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Following an expansion in the antibiotic drug discovery in the
previous century, we now face a bottleneck in the production of
new anti-infective drugs. Traditionally, chemical libraries are
screened either using in vitro culture systems or in silico to
identify and chemically modify small molecules with
antimicrobial properties. Nevertheless, almost all compounds
passing through in vitro screening fail to pass preclinical trials.
Drug screening in Drosophila offers to fill the gap between in
vitro and mammalian model host testing by eliminating
compounds that are toxic or have reduced bioavailability and
by identifying others that may boost innate host defence or
selectively reduce microbial virulence in a whole-organism
setting. Such alternative screening methods in Drosophila,
while low-throughput, may reduce the cost and increase the
success rate of preclinical trials.
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Introduction

A common countermeasure to the ever-growing antibiotic
drug resistance is the production of new effective drugs.
Nevertheless, the rate of production of new antibiotics is
steadily declining [1]. One reason for this might be the
chemical screening methods that rely solely on iz vitro
culture systems. Traditionally, drug research is moving
from iz vitro small molecule screens to preclinical assess-
ment in mammalian hosts. There are two problems with

this approach: first, tests in mammals are costly and can
usually be restricted to a few compounds at a time, and
second, iz vitro assays are inappropriate to capture the
complexity of an infected host [2]. Liive hosts are preferable
because they enable drug toxicity and bioavailability
assessment at the organismal level [3] and [4]. In addition,
drugs that might interfere with the host microenvironment
or microbial virulence per se can only be assessed upon the
interaction of microbes with a host. Thus, quality anti-
infective drug assessment in simple model hosts might be a
more effective way to identify new drug leads. In this
review, we aim to examine the suitability of Drosophila
melanogaster as a model organism for anti-infective drug
assessment due to its high degree of molecular, cellular and
physiological conservation with humans, which allows the
modelling of infections that recapitulate aspects of human
disease [5°,6]. In this respect, Drosophila might fill the gap
between i# vitro screens and preclinical trials or be used
directly, instead of iz vitro screens.

Advantages of Drosophila in terms of
laboratory use

Drosophila has a short life cycle of ~10 days from egg to
sexually mature adult as compared to the ~2.5 months of
mice (Table 1). Large numbers of flies can be propagated
quickly, since tens of females can produce hundreds of
offspring within two weeks. The offspring become sexu-
ally mature very early in their adult life, enabling the life
cycle to continue [2]. Due to its small size of 2 mm in
length thousands of flies can be contained in a space that
would normally fit less than 10 mice. In addition, fly food
is usually made of grocery store ingredients such as
cornmeal, yeast and sucrose, thus the cost of maintenance
is quite low. Moreover, there are no ethical concerns or
regulated protocols for its use in biomedical research.

As an advantage over Caenorhabditis elegans, a popular
invertebrate model host, drugs can not only be mixed
in the fly food but also administered by injection (Table
1). Precise doses of 2-200 nl of drug solutions can custo-
marily be injected in each fly [7] and less than 200 pl on a
paper disc suffice to feed 20 flies for 24 hours [8°]. Hence,
only small quantities of drugs are required during exper-
iments; yet another reason why drug tests in flies are not
expensive. In addition, Drosophila can be used for toxi-
cological studies because the relative toxicity of chemi-
cals in flies correlates well with that in mammals [9].
Finally, Drosophila infection and inflammation can easily
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Table 1

Comparison of model organisms most commonly used in drug discovery

C. elegans Drosophila Mouse

Practical aspects Embryogenesis and sexual maturation 3 days ~10 days ~2.5 months

Size 1 mm 2mm 10cm

Cost Low Low Medium
Similarity to humans Number of genes 21,187 15,867 34,293

Disease homologs ~65% ~75% ~95%

Physiology Low Medium High

Innate immunity Low Medium High
Genetic tools Whole-genome RNAi Yes Yes No

Tissue/time specific RNAI No Yes No

Gene knockouts ~50% ~50% ~10%

Transgenesis Easy Easy Laborious
Drug testing Drug delivery Feeding Feeding-injection Feeding-injection

Drug quantity Wl rl-nl mi—pl

Throughput High Low Very low

be studied in relation to aging overcoming the barrier of
long experimental time [10]. This is because Drosophila
maximum life span ranges between 60 and 90 days, with 1
day of the fly roughly corresponding to 1 year of humans.
T'hat is, flies exhibit aging effects as early as 20 days post
the onset of adulthood.

Advantages of Drosophila genetics

Drosophila has a long history as a model organism for
genetics and a significant similarity with humans in terms
of gene homologs. It has functional homologs for 75% of
human disease related genes [11], more than any other
invertebrate model host studied today (Table 1 and [12]).
Its genome is fully sequenced and is one of the best-
annotated among eukaryotes. Thus, many technologies
have been developed and techniques are easily and
commonly used, such as transgenesis, RNA interference
(RNAI1) technology and gene microarrays. Double-
stranded RNAs have been synthesized for almost all
genes and the tools are commercially available for the
conditional inactivation of essentially any gene of interest
in vivo or in cell culture [13]. For example, Drosophila cells
have been used in genome-wide RNAI screens to rapidly
identify genes required for replication of influenza and
dengue viruses [14,15]. Furthermore, there are large
collections of mutants and transgenic Drosophila stocks
maintained at Bloomington and other stock centers
around the world (http://flybase.org). Moreover, the Dro-
sophila genome contains fewer genes than humans, and
consequently, presents less overall genetic redundancy.
This allows for an easier target identification, although
multiple or modified drugs might be needed in mammals
to affect the multiple gene variants. Finally, a variety of
genetic tools and markers are available today in order to
study the role of microbial pathogenicity tissue-specifi-
cally using the GAL4/UAS system [2]. This is an
advantage over other model hosts, because expression
of any Drosophila gene can be controlled time and tissue-
specifically (Table 1). For example, tissue-specific and

temporal RNAi allowed the identification of the JAK/
STAT signalling pathway as a regulator of the intestinal
immune response and regeneration in the fruit fly [16]. In
addition, intestinal damage and regeneration can be stu-
died by flip-out clones of cells emanating from intestinal
stem cells [17,18], as well as mitotic clones using either

the B-galactosidase marker or the ‘““Mosaic Analysis with a
Repressible Cell Marker’”” method [2].

Drosophila physiology and the immune
system — conservation and significance for
mammalian research

Several organs and specific cells fundamental to the
immune response are highly conserved between flies
and mammals. This is the most significant advantage
over all other invertebrate model hosts studied today
(‘T'able 1). Flies have a defined brain that interacts with
other organs, for example, the fat body and the intestine
via cytokines and insulin peptides, respectively [19,20].
The fat body is the equivalent of the mammalian liver,
an innate immunity and a metabolic organ [19,20]. The
fly intestine bears many similarities with that of mam-
mals in terms of cellular and molecular biology and
epithelial architecture [2]. Plasmatocytes are the macro-
phage-like cells of Drosophila that detect and phagocy-
tose microbes and secrete cytokines and antimicrobial
peptides [21]. The muscle cells of the Drosophila flight
muscle, heart and intestine are stratified or smooth
similarly to those of humans and share a role in host
response to infection [2,22]. The Drosophila trachea is an
air-transporting organ with similarities to the human
vasculature [23]. Finally, the nephrocytes and the mal-
pighian tubules are kidney-like cells with a role in host
defence [24,25].

"T'he Drosophila epithelia that are attached to the cuticle,
as well as those of the intestine and the trachea are
physical barriers to pathogen invasion and the first to
respond to external microbes. Should microbes invade
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these epithelia other local tissues, such as the Drosophila
flight muscle, respond to wound infection eliciting a
localized host defence response orchestrated by the
highly conserved JNK pathway [22]. Importantly, muscle
responses to wound infection appear to be conserved in
mice and in humans [22,26]. On the other hand, when
bacteria enter and damage the intestine, they induce
enterocyte regeneration, which serves as a defence
response to protect the host [17]. Numerous conserved
signalling pathways are involved in intestinal regener-
ation upon infection, including the Wnt/Wg, Notch,
Hippo, JNK, INSR/InR, K-Ras/Rasl, JAK-STAT and
the NF-kB pathways [27].

In case microbes pass through intestinal or other barrier
epithelia, additional mechanisms of protection take place.
These include phagocytosis by the plasmatocytes, which
are analogous to the mammalian macrophages, and the
production of antimicrobial peptides by the fat body [21].
Many bacteria and fungi induce the Toll and/or the
immune deficiency (Imd) pathways, which are the two
highly conserved NF-kB pathways of the systemic Dro-
sophila immune response [27].

Viral infections elicit systemic immune responses via the
universally conserved RNAi mechanism. The Drosophila
small interfering RNA pathway is activated by double-
stranded viral RNA or DNA [28]. Moreover, DExD/H
box helicases, cell autophagy as well as the conserved
JAK/STAT, Imd/TNF and/or the Toll/TLR innate
immune cascades play a crucial role in responding to
viral RNA in flies and mammals [6].

Human related microbes studied in Drosophila
Many human bacterial pathogens have been studied in
Drosophila including the Gram-positive bacteria Enter-
ococcus faecalis, Staphylococcus aureus, Steptococcus pneu-
moniae, Bacillus cereus and Listeria monocytogenes, and the
Gram-negative bacteria Vibrio cholerae, Serratia marces-
cens, Pseudomonas aeruginosa, Salmonella typhimurium,
Chlamydia spp., Burkholderia cepacia, Yersinia pseudotu-
berculosis, Francisella tularensis, Legionella pneumophila
and Mycobacterium marinum [7]. Of those, P. aeruginosa
and M. marinum may suppress the innate immune
response as part of their virulence repertoire [22,29].
Interestingly, the antibiotics rifampicin, dinitrobenza-
mide, amikacin and isoniazid show good bioavailability,
because when fed to the flies they alleviate systemic M.
marinum infection. Of special note, the success of the
antituberculosis drugs isoniazid and pyrazinamide
against the tuberculosis model microbe M. marinum
is facilitated by a boost in host cell autophagy in flies
and mammals [30°°]. These data suggest that not only
direct antibacterial efficacy but also innate immune
induction share similarities between flies and mammals
and can be exploited for pharmacological assessments
in flies.

Intestinal P. aeruginosa induces damage and apoptosis of
midgut enterocytes in Drosophila, which in turn induces
intestinal stem cell proliferation, a process that is however
reversible upon bacteria clearance by the common food
preservatives methyl paraben and propionic acid [17].
Strikingly, K-Ras/Rasl oncogene expressing Drosophila
hindgut cells induce tumors and delaminate through the
basal side of the epithelium upon P. aeruginosa infection,
which is an additional process that can be inhibited by
eliminating infection using food preservatives [31°,32].
Furthermore, 2-aminoacetophenone, a small chemical
produced by P. aeruginosa, has been shown to reduce
P. aeruginosa virulence in Drosophila and mice [8°].
Finally, researchers have exploited phages as anti-infec-
tives against P. aeruginosa using Drosophila. Fruit flies
infected with P. aeruginosa can be treated with bacterio-
phages MPK1, MPK6 by feeding [33,34°]. Such findings
encourage future assessment of food preservatives and
natural or biological products, including bacterial metab-
olites and bacteriophages, as anti-infectives.

Apart from bacteria, human fungal pathogens can also
inflict disease in flies. Candida albicans, Aspergillus fumi-
gatus, Aspergillus hyphae, Cryptococcus neoformans, Cunning-
hamella berthollethiae, Scedosporium spp. and Fusarium spp.
have been studied in flies [13,35]. Of those, the zygomy-
cete C. berthollethiae has been meticulously studied in
combination with chemical modifiers of iron in Droso-
phila. Enhancers of zygomycetes virulence traditionally
used in humans, such as corticosteroids, increase iron
supply, and iron availability through treatment with
deferoxamine dramatically increases pathogenicity by
zygomycetes. Accordingly, iron starvation induced by
treatment with the iron chelator deferasirox significantly
protects infected flies [36]. Another common antifungal,
voriconazole is potent against F. moniliforme and S. apio-
permum infection in flies [37]. Moreover, combinatorial
drug assessment assays in Drosophila reveal a synergism
between voriconazole and terbinafine against Aspergilius
Sfumigatus, similar to that seen in mammals [38]. Recently,
another synergy was shown between tarcolimus and
posaconazone in flies and mice against Ryzopus oryzae
[39°]. Because all of the aforementioned treatments were
administered by feeding in flies, while infections were
either superficial or systemic, many antifungal drugs
appropriate for humans may have good bioavailability
and efficacy in flies.

Human related viruses that have been studied in flies
include, Dengue virus, Epstein-Barr virus, Hepatitis B
virus, Human cytomegalovirus, HIV-1, Influenza A virus,
SARS coronavirus, Simian valuolating virus 40, Vaccinia
virus, Sindbis virus, Vesicular Stomatitis virus and West
Nile virus [6]. The last three of those have also been
studied in adult flies, thus allowing the assessment of
treatments against them in a whole organism setting.
Pertinent to the identification of gene target against these
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viruses, Drosophila NRAMP and its human homologue
NRAMP?2 have been identified as necessary for the entry
of Sindbis virus into the host cells [40°°]. In addition,
Drosophila Toll-7 has been identified similar to its mam-
malian ortholog TLR-7 as important for host defence to
infection against Vesicular Stomatitis virus vza the induc-
tion of cell autophagy [41]. Finally, West Nile virus 3’-
untranslated region-derived RNA molecule, known as
subgenomic flavivirus RNA, suppresses the siRNA-
induced and miRNA-induced RNAi pathways in both
mammalian and insect cells [42], indicating that RNAi-
based therapies might be a goal for the near future against
insect-borne flaviviruses.

Obstacles and disadvantages of the model

Despite the numerous advantages of D. melanogaster as a
model organism for the study of anti-infectives, there are
also several shortcomings. That flies are infected and
maintained at a temperature of 25-29°C can be a problem
for the study of pathogens and virulence factors that
require the mammalian body temperature, that is, 37°C
[13]. Also, its inability to simulate human intestinal
anaerobic microflora can be a disadvantage. While micro-
aerophilic and aerotolerant bacteria might be used to
infect flies, the presence of oxygen in the fly intestine
prohibits fly infections with strict anaerobes, which are
plentiful in the human gut [43]. Nevertheless, as with any
microbe that is difficult to establish an infection with,
specific virulence factors can be expressed or adminis-
tered to flies to study their virulence. Moreover, pharma-
cokinetic analyses are still problematic in insects as there
is not a precise method to measure the levels of adminis-
tered drug tissue-specifically and insect xenobiotic
metabolism might be very different from that of mam-
mals. Furthermore, as opposed to mammals, Drosophila
lacks an adaptive immune system and specialized
immune response cells, such as dendritic cells (DC), B
and T lymphocytes, which are responsible for immuno-
logical specificity and memory [44]. In addition, despite
the significant conservation of the core of Drosophila
signalling pathways, some of them might be activated
differently between flies and mammals. For example, the
mammalian Toll/TLR pathway that is directly activated
by microbially associated molecular patterns, while the
Drosophila Toll is activated indirectly through a cascade of
proteases [45] and the mammalian TLR-7 that is loca-
lized in intracellular membranes versus the plasma
membrane-localized Drosophila Toll-7 [41]. Finally,
high-throughput screening for anti-infectives has not
been developed in Drosophila and this is its major draw-
back as compared to other invertebrate hosts (Table 1).

Concluding remarks and Future perspectives
In recent years, the conventional methods used in most
pharmacological studies for the discovery of new thera-
peutic drugs are based either on screening of small
molecule libraries for the capacity to induce a specific

phenotype i vitro or in silico [46,47]. However, the ef-
ficacy of these methods is very low, because they lack the
complex and dynamic host—pathogen interactions, which
occur 7 vivo. Consequently, the use of mammalian hosts
in such studies is needed and seems to be very wide-
spread and prevalent nowadays. Even so, using a
conventional animal model for this purpose can be
time-consuming, laborious and expensive, not to mention
the ethical concerns. Exploiting alternative strategies, D.
melanogaster is a very promising and useful host, which
may cover this gap between the computational or cellular
testing studies and the tests in mammals (Figure 1).
While low-throughput drug assessment in Drosophila
has been proven meaningful, large-scale assessments
might also be possible on the basis of protocols used
for the identification of molecules that modify disease
progression in Fragile X syndrome though a screen of
2000 compounds in Fmrl-mutant flies [48] and a screen of
1280 small molecules that identified reserpine as a sleep
regulator [49]. In addition, the fly can be used to assess
drugs already approved for human use (Figure 1). Indeed,
the efficacy of a number of licensed anti-infective agents
has been evaluated in Drosophila, demonstrating a sig-
nificant correlation in drug efficacy between flies and
mammals. Therefore, the use of Drosophila for anti-infec-
tive drug discovery may be a promising auxiliary tool for
preclinical research.

Figure 1

Drugs Approved
in Humans

Natural

Products
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Chemical Screens L

~
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Infection

= 2

Clinical Trials
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Drosophila can be used either to validate candidate drugs or in
combinatorial drug assessment assays to identify synergistic drug
combinations. Flies have significant similarities with humans enabling a
facile and cost effective assessment of anti-infective drugs during the
interaction of microbes with a host. Hits selected from in vitro or in silico
chemical screens can be further screened in Drosophila survival or
microbial colonization assays to select drug candidates that will have a
higher success rate in preclinical trials. In addition, natural products, for
example, microbial secondary metabolites and drugs approved in
humans can be tested for the fist time combinatorially in flies to identify
synergistic effects between two or more chemicals.
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