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ABSTRACT 

Using C. elegans to Identify Novel Targets Against Multidrug-

Resistant Bacteria 

by 

Nicholas Andrew Hummell 

Antibiotic-resistant infections cause an average of 23,000 deaths per year. Due to 

dwindling commercial interest for antimicrobial discovery, novel methods for combating infection 

and developing new antimicrobials are desperately needed.  

Previously in our lab, we performed a high-throughput chemical screen to identify small 

molecules that rescued the nematode Caenorhabditis elegans from infection by P. aeruginosa. Of 

the hits identified, 5 (LK32, LK34, LK35, LK38 and LK56) were determined to be stimulators of 

host defense pathways while 5 additional hits (DMAQ-B1, CD437, carboplatin, oxaliplatin, and 

PSB-069) possessed a known target or bioactivity but had no previously reported antimicrobial 

activity against P. aeruginosa.. Using microarray analysis, RNAi knockdown of candidate 

pathways, transgene reporters, and infection assays with other pathogens, we made important 

observations concerning the mechanism of action and therapeutic repurposing potential for the 

compounds.  

Firstly, I identified a subunit of the Mediator complex, mdt-15, and the PMK-1/p38 MAPK 

pathway as necessary for rescue for LK56 and LK38 respectively, demonstrating that both 

pathways are amenable to immune stimulation. I have also found that some molecules can defend 

against E. faecalis and S. aureus as well as Pseudomonas while being largely non-toxic. 

Additionally, most molecules stimulated the activation of multiple innate immune pathways. These 

experiments showed the potential for development of broad-spectrum immune stimulants and 

identified promising pathways amenable to immune stimulation. They also highlighted potential 

for our LK molecules as tools for future studies of innate immune stimulation in C. elegans. 

For our bioactive compounds, I used similar C. elegans-based methods to generate a 

number of important conclusions: I confirmed the antimicrobial activity of CD437 against Gram-

positive pathogens, observed a weakness of P. aeruginosa to platinum complexes, and established 



 

the naturally occurring insulin mimetic, DMAQ-B1, as a powerful antimicrobial agent. Although 

toxic, an existing non-toxic analog presents potential for further therapeutic optimization.  

Through these studies, I have utilized C. elegans as a powerful drug discovery tool to 

gain insight into mechanism and therapeutic utility of two groups of anti-infective molecules. I 

have shown the strength of our model in drug repurposing efforts as well as demonstrated 

therapeutic potential for immune stimulation as a promising approach to combatting the growing 

antimicrobial resistance crisis.  
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Chapter 1 

Introduction 

Taken in part from Hummell et al. 2020 

 

1.1 The state of antimicrobial resistance 

Infections with multidrug-resistant (MDR) pathogens present a serious health concern for 

immunocompromised individuals, cancer patients, and patients in intensive care units. An 

estimated 700,000 deaths annually can be attributed to these infections, and this number is 

estimated to surpass 10 million deaths per year by 2050 [1]. The drivers of this problem include 

widespread and sometimes unnecessary use of antibiotics, and a dwindling pipeline for discovery 

of new antibiotics [2]. In order to address this growing crisis, novel approaches of treating MDR 

bacteria must be effectively explored, identified, and implemented.

Since the discovery of penicillin in 1928 by Alexander Fleming, antibiotics have been the 

primary treatment for bacterial infections [3]. This complex and highly effective group of 

molecules quickly grew to include numerous classes such as carbapenems, cephalosporins, 

tetracyclines aminoglycosides and many more [4]. Each of these treatments has proven to be highly 

effective against various groups of bacteria for a time, however the widespread use of antibiotics 

also led to a worldwide increase in antimicrobial resistance (AMR) [5]. Antimicrobial resistant 

bacteria evolved a variety of mechanisms to survive treatment by antibiotics including upregulation 

of efflux pumps, mutations of proteins targeted by antibiotics, and upregulation or acquisition of 

drug-metabolizing enzymes [6], leading to a sharp rise in the occurrence of MDR infection. 



2 

  

These bacterial infections are the result of numerous species. Within America notable 

examples of problematic pathogens are Acinetobacter, Clostridioides, Enterobacteriaceae, 

Pseudomonas aeruginosa, Enterococcus faecalis, and Staphylococcus aureus [7]. Such infections 

are especially prevalent within immune compromised patient populations. These are most often 

patients with comorbidities such as cystic fibrosis, patients who have recently undergone surgery 

or are implanted with surgical devices such as catheters, or patients undergoing chemotherapy or 

other immune suppressing treatments [8-10]. Because of this, hospitals are one of the most common 

places for acquisition of MDR infections [11]. Upon recognition of such an infection, the treatment 

is most commonly an additional antibiotic that the pathogen shows susceptibility towards [12]. This 

is typically enough to treat most patients; however, some pathogens can acquire resistance to 

numerous different antibiotic classes, making them virtually untreatable. Ideally, the discovery of 

new antibiotics would create more treatment options for these patients, however the rate of 

antibiotic development has been unable to keep up with the massive growth of MDR bacteria [13].   

1.2 Traditional target-based drug discovery 

Identification, validation and approval by the Food and Drug Administration (FDA) is a 

long, daunting, and costly undertaking, with uncertain outcomes and innumerable regulatory and 

scientific hurdles. It requires initial experimentation to identify a promising lead, and further 

characterization to deem the molecular entity safe for human use, and effective in eliciting a 

therapeutic benefit. Traditional target-based drug discovery starts with identification of a promising 

druggable target, most often a protein, such as the Penicillin binding proteins (PBPs) in the case of 

β-lactam antibiotics, followed by screening chemical libraries against the target to find compounds 

with the highest binding affinity [14-16]. Such libraries can consist of millions or even billions of 

molecules in the case of DNA-encoded libraries [17] and are the result of numerous additions and 

modification by many teams of medicinal and organic chemists. From this point, promising 

molecules are passed on to groups of medicinal chemists, biochemists, pharmacologists, and other 

specialists that perform several rounds of chemical modification and assessments of membrane 

permeability, toxicity, pharmacokinetic and pharmacodynamic properties, and target specificity 

[14]. Although this method of drug discovery can effectively identify leads, it is beset by several 

shortcomings. First, the screens are often done in vitro, which is rarely informative about toxicity 

or bioavailability of the hits. Second, in vitro assays are not always predictive of in vivo activity. 

Third, in vitro screening notoriously turns up pan-assay interference compounds (PAINS), which 
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are chemical moieties whose activity causes them to frequently appear as spurious hits [18]. Finally, 

screening conditions very rarely recapitulate the complex context of disease such as host-pathogen 

interactions or the influence of native defenses. This limits the potential mechanisms of the lead 

molecules to exclusively binders of a single predetermined target. 

1.3 Phenotypic screens 

To avoid these problems, different approaches, such as phenotypic or high-content screens 

have demonstrated immense usefulness. These methods use cells, or even whole organisms, as a 

screening population. The readouts are typically more complex, including cell or organism viability 

or ultrastructural details. One clear advantage of these assays is that they generally require viability 

for compounds to be scored as hits, which significantly reduces the number of toxic or biologically 

unavailable compounds [19].  

Phenotypic screens have shown significant success in identification of promising lead 

molecules. This is especially true in complex disease states, where pathology and mechanism are 

not completely known or where multiple factors contribute to outcome. From 1999 to 2008, 28 new 

molecular entities (NMEs), molecules that contain an active moiety that has never been approved 

by the FDA, resulted from phenotypic screens while conventional target-based screening yielded 

only 17 [20] (Figure 1.1). Specifically for neurodegenerative diseases (NDs), which have 

notoriously convoluted mechanisms, phenotypic screens have yielded many of the first in class 

drugs, being responsible for 7 of 9 NMEs [21]. This success has been mirrored in discovery of 

antimicrobials as well. The earliest efforts at identifying antimicrobials relied upon phenotypic 

assays such as growth in MIC (minimum inhibitory concentration) assays [13].  

Beyond single cell platforms, whole-organism screens in models such as zebrafish and flies 

have yielded molecules with novel mechanisms of rescue, unobservable in conventional target-

based screening, as well as tremendous insight into the genetic factors underpinning various disease 

states. Recent small molecule screens in zebrafish have yielded compounds capable of ameliorating 

a proarrhythmic phenotype [22] which has implications for diseases such as coronary artery disease 

or other causes of arrhythmia that can eventually lead to heart failure or stroke. Such screens have 

also identified hits shown to suppress phenotypes associated with muscular dystrophy, a disease 

that causes progressive muscle loss and weakness [23]. These platforms often yield molecules with 

uncertain mechanisms but a clear phenotypic advantage, further highlighting the potential for the 

discovery of molecules with novel mechanisms in such screens [22, 24]. Within drosophila, 
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screening small molecules for chemotherapeutic applications has been particularly insightful. 

Multiple cancer models including brain, thyroid, colorectal, and lung have been developed in the 

system [25-27]. Screening of FDA approved drugs in one such model was able to identify 

trametinib and fluvastatin as hits able to synergistically inhibit tumor growth and reduce lethality, 

an effect that was subsequently shown to be conserved in human adenocarcinoma cells [28].  

 

Figure 1.1 Phenotypic drug screening is responsible for many first in class drugs. 

This graph shows the number of new molecular entities (NMEs) developed in each group. 

Phenotypic screening leads the way in first-in-class drugs in this time period, being responsible for 

37%. Target based screening follows with 23%. This clearly illustrates the utility of such screens 

in discovering drugs with novel mechanisms. Reprinted from Swinney et al., 2011. 
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1.4 Drug discovery in C. elegans 

1.4.1 Advantages of using C. elegans 

One of the most useful organisms for phenotypic screening is the nematode C. elegans. In 

many ways it represents an ideal host for these types of screens. Although it is a much simpler host 

than mammals, lacking a respiratory system, acquired immune system, and circulatory system, it 

retains differentiated tissues for neurological, digestive, muscular, and reproductive function. Its 

innate immune system also has many of the phylogenetically conserved features, including the p38 

MAPK, β-catenin, and FOXO pathways [29-31] and to a surprising degree, host-pathogen 

interactions remain intact. In addition, genetic manipulation is facilitated by feeding worms bacteria 

expressing dsRNA which is highly beneficial for mechanistic studies [32]. Coupled with a large 

number of progenies, short generation time, tremendous available resources such as transgenic 

strains and RNAi libraries, and its transparent body, C. elegans is an invaluable tool for these 

screens [33] (Figure 1.2).  
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Figure 1.2 Utilizing C. elegans in the laboratory. 

C. elegans can be used in a myriad if ways. (A) Agar plates seeded with bacteria as a food source 

(commonly E. coli) allow for easy maintenance and observation. (B) Worms and embryos can be 

seen clearly using dissecting microscopes. As worms progress through their larval stages, they grow 

in length (up to 1 mm for adults). (C) Using compound microscopes structures such as embryos 

and oocytes can be seen. (D) Due to the worm’s transparency, transgenic strains expressing GFP 

or other fluorescent reporters provide valuable information on activation or localization of various 

proteins or tissue types. Shown here is a transgenic strain expressing GFP under the promoter of 

the neuronal gene sto-6. Reprinted from Corsi et al., 2015. 
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1.4.2 Modeling disease states in C. elegans 

These advantages have been leveraged towards nematode models of neurodegeneration 

[34, 35], and aging [36, 37]. Transgenic strains of the nematode can be designed to express a myriad 

of disease, aggregation prone proteins such as amyloid-β, polyglutamine repeats, and α-synuclein 

that can be fused to fluorescent proteins for easy observation of proteostasis conditions within the 

worms [38]. Experiments carried out in this manner have yielded insights into disease pathology. 

First and most importantly, many neurodegenerative transgenes behave very similarly in C. elegans 

as they do in humans, exhibiting age dependent aggregation within the worms, and exhibiting 

similar phenotypes of reduced motility and general lack of health [39]. Homology of native C. 

elegans proteins implicated in neurodegenerative pathways can also elucidate disease mechanism. 

For example, mutations common to Alzheimer’s disease often cause a loss of functional notch 

signaling, which similarly manifests in C. elegans as a phenotype associated with loss of notch 

within the worms [40]. This similarity also facilitated a key contribution of C. elegans to the 

Alzheimer’s field. Loss of function of sel-12, the worm ortholog of the human presenilin 1 (the 

protein responsible for cleavage of the amyloid precursor protein), was found to be deficient in 

notch signaling [41]. This was the first connection of notch to presenilin 1, which was subsequently 

found to influence the amount of pathogenic amyloid-β in humans [42]. Although C. elegans is a 

much simpler neurological model, it can clearly model disease relevant, cell autonomous processes 

in an easily observable fashion. 

Some of C. elegans biggest contributions have been to the field of aging. Worms exhibit 

many age-associated phenotypes observed in humans including decreased movement and loss of 

reproductive potential [43].  These studies identified some of the earliest mutants exhibiting 

increased lifespan, age-1 and daf-2 [44, 45]. The reason for this lifespan increase was subsequently 

determined to be deficiencies in insulin signaling and was shown to be conserved for flies and mice 

[46]. Additional studies identified the FOXO transcription factor daf-16 as an important 

downstream effector of this pathway [47] and it was found, differing levels of daf-16 expression 

could decrease or increase lifespan, an effect which was again conserved for mammalian models 

[48, 49].  

Studies in C. elegans have also uncovered conserved mechanisms in the cell cycle, cell 

death, and cancer. Much of the cellular machinery involved in cell cycling is conserved between 

C. elegans and mammals, which has greatly facilitated studies aimed at members or regulators of 

these pathways. Many important regulators of canonical cell signaling pathways have been 

discovered in C. elegans including many members of the EGFR-Ras-MAPK pathway. This 
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pathway is mutated in many cancers and is required for vulva development in worms [50, 51].  

Screens aimed at finding regulators of this pathway were able to identify a number of important 

genes with conserved function in humans [51, 52]. In the event of dysregulated cell cycling due to 

DNA damage, the cell activates pro-apoptotic signals [53]. One of the key features of cancer is its 

ability to ignore such signals in the presence of highly mutated DNA [54]. This programmed cell 

death was discovered first in C. elegans leading to the conferral of the Nobel prize in physiology 

in 2002.  

  Perhaps one of the areas C. elegans has been used most extensively is in the identification 

of anti-infective compounds. Numerous screening assays have been developed using 

Staphylococcus aureus, Enterococcus faecalis, Candida albicans, Pseudomonas aeruginosa and 

many more [55-58]. This is most frequently done by feeding the worms pathogenic bacteria. 

Although the worms lack many infection-prone organs and tissues found in humans (lungs, skin, 

urinary tract), their intestinal epithelium retains strong homology [59]. Bacteria are a normal part 

of the C. elegans diet but not all species are equally tolerated, with many pathogenic bacteria in 

humans exhibiting similar toxicity in worms. This type of modeling has allowed for identification 

of numerous virulence factors in these species such as the S. aureus virulence factor nagD which 

exhibited a similar function in murine models [60].  

1.4.3 Promising small molecules and novel mechanisms identified with C. elegans 

Screens using these assays have yielded interesting novel molecules as well as new anti-

infective activities for existing bioactives or FDA approved drugs [61-63]. Phenotypic indicators 

of health such as paralysis, motility, and survival are the most commonly measured output, 

eliminating many of the more toxic or less bioavailable members of chemical libraries. For 

neurodegeneration, numerous small molecules have been found to extend health of amyloid-β-

expressing worms including coffee extract, tannic acid, bacitracin and rifampicin [34]. Many hits 

have also been identified for their activity on transgenic Tau, another aggregate forming protein in 

Alzheimer’s [64, 65]. Methylene blue, a known anti-aggregate, and cmp16, a novel 

aminothienopyrizadine, were shown to rescue neurodegeneration-associated phenotypes [66]. 

Interestingly, aminothienopyrizadines were previously shown to exhibit strong blood-brain barrier 

penetration, making cmp16 a promising lead for future studies [67].  

 For the field of bacterial infection, a chemical screen identified molecules that were able 

to rescue C. elegans from E. faecalis at concentrations much lower than those required for 

bactericidal or bacteriostatic effects, suggesting an immune stimulatory or anti-virulent mechanism 
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of action. One of the most promising hits from this screen was the small molecule RPW-24, a strong 

immune stimulator also capable of providing rescue from P. aeruginosa. This rescue was initially 

found to act partially through activation of the PMK-1/p38 MAPK pathway and was subsequently 

shown to act through a completely novel transcription factor/nuclear hormone receptor, NHR-86 

and the well characterized component of the mediator complex MDT-15 [68]. Such experiments 

demonstrate the potential for the discovery of novel mechanisms of rescue and specific lead 

molecules.  

1.5 Models of Pseudomonas infection in C. elegans  

1.5.1 Slow Killing  

C. elegans has been used extensively to study P. aeruginosa infection and its mechanisms 

of virulence. Numerous killing assays have been developed for Pseudomonas, with two common 

assays being Slow Killing and Liquid Killing [69, 70]. Slow Killing was developed as one of the 

first infection assays of C. elegans. Worms are picked onto agar plates seeded with P. aeruginosa. 

Live bacteria eventually colonize the C. elegans intestine, and in concert with any virulence factors 

present on the plate, cause death over the span of roughly 7-10 days. Plates are scored every 12-24 

hours to determine the percentage of dead worms until all worms have died and survival curves are 

constructed. The virulence factors important for this killing have been well characterized and 

include gacA, toxA, and plcS which are known to produce pyocyanin, endotoxin A and hemolytic 

phospholipase C respectively (in addition to quorum sensing roles) and play a large part in the 

killing of the C. elegans in this context [69, 71-74]. C. elegans genes important for defense against 

the pathogen in this context have also been thoroughly characterized. Innate immunity and defense 

pathways such as PMK-1/p38 MAPK, SKN-1/Nrf, ZIP-2, and DAF-16/FOXO pathways have all 

shown to be essential in eliciting an effective defense response [75-78].  

1.5.2 Liquid Killing  

One significant drawback to Slow Killing is reflected in its name. The assay requires 

scoring of worms every day, which requires significant time for even a small number of conditions. 

Liquid Killing is a high-throughput alternative, allowing for thousands of conditions to be tested 

relatively quickly. Within this infection assay, worms are sorted into 384 well plates typically using 

an automated sorter [70]. Pseudomonas is then added to the liquid media, followed by any small 
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molecules. The plates are incubated for ~2 days to allow killing of the worms. Worms are then 

stained with cell impermeable dye to identify dead worms, and automated imaging and image 

analysis is performed to quantify worm survival. Interestingly, virulence factors found to be 

essential in this killing assay differ significantly from Slow Killing. Firstly, notable colonization 

does not occur within the Liquid Killing system, with death being largely dependent upon secreted 

virulence factors. The most significant of these factors is the iron chelator pyoverdine [79]. This 

molecule is capable of entering the worms, removing iron, and consequently damaging their 

mitochondrial network [80, 81]. 

1.6 Liquid Killing Screen  

In a previous study, we performed a high-throughput, high-content, fragment-based 

phenotypic screen for small molecules capable of extending C. elegans survival during exposure 

to P. aeruginosa in Liquid Killing [70]. From this screen, 81 known antimicrobials, 69 novel small 

molecules, and 45 known bioactives, were identified as hits [70, 82]. Molecules were classified as 

antimicrobial if they impacted growth of the pathogen and antivirulent if they impacted production 

or activity of pyoverdine. However, a significant number of molecules did not appear to affect 

either bacterial growth or pyoverdine production. Therefore, we hypothesized that at least some of 

these molecules increase C. elegans survival by augmenting host defense responses.  

1.7 Thesis overview  

In these studies, three sets of molecules, all originating from the Liquid Killing screen 

performed previously in our lab, were characterized for various activities.  

The first group, the immune modulatory compounds, were studied for three specific aims: 

(1) To determine the mechanism of action of the molecules, (2) To determine the activity of the 

molecules against additional nosocomial pathogens, (3) To determine toxicity to both C. elegans 

and mammalian cells.  

The second group of molecules, known bioactives, were studied for three similar aims: (1) 

To determine the effectiveness of rescue from three nosocomial pathogens (2) To determine 

additional antimicrobial or immune stimulatory qualities of the molecules (3) To determine toxicity 

to both C. elegans and mammalian cells. 
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The third group of molecules consisted of analogs of a particular hit from the screen, LK16, 

and were studied for their potential activities against protein aggregation, one of the hallmarks of 

neurodegeneration. The aims of these studies were to (1) Determine the mechanism of action of 

LK16, (2) Establish a structure activity relationship (SAR) between the parent molecule’s structure 

and its aggregate-inhibiting activity, (3) Determine the effect of LK16 and analogs on protein 

aggregation in mammalian cells and C. elegans neurodegenerative models. 
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Chapter 2 

Methods 

Taken in part from Hummell et al. 2020 

 

2.1 C. elegans and bacterial strains 

All C. elegans strains were maintained on nematode growth media (NGM) plates seeded 

with E.coli OP50 [83]. Eggs were harvested from gravid adults by hypochlorite isolation and 

allowed to hatch overnight in S Basal. Worms were maintained at 15 °C. Experiments were 

performed on young adult worms unless otherwise stated. The following C. elegans strains were 

used in this study: AY101 acIs101[pDB09.1(pF35E12.5::GFP) ; pRF4(rol-6(su1006))] [84], 

CL2166 dvIs19[pAF15(gst-4::GFP::NLS)] [85], FUH135 [marIs135 [unc54p::FLUCDM::egfp; 

rol-6v]] [86], FUH137 [marIs137 [F25B3.3p::FLUCDM::egfp; rol-6]] [86], glp-4(bn2) [87], 

GR2183 mgIs72 [rpt-3p::GFP + dpy-5(+)] II [88], N2 Bristol (wild type) [83], nsy-1(ag3) [30], 

sek-1(km4) [30],  NVK93 pJY323(Phsp-16.1::GFP); pRF4)], SJ4005 zcIs4 [hsp-4::GFP] V [89], 

TJ356 [zIs356 [Pdaf-16::daf-16a/b-gfp; rol-6(su1006)]]. For bacterial and infection assays P. 

aeruginosa strain PA14 [69, 90], P. aeruginosa strain PA14-GFP [82], methicillin resistant S. 

aureus strain MRSA131 [91], and E. faecalis strain OG1RF [92] were used. For all assays and 

overnight cultures S. aureus was cultured in Tryptic Soy Broth (TSB) media, E. faecalis in Brain 

Heart Infusion (BHI) media, and P. aeruginosa in LB unless otherwise stated. 
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2.2 Liquid-based killing assays 

This method has been described previously by our lab [70]. In brief, young adult glp-4(bn4) 

worms were sorted into 384-well plates with 20 worms/well (glp-4(bn2) worms were used in all 

liquid-based killing assays to prevent worms hatching during incubation and subsequent 

convolution of worm staining and imaging). Overnight cultures for the three pathogenic bacteria 

were diluted to an OD600 of 0.03 (P. aeruginosa and S. aureus) or 0.04 (E. faecalis) in a solution of 

S Basal and their respective media. Final media concentrations in the wells were 41% slow killing 

media, 10% BHI, and 10% TSB for P. aeruginosa, E. faecalis, and S. aureus killing assays 

respectively. For P. aeruginosa Liquid Killing, MgSO4 and CaCl2 (300 µM), and cholesterol (1.6 

mg/mL) were added to the wells. Molecules in DMSO and S Basal were added to the wells for a 

final concentration of 1% DMSO. Plates were then incubated at 25 °C for 40-48 h (P. aeruginosa), 

76-90 h (E. faecalis), or 85-100 h (S. aureus) to allow for killing of the worms. Plates were washed 

and stained for 10 h with Sytox Orange at 1 µM followed by additional washing and imaging.  

2.3 Slow Killing assay 

Slow Killing (SK) plates were made as previously reported [93]. Compounds were added 

to molten SK agar before pouring plates. After solidifying, 40 µL of PA14 overnight culture was 

spread on plates before incubating plates at 37 °C for 24 h followed by 25 °C for 24 h. FUdR (0.1 

mg/mL) was dropped on plates 30 minutes prior to picking worms, to ensure sterility. 50-70 N2, 

L4-stage worms were picked onto plates and scored every 12 h after the first 24 h, until all worms 

were dead. 

2.4 Checkerboard assay and synergy calculations  

The overnight culture for each bacteria was diluted in its respective media to an OD600 of 

0.03 final concentration in the wells. Bacterial solution was added to a 384-well plate with four 

wells/condition and a final volume of 80 µL/well. Two-fold serial dilutions of compounds were 

made in DMSO with at least three sub-MIC concentrations tested for each molecule. Platinum 

complex molecules were diluted in water with DMSO added to each well for a final concentration 
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of 1% DMSO in every well. Plates were incubated at 37 °C for 16 h before determining presence 

of bacterial growth by measuring optical density.  

Synergy was determined by calculating ƩFIC for each molecule combination [94]. MIC’s 

were calculated for each molecule alone and in combination unless MIC was not within 

concentration range tested (>64 µM). I then used the Lowe model of synergy to calculate ƩFIC 

with the equation ƩFIC =FICA + FICB = Ca/MICa + Cb/MICb where Ca and Cb are the concentration 

of molecules A and B respectively, when used in combination and MICa and MICb are the MIC 

values for the molecules alone. A ƩFIC score of <0.5 was classified as synergy, 0.5-4 no interaction, 

and >4 antagonistic.  

2.5 Biofilm formation and pyoverdine production 

Biofilm formation assay was adapted from a previously published method [95]. Overnight 

cultures were diluted to a final concentration of 0.02 OD600 in their respective media (TSB for S. 

aureus, M9 for P. aeruginosa, and BHI for E. faecalis). 100 μL of solution was added to each well 

in a 96-well plate with 2-fold dilutions of small molecules starting at 64 μM. Plates were incubated 

at 37 °C for 24 h, media was aspirated, and wells were washed 3X with PBS. Crystal violet stain 

was used to measure biofilm after solubilization in 40 µL of 30% acetic acid (absorbance at 570 

nm).  

Pyoverdine production was assessed spectrophotometrically, based on its intrinsic 

fluorescence (Ex 405 nm; Em 460 nm). A Cytation5 multimode plate reader/imager (BioTek, VT) 

was used. 

2.6 Longevity assay 

Compound plates were made by addition of molecules to molted nematode growth media 

(NGM) agar. Concentrated E. coli OP50 were dropped onto plates as a food source for the worms. 

Young adult glp-4(bn4) worms were picked onto plates and scored every other day for survival 

until no worms remained alive. Worms were scored as dead if they failed to move when prodded 

with a platinum wire. Worms that left the plate were censored. 
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2.7 MTT assay 

Lung bronchial epithelium 16HBE or RWPE-1 prostate epithelial cells were seeded in a 

96-well plate at 10,000 cells/well and 15,000 cells/well respectively. Cells were allowed to adhere 

for 24 h before being treated with serial dilutions of compounds. Cells were treated for 24 h. Then 

media was aspirated and MTT reagent (8 mg/mL) added for 3.5 h. Media was then aspirated and 

100 µL of DMSO was added before reading absorbance at 570 nm. Cells were grown in RPMI 

media with 10% FBS and penicillin-streptomycin combination.   

2.8 CFU assay 

Overnight cultures of bacteria were diluted 1:2000 in their respective media and added to 

96 well plates.  Molecules were diluted four-fold in DMSO with the exception of platinum 

complexes which were diluted in H2O with DMSO added afterwards to ensure 1% DMSO in all 

wells. Plates were incubated at 37 °C and CFU mL-1 were measured at 0, 4, 8, 12, and 24 h. CFUs 

were measured by addition of 10 µL of culture into 90 µL of water followed by serial dilutions and 

plating of 5 µL onto an LB-agar plate. Plates were incubated for 24 h at 37 °C before counting 

colonies. 

2.9 RNAi protocol 

Plasmids encoding for dsRNA for target genes were purified from HT115 E.coli and 

transformed into a special derivative of OP50 capable of dsRNA production. For LK16 work, 

HT115 was used for RNAi.  Overnight cultures were grown in 50 mL LB with carbenicillin at 100 

µg/mL overnight. Culture was then diluted into 500 mL of LB media with carbenicillin. Cultures 

were spun down, resuspended in 10 mL S basal and spotted onto nematode growth media (NGM) 

plates with IPTG at 1 mM and carbenicillin at 100 µg/mL. L1 worms were dropped onto plates and 

allowed to grow to young adults before being used for experiments.  

2.10 Fluorescence microscopy 
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Worms were washed three times prior to incubation with compounds or DMSO control 

and diluted in S Basal supplemented with E. coli OP50 (OD600= 0.08) as a food source. 

Fluorescence fold increase for gst-4p::GPF was taken as the fluorescence of each well normalized 

to the well’s fluorescence at 0 h. irg-5p::GFP, hsp-16.1p::GFP, rpt-6p::GFP, and hsp-4::GFP 

fluorescence was quantified as fluorescence/worm area. For gst-4p::GFP, 100 µM ethanol-

solubilized juglone was used as a positive control. Ethanol was also tested at used at 1% (V/V) as 

a control. For irg-5p::GFP, RPW-24 (100 µM) was used as a positive control. For quantification 

of nuclear localization of GFP fusion reporters, worms were scored as either localization-positive, 

or localization-negative. DAF-16::GFP worms were scored as localization-positive if >5 nuclei 

within the worm had localized GFP. All worms were imaged at L4-young adult stage. 

2.11 DHE staining 

Worms were grown to young adults and washed 3 times with S Basal before incubation 

with LK molecules or DMSO control for 10 hours. Worms were then washed and stained with 

dihydroethidium (DHE) at 4 µM for 1 hour before washing again and measuring fluorescence/time 

of flight (TOF) with a COPAS FlowSort (Union Biometrica, MA, USA). 

2.12 Aggregation quantification 

GFP images were analyzed using Zen pro imaging software. Average fluorescence and the 

standard deviation of the fluorescence in each muscle cell was calculated and used to find a measure 

of coefficient of variation. This proved to be a good indicator of aggregation since those cells with 

discrete puncta would possess low-brightness and high-brightness spots, leading to higher standard 

deviation of brightness among all the pixels in the muscle. Standard deviation alone would be a 

good measure of aggregation if not for some varying brightness between muscles. By calculating 

the coefficient of variation, all the muscle cells, regardless of the brightness of their GFP, could be 

counted. At least 30 muscle cells were counted for each condition. Due to the much smaller area of 

the neurons, only muscle cell aggregation was quantified in this way.  

2.13 FlucDM fluorescence imaging 
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Worms expressing a firefly luciferase with two point mutations (FlucDM) [86] were grown 

to L4/young adult stage before incubation with LK16 or analog for 4 hours prior to being heat 

shocked for 4 hours at 33 °C. Worms were then washed, paralyzed using levamisole at 5 mM, 

mounted on 3% agar slides and imaged using a GFP channel on a compound microscope (Zeiss 

Axioscop).  

2.14 Luciferase assay 

Worms were grown to L4/young adult stage before being lysed by sonication. This lysate 

was then incubated with LK16 or analog before immediate addition of luciferin and Mg2+. 

Luminescence was measured using a Gen5 imaging software on a A Cytation5 multimode plate 

reader/imager (BioTek, VT). 

2.15 qPCR and RNA collection protocol 

Worms were grown to L4/young adult stage before incubation with LK16 or analog for 8 

hours. ~6000 worms were used per condition. After incubation, worms were washed 3 times before 

resuspension in TRI reagent (Molecular Research Center) and stored at -80 °C for at least 4 hours. 

Worms were then thawed, and RNA was extracted using BCP and isopropanol. Purified RNA was 

dissolved in ddH2O.  Purified RNA was reverse transcribed using Retroscript kit (Ambion). qRT-

PCR was performed using SYBER green mix (Bio-Rad) using a CFX96 (Bio-Rad).  

2.16 qPCR primer sequences 

pas-1_F GTAGTTTGGGATGTGCTC 

pas-1_R TCACTCCAACAGATACTCC 

    

pas-5_F CATATTGGCGTCACATTCGC 

pas-5_R TGACGTCTTCCACGCGAATTT 

    

pbs-5_F ACTGCACTTTGTACGAGCTC 

pbs-5_R CACCATCGATCCAACTGACAA 
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pbs-6_F GATGAAGGATTCGTTCCGTG 

pbs-6_R TTTACGACGACTGGCTTTCC 

    

rpn-9_F AGCTCTGGCATCAACTAAGC 

rpn-9_R CAGTCTGTAGAATTCGTGC 

    

Rpn-10_F TGGCTTTAGCTCTTCGTGTC 

rpn-10_R AGCAACTTCGGCATCAGCTCC 

    

pas-2_F CTTCAGCCCATCGGGAAAATTG 

pas-2_R AGAACAGATCCGACATTCTCG 

 

snb-1_F CCG GAT AAG ACC ATC TTG ACG 

snb-1_R GAC GAC TTC ATC AAC CTG AGC 
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Chapter 3 

Novel immune modulators provide 

enhanced survival to C. elegans 

against bacterial pathogens 
 

 

3.1 Introduction  

3.1.1 Immune stimulation as a therapeutic approach 

 Modulation of the bodies existing defense mechanisms dates back to the first primitive 

vaccines as early as 1000 CE, whereby people found introduction of smallpox variolation, while 

causing a mild form of the sickness, rendered the individual immune to the disease [96]. Since then, 

our attempts at immune modulation have become significantly more targeted (and safe) but new 

methods of stimulating our own molecular defenses to combat disease are still of great interest to 

medical researchers. Be it in cancer, neurodegeneration, or bacterial infection, the body already 

mounts a robust response to mitigate the effects of these conditions. In many cases it is simply not 

enough to prevent progression. However, the recent rise in immune stimulation as a therapeutic 

approach has exhibited incredible results and opened new possibilities for valuable therapeutic 

targets.



20 
 

  

 The concept of targeting the host has been used in numerous diseases. One recent success 

story of this strategy has been immune therapy in cancer. The first chimeric antigen receptor (CAR) 

T cells were first engineered in 1987 [97] and since then, has been tested and approved for the 

treatment of some forms of lymphoma [98]. This often involves removal of the patients autologous 

T-cells, genetically engineering them to express a chimeric antigen receptor that is trained on an 

antigen specific to a type of cancer [99]. This hijacking of the native defenses of the body has 

shown exceptional promise in leukemias although solid tumors are still a significant hurdle for the 

approach [98, 100].  

Another example of success in this field is the use of innate immunity agonists for the 

detection and elimination of hepatitis B [101]. The virus itself is notoriously effective in evading 

detection by the innate immune system [102]. Low levels of cytokines were shown for numerous 

animal models infected with HBV as well as in early infection in humans, indicating that the typical 

detection of pathogen associated molecular pattern (PAMPs) and subsequent activation of innate 

immunity was being blocked or simply not detecting the virus [103, 104]. In response to this 

mechanistic understanding numerous pharmaceutical companies have already advanced therapies 

to the clinic that activate different toll-like receptors (TLRs) or pathogen recognition receptors 

(PRR) to elicit an artificial but still effective innate immune response [101].  

3.1.2 Innate immunity in C. elegans 

This same approach can be used in bacterial infection as well. Numerous components of 

innate immunity work in concert to prevent bacterial infection. Physical barriers such as the skin 

prevent invasion of bacteria, while biochemical components such as lysozymes present in mucous, 

are highly bactericidal [105]. Within humans, the specific cells that promote the majority of the 

chemical and biological innate immunity responses can be divided into myeloid and lymphoid cells 

[106]. The many types of myeloid cells have different and specialized functions. These cells include 

dendritic cells, macrophages, neutrophils, mast cells, platelets, eosinophils, and basophils [107]. 

They are responsible for much of the phagocytosis, production of pro-inflammatory cytokines, and 

activation of the acquired immune system during bacterial infection [106, 107]. The most well 

studied lymphoid cells such as T and B cells are mainly involved in acquired immunity, however 

some innate lymphoid cells (ILCs) do exist, which constitutively produce cytokines to local tissues 

[108].   

C. elegans lacks dedicated immune cells and an acquired immune system, utilizing a much 

simpler but still conserved response to deal with bacterial infection [109]. The first level of defense 
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for the worm is the cuticle. This flexible exoskeleton of crosslinked collaged functions to protect 

the worm from the outside by acting as a “skin” for the worm [110]. While the cuticle is far more 

resistant to infection that the worms intestines, it is not entirely immune. Two notable pathogens 

capable of infecting the cuticle are Microbacterium nematophilum and Yersinia pseudotuberculosis 

[111, 112]. M. nematophilum mainly colonizes the C. elegans rectum and peri-anal region of the 

exterior cuticle, causing swelling and inducing an immune response [111]. Y. pseudotuberculosis 

mainly effects the cuticle around the head, producing a thick biofilm capable of preventing feeding 

[112]. 

Although some pathogens can infect the cuticle, the majority target the worm’s intestines. 

While C. elegans does not utilize TLRs for pathogen defense or produce any of the human 

cytokines, it does produce many C-type lectins and antimicrobial peptides to protect the lining of 

the intestines, as well as numerous detoxification enzymes such as glutathione-S-transferases 

(GSTs) and cytochrome-P450s (CYPs) to effectively mitigate the damage associated with many 

pathogens and virulence factors [75, 113]. C-type lectins bind to specific carbohydrates present on 

bacteria and prevent binding, while antimicrobial peptides chiefly function as pore forming 

complexes that break apart bacterial cells [114]. Importantly, these are both mechanisms also 

utilized by humans. In this way C. elegans can serve as a valuable tool for the study of conserved 

pathways effective at dealing with pathogen-associated stress [29].  

Perhaps no pathway is more well-studied in terms of its effect on bacterial infection than 

PMK-1/p38 MAPK (Fig 3.1). This central regulator of C. elegans intestinal innate immunity has 

many downstream effectors and is of critical importance to the defense response of the host against 

multiple pathogens including Pseudomonas aeruginosa, Enterococcus faecalis, and 

Staphylococcus aureus [84, 115, 116]. Upstream members of this pathway neuronal symmetry 

family member 1 (nsy-1) and SAPK/ERK kinase 1 (sek-1) act as a phosphorylation cascade where 

NSY-1 phosphorylates SEK-1 and SEK-1 phosphorylates PMK-1. This pathway is orthologous to 

the p38 MAPK pathway in humans which also triggers innate immune responses [109]. TIR-1 is 

hypothesized to be the most upstream member, activating NYS-1 [109]. One of the critical 

downstream functions of this pathway is the secretion of many of the pathogen-fighting molecules 

and proteins in C. elegans such as C-type lectins, proteins with CUB-like domains, and ShK toxins 

[117]. Other notable defense pathways have also been found in C. elegans, including the 

transcription factor ZIP-2 which elicits a PMK-1-independent defense response against P. 

aeruginosa, but not against the gram positive pathogen S. aureus [78]. These genes were shown to 

be necessary for full resistance to P. aeruginosa infection although a number of these genes, 
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including the infection response genes ,irg-1 and irg-2, do not have clearly established molecular 

functions [78].  The FOXO transcription factor DAF-16 was also found to regulate response to 

pathogens, in addition to its roles in longevity and insulin signaling [29, 118, 119]. Although this 

pathway is mainly associated with its effect on lifespan, there seems to be a significant amount of 

cross talk between the two roles [118]. DAF-16 is part of the insulin and IGF-1 signaling (IIS) 

pathway in worms.  Activation of the most upstream member of this pathway, daf-2, the insulin-

like growth factor receptor-1 ortholog in C. elegans, indirectly causes the phosphorylation and 

consequent sequestering of daf-16 to the cytoplasm [118]. Mutations in daf-2 cause increased 

lifespan in the worms and the nuclear localization of DAF-16, which increases susceptibility to 

pathogens. Interestingly, this susceptibility is thought to occur by upregulation of aquaporins in the 

intestines [118]. Lastly, the SKN-1/Nrf pathway and the heat shock factor 1 (HSF-1) were shown 

to defend C. elegans from reactive oxygen species and protein misfolding respectively, that 

frequently accompany many bacterial infection [75, 120]. The downstream effectors of SKN-1 are 

largely phase 2 conjugation enzymes such as gst’s and SKN-1’s activation has been shown to be 

PMK-1 dependent in the presence of pathogens [121]. HSF-1 on the other hand acts independently 

of the PMK-1/p38 MAPK pathway and upregulates  the production of small and large heatshock 

proteins [122]. Some of these HSF-1 regulated proteins act on the IIS pathway and are required for 

the pathways immune function[122]. 
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Figure 3.1 PMK-1/p38 MAPK pathway is a central regulator of the C. elegans defense 

response to pathogen infection 

Although having a multitude of roles, including during neuronal development, the PMK-1/p38 

MAPK pathway is a central regulator of C. elegans innate immunity. Pathogens such as P. 

aeruginosa trigger the activation of the phosphorylation cascade upstream of PMK-1, beginning 

with TIR-1. Under oxidative stress PMK-1 phosphorylation triggers the activation of numerous 

downstream regulators including SKN-1. Reprinted from Inoue et al., 2005. 
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3.1.3 Immune stimulation in C. elegans 

In addition to these mechanistic advances in the host response to infection, immune 

stimulatory molecules have also been discovered and characterized in C. elegans. One of the more 

well-studied of these molecules is RPW-24 (or R24) [24] (Fig 3.2). This was one of many hits 

found to extend survival of C. elegans during E. faecalis infection. Interestingly this molecule 

exhibited an effect at concentrations much lower than its MIC, indicating that its mechanism acted 

on the host rather than the pathogen. It was initially reported that its rescue was partially dependent 

upon the p38 MAPK/PMK-1 pathway [24]. More recently, it was found that although the 

transcriptional profile that the molecule creates in the worms has high overlap with PMK-1 

downstream targets, RPW-24 was activating a parallel pathway through an uncharacterized gene, 

NHR-86, that was subsequently found to contribute to pathogen response in C. elegans [123]. 

Additional dependencies for the molecule’s rescue were also found, including the conserved 

Mediator subunit gene mdt-15, which has been shown to mount a xenobiotic defense response in 

C. elegans [68, 124].  

In a previous study, we performed a high-throughput, high-content, fragment-based 

phenotypic screen for small molecules capable of extending C. elegans survival during exposure 

to P. aeruginosa in liquid [70]. Approximately 70 novel small molecules were identified, some of 

which possessed antibacterial or anti-virulence properties. In general, the latter group inhibited 

either the biosynthesis or the function of pyoverdine [70, 82]. However, a significant number of 

molecules did not appear to affect either bacterial growth or pyoverdine production. Therefore, we 

hypothesized that at least some of these molecules increase C. elegans survival by augmenting host 

defense responses. In this study, I sought to elucidate the genetic pathways modulated by five 

immunostimulatory molecules that confer resistance to P. aeruginosa, and to determine their utility 

in combating infection by multiple common nosocomial pathogens.  
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Figure 3.2 RPW-24 was shown to rescue from pathogen by stimulating C. elegans defense 

response 

(A) Structure of the immune stimulator RPW-24. (B) RPW-24 exhibited dose dependent activation 

of irg-5, a reporter for activation of the PMK-1/p38 MAPK pathway. This was the first theorized 

mechanism of action for the molecule. Reprinted from Pukkila-Worley et al., 2012. 

 

3.2 Immune stimulants show similarities in activity and transcriptional 

responses 

3.2.1 Molecules exhibit rescue at sub-MIC concentrations 

To confirm that the ability of the compounds (Fig 3.3A) to rescue C. elegans was unrelated 

to their effect on bacterial growth, the ratio of MIC (minimum inhibitory concentration) to EC 

(effective concentration for statistically significant rescue) was determined for each compound. 

This ratio is informative for identifying compounds whose effect is primarily controlling bacterial 

growth. For example, antimicrobials generally exhibit a ratio close to 1.0, as their ability to prevent 

C. elegans’ death is contingent on preventing bacterial division. Ciprofloxacin, gentamicin, and 

polymixin B have MIC/EC ratios from 0.57 to 2.7 [82]. In contrast, the LK molecules tested showed 

high MIC/EC ratios, which is consistent with a different mechanism of action (Fig 3.3B). Rescue 
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in Liquid Killing was dependent on compound concentration, as would be expected (Fig 3.3C-D), 

with EC values in the low micromolar range. This efficacy was consistent with values normally 

seen for primary hits from fragment-based screening [125]. Although the molecules had favorable 

activities and possessed molecular characteristics consistent with Lipinski’s Rule of Five (≤5 

hydrogen bond donors, ≤10 hydrogen bond acceptors, MW<500, log P≤5) (Table 3.1) [126], 

further characterization of the compounds was carried out to prior to costly and labor-intensive lead 

optimization. 
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Figure 3.3 LK molecules rescue C. elegans from P. aeruginosa in Liquid Killing. 

(A) Structures for the 5 LK molecules (LK32, LK34, LK35, LK38, and LK56). (B) Minimum 

effective concentrations (EC) and EC/MIC (minimum inhibitory concentration) ratios. Minimum 

effective concentration was calculated from the lowest concentration that retained statistically 

significant rescue of glp-4(bn2) C. elegans, a temperature-sensitive sterile strain, from P. 

aeruginosa PA14. (C) Example of dose dependent rescue for LK35. The compound was added in 
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serial 2-fold dilutions from 64 µM to 2 μM. (D) Example brightfield and fluorescence images used 

to calculate the proportion of dead worms for each well. In all Liquid Killing assays a cell-

impermeable dye, Sytox Orange, was used to selectively visualize dead worms. * p < 0.05, ** p < 

0.01, *** p < 0.001. p-values were calculated using Student’s t-test. At least 6 wells containing 20 

worms each per condition per replicate were used for determination of Liquid Killing. EC values 

are the average of three biological replicates. Error bars represent standard error of the mean. 

 

 

 

 

3.2.2 LK34, LK35, and LK38 exhibit strong overlap in upregulated genes but are 

chemically distinct 

To gain additional insight into the effect of LK molecules on C. elegans, young-adult, wild-

type worms were treated with each of the drugs at 100 µM, in the absence of pathogen, for 8 h. 

RNA was collected and transcriptome profiling was performed. Upregulated genes were compared 

to effectors for well-known C. elegans defense pathways [78, 81, 117, 127, 128]. The most 

significant overlaps and corresponding p-values are shown in Table 3.2. Interestingly, several of 

the molecules shared similar overlaps with the panel of immune pathways. For example, LK32, 

LK34, LK35, and LK38 displayed a highly significant overlap with PMK-1/p38 MAPK effectors 

(p < 1E-10), while LK32, LK56, LK34, and LK38 shared a strong overlap with ELT-2/GATA 

targets and SKN-1/Nrf2-dependent genes (p < 1E-10). Similarly, three of the LK molecules 

overlapped with either DAF-16/FOXO or PQM-1 targets (p < 1E-10). Notably, all of these 

pathways have previously been shown to play a role in the defense response of C. elegans against 

P. aeruginosa [75, 118, 129-131], making them strong candidates for mechanisms of rescue for our 

immune stimulants. 
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Although this form of analysis can provide leads for further investigation, merely 

comparing lists of differentially regulated genes is not always informative. To add depth to our 

analysis, I also considered the magnitude of the differences in expression. Differentially-expressed 

genes were clustered based on the degree of change after treatment with one of the five 

immunostimulators or with a panel of compounds known to affect C. elegans (Fig 3.4A). These 

included hygromycin (a translational inhibitor causing proteotoxic stress), RPW-24 (a synthetic 

small molecule that activates members of the PMK-1/p38 MAPK pathway), and phenanthroline (a 

metal chelator that activates mitochondrial surveillance and mimics pyoverdine) [24, 81, 132, 133]. 

Interestingly, LK34, LK35, and LK38 clustered together and showed remarkably similar 

expression profiles, as reflected by the clustograms and numbers of shared genes (Fig 3.4B). The 

most obvious explanation for this is that the molecules have a shared chemical structure. However, 

the Tanimoto coefficients (a measure of overlap between fingerprints of two molecules and the 

most common method for determining chemical similarity) for the pairwise comparisons were at 

most 0.371 (Fig. 3.4C). This is beneath the most common cutoff score typically used to consider 

molecules close structural relatives (0.55) and well below the cutoff often assumed to indicate that 

molecules share an activity and a target (0.85) [134]. Despite their apparent dissimilarity, the 

transcriptional overlap suggested that these molecules likely activate same pathway and may even 

share the same targets (Fig 3.4D).  
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Figure 3.4 LK34, LK35 and LK38 share common pathway responsible for defense response. 

(A) Heatmap of upregulated and downregulated genes after being normalized to average fold 

change across all conditions. (B) Venn diagram of shared and unique upregulated genes for LK34, 

LK35, and LK38. (C) Compound Tanimoto coefficients calculated using Open Babel (see 

Materials and Methods). (D) Gene Ontology terms (GOTERMs) for upregulated and 

downregulated genes from the LK34, LK35, and LK38-common clade (yellow boxes in heatmap).  
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3.3 Rescue in Liquid Killing involves multiple innate immune pathways  

3.3.1 Rescue showed no dependence on canonical stress response pathways 

Based on the presence of known effectors for multiple innate immune pathways in the 

transcriptional profiles of C. elegans exposed to LK molecules, we hypothesized that the 

compounds were activating one or more of these well-known pathways. To test this, RNAi was 

used to knockdown daf-16/FOXO, elt-2/GATA, pmk-1/p38 MAPK, atf-7/ATF7 (a transcriptional 

regulator for the PMK-1/p38 MAPK pathway), pqm-1, or skn-1/Nrf2. Worms were then exposed 

to P. aeruginosa under Liquid-Killing conditions in the presence of either DMSO or one of the 

immunostimulatory compounds. It is worth noting that depletion of several of these transcripts via 

RNAi is known to alter the timing of P. aeruginosa-mediated Liquid Killing. For example, daf-

16/FOXO(RNAi) results in a survival disadvantage in liquid media, even in the absence of P. 

aeruginosa, because the transcription factor provides some resistance to starvation. This is 

consistent with our observations that worms incubated in liquid exhibit constitutive nuclear 

translocation of DAF-16/FOXO [133]. Consequently, targeting daf-16/FOXO with RNAi non-

specifically shortens worm survival in Liquid Killing. Surprisingly, however, none of the RNAi 

conditions tested eliminated the ability of the LK compounds to rescue C. elegans (Fig 3.5A-E), 

despite the apparent ability of the compounds to activate these pathways. Due to lack of commercial 

availability, some RNAi conditions were not tested for LK34.  
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Figure 3.5 Rescue in liquid killing does not depend upon single canonical innate immune 

pathway. 

(A-E) Liquid Killing of glp-4(bn2) worms reared on RNAi targeting skn-1/Nrf2, atf-7/ATF5, daf-

16/FOXO, pqm-1, pmk-1/p38 MAPK, elt-2/GATA, or vector alone were treated with DMSO, (A) 

LK32, (B) LK34, (C) LK35, (D) LK38, or (E) LK56. RNAi conditions that were taken at different 
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time points were divided into different graphs. Concentrations were either 32 µM (LK38, and 

LK56) or 64 μM (LK32, LK34, and LK35), based on which provided most consistent rescue. At 

least 6 wells, containing 20 worms each, were used per biological replicate to determine survival 

for each condition, averages from at least three biological replicates are shown. * p < 0.05, ** p < 

0.01, *** p < 0.001. p-values were calculated using Student’s t-test. Error bars represent standard 

error of the mean. 

 

3.3.2 Rescue showed no dependence on genes present in shared LK34, LK35, and 

LK38 clade 

Genes differentially regulated by LK34, LK35, and LK38 showed enrichment for functions 

associated with defense responses. On this basis, I created a new panel of genes drawn from this 

group and from the set of 141 genes upregulated by all three compounds. RNAi was used to target 

this panel of genes, which included phosphatases, kinases, transcription factors, and the three genes 

most upregulated by all three compounds. Worms were reared on bacteria to induce RNAi targeting 

each of these genes and then exposed to P. aeruginosa in Liquid Killing conditions in the presence 

of either DMSO, LK34, LK35, or LK38. As with the previous assays, rescue was unchanged (Fig 

3.6A). 

3.3.3 Third panel of RNAi exclusively for LK56 showed dependency on mdt-15 

Due to its strong rescue and unique transcriptional profile, I created an additional panel of 

genes for testing on LK56 only. I used WormEXP to identify candidate genes which when mutated, 

exhibited differentially expressed gene sets with strong overlap to genes upregulated by LK56. This 

included genes with varying function including those involved in cuticle synthesis, the insulin 

receptor daf-2/IGF1R, methyl transferases, phosphatases, osmolarity regulators, cell cycle 

regulators, and glp-1/NOTCH1. Most genes tested had no effect on LK56 mediated rescue, however 

RNAi of mdt-15 was able to completely eliminate statistically significant rescue for the molecule 

(Fig 3.6B). Similarly to other genes in this set, it was selected based upon overlap with genes 

upregulated in response to LK56. Interestingly, this gene has previously been shown to be amenable 

to immune stimulation by the small molecule RPW-24 [68]. It is also implicated in numerous 

defense responses of the worm [124].  
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Figure 3.6 Additional RNAi panels uncover mdt-15 as a mediator of LK56 rescue in Liquid 

Killing 

Liquid Killing assay was performed using glp-4(bn2) on a panel of RNAi knockdowns for genes 

commonly upregulated by LK34, LK35, and LK38 (A) and genes with mutants that exhibit 

significantly similar transcriptional profiles to LK56 upregulated genes (B). Group (A) included 

genes with the highest upregulation in the cluster (F15E11.12, T24B8.5, Y40B10A.6), phosphatase 

(Y105C5B.15), kinase (F38B2.4), or DNA-binding protein (W02A2.7). Group (B) genes were 

chosen using WormEXP and are genes which when mutated, exhibit similar 

upregulated/downregulated genes compared with LK56 upregulated genes. Genes that were taken 

at different time points were split into different graphs. Representative result of three biological 



35 
 

  

replicates is shown. Each replicated contained 6 wells with 20 worms/well. Error bars represent 

standard error of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001. p-values were calculated using 

Student’s t-test. 

 

3.3.4 GFP reporters showed activation of SKN-1/Nrf2 and PMK-1/p38-MAPK 

pathways 

Although only one of the single immune/stress pathway RNAi knockdowns abolished the 

ability of the hits to rescue from P. aeruginosa-mediated pathogenesis, it remains possible that 

canonical stress pathways contribute to the compounds' effects. To test pathway activation, worms 

carrying GFP-based reporters for the SKN-1/Nrf2, PMK-1/p38 MAPK, and DAF-16/FOXO 

pathways (gst-4p::GFP, irg-5p::GFP, and DAF-16::GFP, respectively) were exposed to the 

compound in S Basal media without P. aeruginosa. Both LK32 and LK34 induced gst-4p::GFP, 

suggesting that SKN-1/Nrf2 is activated (Fig 3.7A). LK38 and LK56 each triggered irg-5p::GFP 

fluorescence, indicating that they activate the PMK-1/p38 MAPK pathway. Notably, LK38 was 

able to activate the pathway at concentrations close to EC while LK56 only exhibited PMK-1/p38 

MAPK activation at higher concentrations (Fig 3.7B). None of the LK compounds increased the 

translocation of DAF-16 to the nucleus (Fig 3.8).  
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Figure 3.7 A subset of LK molecules activates SKN-1 or/and PMK-1 reporters. 

Worms carrying reporters for SKN-1 (gst-4p::GFP, panel A) or PMK-1 (irg-5p::GFP, panel B) 

were incubated with LK32, LK34, LK35, LK38, or LK56 at 100 μM in 5% DMSO, or 5% DMSO 

alone. Activation for PMK-1 was also assayed at concentrations closer to EC values (50 μM and 

25 μM). Juglone at 100 μM and ethanol 1% (v/v; solvent control for juglone) (A) or RPW-24 100 

μM (B) were also included as positive controls. Worms in (A) were reared on RNAi targeting skn-

1/Nrf2 or an empty RNAi vector control and fluorescence intensity was measured immediately and 

after 8 h incubation. Shown is the fold-increase at 8 h. Worms in (B) had their fluorescence 

measured at 24 hours. ~50 worms were used per well and at least three wells were used per 

condition for each biological replicate. Mean values from at least three biological replicates are 
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shown. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to solvent control. p-values were calculated 

using Student’s t-test. Error bars represent the standard error of the mean.  

 

 

 

Figure 3.8 LK molecules do not stimulate DAF-16 nuclear localization. 

(A) An example of worm scored as exhibiting nuclear localized DAF-16/FOXO::GFP. (B) An 

example of worm lacking nuclear DAF-16/FOXO::GFP. (C) Worms were scored for DAF-

16/FOXO::GFP nuclear localization following incubation with LK molecules at 100 µM or juglone 

at 100 µM for 8 h. The fraction of worms exhibiting nuclear localization is shown for each LK 

molecule. Worms were scored as either nuclear localization (+) or nuclear localization (-) based on 

whether at least five distinct GFP fluorescent nuclei were observed. ~30 worms were used per well 

and 1 well per condition. Average of at least three biological replicates is shown. Error bars 

represent standard error of the mean (SEM).* ―p<0.05. p-values were calculated using Student’s 

t-test. 
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3.4 Rescue of LK38 in Slow Killing conditions rely on PMK-1/p38 

MAPK pathway 

3.4.1 A subset of molecules rescue in Slow Killing conditions 

P. aeruginosa kills C. elegans in a myriad of ways, including both pyoverdine-mediated 

intoxication in liquid and a Slow Killing method that depends on intestinal colonization and 

canonical quorum sensing pathways [57]. The PMK-1/p38 MAPK cascade is the most important 

innate immune pathway known for defense in Slow Killing [115]. To confirm that LK32, LK38, 

and LK56 activate PMK-1/p38 MAPK in a functionally relevant fashion, I tested whether these 

compounds increased resistance to P. aeruginosa, as has been shown for the xenobiotic compound 

RPW-24 [24]. Wild-type C. elegans were used since FUDR has been shown to be sufficient to 

induce sterility in this limited-time frame agar-based assay [135]. Worms exposed to four of the 

compounds (LK32, LK34, LK38 and LK56) exhibited increased lifespan after infection with P. 

aeruginosa (Fig 3.9A-F). Due to lack of commercial availability, LK34 was not tested further. 

 

 

Figure 3.9 A subset of LK molecules extends C. elegans lifespan in slow killing assay. 

Slow Kill assays were performed with young adult wild-type C. elegans using SK media plates 

containing either LK32 (A), LK34 (B), LK35 (C), LK38 (D), LK56 (E) or  RPW-24 as a positive 

*** 
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        * 

         

        *** 

        ** 
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control (F) at 50 µM. Shown are representative results from one biological replicate, which was 

comprised of three plates, each containing ~60 worms. Two biological replicates were performed. 

Statistical significance was calculated using a log-rank test, and worms that left the surface of the 

plate were excluded from analysis. For DMSO vs. compound, p < 0.05 for LK32 and LK34, p < 

0.01 for LK56, p < 0.001 for LK38 and RPW-24, and p > 0.05 (n.s.) for LK35. 

 

3.4.2 Rescue for LK38 is abolished in pmk-1(RNAi) and atf-7(RNAi) backgrounds 

To further test whether stimulation of the PMK-1/p38 MAPK pathway was responsible for 

rescue in Slow Killing, I used RNAi to knock down pmk-1/MAPK or atf-7/ATF7 (a transcription 

factor that is phosphorylated by PMK-1) (Fig 3.10). pmk-1/p38(RNAi) abolished the capacity of 

LK38 to rescue, indicating that the molecule’s ability to confer protection in Slow Killing is 

mediated solely through this pathway. Notably, these RNAi conditions did not abolish rescue for 

LK32 or LK56, indicating that the loss of rescue in LK38 was not simply due to a loss of fitness of 

the worms but rather modulation of a pathway involved in rescue. This also indicated the activity 

of another pathway responsible for LK32- and LK56-mediated rescue in Slow Killing.  
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Figure 3.10 LK38 rescue in slow killing is dependent upon PMK-1/P38 MAPK pathway. 

Wild-type L4 worms were reared on RNAi targeting pmk-1/p38 MAPK, atf-7/ATF-7, or empty 

vector were placed onto Slow Killing plates containing DMSO or LK32 (A, B), LK38 (C, D), or 

LK56 (E, F) at 50 µM. Starting at 24 h, worms were scored every 12 h for survival until all worms 

perished or were absent. Each biological replicate was comprised of three plates, each of which 

contained approximately ~50-70 worms. Two biological replicates were performed. Statistical 
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significance was calculated using log-rank test. For vector RNAi, DMSO vs. compound, p<0.001 

for LK38, LK56, and LK32. For pmk-1/p38 MAPK(RNAi), DMSO vs. compound, p < 0.01 for 

LK32, p < 0.05 for LK56, p > 0.05 (n.s.) for LK38. For atf-7/ATF-7(RNAi), DMSO vs. compound, 

p < 0.001 for LK32, p < 0.01 for LK56, p > 0.05 (n.s.) for LK38. 

 

3.4.3 Upstream genetic mutants retained loss of rescue 

In an attempt to determine the specific target of the LK38 within the PMK-1 pathway, loss-

of-function mutations of nsy-1/MAP3K15(ag3) and sek-1/MAP2K6(km4), MAPK pathway 

members upstream of PMK-1/p38 MAPK, were also tested for exhibiting rescue by LK38. 

Interestingly, these mutants similarly lost LK38-mediated rescue, suggesting that the compound 

acts upstream of these pathway members (Fig 3.11).  

 

Figure 3.11 LK38 showed no rescue on mutants of upstream members of PMK-1/P38 MAPK 

pathway. 

Wild-type N2 worms and nsy-1/MAP3K15(ag3) or sek-1/MAP2K6(km-4) mutants were exposed to 

P. aeruginosa in the Slow Killing assay in the presence of DMSO or LK38. Value at each point 

represents average of three plates per condition with roughly 60 worms per plate. Representative 

replicate is shown. Two biological replicates were performed. p-value was calculated using log-

rank test. For wild-type DMSO vs. LK38 p<0.001. No statistically significant difference was 

measured between LK38 and DMSO conditions for either of the mutants. 
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3.5 Immunostimulatory molecules promote defense against multiple 

bacterial pathogens 

The data presented suggest that LK molecules stimulate host innate immune systems. 

Therefore, the compounds were tested in a wider variety of C. elegans infection assays, including 

intestinal colonization liquid-based killing assays with Enterococcus faecalis or Staphylococcus 

aureus. E. faecalis and S. aureus are Gram-positive bacteria species frequently responsible for 

nosocomial infections [136, 137]. To facilitate identification of small molecules that will ameliorate 

these infections, liquid-based pathogenesis models have been developed for each [138, 139]. 

Worms were incubated with either E. faecalis or S. aureus and varying concentrations of LK32, 

LK34, LK35, LK38, or LK56. Three of the compounds, LK32, LK34, and LK56, showed EC 

values for E. faecalis (8, 18.7, and 10.7 µM) comparable to the EC values for P. aeruginosa (32, 

9.3, and 7.3 µM) (Fig 3.12A) and exhibited a dose-dependent rescue (Fig 3.12B). LK32 and LK56 

conferred protection against S. aureus as well but required significantly higher concentrations than 

for the other pathogens (42.7 and 56 µM, respectively) (Fig 3.12C). The ability of the 

immunostimulators to rescue against multiple pathogens that utilize a diverse set of virulence 

factors and mechanisms of pathogenesis further support the idea that these compounds are 

stimulating innate immunity.  
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Figure 3.12 Subset of LK molecules rescue against E. faecalis and S. aureus. 

(A) Effective rescue concentrations of LK32, LK34, LK35, LK38, and LK56, as determined by 

liquid-based infection assays using E. faecalis or S. aureus to infect the model host C. elegans. 

Compounds were serially diluted two-fold and young adult glp-4(bn2) worms were incubated with 

the pathogen for 80 h (E. faecalis) or 96 h (S. aureus). EC concentrations shown are based on the 

mean value for at least three replicates. (B-C) Proportion of dead C. elegans after exposure to E. 

faecalis (B) or S. aureus (C). Shown are mean values from at least three biological replicates. Each 

condition included at least six wells, per replicate, each of which contained approximately 20 
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worms. * p < 0.05, ** p < 0.01, # p < 0.001. p-values were calculated using Student’s t-test. Error 

bars represent the standard error of the mean. A representative replicate is shown. 

 

3.6 LK molecules generally exhibit low toxicity 

Although there are evidence that LK32, LK34, and LK38 activate innate immunity, it was 

important to determine whether this occurred due to a hormetic effect, whereby a beneficial defense 

response is activated in response to the molecules toxicity, yielding a net improvement. For 

example, RPW-24, a small molecule that protects C. elegans from P. aeruginosa by activating 

members of the PMK-1/p38 MAPK pathway exhibits significant toxicity at the concentrations 

required for rescue [24]. I tested the short term effects of the molecules on perturbing cellular 

homeostasis by assaying ROS production (Fig 3.13A), endoplasmic reticulum unfolded protein 

response (ERUPR) (Fig 3.13B), heat shock response (Fig 3.14A), and proteasome upregulation (Fig 

3.14B) but saw no effect by the molecules on cellular homeostasis, with the exception of a small 

activation of the small heat shock protein, hsp-16.1 by LK56 (LK32 was not tested due to lack of 

commercial availability). To test the long-term toxicity of the compounds, lifespan assays were 

carried out by placing glp-4(bn2) worms on NGM plates containing LK32, LK34, LK35, LK38, 

LK56, or DMSO and seeded with E. coli OP50 (Fig 3.15A). I elected to use the sterile glp-4(bn2) 

since long-term exposure to FUDR on top of our compounds might have complicated interpretation 

of small molecule toxicity. Of the compounds tested, only LK56 exhibited a slight decrease in 

lifespan, and that appeared only in older worms. The limited impact of the hits on C. elegans 

lifespan supports the conclusion that they are mediating their effect through immune stimulation 

and not via weak toxicity.  

As a final test, compound toxicity in human cells was evaluated. Ideally, toxicity would be 

tested on a panel of cell lines from different tissues, however due to constraints on molecule 

quantity this was not possible. I therefore selected RWPE-1 prostate cells, a well-established, well-

characterized cell line available in our lab, for toxicity testing. Cells were seeded in 96-well plates, 

allowed to attach, and media was replaced with media containing either one of the compounds or 

DMSO. Viability was measured 24 h later using an MTT assay (Fig 3.15B). In contrast to results 

from C. elegans, LK56 appeared non-toxic, while LK32 was poorly tolerated by the cells.  
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Figure 3.13 LK molecules do not induce ROS or UPR ER. 

Young adult N2 worms (A) or hsp-4p::GFP transgenic worms (B) were incubated with LK 

molecules at 50 or 100 µM, DMSO control, and Rotenone at 50 µM (A) or Tunicamycin at 50 µM 

(B). For (A) DHE staining was performed at 4 µM for one hour before fluorescence was measured. 

Fluorescence measurements for (A) and (B) were taken after 10 hours and 15 hours respectively. 

Mean values from at least three biological replicates are shown. * p < 0.05, ** p < 0.01, *** p < 

0.001 compared to solvent control. p-values were calculated using Student’s t-test. Error bars 

represent the standard error of the mean. 
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Figure 3.14 LK molecules do not perturb cellular proteostasis. 

Young adult worms expressing hsp-16.1p::GFP and rpt-3p::GFP were incubated with LK 

molecules at 50 or 100 µM, DMSO control, and Bortezomib at 12.5 µM. Fluorescence 

measurements for (A) and (B) were taken after 15 hours. Mean values from at least three biological 

replicates are shown. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to solvent control. p-values 

were calculated using Student’s t-test. Error bars represent the standard error of the mean. 

 



47 
 

  

 

Figure 3.15 LK molecules generally exhibit low toxicity in C. elegans and mammalian cell 

culture. 

(A) For each compound, ~60 glp-4(bn2) worms were plated onto each of three NGM plates 

supplemented with LK32, LK34, LK35, LK38, LK56, or DMSO alone (50 µM). Worms were 

scored once daily by prodding. At least two biological replicates were performed for each 

condition. Only LK56 showed a statistically significant decrease in lifespan (p < 0.05). (B) 1.5 x 

104 cells RWPE-1 immortalized prostate cells per well were seeded in a 96-well plate. After 24 h, 

media was replaced with serum-free medium containing LK32, LK34, LK35, LK38, LK56, or 

DMSO at 10, 50, or 100 µM. Cell viability was determined 24 h later by conventional MTT assays. 
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Viability was normalized to DMSO solvent control. 6 wells were used per condition and an average 

of three biological replicates is shown. Average of three biological replicates is shown. Error bars 

represent standard error of the mean (SEM). p-value was calculated using either the log-rank test 

(A) or using one-sample t-test; * p < 0.05, ** p < 0.01, # p < 0.001.  (B). Error bars represent 

standard error of the mean. 

 

3.7 Discussion 

I have characterized a panel of immunostimulatory molecules and identified two (LK32 

and LK34) SKN-1/Nrf2 activators, two stimulators of the PMK-1/p38 MAPK pathway (LK38 and 

LK56) and one molecule that requires mdt-15 for rescue (LK56). LK38 also utilized the PMK-

1/p38 MAPK pathway to rescue C. elegans from an intestinal colonization infection. A subset of 

these molecules rescued against two additional nosocomial pathogens E. faecalis (LK32, LK34, 

and LK56) and S. aureus (LK34 and LK56). Importantly, most of the molecules exhibited low 

signs of toxicity against either C. elegans or mammalian cells. 

It is worth noting that for all molecules except LK56, RNAi failed to completely abolish 

compound-mediated rescue, despite the fact that the compounds did activate known innate immune 

pathways. Although the reason for this remains unclear, at least three possible explanations exist. 

First, it is possible that the compounds activate multiple innate immune pathways and that they 

each contribute to rescue. This is a fairly common occurrence in complex, emergent traits [140]. 

This possibility is strengthened by the complete dependence of LK38 on PMK-1/p38 MAPK 

pathway for the rescue under Slow-Killing conditions. Third, the pathways could, and likely do, 

exhibit significant cross-talk or share common effectors. In this case, even completely preventing 

activation of the upstream portion of one pathway may be insufficient, as a different signaling 

cascade could trigger the downstream portions. Finally, it is possible that other unknown 

pathway(s) are responsible for the immune modulation. 

It is also interesting to note that the two molecules with the broadest activity (LK32 and 

LK34) also showed the greatest overlap with SKN-1/Nrf2-dependent genes and activated gst-4 in 

a SKN-1/Nrf2-dependent fashion. These two compounds were able to extend C. elegans survival 

on P. aeruginosa in both liquid and solid contexts, as well as provide protection against exposure 

to both S. aureus and E. faecalis. Originally, SKN-1/Nrf2 was identified by its role in development, 
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where maternal SKN-1/Nrf2 determines cell fate for the EMS blastomere with its two daughter 

cells forming the pharynx and the intestines [141]. Once specification of the mesoderm is complete, 

SKN-1/Nrf2 shifts its function to stress/innate immune responses, activating the expression of a 

variety of detoxification mechanisms, including glutathione-S-transferases and cytochrome P450s 

[120, 142]. It remains unclear whether LK32 and LK34 promote defense as specific activators of 

SKN-1/Nrf2, or whether exposure to these compounds non-specifically activates detoxification 

responses, which, in turn, provides defense against pathogens. Previous reports have shown that 

RNAi or mutations of skn-1/Nrf2 exhibit increased sensitivity to P. aeruginosa, demonstrating the 

value of the pathway in host defense [75].  

Another synthetic immunostimulant discovered in C. elegans, RPW-24, has been shown 

to activate members of the PMK-1/p38 MAPK pathway [59, 143, 144]. This pathway is crucial for 

defense against a P. aeruginosa intestinal colonization model (Slow Killing), and is important for 

defense against many other bacterial pathogens as well [145]. However, it also stimulated the 

activity of several detoxification pathways. Similar to what was observed in this study, RPW-24 

activated a defense pathway but RNAi was insufficient to abolish rescue [24]. Like LK32 and 

LK34, RPW-24 may be activating host defense by triggering cellular surveillance pathways [81, 

146], which may be a promising route to triggering innate immune activity. Interestingly, further 

mechanistic studies identified nhr-86, as the mediator of RPW-24’s immune stimulation. This gene 

shared similar targets to the PMK-1/p38 MAPK pathway, but was able to upregulate them in a 

PMK-1-independent manner [123]. Although PMK-1 is unlikely to play a role in our LK 

molecule’s rescue in Liquid Killing conditions, a similar phenomenon may be occurring, whereby 

an uncharacterized gene is responsible for a defense response that shares a significant overlap with 

an already well-characterized defense pathway, necessitating more comprehensive screening of the 

C. elegans genome. It is worth noting that RPW-24, unlike LK32 and LK34, is sufficiently toxic 

for C. elegans to actively avoid the compound. Interestingly, relatively high toxicity was observed 

for LK32 and LK34 in mammalian cell culture despite being well tolerated by C. elegans. This 

toxicity in mammalian cells could be due to unique detoxification mechanisms in the C. elegans, 

or differences in detoxification capabilities between a whole organism vs. the detoxification 

capabilities of a single cell type. The absence of overt toxicity for the LK compounds against C. 

elegans may suggest that they more specifically induce SKN-1/Nrf2 activity. This, along with a 

conserved role in innate immune activation, would clearly increase the utility of these drugs.  

Another pathway that RPW-24 was found to act through was in fact mdt-15, the same gene 

that is required for rescue for LK56. mdt-15 is an ortholog of human MED15 and a subunit of the 
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mediator complex which is required for regulating expression of RNA polymerase II transcripts. It 

has been show to regulate lipid storage [147] and importantly, is required for activation of many 

SKN-1 dependent detoxification genes especially in response to ingested toxins [124]. Also of 

interest, mdt-15 was found to be necessary for the induction of many PMK-1 dependent genes, 

although many of these genes only have their basal levels regulated by PMK-1 and the pathogen-

dependent upregulation of these genes is in fact dependent upon another somewhat less 

characterized gene, nhr-86 [56, 123]. This is consistent with LK56’s activation of the PMK-1 

reporter, irg-5, and begs the question of whether LK56 and/or additional immune stimulants in this 

study that have significant overlap with PMK-1 targets may also act through NHR-86. Given the 

structural differences between LK56 and RPW-24, our data supports the notion that mdt-15 likely 

acts as a central regulator of detoxification (likely in a SKN-1-independent manner), and innate 

immunity in a PMK-1 independent manner to upregulate a host of defense genes. Exactly how 

small molecule immune stimulators are interacting with the protein on a molecular level is so-far 

unknown. However, nuclear hormone receptors such as NHR-86 represent a promising starting 

point for elucidating additional members of this defense response pathway.   

Stimulators of the innate immune response have generally fallen into two groups. The first 

is comprised of naturally occurring substances and has been known for some time. These include 

vaccine adjuvants, agonists of pattern receptors of the innate immune system like Toll-Like 

Receptors, and other complex molecules produced for ecological interactions. These substances 

tend to have broad immunogenicity and activate large portions of the innate and adaptive immune 

system (e.g., TLR signaling and macrophage polarization). C. elegans has only a single canonical 

TLR protein, TOL-1/TLR, which appears to have restricted immune function [148-152], suggesting 

that it is unlikely these molecules function by stimulating TOL-1/TLR. 

The second group, which is currently much smaller, is comprised of synthetic small 

molecule immunostimulators. A canonical example is pidotimod, which induces dendritic cell 

maturation and stimulates the release of pro-inflammatory cytokines polarizing CD4+ T cells 

toward a Th1 cell fate [153]. Identification of this type of compounds is likely to be difficult using 

conventional drug screening methods. However, using whole organism phenotypic screening to 

identify immunostimulatory compounds in C. elegans, which was pioneered by the Ausubel lab 

[143, 144], has great potential for this purpose, despite the field being in its infancy. Like 

pidotimod, most of the LK compounds are unlikely to have been identified using more conventional 

screening methodologies. The target-blinded nature of this approach allows all of the hosts' immune 

factors to be screened simultaneously. Considering the complex interplay of the innate immune 
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system (and, in more complex eukaryotes, adaptive immunity as well), it should not be surprising 

that the compounds discovered this way will have complex and pleiotropic effects. 

Despite these strengths, it can become complicated to identify biomolecular mechanisms 

for hits identified this way. Thus far, these studies suggest that mechanistic understanding of hits 

from phenotypic screens may be surprisingly complex and may be a potential bottleneck for 

transitioning hits to lead compounds. In addition, compound optimization may be more challenging 

than usual, particularly if the compounds are acting through multiple defense pathways that each 

confer an additive benefit. In contrast, if there is extensive cross-talk between defense pathways, 

developing immunostimulants may be straightforward and the compounds may prove to be 

surprisingly effective.  
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Chapter 4 

Repurposing bioactive compounds for 

treatment of multidrug-resistant 

pathogens 

Taken in part from Hummell et al. 2020 

 

4.1 Introduction 

4.1.1 Trends in antibiotic development 

The speed at which pathogens evolve and spread the determinants for antimicrobial 

resistance has historically outstripped the rate at which new treatments could be devised, often by 

orders of magnitude. For a variety of reasons, antimicrobial discovery efforts have fallen to their 

lowest levels in the past 100 years [154]. One key explanation is that new antimicrobials have an 

abnormally low expected return-on-investment. Drug discovery, from target choice to FDA 

approval, can cost upward of $2.5 billion dollars for a single molecular entity [155] and this cost is 

continually rising (Fig 4.1). Generally, drug companies rely on offsetting those costs through sales. 

Several forces conspire to make this more difficult with antibiotics than with other medicines (e.g., 

treatments for autoimmune disorders, metabolic disorders, or chronic mental disorders). For 

example, treatment duration with antibiotics is typically short and rarely repeated. Antimicrobial 

stewardship programs, which seek to prolong drug usefulness by limiting its use as much as 
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possible, paradoxically also reduce use and, therefore, profitability. In addition, despite the growth 

of AMR, there are still frequently several treatments available (even if less effective), and the 

entities that pay for treatment (whether insurance companies or patients paying out-of-pocket) are 

reluctant to paying an order of magnitude (or more) higher prices for a therapy that is only slightly 

better. Finally, at least in the US, there is substantial social pressure for life-saving medicines to be 

priced affordably, regardless of the consequences.  

 

 

Figure 4.1 PhRMA investment and the number of approved drugs by year from 1995 to 2015  

Investment from PhRMA has steadily increased despite a roughly similar drugs meeting FDA 

approval. This increase in cost per drug makes it even more difficult for new drugs to be profitable 

and makes investment into new antibiotics, that come with additional considerations such as 

stewardship and an already crowded market, less fiscally viable. Reprinted from Xue et al. 

 

4.1.2 Drug repurposing/repositioning as a promising approach 

One alternative approach drawing increasing awareness and effort is repurposing. This 

approach leverages the information discovered during preliminary drug discovery efforts (or even 

Phase I/II/III testing) to “jump start” the process to use the same compound for alternative diseases. 

Notable examples of the success of drug repurposing include the use of leflunomide for the 

treatment of melanoma [156], chloroquine for metastatic breast cancer [157], and the 
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antihypertensive monoxodil as a treatment for alopecia [158].  By repurposing molecules that have 

already been proven safe in humans, many regulatory hurdles can be bypassed [159]. This means 

less time and money invested, and a greater probability of successfully identifying a safe and 

effective chemical entity [160]. Antimicrobials have recently shown several striking examples of 

this approach. For example, ibuprofen was shown to have antimicrobial properties and to elicit a 

therapeutic effect in cystic fibrosis patients [161, 162].  Additionally, entecapone, a medication for 

Parkinson’s disease, inhibited mycobacterial growth [163]. Identification and characterization of 

such alternative activities can be extremely useful, especially for molecules with favorable safety 

profiles and well-studied pharmacokinetics and pharmacodynamics.  

4.1.3 Mechanisms of AMR 

Ultimately, antimicrobial discovery needs to keep pace with the development and 

propagation of new resistance mechanisms. Problematically, pathogens are frustratingly effective 

at devising ways to avoid antimicrobials. Reduction of drug accumulation (decreased cell 

permeability, increased efflux, etc), drug inactivation or modification (phosphorylation, cleavage, 

etc.), mutation of the site that the antibacterial binds to (mutation, expression of protection proteins, 

etc), and even wholesale modification of metabolic pathways [164, 165]. Lateral gene transfer then 

serves to spread resistance within bacteria of the same environment, including in clinics, in the soil, 

in water, or even within another organism [166]. Indeed, the environment of the bacteria and their 

interaction with a host play a large part in acquisition of MDR and persistence of infection. For 

instance, individuals with cystic fibrosis possess especially viscous mucous within their lungs, 

facilitating colonization by bacteria [167]. This commonly results in the formation of antibiotic-

tolerant biofilms which create a microenvironment for pathogens that limits access of antibiotics to 

the bacteria, allowing time for drug resistance to build up over time [167, 168].  

4.1.4 Identification of bioactives in Liquid Killing screen 

Previously in our lab, a high-throughput chemical screen was performed to identify small 

molecules that attenuated killing of C. elegans by Pseudomonas aeruginosa in Liquid Killing [70]. 

Several classes of hits were identified, including compounds that inhibit the function of the 

siderophore pyoverdine [82], novel compounds with unknown functions, and known bioactives not 

generally recognized as antimicrobials. The lattermost category included DMAQ-B1, an insulin 

mimetic purified from Pseudomassaria sp. [169]; CD437, an activator of Retinoic Acid Receptor-

β and -γ [170]; oxaliplatin and carboplatin, FDA approved platinum complexes for the treatment 
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of cancer [171, 172]; and PSB-069, a nucleoside triphosphate diphosphohydrolase inhibitor [173] 

(Fig 4.2A). In this study, I examined the ability of these compounds to mitigate the pathogenic 

activity of three nosocomial pathogens, and assayed toxicity, potential synergy, and specific effects 

of these molecules to determine their potential for future repurposing efforts.     

4.2 Bioactives protect against multiple pathogens 

As a first step, I tested the potency of our molecules for the ability to limit Liquid Killing. 

Compounds were tested in the Liquid Killing assay using 2-fold serial dilution to identify their 

minimum effective concentration (EC) (Fig 4.2B-C). Four of the compounds rescued at low 

micromolar concentrations, with CD437 displaying a significantly higher EC. Several different 

mechanisms have been shown to mediate rescue in C. elegans pathogenesis, including stimulating 

host defense pathways [24], attenuating pathogen virulence [70], and, most commonly by far, 

antimicrobial activity [144]. Molecules functioning solely as antimicrobials are often easy to 

recognize, as the ratio of their minimal inhibitory concentration (MIC) to EC is generally between 

0.5 and 3 [82]. This result is intuitive, as their ability to protect the host is contingent upon killing 

the pathogen. For the majority of the bioactives tested, the ratio was > 4, suggesting that the 

antimicrobial activity is not the sole relevant mechanism of rescue.  

Previous studies of pathogenesis in C. elegans suggest that small molecules capable of 

rescuing C. elegans in one assay often have some ability to work against additional pathogens [24, 

55]. Therefore, I tested the ability of our molecules to rescue C. elegans from the nosocomial Gram-

positive bacteria Enterococcus faecalis and Staphylococcus aureus in liquid-based pathogenesis 

assays [139]. Four out of five molecules (all except carboplatin) clearly ameliorated E. faecalis 

pathogenesis while two (DMAQ-B1 and oxaliplatin) inhibited growth of S. aureus (Fig 4.3A-C).  
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Figure 4.2 Bioactives rescue C. elegans from P. aeruginosa. 

 (A) Structures for the known bioactive molecules studied in this report. (B) EC and MIC values 

for bioactives against P. aeruginosa. EC and MIC values are the average of two biological 

replicates. For determination of EC values, four wells were used for each compound with 20 worms 

per well. MIC values were determined using 4 wells in a 384-well plate. Concentrations above 64 

µM were not tested. (C) Representative replicate of Liquid Killing for bioactives. Error bars 
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represent standard error of the mean (SEM). *: p < 0.05, **: p < 0.01, #: p < 0.001. p-values were 

calculated using Student’s t-test. 

Figure 4.3 Subset of bioactives rescue from E. faecalis and S. aureus. 

(A-B) C. elegans exposed to E. faecalis (A) or S. aureus (B), representative replicate shown. Error 

bars represent SEM. (C) Compound EC and MIC values for E. faecalis and S. aureus. EC and MIC 

values are the average of two biological replicates. For determination of EC values, four wells were 



58 
 

   

used for each compound with 20 worms per well. MIC values were determined using 4 wells in a 

384-well plate. Concentrations above 64 µM were not tested. *: p < 0.05, **: p < 0.01, #: p < 0.001. 

p-values were calculated using Student’s t-test. 

4.3 Subset of molecules inhibit bacterial growth  

Although endpoint MIC assays can provide information regarding the ability of the 

compounds to prevent growth, information about growth rate is lost. To obtain finer detail about 

the impact of treatment on bacterial growth, bacteria were grown overnight and then diluted into 

96-well plates containing 4-fold serial dilutions of the bioactive compounds. Aliquots were 

collected at indicated times, serially diluted 10-fold, and plated to determine accurate colony 

counts. As was observed in the MIC assays, DMAQ-B1 effectively killed all three pathogens (Fig 

4.4). Growth of P. aeruginosa was also significantly inhibited by high doses of oxaliplatin and 

modestly by carboplatin, even at the highest dosages tested. (Fig 4.4B-C). The bactericidal 

activities of DMAQ-B1 and oxaliplatin were confirmed by using propidium iodide to stain dead 

cells in a GFP-expressing strain of P. aeruginosa PA14 (Fig 4.5). DMAQ-B1, and CD437 strongly 

curbed growth for E. faecalis and S. aureus, with bactericidal concentrations in the mid- to low-

micromolar range (Fig 4.4D-G). DMAQ-B1 was particularly effective against S. aureus, killing 

most bacteria at concentrations as low as 4 µM. All three pathogens demonstrated some rebound 

growth during treatment with DMAQ-B1, where their minimal numbers were reached earlier and 

by 24 h growth had resumed. This phenomenon is well-known to occur in P. aeruginosa, where 

efflux pumps are activated to remove the antimicrobial and facilitate growth. Interestingly, PSB-

069 exhibited no antimicrobial activity against any of the pathogens, even at the highest 

concentrations tested. This suggests that some alternative mechanism of action is involved in its 

ability to rescue C. elegans from the pathogens. 
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Figure 4.4 CFU assays of antimicrobial compounds. 

(A-G) Bacteria were inoculated into media with the indicated concentration of compound or solvent 

and allowed to grow for the indicated time. Aliquots were removed, serially diluted, and then plated 

on non-selective growth media to determine viable bacterial counts. Data represent the average of 

three biological replicates. Only compound/pathogen combinations that show antimicrobial activity 

for a given pathogen at 256 µM are shown.  
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Figure 4.5 Effect of antimicrobials on P. aeruginosa. 

P. aeruginosa constitutively expressing GFP, was incubated with 256 µM of compound or DMSO 

control for 8 h. Bacteria were then stained with propidium iodide (PI) for 5 minutes. Bacteria were 

pipetted onto a glass slide and imaged under GFP and RFP channels.  

 

4.4 Subset of molecules reduce pyoverdine levels 

Liquid Killing by P. aeruginosa relies upon secretion of the siderophore pyoverdine, which 

causes worm death by scavenging iron from host mitochondria [79-82]. We have previously shown 

that inhibiting the production or the activity of this virulence factor extends survival of C. elegans 

in Liquid Killing [70, 79, 82]. To determine if any of our molecules may function by inhibiting 

pyoverdine, I cultured P. aeruginosa in the presence of 2-fold serial dilutions of our bioactives and 

measured production of the fluorescent siderophore (Fig 4.6). Three of the compounds, DMAQ-
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B1, oxaliplatin, and PSB-069, inhibited pyoverdine production at concentrations lower than those 

required for strong bactericidal effect (Fig 4.6E). This effect, whether direct or indirect, may 

explain the variance of the MIC/EC ratios for these compounds away from what would be expected 

for antimicrobials.  

Figure 4.6 Effect of bioactives on pyoverdine production. 

(A-E) P. aeruginosa strain PA14 was grown in 96-well plates using modified M9 medium with the 

compound concentration ranging from 1 to 128 µM or solvent control. At two-hour intervals for 

30 h, pyoverdine production was measured using fluorescence spectroscopy and normalized to 
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OD600. Data shown are average values from four wells per replicate and two replicates were 

performed. 

4.5 Molecules did not exhibit any effect on C. elegans defense pathways 

Another possibility was that the molecules stimulated C. elegans defense pathways. This 

was tested by treating C. elegans with the compounds in the absence of any pathogen and measuring 

expression of stress-response pathways using fluorescent reporters. 3 canonical host defense 

pathways known to be involved in response to P. aeruginosa were tested. These were the DAF-

16/FOXO (insulin signaling), SKN-1/Nrf2 (detoxification), and p38 MAPK (innate immunity) 

pathways [30, 75, 76]. The expression of the ESRE mitochondrial surveillance pathway, which is 

activated by pyoverdine-induced mitochondrial damage [81] was also assessed. Although 

oxaliplatin and CD437 exhibited small, but significant, activation of the ESRE pathway, activity 

of the compounds as a group appears to be largely independent of host defense pathways. This 

suggests that that the molecules’ activity is more likely to depend upon changes to the bacteria 

rather than the host (Fig 4.7). 
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Figure 4.7 Effect of bioactives on canonical immune pathways. 

Worms were incubated with compounds at 64 µM, juglone at 50 µM, or DMSO for 16 h to assay 

for irg-5 (A), gst-4 (B), or ESRE (D) activation. Fluorescence intensity was measured immediately 

after addition of molecules and again at 16 h. Fold-change of fluorescence intensity for each 

condition is shown. For DAF-16::GFP worms (C), DAF-16 activation is shown as fraction of 

animals with nuclear localization of DAF-16. 25 worms were used per well with one well per 

condition. The average of three biological replicates is shown. *: p < 0.05, **: p < 0.01, ***: p < 

0.001 compared to solvent control. p-values were calculated using Student’s t-test. Error bars 

represent the standard error of the mean. 
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4.6 Molecules show minimal effect on biofilm production of P. aeruginosa 

Biofilms are an important virulence determinant for chronic P. aeruginosa infections [174] 

and can play an important role in physically limiting access of the antimicrobials to the bacterium 

[175, 176]. Some small molecules are capable of preventing the formation of biofilm, thereby 

increasing the therapeutic window and, by extension, the effectiveness of antibiotics [177]. I tested 

the impact on biofilm of the compounds that triggered rescue (oxaliplatin and DMAQ-B1 for P. 

aeruginosa and CD437 and DMAQ-B1 for S. aureus and E. faecalis, Fig 4.8). Although CD437 

limited biofilm formation in S. aureus and E. faecalis and DMAQ-B1 prevented it in S. aureus, the 

concentrations required were higher than the MIC value, suggesting that biofilm inhibition is not 

the relevant function for limiting pathogenesis in C. elegans assays.  
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Figure 4.8 Effect of bioactives on biofilms. 

(A-C) Bacteria were diluted and grown in static 96-well plates. After 24 h, plates were washed and 

biofilm was stained with crystal violet, which was solubilized and measured via spectroscopy. Only 

strain/compound combinations that showed strong growth inhibition are shown. (D) Representative 

images of stained biofilm after wash and stain. Concentrations ranged from 1-64 µM with the last 

well in each column being a DMSO control. For (A-D), each condition was performed in duplicate, 
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and data shown are the average of two biological replicates. *: p < 0.05, **: p < 0.01, #: p < 0.001. 

p-values were calculated using Student’s t-test. Error bars represent SEM.  

 

4.7 Checkerboard assays showed modest synergy between CD437 and 

ampicillin 

Although DMAQ-B1, CD437, oxaliplatin, and carboplatin showed varying degrees of 

antimicrobial activity alone, their potential as therapeutics would be much greater if they had 

synergy with currently used therapies. To test this, compounds with significant antimicrobial 

activity against one or more of the pathogens were tested in combination with standard-of-care 

drugs for P. aeruginosa, E. faecalis, and S. aureus (ciprofloxacin, ampicillin, and vancomycin, 

respectively) using a checkerboard assay (Fig 4.9A-C). Bacteria were cultured with 2-fold dilutions 

of antimicrobials and test molecules in 384-well plates, incubated for 16 h, and measured for 

growth. The only synergy observed was a weak interaction between ampicillin and CD437, which 

displayed a 4-fold increase in effectiveness. Although the synergistic relationship increased the 

antimicrobial activity of the two molecules, it was unclear whether this would translate to increased 

rescue in C. elegans infection assays with the same pathogen. To test this, a whole-animal in vivo-

checkerboard assay was performed with CD437 and ampicillin, this time under liquid-based E. 

faecalis infection conditions (Fig 4.9D, Fig 4.10). No synergy was observed for the drug 

combination in the context of the infection assay. There are at least two potential explanations. 

First, the relatively low level of synergy may have been lost under these more stringent conditions. 

Second, the C. elegans assay, which is scored as living or dead worms, may exhibit decreased 

sensitivity compared to a more fine-grained bacterial growth assay. 
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Figure 4.9 Synergy of bioactives with antibiotic treatments. 

(A-D) Synergy landscapes of test compounds in combination with frontline antimicrobials for P. 

aeruginosa (A), E. faecalis (B), or S. aureus (C).  Synergy was defined as ƩFIC < 0.5 and is shown 

in the green area. No interaction was 0.5 > 4, and antagonism > 4. At least two biological replicates 

were performed and a representative replicate is shown. 
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Figure 4.10 Sytox staining of CD437 and ampicillin synergy in E. faecalis infection. 

Worms were treated with serial dilutions of CD437 and ampicillin in the presence of E. faecalis. 

Synergy scores showed no synergy between the two molecules in rescuing C. elegans. 

Representative biological replicate is shown.  

 

4.8 CD437 and DMAQ-B1 exhibit significant toxicity  

One other characteristic important for understanding the potential of a compound is its 

toxicity. To broadly assess the toxicity of the compounds, C. elegans longevity assays were 

performed. Young adult worms were placed onto NGM media containing each compound at 25 

µM and scored for survival. Of the compounds tested, most showed no signs of toxicity. DMAQ-

B1 was a notable exception. This compound showed significant toxicity towards worms (Fig 

4.11A). Acute toxicity assays were also tested using the human bronchial epithelial cell line 

16HBE. Cells were exposed to compounds for 24 h in regular media, and MTT assays were used 

to assess viability. Recapitulating our data from C. elegans, DMAQ-B1 showed considerable 

toxicity. Unlike in C. elegans, CD437 was also toxic in this assay. Both compounds were toxic 
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even at concentrations lower than the minimal concentrations tested for rescue against pathogen 

(Fig 4.11B). Although this limits their potential for use, toxicity to eukaryotes and antimicrobial 

activity may be separable phenomena. Active structure-activity relationship studies would need to 

be performed to further evaluate their potential. 

 

Figure 4.11 Toxicity of bioactives in cell culture and C. elegans. 

(A) Wild-type, young adult C. elegans were placed on NGM media supplemented with compounds 

at 25 µM. Survival was scored daily until no survivors remained. Only DMAQ-B1 was found to 
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statistically significantly differ from DMSO controls (p < 0.001). A representative replicate is 

shown. Each compound was tested using three plates of ~60 worms. Two biological replicates were 

performed. (B) 16HBE cells were seeded into 96-well plates and allowed to attach before media 

was replaced with serum-free medium containing compound at the indicated concentration. Data 

shown represent percent viability (normalized to DMSO controls) and are the average of three 

biological replicates. Error bars represent SEM. *: p < 0.05, **: p < 0.01, #: p < 0.001. Statistical 

significance was calculated using a log-rank test (A) or t-test.  

 

4.9 Discussion 

In this study, I assayed the antimicrobial and anti-virulence properties of five known 

bioactives. These compounds were originally identified based on their ability to reduce the 

pathogenesis of P. aeruginosa. Of the molecules characterized in this study, carboplatin, 

oxaliplatin, DMAQ-B1, and CD437 appeared to act as an antimicrobial for at least one of the three 

pathogens. Our investigation led to several interesting conclusions. First, despite its identification 

screening in P. aeruginosa, CD437 was more effective against E. faecalis and S. aureus. Second, 

DMAQ-B1 and CD437 had the best profile as antibiotics, but also exhibited the most toxicity in 

our assays.  Third, although the MIC/EC ratio of the majority of the compounds was relatively high 

for antimicrobials, their effect on bacterial growth was significant. This higher ratio could indicate 

that they are working through multiple mechanisms rather than just a straightforward inhibition of 

bacterial growth. This type of multifunctional drug may be more difficult for resistance acquisition 

than a pure antimicrobial. Finally, although a subset of molecules rescued against multiple 

pathogens, the mechanism for rescue against different pathogens likely differs. The MIC/EC ratios 

suggest that the compounds were more likely to function as antimicrobials for E. faecalis and S. 

aureus. The likeliest explanation for this is that the P. aeruginosa assay is based on intoxication 

rather than infection, while the assays for E. faecalis and S. aureus require infection. To rescue, 

compounds need to contravene the relevant disease-causing phenomenon or promote general host 

health. This reinforces the value of using multiple screening platforms for drug discovery. 

Interestingly, CD437 was previously identified by another group looking for anti-infectives 

using C. elegans and S. aureus [55]. Much like them, we saw a strong antibacterial effect from the 

CD437. However, CD437 was much less effective for preventing S. aureus pathogenesis in C. 

elegans in our hands. The likeliest explanation for these discrepancies is the differences between 
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the experiments. For example, the C. elegans experiments differed in host (glp-4 vs glp-4; sek-1) 

and bacterial strains (S. aureus strain MRSA131 vs S. aureus strain MW2), the timing, and even 

the host's diets varied (E. coli strain OP50 vs E. coli strain HB101). We have previously shown that 

switching the diet of C. elegans between the E. coli strains OP50 and HT115 significantly changes 

its susceptibility to P. aeruginosa PA14 [178], perhaps a similar phenomenon exists for S. aureus. 

Ultimately, much more work is needed to determine the potential of CD437 to treat S. aureus. 

  The other high-potential compound was DMAQ-B1. Since this compound includes a 

quinone group, there is some concern that it will disrupt function of the electron transport chain 

[179], oxidize heme and lyse erythrocytes [180], or cause the production of reactive oxygen species 

[181]. The toxicity of this compound is somewhat more controversial, with several publications 

from two labs suggesting that it is non-toxic [46, 182, 183] while others have shown considerable 

toxicity [184]. 

However, DMAQ-B1 also clearly has antimicrobial activity. As far as we are aware, this 

activity was not previously reported. The indole and quinone moieties present within the molecule 

have been shown to possess varying levels of antimicrobial activity in other circumstances [185, 

186]. Although, DMAQ-B1 has been used in vivo, the high potential for toxicity makes it an 

unappealing drug candidate [184]. Studies aimed at reducing the toxicity of DMAQ-B1 have 

generated safe analogs with toxicity 128-fold less than the original molecule but that retain, or 

improve, the insulin-stimulating capacity of the original [184]. It may be worth evaluating whether 

the removal of the quinone moiety abolished the antimicrobial activity.  

Platinum complexes such as oxaliplatin and carboplatin are useful for cancer treatment as 

they crosslink DNA strands and disrupt replication [187]. While neither compound exhibited 

substantial toxicity against either C. elegans or mammalian cells, high concentrations were required 

to elicit their antimicrobial effects. Interestingly I found, that these compounds were particularly 

effective at reducing the virulence of P. aeruginosa. Previous studies have similarly found a 

susceptibility of P. aeruginosa to cisplatin, an additional platinum-complex cancer treatment [188, 

189]. To date, it is unclear how the selectivity towards this Gram-negative pathogen is being 

generated. Both Gram-negative and Gram-positive bacteria possess robust DNA repair responses 

such as the SOS response [190]. Since platinum complexes show preferences to cross-link certain 

DNA sequences [191], one possible explanation is that these sites may be more common in P. 

aeruginosa. A more likely possibility is differential uptake or removal of platinum complexes into 

and out of the cytoplasm of the pathogen. This could be due to a number of reasons, including less 

recognition by efflux pumps or reduced permeability through Gram-positive cell walls. In addition, 
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cisplatin has been shown to disrupt biofilm cells [189], which may partially underlie its efficacy in 

mitigating pyoverdine pathogenesis, early steps in biofilm production have been shown to be 

required for pyoverdine production [192]. 

Repurposing bioactives to treat bacterial infections shows promise for the rapid 

identification and development of safe and effective therapies, but it does introduce other 

challenges. For example, the compounds targeted for repurposing will have been developed for 

other purposes, by definition. As such, dosing and off-target effects require careful analysis and 

attention. If these concerns can be allayed, however, repurposing may be the best way to address 

the impending crisis of antimicrobial resistance. In addition, our findings add to the conversation 

about pathogenesis and highlight that, even in simple model organisms, it is a phenomenon that 

emerges from the concerted activities of the host, the pathogen, and their interactions. 
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Chapter 5 

Investigating LK16 as a proteasome 

stimulator 

 

5.1 Introduction 

5.1.1 Neurodegenerative diseases as a societal problem 

Neurodegenerative disorders (NDDs) affect roughly 50 million people in the United States 

each year [193]. These disorders account for billions of dollars in lost productivity and health 

related costs with an estimated $100 billion spent per year to care for Alzheimer’s patients alone 

[194]. This sizable burden upon society is only projected to increase over the next few decades. As 

baby boomers age, the fraction of the population at risk for age related diseases will increase. In 

2015 there were only 5 countries with greater than 20% of the population age 65 or older. By 2030, 

34 countries are projected to fall into this category of “super aged” [195]. This trend in 

demographics makes the investigation of possible therapeutics even more urgent. In part due to the 

difficulty of generating effective animal models, no really effective treatments have been developed 

to cure, or even halt the progression of, NDDs. Instead, most available treatments target only the 

symptoms; for example, cholinergic and other neurotransmitter receptor inhibitors have been used 

to alleviate cognitive and motor dysfunctions [196].
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5.1.2 Molecular basis for neurodegenerative diseases 

Developing cures also becomes difficult due to the complicated pathogenesis of these 

conditions. Although there is often an array of symptoms and phenotypic changes within the brains 

of patients, most NDDs share several common features, including dysfunctions in proteostasis and 

maintenance of mitochondrial quality. In many cases, NDDs are associated with the presence of 

specific and distinct protein aggregates. For example, Alzheimer's disease (AD) is associated with 

amyloid-β plaques and hyperphosphorylated tau 'tangles' [197-200], while Huntington's diseases 

(HD) shows characteristic aggregates of huntingtin that include hyper expansion of CAG (Gln) 

repeats [201, 202]. Although perhaps obvious, it is worth noting that these aggregates are most 

frequently observed in patients with advanced age. This correlates well with observations that 

cellular systems responsible for maintaining the proteome (the proteostatic network) generally lose 

function with age [203], that increased proteasomal function correlates well with increased lifespan 

and health span [204-206], and that genetic mechanisms that increase proteasomal function also 

promote longevity, better health [207-209], and even pluripotency [210]. This evidence suggests 

that the diminishing capacity of the proteostatic network plays a critical role in the progression of 

NDD’s. 

5.1.3 The role of the proteasome in proteostasis 

A wide variety of conditions result in protein misfolding within cells, including misfolding 

during translation, hyperthermia, chaperone insufficiency, and chemical damage. As a 

consequence, cellular surveillance systems have evolved to mitigate these problems, either by 

initiating refolding of the offending peptides or destroying the misfolded proteins [203] (Figure 

5.1). One of the key mechanisms responsible for the targeted protein turnover (either due to 

misfolding or for regulatory purposes) is the ubiquitin proteasome system (UPS) [211]. This system 

involves conjugation of ubiquitin, a small polypeptide, onto lysine residues of the protein targeted 

for proteolysis. After multiple ubiquitin molecules are attached in tandem (polyubiquitination), 

these proteins are then targeted to the proteasome. This large multi-protein complex is comprised 

of a core 20S complex which forms a large barrel shape. Proteins are unfolded and fed into the 

center of the 20S particle that contains the catalytic protease subunits. This core complex can also 

associate with a number of “caps”, either a 19S or 11S regulatory complex, that attach to the 

openings of the 20S core and are responsible for target recognition as well as unfolding substrates 

prior to degradation [212].  
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Figure 5.1 Cellular mechanisms for aggregate removal. 

Proteins can take multiple confirmations, and the most stable is often not the native, functional 

form. When confronted with misfolded or aggregate proteins the cell will attempt to repair or 

eliminate the molecule through proteostasis mechanisms. For small single molecules this is often 

through polyubiquitination and degradation by the proteasome. For larger aggregates or fibrils, this 

is often achieved through autophagy. Reprinted from Hartl et al [213]. 

 

5.1.4 Proteasome activation as a therapeutic approach 

A variety of data support the idea that NDDs are associated with decreased proteasomal 

function. The first of these is the previously mentioned correlation between aging, accumulation of 

aggregates, and decreased proteostatic activity. While this does not prove causation, it is worth 
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noting that misfolding of the proteins that form the aggregates in likely to be a life-long process, 

and that the misfolded proteins are more effectively cleared when proteostasis is more active.  The 

frequent presence of ubiquitinated proteins in aggregates [214, 215] and observations of increased 

aggregation of misfolded proteins in models of ubiquitin deficiency [216] also support this theory. 

In addition, many aberrant forms of proteins implicated in neurodegenerative diseases have been 

shown to inhibit proteasome function. For example, α-synuclein oligomers and filaments and 

amyloid-β peptide fragments have been shown to associate with components of the 26S proteasome 

and reduce the proteolytic capacity of the cell [217, 218]. On the basis of these data, various groups 

have hypothesized that increasing proteasomal activity will promote healthy outcomes in patients 

with NDDs [211], which has been borne out in experiments designed to upregulate the proteasome.  

Indeed, this strategy has shown to be an effective preventative measure against protein 

aggregation and cellular toxicity in multiple neurodegenerative disease models. In neuronal cells 

overexpressing huntingtin, an increase in proteasome levels by lentiviral gene transfer was shown 

to both decrease intracellular huntingtin levels as well as increase the cells resistance to various 

Huntington’s related toxins [219]. The potentially neuroprotective effects of proteasome activation 

have also been observed in both human cells and C. elegans expressing amyloid-β [220]. In these 

systems proteasome activation, was shown to both attenuate protein aggregation and decelerate 

aging [221]. This strongly suggests that a therapy increasing proteasome activity to counteract this 

inhibition could be an effective strategy in treating neurodegeneration. 

5.1.5 Proteasomal regulators 

Most proteasome stimulation is done genetically. Overexpression of PA28α, one component 

of the 11S particle, is most commonly used to upregulate the proteasomes activity and has been 

shown to increase proteolytic capacity of the cell and protect again oxidative stress [221]. However,  

there are very few well characterized small molecule activators of the proteasome [222]. Even the 

small number of activators that have been characterized have their drawbacks. These molecules, 

such as oleuropein, associate with the proteasome directly, rather than stimulating new proteasome 

production, limiting their ability to increase proteasomal activity [223]. Ideally, a proteasome 

activator should both upregulate the transcription of new proteasomes (which would counteract 

inhibition of neurodegenerative proteins) [218] while limiting (or eliminating) any toxicity 

associated with the small molecule itself. 

5.1.7 LK16 as a novel proteasome activator 
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We previously developed a high-throughput, phenotypic assay to identify novel anti-infectives 

that limit the capacity of the human pathogen Pseudomonas aeruginosa to kill C. elegans [79, 224]. 

Amongst the hits identified was LK16 (Fig. 5.2), a small molecule that had no apparent effect on 

either pathogen growth or production of the virulence factors that lead to killing in this assay. 

Preliminary investigation of LK16 effect on C. elegans revealed two important phenomena: 

First, transcriptional profiling showed significant enrichment in the cluster of Gene Ontology 

categories related to the 26S proteasome. Specifically, every proteasome gene possessed by C. 

elegans (7 α–subunits, 7 β–subunits, 6 Rpt, and 12 Rpn subunits, 32 proteasomal genes in total) 

was found to be upregulated. Additional genes involved in ubiquitin-dependent protein catabolism 

were also upregulated (Table 5.1).  

   Second, exposure to LK16 causes significant toxicity in C. elegans, a result borne out by 

transcriptional profiling. Attempting to separate these two effects through structure activity 

relationships (SAR) of analogs (Fig 5.2) is one of the main goals of this research proposal. 

 

 

 

Figure 5.2 Structures of LK16 and analogs. 

In order to establish structure activity relationship between the molecule and its aggregate 

prevention activity, we ordered 4 commercially available analogs of LK16, containing various 

additions, substitutions, and subtractions from the parent molecule. Circled portions of the 

molecules indicate changes from LK16. 
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5.2 LK16 prevents protein aggregation in muscles and neurons 

5.2.1 LK16 shows reduction in protein aggregation 

To test whether an increase in expression of proteasomal genes resulted in increased 

proteasomal function, we took advantage of a reporter that fuses GFP to a rationally-mutated, 

metastable luciferase. Mutations in the gene induce misfolding and protein aggregation after 

exposure to heat shock (t > 33° C). We obtained C. elegans lines where this construct was driven 

by promoters specific to either neurons or body wall muscle [86]. As shown in Fig 5.3, heat-shock 

induced protein aggregation in the relevant tissues, shifting protein distribution from a diffuse 

cytoplasmic haze to bright, condensed, discrete punctae. 4h pretreatment with LK16 at 

concentrations as low as 12.5 μM abolished protein aggregation in both tissues. This established 

that LK16 was both upregulating the proteasome as well as preventing aggregation. 
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Figure 5.3 GFP fluorescence of heat shock-induced aggregates in C. elegans. 

Worms expressing GFP-Luciferase fusion protein in muscles (bottom row) or neurons (top row) 

were incubated with LK16 (25 µM) or 1% DMSO solution (solvent control) in S Basal for 4 hours. 

After incubation, worms were heat shocked for 4 h at 33 °C. Worms were then imaged for GFP 

fluorescence. 

 

5.2.2 Aggregate prevention does not rely on hsf-1, daf-16 or skn-1 

At least three well-known stress response transcription factors (DAF-16/FOXO, SKN-1/Nrf, 

and HSF-1/HSF1) have been linked with proteasomal activation in C. elegans [225-228]. I used 

RNAi to test whether LK16 activity required any of these pathways. In each case, LK16 retained 

activity (Fig 5.4). This strongly suggested that LK16 may have been utilizing a different genetic 

pathway to activate transcription of UPS subunits. 
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Figure 5.4 RNAi of hsf-1, daf-16, and skn-1 did not abolish rescue. 

Three well characterized proteasome activating pathways were knocked down using RNAi to 

determine if they mediated LK16’s aggregation prevention. LK16 retained its activity in hsf-

1(RNAi), daf-16(RNAi) and skn-1(RNAi) conditions. 

 

5.2.3 Upregulation of proteasomal subunits was skn-1 dependent 

 Moving forward with the hypothesis that these two activities (proteasome upregulation and 

aggregate prevention) were separate, I again assayed proteasome levels using qPCR, but this time 

in a skn-1(RNAi) background. skn-1 is a gene responsible for stress response to a number of 

different stimuli including ER stress, oxidative stress, and xenobiotics [229]. LK16 also showed in 

the microarray to be upregulating genes reported in the literature to be SKN-1-dependent. This 

made it the most likely candidate for the proteasomal response. Indeed, when skn-1(RNAi) worms 

were exposed to LK16, the upregulation of SKN-1-dependent genes was significantly decreased 

(Fig 5.5). 3 of the 4 proteasome genes tested exhibited almost a complete loss of proteasomal 

subunit induction. Interestingly, a regulatory subunit of the proteasome, rpn-10 still showed some 

upregulation, although results for this subunit were considerably more variable. This showed that 

SKN-1 was chiefly responsible for the proteasome upregulation and that this upregulation was 

separable from its aggregate prevention. 
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Figure 5.5 Proteasome activation was largely skn-1 dependent. 

skn-1(RNAi) worms were exposed to LK16 to see if the proteasome response observed previously, 

was still present. Multiple proteasome subunits had a significant decrease in upregulation in skn-

1(RNAi), indicating that the proteasomal response was largely mediated by the SKN-1/Nrf2 

pathway. The average of 3 biological replicates is shown. Error bars represent standard error.  *: p 

< 0.05, **: p < 0.01, ***: p < 0.001. 

 

5.3 Structure activity relationship studies identify αβ-unsaturated 

ketone as critical for activity 

5.3.1 Removal of double bond significantly attenuated aggregation prevention 

From this point, we decided to look at the structure activity relationship (SAR) of LK16. This 

would serve two purposes.  First, chronic exposure to LK16 at the concentration required for 

mitigating protein aggregation is toxic to C. elegans. While this doesn't eliminate LK16 as a useful 

tool to study the value of UPS hyperactivation in protein aggregation disorders, it does mean that 

a less toxic analog would be a more ideal drug lead. Establishing an SAR for LK16 would help to 

find a more therapeutically useful analog by determining which functional groups of the molecule 
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are responsible for its toxicity as well as those necessary for its activity. Secondly, this relationship 

might give clues as to the mechanism of action of LK16. If a certain functional group is necessary 

for activity, there might be literature on the pathways that the chemical moiety is known to affect. 

To facilitate our analysis, we initially focused on the ability of four commercially available 

structural analogs (LK16A-LK16D) (Fig 5.2) to alleviate protein misfolding and aggregation. Our 

goal was to identify analogs with reduced toxicity and, if possible, increased efficacy. Our 

luciferase-GFP assay showed that LK16B and LK16C retained virtually all activity while LK16A 

showed a small, but repeatable and statistically significant decrease in efficacy. LK16D differs only 

in the saturation of the α-β alkene bond near the carbonyl (Fig 5.2). Saturation of this double bond 

abolished almost all activity (Fig 5.6). Previous reports have linked this arrangement of functional 

groups to proteasomal activation in an HSF1-dependent manner [228, 230, 231]. However, LK16 

was still able to prevent aggregate formation in hsf-1(RNAi) background, suggesting a different 

mechanism. 

 

 

Figure 5.6 Aggregation prevention of LK16 analogs. 

Worms were exposed to LK16 or an LK16 analog at 25 µM and heat shocked. Coefficient of 

variation was calculated from the standard deviation and average intensity of the muscle cells. This 
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proved to be a reliable quantification of aggregation. The average of 3 biological replicates is 

shown. Error bars represent standard error.  *: p < 0.05, **: p < 0.01, ***: p < 0.001 compared to 

DMSO. +: p < 0.05, ++: p < 0.01, +++: p < 0.001 compared to LK16. 

 

5.3.2 LK16B and LK16D showed reduced toxicity 

We also sought to establish SAR for the toxicity of LK16 and its analogs. To this end I 

performed longevity experiments on worms using agar plates made with LK16 or analog at 25 µM. 

Notably, LK16B exhibited very little toxicity to the worms (Fig 5.7) while still preventing 

aggregate formation, even at concentrations lower than LK16 itself. In contrast, while LK16D 

showed no effect on aggregate formation it still retained intermediate toxicity. Combined, these 

observations indicated that the toxicity and activity of this family of compounds are separable to a 

large degree, suggesting that further reductions in toxicity might be possible. 

 

 

Figure 5.7 LK16 analogs exhibited varying levels of toxicity. 

Worms were picked onto plates containing DMSO or LK16 analog at 25 µM and scored every day 

until day 4 then scored every other day. LK16B, while having a higher activity in the aggregation 

assay, was found to have a much lower level of toxicity, demonstrating that some of the toxicity of 
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the molecule is able to be separated from its aggregation prevention. All conditions had p-values < 

0.001. p-values were calculated using log rank test. 2 biological replicates were performed. An 

example replicate is shown.  

5.4 LK16 showed direct effects on luciferase reporter 

 Previous studies using this luciferase reporter system showed significant reductions in 

luciferase activity after aggregation [86]. In order to determine whether we could use this additional 

method to quantify aggregation in each of our conditions, I measured luciferase activity in worm 

lysate after addition of molecule. Unexpectedly, I saw a complete loss of luciferase activity in 

LK16-treated worms, despite the lack of aggregation or heat shock (Fig 5.8). I then tested LK16B 

and similarly found that this less toxic analog had similar effects. Due to the addition of the 

molecule being after lysis, it was apparent that LK16 was acting directly on the luciferase rather 

than preventing aggregation through upregulating of proteasomal response. 

The most likely explanation for this activity was the formation of protein adducts on the protein 

by LK16. αβ-unsaturated carbonyls are frequent false hits in screens, due to them being incredibly 

effective Michael acceptors, which can covalently bond to sulfide groups in cysteine and 

methionine sidechains [232, 233]. Indeed, when the double bond was removed, as it was in LK16D, 

protein aggregation was no longer ameliorated. Additionally, LK16D showed significantly less 

toxicity. Taken together, this showed that the most likely mechanism for the rescue we were seeing 

was a non-specific modification of proteins by the reactive LK16, and that the transcriptional 

profile we observed was in fact a response to the protein damage being done by the molecule itself. 

Unfortunately, this meant that many of the promising phenotypes we had observed, were likely the 

result of non-specific modifications, which made potential therapeutic application of the molecule 

unlikely. In light of this result, we decided to stop further investigation into the molecule. 
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Figure 5.8 Effect of molecules on luciferase activity. 

Worms expressing luciferase-GFP fusion were lysed by sonication. Lysate was incubated with 

LK16 before addition of luciferin and measurement of luminescence. Addition of LK16 eliminated 

almost all luciferase activity within only a couple minutes or less (the time required to add luciferase 

and take the measurement). The average luminescence over at least 2 wells is shown. 2 biological 

replicates were performed. Error bars represent standard error.  *: p < 0.05, **: p < 0.01, ***: p < 

0.001 compared to DMSO. 

5.6 Discussion 

Although we started with promising transcriptional data and phenotypes, LK16 ultimately 

proved to be a false positive and far too reactive to merit further characterization. However, the 

journey to arrive at this conclusion provided us with many valuable lessons and insights into our 

hit screening and validation process.  

First and foremost, it showed that although C. elegans screens that rely upon survival are 

far less likely to yield highly reactive or toxic hits, the possibility still remains. Perhaps not 

coincidentally, the Liquid Killing assay took place over less time than was required for LK16 to 

kill worms, demonstrating that molecules with a toxicity requiring longer exposure times can still 

manifest as hits. This is important to keep in mind for future screens. The length of assays will 

influence the stringency of hits in terms of toxicity. 
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From a medicinal chemistry perspective, the αβ-unsaturated carbonyl functional group is 

documented as a common functional group in possible pan-assay interfering molecules (PAINs) 

[18]. Since our assay relies upon phenotypes, we assumed that the likelihood of PAINs appearing 

in our screen was low. However, it appears that many of the same problematic groups that can 

confound biochemical screens can have similar effects in whole organism screening platforms. We 

should continue to keep in mind which functional group have been tied to irreproducible results, 

false positives, and PAIN status in other screening platforms when prioritizing hits. This medicinal 

chemistry “homework” will save valuable hours and allow us to advance those hits that have a 

meaningful activity and therapeutic potential, that much faster.  

Lastly, transcriptional profiles of small molecules are not always the result of specific 

interactions. In some cases, the responses we see are not the result of modulation of a specific 

target, but rather a non-specific or even multi-targeted response. In this way, we can’t assume that 

the molecules discovered in our screens will always yield neat, single-gene answers or 

dependencies. Especially when dealing with phenotypic screens, the end result is just as likely, if 

not more likely, to be from a host of molecular interactions working in concert to yield effective 

rescue.   
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Chapter 6 

Conclusions, Discussion, and Future 

Directions 

6.1 Conclusions and discussion 

6.1.1 Immune stimulation 

Drug discovery in C. elegans has the potential to elucidate important disease mechanisms 

and identify promising small molecule drug candidates. Through modeling of various disease 

states, we can identify new promising approaches for the next generation of treatments. With 

the prevalence of multi-drug resistance on the rise, such novel approaches, are desperately 

needed and present an opportunity to circumvent much of the acquired resistance that 

accompanies conventional antimicrobials. Our studies on our panel of 5 immune stimulators 

has yielded important mechanistic understanding of the molecules, as well as the multi-target 

nature of immune modulation.  

Our primary objective in these studies was to determine mechanism of action for our five 

immune modulators. The only RNAi condition able to abolish rescue in liquid killing for any 

of the molecules was mdt-15, a subunit of the Mediator complex, previously implicated in 

numerous processes including lipid storage [147], detoxification response [124], and induction 

of PMK-1 or NHR-86 dependent genes upon treatment with the immune stimulator RPW-24 
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[68]. This was further supported by the high degree of transcriptional overlap of LK56 with 

SKN-1 targets, many of which are dependent on MDT-15 [124]. It bears mentioning that LK56 

and RPW-24 have no apparent structural similarity. Given this, and the fact that the small 

molecule screens each of these molecules came from was fairly extensive [24, 70], it seems 

unlikely that two completely unrelated immune stimulators would depend on the same gene 

unless it was both central to P. aeruginosa defense response and one of a relatively small subset 

of genes amenable to immune stimulation. Another possibility is that the requirements of a 

molecule to be active within such phenotypic screens dramatically reduce the possible targets. 

In order to be a hit, a molecule must possess exceptional membrane permeability and lack acute 

toxicity. Perhaps after applying these filters very few molecules within a fragment library 

possess the optimized structure necessary to hit additional disease relevant targets. Assuming 

this is true, this would mean that MDT-15 and possibly NHR-86 represent the most promising 

targets for immune stimulation, and characterization of additional members of this pathway 

will yield the “low hanging fruit” of immune stimulation that will present the best possibility 

for meaningful treatments.  

LK38, while exhibiting no dependencies in Liquid Killing, was dependent upon the PMK-

1/p38 MAPK pathway in Slow Killing conditions. This was validated using mutants of 

additional members of the pathway, which retained loss of rescue. An irg-5p::GFP transgenic 

reporter also showed LK38-dependent activation. This pathway has been well established as a 

critical innate immune pathway for defense against P. aeruginosa in Slow Killing. However, 

given the high overlap of NHR-86 and PMK-1 dependent genes, LK38’s rescue may also be 

dependent on NHR-86 in Slow Killing. Within Liquid Killing, pmk-1(RNAi) actually increased 

the survival of worms. However, PMK-1 has many downstream effectors, some of which are 

not shared with NHR-86 [123]. Therefore, NHR-86 may be responsible for both Slow Killing 

and Liquid Killing rescue for the molecule.  

The remaining molecules, LK32, LK34, and LK35 have been more mysterious in terms of 

their mechanisms. LK32 and LK34 were both found to activate the SKN-1 dependent gene gst-

4, while LK35 did not activate any of the reporters tested. One of the most surprising findings 

of reporter experiments was the differences between LK34, LK35 and LK38. While these 

molecules had a high level of transcriptional overlap, the three molecules did not activate any 

of the same reporters. Similarly, within Slow Killing LK35 exhibited no rescue, unlike the 

other two, although this could be due to the higher EC of the molecule. Taken together this 

indicates that either the immune stimulating portion of their transcriptional response may not 
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be within the group of shared genes or chemical differences between the molecules grant them 

different membrane permeability or metabolic properties. 

While these molecules did not exhibit any toxicity towards C. elegans, this was not 

necessarily conserved in mammalian cell culture. LK32 and LK34 both exhibited significant 

toxicity towards RWPE-1 prostate cells, indicating that some forms of toxicity can be well 

tolerated in the context of a whole organism such as C. elegans but become toxic against single 

cells.   

Lastly, many of our immune stimulatory molecules additionally protected against S. aureus 

and E. faecalis. This indicates that effective immune stimulators may be used against a variety 

of infection within the clinic and that development of even a single molecule may improve 

outcomes for numerous patient populations.  

Immune modulation represents a promising and novel approach to dealing with rising 

antimicrobial resistance. This approach circumvents many of the problems with acquired 

resistance and has potential for broad spectrum treatments. Here I identified numerous 

pathways modulated by 5 immune stimulants in C. elegans. This organism represents an ideal 

model for characterization of such molecules and has been used to identify numerous pathways 

amenable to such stimulation. These promising molecules and pathways merit further 

investigation to fully determine their potential as clinically relevant targets and treatments.  

6.1.2 Bioactive Repositioning 

In these studies, we sought to determine the repositioning potential for 5 bioactive 

compounds, DMAQ-B1, CD437, carboplatin, oxaliplatin, and PSB-069. The most promising 

of these molecules were DMAQ-B1, and CD437, which exhibited exceptional bactericidal 

activity. Unfortunately, these molecules also possessed the highest cytotoxicity in mammalian 

cell culture. Whether their activity as antimicrobials can be separated from their toxicity is a 

question meriting further investigation. 

Carboplatin and oxaliplatin are both platinum complexes FDA approved for treatment of 

different cancers [171]. These molecules act through formation of DNA adducts which prevent 

DNA replication [234]. Interestingly, both molecules possessed significant rescue ability 

within Liquid Killing. Oxaliplatin also rescued worms against E. faecalis and S. aureus. This 

is likely due to oxaliplatin’s increased ability to form DNA adducts compared to other platinum 
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complexes [235]. In support of this, oxaliplatin exhibited greater toxicity than carboplatin in 

cell culture as well. 

CD437 was previously discovered in a similar small molecule infection screen in C. 

elegans with E. faecalis [55]. Perhaps unsurprisingly, I found the molecule more effective 

against this pathogen than P. aeruginosa, the original pathogen for our Liquid Killing screen. 

While the toxicity of this molecule is certainly problematic, it presents an interesting novel 

mechanism for an antimicrobial. Within humans, CD437 inhibits POLA1, which encodes for 

DNA polymerase α [170]. However, it has also been found to cause non-specific DNA-adducts 

[236]. Because of this, it exhibits some selective toxicity towards rapidly dividing cells and 

was investigated as a potential cancer therapeutic [170]. Given this mechanism, its toxicity in 

cell culture towards rapidly dividing cells is unsurprising, as is its lack of toxicity within C. 

elegans, which do not generate any new cells after embryogenesis [237]. This also identifies a 

critical detail to be wary of within chemical screens in C. elegans: molecules that exhibit high 

toxicity towards dividing cells will have dramatically different toxicities towards worms and 

humans. This phenomenon implicates DNA-replication as a possible target for molecules that 

exhibit strong differences in toxicity in C. elegans and cell culture. It is unclear why molecules 

such as carboplatin and oxaliplatin do not exhibit the same high toxicity, given the similar 

mechanisms between them and CD437. This could be due to CD437 acting as an inhibitor of 

POLA1 or any of its other more selective mechanisms, although this has not been confirmed. 

DMAQ-B1 has previously been studied as an insulin mimetic [169], however its 

antimicrobial activity has never been reported on. This is interesting, considering it is quite 

effective in preventing bacterial growth and preventing death of C. elegans by pathogens. The 

molecule has the most consistent and powerful rescue in Liquid Killing of any of the molecules 

tested in this or the previous immune stimulation studies, coupled with the most potent 

antimicrobial activity. DMAQ-B1 is a natural product discovered in the tropical fungus 

Pseudomassaria [169] and has been studied extensively as an orally available insulin mimetic 

[184]. Within these studies, toxicity was also a concern, leading medicinal chemists in big 

pharma and universities to attempt synthesis of non-toxic analogs [184]. While they were 

successful in dramatically reducing toxicity of the molecule through replacement of the central 

quinone group, this analog lost all insulin mimetic activity. Quinones are notoriously reactive 

and have been shown to lead to false positives within biochemical screens [238]. Interestingly, 

DMAQ-B1 seems to be exceptionally well tolerated in worms compared to bacterial pathogens 

as shown by the low EC and MIC values. A big question of future studies of this molecule is 
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whether the antimicrobial and rescue activity are also lost with the removal of the quinone 

group. A second and perhaps even more interesting question is whether Pseudomassaria sp. 

can synthesize additional antimicrobial compounds. Since fungi are well known for their ability 

to produce valuable antibiotics, with even the first discovery of penicillin being produced by 

Penicillium notatum [239], it is very possible that this somewhat unstudied genus may be 

capable of producing many valuable antimicrobial metabolites.  

6.1.3 LK16 as a novel proteasome inhibitor 

Investigation into LK16’s mechanism concluded with the molecule being categorized as a 

non-specific reactive species. However, the lessons learned from the molecule can be applied 

to future attempts at drug discovery in C. elegans. First and foremost, while the nature of whole-

organism phenotypic screens has significant advantages, it does not eliminate the possibility of 

PAINs being present within hits. The medicinal chemistry of hits should still be the first filter 

in eliminating potential false positives and prioritizing remaining molecules. Importantly, some 

of the same problematic functional groups in biochemical screening retain their non-specific 

nature even in this screening context. From a transcriptional perspective, we must also take into 

account that a promising defense response may not be the result of specific targeting of a 

protein, but rather a non-specific response to toxicity induced by the molecule itself.   

6.2 Future Directions 

6.2.1 Immune stimulation 

Which molecules are dependent on NHR-86 and/or MDT-15 

Given the dependence of LK56 on MDT-15 it would be interesting to see if LK56 was 

further dependent on NHR-86, as RPW-24 is. Since this is the only gene able to reliably reduce 

rescue for any of our immune stimulators, it would make sense to test the other molecule’s 

dependence on this gene. Additionally, since LK34, LK35 and LK38 have significant overlap 

with PMK-1 targets, and NHR-86 is responsible for a large subset of the PMK-1 target genes 

in RPW-24, this is a likely dependency for their rescue in Liquid Killing. If this is not the gene 

responsible for their rescue, it suggests the more complicated mechanism of multiple immune 
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pathways being influences simultaneously. Given the nature of host-pathogen interactions and 

the screen itself, a mechanism of this nature is very possible if not very likely.  

What are the additional members of the MDT-15 pathway relevant for LK56 

rescue? 

Although MDT-15 has been identified as a determinant for LK56, the additional members 

of this pathway important for rescue and specifically what protein LK56 is targeting are both 

questions that would give interesting mechanistic insight into the pathway and may answer 

what exact proteins are being targeted by our immune stimulators.  

Does LK56 rescue through the same mechanism against additional pathogens? 

It has not been determined what mechanism LK56 rescues through when fighting infection 

with E. faecalis and S. aureus. RNAi on mdt-15 on LK56 (and possibly additional molecules) 

in these infection assays would answer whether this single pathway is responsible for the 

totality of its rescue or whether additional pathways are activated to combat these different 

stressors.   

6.2.2 Bioactive Repositioning 

Why do oxaliplatin and carboplatin preferentially kill gram negatives over gram 

positive bacteria? 

Although our sample size is a bit limited for this conclusion, similar results have been 

shown for cisplatin [188]. It appears that something about the platinum complex’s mechanism, 

produces stronger results against Pseudomonas. Further studies determining why this is may 

yield an interesting new therapeutic approach by targeting this weakness of the pathogen to this 

type of stress. 

Does the less cytotoxic version of DMAQ-B1 still rescue C. elegans from 

infection? 

This is perhaps the most obvious question from this research. If the analog of DMAQ-B1 

can rescue at concentrations close to what is observed for the parent molecule, its mechanism 

would certainly merit further investigation. Additional modification of the molecule’s 
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chemistry could also yield even more effective or less toxic analogs while establishing a 

structure activity relationship for its rescue.  

Do Pseudomassaria species synthesize additional antibacterial metabolites? 

This understudied genus has already yielded one metabolite with high bactericidal activity 

in addition to its insulin mimetic activity. It would be interesting to see if the species capable 

of producing DMAQ-B1 had anything else to offer the scientific community. A single organism 

can be capable of producing a plethora of useful molecules using a host of inducible pathways. 

This represents an interesting opportunity to investigate one such organism and perform a 

comprehensive analysis of its metabolome for useful molecules, perhaps starting with 

identifying those metabolites capable of rescuing C. elegans from pathogen infection.  
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