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Summary
In order to cause disease, all pathogens must tolerate microenvironmental stresses encountered in
vivo during infection. One microenvironmental stress that is known to occur at sites of tissue
damage is hypoxia. Yet, the occurrence and impact of hypoxic microenvironments during invasive
aspergillosis, caused by the mold Aspergillus fumigatus, are essentially unknown. Here, we briefly
review the potential implications of hypoxic microenvironments on the Aspergillus – host
interaction. We focus on three areas where hypoxia may play a role in determining the outcome of
infection: fungal virulence, host immune responses, and efficacy of current antifungal drug
treatments.
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INTRODUCTION
Interactions between disease causing microorganisms and their respective hosts generate
complex in vivo microenvironments that can affect the outcome of infection. Interactions
between Aspergillus fumigatus and susceptible hosts are certainly not exceptions. However,
our understanding of the stress conditions found in microenvironments generated during
Aspergillus infections are largely rudimentary. Moreover, how these microenvironments and
associated stress conditions ultimately affect the outcome of the infection from the
perspective of both the host and fungus (and how they affect antifungal drug efficacy) is also
relatively under appreciated.

Stress conditions that occur within these microenvironments that are most often studied in
the context of A. fumigatus pathogenesis include: temperature, oxidative stress, pH changes,
and macro and micro-nutrient availability [1-6]. One stress condition that occurs at sites of
microbial infections that has generally been overlooked in the context of A. fumigatus
pathogenesis is hypoxia. Hypoxic lesions (oxygen levels ≤ 1%) have been well described in
tumors, wounds, and sites of necrotic tissue and occur due to decreased tissue perfusion that
is often secondary to microvascular damage and thrombosis [7-11]. These changes are
typically coupled with the actions of the invasive growth of the fungus and subsequent host
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responses. Indeed, typical pathology observed with invasive aspergillosis is characterized by
infarcted tissue with extensive hyphal growth [12].

The idea that hypoxia could affect the physiology of pathogenic Aspergillus species appears
to have been first examined in 1994 by Hall and Denning [13]. In this study, the authors
examined the oxygen requirements of various pathogenic Aspergillus species. They
observed that Aspergillus species such as A. fumigatus could grow at very low oxygen
concentrations with most species capable of growth at 0.1% oxygen. Interestingly, A.
fumigatus does not seem capable of growth under strict anaerobic conditions and requires
the use of the respiratory chain for conidia germination and initiation of infection [13,14].
Subsequently in 2005, Tarrand et al. [15] postulated that the low rate of Aspergillus
recovery from clinical samples likely reflects the adaptation of the fungus to the host
microenvironment, which the authors speculated includes hypoxia.

More circumstantial evidence for the occurrence of hypoxic microenvironments during A.
fumigatus infection comes from a recent study that generated a luciferase producing strain of
A. fumigatus for use in murine models of invasive aspergillosis [16]. Surprisingly, the results
from this study suggested that luminescence from the lungs decreased after reaching a
maximum at one day post infection, despite the high number of fungal hyphae present in
histopathology examinations. Since oxygen is essential for the light-producing reaction, the
authors hypothesized that their results might be due to the severe tissue damage in and
through the pulmonary lesions, which are probably severe enough to decrease the oxygen
concentration in the lung tissue.

Our laboratory became interested in hypoxia and invasive aspergillosis in 2007 when a 1H-
NMR metabolomics profile of broncheoalveolar lavage fluid from Aspergillus infected
neutropenic mice revealed the presence of ethanol [Grahl et al. manuscript in preparation].
We hypothesize that the presence of ethanol indicates that the fungus encounters low levels
of oxygen at sites of infection and potentially switches its metabolism from aerobic
respiration to anaerobic fermentation [17]. Ongoing studies in our laboratory are examining
the occurrence and timing of hypoxia in multiple distinct murine models of invasive
aspergillosis using hypoxia detecting chemical reagents [Grahl et al. manuscript in
preparation].

Thus, these described data and evidence from other infectious disease pathosystems strongly
suggest that hypoxia is an important component of in vivo microenvironments encountered
by both the pathogen and host during invasive aspergillosis. The purpose of this brief review
is to discuss the potential implications of these hypoxic microenvironments during invasive
aspergillosis (summarized in Figure 1). Our hope is that this small review will spur further
discussion and research regarding the clinical significance of hypoxic microenvironments
that occur during invasive aspergillosis.

EFFECT OF HYPOXIA ON FUNGAL VIRULENCE
The purpose of this section is not to re-visit the “virulence factor” debate with regard to A.
fumigatus. It is generally accepted that A. fumigatus virulence is a multigenic trait and is not
necessarily attributed to a single gene, gene product, or metabolic pathway. Regardless of
whether A. fumigatus contains traditional virulence factors, in order to cause disease,
organisms must adapt to the environmental conditions found in the host environment. While
attributes that allow in vivo adaptation and growth are not traditionally considered virulence
factors, there is a growing appreciation that pathogens like A. fumigatus possess unique
attributes that allow them to cause disease in susceptible hosts [1,2,6].

Wezensky and Cramer Page 2

Med Mycol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To date, evidence that adaptation to hypoxia and subsequent hypoxic growth is a
requirement for A. fumigatus virulence comes from studies in our laboratory on the sterol
regulatory element binding protein (SREBP) ortholog, SrbA [17-19] (and reviewed in [20]).
SrbA null mutants of A. fumigatus are incapable of growth in hypoxic environments, but
have normal growth rates on solid media under normoxic conditions. Importantly, the SrbA
null mutant is virtually avirulent in two distinct murine models of aspergillosis [19]. The
mechanism behind the inability of the SrbA mutant to grow in hypoxic conditions is
currently under investigation, but may be related to SrbA transcriptional regulation of key
steps in the ergosterol biosynthesis pathway. Discovering the role of SrbA in hypoxic
adaptation and growth will be important in definitively determining whether a requirement
for hypoxic growth is indeed a critical virulence attribute of A. fumigatus.

To our knowledge, no other A. fumigatus mutants have been observed or reported to be
deficient in hypoxic adaptation or growth. As oxygen is such a critical molecule for obligate
aerobes like A. fumigatus, it is highly likely that in vivo hypoxic microenvironments affect
the overall metabolism of this organism. Indeed, microarray experiments examining gene
expression of A. fumigatus under hypoxic conditions reveal a substantial change in the
overall gene expression of the organism [Barker et al. unpublished data]. Thus, it is highly
probable that mutations in various critical metabolic pathways that respond to hypoxia will
influence the ability of the organism to tolerate hypoxic conditions and possibly its ability to
cause disease. Thus, adding hypoxia to the list of stress conditions associated with virulence
that mutants are tested against in vitro may help to explain the virulence attenuation of
certain strains. Discovery of additional genes and proteins required for hypoxic adaptation
and growth will allow us to better appreciate and define the role of hypoxia in invasive
aspergillosis from the perspective of the fungus.

EFFECT OF HYPOXIA ON HOST RESPONSES TO ASPERGILLUS
As hypoxia affects the metabolism and growth of the invading fungus, limitations on oxygen
availability also affect cells of the host. With regard to microbial pathogenesis, there is a
growing appreciation of the importance of hypoxia in directing innate immune responses
[21-28]. Oxygen levels at sites of infection appear to be playing important roles in
determining the outcome of host immune and pathogen cell interactions. The major
regulator of host cell hypoxia adaptation is hypoxia inducible factor 1 alpha (HIF-1α). The
HIF DNA-binding complex may be composed of one of three α-subunits (HIF-1α, HIF-2α,
and HIF-3α) and one constitutively expressed β-subunit (HIF-1β), and is the central
regulator of hypoxic gene expression in mammals (reviewed in [29],[30]). Both the
degradation and activity of the HIF-1α and HIF-2α subunits are regulated by oxygen-
dependent post-translational hydroxyl modifications.

The role of HIF-1α in innate immune responses to human pathogens has been most
extensively studied in the context of bacterial pathogenesis. Studies suggest that HIF-1α is
required for the survival and bactericidal activities of important phagocytes such as
macrophages and neutrophils. For example, macrophages from mice lacking HIF-1α are
significantly impaired in their ability to kill bacterial pathogens such as group A and B
Streptococcus, Pseudomonas aeruginosa, and Salmonella typhimurium [31,32]. Mice with
HIF-1α deficient myeloid cells are also significantly more susceptible to group A
Streptococcus infections [31]. In the eukaryotic pathogen Toxoplasma gondii, it was recently
found that the intracellular survival of this parasite relies on host cell expression of HIF-1α
[33]. These and other studies on infectious organisms and hypoxia strongly suggest that
regulation of host responses to hypoxia is a key factor in determining the outcome of host-
pathogen interactions (reviewed in [21]). However, to date, no studies have examined the
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potential role of hypoxia in influencing the host response to fungal pathogens such as A.
fumigatus.

The immune status of the host is a significant variable when potentially addressing the role
of hypoxia and immune responses to A. fumigatus. For example, when examining
angiogenesis related gene expression in two distinct murine models of invasive aspergillosis,
Ben-Ami et al. found that HIF-1α mRNA levels were substantially higher 24 hours after
infection in mice treated solely with cortisone acetate as compared to mice treated with
cyclophosphamide and cortisone acetate [34]. This result potentially suggests that mice
treated solely with cortisone acetate have higher levels of hypoxia in the lung during
Aspergillus infection than mice made neutropenic by addition of cyclophosphamide to the
immunosuppression regimen. Alternatively, the difference in expression could be due to
differences in the numbers of immune effector cells recruited to the sites of infection in the
different models. Results from this study also suggested that inhibition of angiogenesis was
a direct effect of fungal metabolism mediated by secretion of the potent non-ribosomal
peptide gliotoxin. Thus, it seems clear that activities of the mold, in combination with
activities of the host, may directly contribute to the development of hypoxia at sites of
infection. Future research will likely uncover how hypoxic microenvironments influence the
outcome of the fungus-host interaction from the perspective of the host.

EFFECT OF HYPOXIA ON ANTIFUNGAL DRUG TREATMENTS
The generation of hypoxic microenvironments by the invading fungus and subsequent host
immune response could potentially alter the efficacy of antifungal agents. It is known that
Amphotericin B-mediated lysis of Candida albicans protoplasts is decreased in hypoxia,
which suggests that optimal Amphotericin B activity requires oxygen [35]. Conversely,
administration of Amphotericin B (AmB) to clinical isolates of Aspergillus species revealed
a general increase in susceptibility in hypoxic (1% O2) versus normoxic (21% O2)
conditions [36]. Additionally, this study discovered the enhanced inhibitory effect of the
echinocandin micafungin under hypoxic conditions, demonstrating a true minimum
inhibitory concentration (MIC) instead of the minimum effective concentration (MEC)
normally calculated for this class of drugs. Similar results with anidulafungin were observed
under hypoxic conditions [37]. Perkhofer et al. [37] observed no difference in susceptibility
to the triazole voriconazole (VCZ) in Aspergillus spp. incubated in hypoxic conditions,
while Warn et al. [36] observed a small decrease in the MIC when A. fumigatus was treated
with itraconazole under hypoxic conditions.

These two studies highlight the importance of in vitro susceptibility to antifungal drugs in
the context of hypoxia in invasive aspergillosis. Thus, it seems that due to the complex
interactions between host and fungi, the kinetics of antifungal drugs cannot be evaluated
solely by the in vitro MIC in normoxic conditions. As demonstrated by Perkhofer et al. [37],
even the effect of combination therapy (VCZ + anidulafungin) takes on new light when
examining conidial or hyphal treatment in hypoxia. The finding with regard to the MIC
versus MEC and the echinocandins is intriguing and begs the question how hypoxia alters
the efficacy of these antifungal agents. The answer may be related to the differential
regulation of cell wall biosynthesis genes under hypoxic conditions [Barker et al.
unpublished data].

Several physiological events could account for the observed in vitro susceptibility
differences in hypoxia. First, the ability of the administered drug to access the fungal mass
within a hypoxic lesion will vary depending on the fungal rate/stage of growth, the strength
of the host response, and the timing of antifungal treatment. It is well known that even in
different murine models of invasive aspergillosis the host response is vastly different from
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model to model. For instance, in the corticosteroid model, host inflammation contributes
substantially to the fatality associated with fungal infection [38,39]. A sizeable host
inflammatory response and inhibition of angiogenesis by the invading fungus may decrease
the accessibility and diffusion of antifungal drugs within a fungal lesion as has been
suggested for hypoxic Mycobacterium tuberculosis granulomas [34,40].

Second, the differential regulation of drug targets by hypoxic stimuli will vary depending on
the progression of the hypoxic lesion and the class of antifungal being administered. Genes
encoding drug targets, such as the 14-demethylases (Erg11/cyp51) targeted by the triazoles,
are transcriptionally induced in hypoxic conditions [19,41]. This potential increase in the
actual drug target in response to hypoxia could contribute to the observed increase of in vitro
susceptibility to certain antifungal drugs that has been detected previously. Thus, identifying
additional gene and biochemical pathway targets that are altered by hypoxia at the site of
infection could yield new insights into antifungal drug development and efficacy. The
example of the echinocandin's increase in activity in hypoxia seems to support this
hypothesis. In short, a further understanding of the kinetics and host-pathogen dynamics of
antifungal drug administration in the context of hypoxia may improve the delivery and
efficacy of current antifungal drugs and foster new approaches to drug development for
invasive aspergillosis and other fungal infections.

CONCLUSIONS
Studies on the role and importance of hypoxia during invasive aspergillosis are in their
infancy. Clearly, much remains to be learned about how the fungus adapts to hypoxic
microenvironments and whether hypoxia adaptation is a critical virulence attribute necessary
for in vivo fungal growth and disease development. On the host side, the influence of
hypoxia on the immune response to Aspergillus infections has not been studied. Preliminary
studies underway in our laboratory will hopefully shed light on this potentially important
aspect of the fungus-host interaction. Finally, the recognition that hypoxic
microenvironments are a component of the pathophysiology of invasive aspergillosis should
improve our ability to determine and improve the efficacies of existing and developmental
antifungal agents. It is also intriguing to contemplate what effects minimizing hypoxia via
use of hyperbaric oxygen would have on the outcome of invasive aspergillosis both from the
perspective of the mold and the host and in the context of an antifungal regimen.
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Figure 1.
Summary of key concepts covered in this review. Hypoxia may influence the outcome of the
Aspergillus-host interaction on multiple fronts: alterations in fungal virulence, host response
to the fungus, and changes in azole drug efficacy at the site of infection. These effects on the
host-pathogen interaction are likely mediated at transcriptional, post-transcriptional, and
post-translational levels.
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