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Abstract
The substantial morbidity and mortality associated with invasive fungal infections constitute
undisputed tokens of their severity. The continued expansion of susceptible population groups
(such as immunocompromised individuals, patients undergoing extensive surgery, and those
hospitalized with serious underlying diseases especially in the intensive care unit) and the
limitations of current antifungal agents due to toxicity issues or to the development of resistance,
mandate the development of novel antifungal drugs. Currently, drug discovery is transitioning
from the traditional in vitro large-scale screens of chemical libraries to more complex bioassays,
including in vivo studies on whole animals; invertebrates, such as Caenorhabditis elegans, are thus
gaining momentum as screening tools. Key pathogenesis features of fungal infections, including
filament formation, are expressed in certain invertebrate and mammalian hosts; among the various
potential hosts, C. elegans provides an attractive platform both for the study of host-pathogen
interactions and the identification of new antifungal agents. Advantages of compound screening in
this facile, relatively inexpensive and not as ethically challenged whole-animal context, include
the simultaneous assessment of antifungal efficacy and toxicity that could result in the
identification of compounds with distinct mechanisms of action, for example by promoting host
immune responses or by impeding fungal virulence factors. With the recent advent of using
predictive models to screen for compounds with improved chances of bioavailability in the
nematode a priori, high-throughput screening of chemical libraries using the C. elegans-c. albicans
antifungal discovery assay holds even greater promise for the identification of novel antifungal
agents in the near future.
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INTRODUCTION
The incidence of invasive fungal infections that are associated with significant morbidity
and mortality has increased in recent years (reviewed in [1, 2]). The mortality rate of
invasive candidiasis, which is currently the fourth most common nosocomial blood-stream
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infection, can reach 40% [3-5]. Factors postulated to have contributed to the rise of Candida
infections include the increase in invasive procedures that disrupt the host’s natural barriers
to infection, and the extensive empirical use of broad-spectrum antimicrobial agents that
increases colonization with Candida species by changing the normal microbiota [6].
Aspergillus and Cryptococcus species are additional opportunistic fungi of great concern to
clinicians [1, 2, 7]. Cryptococcal meningitis is one of the most important human
immunodeficiency virus (HIV)-related opportunistic infections, especially in the developing
world [8].

Systemic antifungal agents have been available since the 1950s; however, the challenges in
the discovery and development of safe and efficient agents, stemming mainly from the
molecular similarities of the eukaryotic fungi to mammalian cells [9, 10], have resulted in a
slower antifungal discovery pipeline compared to those of antibacterial or antiviral agents.
Amphotericin B deoxycholate (AmBD) has been the “gold standard” in antifungal
chemotherapy for over 50 years, despite its frequent associated toxicities (reviewed in [11]).
Ostrosky-Zeichner et al. [12] provide a comprehensive review of the evolution of our rather
limited antifungal armamentarium from the highly toxic nystatin and amphotericin B to the
reformulated for improved pharmacokinetics, lipid-based amphotericin B and the most
commonly used triazoles, to the echinocandins recently; the latter lipopeptides represent the
first fungus-specific class of antimycotics that inhibit the synthesis of a key component of
many fungal cell walls, (1,3)-β-D-glucan (reviewed in [11, 13, 14]). The three marketed
echinocandins (caspofungin, anidulafungin, and micafungin) are currently in late Phase III/
IV clinical trials, while only one candidate, aminocandin (IP9601/HMR3270) is in early
preclinical development [12]. An overview of the research into biologically active natural
products with antifungal activity, which regained popularity among synthetic chemists in the
late 1990s with the advent of the concept of diversity-oriented synthesis, is presented
elsewhere [15].

Progress has been made in the development of therapeutics in the field of medical mycology
during recent years; however, its pace must be increased to meet the growing demand for
more efficient agents with improved pharmacological properties in the facet of drug
resistance (reviewed in [16]), although antifungal drug resistance may actually be less of a
problem than for bacterial infections [17]. Here, we review and discuss current
developments of a recently introduced approach that can be undertaken to identify novel
antifungal agents using the model nematode Caenorhabditis elegans as a biological probe in
in vivo bioassays. Insights into the usage of invertebrate model hosts in antifungal drug
discovery have also been presented by Pukkila-Worley et al. [18]. An overview of the
molecular approaches that may be undertaken for the identification of new antifungal drug
targets has been presented elsewhere [19].

C. ELEGANS: AN ALTERNATIVE MODEL HOST OF FUNGAL
PATHOGENESIS

The study of the interaction of fungi with their natural environmental predators, such as
insects, free-living amoebae, and nematodes, provides clues to the identification of novel
antifungal therapies, especially those that could exert their activity by promoting host
immune responses [20-25]. The hypothesis behind the usage of heterologous invertebrate
model hosts to study fungal pathogenesis is that host innate immune responses were selected
for over evolutionary time (which also explains their broad conservation across many
phyla), while fungal pathogens developed virulence factors to adapt to, and potentially
counteract, these host defense mechanisms; these same virulence traits would enable the
evolution of fungi to successful opportunistic pathogens in mammalian hosts under the
appropriate conditions (reviewed in [26-28]).
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In 2002, Mylonakis and colleagues found that feeding C. elegans solely with non-pathogenic
cryptococcal strains, such as Cryptococcus laurentii and Cryptococcus kuetzingii, did not
affect progeny production or lifespan compared with growth on the usual laboratory food
source, Escherichia coli OP50; in contrast, C. elegans were killed when fed the human
pathogenic yeast Cryptococcus neoformans, and the killing of the nematodes depended on
genes previously shown to be involved in mammalian virulence [25]. These observations
support the hypothesis that the mammalian pathogenesis of C. neoformans may be a
consequence of adaptations that have evolved during the interaction of the fungus with such
environmental predators as free-living nematodes, and suggest that C. elegans can be used as
a simple model host in which C. neoformans pathogenesis can be readily studied.

The C. elegans infection model also allows for the study of complex prokaryote-eukaryote
interactions when the same niche is occupied within a living host. For example,
Acinetobatcer baumannii was found to inhibit the filamentation process of C. albicans when
the two pathogens co-infected the nematode [29]. These findings suggest that C. elegans
provides a whole-animal model system useful for the study of the complex dynamics of
bacterial-fungal interactions in vivo, possibly also providing clues to novel drug targets
based on targets identified by the dominant pathogen that enable it to inhibit the other.

The C. elegans killing assay, which was used in these early studies of both Gram-negative
[30-32] and Gram-positive [33] bacteria as well as of the human pathogenic fungus C.
neoformans [25] as mentioned above, entailed observing a synchronized population of
nematodes for kinetics of death on a lawn of the microbe under study. Living and dead
worms were counted at approximately 24-hour intervals, and the time for 50% of the
nematodes to die, was calculated. The development of two separate tools in the C. elegans-c.
neoformans system, a method for screening a pool of random insertion mutants of C.
neoformans and a progeny-based screen, led to the identification of novel cryptococcal
virulence genes important for pathogenesis in mammalian models [34, 35].

On the opposite end of the spectrum, several conserved innate immune responses, possibly
reflecting the selection pressure imposed by early environmental interactions with natural
predators, were uncovered in C. elegans (reviewed in [36, 37]). A Toll/IL-l receptor domain
adaptor protein that functions upstream of a conserved p38 mitogen activated protein (MAP)
kinase pathway is one such conserved signal transduction component that is required for
pathogen resistance in C. elegans, as shown by genetic and functional genomic studies [36,
38]. This ancestral innate immune signaling pathway present in the common ancestor of
nematodes, arthropods and vertebrates, has been suggested to predate the canonical Toll
signaling pathways in innate immunity [36]. A recent report furthermore showed that host
defense against two prototypic fungal pathogens, C. neoformans and C. albicans, is
mediated by two evolutionarily conserved beta-glucan binding receptors: the C. elegans
CED-1 and C03F11.3 and their mammalian orthologues, the scavenger receptors SCARF1
and CD36, respectively [39]. The activation of CED-1 or C03Fl1.3 through C. neoformans
exposure leads to the induction of such antimicrobial peptides as antibacterial factors abf-1,
and abf-2 that could be explored further as potential antifungal compounds [40, 41].

Key pathogenesis features of fungal infections are thus shared between certain invertebrate
and mammalian hosts and the study of the interactions between invertebrate model hosts and
pathogenic fungi provides insights into the mechanisms underlying both host immunity and
pathogen virulence (reviewed in [26-28, 36, 42]). Moreover, invertebrate model hosts
complement the use of mammalian models by enabling whole-animal high-throughput
infection assays for the in vivo screening of antifungal compounds as discussed below.
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C. ELEGANS AS A PLATFORM FOR THE IDENTIFICATION OF NOVEL
ANTIMYCOTICS

Mammalian models of infection have been traditionally used to discern the molecular
mechanisms by which pathogens interact with the human host. The genetic complexity, long
reproductive cycles and small progeny sizes of mammals and possibly the length of time
post-infection required for the development of symptoms, render, nonetheless, pathogenesis
studies in such hosts challenging; cost and ethical challenges constitute further shortcomings
of mammalian experiments [43]. Certain heterologous hosts provide alternative model
systems of direct relevance to higher order species for the examination of host-pathogen
interactions and the identification of novel antimycotics (reviewed in [26-28, 42]).
Invertebrate model hosts that have been used to study fungal pathogenesis include the fruit
fly Drosophila melanogaster and the greater wax moth Galleria mellonella [26-28, 42].
Although many of these organisms provide excellent infection models and some (e.g.
Drosophila) have been used successfully as alternative platforms for drug efficacy testing of
antifungals [22, 44], several technical limitations currently limit their practical utility in
high-throughput screens. In contrast, C. elegans, the small (about I mm long), temperate-
region soil nematode that Sydney Brenner began using in the 1960’s to study the genetics of
development and neurobiology, can also be used as a tractable model mainly due to its
amenability for processing in liquid assays, which means that automation can be
incorporated into the work flow as discussed in detail below.

Several aspects render the microscopic C. elegans a promising model host for the study of
microbial pathogenesis and the discovery of novel drug targets and bioactive compounds. Its
genome has been sequenced and genetic studies have shed light into the functions of many
of its genes [45]. RNA interference (RNAi), in particular, proved to be a powerful molecular
technique to silence gene expression through the formation of double-stranded RNA and
systematically analyze the connection between gene sequence, chromosomal location and
gene function in C. elegans [46]. The short reproductive cycle of the nematode worms and
their hermaphroditism that lead to genetically identical populations in brief periods of time,
are additional general advantages of this model organism. However, progeny production by
wild-type C. elegans confounds killing assays because of an asynchronous population which
can be affected differently by the pathogen at different life stages and because larvae often
hatch inside the nematode, leading to the death of the worm by a mechanism not directly
related to pathogen exposure (so-called matricidal killing). These problems can be solved by
substituting wild-type nematodes with a C. elegans glp-4 mutant strain in screening assays.
The glp-4 mutation renders the strain incapable of producing gonads or progeny at 25°C,
without affecting the normal morphology or brood sizes at 15°C, the temperature that is
typically used for the propagation and maintenance of the nematodes [47]. Auxotrophic
strains of E. coli are the usual laboratory food source for the nematodes that can be easily
infected with both a number of pathogenic bacteria and fungi by substituting this food
source with the pathogen of interest. The development of C. elegans as an infection model is
hindered only by the consumability and retention of the pathogen.

C. albicans, like C. neoformans, establishes a lethal infection in the digestive tract of the
worms by employing several virulence traits that are also required for mammalian
pathogenesis. In particular, C. albicans cells undergo morphological transitions from
planktonic to filamenting forms, as shown in Fig. 1. Adhesion to host cells, biofilm
formation, and direct invasion through host tissues are facilitated by these filaments that
appear to be required for the full virulence potential of Candida albicans in both mammals
and C. elegans [48, 49]. It should be noted that filamentation alone is not sufficient to kill
other invertebrate model hosts, such as G. mellonella (Lepidoptera: the greater wax moth),
as suggested by a recent report [50]. During C. elegans infection, however, a network of true
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hyphae is created by wild-type C. albicans resulting in the physical piercing of the worm
cuticle and its death [51].

The presence of filaments breaking through the worm and its killing served as specific end-
points in pilot experiments in the C. elegans-C. albicans model that was used to screen a
library of chemical compounds with established biological activities [49]. The assay was
performed in liquid media using standard 96-well plate technology. A C. elegans glp4;sek-1
double mutant was used in the screening. As mentioned above, the glp-4 mutation renders
the strain incapable of producing progeny at 25°C and is, thus, suited for these studies,
although sterile animals are long-lived compared to wild-type animals [47, 52]. C. elegans
SEK-I encodes a conserved mitogen-activated protein (MAP) kinase kinase involved in the
innate immune response, and sek-I animals are relatively immunocompromised [53].

The constitutive expression of green fluorescent protein (GFP) by the C. albicans strain that
was ingested by the nematode worms allowed for the detection of antifungal activity. C.
albicans strain MLR62 expresses GFP (linked to the constitutively active TEF1 promoter)
and exhibits similar killing kinetics to the parent strain DAY 185 in the C. elegans assay [49,
54]. Compounds with significant antifungal activity prevented the development of green
fluorescence in the intestinal tract of infected worms that continued to move normally at the
endpoint of the assay; in contrast, in wells containing inefficient antimycotic compounds,
nematodes actively infected with C. albicans, as manifested by the high levels of intestinal
fluorescence, were rod-shaped, non-mobile and engulfed in filament networks.

This reporter method was used in a screen of 1,266 compounds with known pharmaceutical
activities, which identified 15 (approximately 1.2%) that prolonged the survival of C.
albicans-infected nematodes and inhibited the in vivo filamentation of the fungus [49]. The
compounds that were identified by this and subsequent screens in the Candida-mediated C.
elegans assay arc listed in Table 1. Two identified compounds, caffeic acid phenethyl ester
(CAPE), a major active component of honeybee propolis, and the fluoroquinolone agent
enoxacin exhibited antifungal activity and prolonged survival in a murine model of
candidiasis as well; however, of these two compounds only CAPE inhibited C. albicans
growth in vitro. CAPE prolonged the survival of nematodes in the in vivo C. elegans-C.
albicans assay at a concentration of 4 μg/mL [49], while its minimal inhibitory
concentration (MIC) was 16-fold higher, suggesting that its beneficial actions for survival
lay beyond the inhibition of fungal growth, possibly in the immunomodulation of the host,
but this hypothesis warrants further studies. A similar screen for novel antibacterial agents
nonetheless identified several compounds with immunomodulatory activity in a C. elegans
live-animal infection model [55].

In particular, Moy et al. adapted a previously developed agarbased C. elegans-Enterococcus
faecalis infection assay so that it could be carried out in liquid medium in standard 96-well
microtiter plates and used this simple infection system to screen 6,000 synthetic compounds
and 1,136 natural product extracts. The screen identified 16 compounds and 9 extracts that
promoted the survival of E. faecalis-infected nematodes [55]. Some of these compounds and
extracts also inhibited the growth of E. faecalis in vitro, but at significantly lower MICs
compared to traditional antibiotics. Thus, the C. elegans infection model can be used not
only for the identification of traditional antimicrobials, but also as a means to identify
immunostimulatory compounds that could perhaps be effective against multi-drug resistant
(MDR) pathogens. A new class of agents for countering efflux-mediated bacterial drug
resistance may be hybrid antimicrobials containing an antibacterial linked to an MDR pump
inhibitor; this strategy has been successfully evaluated using a C. elegans infection model
[56]. The discovery that many bacteria use quorum-sensing (QS) systems to coordinate

Anastassopoulou et al. Page 5

Curr Pharm Des. Author manuscript; available in PMC 2013 July 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



virulence and biofilm development may also lead to new, promising targets for antimicrobial
drugs that can be assessed on the C. elegans model [57].

The feasibility of conducting the screen as a liquid assay process has transformed the
initially tedious screening assay protocol and optimized the work flow by using robotic
systems for the labor-intensive and time-consuming steps of precise dispensing of worms
and compounds into assay wells and co-inoculation of nematodes with C. albicans [58, 59].
The microscopy/imaging and software scoring components of the C. elegans-based
screening system also continues to evolve. One of the available imaging systems for scoring
and analysis is the Molecular Devices Discovery-1 microscope and MetaExpress software.
This system is capable of capturing light images and scoring C. albicans-infected worms 10
detect reduction in fungal growth or wells containing chemical compounds with antifungal
activity; however, visual scoring is still required to evaluate nematode life or death based on
the sinusoidal- or rod-shaped appearance of the worms, correspondingly [59].

The ability to increase the screening process to greater high-throughput capacity can be
potentially aided by an increase in automation and the addition of florescence. Gosai et al.
[60] showed that they could advance preclinical drug discovery campaigns by screening live
C. elegans modeling α1-antitrypsin deficiency and other complex disease phenotypes on
high-content imaging platforms. Using transgenic animals expressing fluorescently-tagged
proteins, they first developed a high-quality, high-throughput work-flow utilizing an
automated fluorescence microscopy platform with integrated image acquisition and data
analysis modules to qualitatively assess different biological processes including growth,
tissue development, cell viability and autophagy. Gosai el al. [60] subsequently adapted this
technology to conduct a small molecule screen and identified compounds that altered the
intracellular accumulation of the human aggregation prone mutant that causes liver disease
in α1-antitrypsin deficiency.

Another means of scoring C. elegans in high-throughput screens is SYTOX Orange
combined with the CellProfiler software, a method that has been used in the search of
antibiotics when bacteria served as the infecting agents [61]. This method relies on the
property of the fluorescent marker SYTOX Orange to target dead cells and worms. The
extrapolation of this method to the fungal infection model has not been feasible yet due to
the fact that C. albicans retain the stain, thus preventing the acquisition of accurate readings
with the microscopy analysis software.

The assay protocol for the study of Candida cells in non-planktonic form and the concurrent
evaluation of toxicity and antifungal activity of compounds is described in detail by
Tampakakis el al. [58]. This improved, facile and relatively inexpensive high-throughput
method was utilized to screen a library of a total of 3,228 compounds that consisted of 1,948
bioactive compounds and 1,280 small molecules derived via diversity-oriented synthesis
[59]. The efficacy of most known antifungal compounds within the chemical library was
confirmed, while twelve other compounds that are not primarily used as antifungal agents,
including three immunosuppressive drugs, were also identified (Table 1).

A compound screen of natural products was also undertaken using the C. elegans assay
system; twelve plant-derived saponins were found to have antifungal properties (Table 1),
two of which (a representative one from each group), A16 (aginoside) and A19 (a saponin
that shares a similar aglycone core which is related to the barrigenol family of natural
products), were selected for further analysis [62]. C. albicans isolates, including strains
resistant to clinically used antifungal agents, were inhibited by these compounds that also
disrupted C. albicans hyphae and biofilm formation. Saponins increase the permeability of
fungal cells, rendering them more susceptible to salt-induced osmotic stress. When used in
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combination with photosensitizer compounds, the fungus displayed increased susceptibility
to photodynamic inactivation due to this property of saponins that facilitated the cell
penetration of the photosensitizers [62]. Photodynamic therapy is a rapidly developing
antimicrobial treatment strategy that employs a non-toxic dye, termed a photosensitizer, and
low intensity visible light, which, in the presence of oxygen, combine to produce reactive
oxygen species that can be targeted to specific destination cells or tissues [63, 64]. C.
neoformans has been shown to be susceptible to photodynamic inactivation and this
susceptibility of the fungal pathogen was associated with cell wall integrity [65]. Hence,
compounds containing saponin structural features may be proven to be suitable chemical
scaffolds for a new generation of antifungal compounds, either by themselves or in
conjunction with currently used antimycotics.

ADVANTAGES AND LIMITATIONS OF THE C. ELEGANS SCREENING
SYSTEM

Several attributes of C. elegans whole-animal bioassays render them particularly attractive
for the discovery of novel antifungal therapeutics (reviewed in [18]). Thousands of
compounds can be screened simultaneously in a high-throughput fashion since the
experiments can be performed in liquid media using standard 96- or 384-well microtiter
plates, thus providing an advantage over the use of other host options that lack a liquid assay
aspect and, therefore, are not amenable to high-throughput automation techniques;
automated robotic systems can now be used to fill the assay plates, sort the worms in the
wells, and pin transfer compounds directly from dimethyl sulfoxide (DMSO) stocks to the
assay plates. No additional dosing formulation development (e.g. for oral, intravenous, or
subcutaneous use) is required as in the in vitro models, and the compounds are therefore
administered directly from the DMSO stocks to the screening plates.

The Z’-factor, a dimensionless, simple statistical feature for each high-throughput screening
assay, provides a useful tool for the evaluation of the quality of assays by comparing the
assay performance of test compounds to those with known antifungal activity, such as
amphotericin or ketoconazole [66]. Increasing the number of worms used to screen each
compound obviously improves the statistical power of the assay. In contrast to traditional
drug discovery models where individual properties of compounds have to be evaluated and
optimized sequentially, several desirable compound characteristics (e.g. with respect to
potency, solubility, or permeability) can be assessed simultaneously in this whole-animal in
vivo assay. The efficiency of primary screens in the identification of potentially quality lead
compounds is thus increased.

The C. elegans model may also be suitable for laboratory toxicity testing. For example, in
the C. albicans infection model, a concentration of 32 μg/mL of fluconazole effectively
prolonged the survival of nematodes exposed to a fluconazole-susceptible Candida strain,
whereas higher drug concentrations (up to 100 μg/mL) negatively affected nematode
survival, even in comparison to an untreated control group of worms [49]. The survival-
promoting effects of the drug at lower concentrations may mask any existing toxic effects
(reviewed in [18]).

Several lines of evidence support the use of C. elegans in early rounds of chemical toxicity
screening. The model nematode has been used as a toxicity biomarker caused by soil
pollutants such as heavy metals and organic solvents; the sensitivity of these tests in the
worm is comparable to tests with other soil species (e.g. enchytraeids, earthworms and
springtails), while they are less demanding to space and time [67]. C. elegans was also found
to be a predictor of mammalian acute lethality to metallic salts, generating toxicity values
that correlated well with rat and mouse values at about 10% of the cost in these
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conventionally used animals [68]. Similarly, the order of toxicity of the nematodes
following organophosphate exposure was significantly correlated to those of both rats and
mice, supporting the use of C. elegans as a mammalian neurological model as well [69].

Thus, the whole-animal C. elegans assay may help not only to monitor the toxicity of a
candidate compound that would be then eliminated from further study, but it can also
identify antifungal compounds with novel mechanisms of action that most likely would be
missed by in vitro screens that target fungal growth. Compounds exerting their activity
through the immunomodulation of the host, or by altering the expression patterns of fungal
virulence factors that are induced only during infection can be identified by the C. elegans
bioassay. The availability of RNAi in the model nematode could aid in this direction.
Compounds identified in such screens can potentially be used as “probe compounds” that
may well have antifungal activity against other fungi [49]. Compounds may have synergistic
effects when used in combination, as described recently for anthelmintic combinations [70];
however, the properties (pharmacological and other) of any such combined compounds
should be evaluated very carefully before such a conclusion is drawn, especially since
results are to be extrapolated from the C. elegans nematode to higher-order host models.

Naturally, the C. elegans-C. albicans antifungal discovery assay has several limitations. A
potential antifungal agent may be overlooked in this assay system in the following scenarios
that were actually encountered recently in the cases of the clinically relevant albendazole,
and the avermectin and abamectin, correspondingly [59]: 1) if the assayed compound is
characterized by limited solubility in water; 2) if it has both antifungal and nematicidal
activity; 3) if the compound is active against fungi other than C. albicans, the fungus used in
the screen. The number and types of immunomodulatory compounds that can be identified
in the C. elegans bioassays may be restricted due to the simplicity of the nematode innate
immune system. Important pharmacodynamic properties that influence the systemic
absorption of compounds, protein binding, and volume of distribution, may not be assessed
accurately in the tiny nematodes. It is also of note that it is not possible to control the precise
number of fungal cells (inoculum concentration) that are consumed by each nematode [26],
although the use of a standardized fungal inoculum has been introduced to the assay system
lately [59]. Toxic compounds from a compound library may not be all excluded by these
bioassays.

It should be made clear that the liquid-based C. elegans-bioassay applies only to C. albicans
in terms of fungal pathogens at present; C. elegans has been used as a model organism in the
study of other fungi, such as C. neoformans, on solid media as previously mentioned [25,
34, 35]. The only limiting factors, in this case, are that the fungal cells need to be (a) of a
consumable size for C. elegans and, (b) once consumed and after passing through the
nematode grinder organ, they must be retained, intact, in the gut for the infection to be
adequately established. In theory, the use of C. elegans could be extended to the study of
other opportunistic fungal pathogens, possibly with different modes of transmission, and this
is a possibility that should be explored in the near future.

Therefore, a reasonable overall strategic approach in drug discovery for novel antifungal
agents could entail high-throughput compound screens in C. elegans and further validation
of the compounds identified by these bioassays using traditional mammalian models. As
such the C. elegans bioassay can complement, rather than substitute, the in vivo study of
novel compounds in higher order hosts.
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BIOAVAILABILITY SCREENING ADDRESSES THE CHALLENGE OF
PERMEATION IN C. ELEGANS

The resistance of C. elegans to perturbation by pharmacologically active molecules is a
significant problem that could limit its utility as a screening tool in drug discovery. The low
in vivo permeability of the model nematode is attributable to such physical barriers as its
four-layer cuticle [71] and its rapidly pumping intestine [72], as well as to its impressive
enzymatic xenobiotic defenses that are controlled by over 140 genes [73]. As a result, only
2% of small-molecule pharmaceuticals induce a robust phenotypic response in C. elegans,
even when they are applied in doses far in excess of those applied to mammalian cells [74,
75]. Burns et al. have recently presented an interesting approach to circumvent this problem
by screening for bioaccumulation rather than bioactivity in C. elegans, in order to map a
priori the chemical space that can permeate the worm’s formidable defenses [76].

More specifically, Burns and colleagues conducted a survey of the accumulation and
metabolism of over 1,000 commercially available drug-like small molecules in C. elegans.
Fewer than 10% of these molecules were found to accumulate to concentrations greater than
50% of that present in the external environment of the worm. Using the dataset of the
chemical structures of the accumulated compounds, Burns et al. developed and validated a
Bayesian model that identifies compounds with an increased likelihood of bioavailability
and bioactivity in C. elegans [76]. Pre-selecting for molecules with chemical structures
predicted by this model to confer accumulation to effective concentrations in the nematodes
could increase the success of future small molecule screens in C. elegans.

The idea of the probabilistic relationship between the bioavailability of a compound and its
chemical structure and physicochemical properties is not new (reviewed in [77]). Lipinski
was the first to set the stage in this line of pharmacological research with his seminal work
on the “Rule of Five” which describes how defined physicochemical parameters of drugs
correlate with the likelihood of their oral bioavailability in humans [78]. The “Rule of Five”
does not, however, apply to many antibacterial or antifungal drugs. According to Hopkins
and Bickerton, the novelty of the Burns et al. work stems from the idea that screening for
bioavailability to define the chemical space for bioactive discovery, a priori, should be a
goal in its own right [79]. In a similar fashion, screening rules have been proposed recently
in fungicide, herbicide, and insecticide design to increase the efficiency of finding leads
[80]. This strategy could potentially address some fundamental challenges in drug discovery
and improve the chances of discovering novel, more efficacious antimycotics in the near
future.
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Fig. (1). Progression of Candida albicans infection in the C. elegans intestine
(A). The nematode becomes infected with fungi by consuming the yeast cells as a food
source. The white arrow points to the C. elegans pharyngeal grinder. Black arrows point to
the location of the fungal cells in the nematode intestinal lumen. (B). Once the C. albicans
cells are in the nematode, they form filaments (indicated by the broken black arrows) (C)
that penetrate through the worm cuticle.
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Table 1

Compounds Exhibiting Antifungal Activity Identified in the C. elegans-C. albicans Infection Assay to Date

Category Compound Action/Use Reference

Established antifungals

Amphotericin B Interaction with ergosterol to form transmembrane channels [81, 82] [59]

Bifonazole Interference with ergosterol synthesis [83] [59]

Butoconazole nitrate Interference with ergosterol synthesis [84, 85] [59]

Ketoconazole Interference with ergosterol synthesis [83] [59]

Nystatin Binding to ergosterol to induce permeability changes [86] [59]

Oxiconazole nitrate Interference with ergosterol synthesis [84, 87] [59]

Terconazole Interference with ergosterol synthesis [88] [59]

Immunosuppressant agents

Ascomycin
(Ethyl analogue of FK-506)

Binding to immunophilins and inhibition of Th1 & Th2 cytokine production [89] [59]

Cyclosporin A Complex formation with cyclophilin to inhibit calcineurin [90] [59]

FK-506 (Tacrolimus) Complex formation with FKBP-12 to inhibit calcineurin [91, 92] [59]

Plant-derived saponin natural products

A2 Sakurasosaponin Molluscicidal and antifungal triterpenoid saponin [93] [62]

A6 Arvensoside B No previous reports on antifungal activity [62]

A7 No previous reports on antifungal activity [62]

A8 (Analogue of A16) Glycosylated derivative of Aginoside [94, 95] [62]

All No previous reports on antifungal activity [62]

A16 Aginoside Known antifungal natural product [94, 95] [62]

A17 Pentasaccharide that incorporates the distal furanose residue, related to maesabalide
family;
no reports on antifungal activity [96]

[62]

A19 Related to barrigenol family, unique polyglycosylation [97,98] [62]

A20 No previous reports on antifungal activity [62]

A21 Pentasaccharide that incorporates the distal furanose residue, related to maesabalide
family;
no reports on antifungal activity [96]

[62]

A24 (Analogue of A 16) Glycosylated derivative of Aginoside [94, 95] [62]

A25 Related to barrigenol family, unique polyglycosylation; excellent activity against C.
albicans
in vitro [97]

[62]

Other compounds

Caffeic acid phenethyl ester
(CAPE)

Active component of propolis, a natural antimicrobial resinous plant product
collected & used
by honeybees for protection of hives [99]

[49]

Concanamycin A Potent & specific inhibition of vacuolar-ATPase [100] [59]

Dequalinium chloride Potent anti-tumor activity and protein kinase C alpha (PKC) inhibition [101] [59]

Ellipticine Potent anti-tumor agent; DNA intercalation and/or topoisomerase II inhibition [102] [59]

Enoxacin Fluoroquinolone antibiotic; enhancement of in vitro antifungal activity of
amphotericin B &
mepartricin; no inhibition of filament formation in C. elegans-killing assay [103]

[49]
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Category Compound Action/Use Reference

Lapachol Naphthoquinone found in tropical plant seeds & heartwood; anti-leishmanicidal
activity [104,
105]

[49]

Malachite green carbinol
base

Metabolism to carbinol form, then to toxic leucomalachite green form; used for
parasitic,
fungal & bacterial infections in fish & fish eggs [106, 107]

[59]

Mepartricin Used to treat chronic pelvic pain syndrome; reduction of estrogen plasma levels &
their con-
centration in the prostrate; antifungal activity against Candida [108]

[59]

Phenylmercuric acetate Metabolism to diphenylmercury; used as fungicide, herbicide, slimicide &
bacteriocide [109]

[59]

Suloctidil Used as a peripheral vasodilator, formerly in treating peripheral and cerebral
vascular disor-
ders; hepatotoxic [110]

[59]

Triadimefon Gibberellin & sterol biosynthesis [111] [59]

Valinomycin Apoptosis inducer by disruption of mitochondrial membrane potential; affects C.
albicans
morphology [112, 113]

[59]
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