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Abstract

Multidrug resistance among pathogens has become a leading cause of health care concern since these pathogens have acquired
resistance against most classes of antimicrobial drugs. Therefore there is urgent need for newer antimicrobial compounds and new treatment
strategies. Unfortunately the pace of new antimicrobial drug discovery programs have slowed down due to rising cost of drug discovery
coupled with the relatively unattractive markets for antimicrobial drugs compared to drugs for chronic diseases. In this background,
invertebrate model organisms such as the nematode Caenorhabditis elegans and fruit fly Drosophila melanogaster are finding increasing use
as models to study host-pathogen relationship and high throughput antimicrobial drug discovery. The focus of this review will be to give a
brief outline of the C. elegans model for high throughput antimicrobial drug discovery.
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1. Introduction

In the past several decades, antimicrobial drugs have played an important role in the overall improvement in human lifespan. In
veterinary medicine, antimicrobial drugs have led to significant improvements in the quality of animal products. However, the positive effects of
these drugs have been negated by their rampant use/misuse. The incidence of “antimicrobial resistance” or non-susceptibility of microorganisms
to drugs that they were previously susceptible to is rapidly increasing™2 This phenomenon of antimicrobial resistance needs to be countered with
social education on responsible antimicrobial use and also with robust antimicrobial drug discovery programs.

Traditional methods of antimicrobial drug discovery involve in vitro screening and selection of test compounds, optimizing compound
structure by performing Structure Activity Relationships (SAR analysis and lastly testing the compound in an in vivo disease model**. The
process of transforming the compound identified in the lab into a drug that is safe for human use is both long and expensive taking up to 15 years
and costing as much as a billion dollars. Additionally, the therapeutic window of antimicrobial use is relatively short due to rapid emergence of
drug resistant strains. These reasons have led to mass exodus of antimicrobial discovery programs in big pharma, turning an already bad situation
worse. In recent years, academic labs and small start-ups have been at the forefront of antimicrobial drug discovery.

The free living nematode C. elegans has recently become a popular model organism for studying pathogenesis of many bacterial and
fungal pathogens®. Key virulence factors that are involved in pathogenesis in humans are also involved in pathogenesis in the nematodes. The
signalling pathways by which C. eleganscounters pathogens are also strikingly similar to those in metazoans®’. C. elegans have a relatively short
lifespan, are relatively inexpensive to maintain and using them as models to study host pathogen relationship does not raise the ethical or
logistical concerns that arise while working with higher model organisms such as rodents. Moreover, using C. elegans as a test platform allows
for simultaneous assessment of both the antimicrobial efficacy of the test compound and the compound’s toxicity since if the compound is toxic
the worms will still not survive even if cured of the infection. Often times, compounds that display a lot of potential based on in vitro
antimicrobial assays, end up being too toxic when tested in vivo in animals.

Table 1: Lists the studies which used C. elegans for high throughput or semi-high throughput antimicrobial drug discovery and testing.

Pathogen | Reference
Bacteria:
Enterococcus faecalis 8,9
Pseudomonas aeruginosa 10
Staphylococcus aureus 11,12
Fungi:
Candida albicans | 13,14

2. Work flow of the C. elegans antimicrobial drug discovery platform

A typical work flow of the high throughput screening platform involving C. elegans is similar to as shown in Fig. 1. **. The strength of
using C. elegans in a high throughput platform is that several tasks in the work flow can be automated, reducing the workload and at the same
time improving experiment reliability. The C. elegans glp-4(bn2;sek-1(km4 double mutant strain was used in several high throughput screening
studies. The glp-4(bn2 mutation renders the strain incapable of producing progeny at 25°C * and the sek-1(km4 mutation enhances sensitivity to
various pathogens’®, reducing assay time. Therefore, when the glp-4;sek-1 strain is used, the worms can be infected with the pathogen and
maintained at a temperature of 25°C which would be suitable for the growth of the pathogens. Moreover, exposure of the mutant worms to 25°C
renders them sterile and therefore the assay outcome will not be complicated by the production of progeny worms.

C. elegans is normally maintained in the laboratory at 15°C with non-pathogenic E. coli as food source. After hatching from the egg,
nematodes undergo four larval development stages (L1-L4 before reaching adult stage. While performing C. elegans infection assays, worms in
their L4 stage are usually preferred since they are voracious eaters and would therefore ingest even pathogens fed to them as food. A
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synchronized population of L4 worms can be obtained by following established protocols™*"*8, Briefly, the L1 stage worms are grown at 15°C
on SK agar plates with E. coliHB101 strain as the food source for four days until the worms reach the gravid adult stage. Embryos are harvested
from adult worms and the eggs are hatched by incubation in M9 buffer at 15°C for two days. Approximately 4,500 L1 hatchlings are then
transferred to SK agar plates seeded with HB101. After incubation for 52 hours at the restrictive temperature of 25°C the worms would develop
to sterile L4 or young adult stage. The worms are harvested by gently washing them off the plates with M9 buffer and are ready to be infected
with the pathogen.

Infection is usually carried out by transferring the worms on to SK agar plates seeded with an overnight culture of the pathogen. After
a period of incubation with the pathogen, the worms are washed off the plates and then added to 96 or 384 well plates containing test compounds
using an automated large particle sorter such as Union Biometrica Complex Object Parametric Analyzer and Sorter (COPASBioSort). This
approach might not be suitable for pathogens that form biofilm since biofilm producing pathogens adhere well to plastic surfaces such as tubings
and might pose a lot of difficulty to remove them. Under these circumstances, it might be more suitable to co-infect the worms with the pathogen
directly in the assay plate containing test compounds. Alternatively, the worms could also be manually introduced into the assay plate without
using the sorter, which is not only laborious but also poses the risk of variability in the number of worms added to each well.

Worms are exposed to the test compounds in the assay plate over a period of 4-5 days which alloys sufficient time for the compound
to manifest its antibacterial effect both directly on the bacteria and indirectly by modulating the worm’s innate immune system. The beneficial
effect of the compounds will have an effect of prolonging worm survival during the incubation period. Moreover, if the test compounds are toxic,
it would also affect worm survival. At the end of the incubation period, worm survival can be detected by manually probing with a platinum pick,
live worms will respond by withdrawing from the pick whereas dead worms will remain stationary. Worm survival measurement can also be
automated by employing viability dyes such as propidium iodide or sytox orange and capturing worm fluorescence using Image Xpress Micro
automated microscope (Molecular Devices. In this method, live worms will exclude the dye whereas dead worms will take up the dye and
fluoresce. The percent fluorescence can then be calculated which will correspond to the death of worms in each well. With respect to fungal
pathogens such as Candida albicans, high resolution bright field images are captured for each well to detect hyphae formation from fungal cells
ingested by the worms. However, lack of hyphae formation does not necessarily indicate worm survival as Candida has been shown to kill C.
elegans even without forming hyphae. Therefore, the worms in the wells where hyphae are not observed should still be tested for survival.

In order to identify the hit compounds, the Z score is calculated from the ratio X = (number of dead worms in the well/ (total number
of worms in the well. The Z score is defined by the equation Z = (X-p/c where X is the raw sample score, p is the mean score for all the wells and
o is the standard deviation of the wells in the assay plate. Samples having a Z score greater than 3o are generally considered as hits.

Figure 1: Work flow of a typical antimicrobial high throughput screening platform using C. elegans as a whole animal host. Survival of
the worms in a well containing test compound indicates that the compound is an antimicrobial hit.
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3. Conclusion

The rising incidence of antimicrobial resistance among pathogens underscores the importance of identifying new treatment strategies

and new methods for drug discovery. The C. elegans model for high throughput antimicrobial screening will not completely eliminate the
necessity of testing potential leads in higher model system. Rather, it would serve to focus our efforts on the most promising hits by eliminating
compounds which have no antimicrobial activity or too toxic, at a very early stage in the drug discovery and screening process.
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