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Abstract Understanding which fungal factors allow coloni-
zation and infection of a human host is critical to lowering the
incidence of human mycoses and related mortalities. In the
pathogen Aspergillus fumigatus, secondary metabolites,
small bioactive molecules produced by many opportunistic
fungal pathogens, have important roles in suppressing and
providing protection from host defenses. Deletion of LaeA, a
global regulator of secondary metabolism in fungi, signifi-
cantly decreases 4. fumigatus virulence, in part owing to loss
of gliotoxin and hydrophobin production. In addition to
gliotoxin, dihydroxynaphthalene (DHN) melanin and side-
rophores are other A. fumigatus virulence factors; all three
metabolites are derived from hallmark secondary metabolite
gene clusters. Many of the gene clusters producing toxin
metabolites have yet to be deciphered, and the study of
secondary metabolites and their role in the virulence of
human pathogens is a nascent field.

Keywords Virulence factor- LaeA - Gliotoxin - Melanin -
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Introduction

Members of the Fungi kingdom, from biodegraders to
devastating plant pathogens, play a critical role in diverse
aspects of ecology. The first eukaryote to be sequenced was
the yeast Saccharomyces cerevisiae, which serves as a model
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organism to elucidate mechanisms of cell biology. Many
fungi are used in industry to produce food constituents,
pharmaceuticals, and textile additives. A subset of fungi, the
topic of this review, are critical human pathogens. Unfortu-
nately, advances in medicine such as transplantation and
therapies for malignancies, as well as the emergence of
HIV/AIDS, have correlated with tremendous increases in
fungal infections and related mortality. These mycoses
are usually associated with a recurring set of pathogens
(dspergillus, Coccidioides, Candida, Cryptococcus, His-
toplasma, Blastomyces, Paracoccidiodes, and other rare
fungi) displaying both conserved and unique virulence
factors involved in pathogenesis. An emerging area of
concern is the role of fungal secondary metabolites in
human mycoses.

Secondary metabolites have been loosely defined as
those compounds “not generally included in the standard
metabolic charts” [1]; their absence often does not result in
observable phenotypes in the producing organism when
grown in laboratory conditions. Nevertheless, these small-
molecule bioactive compounds provide selective advan-
tages to fungi, and loss of their production can be
associated with dire ecologic consequences, as illustrated
by insect preference for fungi that are free of secondary
metabolites [2]. In certain plant-pathogen interactions, the
virulence role of secondary metabolites is well established:
for example, in Fusarium graminearum, a pathogen of
cereal grains, disruption of trichothecene biosynthesis
renders the fungus nonvirulent [3]. In contrast, although
they are cytotoxic, the immunomodulatory and enzyme
inhibitory effects of purified secondary metabolites from
human fungal pathogens are well documented; a role for
these compounds in virulence is just beginning to emerge.
The secondary metabolites of Aspergillus fumigatus and
their role in virulence are the primary focus of this review,
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with supporting examples from other human pathogenic
fungi where relevant. Though consumption of fungal toxins
(eg, aflatoxins, fumonisins, ochratoxin, or trichothecenes)
in food products also leads to serious or fatal human illness,
this discussion is limited to secondary metabolites actively
produced by fungi during human ingress. Several excellent
reviews address the topic of mycotoxicoses [4, 5].

Regulation of Secondary Metabolism

Fungal secondary metabolism (SM) is characterized by
several hallmark features: the biosynthetic pathway genes
are typically clustered together in the genome, the genes
within clusters are coordinately regulated, and these pathways
use characteristic enzymes (nonribosomal peptide synthases,
polyketide synthases, terpene cyclases, or dimethylallyl
tryptophan synthases) to initiate the carbon backbone of each
metabolite. (Here the reader is referred to recent reviews
focusing on the diverse chemistry of fungal secondary
metabolites [6¢, 7]). Adjacent to these synthases are genes
encoding for “typical” secondary metabolite synthesis
enzymes, such as esterases, methyltransferases, P450
mono-oxygenases, and, frequently, cluster-specific transcrip-
tion factors [8]. Using these common features, a sequence
analysis of the Aspergillus genomes, including A. fumigatus,
revealed far more secondary metabolite gene clusters than
the number of compounds previously known to be produced
from these fungi [9]. This discovery highlights that many
secondary metabolite gene clusters are “silent” when the
fungus is grown in laboratory conditions, thus complicating
investigations of any putative role of such metabolites in
human mycoses (Table 1).

SM is an expensive cellular process, and several levels of
genetic regulation act to govern when and where secondary
metabolites will be produced. At the individual pathway level,
clusters often contain a gene or genes encoding a pathway-
specific transcription factor. Frequently, this is a C6 zinc
binuclear transcription factor, which commonly binds palin-
dromic sequences in promoters [10]. Well-described SM
transcription factors include GliZ, regulating gliotoxin
enzymatic gene expression [11]; AfIR, regulating aflatoxin
synthesis [12]; and Tri6, regulating trichothecene synthesis
[13]. Activation of C6 zinc binuclear transcription factors
can be sufficient to produce otherwise silent metabolites [6°].
Additionally, transcription factors involved in nitrogen
(AreA), carbon (CreA), and pH (PacC) homeostasis often
affect the expression of SM clusters [14].

An exciting advance was the discovery that a large
percentage of SM can be manipulated by the modulation of
a single gene, laeA. Targeted deletions of lacA in several
ascomycete genera repress SM, including in the human

pathogens A. fumigatus and Aspergillus flavus [15—18] and
the industrial agent Penicillium chrysogenum [19]. This list
is expected to grow larger as LaeA partners with another
nuclear protein, VeA (discussed below). VeA regulates SM
in several genera, including Fusarium and Acremonium, as
well as Aspergillus [20, 21]. Several microarray studies
have shown the global nature of LaeA regulation of SM
clusters. For example, there are at least 30 predicted SM gene
clusters in 4. fumigatus [18] and a microarray analysis with a
AlaeA strain revealed that 13 clusters were downregulated in
one single experimental condition, including the known
virulence determinant, gliotoxin [18, 22].

How LaeA functions to regulate SM is still unknown,
but many insights have been generated using several in
vivo techniques. Constitutively nuclear, LacA forms part of
the light-regulated heterotrimeric Velvet complex composed
of partner proteins VeA and VelB [20]. In light conditions
where sexual development and secondary metabolism are
limited, VeA is diffused throughout the cell [23]. Upon a
switch to dark conditions, both sexual development and SM
are induced, and VeA accumulates in the nucleus, forming a
complex with LaecA and VelB [24]. LacA regulation is
positional: moving genes into a LaeA-regulated cluster
places them under LaeA control, whereas moving them out
of a LaeA-regulated cluster releases them from LaeA
control [24]. The sequence of LaeA is homologous to
methyltransferase enzymes, and mutation of a conserved S-
adenosyl methionine binding motif is functionally equiva-
lent to deletion in vivo. Taken together, these genetic
characterizations of LaeA suggest a role for this protein in
chromatin remodeling. This hypothesis is supported by
work showing that manipulation of chromatin-modifying
enzymes can partially rescue Alaed repression of SM, and
that Alaed strains result in increased concentration of the
heterochromatic mark histone 3 lysine 9 methylation in the
sterigmatocystin gene cluster [25, 26]. However, no sub-
strates of LacA have been reported, and the mechanism that
connects the Velvet complex and LaeA to the regulated
gene clusters remains to be determined.

Although the mechanism of its regulation of SM remains
cryptic, LacA has been shown by several laboratories to be a
virulence determinant in immunocompromised mouse model
systems and ex vivo cellular models [16, 27-29]. Cellular
parameters regulated by LaeA that have been linked with
virulence in A. fumigatus include production of several toxic
secondary metabolites, including gliotoxin and reduction in
the spore hydrophobic protein RodA [16, 27]. Consistent
with the downregulation of gliotoxin—a known immuno-
suppressive mycotoxin reviewed below—culture filtrates of
a AlaeA strain failed to suppress neutrophil reactive oxygen
species or induce apoptosis of EL4 thymoma cells. Addi-
tionally, disruption of laeA impairs the ability to evade host
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Table 1 Current status of the predicted and confirmed secondary metabolism (SM) gene clusters of pathogenic Aspergillus fiumigatus

SMUREF cluster SM enzyme Metabolite LaeA Virulence In vivo Study
regulated factor? strain
AFUA_1G00970 - AFUA_1G01010 PKS Unknown N - - -
AFUA 1G10310 - AFUA 1G10380 NRPS (Pesl) Unknown Y Y* Y [59]
AFUA _1G17070 - AFUA 1G17240 NRSP (SidC) Siderophore N Y Y [53]
AFUA _1G17710 - AFUA 1G17750 PKS Unknown N - - -
AFUA 2G01270 - AFUA 2G01410 PKS Unknown N - - -
AFUA_2G05700 - AFUA 2G05840 PKS-like Unknown N - - -
AFUA_2G17511 - AFUA_2G17620 PKS (PksP) DHN melanin Y Y Y [60]
AFUA_2G17980 - AFUA_2G18070 DMAT (FgaPT1) Fumigaclavine Y Unknown N [57]
AFUA_3G01400 - AFUA_3G01580 PKS Unknown Partial - - -
AFUA_3G02450 - AFUA_3G02540 PKS-like Unknown N - - -
AFUA_3G02550 - AFUA_3G02650 PKS Unknown N - - -
AFUA 3G02670 - AFUA 3G02760 NRPS-like Unknown N - - -
AFUA 3G03270 - AFUA 3G03610 NRPS (SidD) Siderophore Partial Y Y [53]
AFUA 3G12750 - AFUA 3G12982 DMAT Prenylated indole Y Unknown Y [61]
alkaloid
AFUA_3G13600 - AFUA_3G13750 NRPS Unknown N - - -
AFUA 3G14665 - AFUA 3G14850 PKS Helvolic acid Y Unknown N [58]
AFUA 3G15250 - AFUA 3G15290 NRPS Unknown N - - -
AFUA 4G00195 - AFUA 4G00260 PKS Unknown Y - - -
AFUA 4G14420 - AFUA 4G14735 PKS Prostadienols Y Unknown N [62]
AFUA_5G09970 - AFUA 5G10270 NRPS-like Unknown N - - -
AFUA_5G12700 - AFUA_5G12850 NRPS Unknown N - - -
AFUA_6G03430 - AFUA_6G03630 NRPS-like Unknown Y - - -
AFUA_6G08520 - AFUA_6G08580 NRPS-like Unknown N - - -
AFUA_6G09570 - AFUA_6G09745 NRPS (GliP) Gliotoxin Y Y Y [11, 35,
C2H6 (Gliz) 39-41-]
AFUA_6G12020 - AFUA 6G12190 NRPS Fumiquinazoline A Y Unknown N [63]
AFUA_6G13830 - AFUA_6G14090 PKS Unknown Y - - -
AFUA_7G00120 - AFUA_7G00180 PKS Unknown N - - -
AFUA_8G00100 - AFUA_8G00300 NRPS (FtmA) Fumitremorgin Y Unknown Y [56]
AFUA_8G00342 - AFUA_8G00570 PKS/NRPS hybrid (PsoA) Pseurotin A Y Unknown Y [55]
AFUA_8G01580 - AFUA_8G1670° NRPS-like Unknown N - - -
AFUA_8G02350 - AFUA_8G02490 PKS Unknown N - - -

DMAT dimethylallyltryptophan synthase, NRPS nonribosomal peptide synthetase, PKS polyketide synthase, SMURF econdary Metabolite Unique

Regions Finder

#Pesl virulence data is derived from a Galleria mellonella insect model [59]

° This cluster is derived from SMURF (http:/jevi.org/smurf) and McDonagh et al. [31]

defenses and rapidly colonize the host, as Alae4 conidia are
taken up at a higher rate than wild-type conidia, and
histopathology of mouse lungs reveals a delayed progression
of induced pulmonary lesions and a decrease in necrosis
[29]. RodA was recently identified as an inert compound that
evades detection by the host immune system; decreased
RodA protein results in increased phagocytosis of conidia
[30¢], an observation also applicable to Alaed conidia [27].
Moreover, many of the genes regulated by LaecA are
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subtelomerically located and are associated with activation
in initial murine lung colonization [31].

In conclusion, LaeA has been a critical player in
illustrating the role of SM in mycoses. LaeA is a virulence
factor in invasive aspergillosis [16, 27, 28], is conserved in
ascomycetes, and governs virulence in A. flavus [21]. As
will be illustrated below, LacA provided a major conduit
towards the definitive role of gliotoxin in invasive
aspergillosis.
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Secondary Metabolites
Gliotoxin

Gliotoxin production in A. fumigatus cultures was first
observed as a contaminant in the preparation of another
secondary metabolite, fumigacin [32]. In the decades since
its initial discovery, a large body of evidence has accumu-
lated implicating gliotoxin as a virulence component of
invasive aspergillosis. Classified as an epipolythiodioxopi-
perazine (EPT) secondary metabolite, this compound is
characterized by a disulphide bridged cyclic dipeptide
(Fig. 1a) and has antibacterial, antifungal, antiviral, antican-
cer, enzyme inhibitory, and immunomodulatory properties.
Toxic effects have prevented the clinical development of
gliotoxin as a pharmaceutical or antimicrobial agent, so
research has focused on the immunomodulatory properties of
gliotoxin and its role in virulence.

Gliotoxin biosynthesis is a classic fungal SM. The
putative gliotoxin biosynthetic cluster was identified by
searching the A. fumigatus genome for genes with homol-
ogy to the genes encoding a similar structured EPT
molecule, sirodesmin, produced by the fungus Leptosphaeria
maculans. Twelve genes have been proposed to be included
in the cluster, including the pathway-specific transcription
factor gliZ [33]. The first enzymatic step in the biosynthetic
pathway catalyzed by a nonribosomal peptide synthetase
(NRPS), gliP, condenses serine and phenylalanine to a core
dipeptide [34, 35]. The remaining modifications of the core
dipeptide structure and the responsible biosynthetic enzymes
remain to be correlated (Fig. 1a). Interestingly, both gliotoxin
and sirodesmin possess antifungal properties, and it has been
shown in L. maculans that an ABC transporter gene in the
sirodesmin cluster affords self-protection to this fungus.
Possibly both metabolites evolved to secure niches in the
environment.

In vitro data suggesting a role for gliotoxin in assisting
the colonizing A. fumigatus to disarm the host’s innate and
adaptive immune system is supported by several observa-
tions. Gliotoxin is a redox active toxin and the mechanism
of action is proposed to be via generation of reactive
oxygen species and by formation of mixed disulphides with
proteins having accessible thiol groups [36]. Apoptosis in
macrophages and neutrophils is induced by gliotoxin, and
the reactive oxygen burst of polymorphonuclear leukocytes
is attenuated. The in vivo immunomodulatory role of
gliotoxin was assessed in an interesting study using Listeria
monocytogenes infection of mice as a model [37]. This
bacterial infection model is well established for the study of
the innate (and particularly the T-cell-mediated) adaptive
immune response. At an early point, before an adaptive
immune response was mounted, gliotoxin treatment increased
the bacterial load in target organs. After an adaptive response

was mounted, the bacterial load continued to increase only
in gliotoxin-treated mice. Although this result clearly shows
that gliotoxin is immunosuppressive in vitro, the data
identifying gliotoxin as a bona fide virulence factor required
supporting in vivo experiments. Five different groups gener-
ated gliotoxin-deficient A. fumigatus mutants in four different
strains, and then evaluated them in two different immuno-
suppression regimens with different mice strains [11, 35, 38—
40]. Gliotoxin mutants demonstrated wild-type virulence in
neutropenic models but reduced virulence in non-
neutropenic models. These findings highlighted the impor-
tance of the model system when interpreting virulence data.
Gliotoxin may not be critical for disease progression in
neutropenic patients, but it is relevant for patients that are
non-neutropenic but are otherwise immunosuppressed [41¢].

As mentioned above, LaeA regulates gliotoxin synthesis
in A. fumigatus. Three separate studies compared the
pathogenicity of laeA and gliotoxin mutants in mice, and
all provided evidence that the loss of gliotoxin plays a role
in AlaeA decreased virulence but that other factors—
including other SMs—also account for the importance of
LaeA in invasive aspergillosis [16, 28, 29]. The prominent
tissue inflammation and ischemia associated with invasive
aspergillosis stimulates angiogenesis. Use of an ex vivo
angiogenesis inhibition assay and comparison of AlaeA,
AgliP, and wild-type cellular extracts revealed that the
pleiotropic effects of A. fumigatus cellular extracts with
different mammalian cell lines are not attributable solely to
gliotoxin. Gliotoxin is an important inhibitor of angiogen-
esis, as demonstrated when AgliP strains and extracts
resulted in about a 50% decrease of inhibition. However,
the loss of the secondary metabolites regulated by laed
resulted in angiogenesis similar to the uninfected control
[29]. This novel suggestion of the role gliotoxin plays in
modulating host angiogenesis adds to our understanding of
the pathobiology of 4. fumigatus and clearly indicates that
other, as-yet-unknown SMs are important in invasive
aspergillosis.

Melanins

Melanins are amorphous polymers shown to have a role in
protecting both plant and human pathogenic fungi (the latter
including Cryptococcus neoformans, A. fumigatus, Wangiella
dermatitidis, and Paracoccidioides brasiliensis) against host
defenses. Two different types of melanin are found within
human pathogenic fungi: dihydroxynaphthalene (DHN)
melanin and eumelanin. DHN melanin is biosynthesized
using a polyketide synthase (PKS) enzyme to cyclize
malonyl-CoA precursors and is ultimately assembled into a
polymer using a laccase enzyme. Eumelanin is biosynthe-
sized using diphenolic precursors such as 3,4 dihydroxyphe-
nylalanine (L-DOPA) assembled with a laccase enzyme [42¢,
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Fig. 1 Virulence factor biosynthetic pathways of Aspergillus fumigatus.
On these schematic representations of the three secondary metabolite
biosynthetic pathways confirmed as virulence factors in animal models,
the genes whose deletion results in a significant decrease in virulence are
indicated in yellow squares and genes whose disruption are reported as
not affecting virulence are indicated in red circles. The arrows represent
the putative steps in each pathway. a, Gliotoxin biosynthesis. The
initiating nonribosomal peptide synthetase (NRPS) GIiP condenses
phenylalanine and serine to a dipeptide. Disruption of gliP results in a
decrease in virulence in cortisone acetate—-immunosuppressed mouse
models [41+]. b, DHN melanin biosynthetic pathway. The pathway
initiates by the condensation of one acetyl-CoA with four malonyl-CoA
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molecules by pksP, which is a virulence factor in this pathway. The other
reported virulence factor is arpl, which reduces scytalone to 1,3,8-
trihydroxynaphthalene (1,3,8-THN). Disruption of abr2, a laccase-
encoding enzyme, or arp2, a 1,3,6,8-THN reductase, is reported not to affect
virulence or susceptibility to reactive oxygen species [48, 50]. (Adapted from
Pihet et al. [63].) ¢, Siderophore biosynthetic pathway. L-ornithine is used
as a common precursor of both external and internal siderophore
biosynthetic pathways; the first enzyme in this pathway, sidA, is a reported
virulence factor. Each pathway uses unique NRPS enzymes and both are
virulence factors. In A. fumigatus, the final products of each pathway are
extracellular triacetylfusarine C (TAFC) and intracellular hydroxyferricrocin
(HFC) siderophores. R—acetyl. (Adapted from Schrettl et al. [52])
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43e, 44]. Eumelanin is the pigment found in C. neoformans,
and disruption of a single laccase enzyme results in an albino
mutant that is attenuated in virulence in animal models.
Though eumelanin production is an important virulence
factor, we are focusing on the DHN melanins, as the
biosynthesis of this type of melanin follows, in part, a
prototypical SM schema. However, the hallmark SM
clustering of biosynthetic genes is not strictly conserved for
melanins. In many fungi, the DHN melanin structural genes
are often scattered throughout the genome (as reviewed
elsewhere [45]), but in the pathogenic 4. fumigatus, there is a
cluster of six genes that are all involved in DHN melanin
biosynthesis (Fig. 1b).

Albino mutants of A. fumigatus, Aspergillus nidulans,
and W. dermatitidis are not significantly impaired in normal
growth and development in laboratory growth medium, as
would be predicted for the loss of a secondary metabolite.
In DHN melanin biosynthesis, an iterative PKS initiates the
pathway by condensing acyl-CoA molecules in a head-to-
tail joining and cyclization. Differences in PKS substrate
use have been reported between fungi, with Colletotrichum
lagenarium using only malonyl-CoA [46]. In A. fumigatus,
the initiating enzyme, pksP, condenses one acetyl-CoA with
four malonyl-CoA molecules to produce a heptaketide
napthopyrone (Fig. 1b). Disruption of pksP, also known as
albl, results in albino mutants with severely attenuated
virulence and smooth spores [47—49¢].

Curiously, mutants of genes further down the biosyn-
thetic pathway, which result in pink or brown pigmentation
of the spores, do not present a clear picture in virulence
attributes. Tsai et al. [50] reported preliminary studies of the
scytalone reductase deletant, Aarpl, which functions at the
midpoint of the pathway. Disruption of arpl results in
reddish-pink spores and is the only other reported virulence
determinant from this pathway. Disruption of the final
enzymatic assembly into the amorphic polymer by disrup-
tion of the abr2 laccase encoding enzyme results in brown
spores but no increase in susceptibility to reactive oxygen
species or decrease in virulence in an intranasal mouse-
infection mode [48]. Although Aabr?2 strains clearly show
an overall decrease in laccase activity, the gross spore
morphologic changes associated with disruption of all
melanin pathway intermediates are absent.

The resting spores are the first contact with the host, and
DHN melanin is found only in the conidia. As the spore
begins to swell during germination, the melanin coating
begins to break down, and it is not detectable at the point
when a germ tube appears. Several properties of this
pigment coating have been described that may contribute
to its role in virulence in the establishment of infection.
DHN melanins partially counteract the defenses of the host
immune system by absorbing toxic reactive oxygen species
secreted by macrophages and neutrophils. A recent report

suggests that DHN melanins may function by shielding
fungal ligands from host receptors [49¢]. These include
several conserved fungal pathogen-associated molecular
patterns (PAMPs) displayed on the conidial surface, such
as 3-glucan and mannose proteins. Both purified melanins
and wild-type conidia were weakly proinflammatory. In
contrast, ApksP conidia elicited greater cytokine produc-
tion than wild-type conidia, indicating that PAMPs dis-
played on the cell surface are masked by the melanin layer.
These immunomodulatory and protective properties, com-
bined with the loss of virulence in albino mutants, reveal
that this secondary metabolite is more than a rudimentary
pigment; it is critical in the pathogenicity of 4. fumigatus.

Siderophores

Most fungal siderophores are produced by the condensation
of the nonproteinogenic amino acid ornithine using NRPS
enzymes. These hydroxamate siderophores form tight
associations with Fe+++ ions and are used by the fungi to
obtain iron in a low-iron environment. These high-affinity
metabolites are not the only mechanism used by the fungi
to obtain iron. and in some cases, such as in A. fumigatus,
disruption of siderophore biosynthesis is not lethal. The
question of whether siderophores should be classified as
primary or secondary metabolites is unresolved, but we
include them here for their shared biochemical attributes
(the use of NRPS genes, gene clustering, nonlethal
disruptions) and their clearly demonstrated role as virulence
determinants in mammalian models. This section focuses
on the role of siderophores in 4. fumigatus virulence; for an
excellent review on the broader role of siderophores in
virulence of fungi see Haas et al. [S1ee].

Schrettl et al. [52] demonstrated distinct roles for the
different siderophores produced by A4. fumigatus. From the
common precursor L-ornithine, two biosynthetic pathways
that use unique NRPS enzymes are formed: the intracellular
hydroxyferricrocin (HFC) siderophore and the extracellular
triacetylfusarine C (TAFC) siderophore (Fig. 1c). Intracel-
lular iron is stored as an FC-iron chelate, comprising more
than 47% of the total conidial iron content. FC provides
protection against the oxidative damaging properties of
excess iron and has been shown to accumulate during
intracellular iron excess [53].

The effect on the pathobiology of A. fumigatus of
intracellular and extracellular siderophores, as well as
several biosynthetic intermediates, has been examined with
an in vivo neutropenic mouse model. Disruption of TAFC
and HFC biosynthesis by deletion of the first biosynthetic
pathway enzyme, an L-Ornithine N5-Oxygenase, encoded
by sidA, yielded avirulent strains. Supplementation of the
intracellular HFC precursor to Asid4 strains partially
rescued virulence (40% mouse survival at 12 days),
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suggesting that siderophores are critical in the initial phase
of infection. Blocking the intracellular HFC pathway by
disrupting the NRPS gene, AsidC, decreased virulence
(50% survival at 12 days) and supports the role of the
siderophores in establishing disease. Deletion of the genes
involved in the extracellular TAFC biosynthetic pathway
resulted in severe attenuation of disease (75% to 95%
survival at 12 days), demonstrating that the primary role of
extracellular siderophores is to promote hyphal growth
under iron-limiting conditions, when a secondary iron
uptake system present in A. fumigatus, reductive iron
assimilation, is insufficient [52].

Iron availability affects host-pathogen interactions. As
part of an innate strategy of the human host to combat
infection, the availability of free iron in the host is lowered
in response to inflammation induced by microbial patho-
gens. The production of siderophores to access host iron
reservoirs is not a strict determinant of virulence: A.
nidulans (a nonpathogen) and 4. fumigatus both produce
the same siderophores. Also, other human pathogens, such
as Candida albicans and C. neoformans, lack siderophores.
These other pathogens employ one or more of four different
uptake mechanisms identified within the fungi, as reviewed
by Haas et al. [S1ee], but no efflux mechanism has yet been
identified, suggesting that control of iron uptake is the
major homeostatic mechanism. All four systems are rarely
found in a single species, but redundancy is a common
theme. Within the Aspergilli, the nonpathogenic species 4.
nidulans employs only the siderophore-mediated uptake
mechanism, whereas the iron uptake of the pathogenic A.
fumigatus is redundant, employing both siderophores and
reductive iron assimilation. The demonstrated role of
siderophores in virulence and a lack of homologous
biosynthetic machinery in humans make inhibition of these
enzymes potential targets for antifungal therapies.

Other Toxic Secondary Metabolites with Unknown
Roles in Virulence

The list of confirmed secondary metabolites that function as
virulence determinants is currently limited. In A. fumigatus,
several immunosuppressive toxins are known to be pro-
duced, but their assessment as virulence determinants has
been hampered by a lack of knowledge of the encoding
biosynthetic pathways. Gene clusters encoding biosynthetic
enzymes for fumitremorgin, pseurotin A, helvolic acid, and
fumigaclavine have been determined using a variety of
methods. The gene clusters encoding fumitremorgin and
pseurotin A were elucidated by in vivo disruption and
overexpression of the precursor encoding NRPS breviana-
mide synthetase and hybrid PKS/NRPS PsoA, respectively,
in the genome reference strain AF293 [54, 55]. Helvolic acid
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and fumigaclavine C biosynthetic gene clusters were identi-
fied by heterologous expression of pathway genes in
nonproducing organisms and biochemical confirmation of
precursor formation [56, 57]. Currently there are no known
animal tests to assess the role of these metabolites by using
mutant strains of A. fumigatus. Other toxins known to
be produced include fumiquinazolines, fumagillin, mono-
methylsulochrin, phthioic acid, pyripyropene A, restrictocin
and trypacidin, but the encoding genes have not been
elucidated in A. fumigatus [58]. The advances made in
connecting the observed mycotoxins of this pathogenic
organism with the biosynthetic enzymes combined with in
vivo disruption mutants will allow for assessment of the role
of each SM in animal models of virulence (Table 2).

Conclusions

As research into the biosynthesis of fungal secondary
metabolites is allowing for the creation of SM null or
overexpression mutants, we are poised to gain deeper
understanding into the role that these bioactive compounds
play in human mycoses—not just in A. fumigatus but also
in other pathogenic fungi that have hallmark secondary
metabolite gene clusters in their genomes. Ultimately,
deletions and/or heterologous cluster expression may allow

Table 2 Aspergillus fumigatus toxins

Secondary metabolite Role in virulence

Fumigaclavines Cytokine inhibition
Metalloprotease inhibitor
Vasorelaxant

Fumitremorgins Inhibitor of BCRP multidrug transporter
Cell cycle inhibitor

Gliotoxin Inhibits macrophage phagocytosis

Immunosuppressive

Inhibits angiogenesis

Inhibits neutrophil ROS generation
Helvolic acid Damages epithelial cells
Slows ciliary beating
Pseurotin A Inhibits IgE production
Cytotoxic
Monomethylsulochrin Cytotoxic
Phthioic acid

Pyripyropene A

Causes tubercular lesions

Inhibits angiogenesis

Cytostatic

Inhibits acyl CoA cholesterol transferase
Restrictocin Inhibits protein synthesis

Trypacidin Cytotoxic

BCRP breast cancer resistance protein, Cod coenzyme A, ROS
reactive oxygen species
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us to understand the role of SM in aiding fungal
pathogenicity. Is it the production of fungal metabolites
that confer an advantage inside a host? (That is, could the
nonpathogenic species A. nidulans evolve into a pathogen
by the addition of a helvolic acid biosynthetic pathway,
allowing this species to inhibit cilial clearing?) Is it the
ability to evade host defenses, such as the masking of
PAMPs conferred by DHN melanins? Or is it an ability to
suppress the host defenses with a natural product, such as
the suppression by gliotoxin of neutrophil phagocytosis?

The ability to modulate a large proportion of SM by
manipulating the global regulator lacA indicated that virulence
will not be attributable to a single metabolite. The AlaeA strain
of A. fumigatus abrogated the production of gliotoxin and
significantly reduced virulence in neutropenic mouse models.
This reduced virulence indicates that there are other second-
ary metabolites affected by Alaed in addition to gliotoxin, as
gliotoxin was not a virulence factor in neutropenic models.
We predict that an understanding of the LacA mechanism
will provide useful information in understanding how to
simultaneously regulate multiple SM clusters. There is a need
to assay each metabolite’s contribution to virulence in
isolation, but it will be critical to identify the combinations
of metabolites that confer virulence in the different immuno-
compromised animal models.

Disruption mutants have been reported for the helvolic
acid, pseurotin A, and fumitremorgin biosynthetic pathways,
and the results of virulence assays in animal models will be
informative for directing future research. Metabolites that can
be classified as virulence determinants should be put forward
as candidates for additional disruption analysis of each
pathway enzymatic step, as has been done in the siderophore
biosynthetic pathway. This basic knowledge will provide
insights as to which steps contribute to the ability of the fungi
to colonize a human host and is essential to any therapeutic
strategy targeting specific pathogen pathways.

Disclosure No potential conflicts of interest relevant to this article
were reported.
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