations that occur
in vivo and how this affects immune effector responses is of
critical importance.

In this study, we observe that lung hypoxic conditions
found in the corticosteroid model of IPA has a profound
impact on the A. fumigatus cell wall composition and the
resulting activation of phagocytic effector cells. Hypoxia
in vitro and in vivo leads to increased exposure of fungal B-
glucan, the major PAMP for dectin-1, and an overall increase
in cell wall mass and diameter. Levels of other immunomod-
ulatory cell wall components are also altered in response to
hypoxia. In turn, hypoxia-grown hyphae trigger enhanced
dectin-1-dependent activation of macrophages and neutro-
phils, suggesting a mechanism by which tissue hypoxia may
act to direct and concentrate phagocyte responses at sites of
tissue invasion by exploiting obligate fungal adaptation to
in vivo infection site microenvironments.

2. Materials and methods
2.1. Fungal cultures and growth conditions

A. fumigatus strain CBS144.89 was used in all experiments,
but strain AF293 was used in the ELISA experiments to
determine whether the observed effects were fungal strain
specific. All strains were grown on glucose minimal medium
with 1.5% agar at 37 °C. Conidia were dislodged from plates
with a cell scrapper, re-suspended in 0.01% Tween-20, and
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filtered through miracloth (EMD chemicals, CalBiochem). All
strains were routinely grown in tissue culture (TC) medium
(RPMI, 10% FBS, 5 mM HEPES buffer, 1.1 mM L-glutamine,
0.5 U/ml penicillin, and 50 mg/ml streptomycin) at 37 °C,
unless otherwise specified.

2.2. Hypoxic cultivation

Strains were grown in TC medium at 37 °C. Normoxic
conditions were considered general atmospheric levels within
the lab (~21%). Hypoxic conditions were as follows: the O,
set point was 1% and the CO, set point was 5%. Oxygen levels
were maintained with 94% N, and a gas regulator. Two
different devices were used to maintain hypoxic environments,
a Biospherix C-Chamber with O, levels controlled by a PRO-
Ox controller and CO, levels controlled with PRO-CO,
controller (Biospherix, Lacona, NY, USA) and an INVIVO,
400 Hypoxia Workstation (Ruskinn Technology Limited,
Bridgend, UK). Additionally, experiments, where stated, were
also conducted using the AnaeroPack System with anaerobic
packets. No significant differences were observed in pilot
experiments between the different hypoxia cultivation
methods.

2.3. Soluble dectin-1

A. fumigatus conidia were adhered for 7 h and 8 h under
normoxic and hypoxic (1% O,, 5% CO,, 94% N, or using sealed
AneroPack system with anaerobic packet (data not shown))
conditions, respectively, to sterile, 8-chamber well glass slides.
The hyphae were UV irradiated, blocked, and stained with
conditioned medium containing s-dectin-hFc followed by
DyLight 594-conjugated, goat anti-human IgG1 [32]. After
being washed, the glass slides were mounted by coverslips with
Prolong mounting medium (Molecular Probes) and were
captured using an Olympus Deltavision microscope. Dectin-1
staining was measured by averaging the amount of edge stain-
ing, detected by the program, above the signal threshold to the
total area of each hypha. All hyphal measurements were con-
ducted using Image] software (version 1.45).

2.4. Transmission electron microscopy

Fungal cells were grown in 8-well chamber slides (Lab-
Tek, Naperville, Illinois, United States) in normoxic or
hypoxic (in sealed AnaeroPack System with anaerobic packet
or hypoxic cultivation (data not shown), described above)
conditions and UV-inactivated. For TEM, hyphae were fixed in
12 Karnovsky’s fixative (2% paraformaldehyde, 2.5% glutar-
aldehyde buffered with 0.2 M cacodylate buffer) and post-
fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer,
dehydrated with ethanol and embedded in Epon 812 for 48 h at
60 °C. Sectioned hyphae were further stained with uranyl
acetate for 2 h and lead citrate for 5 min. Samples were
imaged using JEOL1230 transmission electron microscope.
Hyphal diameters and cell wall widths were measured using
ImagelJ software (version 1.45).

2.5. Nucleic acid extraction

Tissue was re-suspended in Trizol reagent and chloroform
to extract RNA. Tubes were centrifuged at 16,000x g for
15 min at 4 °C. The clear upper layer was further extracted
with an equal volume of 80% EtOH. Samples were applied to
RNeasy spin column (Qiagen RNA kit) following manufac-
turer’s instructions. RNA was eluted with RNase free water.

2.6. Real-time RT-PCR

RNA was DNase treated with DNA-free kit (Ambion) and
reverse transcribed with QuantiTect reverse transcription kit
(Qiagen, USA). Primers for all genes of interest were designed
with PrimerQuest (IDT) and manufactured by IDT, USA.
Sequences are: fksA, Fwd-TGTTCCTTGTCCTTCTCATT
GCCC, Rev-TGTTGTCCTTGTCAAGAGGCTGGA, and
tefA, Fwd-GTGACTCCAAGAACGATCCC, Rev-AGAACT
TGCAAGCAATGTGG. All reactions were performed on
BioRad MyIQ real-time PCR detection system with I[Q SYBR
green supermix (BioRad, Hercules, CA). The AAC; method
was used to assess changes in mRNA abundance, using tefA as
the housekeeping gene [33]. Results presented are the mean
and standard deviation from 3 biological replicates.

2.7. Cell wall analysis

A. fumigatus was grown in liquid GMM under normoxic
conditions for 6.5 h until swelling and then transferred to new
flasks to grow under either normoxic or hypoxic conditions for
24 h. Mycelia were collected by filtration, washed with sterile
water, flash frozen, lyophilized, and disrupted in a FastPrep-24
cell homogenizer (MP Biomedicals, United States) at 4 °C
using 0.5 mm glass beads and the disrupted mycelia were
centrifuged (4000 rpm, 10 min) to isolate the cell wall. The
monosaccharide composition (percent) of the cell wall poly-
saccharides was determined as previously described [34].
Results presented are the mean and standard deviation from 5
biological replicates.

2.8. ELISA

Bone marrow (BM) cells were eluted from tibias and
femurs of 8—12 week old C57BL/6 or dectin-1""" mice,
lysed of red blood cells, and cultured for macrophages in RP20
(RPMI, 20% FCS, 5 mM HEPES buffer, 1.1 mM L-glutamine,
0.5 U/ml penicillin, and 50 mg/ml streptomycin) supple-
mented with 30% (v/v) L929 cell supernatant (source of M-
CSF) or neutrophils in murine neutrophil buffer (HBSS con-
taining 0.1% FBS and 1% glucose). BM cells for macrophages
were plated in a volume of 20 ml at a density of
2.5 x 10° cells/ml in 10 ml petri dishes. The medium was
exchanged on day 3. Adherent BM-derived macrophages
(BMDMs) were harvested on day 6. BM cells for neutrophils
(BMDNs) were suspended in 3 ml 45% percoll and isolated
from a 30 min 1600x g percoll gradient (top to bottom: 3 ml
45% percoll containing BM cells, 2 ml 50%, 2 ml 55%, 2 ml
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62%, and 3 ml 81%) in an Allegra X-15r benchtop centrifuge,
SX4750A rotor (Bechman Coulter). BMDNs were collected
from the 62/81% border and washed with HBSS. In both
cases, cells were washed and plated in 0.2 ml TC medium at
a density of 5 x 10° cells/ml in 96 well plates and stimulated
for 18 h with UV-irradiated hyphae (2 x 10%/well) grown for
18 h in normoxic or hypoxic (in sealed AnaeroPack System
with anaerobic packet or hypoxic cultivation, described above)
conditions. After 18 h of co-culture, supernatants were
collected for ELISA. Commercially available ELISA kits for
TNF (eBioscience, San Diego, California, United States) and
CXCL2 (R&D Systems, Minneapolis, Minnesota, United
States) were used according to the manufactures’ instructions.
The limit of detection was 15 pg/ml for both TNF and CXCL2.

2.9. Ethics statement

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
animal experimental protocol was approved by the Institu-
tional Animal Care and Use Committee (IACUC) at Montana
State University (Federal-Wide Assurance Number: A3637-
01). Heparinized venous blood samples from healthy donors
were collected in accordance with a protocol approved by the
Institutional Review Board for Human Subjects, National
Institute of Allergy and Infectious Diseases, and Montana
State University. All donors provided written consent to
participate in the study.

2.10. XTT assay

J774.1 and RAW264.7 macrophage (M®)-like cell lines,
primary human neutrophils (PMNs), and peritoneal macro-
phages were incubated with A. fumigatus germlings, grown at
30 °C for 16 h and transferred to 37 °C for 2 additional hrs, in
a 9:1 (effector:target) ratio under normoxic and hypoxic
conditions for 2 h (J774.1, RAW264.7, and PMNs) or 5 h
(peritoneal macrophages) [35,36]. Following incubation, cells
were cold water lysed and the remaining alive germlings were
quantitated by measuring the OD at 450 nm following a 1 h
incubation with 400 pL of 0.4 mg/ml XTT (2,3-bis(2-
methoxy-4-nitro-5-[(sulphenylamino)carbonyl)]-2 H-tetrazo-
lium-hydroxide) solution with 0.5 mg/ml of the electron-
coupling agent coenzyme Q. The percent fungal damage was
defined by the equation: (1 — [A4so of fungi with M® — Aysq
of M® alone]/[A4s0 of fungi alone]) x 100. This equation
eliminates any artifact from the M®s and therefore is
a measure of metabolically active fungi. The metabolic
activity of normoxic grown hyphae increased at 5 h compared
to hypoxic grown hyphae. This is accounted for in the assay, as
hyphal damage was determined for each condition separately.
Human PMNs were isolated from whole blood in endotoxin-
free conditions (<25.0 pg/ml), as described previously in
[37]. Cell viability and purity of preparations were assessed by
flow cytometry (LSRII; BD Biosciences). Cell preparations
contained ~99% PMNs. Peritoneal macrophages were

isolated from naive C57BL/6 and dectin-1 KO mice (8§8—12
weeks) with a peritoneal wash of 5 ml of PBS.

2.11. In vivo hypoxia and dectin-1 immunostaining

Staining was carried out on the triamcinolone (corticoste-
roid) murine model of IPA as previously described in Grahl
et al. [10]. Briefly, unanesthetized mice inhaled 40 ml of an
aerosolized suspension of 1 x 10° conidia/ml of A. fumigatus,
while control mice inhaled 40 ml of aerosolized 0.01% Tween
80 in a Hinners inhalational chamber for 45 min as previously
described [38]. At set time point’s mice were intravenously
injected with hypoxyprobe at a dose of 60 mg/kg (Hypoxyp-
robe Inc., Burlington, MA, USA). After 60—90 min, mice
were sacrificed by pentobarbital anesthesia (100 pg/g body
weight) followed by exsanguination. The lungs of each mouse
were filled with OCT (frozen tissue matrix), separated, and
frozen in liquid nitrogen after embedding with OCT. Lungs
were cryosectioned into 5 pum sections. Slides were fixed in
cold acetone for 15 min, washed (PBS, 2 x 5 min) and
blocked with normal serum block (NSB: PBS + 10% goat
serum + 1.25% mouse serum) at room temperature for
30 min. Sections were washed and incubated overnight with
the mouse monoclonal antibody FITC-Mabl (Hypoxyprobe-1
Plus Kit, Hypoxyprobe Inc., Burlington, MA, USA) diluted
1:400 in NSB and with a 1:4 dilution of conditioned medium
containing s-dectin-hFc. Aspergillus isotype control slides
were incubated only with FITC-Mabl and hypoxyprobe iso-
type control slides only with s-dectin-hFc (data not shown).
Following another wash, sections were incubated with
DyLight 594-conjugated mouse anti-FITC (Jackson Immu-
noResearch Laboratories, West Grove, PA) and Alexa-
Fluor488-conjugated goat anti-human (Invitrogen, Carlsbad,
CA, USA) diluted 1:400 in NSB for 60 min room temperature.
Sections were washed a final time before being mounted with
prolong Gold antifade reagent with DAPI (Invitrogen, Carls-
bad, CA, USA). Analysis of the sections was performed using
the Nikon Eclipse 80i microscope and SPOT imaging system
(Nikon Instruments Inc., Melville, NY, USA). Quantification
of staining was determined using intensity plots in the Spot
software. Two to four mice were examined. Mean fluorescence
intensity (MFI) of staining was determined using two separate
images. Hypoxyprobe and dectin-1 staining was quantified in
locations of hypoxia and normoxia (based on hypoxyprobe
staining level). The signal threshold was adjusted to same level
for both colors and the MFI was detected above the signal
threshold. For each image, 5 locations of hypoxia and nor-
moxia were each analyzed. All MFI measurements were
conducted using ImageJ software (version 1.45).

3. Results

3.1. Hypoxia induces alterations in the cell wall and
hyphal morphology of Aspergillus fumigatus

We previously reported the existence of hypoxic microen-
vironments and the need for A. fumigatus to adapt to these
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conditions for in vivo growth in murine models of TPA [10,11].
Recently it has been demonstrated that in response to multiple
extracellular stresses, such as oxygen limitation and antifungal
drugs, the composition and structure of the fungal cell wall is
altered [17,21,22]. We therefore sought to determine how
hypoxia affected the morphology and cell wall of A. fumigatus
hyphae. Initial light microscopy-based observations revealed
that A. fumigatus hypoxic growth leads to morphological
changes in hyphal extension and hyphal width (data not shown).
Importantly, these changes were also observed in vivo at sites of
A. fumigatus infection in the lung 3 and 4 days post-infection,
when tissue hypoxia is a prominent finding in corticosteroid-
treated mice [10]. To further examine the hypoxia-induced
changes in hyphal morphology, normoxia- and hypoxia-
grown hyphae were analyzed by transmission electron
microscopy (TEM). TEM images revealed that hypoxia leads to
an increase in the cell wall width and a decrease in overall
hyphal diameter (Fig. 1). An electron dense layer on the
periphery of the cell wall was also substantially increased in
hypoxic grown hyphae (Fig. 1B). Thus, hypoxia leads to
significant changes in the fungal cell wall.

3.2. Hypoxia induces increased (3-glucan synthase
transcription and (-glucan surface exposure

We next asked the question how the overall cell wall
composition is affected by exposure to hypoxia. Previously, we
observed increased transcript levels of genes encoding proteins
involved in cell wall and cell membrane synthesis in a whole-
genome transcript profile of the A. fumigatus hypoxia
response [18]. Therefore, we first sought to determine if the
stress of hypoxia would result in changes in B-glucan compo-
sition in the cell wall. The results in Fig. 2(A and B) show that
exposure of A. fumigatus to hypoxic conditions causes increased
binding of soluble dectin-1 to the hyphae of A. fumigatus
compared to normoxic grown hyphae [39]. In addition to
increases in soluble dectin-1 binding to hypoxic hyphae, tran-
script levels of fksA, the 1,3-B-glucan synthase catalytic subunit,
were increased in hyphae exposed to increasing amounts of time
in hypoxia consistent with our previously reported whole-
genome transcript profiling data (Fig. 2C). Thus, hypoxia cau-
ses an increase in B-glucan synthase transcript levels and
increased exposure of B-glucan on the hyphal surface.

C
2.50-
T 2.25-
3
% 2.00- -1
E
&
Q1,754 *
“&
& &

D
100- x
E 80
£
B 60-
2
T 404 I
s
8 204
0 T
(X XY
& &
& &

éo

Fig. 1. Hypoxia induces morphologic and cell wall changes in A. fumigatus. (A and B) Representative TEM images of A. fumigatus hyphae grown under (A)
normoxic or (B) hypoxic conditions at 37 °C for 18 h, embedded in Epon 812 and examined by TEM. The bar graphs show the (C) average diameter and the (D)
average cell wall width (:SEM) of normoxic (white bars; n = 20) or hypoxic (gray bars; n = 21) A. fumigatus hyphae. *Indicates a P value of <0.002 (unpaired

two-tailed Students ¢ test).
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Fig. 2. Hypoxia induces an increase in B-glucan exposure and fksA transcript levels. (A) A. fumigatus was grown under normoxic and hypoxic (1% O,, 5% CO,)
conditions for 16 h until they formed hyphae. Soluble dectin-1 (s-dectin-hFc) was used to visualize and (B) quantify -glucan exposure above the signal threshold
compared to the total area of the hyphae (C) mRNA abundance of fksA, the 1,3-beta-glucan synthase catalytic subunit, and major subunit of glucan synthase using
quantitative RT-PCR. All reactions were performed on BioRad MyIQ real-time PCR detection system with IQ SYBR green supermix. The AAC, method was used
to combine 3 biological and 6 technical replicates for each transcript, using fefA as the housekeeping gene for normalization. *Indicates a P value of <0.05
(unpaired two-tailed Students ¢ test) and fold change is relative to the normoxic control = 1.0.

3.3. Hypoxia leads to changes in overall cell wall
composition and increased (3-glucan levels

To further define the changes in the cell wall induced by
hypoxia, we next examined the alkali-insoluble (AI) and
alkali-soluble (AS) fractions of the A. fumigatus cell wall in
response to hypoxia. The Al-fraction largely consists of -
(1—3)-glucan, chitin, and galactomannan, while the AS-
fraction consists of a-(1—3)-glucan and galactomannan [19].
Analysis of hypoxia cell wall composition supports the soluble
dectin-1 staining and fksA mRNA transcription data and
demonstrates that hypoxic growth is associated with increased
levels of B-glucan in the Al-fraction and decreased levels of a-
glucan and galactosaminogalactan in the AS-fraction
(Fig. 3A). The AS-fraction is generally present throughout
the cell wall, but more in the outer face [13,14]. A decrease in
the AS-fraction of the cell wall in hypoxia and an increase in
the Al-fraction likely allows the components of the latter to be
revealed, specifically, the B-glucan in that fraction (Fig. 3B).
Thus, the higher amount of cell wall material found in the
hypoxic grown mycelium correlates with increase in cell wall
width observed in TEM images (Fig. 3 inset and 1D). Addi-
tionally there was an increase in N-acetylglucosamine
(representative of the chitin content) in the Al-fraction in

hypoxic-grown mycelia and a decrease in N-acetylgalactos-
amine in the AS-fraction of the hypoxic grown hyphae
(Fig. 3A). Taken together, these results indicate that the stress
of hypoxia causes alterations in the relative amounts and
composition of A. fumigatus AS- and Al-fractions that are
consistent with the observed thickening of the cell wall.

3.4. Hypoxic-grown hyphae trigger an increased
inflammatory response in bone marrow derived
macrophages (BMDM) and neutrophils (BMDN)

We next sought to determine if the hypoxia-induced
changes in the fungal cell wall were immunologically rele-
vant. Since macrophages act as initial responders to A. fumi-
gatus in the lung and are important for controlling
inflammatory responses, we co-cultured hypoxic- and
normoxic-grown hyphae with BMDMs. After growth to
defined morphological states, hyphae were inactivated by
exposure to UV to eliminate the variable of pathogen growth
during the fungal—host interaction and to avoid alterations in
the fungal cell wall associated with heat-killing methods [40].
Hypoxic-grown hyphae were found to stimulate greater
macrophage TNF and CXCL2 release compared to their nor-
moxic counterparts (Fig. 4A and B). This response was not
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Fig. 3. Hypoxia causes changes in cell wall composition. (A) Monosaccharide composition of the alkali-insoluble (AI) and alkali-soluble (AS) fractions of
CBS144.89 mycelial walls grown under normoxia and hypoxia for 24 h post germination. Results are expressed as percent of individual monosaccharides in the
cell wall. Average percent of Al and AS in the cell wall (B) and the total amount of cell wall present (A inset) from the hypoxic and normoxic grown mycelial
replicates. Values represent the average of five replicates plus SEM. *Indicates a P value of <0.05 and # a P value of <0.01 (unpaired two-tailed Students ¢ test).

fungal strain specific as both A. fumigatus strains AF293 and
CBS144.89 showed similar responses. Indeed, we have
observed a similar response with hypoxia grown C. albicans
(data not shown). In addition, a similar response was observed
using murine macrophage cell lines J774.1 and RAW264.7
(data not shown). Importantly, the increased release of
inflammatory mediators was also observed in murine BMDNs
incubated with hypoxic hyphae (Fig. 4C). We chose to
examine the response(s) to normoxic and hypoxic grown
hyphae in multiple cell types to determine whether the
response was cell-type specific. The conservation of response
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Fig. 4. Hypoxia-grown hyphae induce greater macrophage and neutrophil
responsiveness than normoxia-grown hyphae. The bar graphs show the average
(£SEM) TNF (A, C, D) and CXCL2 (B) secretion by C57BL/6 (WT) (A, B,
D) and dectin-1C77) (D) BMDMs and C57BL/6 (WT) BMDNSs (C) in response
to normoxia-grown (white bars) and hypoxia-grown (gray bars) hyphae as
determined by ELISA. Fungal strains CBS144.89 (A, B, C, D) and AF293 (A,
B) were examined. One of three representative experiments shown containing
three biological replicates. *Indicates a P value of <0.01 (unpaired two-tailed
Students ¢ test).

in macrophage cell lines, BMDMs, and BMDNs, strongly
suggests that the observed response is a general phenomenon
in myeloid cells to hypoxic grown hyphae.

Previous studies have shown that macrophage TNF
responses to A. fumigatus are largely mediated by dectin-1
engagement [40,41]. To determine if the increased macro-
phage response to hypoxic-grown hyphae was due to increased
B-glucan exposure or to other changes in fungal cell wall
components we compared TNF release by dectin-1-deficient
and wild-type (C57BL/6) BMDMs stimulated with hypoxic-
grown hyphae. TNF release was abrogated in the dectin-1-
deficient BMDMs, whether stimulated with hypoxia- or
normoxia-grown hyphae (Fig. 4D). Thus, hypoxia-driven
changes in the fungal cell wall content lead to greater
macrophage and neutrophil inflammatory responses that are
largely dependent on dectin-1 signaling.

3.5. Increased macrophage antifungal activity against
A. fumigatus with partial dectin-1 dependence

Since hypoxic-grown hyphae induce greater macrophage
and neutrophil cytokine and chemokine release, we next
sought to quantitate phagocyte antifungal activity under nor-
moxic and hypoxic conditions with live hyphae. Hyphal
damage was assessed using the XTT hyphal damage assay,
which measures fungal cell metabolic activity as an indirect
measure of viability [35,36]. J774A.1 and RAW264.7
macrophage cell lines were incubated with normoxic grown A.
fumigatus hyphae and co-cultured in hypoxia or normoxia for
2 h. Macrophages induced greater hyphal damage when co-
cultured with A. fumigatus under hypoxic rather than nor-
moxic conditions (Fig. 5SA). We observed a similar response
with primary human neutrophils (Fig. 5B). Additionally, we
sought to determine the contribution of dectin-1 in the anti-
fungal response to hypoxic and normoxic grown hyphae using
peritoneal macrophages isolated from C57BL/6 (WT) and
dectin-1""") mice. Dectin-1 peritoneal macrophages induced
less damage when co-cultured with A. fumigatus under
hypoxic and normoxic conditions compared to WT peritoneal
macrophages (Fig. 5C). Collectively these data demonstrate
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Fig. 6. In vivo hypoxia corresponds to increased B-glucan exposure in
a corticosteroid model of TPA. Prior to sacrifice at the specified time point (day
3.5), hypoxyprobe-1 (60 mg/kg) was intravenously injected into the experi-
mental mice shown and allowed to circulate for 60—90 min. After the tissue
was prepped, specific antibodies and proteins were used to detect
hypoxyprobe-1 bound proteins (red) and B-glucan (s-dectin-hFc, green). Host
nuclei were counterstained with DAPI (blue). (A) Shown are representative
pictures. Merged pictures consisted of all three colors (i) and only red and
green (ii), that was used to generate the intensity plot (iii). Scale reflects the
level of intensity. Scale bar = 100 pm. (B) Quantification of the level of the
mean fluorescent intensity of the staining at sites of hypoxia. Two images were
analyzed; (A) and data not shown. 5 Locations corresponding to hypoxic sites
(h-probe staining) and 5 locations to non-hypoxic (no h-probe staining) were
analyzed for the two figures. *Indicates P value of <0.03 and # indicates P
value of <0.01 (unpaired two-tailed Students ¢ test). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

that, under hypoxic conditions, immunocompetent phagocytes
display increased cytokine and chemokine responses and
induce greater hyphal damage that has partial dectin-1
dependence. Whether the increased fungal damage repre-
sents increased susceptibility of the fungal cells to phagocyte
killing mechanisms under hypoxia, or novel phagocyte fungal
killing mechanisms induced in hypoxia is currently unclear
but under further investigation.

3.6. B-Glucan exposure corresponds to regions of
hypoxia in vivo in a corticosteroid model of IPA

We next sought to determine the in vivo relevance of our
in vitro findings related to fungal cell wall composition under
hypoxia. To test this, we employed the use of the hypoxia
marker, pimonidazole hydrochloride, which is activated by
cellular mammalian nitroreductases and results in the forma-
tion of covalent adducts with thiol groups when oxygen levels
are at 1.5% or below [42—45]. Results presented in Fig. 6
demonstrate that the level of soluble dectin-1 staining,
measuring the amount of fungal B-glucan exposure, was
greater in regions that co-stained with hypoxyprobe in our IPA
murine model characterized by immunosuppression via use of
the corticosteroid Triamcinolone (Aiii). B-Glucan staining was
highest in regions with hypoxyprobe co-staining and
decreased progressively when co-staining was not observed
quantified through measurement of MFIs of hypoxic and non-
hypoxic regions (Fig. 6B). Taken together, these results indi-
cate that A. fumigatus undergoes cell wall remodeling in
hypoxic microenvironments in vivo.

4. Discussion

Despite advances in the diagnosis and treatment of IFIs,
mortality rates remain high and therapeutic options remain
limited. One approach to improving patient outcomes associ-
ated with these devastating infections is to better understand
the physiology of tissue microenvironments that develop
during the fungal—host interaction. In this study we continue
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our exploration of the impact of hypoxia on A. fumiga-
tus—mammalian interactions in the lung. We present findings
that suggest hypoxia induces significant modifications in the
fungal cell wall of A. fumigatus hyphae through unknown
mechanisms and that these changes can subsequently affect
innate phagocytic cell responses. Thus, we believe our data
has potential clinical relevance and could potentially be
utilized in the future to improve therapeutic options for IPA as
we discuss below.

With regard to affecting the outcome of IPA, our data
suggest that hypoxia-mediated modifications of the cell wall
impact both the physiology of the fungus and host. First, our
data correlates with previous results that demonstrate that
stress, whether drug [25,46] or environmental induced [22],
leads to increased exposure of B-glucan, a major fungal PAMP,
on the hyphal surface of A. fumigatus, C. albicans, and other
pathogenic fungi. The mechanism behind the increase in -
glucan exposure is not understood, but may reflect a general
stress response, as it has now been observed in different fungal
species and with multiple stressors (7, 18—20, 23, 28, 29, 41,
48—50). We did observe a significant increase in fksA mRNA
abundance in response to hypoxia, but how this translates to
FksA enzyme activity and thus p-glucan production is
unknown. While hypoxia appears to reduce overall fungal
metabolism, cell wall biosynthesis is an energy intensive
biosynthetic process that involves several metabolic pathways
such as glycolysis that are affected by hypoxia [18]. Future
biochemical studies are needed to correlate changes in mRNA
abundance in these pathways and metabolites needed for cell
wall biosynthesis.

Importantly, our in vitro observations related to increased
B-glucan exposure on hypoxia-exposed hyphae were also
observed in vivo in our corticosteroid model of IPA. Autopsy-
and animal model-based studies indicate that the pathogenesis
of IA differs markedly among neutropenic and glucocorticoid-
treated, non-neutropenic hosts (reviewed in [47]). For
example, it has been proposed that mortality in corticosteroid
models of IPA stems largely from a hyperinflammatory
response to the mold rather than direct fungal growth per se
[48]. Our ex vivo data provides indirect support for this
observation and potentially correlates this finding with
hypoxia driven changes to the fungal cell wall as we observed
significant increase in pro-inflammatory cytokine production
from murine cell line and BM-derived macrophages and
neutrophils exposed to hypoxia grown hyphae. This increased
responsiveness is at least partially due to the increased expo-
sure of B-glucan as previous studies have shown the correla-
tion between B-glucan exposure and magnitude of cytokine
responses [25]. While this result appears largely dectin-1-
dependent, and thus correlated with increased B-glucan
exposure, we cannot rule out that other changes in the cell wall
induced by hypoxia affect phagocytic cell responses. Indeed,
growing evidence suggests that multiple components of the A.
Sfumigatus and other fungi cell walls have immunomodulatory
activity [14,16,49,50].

Along these lines of thinking, our in vitro and in vivo
findings that related in vivo hypoxia to enhanced phagocyte

responses may also relate to the clinical and radiographic
observation that fungal lesions increase in size and can lead to
symptomatic deterioration at the time of neutrophil recovery.
IRIS is one of the factors associated with deaths caused by
fungal infections [31] and is thought to occur due to an
uncontrolled, pathogen-driven immune response and a failure
of regulatory responses to control inflammation [31]. Our
work predicts that under these situations where hypoxic
microenvironments are established in lung lesions, enhanced
B-(1,3)-glucan exposure and other cell wall changes driven by
hypoxia may augment phagocyte responsiveness beyond
optimal levels required for fungal eradication. This scenario
would contribute to the development of immunopathology and
subsequent poor treatment outcomes. Conversely, [-glucan
exposure could possibly be beneficial to the host, permitting
a more directed immune response in hypoxic areas of the lung
and perhaps activating more effective mechanisms of fungal
killing by phagocytes. The balance between beneficial and
detrimental immune stimulation in different host environments
found during IPA remains an important area of investigation.
Along these lines, it will be important to determine the
mechanisms in play behind the observed increased fungal
damage caused by phagocytes under hypoxia.

In conclusion, we present data suggesting that in vivo
hypoxia alters A. fumigatus cell wall dynamics that in turn
affect the pathogenesis of IPA. These findings naturally lead to
translational research questions that we will pursue in future
studies. For example, if hypoxia helps drive immunopathology
during neutrophil recovery and/or in non-neutropenic patients
with an A. fumigatus or other fungal infections (such as
chronic granulomatous disease patients or those on cortico-
steroid therapies), can modulation of oxygen levels at the site
of infection reverse this host mediated damage? In addition,
can regulators of the host hypoxia response be targeted via
existing drugs to reduce adverse inflammatory responses? And
finally, we observed that hypoxia actually increases the ability
of immunocompetent phagocytes to damage A. fumigatus
hyphae, and thus in certain patients, induction of the hypoxia
response may actually be beneficial. Thus, we believe that
further study of fungal and host mediated hypoxia responses in
clinically relevant models of IPA have great potential to lead
to new therapeutic strategies for IPA and further our under-
standing of this important infectious disease.
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