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ABSTRACT

With an increasing immunocompromised population which is linked to invasive fungal infections, it is
clear that our present 3 classes of antifungal agents may not be sufficient to provide optimal
management to these fragile patients. Furthermore, with widespread use of antifungal agents, drug-
resistant fungal infections are on the rise. Therefore, there is some urgency to develop the antifungal
pipeline with the goal of new antifungal agent discovery. In this review, a simple metabolic pathway,
which forms the disaccharide, trehalose, will be characterized and its potential as a focus for
antifungal target(s) explained. It possesses several important features for development of antifungal
agents. First, it appears to have fungicidal characteristics and second, it is broad spectrum with
importance across both ascomycete and basidiomycete species. Finally, this pathway is not found in
mammals so theoretically specific inhibitors of the trehalose pathway and its enzymes in fungi should
be relatively non-toxic for mammals. The trehalose pathway and its critical enzymes are now in a
position to have directed antifungal discovery initiated in order to find a new class of antifungal drugs.
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Introduction

The identification of new antifungal targets for the devel-
opment of potential antifungal drugs has been rapidly
accelerated and amplified because of both the clinical
and economic climate."” First, it is clear that there con-
tinues to be enlarging immunocompromised host popu-
lations such as transplant recipients, cancer victims,
AIDS patients and those cared for in Intensive Care
Units and it is in these fragile patients that invasive fun-
gal diseases (IFD) arise and kill.> Second, despite several
classes of antifungal agents available for treatment, mor-
tality rates in resource-available countries continue to
hover in the 20-40%-range for IFDs depending on the
clinical scenario and the infecting fungal species.*” The
silent epidemic of IFDs has been generally managed by 3
antifungal classes: polyenes, azoles and echinocandins.
Along with substantial clinical failures with these anti-
fungal agents, there has been a pernicious acceleration in
direct drug resistance to several antifungal classes.®'*
Although there has been remarkable progress in the
management of fungal infections over the previous deca-
des, improved antifungal drugs are urgently needed to
possess rapid fungicidal potency, broad-spectrum anti-
fungal activities and an excellent safety profile to reduce
complications in this very sick patient population.

Fortunately, the antifungal pipeline has been rejuve-
nated by the slow but persistent ascent into clinical prac-
tice of fungal biomarkers such as B-D-glucan, mannan,
galactomannan, lateral flow-detected antigens, PCR and
T2 magnetic resonance technology so that diagnostic
preciseness and earlier interventions with treatments
have been improved. Furthermore, antifungal drug
development has been pushed forward in a spectacular
fashion by 2 economic factors. First, the GAIN (Generat-
ing Antibiotic Incentives Now) Act provides incentives
to qualified infectious disease products like antifungal
agents with fast track designations by the FDA. Second,
the use of the Orphan Drug Act allows drugs for rare dis-
eases such as fungal infections to qualify for 7-year
orphan drug market exclusivity. Therefore, the perceived
clinical needs for new antifungals with elevated mortality
rates despite present treatments and the increasing drug
resistance rates have met a favorable business climate to
create the potential antifungal drug development tsu-
nami occurring today.'""?

Over the last 2 decades our ability to identify and vali-
date antifungal targets has significantly increased due to
the development of sophisticated molecular biological
techniques/manipulations of fungal pathogens" com-
bined with the establishment and integration of robust
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animal models of mycoses."” This scientific progress has
begun to allow rational drug designs in the antifungal
space'* and recently, these carefully designed drugs such
as the new azole VT-1161 have made it into clinical tri-
als."” In this investigative antifungal development milieu,
there have been 2 major investigative goals to the anti-
fungal drug discovery focus: (1) find a fungicidal target
and its attendant inhibitor to efficiently eliminate patho-
gen(s) from the host; (2) because fungi and mammalian
systems share basic eukaryotic cellular mechanisms, it is
essential that the identified target and/or inhibitors have
a favorable therapeutic-toxic ratio. In these fragile
patients, the antifungal drug must be very safe. In the
search for more antifungal drug(s), the fungal trehalose
biosynthetic pathway has become a very interesting area
to study as a potential target since it meets these 2 pri-
mary goals.

Trehalose «-D-glucopyranosyl-(1— 1)-a-D-glucopyr-
anoside is a simple non-reducing sugar containing 2 glu-
cose subunits. This disaccharide has a substantial history
in that it was first reported in 1832 in ergot of rye by
Wiggers'® and in fact, there is even mention of it in 1681
as trehala in the cocoon of the Larinus butles."” From
these early beginnings, this sugar was extensively studied
for its chemical properties and over time the entire sim-
ple pathway to trehalose formation and its degradation
was deciphered in several biological systems. In Figure 1,

there is a diagram of the proposed trehalose pathway for
the basidiomycetous fungi, Cryptococcus neoformans and
Cryptococcus gattii. The principle features of this path-
way are its direct linkage to the glycolytic pathway'® and
the presence of several critical enzymes including: Tpsl,
trehalose-6-phosphate synthase, and Tps2, trehalose-6-
phosphate phosphatase, that participate in the formation
of the disaccharide containing 2 glucose molecules. How-
ever, it is important to note that various fungal species
may have different interactive and/or regulatory proteins
within the trehalose biosynthetic complex but these 2
enzymes form the backbone of trehalose formation.
Once trehalose is formed within a cell, it can then be
degraded back to glucose by several described trehalases.
A critical feature to this simple pathway as an antifungal
target is that trehalose can be formed by bacteria, fungi,
plants and invertebrates, but this sugar is not made by
mammalian hosts and in fact, the enzyme machinery for
the pathway has not been found in mammals. Impor-
tantly, in this respect is that targeting and blocking the
pathway through its enzymes should have little conse-
quences for mammal metabolism and biochemical net-
works. Thus, one can hypothesize that inhibitors and/or
eventual drugs directed toward this pathway would have
little toxicity for the host. In principle, this feature is
extremely attractive for a target in the antifungal drug
development space.
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Figure 1. The putative trehalose pathway in cryptococcus.



What are the biological functions of trehalose
in fungi?

Trehalose has been shown to be important for fungal
conidia survival and germination secondary to its known
function as a carbon source.'® It is an important compo-
nent of the energy reserves for certain fungi as a carbohy-
drate source and with this stored energy, it might be
primarily used during times of certain stresses. In fact, it
appears that trehalose also has a critical role as a general
stress protectant molecule for fungi in addition to its
energy roles. Physically, it can interact with proteins and
phospholipids to protect membrane structures and/or
degradation or denaturation of intracellular proteins.***'
It has been shown that trehalose and its pathway have
been critical for survival of certain fungi at high environ-
mental temperature stresses.”>>’ However, there has
been a shift in our understanding of the role of trehalose
and the enzymes themselves as general stress protectants
and more work is needed to clarify the roles.** The
importance of Tpsl in energy homeostasis and its impact
on ATP levels during stress emphasizes the importance
of this protein, outside of its role as a biosynthetic
enzyme.**

This stress protectant function has been confirmed
with the use of site-directed mutants in Candida albi-
cans, Aspergillus nidulans and convincingly in both C.
neoformans and C. gattii at mammalian body tempera-
tures. Along with modulating temperature stresses, tre-
halose can act as a free radical scavenger under oxidative
stress conditions and can protect against host cellular
damages.”>*® Trehalose is important in the cell wall
structure of pathogenic mycobacteria but the direct link
in fungal cell wall structure is less certain, although it has
been shown to have effects on cell wall and even capsule
formation in cryptococcus.””

Trehalose and importantly, its intermediate trehalose-
6-phosphate (T6P), are crucial to carbon metabolism
and its regulation.”® It is likely that the intermediate mol-
ecule, T6P, is a major signaling molecule within the fun-
gal cell’** Tt is clear in Saccharomyces cerevisiae and
Cryptococcus species that T6P inhibits the hexokinases
and thus regulates glycolytic flux. In Magnaporthe ory-
zae, the rice blast fungus, T6P even controls carbon
catabolite repression.”

What is the pathobiological impact of Tps1?

The first step in evaluation of an antifungal target is to iden-
tify its importance in disease through clinically-relevant
animal models. There were 2 indirect observations in animal
models that strongly suggest that Tpsl is important for
survival of cryptococcus in a mammalian host. First, in
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studies on gene expression profiling of Cryptococcus neofor-
mans cells taken directly from the subarachnoid space of
rabbits, TPS1 was found to be highly expressed at this
important site of infection. Second, mice brains infected
with cryptococcus® and its metabolites in the infected tissue
were studied by NMR, substantial amounts of trehalose
were found in and around murine brain cryptococcomas.®
Both these observations were only suggestive that the treha-
lose biosynthetic pathway played a part in the yeast stress
reaction to the host. However, to be more certain of its
impact, Atpsl mutants in both C. neoformans and also C.
gattii were created. In the murine disseminated model in
which yeasts were inoculated through the lungs and the
intracisternal rabbit model of meningoencephalitis, the
AtpsI mutants were severely attenuated in both models.””**
While the Atps] mutant could not grow well at 37°C, it did
survive in vitro but in the mammalian host it simply could
not survive. It was a very rapid death of the yeasts from an
initial large burden of infecting yeasts. The yeasts were con-
sistently killed either in the lung or the central nervous sys-
tem. Therefore, blockage of this target in cryptococcus was
truly fungicidal in mammalian hosts and there was no
apparent regrowth or survival of resistant colonies. These
results in the host (fungicidal) vs the impact of high temper-
ature on AtpsI mutant survival in vitro (fungistatic) made
us hypothesize that other stresses beside temperature also
created the observed impact on yeast survival when this
pathway was blocked in the host. This prediction was
further validated when a cryptococcal AtpsI mutant was
found to be severely attenuated in both the nematode and
zebrafish models™ in which host temperatures are substan-
tially below mammalian body temperatures. In fact, their
temperatures are in the range in which the mutant survives
well and actually grows under simple in vitro nutritious con-
ditions. We now appeared to have an in vivo fungicidal tar-
get (Tpsl) in a variety of animal systems. However, it was
interesting that even in highly-related species such as, C.
neoformans and C. gattii there were some differences
between the Afps] mutants in their specific impact on other
virulence traits such as melanin and capsule biosynthesis.”
Despite these differences in network connections, the pro-
found survival defect was consistent between the 2 species.
In contrast to the cryptococcal experience, the mold,
Aspergillus fumigatus, has 2 TPS1 genes and when an
aspergillus double AfpsI mutant was made, there was
not severe attenuation of virulence in a murine pulmo-
nary aspergillosis model and in fact, it had a modest
increase in virulence.’® The reasons for this difference in
another fungal species could be multiple including the
basic model system studied to the possible unique immu-
nological responses induced by the mutant. In fact, there
were some characteristics of the double Atpsl mutant
that suggested it would possess host survival defects.
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Furthermore, the C. albicans Atps] mutant has both
decreased infectivity’® and macrophage survival.”” These
observed differences between fungal species with respect
to outcomes in Atps] mutants will need to be further
understood.

Is Tps2 an antifungal target?

Phosphatases as druggable targets frequently have draw-
backs because these enzymes commonly have “off target”
activity or might have promiscuous phosphatase inhibi-
tions. However, it is interesting and potentially helpful that
our detailed biochemical studies have shown that the fungal
phosphatase, Tps2, is very specific and has no characteris-
tics that suggest it would be a promiscuous phosphatase
enzyme target. For instance, it is very specific for only T6P
and has no activity on other sugar phosphates or even the
universal phosphatase substrate para-NitroPhenylPhos-
phate (pNPP).* This substrate specificity has also been
reported for the bacterial TPP (Tps2) from mycobacte-
rium.”® As previously noted the cryptococcal Atps2 mutant
simply dies in vitro at 37°C and furthermore, cannot sur-
vive in the mammalian host. In addition, this target is truly
broad spectrum in that A#ps2 mutants of C. albicans and A.
fumigatus display attenuated virulence in mammalian
hosts.*** It is likely that the variety of stresses in the mam-
malian host from high temperatures to host cell damage
mechanisms creates high amounts of T6P inside the yeast
cell with a specific phosphatase block and this important
signaling molecule at high concentrations may actually
become toxic to the fungus inside the cell and its machin-
ery. Tps2 appears to be an ideal fungicidal, broad-spectrum
antifungal target to identify inhibitors/drugs.

What about the trehalases and the degradative
trehalose pathway?

The completion of the trehalose pathway includes the cleav-
age of trehalose to glucose by trehalases that allow the
resulting glucose molecules to be utilized by the glycolytic
pathway.* This part of the pathway can clearly be used by
fungi in the utilization of trehalose as a carbon source for
growth. The number of trehalase genes can vary between
fungal species and include both neutral and acid trehalase
proteins. Relevant to the importance of trehalases to viru-
lence, the neutral trehalase genes in C. albicans (NTC1)
and cryptococcus (NTH1) do not appear to have any
impact on these yeasts’ virulence composite or general
microbial fitness. However, an acid trehalose (ACT1)
mutant in C. albicans had an attenuated phenotype in
mice™ and in Magnaporthe oryzae the neutral trehalase
(NTH1) mutant showed some attenuation of its disease
production by failure of the mutant to colonize plant

tissue’® Validamycin A is a known trehalase inhibitor and
it can possess anti-cryptococcal activity in vitro under cer-
tain growth conditions (unpublished data). In C. albicans,
validamycin A had limited antifungal effects.** In addition,
its ability to work as an antifungal agent in animal models
has been more challenging to show. While the trehalases
participate in the degradation of trehalose in fungi, their
potential as a target for antifungal drug development is
hampered by the presence of multiple enzymes, variable
impact on fungal fitness, and as yet no robust data that this
target would be a consistent, broad-spectrum antifungal
target(s). However, further work is encouraged to under-
stand the impact of the trehalose degradation pathway on
fungal diseases since it remains only partially understood.

Are there other targets within the trehalose
pathway?

Future efforts are needed to understand fully the entire
trehalose biosynthetic complex in pathogenic fungi. For
instance, S. cerevisiae has 2 additional proteins in the
complex (TPS3/TSL1) and work with pathogenic fungi
have found that the trehalose biosynthetic complex can
contain other interacting proteins.*® Furthermore, it is
likely that there are multiple trehalose transporter(s), but
these have not been characterized in the major patho-
genic fungi. However, S. cerevisiae has an identified tre-
halose transporter (Agtl). The trehalose biosynthetic
pathway is integrated with glycolytic regulation, cellular
homeostasis, and stress responses. Thus, these network
connections will provide multiple strategies and targets
to block in this central pathway for potential synergy.
For example, we observed that the cryptococcal AtpsI
mutant was particularly susceptible in vitro compared to
the wild-type strain to the cell stress inhibitors such as
fludioxonil or FK506, which target the HOG1-MAPK
and the calcineurin pathways, respectively. These early
observations underscore the potential that this pathway
and its inhibitors may be able to synergize with or poten-
tiate other signaling/stress pathway inhibitors and/or
drugs. Another example has been described for C. albi-
cans, where virulence was significantly reduced in a
strain lacking both TPS2 and GPR1, which regulates the
cAMP pathway.”

Is there concern for development of drug
resistance to this pathway?

In molecular studies, it was not difficult to spontaneously
isolate from both Atpsl and Atps2 mutants in C. neofor-
mans and C. gattii, colonies that suppressed the tempera-
ture-sensitive phenotype. These suppressors are being
analyzed for exactly how this pathway for temperature



sensitivity can be circumvented. However, despite this
observation, in the host stress environment we have not
observed any development of resistance clones directly
from the mammalian host. The killings of cryptococcal
Atps] and Atps2 mutants are simply efficient and com-
plete within the host despite very high inocula (10°
CFU). There have not been any resistant colonies
appearing in tissue, which suggests that development of
resistant colonies to this block, if occurring, is a very
infrequent survival event under the stresses of the mam-
malian host.

How to search for inhibitors of TPS1 and TPS2?

The strategy for this search has taken 2 avenues. First, the
Tpsl and Tps2 enzymes or their catalytically germane
domains from C. neoformans, C. albicans and A. fumiga-
tus have been produced in purified and large quantities
for high throughput- inhibitor screening assays. With the
recombinant cryptococcal Tpsl protein we have devel-
oped a Transcreener UDP fluorescence-polarization assay
to screen a library of 1300 bioactive molecules of which
we observed several inhibitor hits. One of these inhibitors,
closantel, had potent in vitro activity against C. neofor-
mans and C. gattii strains with minimum inhibitory con-
centrations under 1 mg/mL. However, the first murine
cryptococcosis experiments with closantel treatment did
not yield anti-cryptococcal activity. Regardless, this robust
system is now ready for further screening of other novel
trehalose inhibitors of Tpsl.

A secondary strategy is to pursue the crystal structures of
Tpsl and Tps2 to design “rationally derived” inhibitors for
these proteins based on their active site interactions with
substrates, substrate analogs or inhibitors. To date, only
bacterial E. coli Tps1*’ and the substrate-free structure of
the Tps2 protein from the parasite Brugia malayi have been
solved.*® The best structure-guided inhibitor design typically
requires medium to high-resolution structures (normally
25A or lower). Therefore, we recently have determined the
first eukaryotic, substrate and inhibitor bound Tpsl and
Tps2 structures from multiple pathogenic fungal species,
including C. neoformans, C. albicans and A. fumigatus. The
Tps 2 structures have recently been published to show
specific mechanisms of substrate recognition and catalysis.*’
These structures, which are all high resolution, reveal all key
interactions between Tpsl or Tps2 and their substrates or
substrate analogs. Importantly, these structures revealed the
architecture of the active site of each enzyme thereby signifi-
cantly aiding in silico inhibitor design and its subsequent
optimization. With over a dozen structures of Tpsl and
Tps2 from multiple fungal pathogens determined either in
their substrate-free conformations or as their substrate-
bound or substrate analog-bound complexes combined
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with biochemical analysis and functional mutational map-
ping studies of the fungal enzymes, this area is ready to be
exploited for rational design® to identify inhibitors of the
trehalose biosynthetic pathway enzymes that may lead to
treat fungal infections.

In summary, investigations into the molecular patho-
genesis of cryptococcal disease have directed us to the
trehalose biosynthetic pathway. Its pathobiological
importance has been validated and its uniqueness is
being explored. The tools are now available to make a
concerted effort to explore the pathway as an entry point
to discover potent, broad-spectrum antifungal agents.
We anticipate that paradigms of the trehalose biosyn-
thetic pathway will continue to shift with the increased
effort toward uncovering its role in the cell and during
pathogenesis and that the role of Tpsl and Tps2 in the
cell will be expanded beyond what is currently described.
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