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 Host-microbe interactions heavily influence both fitness and disease [1–3]. 

Understanding the mechanism of microbial pathogenesis and the subsequent host 

immune response is essential information that aids drug discovery and treatment [1,4]. 

Traditionally, research on host-microbe interactions focused on the concept that 

microbes contribute to pathogenesis [5]. However, recent studies have begun to 

elucidate the positive influence microorganisms can have on human immunity and 

development [6,7]. These findings broaden the scope of host-microbe interactions and 

highlight the need for novel and multidisciplinary approaches for research [1–5,7,8]. In 

this thesis, I focus on the study of basic innate immunity and antimicrobial discovery 

using Caenorhabditis elegans as a whole-animal infection model. Throughout this 

introduction, I will lay out the benefits and utility of C. elegans as a whole-animal 

infection model system, exemplified by C. elegans evolutionarily conserved innate 

immune signaling pathways. I will also discuss the ongoing antibiotic-resistance crisis 

and why antimicrobial discovery is in desperate need of novel approaches. I will then 

explain how C. elegans can be used to perform high-throughput screening to assist in 

drug discovery. The Introduction will conclude with a summary of my findings.  

 

C. elegans as a whole-animal infection model 
 
  C. elegans is a free-living nematode worm initially established as a model to 

study developmental and neurobiology [9,10]. C. elegans possess an abundance of 

features that make them an any extremely useful organism for basic research. For 

instance, C. elegans adults are small, ~ 1 mm long, and typically hermaphroditic, 

although males appear at about 0.2 % [11]. Due to their small size, they are easy to 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=835842617905066&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:f22b4054-30f1-4820-b43c-5d3d606e9676,fe2141bf-2a22-486d-a07a-79d632fd7a3e:13c1f540-b571-48bb-8e45-255737fe4c36,fe2141bf-2a22-486d-a07a-79d632fd7a3e:a2085126-7f9e-44c3-8120-4053637f9f18
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5697321610301814&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:f22b4054-30f1-4820-b43c-5d3d606e9676,fe2141bf-2a22-486d-a07a-79d632fd7a3e:26ba0588-5cb2-4ec0-a503-aa550303653d
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=906623079052952&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:2be3a225-db49-4671-a38f-5676c3ba8f0d
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=6420632151715715&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:4f45b125-739f-4c6b-915c-a8b39f1f8f65,fe2141bf-2a22-486d-a07a-79d632fd7a3e:f9918f4a-924e-4a97-a25b-86175ad05de2
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=771339909446373&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:f22b4054-30f1-4820-b43c-5d3d606e9676,fe2141bf-2a22-486d-a07a-79d632fd7a3e:13c1f540-b571-48bb-8e45-255737fe4c36,fe2141bf-2a22-486d-a07a-79d632fd7a3e:a2085126-7f9e-44c3-8120-4053637f9f18,fe2141bf-2a22-486d-a07a-79d632fd7a3e:26ba0588-5cb2-4ec0-a503-aa550303653d,fe2141bf-2a22-486d-a07a-79d632fd7a3e:2be3a225-db49-4671-a38f-5676c3ba8f0d,fe2141bf-2a22-486d-a07a-79d632fd7a3e:c151d045-d796-428b-b875-74730e6bbda3,fe2141bf-2a22-486d-a07a-79d632fd7a3e:f9918f4a-924e-4a97-a25b-86175ad05de2
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=8986140053526225&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:2ba4bc62-95a6-4146-8291-4aa669560a71,fe2141bf-2a22-486d-a07a-79d632fd7a3e:7b9f6a34-d404-4b8d-b086-ac249d35b946
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5878414844516359&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:d08d6371-4874-4447-accb-fc5a779cd5f9
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manipulate, and culture in the lab, and their transparent bodies facilitate intracellular 

imaging using fluorescent probes and dyes. C. elegans has a 3-day life cycle from egg 

to adult and lays about 300 eggs per cycle [11] making them ideal candidates to study 

longevity [12]. They possess a basic innate immune system that is evolutionarily 

conserved in higher organisms. Additionally, all 302 neurons of the C. elegans neuronal 

network are mapped. Given all these qualities, C. elegans has become a staple whole-

animal organism used in research from neurobiology to immunity, aging and 

developmental biology. 

 C. elegans are microbivores that live in the soil and rotting fruits that eat bacteria 

as a primary food source in the wild [11]. As a result, C. elegans quickly became a 

widely used model organism to study host-microbe interactions. In 1999 the Ausubel 

group became the first to characterize a human pathogen (Pseudomonas aeruginosa) 

infection in C. elegans [13]. Since then, C. elegans has been successfully infected with 

various pathogens including Staphylococcus aureus, Enterococcus faecalis, and 

Enterococcus faecium [14,15] and has become an influential model to study the 

evolution of innate immunity [16–18]. 

 To survive in their natural microbe-rich environment, C. elegans need a robust 

immune response. To date, there are three main immune signaling pathways that have 

been described. These include the p38 mitogen-activated protein kinase (MAPK) 

pathway [19,20], the insulin-like signaling pathway (DAF-2, DAF-16) [21], and the 

transforming growth factor-β (TGF-β) pathway [22]. All three pathways exhibit homology 

with corresponding mammalian cellular pathways.  

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=8294537283112826&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:d08d6371-4874-4447-accb-fc5a779cd5f9
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=15695909051133305&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:290fa0c3-3170-4d2e-9eea-8f8e817d2f89
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7042131531716759&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:d08d6371-4874-4447-accb-fc5a779cd5f9
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=38406500959543344&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:4a4140a2-a9cc-41fc-b73f-9bd504ea4fda
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=4580006774592247&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:cefa6d22-5078-43ca-bbd9-e09aedca992e,fe2141bf-2a22-486d-a07a-79d632fd7a3e:aa289f05-d347-42e0-a0db-dc41c9551a3a
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=8132423547634897&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:95a6837c-3b5a-43d7-8ea9-b40bc94276f7,fe2141bf-2a22-486d-a07a-79d632fd7a3e:5e601ed0-cf81-4668-aade-d925f9010fe0,fe2141bf-2a22-486d-a07a-79d632fd7a3e:9d83a311-93e5-42c1-a6f0-3e948ff2e28b
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=9318959204810097&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:4c91b6dc-83a4-40d0-b4d9-47e3dc1811dc,fe2141bf-2a22-486d-a07a-79d632fd7a3e:f54cefd4-e852-433a-8820-7ef6544fb6f3
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7050277611326806&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:8ab7c6b5-1933-413f-b77b-01795ca19198
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=07870107780529256&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:58922abe-d190-4e34-a214-4db5e7b38260
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 The p38 MAPK pathway is important in metabolism, development, and 

homeostasis of many metazoans. In C. elegans, this signaling cascade contains 

neuronal symmetry family member 1 (nsy‐1), SAPK/ERK kinase 1 (sek‐1), and p38 

MAPK family member 1 (pmk‐1), which encode the C. elegans orthologs of human 

ASK1 (a MAPK kinase kinase, also known as MAP3K5), MKK3 and MKK6 (MAPK 

kinases) and p38 (a MAPK), respectively [16]. NSY-1, SEK-1 and PMK-1 are believed 

to work in a linear phosphotransferase cascade [20,23]. It has also been shown that tir-

1, a homolog of human SARM-1, found within the toll-like receptor signaling cascade in 

mammals, works upstream of the p38 MAPK kinases in C. elegans. Knockdown of tir-1 

blocks phosphorylation of PMK-1 [23]. In humans, TOL(L)-like receptors are upstream 

of the phosphorylation cascade and SARM-1. C. elegans have one TOL(L)-like receptor 

gene, tol-1; however, there is no evidence to suggest that tol-1 plays a significant role in 

C. elegans immunity [24]. Mutations in the p38 MAPK pathway show increased 

susceptibility to many pathogens making this pathway an integral part of C. elegans 

immunity [20]. 

 The insulin-like signaling pathway (DAF-2, DAF-16) was initially shown to be 

involved in longevity, metabolism, and stress resistance. In C. elegans, the receptor 

DAF-2 is activated by Insulin Growth Factor I (IGF1). Through a signaling cascade 

(including the phosphoinositide 3-kinase AGE-1), the phosphoinositide-dependent 

kinase PDK-1, AKT-1, AKT-2, and serum/glucocorticoid-regulated kinase 1 (SGK-1), 

block the translocation of the DAF-16 transcription factor into the nucleus. Daf-16 is 

responsible for the upregulation of various effector genes involved in longevity, 

metabolism, and stress resistance. Interestingly, daf-2 mutant worms are resistant to 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=6195668191883231&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:95a6837c-3b5a-43d7-8ea9-b40bc94276f7
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=9373215523946222&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:f54cefd4-e852-433a-8820-7ef6544fb6f3,fe2141bf-2a22-486d-a07a-79d632fd7a3e:9992b030-f4c2-434d-bd78-a69bb4f2a484
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=9906770137415718&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:9992b030-f4c2-434d-bd78-a69bb4f2a484
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7195567222580033&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:ef88335e-ad18-458b-8d26-99dafe0c907a
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=36653294331844866&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:f54cefd4-e852-433a-8820-7ef6544fb6f3


 8 

several bacterial pathogens [21], and daf-16 is able to regulate antimicrobial gene 

expression [25–27]. Given these findings, the insulin/daf-2 pathway is believed to play 

an important part in C. elegans immunity. However, it has also been reported that daf‐

16 mutants are not defective in the induction of host response genes during infection 

with P. aeruginosa or S. aureus [19,28,29], nor do they have an increased survival rate. 

In addition, daf-2 mutant resistance to pathogens is PMK-1 dependent [19], suggesting 

pmk-1 works downstream of daf-2, or works in separate but parallel pathways. Whether 

the role of daf-2/daf-16 in survival is secondary to the initial innate immune responses is 

up for debate, and further research is needed to address this discrepancy. 

         Another major immunity pathway conserved in C. elegans is the transforming 

growth factor-β (TGF-β) pathway. In C. elegans, the TGF-β homolog DBL-1 regulates 

a number of immune response factors such as lectins and lysozymes via the TGF-β 

receptor subunits SMA-6 and DAF-4, as well as the downstream signaling component 

SMA-3 [22,30]. In addition, knock-down of dbl-1 results in  heightened susceptibility to 

Serratia marcescens and P. aeruginosa infection [22,31]. However, there are still many 

gaps in the exact mechanism by which DBL-1-mediates the activation of immune 

effectors. 

         Thus far, I have discussed how C. elegans provides utility as a model organism 

for the study of various cellular and genetic immune response processes. I have 

described how C. elegans is a powerful in vivo infection model due to their susceptibility 

to various human pathogens and evolutionarily conserved basic immunity pathways 

[13–15]. Taken in totality, investigators have previously leveraged these qualities for 

research in antibiotic resistance and antimicrobial discovery. In the following two 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=2890595121652092&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:8ab7c6b5-1933-413f-b77b-01795ca19198
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7513499188736987&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:e4d383af-2ff9-4c99-aa1e-0e5048edce4e,fe2141bf-2a22-486d-a07a-79d632fd7a3e:424930eb-c0c6-4bbe-bc12-7bf09f2898e7,fe2141bf-2a22-486d-a07a-79d632fd7a3e:18a3dbb3-c8a3-4221-93d0-5ceabfefc50c
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7041118911031469&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:4c91b6dc-83a4-40d0-b4d9-47e3dc1811dc,fe2141bf-2a22-486d-a07a-79d632fd7a3e:2b5a720b-0102-491a-9493-fb982c0df458,fe2141bf-2a22-486d-a07a-79d632fd7a3e:df0d84e7-d51e-44e2-9f56-b8b77774be7f
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5350188319977891&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:4c91b6dc-83a4-40d0-b4d9-47e3dc1811dc
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7479397031187137&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:58922abe-d190-4e34-a214-4db5e7b38260,fe2141bf-2a22-486d-a07a-79d632fd7a3e:630b8b2c-4cb5-4437-bc3a-17b67a94f372
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=6755622987340001&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:58922abe-d190-4e34-a214-4db5e7b38260,fe2141bf-2a22-486d-a07a-79d632fd7a3e:443d2e62-e659-4ae3-883f-694961adec4c
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=4471817949878517&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:4a4140a2-a9cc-41fc-b73f-9bd504ea4fda,fe2141bf-2a22-486d-a07a-79d632fd7a3e:cefa6d22-5078-43ca-bbd9-e09aedca992e,fe2141bf-2a22-486d-a07a-79d632fd7a3e:aa289f05-d347-42e0-a0db-dc41c9551a3a
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sections, I will discuss the crisis in antibiotic resistance and how C. elegans high-

throughput screening is aiding in that fight. 

  

Antibiotic-resistance and antimicrobial discovery 
 
 In the year 1928, Alexander Fleming discovered the first antibiotic -penicillin [32], 

revolutionizing the treatment of infectious disease thereafter. By the 1940s, penicillin 

was FDA approved and the lives of many individuals and families were benefited via the 

successful treatment of previously incurable microbial afflictions [33]. Regrettably, what 

was not taken into serious consideration at the time, was the ability of bacteria to 

constantly evolve mechanisms to inhibit or evade environmental stressors, particularly 

host immunity [34]. Examples include the secretion of proteases that can eliminate 

soluble antimicrobial peptides [35], or the ability of some bacteria to modify their exterior 

membrane lipopolysaccharides to evade host recognition mechanisms [36]. In a similar 

manner, bacteria have adapted and evolved to evade and block natural or man-made 

antimicrobials. 

 Antibiotic resistance can be mediated by the acquisition of genes by horizontal 

gene transfer that produce proteins that modify an antibiotics’ structure, by mutation of 

the antibiotic’s target, or by enhancing the activity of efflux pumps [37]. For example, 

antibiotics target critical cell survival mechanisms such as protein, cell wall, DNA, or 

RNA synthesis [38]. The antibiotic class aminoglycosides targets protein synthesis by 

binding to ribosomal sites, subsequently producing translational misreading and 

blockage of translocation [38]. Resistance is acquired when bacteria produce 

aminoglycoside-modifying enzymes, acquire mutations in the ribosomal target site, or 

decrease efflux pump activity, diminishing cell wall penetration [38]. This is an example 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=43974944061317933&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:6c6f4a66-5125-42ba-b8ed-ddecb090ff2c
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=4462353179867158&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:394a7c91-9269-40f6-915e-ca55119d0d9e
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=42091808947955744&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:0a620b53-84a7-4280-9121-859e085e582e
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=6661304519138433&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:6e485dd9-992f-4806-90ea-40f66495f57f
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=019793072439884596&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:1db9f891-00ec-4161-ac33-34e1b7c5f995
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5984411203996652&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:b1325bef-e78d-45ce-9bc2-9882229bfed0
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=41013386167048693&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:ac86dedf-03b7-42a5-8216-b93d627907c2
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5589172237072967&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:ac86dedf-03b7-42a5-8216-b93d627907c2
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7555078417898522&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:ac86dedf-03b7-42a5-8216-b93d627907c2
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of just one antibiotic class and its corresponding bacterial resistance mechanism. Each 

class targets different processes within the cell, thus imparting its own resistance 

mechanism.  

 In recent decades bacteria have unsurprisingly adapted to resist antibiotics of 

last resort such as vancomycin and daptomycin. Highly pathogenic microbes like 

vancomycin-resistant enterococcus strains, vancomycin-resistant S. aureus, and even 

daptomycin-resistant [39] mutants have emerged. Similar to bacterial pathogens, fungal 

pathogens can also quickly develop resistance to anti-fungal therapeutics. For example, 

antifungal resistant Candida auris has quickly earned a listing on the CDCs urgent 

threat list, being highly resistant to common antifungals such as fluconazole and 

amphotericin B [40]. 

 Collectively, the emergence of antibiotic resistance points to a global health care 

crisis. New antimicrobial agents possessing novel mechanisms of action are required to 

attenuate the development of antibiotic resistance. However, traditional antimicrobial 

screening has been slow and ineffective. Conventional antimicrobial discovery has 

focused on an in vitro multi-well plate system. Thousands of synthetic or natural 

compounds have been tested to assess bacterial growth. However, this method has two 

main disadvantages. The first of these is the inability to readily assess host toxicity of 

tested compounds. Secondly, traditional screens for novel antibiotics cannot identify 

novel anti-infective compounds such as anti-virulence or immunomodulatory drugs. In 

the next section, I will discuss how the in vivo C. elegans-infection high-throughput 

screening model can compensate for both problems, making it an innovative system for 

antimicrobial discovery. 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5348791639695352&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:eeb0403f-cd7e-4a2c-81f5-1e1454c58c8e
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=8966434916607052&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:0797fd1e-3671-4940-a8e6-9763cc4bb72f
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C. elegans high-throughput screening 
 
 With the discovery of life-saving penicillin, the race to develop and synthesize 

new and improved antibiotics began. By unearthing the natural anti-infectives produced 

by bacteria and fungi, or through chemically modifying the scaffold of these natural 

antimicrobials, initial efforts were successful as new antibiotics were developed that 

possessed greater efficacy against a broader spectrum of infections [8]. However, as 

antibiotic resistance began to increase, clinicians and scientists realized that new drugs 

would need to be more specific and less likely to develop resistance in order to stop or 

hinder the proliferation of antibiotic-resistant strains. With the golden age of antibiotic 

discovery behind them, the rise of modern technologies such as genome sequencing, 

has allowed scientists to focus their efforts on target-based screening. This included the 

in vitro assessment of thousands of essential bacterial genes necessary for growth or 

survival in the hopes of developing a compound potent enough to block a gene’s critical 

function. This also included the use of thousands of synthetically derived chemical 

compounds screened using in vitro methods plus target-based screening. Many of 

these drugs failed in vivo due to their inability to cross the bacterial cell membrane, off- 

target effects, and toxicity [8,41]. One of the few effective new antibiotics, daptomycin, 

has overcome such obstacles and has been the only new anti-infective agent to make it 

to the clinic in the last 20 years [42,43]. The current situation is grave and new methods 

of screening for antibiotic targets are desperately needed.  

 In 1999, the Ausubel laboratory at Massachusetts General Hospital was the first 

to show that the nematode worm, C. elegans, could succumb to a lethal infection by a 

known human pathogen, P. aeruginosa [13]. Thus began a new field of study using C. 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=9714182692305027&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:c151d045-d796-428b-b875-74730e6bbda3
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5500795476941865&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:c151d045-d796-428b-b875-74730e6bbda3,fe2141bf-2a22-486d-a07a-79d632fd7a3e:e9280c5d-80c1-4599-b91a-8469310cde6a
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=505634702487348&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:187445bc-e95e-4aa3-94f3-4d921ecfcf65,fe2141bf-2a22-486d-a07a-79d632fd7a3e:ab5bde36-5a25-4aaf-8597-24976f64ac6c
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=12087290801821582&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:4a4140a2-a9cc-41fc-b73f-9bd504ea4fda
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elegans as a whole- animal infection model. In a few short years, the Ausubel lab 

developed a high-throughput screening method using C. elegans to identify potential 

anti-infectives against the microbe E. faecalis [44]. To date, there have been several 

screens involving pathogen-mediated killing of C. elegans to identify new potentially 

anti-microbial compounds for a variety of bacterial species.  

 This method leverages the use of 96-well or 384-well plates, a COPAS Biosort 

worm sorter, a plate washing system, and a multi-well fluorescent microscope. For 

example, when screening for an anti-infective against methicillin-resistant S. 

aureus (MRSA), the methods are as follows (Figure 1). First, thousands of young 

adult C. elegans are washed and sorted into individual wells of a designated microplate 

using a COPAS Biosort instrument (Figure 1A). Each well will contain a unique 

compound that is being tested for anti-infective properties. Next, MRSA is added to 

each well and incubated at 25ºC for 5 days to let the infection take its course (Figure 

1B). After 5 days of incubation MRSA and test compounds are washed out, leaving only 

the worms, using a 405 LS microplate washer (Figure 1C). Plates are then incubated 

once again with Sytox Orange for 24 h and then imaged using an Xpress Micro 

automated microscope to determine C. elegans survivability (Figure 1C). Sytox Orange 

is a live dead stain that will penetrate the cuticle of a dead C. elegans, thus causing it to 

fluoresce. If the worm is alive, the dye cannot penetrate the cuticle, and the worm will 

not fluoresce. Thus it will be denoted as alive. Through screens such as these many 

compounds have been identified and designated for additional study to combat deadly 

species like P. aeruginosa, S. aureus, and E. faecium [45]. 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=010871109346373697&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:5b6b3ec7-9737-4292-b1b4-f0c1f6daa934
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=24687142043333443&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:5a352660-b0fb-441f-a74a-c8be18866c04
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 C. elegans-based screening overcomes many of the issues with in vitro 

screening methods because it allows for identification of agents that can save C. 

elegans from pathogen-mediated killing, but are not toxic enough to kill the host. Due to 

the whole-animal nature of the C. elegans infection screening method, nontraditional 

compounds such as those that affect host immunity or pathogen virulence have also 

been discovered [45]. Ultimately, these qualities make C. elegans-infection based high-

throughput screening a powerful tool in antimicrobial drug discovery. 

  

Thesis Overview & Summary of Findings 
 
 This thesis focuses on applying the C. elegans whole-animal infection model to 

the study of basic innate immunity and antimicrobial discovery. In the following 

chapters, I begin by investigating basic mechanisms underlying C. elegans innate 

immunity. I will report how large RNA sequencing datasets led us to study cell signaling 

sphingolipid- Sphingosine-1-phosphate (S1P)-, which we show is important for basic 

innate immunity. This work uncovered an evolutionarily conserved function for S1P, but 

a non-canonical role for S1P transporters in the C. elegans immune response to Gram-

negative P. aeruginosa and Gram-positive E. faecalis. This work also shows how S1P 

activity is dependent on the known C. elegans immunity pathway p38 MAPK and 

transcription factor hlh-30.  

 In a subsequent chapter, I focus on kinase inhibitors IMD0354 and Bay 11-7085. 

Through this work, I showed that IMD0354 is a potent antimicrobial against Gram-

positive bacteria with an extremely low minimum inhibitory concentration (MIC) of 0.06 

µg/ml.  I also discovered that IMD0354 can inhibit S. aureus single cell attachment and 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=6051392377509873&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:5a352660-b0fb-441f-a74a-c8be18866c04
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prevent biofilm formation at or above MIC concentrations. Furthermore, I found that high 

concentrations of IMD0354 can affect cell permeability.  

 In the final chapter I examine how Bay 11-7085 exhibits anti-infective activity to 

both S. aureus and Candida spp., at an MIC of 0.5-4 µg/ml. Importantly, I show that Bay 

11-7085 inhibits three stages of biofilm maturation, both in monoculture and in a 

polymicrobial culture of S. aureus and C. albicans. Lastly, I detail how Bay 11-7085 

possesses a low probability of antibiotic resistance and can be utilized to save worms 

from lethal infections by S. aureus and C. albicans.  
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Figures and Tables 

 

Figure 1. C. elegans High-throughput Screening.  
 
(A) Fifteen C. elegans are dispensed in individual wells of 96-well or 384-well 

microplates containing one test compound per well. (B) A set volume and concentration 

of MRSA is added into each well and incubated for 5 days to facilitate infection. (C) 
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1 2 3 4 5 6 7 8 9 10 11 12

A

B

C

D

E

F

G

H

MRSA

C. elegans are infected with MRSA via liquid dilution for 5 days.

Live/dead staining for 24 h Acquire fluorescent 

images

Wash away MRSA 

and Compound

COPAS Biosort
worm sorter

A

B

C

405 LS microplate washer ImageXpress® 
Micro XLS



 16 

After 5 days, worms are washed and stained with Sytox Orange (live/dead stain) and 

imaged using an ImageXpress fluorescent microscope. 
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Abstract 

Sphingosine-1-phophate (S1P) is a sphingolipid-derived signaling molecule that 

controls diverse cellular functions including cell growth, homeostasis, and stress 

responses. In a variety of metazoans, cytosolic S1P is transported into the extracellular 

space where it activates S1P receptors in a concentration-dependent manner. In the 

free-living nematode Caenorhabditis elegans, the spin-2 gene, which encodes a S1P 

transporter, is activated during Gram-positive or Gram-negative bacterial infection of the 

intestine. However, the role during infection of spin-2 and three additional genes in the 

C. elegans genome encoding other putative S1P transporters has not been elucidated. 

Here, we report an evolutionally conserved function for S1P and a non-canonical role for 

S1P transporters in the C. elegans immune response to bacterial pathogens. We found 

that mutations in the sphingosine kinase gene (sphk-1) or in the S1P transporter genes 

spin-2 or spin-3 decreased nematode survival after infection with Pseudomonas 

aeruginosa or Enterococcus faecalis. In contrast to spin-2 and spin-3, mutating spin-1 

leads to an increase in resistance to P. aeruginosa. Consistent with these results, when 

wild-type C. elegans were supplemented with extracellular S1P, we found an increase 

in their lifespan when challenged with P. aeruginosa and E. faecalis. In comparison, 

spin-2 and spin-3 mutations suppressed the ability of S1P to rescue the worms from 

pathogen-mediated killing, whereas the spin-1 mutation had no effect on the immune-

enhancing activity of S1P. S1P demonstrated no antimicrobial activity toward P. 

aeruginosa and Escherichia coli and only minimal activity against E. faecalis MMH594 

(40 µM). These data suggest that spin-2 and spin-3, on the one hand, and spin-1, on the 

other hand, transport S1P across cellular membranes in opposite directions. Finally, the 

immune modulatory effect of S1P was diminished in C. elegans sek-1 and pmk-1 
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mutants, suggesting that the immunomodulatory effects of S1P are mediated by the p38 

MAPK signaling pathway.  

Keywords: Sphingosine-1-phosphate; S1P; S1P kinase; S1P transporters; pathogenic 

bacteria; immunity; Caenorhabditis elegans  
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Introduction 
 
 Studies investigating the response of Caenorhabditis elegans to different 

pathogens, including bacteria and fungi, have revealed that conserved signaling 

pathways, such as the p38 mitogen-activated protein kinase (p38 MAPK) pathway and 

conserved transcription factors such as hlh-30 (Helix Loop Helix-30, MITF/TFEB), play 

important roles in C. elegans immune responses [1,2]. In C. elegans, hlh-30 drives almost 

80% of the host transcriptional immune response to a Staphylococcus aureus infection 

[1]. Furthermore, hlh-30 mutant worms not only exhibit survival deficiencies against S. 

aureus but also Gram-negative bacteria, such as Pseudomonas aeruginosa [1]. Using 

microarray analysis, investigations have identified numerous other genes that are up-

regulated or down-regulated during infection with a variety of bacterial species, including 

P. aeruginosa, Serratia marcescens, S. aureus, Enterococcus faecalis, and 

Photorhabdus luminescens as well as during infection by fungi such as Candida albicans, 

Drechmeria coniospora, and Harposporium spp. [2–5]. These studies have identified a 

variety of potential target genes that may play critical roles in the response to infection. 

Genes activated by both Gram-negative and Gram-positive bacteria are of interest for 

understanding general immune responses of the host to infection and may be potential 

therapeutic targets for new broad-spectrum antimicrobials  

 An example of such a broadly activated immune-regulated C. elegans gene is 

SPINSTER-2 abbreviated as spin-2 [3,5], which encodes a sphingosine-1-phosphate 

(S1P) transporter. S1P is synthesized by phosphorylation of the long chain base 

sphingosine by intracellular sphingosine kinase [6]. In mammals, intracellularly 

synthesized S1P is pumped from the inside of the cell out by S1P transporters, 
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maintaining a higher level of S1P in the extracellular region than the inside of the cell [7]. 

In mammals, S1P is an important signaling molecule that is involved in a variety of cellular 

signaling processes including angiogenesis and anaphylaxis [8,9]. S1P transporters are 

highly conserved among many metazoans including nematodes and insects [10–12]. 

 In C. elegans, there are four predicted S1P transporter homologs named spin-1, -

2, -3, and -4 [13,14]. Although there is extensive research on the role of S1P and related 

enzymes, to the best of our knowledge, there is yet to be any published work on the 

specificity and directionality of spin-1-4 transporters. In C. elegans, research of S1P was 

initiated by looking at the expression and role of sphingosine kinase (sphk-1) and it was 

found that sphk-1 is expressed in neuromuscular junction, muscles, neurons, hypodermal 

cells, the excretory canal, and intestinal cells [15]. Deficiency of sphk-1 showed 

decreased lifespan caused by increased susceptibility to oxidative stress [16]. Notably, 

sphk-1 promotes neurotransmitter release in neuromuscular junctions and activates the 

mitochondrial unfolded protein response (UPRmt) in the intestine [17–19]. 

 In C. elegans, the UPRmt stabilizes cellular integrity by alleviating oxidative stress 

and by regulating metabolism during the immune response [20–22]. Therefore, we 

hypothesized that sphk-1 and the four S1P transporters encoding genes spin-1, -2, -3, 

and -4 may play an important role in the C. elegans immune response. Here, we 

demonstrate that deletion mutants of sphk-1, spin-1, spin-2, and spin-3 exhibit aberrant 

immune responses in which exogenous S1P increases C. elegans resistance to P. 

aeruginosa and E. faecalis, and the immune modulatory activity of S1P is partially 

dependent on the p38 MAPK signaling pathway and the transcription factor hlh-30. 
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Results 
 

Sphingosine Kinase and S1P Transporters Affect the C. elegans Immune Response 

 
 In C. elegans, there are four putative S1P transporters, spin-1, spin-2, spin-3, and 

spin-4, which exhibit significant homology with other eukaryotic S1P transporters (Figure 

1A). All four C. elegans S1P transporters exhibit >36.30% amino acid identity to human 

SPNS1 and SPNS2 (Supplementary Figure 1). Additionally, it was previously shown that 

spin-2 is upregulated in C. elegans infected with Serratia marcescens [23] or 

Enterococcus faecalis [5]. 

 To test whether the S1P signaling pathway is involved in C. elegans immunity, we 

exposed sphingosine kinase sphk-1(ok1097) mutant worms, which lack 90% of the 

sphingosine kinase coding region due to deletion of the start codon [17], to infection with 

the Gram-negative bacterium P. aeruginosa strain PA14. We found that sphk-1 mutant 

animals were significantly more susceptible to P. aeruginosa PA14-mediated killing than 

wild type N2 worms (Figure 1B, p < 0.0001). In addition, we tested the role of S1P 

transporters during infection using deletion mutant animals made by the C. elegans 

Deletion Mutant Consortium [24]. We found that spin-2(ok2121) and spin-3(ok2286) 

mutant worms (spin-2, p < 0.0001 and spin-3, p = 0.0217) were also significantly more 

susceptible to P. aeruginosa PA14-mediated killing than wild type N2 worms. 

Unexpectedly, however, spin-1(ok2087) (p < 0.0001) and spin-4(ok2620) (p = 0.0062) 

mutant worms were more resistant to P. aeruginosa PA14 infection than the wild-type 

worms (Figures 1C–1F). 
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 We also found that sphk-1 (p = 0.0086), spin-2 (p < 0.0001), and spin-3 (p < 

0.0001) mutant worms were significantly more susceptible to infection by E. faecalis strain 

MMH594, whereas spin-4 (p = 0.0222) mutant worms were modestly more resistance 

than N2 (Figures 2A and C-E). However, unlike infection with P. aeruginosa PA14, spin-

1 (p = 0.8920) mutant worms did not show a difference in survival from wild-type (Figure 

2B). The infection results with P. aeruginosa and E. faecalis indicate that the S1P 

signaling pathway plays a significant role in the C. elegans immune response against 

both Gram-negative and Gram-positive bacteria. 

External Supplementation of S1P Extends Worm Survival 

 
 The S1P kinase and S1P transporter mutant data in the previous section 

suggested that the level of S1P in or outside of intestinal epithelial cells, which is the 

primary site of the C. elegans immune response [18,19], may be critical for its activation. 

To test this hypothesis, we grew pathogenic bacteria P. aeruginosa and E. faecalis on 

various concentrations of externally supplemented S1P and control, solvent only, agar 

plates, which contained equal volumes of methanol without S1P. We found that, at a 

higher concentration such as 100 µM S1P, the methanol-only plates showed antimicrobial 

activity. For this reason, we chose to use 10 µM of S1P supplementation in the medium, 

which showed no antimicrobial effect in the methanol-only agar plate (data not shown). 

From our results, we found that a minimum of 10 µM of S1P supplementation dramatically 

extended wild-type worm survival by approximately two days (Figure 3A, p < 0.0001), 

suggesting that S1P is important for pathogen resistance. 
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 We also tested the lifespans of P. aeruginosa PA14-infected sphk-1 and spin-1-4 

mutant worms treated with S1P given that sphk-1 mutants cannot produce any S1P and 

that spin-1-4 mutant worms, presumptively, have impaired S1P transporter activity. We 

found that the lifespan of S1P treated sphk-1 mutant worms was the same as wild-type 

worms treated with S1P (Figure 3B, psphk-1 control vs S1P < 0.0001, psphk-1 vs N2 with S1P = 0.2583), 

which is consistent with the conclusion that S1P fully rescues the hyper-susceptibility 

phenotype of the sphk-1 mutant. On the other hand, mutation of spin-2, spin-3, and spin-

4 partially blocked the ability of S1P to rescue the infected worms (Figure 3D and E, pspin-

2 control vs S1P < 0.0001, pspin-2 vs N2 with S1P < 0.0001, pspin-3 control vs S1P < 0.0001, pspin-3 vs N2 with 

S1P = 0.0285, Figure 3F, pspin-4 control vs S1P = 0.0012, pspin-4 vs N2 with S1P = 0.0010), whereas 

mutation of spin-1 had no effect on the ability of S1P to enhance lifespan (Figure 4C, pspin-

1 control vs S1P < 0.0001, pspin-1 vs N2 with S1P = 0.04272). 

 As explained in detail in the Discussion section, we think that the simplest 

interpretation of these data is that S1P transport into cells is important for activating the 

C. elegans immune response and that spin-1 and spin-4 encode canonical S1P cellular 

exporters. Mutation of spin-1 or spin-4 could, therefore, result in an accumulation of S1P 

inside of cells, leading to enhanced pathogen resistance, as shown in Figures 1C and 1F. 

In contrast, we hypothesize the spin-2 and spin-3 encode non-canonical S1P importers. 

A mutation of spin-2 or spin-3 could, therefore, results in the depletion of S1P levels in 

cells, leading to enhanced pathogen susceptibility, as shown in Figures 1D and 1E. 

To further support the S1P supplementation results, we tested sphk-1 and S1P 

transporter mutant worms infected with the Gram-positive E. faecalis MMH594. As 

anticipated, we observed that 10-µM S1P supplementation extended the lifespan of N2 
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worms when challenged with E. faecalis MMH594 (p < 0.0001), (Supplementary Figure 

2A). sphk-1 mutant worms, which showed reduced survivability when challenged with 

MMH594 (p = 0.0086), were fully rescued with 10 µM of exogenous S1P supplementation 

(p = 0.0536). The infection sensitive phenotype spin-2 and spin-3 mutant worms (p < 

0.0001) were also fully rescued by the external supplementation of S1P, while the 

resistant phenotype of spin-1 and spin-4 mutant worms were insignificantly enhanced by 

extra S1P (Supplementary Figures 2C–2F). Taken in their totality, these series of studies 

indicated that external S1P supplementation not only rescues deficiencies of the S1P 

mutant worms but also independently activated the immune response in C. elegans. 

S1P Has No or Nominal Antimicrobial Activity 

 
 C. elegans pathogen resistance can be achieved by either a robust immune 

response or direct antimicrobial activity by a bioactive agent. In order to eliminate the 

possibility that S1P has direct antimicrobial activity against bacterial pathogens, we tested 

the antimicrobial activity of S1P by measuring a bacterial growth rate through optical 

scattering at 600-nm wavelength (OD600). Our results revealed no significant drop in 

absorbance when compared to the solvent, methanol (Figure 4A and 4B), when testing 

P. aeruginosa PA14 or Escherichia coli OP50 with S1P at various concentrations. When 

we examined E. faecalis MMH594, we found that S1P has antimicrobial activity at 

concentrations greater than 40 µM (Figure 4C, pS1P vs vancomycin = 0.001011). However, 

S1P did not inhibit the growth of MMH594 at the 10 µM, which is the concentration that 

increases the C. elegans immune response to E. faecalis MMH594 (Supplementary 

Figure 2). These series of experiments imply that S1P exhibits no direct antimicrobial 
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activity against the Gram-negative bacteria P. aeruginosa PA14 and E. coli OP50 and 

minimal activity against Gram-positive bacteria E. faecalis MMH595. This suggests that 

extracellular supplementation of S1P affects C. elegans pathogen resistance via an 

immune-modulatory mode of action rather than antimicrobial activity. To circumvent the 

issue of antimicrobial activity S1P toward E. faecalis, the following experiments were only 

carried out with the Gram-negative bacterium P. aeruginosa strain PA14. 

S1P Signaling Depends on p38 MAPK Pathway and the Transcription Factor hlh-30 

 
 Several immune signaling pathways have been identified in C. elegans, including 

the p38 MAPK and the insulin-like signaling pathways [25]. Key immune-related genes 

include sek-1 and pmk-1 (p38 MAPK) and the transcription factor atf-7 (ATF2/CREB5) as 

well as hlh-30 (MITF/TFEB), zip-2 (bZIP), and daf-16 (FOXO1/3/4) [25]. In order to 

examine whether S1P signaling is dependent on previously identified immunity-related 

signaling pathways, we challenged C. elegans strains with mutations in a variety of 

immune-related genes with P. aeruginosa PA14 during S1P supplementation. Mutations 

in all of these genes, except zip-2, cause a decrease in the survival rate in the absence 

of S1P (Figure 5). Significantly, sek-1, pmk-1, and hlh-30 mutants exhibited decreased 

survival rate when challenged with P. aeruginosa PA14 and supplemented with S1P when 

compared to wild-type worms (p < 0.0001, p < 0.0001, and p = 0.0017, respectively, 

Figures 5A, 5B, and 5C). On the contrary, the P. aeruginosa PA14-susceptible 

phenotypes of atf-7 and daf-16 mutants were fully rescued by S1P supplementation on 

P. aeruginosa PA14 to the same levels of N2 worms supplemented with S1P (Figures 5D 

and 5F). Furthermore, zip-2 mutant worms exhibited no significant difference in the 
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survival rate when challenged with P. aeruginosa PA14 (p = 0.0738) and supplemented 

with S1P compared to wild-type worms (p = 0.1786). These results suggest that, in C. 

elegans, the S1P-mediated immune response is partially dependent on the p38 MAPK 

pathway and the transcription factor hlh-30. 

S1P Signaling Affects C. elegans Immune Effect Gene Lys-2 

 
 To investigate the transcriptional expression changes of p38 MAPK-dependent 

immune response genes by S1P signaling, we measured and compared the mRNA levels 

of seven immune response genes in sphk-1 and S1P transporters (spin-1-4) mutant 

animals in response to exposure to E. coli OP50 or P. aeruginosa PA14 for 24 h. Among 

the genes tested, lys-2, a lysozyme encoding gene, was transcriptionally activated by the 

exposure to P. aeruginosa PA14 compared to E. coli OP50 in wild type N2 worms (Figure 

6). In the spin-2 mutant animals, the activation of lys-2 after exposure to P. aeruginosa 

PA14 was inhibited (p = 0.0183). Other immune response genes tested were not 

significantly changed in the spin-2 mutant nor did we find variable expression levels in 

either the spin-1, 3, 4 and sphk-1 mutants among multiple genes (Supplementary Figure 

3). 

S1P Signaling Has a Modest Effect on C. elegans Lifespan in a Normal Food Source 

 
 In C. elegans, the unfolded protein response through the p38 MAPK pathways 

connects aging and immunity [26]. Since external supplementation of S1P enhanced 

longevity during P. aeruginosa and E. faecalis infections, we tested whether this increase 

in lifespan was a consequence of a specific effect on the immune response or a general 
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effect of overall increased lifespan. In these series of experiments, we fed worms with 

heat-killed E. coli OP50 supplemented with S1P in order to exclude any pathogenic traits 

of live E. coli. First, we found that, in the absence of S1P, C. elegans sphk-1 and spin-1 

mutants exhibited similar lifespans to the wild type N2 strain (Figure 7A, psphk-1 = 0.4757, 

pspin-1 = 0.8768), whereas spin-2 and spin-3 exhibited modestly shorter life spans than 

wild-type (Figure 6B, pspin-2 < 0.0008, pspin-3 = 0.0054) and spin-4 lived modestly longer 

(Figure 6C, pspin-4 = 0.0005). Notably, however, external supplementation with S1P did 

not increase the lifespan of wild-type, sphk-1, spin-2, spin-3, or spin-4 worms (Figures 

7D, 7E, 7G, 7H, and 7I) and modestly decreased the lifespan of the spin-1 mutant (Figure 

6F, p = 0.0191). These results indicate that the effects of S1P as well as the sphk-1 and 

spin-1-4 mutants on lifespan during the course of an infection are due to immuno-

modulatory effects rather than a non-specific effect on worm longevity. 
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Discussion 
 

The elucidation of the role of S1P signaling in immune responses in mammals led to 

the development of immunosuppressive agents such as Fingolimod (FTY720) [27] as well 

as highlighting potential novel therapies for intestinal Salmonella infections [28]. Here, we 

show that sphingosine kinase and S1P transporters are important components of the C. 

elegans immune response. Exogenous S1P supplementation not only fully compensated 

the immune deficiency observed in sphingosine kinase (sphk-1) mutants, but also 

dramatically increased the resistance of wild type worms to pathogenic bacteria. These 

results indicate that the S1P signaling pathway is involved in the C. elegans immune 

response to bacterial infections. 

 In mammals, S1P activates the immune response through extracellular G protein 

coupled S1P receptors [7] that regulate many biological processes including cell growth, 

apoptosis, stress responses, cell migration, and development [7]. There are more than 

2,000 G protein coupled receptors (GPCRs) in the genome of C. elegans [29], whereas 

only approximately 750 GPCRs have been identified in humans [30]. However, thus far, 

a S1P receptor has not been identified in C. elegans [31]. The work reported in this paper 

showed that external supplementation of S1P is sufficient to activate C. elegans immunity. 

In addition to S1P transport, it is possible that S1P is directly activating C. elegans 

immunity through an uncharacterized GPCR. Identification of S1P receptor(s) in C. 

elegans will give more clues in understanding how S1P signaling is related to the immune 

response. 

 In C. elegans, during a stress response, increased S1P in the cytosol of intestinal 

epithelial cells activates genes related to the intestinal UPRmt [19]. Kim et al. showed that 
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sphk-1 localizes to the outer membrane of mitochondria [18] and subsequent production 

of S1P is important for the activation of intestinal UPRmt
 [19]. In addition, they found that 

this phenotype is specific to intestinal cells and not neuronal cells [19]. Their working 

model suggests that S1P is both produced and is active inside intestinal epithelial cells in 

support of our model that intracellular S1P activates C. elegans immunity. One UPRmt 

gene, in particular HSP-60, physically binds to SEK-1 and activates PMK-1 during the 

immune response [32]. Therefore, it is possible that increased levels of S1P within the 

cytosol by external supplementation activates the p38 MAPK pathway through the UPRmt. 

 Furthermore, we showed that the increased resistance elicited by S1P 

supplementation is at least partially dependent on the p38 MAPK signaling genes sek-1 

and pmk-1 (Figure 5). In addition, we found that the transcriptional expression of a 

defense response encoding protein, LYS-2, depends on spin-2. lys-2 is a marker of 

immune response, which is increased during P. aeruginosa infection [33] in a pmk-1-

dependent manner [2]. Given previous studies by Kim et al. and our own findings, we 

speculate that the enhanced immune response elicited by exogenous supplementation 

of S1P might be related to p38 MAPK-dependent gene activation. Additional genomics 

studies are needed to further confirm this hypothesis. 

 Our results show that the pathogen susceptible phenotypes of sphk-1, spin-2, and 

spin-3 mutants are similar, whereas spin-1 and spin-4 exhibit a resistant phenotype when 

fed P. aeruginosa (Figure 1). Since sphk-1 mutant worms are unable to produce S1P, the 

level of S1P inside of the cells should be low or absent. One model (Figure 8) that is 

consistent with these results is spin-1 and spin-4 encode canonical S1P transporters that 

export S1P out of the cytosol, whereas spin-2 and spin-3 encode non-canonical S1P 
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transporters that import extracellular S1P. In spin-2 and spin-3 mutant worms, 

extracellular S1P transport into the cytosol may be decreased enough that C. elegans are 

unable to activate and generate resistance to pathogens. In contrast, the resistant 

phenotype of spin-1 and spin-4 may be due to the accumulation of S1P inside the cell. 

 If spin-2 and spin-3 are S1P importers, we would also expect that mutating them 

could decrease intracellular S1P accumulation in the presence of exogenous S1P, and, 

therefore, partially blocking the effect of the exogenous S1P, as shown in Figure 3. The 

fact that the spin-1 mutation did not affect the ability of S1P to enhance the worm lifespan 

in the presence of exogenous S1P is also consistent with spin-1 encoding a canonical 

S1P exporter. 

 The model shown in Figure 8 assumes that S1P is active in the cytosol and not 

extracellularly during the immune response in accordance with data published by Kim et 

al. and discussed above [19]. Our data are not consistent with models in which 

extracellular accumulation of S1P is sufficient to activate C. elegans immunity. For 

example, if extracellular S1P activates C. elegans immunity, we would predict that spin-2 

and spin-3 mutants supplemented with extracellular S1P would show an increased 

immune response after P. aeruginosa infection, which is similar to wild-type worms under 

similar conditions. Conversely, the model in Figure 8 predicts that mutations in the S1P 

exporters spin-1 and spin-4 would also exhibit decreased survival. However, we found an 

extended lifespan after P. aeruginosa infection in spin-1 and spin-4 mutant worms, 

suggesting that extracellular S1P is not fully responsible for C. elegans immune activation 

and subsequent pathogen resistance. 
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 The model in Figure 8 does not directly address the particular cell types in which 

S1P is functioning, but it is reasonable to assume that the intestinal epithelial cells are the 

most likely candidate since the C. elegans immune response to P. aeruginosa appears 

to be primarily localized to these cells based on previous reports [19] and our own results. 

The model also does not address in which tissues or cells S1P is being synthesized in 

and whether these cells are the same as those in which S1P exerts its immune-enhancing 

effects. An additional limitation is the impossibility to physically test intra-cellular or extra-

cellular S1P levels in vivo or in vitro in C. elegans, which could possibly further support 

our model [16,34]. One possibility consistent with the model in Figure 8 is that S1P is 

synthesized in intestinal epithelial cells as intrinsic signaling molecules to enhance 

immunity. It is important to point out the other models that are consistent with our data, 

including models in which S1P functions intracellularly and the spin-1/spin-4 transporters 

and spin-2/spin-3 transporters, on the other hand, have the opposite polarities, as shown 

in Figure 8. However, in models in which the polarities of the transporters are flipped, it is 

also necessary to postulate that S1P functions extracellularly, which seems unlikely [19]. 

 In any case, our data strongly suggests that SPIN-2/SPIN-3 and SPIN-1/SPIN-4 

transport S1P in opposite directions. One potential discrepancy with this model, however, 

is the observation that spin-4 mutants exhibit decreased longevity when compared to N2 

in the presence of exogenous S1P when fed P. aeruginosa. In these experiments, spin-

4 exhibits the same phenotype as spin-2 and spin-3 mutants. However, spin-4 mutants 

showed more increased longevity than N2 with external supplementation of S1P when 

fed with E. faecalis (Supplementary Figure 2F). We speculate that the different lifespans 

of C. elegans spin-4 mutants to different pathogenic bacteria may be caused by the 
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distinctive immune gene activation profiles between Gram-positive E. faecalis or Gram-

negative P. aeruginosa in C. elegans [2,23,33,35–37]. Moreover, microarray data also 

suggest that even bacterial strains within the same category (Gram-negative or Gram-

positive) can also elicit different immune gene activation in C. elegans [36,38]. 

 It has been previously observed that sphk-1 strain has a decreased lifespan on 

live E. coli HB101 [16]. However, we found that sphk-1 mutant animals (as well as the 

spin-1-4 mutant animals) had the same lifespan as wild-type worms when fed heat-killed 

E. coli OP50. Since a live E. coli food source is pathogenic as worms mature (>9 days) 

[39,40], it is possible that the decreased lifespan of sphk-1 on live E. coli HB101 is a 

consequence of E. coli-mediated killing. 

 In conclusion, although direct evidence is still needed to support the relationship 

between intracellular concentrations of S1P and pathogenic infection, our findings provide 

novel insights into the studies of sphingosine signaling and the response to infection. In 

addition to the immune response, understanding the molecular basis of S1P signaling in 

C. elegans may yield novel insights into conserved features of the innate immune 

response. 
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Materials and Methods 

Nematode Strains 

 
 The following C. elegans strains were used in this study. N2 wild-type, VC916 

sphk-1(ok1097), RB1678 spin-1(ok2087), RB1702 spin-2(ok2121), RB1778 spin-

3(ok2286), RB1986 spin-4(ok2620), KU25 pmk-1(km25), KU4 sek-1(km4), JIN1375 hlh-

30(tm1978), VC1518 atf-7(gk715), VC3056 zip-2(ok3730), and CF1038 daf-16(mu86) 

were obtained from C. elegans Genome Center (CGC). 

Bacterial Strains and Maintenance 

 
 Pseudomonas aeruginosa PA14 and Escherichia coli OP50 were cultured in Luria 

Broth (LB) with shaking at 37 °C for 16 to 20 h. Enterococcus faecalis MMH594 was 

incubated in Brain Heart Infusion (BHI) media with shaking at 37 °C for 16 to 20 h. The 

overnight culture was measured by optical density in a 600-nm wavelength (OD600) and 

adjusted to OD600 = 1.5 to control the number of bacteria added to each plate. Adjusted 

inoculum was then spread on Nematode Growth Media (NGM) or Slow Killing (SK) media 

agar plates that contain 50 µg/mL of 5-Fluoro-2'-deoxyuridine (FUDR, Sigma Aldrich 

#F0503, Saint Louis, USA). SK plates contained 0.35% of peptone while NGM plates 

contained 0.25% [32]. Fresh bacterial plates were regularly streaked on a weekly basis 

from –80 °C glycerol stocks on solid agar containing nutrient broth. Plates were stored at 

4 °C. 

Reagents and Media Preparation 
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 Sphingosine-1-phosphate (Sigma Aldrich #73914, Saint Louis, MO USA) was 

dissolved in methanol due to S1P’s poor solubility in water to a final stock concentration 

of 2 mM. S1P was diluted into solid agar NGM or SK after autoclaved medium was cooled 

down to 45 °C in order to prevent degradation of S1P. S1P-contatining NGM or SK was 

poured onto assay plates using a serological pipette. The S1P stock solution in methanol 

was directly diluted into liquid LB, or BHI to desired concentrations for minimum inhibitory 

concentration (MIC) tests. An equivalent percentage of methanol was used as a vehicle 

control in all experiments. 

C. elegans Lifespan and Killing Assay 

 
 Methods used were as previously described in Lee et al. 2017 [41]. Synchronized 

L1 C. elegans were grown on NGM plates containing E. coli OP50. After 24 h of incubation 

at 25 °C, worms were treated with FUDR to block self-fertilization. After an additional 24 

h incubation at 25 °C, worms reached a young adult stage and were then added to assay 

plates. P. aeruginosa PA14 assay plates were prepared by adding 100 µL of adjusted P. 

aeruginosa PA14 inoculum onto FUDR (50µg/mL) containing SK plate and spread to the 

edge. Plates were incubated at 37 °C for 24 h, and then incubated an additional 16 h at 

25 °C to maximize virulence of P. aeruginosa PA14. To prepare assay plates with E. 

faecalis MMH594, 100 µl of E. faecalis MMH594 inoculum was added onto FUDR (50 

µM) containing BHI plates. Plates were incubated at 37 °C for 24 h and then cooled to 

room temperature before the addition of worms. More than 50 young adult worms were 

added onto plates containing either heat-killed E. coli OP50 for the lifespan assay or 

pathogen P. aeruginosa PA14 or E. faecalis MMH594 for the killing assay and incubated 
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at 25 °C. Dead worms were counted daily. Worms that presented no response to physical 

stimuli after gentile prodding on the anterior regions of C. elegans with a platinum wire 

were scored as dead. The log-rank (Mantel-Cox) test was used for statistical analysis of 

worm survival. These experiments were not conducted in a blind fashion. 

Measuring Minimum Inhibitory Concentration 

 
 Minimum inhibitory concentrations were determined by the standard micro-dilution 

method published by the Clinical and Laboratory Standards Institute [42]. Each assay 

was conducted in triplicate. These experiments were not conducted in a blind fashion. 

Sequence Alignment 

 
 All sequence alignments and evaluations were done using open access software 

Clustal Omega (http://www.clustal.org/omega/) [43]. 

RNA Preparation, cDNA Synthesis, and Quantitative PCR 

 
 Young adult worms treated for 24 h with E. coli OP50 or P. aeruginosa PA14, as 

done in the C. elegans Killing Assay protocol, were collected and washed with 

phosphate buffer saline (PBS). Supernatant was aspirated leaving approximately 50 µL, 

making sure not to disturb the C. elegans pellet. A total of 500 µL of Trizol (Invitrogen, 

Carlsbad, CA USA) was then added to each sample. Samples were frozen at –80 C 

and then immediately thawed at 37 C. This freeze-thaw cycle was repeated one 

additional time for a total of two freeze-thaw cycles. Next, 150 µL of additional Trizol 

was added to each sample and allowed to incubate for 5 min at room temperature. 140 
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µL of chloroform was then added to each sample, vortexed vigorously for 15 s, and then 

incubated for 2 min at room temperature. Samples were then centrifuged at 11,000 rpm 

for 15 min at 4 C. Clear supernatant was collected into clean microtubes and 70% 

ethanol was added at a 1:1 ratio. Samples were mixed and run through RNeasy spin 

columns (Qiagen # 74104, Germantown, MD USA) and washed following 

manufacturer’s instructions. RNA concentration and 260/280 ratios were assessed to 

determine RNA quality. cDNA was prepared using Verso cDNA synthesis Kit (Thermo 

Fisher, Waltham, MA USA). Equal concentrations of RNA were used to synthesis 

cDNA. Real-time PCR was performed using iTaq Universal Syber Green Supermix 

(BioRad, Hercules, CA USA) and CFX96 Real-time PCR machine following 

manufacturer’s instructions. Primers used for real-time PCR can be found in Table 1. 
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Abbreviations 
 
S1P Sphingosine-1-phosphate 

C. elegans Caenorhabditis elegans 

P. aeruginosa Pseudomonas aeruginosa 

E. faecalis Enterococcus faecalis 

UPRmt Mitochondrial Unfolded Protein Response 
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Figures and Tables 

 

 

Figure 1. Sphingosine kinase and S1P transporters are related to the immune 

response in C. elegans on P. aeruginosa PA14.  

(A) Phylogenetic tree of S1P transporters. (B) Survival of worms with mutation in 

sphingosine kinase, sphk-1, and wild type N2. Survival of worms with mutation in S1P 

transporters spin-1 (C), spin-2 (D), spin-3 (E), and spin-4 (F) on P. aeruginosa PA14. 

The log-rank (Mantel-Cox) test was used for statistical analysis of worm survival. (n 

> 150 worms per condition).  
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Figure 2. Sphingosine kinase and S1P transporters control the immune response 

toward E. faecalis MMH594 in C. elegans.  

Survival of worms with mutation in sphingosine kinase, sphk-1 (A), or S1P 

transporters spin-1 (B), spin-2 (C), spin-3 (D), and spin-4 (E) and wild type N2 on E. 

faecalis MMH594. The log-rank (Mantel-Cox) test was used for statistical analysis of 

worm survival. (n > 150 worms per condition).  
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Figure 3. External supplementation of S1P stimulates the immune response to P. 

aeruginosa PA14 in C. elegans.  

The survival of worms with or without S1P supplementation in the background of wild 

type N2 worms (A), sphk-1 (B), spin-1 (C), spin-2 (D), spin-3 (E), and spin-4 (F). The 

log-rank (Mantel-Cox) test was used for statistical analysis of worm survival. (n > 150 

worms per condition).  
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Figure 4. Spingoshine-1-phophate has limited antibiotic activity on E. faecalis 

MMH594 but not on Gram (–) bacteria.  

Growth of P. aeruginosa PA14 (A), OP50 (B), and MMH594 (C) exposed to 

antibiotics, gentamycin or vancomycin, solvent (methanol), and S1P at various 

concentrations after 18 h in Luria Broth or Brain Heart Infusion media. OD600, optical 

density at 600 nm. (n=3, ± S.D.). 

  



 47 

 

Figure 5. Increased immune response by S1P in C. elegans is dependent on p38 

mitogen-activated protein kinase (MAPK) pathway and partially on hlh-30.  

The survival of worms with or without S1P supplementation in the background of wild 

type N2 and p38 MAPK pathway, sek-1 and pmk-1 (A, B), transcription factors hlh-

30 (C), atf-7 (D), zip-2 (E), and daf-16 (F). The log-rank (Mantel-Cox) test was used 

for statistical analysis of worm survival. (n > 150 worms per condition). 
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Figure 6. Transcriptional activation of immune response genes, lys-2, was 

diminished in the spin-2 mutant worm.  

The fold changes of lys-2 in wild type, sphingosine kinase (sphk-1) and S1P transporters 

mutant (spin-1-4) worms were normalized to house-keeping gene, pmp-3, and 

Y45F10D.4. The unpaired t-test was used for statistical analysis. p < 0.05. (n=2, ± S.D.). 
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Figure 7. Select S1P transporters affect C. elegans lifespan while S1P 

supplementation has no affect.  

Mutant worms showing the same lifespan (A), decreased lifespan (B), and increased 

lifespan (C) compared to wild type N2. Comparison of the survival with or without 

S1P in the background of wild type N2 (D), sphk-1 (E), spin-1 (F), spin-2 (G), spin-3 

(H), and spin-4 (I). The log-rank (Mantel-Cox) test was used for statistical analysis 

of worm survival. (n > 150 worms per condition). 
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Figure 8. Model of S1P transporters directionality in C. elegans.  

SPIN-1 and SPIN-4 show canonical directionality transporting S1P out into the 

extracellular space. Mutations in these transports increases cytosolic S1P. SPIN-2 

and SPIN-3 pump S1P into the cytosolic space. Mutations in both these transports 

decreases cytosolic S1P. 
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Table 1. qPCR primer list. 

References 
Sequence 

Name 
Gene 
Name 

Direction Sequence 

[44] 
Y22F5A.5 lys-2 F GCTGGATTGGGAATTGAGAC 

Y22F5A.5 lys-2 R GACGTTGGCAGTTGGATTG 

[23] 
F35C5.6 clec-63 F AGGAGCTGCTCTTCAAACCA 

F35C5.6 clec-63 R TCCAGGATGAGGAGATGGTG 

[45] 
T07C4.4 spp-1 F TGGACTATGCTGTTGCCGTT 

T07C4.4 spp-1 R ACGCCTTGTCTGGAGAATCC 

[46] 
K08D8.5  F CCGGGAAGTCGAATGAACAT 

K08D8.5  R GATGCAACACCTGCCAAAGA 

[47] 
F08G5.6 irg-4 F CACAATGATTTCAATGCGAGA 

F08G5.6 irg-4 R GTTTCGACCGAGAAATCGAG 

[47] 
F55G11.2  F TGGTTCTCCAGACGTGTTCA 

F55G11.2  R CAGCCTTGCCTTTACTGACA 

[48] 
C54G10.3 pmp-3 F GTTCCCGTGTTCATCACTCAT 

C54G10.3 pmp-3 R ACACCGTCGAGAAGCTGTAGA 

[48] 
Y45F10D.4  F GTCGCTTCAAATCAGTTCAGC 

Y45F10D.4  R GTTCTTGTCAAGTGATCCGACA 

[23] 
F56D6.2 clec-67 F CGGGCTGGGAATATATCAAT 

F56D6.2 clec-67 R CAATAGGTTGTGGCGTATGG 
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Supplementary Figures 
 

 
SPNS1     1 ---------------------------------------------------MAGSDTAPF 

SPNS2     1 MMCLECASAAAGGAEEEEADAERRRRRRGAQRGAGGSGCCGARGAGGAGVSAAGDE-VQT 

SPIN-4    1 ------------------------------------------------------------ 

SPIN-1    1 ---------------------------------------------------MVRNKVAPV 

SPIN-2    1 ------------------------------------------------------------ 

SPIN-3    1 ------------------------------------------------------------    

SPNS1    10 LSQADDPDDGPVPGTPGLPGSTGNPKSEEPEVPDQEGLQRITGLSPGRSALIVAVLCYIN 

SPNS2    60 LSGSVRRAPTGPPGTPGTPGCAATAKGPGAQQPKPASLGR------GRG-AAAAILSLGN 

SPIN-4    1 -----------------MP-----NEIEE---GS--GLDVASRLAGKKKWVTCSILLLVN 

SPIN-1   10 EDGANIQRNFEPPPPYTTPTDSPEDKIRS---NSTATTASQPEFQGCWTIVVVAILFIIN 

SPIN-2    1 ------------------------------------------MVNSQQDYISVTALFVVN 

SPIN-3    1 ------------------------------------------MVNERKDYISIVILFVVN    

SPNS1    70 LLNYMDRFTVAGVLPDIEQFFNIGDSSSGLIQTVFISSYMVLAPVFGYLGDRYNRKYLMC 

SPNS2   113 VLNYLDRYTVAGVLLDIQQHFGVKDRGAGLLQSVFICSFMVAAPIFGYLGDRFNRKVILS 

SPIN-4   34 LLNYMDRYTIVGVMSRLATFFDIDDKGQGLLQTVFIVFYMFFAPLFGYLGDRYNRKMLMI 

SPIN-1   67 LLNYMDRYTIAGVLNDVQTYYNISDAWAGLIQTTFMVFFIIFSPICGFLGDRYNRKWIFV 

SPIN-2   19 LLNYVDRYTVAGVLTQVQTYYNISDSLGGLIQTVFLISFMVFSPVCGYLGDRFNRKWIMI 

SPIN-3   19 LINNVDRYTIAGVLPDVQSYYNINDSMGGMIQTVFLISFMIGSPICGYLGDRFNRKYVML    

SPNS1   130 GGIAFWSLVTLGSSFIPGEHFWLLLLTRGLVGVGEASYSTIAPTLIADLFVADQRSRMLS 

SPNS2   173 CGIFFWSAVTFSSSFIPQQYFWLLVLSRGLVGIGEASYSTIAPTIIGDLFTKNTRTLMLS 

SPIN-4   94 TGICIWILAVFASSFCGEGHYYLFLLCRGIVGIGEASYSTIAPTVLSDLFSGGLRSRVLM 

SPIN-1  127 VGIAIWVSAVFASTFIPSNQFWLFLLFRGIVGIGEASYAIISPTVIADMFTGVLRSRMLM 

SPIN-2   79 IGVGIWLGAVLGSSFVPANHFWLFLVLRSFVGIGEASYSNVAPSLISDMFNGQKRSTVFM 

SPIN-3   79 VGIVIWLICVCASTFIPRNLFPLFLFFRSLVGIGEASYVNICPTMISDMFTSDKRTRVYM    

SPNS1   190 IFYFAIPVGSGLGYIAGSKVKDMAGDWHWALRVTPGLGVVAVLLLFLVVREPPRGAVERH 

SPNS2   233 VFYFAIPLGSGLGYITGSSVKQAAGDWHWALRVSPVLGMITGTLILILVPATKRGHADQL 

SPIN-4  154 MFYFAIPVGSGLGFISGSSISQATDSWQWGVRFSPIIGIACLGLMLWLLDEPVRGACDGA 

SPIN-1  187 VFYFAIPFGCGLGFVVGSAVASWTGHWQWGVRVTGVLGIVCLLLIIVFVREPERGKAERE 

SPIN-2  139 IFYFAIPVGSGLGFIVGSNVATLTGHWQWGIRVSAIAGLIVMIALVLFTYEPERGAADKA 

SPIN-3  139 LFYLAVPVGSGLGYIISSNVSSLTGSWQWGVRVTGIGGIVALLALLFMVHEPERGAAEKL    

SPNS1   250 SD----LPPLNPTSWWADLRALARNPSFVLSSLGFTAVAFVTGSLALWAPAFLLRSRVVL 

SPNS2   293 GD----Q-LKARTSWLRDMKALIRNRSYVFSSLATSAVSFATGALGMWIPLYLHRAQVVQ 

SPIN-4  214 RQNGDE------ADLIGDIKYLMSIKTFYLASAASIASFFSIGTMSWWTPQYVGFSYAVI 

SPIN-1  247 KGEI--AASTEATSYLDDMKDLLSNATYVTSSLGYTATVFMVGTLAWWAPITIQYADSAR 

SPIN-2  199 MGESKDVVVTTNTTYLEDLVILLKTPTLVACTWGYTALVFVSGTLSWWEPTVIQHLTAWH 

SPIN-3  199 EGK--DTTVRPSTSYWKDLKVLLKCPTYVVTTLAYTALIFVSGTLTWWMPTIIEYSAAWT    
 

 

SPNS1   306 GETPPC-LPGDSCSSSDSLIFGLITCLTGVLGVGLGVEISRRL--------RHSNPRADP 

SPNS2   348 KTAETC--NSPPCGAKDSLIFGAITCFTGFLGVVTGAGATRWC--------RLKTQRADP 

SPIN-4  268 HN---VPKVPETELTQINLIFGIITCMAGLLGVATGSILSRAWRDGSSIFRNHATEKADV 

SPIN-1  305 RN----GTITEDQKANINLVFGALTCVGGVLGVAIGTLVSNMWSRGVGPFKHIQTVRADA 

SPIN-2  259 QGLNDTKDLASTDKDRVALYFGAITTAGGLIGVIFGSMLSKWLVAGWGPFRRLQTDRAQP 

SPIN-3  257 RGYKSIKELPLSFKNETGLIFGLLTTACGIIGTLLGNLLAQCFLYGWLGAW-SKTKRAHL    

SPNS1   357 LVCATGLLGSAPFLFLSLACARGSIVATYIFIFIGETLLSMNWAIVADILLYVVIPTRRS 

SPNS2   398 LVCAVGMLGSAIFICLIFVAAKSSIVGAYICIFVGETLLFSNWAITADILMYVVIPTRRA 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SPIN-4  325 YICALSMFVALPFLFFAIFIAEYSTNGCLILIYFAIMSMCLNWSVNVDVLMYVVVANRRA 

SPIN-1  361 LVCAIGAAICIPTLILAIQNIESNMNFAWGMLFICIVASSFNWATNVDLLLSVVVPQRRS 

SPIN-2  319 LVAGGGALLAAPFLLIGMIFGDKSLVLLYIMIFFGITFMCFNWGLNIDMLTTVIHPNRRS 

SPIN-3  316 VAAGCGALISTPCLVVVFVFGHSSELLTWIMVGVSITGLCFNWSLNVEVFNQIVAPERRS    

SPNS1   417 TAEAFQIVLSHLLGDAGSPYLIGLISDRLRRNWPPSFLSEFRALQFSLMLCAFVGALGGA 

SPNS2   458 TAVALQSFTSHLLGDAGSPYLIGFISDLIRQSTKDSPLWEFLSLGYALMLCPFVVVLGGM 

SPIN-4  385 TALAVQTMVAHLFGDAASPYIIGVLSDMLRGDDA-SAVGHFFALQKALYVPTFMLVVAGA 

SPIN-1  421 SASSWQILISHMFGDASGPYILGLISDAIRGNED-TAQAHYKSLVTSFWLCVGTLVLSVI 

SPIN-2  379 TAFSYFVLVSHLFGDASGPYLIGLISDAIRHGST-YPKDQYHSLVSATYCCVALLLLSAG 

SPIN-3  376 TAFSYVTLISHLCGDASGPYIIGAISDAIKSNHLDSPEWDYKSLAYASMLAPVMMGISTV  
 

SPNS1   477 AFLGTAIFIEADRRRAQLHVQGLLHEA----GSTDDRIVVPQRGRSTRVPVAS----VLI 

SPNS2   518 FFLATALFFVSDRARAEQQVNQLAMPP----ASVKV------------------------ 

SPIN-4  444 FYLAATFFVEDDRKEALYQMDAPDNWHHDDPSEDLDD-LLSHENPETVEGVEEHPADMIV 

SPIN-1  480 LFGISAITVVKDKARFNEIMLAQANKD--NTSSGTL--PIEDRNTEDETGSEV--QHM-- 

SPIN-2  438 LYFVSSLTLVSDRKKFRAEMGLDDLQS--KPIRTSTD-SLERIGINDDVA-SS---RL-- 

SPIN-3  436 LYFVAAIIFKRDARRLVREMTRNESDD--QEKSYTN-----GIWADDCLTHSS---KF--    

SPNS1   529 ----------  

SPNS2       ----------  

SPIN-4  503 PLAHSDGDTA  

SPIN-1      ----------  

SPIN-2      ----------  

SPIN-3      ----------    
 

 

 SPNS1 SPNS2 SPIN-4 SPIN-1 SPIN-2 SPIN-3 

SPNS1 100.00 54.02 39.29 37.98 38.77 36.67 

SPNS2 54.02 100.00 39.43 37.96 37.42 36.30 

SPIN-4 39.29 39.43 100.00 39.43 37.58 33.62 

SPIN-1 37.98 37.96 39.43 100.00 44.70 44.03 

SPIN-2 38.77 37.42 37.58 44.70 100.00 50.31 

SPIN-3 36.67 36.30 33.62 44.03 50.31 100.00 

 

Figure S1. Amino acid alignment of C. elegans S1P transporters with human SNPS1 

and SNPS2.  

Percent identity matrix included below alignment.  
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Figure S2. S1P stimulates immune response to E. faecalis MMH594 in C. elegans.  

The survival of worms with or without S1P in the background of wild type N2 worms (A), 

sphk-1 (B), spin-1 (C), spin-2 (D), spin-3 (E), and spin-4 (F). The log-rank (Mantel-Cox) 

test was used for statistical analysis of worm survival. (n > 150 worms per condition). 
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Figure S3. Relative expression of immune response genes.  

The relative mRNA level immune response genes in wild type N2, sphk-1, spin-1, 

spin-2, spin-3, and spin-4 was measured by quantitative PCR. The fold changes of 

each genes in wild type, sphingosine kinase (sphk-1), and S1P transporters mutant 

(spin-1-4) worms were normalized with house-keeping gene, pmp-3, and 

Y45F10D.4. (n=2, ± S.D.). 

Supplem entary Figure 3

A

C

E

B

D

F
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Abstract  

 Multidrug-resistant pathogens pose a serious threat to human health. For decades, 

the antibiotic vancomycin has been a potent option when treating Gram-positive 

multidrug-resistant infections. Nonetheless, in recent decades, we have begun to see an 

increase in vancomycin-resistant bacteria. Here, we show that the nuclear factor-kappa 

B (NF-κB) inhibitor N-[3,5-Bis(trifluoromethyl)phenyl]-5-chloro-2-hydroxybenzamide 

(IMD0354) was identified as a positive hit through a Caenorhabditis elegans–methicillin-

resistant Staphylococcus aureus (MRSA) infection screen. IMD0354 was a potent 

bacteriostatic drug capable of working at a minimal inhibitory concentration (MIC) as low 

as 0.06 µg/mL against various vancomycin-resistant strains. Interestingly, IMD0354 

showed no hemolytic activity at concentrations as high as 16 µg/mL and is minimally toxic 

to C. elegans in vivo with 90% survival up to 64 µg/mL. In addition, we demonstrated that 

IMD0354’s mechanism of action at high concentrations is membrane permeabilization. 

Lastly, we found that IMD0354 is able to inhibit vancomycin-resistant Staphylococcus 

aureus (VRSA) initial cell attachment and biofilm formation at sub-MIC levels and above. 

Our work highlights that the NF-κB inhibitor IMD0354 has promising potential as a lead 

compound and an antimicrobial therapeutic candidate capable of combating multidrug-

resistant bacteria. 

Keywords: high-throughput screening; vancomycin-resistant Staphylococcus aureus; 

vancomycin-resistant enterococci; IMD0354 
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Introduction 
 
 Methicillin-resistant Staphylococcus aureus (MRSA) is a Gram-positive pathogen 

that can cause skin abscess, bloodstream infections, and pneumonia [1,2]. Infections 

associated with MRSA are among the leading hospital-acquired infections [3].  They are 

associated with high mortality and increased hospital stays that result in a higher cost 

burden [3]. 

 Vancomycin is a glycopeptide able to inhibit cell wall synthesis by binding to the 

ends of D-Ala-D-Ala moieties of un-crosslinked Lipid II molecules [4]. Vancomycin is an 

antibiotic effective at treating Gram-positive multidrug-resistant pathogens, including 

MRSA [4,5]. However, strains such as vancomycin-intermediate Staphylococcus aureus 

(VISA, minimal inhibitory concentration (MIC) = 4–8 µg/mL), vancomycin-resistant 

Staphylococcus aureus (VRSA, MIC  16 µg/mL), as well as vancomycin-resistant 

enterococci (VRE) have emerged [5–9]. 

 During normal cell wall synthesis, penicillin-binding proteins (PBPs) are able to 

attach to terminal D-Ala-D-Ala moieties of un-crosslinked Lipid II and link them. 

Vancomycin is able to bind them and thus block PBPs’ attachment and crosslinking. This 

eventually leads to osmatic stress and bursting of the cell wall making vancomycin a 

potent bactericidal antibiotic [4]. 

 Initially, it had been thought that resistance to vancomycin would be minimal given 

that it does not target enzymatic cell processes [4]. However, we now understand that 

vancomycin resistance is achieved by a group of genes encoding various enzymes and 

regulatory proteins that alter the original structure of Gram-positive bacterial walls 

[4,10,11]. These groups of genes are usually referred to as resistance cassettes. For 
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vancomycin, the originally discovered cassette was named the “VanA”-type cassette, 

which is composed of the vanHAX cluster encoding enzymes and the vanR and vanS 

genes that work as a two-component regulation system [12]. Numerous other resistance 

cassettes to vancomycin have been discovered and described, each of which includes 

VanA homologs [4]. These resistance cassettes encode genes that facilitate the 

conversion of D-Ala to D-Lac. In addition, other cassettes exist that help replace D-Ala 

with D-Ser [13]. 

 Regardless of the change in the amino acid, the basic mechanism of resistance 

stays the same. By altering the original composition of the Gram-positive Lipid II amino 

acids D-Ala-D-Ala, vancomycin is no longer able to attach to the end of these 

glycopeptides and thus is unable to inhibit cell wall synthesis, creating bacteria mildly 

susceptible or resistant to vancomycin [4]. Given this threat, vancomycin resistance in 

Gram-positive bacteria poses a great risk to health care systems worldwide. As a last 

resort, antibiotics such as linezolid and daptomycin are clinically in use [14–16]. However, 

resistance to both drugs has become more prevalent throughout the decades [14,17,18]. 

Therefore, the development of new antibiotics to combat these drug-resistant bacteria is 

necessary and in dire need. 

 We screened ~82,000 small molecules to identify anti-infective agents that block 

Caenorhabditis elegans from a MRSA infection [19]. We identified several compounds, 

for which biological activities have been previously determined [20], including the 

selective retinoic acid receptor γ (RARγ) agonist CD437 and CD1530 [19], the selective 

peroxisome proliferator-activated receptor γ (PPARγ)-agonist nTZDpa [21], the anti-

parasite drug bithionol [22], and insulin-like growth factor receptor inhibitor PQ401 [23]. 
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Each show promising antimicrobial potency against multidrug-resistant Gram-positive 

pathogens and their persister cells. Considering that many hit compounds are excluded 

for further investigation due to their in vivo inactivity and toxicity, previously studied 

bioactive compounds have a high potential to become lead compounds because their in 

vivo efficacy and in vivo toxicity have been previously tested in several animal models 

[21–23]. Therefore, we have systematically further investigated a series of bioactive 

compound hits. 

 In this study, we explore the bioactive compound hit N-[3,5-

Bis(trifluoromethyl)phenyl]-5-chloro-2-hydroxybenzamide (IMD0354), previously 

described as an inhibitor of nuclear factor-kappa B (NF-κB) that works by directly blocking 

Iκκβ phosphorylation [24]. IMD0354 is known to have multiple biological activities. For 

instance, it has shown anti-cancer properties by directly inhibiting cell invasion and 

viability as well as acting as an adjuvant with other chemotherapy drugs without showing 

detectable toxicity [25–27]. In addition, it has also shown anti-inflammatory properties by 

blocking NF-κB and subsequent cytokine production [24,28]. Recently, it has been shown 

that IMD0354 potentiates colistin antimicrobial activity against colistin-resistant 

Acinetobacter baumannii [29]. However, IMD0354 has not been previously reported to 

have direct antimicrobial activity against Gram positive pathogens. Here, we report for the 

first time that IMD0354 is notably potent against the Gram-positive multidrug-resistant 

bacteria VRSA and VRE. We report that IMD0354 inhibits initial VRSA cell attachment 

and biofilm formation and is able to induce rapid membrane permeabilization at 

concentrations ≥ 4 µg/mL. Furthermore, we demonstrate that IMD0354′s antimicrobial 

activity is more potent than its anti-cancer activity. 
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Results 
 

IMD0354 Exhibits Anti-Staphylococcal Activity In Vitro & in a Whole Animal C. elegans 

Infection Model 

 
 In a previous high-throughput screen study [19] we identified the NF-κB inhibitor 

IMD0354 (Figure 1a) as a hit compound. Here we show our screen data that illustrates 

Bay 11-7085s ability to inhibit MRSA strain MW2 from killing C. elegans at 7.14 µg/mL 

(Figure 1b). Upon further evaluation, we determined the protection mechanism by which 

IMD0354 functioned was direct antimicrobial activity against MRSA MW2 with an MIC of 

0.06 µg/mL. Although IMD0354 has been known to have multiple bioactivities, such as 

anti-cancer, anti-inflammatory, and anti-viral activity [25–27], its direct antimicrobial 

activity has not been reported. Therefore, we focused on evaluating the potential of 

repurposing IMD0354 as an antimicrobial agent. 

IMD0354 Shows Antimicrobial Activity against Multidrug-Resistant Gram-Positive 

Pathogens 

 
 First, we tested the antimicrobial activity of IMD0354 against ESKAPE pathogens 

that often cause nosocomial infections and acquire antibiotic resistance [30,31]. ESKAPE 

pathogens consist of two Gram-positive bacteria, Enterococcus faecium and S. aureus, 

and four Gram-negative bacteria, Klebsiella pneumoniae, A. baumannii, Pseudomonas 

aeruginosa, and Enterobacter species [30,31]. IMD0354 displayed antimicrobial potency 

against E. faecium E004 with a MIC of 0.125 µg/mL. In addition to S. aureus and E. 

faecium, IMD0354 exhibited significant antimicrobial activity against another Gram-
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positive bacterium, Enterococcus faecalis MMH 594, with a MIC of 0.25 µg/mL. Next, we 

assessed its antimicrobial potency against the four Gram-negative pathogens. A previous 

study with IMD0354 against A. baumannii showed that IMD0354 can work as a potent 

adjuvant, enhancing the antimicrobial potency of colistin, while having no or minimal 

antimicrobial activity on its own [29]. In our hands, IMD0354 showed low antimicrobial 

activity against A. baumannii strain ATCC 17978 with an MIC of 16 µg/mL (Table 1). 

However, it was not potent against P. aeruginosa PA14, K. pneumoniae WGLW2, and E. 

aerogenes EAE 2625 (Table 1). Taken together these findings suggest that IMD0354 is 

effective against Gram-positive bacteria, whereas, in the absence of another agent such 

as colistin, it demonstrates limited antimicrobial activity against Gram-negative bacteria. 

 Next, we assessed the antimicrobial potency of IMD0354 against a panel of 

vancomycin-intermediate or -resistant strains, including the vancomycin-resistant strain 

VRS1 [32], 14 VISA clinical isolates acquired from the center for disease control and 

prevention (CDC) [33], and five VRE strains [33–36]. We found that the MIC ranged from 

0.06 to 0.25 µg/mL for all vancomycin-resistant and vancomycin-intermediate 

Staphylococcal isolates (Table 2) and 0.25 µg/mL for all VRE strains (Table 3). 

Considering that the MICs of last-resort antibiotics, such as daptomycin and linezolid, are 

1–2 µg/mL against VRSA and VRE [19,34], our results indicate that IMD0354 is a far 

more potent agent against these multidrug-resistant pathogens. 

 We then evaluated whether IMD0354 is bacteriostatic or bactericidal and found 

that IMD0354 is bacteriostatic to eight VISA strains (MBC/MIC ratio > 4) and bactericidal 

(MBC/MIC ratio ≤ 4) to six VISA strains (Table 2). Additionally, IMD0354 is bacteriostatic 

to the VRSA strain, VRS1, and all VRE strains tested (Tables 2 and 3). These results 
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were further confirmed by time-course killing kinetics of VRS1 cells treated with IMD0354 

at 0.125 µg/mL (2× MIC), 0.5 µg/mL (8× MIC), 1 µg/mL (16× MIC), and 2 µg/mL (32× 

MIC) for up to 24 h (Figure 2).  We found that IMD0354 was able to reduce colony forming 

units per mL (CFU/mL) of a mid-log phase culture (106 CFU/mL) by approximately 1 log 

after 24 h at a level of 8× to 16× MIC and up to 1.5 log at 32× MIC (Figure 2). However, 

vancomycin alone did not inhibit the bacterial growth of VRS1 [32] even at high 

concentrations as high as 512 µg/mL (Figure 2). 

Cytotoxicity of IMD0354 on Human Cells and C. elegans 

 IMD0354 has been used in in vitro and in vivo studies as a potent NF-κB inhibitor 

and potential anti-cancer agent both dependent and independent of NF-κB inhibition [24–

27]. We assessed the inhibitory activity of IMD0354 against the human liver hepatocellular 

carcinoma cell line (HepG2) and human kidney proximal tubular cell line (HKC-8) [39]. 

Consistent with previous studies, our results showed that IMD0354 has a median lethal 

concentration (LC50) of 1.1 µg/mL and 0.94 µg/mL, respectively. Noteworthy, IMD0354’s 

LC50 against cancer cells is approximately 16 times higher than its MIC to VRS1 (Figure 

3). Additionally, it has been reported that IMD0354 does not exhibit detectable toxicity 

while showing significant efficacy in murine cancer models at concentrations as high as 

30 mg/kg [26]. Consistent with this report, we found that IMD0354 did not affect C. 

elegans lifespan up to 2 µg/mL and even at 64 µg/mL, 90% worm survival was observed 

(Figure 4). Lastly, IMD0354 did not cause human red blood cell hemolysis up to 16 µg/mL 

(Figure 5). These results indicate that IMD0534 has a higher therapeutic index when used 

as an antimicrobial compared to when it is used as an anti-cancer agent. 
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IMD0354 Causes Bacterial Membrane Permeability at High Concentrations 

 Next, we tested whether IMD0534 affects bacterial membrane permeability using 

a membrane-impermeable DNA binding dye, SYTOX Green [40]. IMD0354 was not able 

to induce an increase in fluorescence up to 2 µg/mL. However, the VRS1 cells treated 

with 4 µg/mL or more IMD0354 exhibited a rapid increase in SYTOX Green fluorescence, 

indicating that IMD0354 is able to permeabilize VRS1 membrane at high concentration (≥ 

4 µg/mL). Together with the time-killing data (Figure 2), we conclude that, at high 

concentrations, IMD0354 kills bacteria by disrupting the bacterial membrane integrity 

(Figure 6). In contrast, at low concentrations, IMD0354 inhibits VRS1 growth rather than 

killing VRS1 and does not induce detectable membrane permeabilization. These results 

demonstrate that IMD0354 may have multiple antimicrobial mechanisms of action, 

possibly dependent on its concentration levels. 

IMD0354 Inhibits Initial Cell Attachment in a Dose-Dependent Manner and Fully Inhibits 

Biofilm Formation 

 Biofilms are resistant to antibiotic treatment and are responsible for various chronic 

and recalcitrant infections [41]. Cell attachment is the first stage of biofilm formation and 

targeting attachment is one of the principal strategies of biofilm management [42,43]. 

Therefore, it is clinically relevant to identify agents that inhibit biofilms during this critical 

step of initiation. There are already methods used to inhibit biofilm formation such as host-

derived glycoproteinaceous film coating of medical implants and devices [44]. Likewise, 

molecular compounds such as aryl rhodanines or calcium chelators have exhibited some 

success at inhibiting biofilm initial cell attachment [43]. To test the inhibitory activity of 

IMD0354 on cell attachment, we incubated a high density of VRSA strain VRS1 cells (~ 
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8 × 107 CFU/mL) with various concentrations of IMD0354 (Figure 7) for 1 h and measured 

cell attachment to polystyrene tissue culture-treated 96-well flat-bottom microplates, 

using XTT (2–3-bis(2-methyloxy-4-nitro-5- sulfophenyl)-2H-tertazolium-5-carboxanilide) 

fluorescent dye. We found that IMD0354 is indeed able to block the attachment of VRS1 

cells to the plastic 96-well assay plate in a dose-dependent manner with a greater than 

60% inhibition at 4× MIC (0.25 µg/mL, (p = 0.0059) (Figure 7a). Furthermore, we argue 

that the reduction in initial cell attachment is not due to antimicrobial activity given that we 

show that IMD0354 does not reduce cell viability after 1 h of incubation (Figure 2). To 

support these findings, we tested whether IMD0354 inhibits mature biofilm formation at 

concentrations which showed reduced initial cell attachment. As expected, we found that 

IMD0354 can completely inhibit biofilm formation beginning at a MIC concentration of 

0.06 µg/mL (p = 0.0005) with >50% inhibition at a sub-MIC concentration of 0.0313 µg/mL 

(p = 0.0077). However, given that IMD0354 was unable to fully inhibit cell attachment but 

was still able to disrupt biofilm formation, we speculate that the inhibition of initial cell 

attachment is not the sole mechanism by which IMD0354 can hinder biofilm formation. 

Our working hypothesis is that the effect IMD0354 has on biofilm formation is due to the 

combined activity that the compound has on bacterial growth and its ability to impede 

initial cell attachment. Furthermore, IMD0354 is unable to eradicate fully mature biofilm 

once established (data not shown). 

IMD0354 does not Affect the Viability of Antibiotic-Tolerant Cells or Synergize with 

Conventional Antibiotics 

 Membrane-active antimicrobial agents have been shown to exhibit antimicrobial 

potency against non-growing dormant antibiotic-tolerant bacteria and synergism with 
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other antibiotics [45]. Thus, we assessed whether IMD0354 is potent against antibiotic-

tolerant S. aureus VRS1 and acts synergistically with conventional antibiotics. In this 

series of experiments, we isolated antibiotic-tolerant  VRS1 cells as previously described 

[46] and treated them with various concentrations of IMD0354 for 4 h. IMD0354 did not  

kill antibiotic-tolerant cells even at concentrations as high as 4 µg/mL (64× MIC) 

(Supplementary Figure S1). Next, we determined whether IMD0354 worked 

synergistically with other antibiotics against S. aureus VRS1. We performed various 

checkerboard assays, testing vancomycin, gentamicin, ciprofloxacin, and daptomycin in 

conjunction with IMD0354. Unlike in the case of Gram-negative bacteria [29], we did not 

find any synergy or antagonism between any antibiotics tested, only additive or 

indifference effects (data not shown). 
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Discussion 
 
 Here, we report the finding that the kinase inhibitor IMD0354 is able to prolong the 

life of C. elegans during a lethal MRSA infection [19]. We show that IMD0354 inhibits 

MRSA growth at MIC levels as low as 0.06 µg/mL and can inhibit growth of other 

multidrug-resistant Gram-positive bacteria including VRSA, VISA, and VRE. At high 

concentrations, IMD0354 permeabilizes Gram-positive bacterial membranes at 

concentrations  4 µg/mL (Figure 6), but permeabilization does not appear to be the 

primary mode of action at lower concentrations. 

 In a previous report by Barker et al., IMD0354 was found to have no antimicrobial 

activity on its own against Gram-negative bacteria, which is consistent with our 

antimicrobial susceptibility tests on Gram-negative ESKAPE pathogens (Table 1). Barker 

et al. demonstrated that IMD0354 enhances the potency of colistin by reversing the 

colistin-mediated modification of lipid A by colistin-resistant bacteria [29]. However, there 

is not any obvious similarity between the Gram-negative and Gram-positive modes of 

action of IMD0354 given that Gram-positive bacteria do not produce lipid A [47]. This may 

explain why we did not find any synergistic effects when we treated VRS1 with IMD0354 

in combination with several traditional antibiotics, even those with cell wall- or cell 

membrane-targeting activity, such as vancomycin or daptomycin. 

 In addition to its direct antimicrobial activity, we found that IMD0354 inhibited the 

attachment of bacterial cells to a solid surface, the initial step in biofilm formation, in a 

dose-dependent manner.mIMD0354 also completely inhibited biofilm formation at sub-

MIC levels (Figure 7). It is possible that that antibiofilm activity is partially dependent on 

the antimicrobial activity of IMD0354. However, we find this unlikely given our 
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experimental design and supporting data. For example, killing kinetic assays showed that 

IMD0354 has no antibacterial effect at 1 h post drug treatment. In addition, cell attachment 

assays are carried out using two logs more bacteria than the killing kinetics assays. 

Therefore, we conclude that the reduction in initial cell attachment is independent of the 

antimicrobial activity of IMD0354. Biofilms pose a significant threat to public health given 

their high level of resistance to antibiotic therapy and their ability to form on a variety of 

medical devices [41,42]. Bacterial attachment to solid surfaces is controlled via various 

cell wall-anchoring proteins, including microbial surface components recognizing 

adhesive matrix molecules (MSCRAMMs) [42]. Our working hypothesis is that IMD0354 

targets these associated genes or proteins and thus results in a decrease in biofilm 

attachment. 

 Another interesting finding from these studies is that IMD0354 is a more potent 

antimicrobial than a cell toxicity agent. Previous studies have shown that IMD0354 

exhibits anti-cancer activity by inhibiting cell invasion, viability, as well as acting as an 

adjuvant with other chemotherapy drugs [25–27]. Our studies show that the average LC50 

of IMD0354 toward two cancer cell lines is 1.04 µg/mL, approximately 17× greater than 

its MIC of 0.06 µg/mL against VRS1. IMD0354 is known to selectively suppress the 

proliferation of cancer cells over normal cells [48]. For instance, in contrast to its effects 

on neoplastic mast cells, it did not affect the proliferation of normal human mast cells at 

1 µM (0.4 µg/mL) [48]. Furthermore, various groups have used IMD0354 in murine in vivo 

models at doses ranging from 1 mg/kg up to 30 mg/kg over several weeks and have 

reported no detectable toxicity [24,26]. These previous in vitro and in vivo results 

demonstrate that IMD0354 is relatively non-toxic to normal cells. Consistently, we 
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observed the cytotoxic effect of IMD0354 on cancer cells at 1 µg/mL (Figure 3), while it 

did not cause cytotoxicity to C. elegans at ~7 µg/mL (Figure 1b). It is important to note 

that the MIC of IMD0354 against the VRSA strain VRS1 is 0.06 µg/mL (Table 2), which 

is about one order of magnitude lower than its effective concentration on cancer cell lines. 

Given these findings, we propose that IMD0354 has greater promise in terms of being 

repurposed as an antimicrobial rather than it did as an anti-cancer agent. 

 The antibacterial activity of other anti-cancer drugs, such as mitomycin C and 

cisplatin, has been validated and these drugs have been proposed as antimicrobial 

candidates against multidrug-resistant bacteria [49,50]. For instance, mitomycin C 

demonstrates an LC50 of 27 µM (9.03 µg/mL) against HepG2 cancer cells and a MIC 

ranging between 0.2–15 µg/mL to multiple Gram-negative and Gram-positive bacteria 

[49]. Alternatively, cisplatin shows an IC50 of 2 µg/mL against HepG2 cancer cells and a 

MIC > 50 µg/mL for both Gram-positive and Gram-negative bacteria [50,51]. Nonetheless, 

low-dose administration of cisplatin to septic mice improved bacterial clearance [52]. 

From these reports studies, we conclude other anti-cancer agents exhibit antimicrobial 

activity at concentrations similar to or greater than their anti-cancer activity. In contrast, 

IMD0354 has an LC50 of 1.1 µg/mL to HepG2 cells and a MIC of 0.06 µg/mL against 

VRS1.  

 Interestingly, the antimicrobial and anti-cancer mechanism of action (MOA) of 

mitomycin C and cisplatin appear to be similar as both compounds cross-link both 

mammalian and bacterial cell DNA, thus leading to cell death [49,50]. On the other hand, 

the anti-cancer MOA of IMD0354 has been shown to be both NF-κB dependent and 

independent [24–27]. Given that bacteria have no NF-κB it is reasonable to assume that 
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the antibacterial MOA of IMD0354 is different from its anti-cancer NF-κB dependent 

activity. Importantly, this information allows us to speculate that IMD0354 could be a 

promising lead compound that can be structurally optimized to abate or nullify anti-cancer 

activity or toxicity to mammalian cells while retaining its antimicrobial properties. 

 In addition to anti-cancer activity, IMD0354 has other bioactivities. Onai et al. and 

Sugita et al. used IMD0354 to directly inhibit NF-κB, thereby decreasing inflammation 

[24,28]. These in vitro studies showed that IMD0354 can significantly inhibit cytokine 

production at 1 µM (0.4 µg/mL) [24], nearly six times more than IMD0354’s MIC (0.06 

µg/mL). Furthermore, in vivo data from Onai et al. showed a significant reduction in 

inflammation in a rat myocardial ischemia/reperfusion injury model after treatment with 5 

or 10 but not 1 mg/kg IMD0354. We therefore suggest that there is therapeutic index at 

low concentration in which IMD0354 can be administered as an antibiotic with low cross-

activation of other bioactivities. 

 Overall, the continued evolution of antibiotic resistance to last-resort therapeutics 

such as vancomycin persist as a primary threat. The C. elegans–MRSA high-throughput 

screening system has become an invaluable tool in drug discovery research as 

exemplified by its ability to identify kinase inhibitors such as IMD0354 that might otherwise 

be neglected as potential hits due to their toxicity. Moving forward, we think that it is 

important to identify the specific bacterial target or targets of IMD0354 in addition to the 

cell envelope. Further research into analogs would be beneficial in advancing our 

understanding of the mechanism of action of kinase inhibitors, which can identify new 

antimicrobial targets against multidrug-resistant bacteria. In addition, experiments testing 

the efficacy of IMD0354 as an antimicrobial in a murine in vivo model would be insightful. 
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Given IMD0354’s low MIC, we speculate that there may be a clinically relevant dose that 

is non-toxic and does not induce significant NF-κB inhibition, but is still able to inhibit 

bacterial growth. However, at this time, these experiments fall outside the focus of our 

study. 

 

Conclusion 
 
 In conclusion, we report that, at relatively low concentrations (≤ 2 µg/mL), IMD0354 

can act either as a bactericidal or a bacteriostatic agent against VISA, VRSA, and VRE 

strains, depending on the strains, while, at high concentrations (≥8 µg/mL), IMD0354 

demonstrates bactericidal activity. IMD0354 does not show any hemolytic activity at 

concentrations up to 16 µg/mL and shows no toxicity to C. elegans up to 2 µg/mL and 

90% worm survival at > 64µ/mL. Our data reveal that the antimicrobial mechanism of 

IMD0354 at high concentrations ≥ 4 µg/mL is membrane permeabilization. However, we 

are still unclear what the MOA is at low concentrations. Importantly, we find that IMD0354 

is a more potent antimicrobial than anti-cancer agent. Moving forward, we believe that the 

further development of this compound is important. Nonetheless, further research to 

develop this multi-bioactive compound will require distinguishing the structural 

relationship between NF-κB inhibition, anti-cancer, and antimicrobial effects in order to 

overcome toxicity and cross-reaction side effects. 
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Materials and Methods 
 

Bacterial Strains and Growth Conditions 

 All strains used for these studies are listed in Table 4. All VISA and VRSA strains 

were grown overnight in trypsin soy broth (TSB) at 37 °C, with shaking at 180–225 rpm. 

All Enterococcal strains were grown overnight in Brain Heart Infusion broth (BHI) at 37 

°C, with shaking at 180–225 rpm. 

Drugs and Antibiotics 

 IMD0354 (Tocris 2611), gentamicin, daptomycin, and vancomycin (Sigma Aldrich) 

stocks were dissolved to 10 mg/mL in DMSO. Ciprofloxacin (Sigma Aldrich) was 

dissolved to 10 mg/mL in 0.1 N HCl. 

Minimum Inhibitory Concentration Assay 

 Minimum Inhibitory Concentration assays were carried out as described by the 

Clinical and Laboratory Standard Institute [53]. In brief, bacterial strains grown overnight 

in appropriate media for 20–23 h were diluted to 1 × 106 CFU/mL in Mueller–Hinton Broth 

(MHB, BD Difco, pH: 7.3 ± 0.1). In a 96-well plate 50 µL of diluted culture was added to 

50 µL of serial two-fold diluted drug in MHB to a final concentration of 5 × 105 CFU/mL. 

All assays were performed in triplicate. Experimental plates were incubated for 20–22 h 

at 37 °C. Optical density at 600 nm (OD600) was measured using a spectrophotometer 

(SpectraMax M2, Molecular Devices) as a measure of bacterial growth. MIC was defined 

as OD600 ≤ 0.1 after background subtraction. 
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C. elegans Infection Assay for Compound Screening 

 All compounds were screened as previously described in Kim et al. 2018 [19]. In 

brief, glp-4(bn2);sek-1(km4) worm embryos were synchronized by plating 2000 L1 worms 

on SK agar plates with HB101 bacteria as a food source at 15 °C for four days until they 

reached gravid adult stage. Eggs were harvested and hatched in M9 buffer at 15 °C for 

48 h. L1 stage worms were then transferred onto SKHB101 plates and incubated at 25 

°C for 52 h to induce sterility. Sterile young adult stage worms were harvested using M9 

buffer and sorted into black, clear-bottom, 384-well plates (Corning no. 3712) containing 

compounds at 15 worms/well using Copa Biosort Instrument. S. aureus MW2 bacteria 

was grown overnight in TSB at 37 °C with agitation. A static culture was inoculated by 

seeding 100 µL of an overnight culture in 10 mL of fresh TSB, sealed to produce 

anaerobic conditions, and incubated at 37 °C overnight without agitation. We have found 

that MW2 grown anaerobically elicits a greater infection mortality rate in C. elegans. 

Furthermore, anaerobically grown MRSA MW2 cells express different virulence gene 

patterns [54]. Static MW2 was added to C. elegans-compound 384-well plates at a final 

concentration of OD600 0.04. Final well composition consisted of 70% M9 buffer, 19% 

Sheath solution (Union Biometrica Part no. 300-5101-000), 10% TSB, and 1% DMSO or 

compounds dissolved in DMSO. After a 5-day incubation at 25 °C worms were washed 

using a multiplate washer and incubated overnight at 37 °C with Sytox Orange dissolved 

in M9 at a final concentration of 0.7 µM. The following day, all plates were imaged using 

an Image Xpress Micro automated microscope (Molecular Devices), capturing both 

transmitted light and TRITC (535 nm excitation, 610 nm emission) fluorescent images 

using a 2× objective. 
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C. elegans dose-Dependent Toxicity Assay 

 In a black, clear-bottom, 96-well plate (Corning, no. 3690, Corning, NY, USA) 

IMD0354 was serially diluted to a final volume of 50 µL using M9. N2 worms were 

sterilized by growing to the young adult stage fed on E. coli expressing cdc 25.1 activated 

by 1 mM of IPTG [55] for 48 h at 25 °C. cdc25.1 is an integral part of germ cell mitosis. 

Knock down of cdc25.1 inhibits germ line cell division producing C. elegans incapable of 

laying eggs [56]. Young adult worms were washed 3 times with 50 mL of M9 and diluted 

to an average of 21 worms ± 7 /25 µL using a multichannel pipette. An additional 25 µL 

of heat killed E. coli OP50 were added to each well to a make a final volume of 100 µL 

and OD600 of 0.5. All assays were performed in duplicate. Experimental plates were 

incubated for 24 h at 25 °C. Worms were then washed using a 405 LS microplate washer 

(BioTek) and incubated with 0.7 µM SYTOX Orange for an additional 24 h at 25 °C. Each 

plate was then imaged using an Xpress Micro automated microscope (Molecular Devices) 

capturing both transmitted light and TRITC (535 nm excitation, 610 nm emission) 

fluorescent images using a 2X objective. Surviving worms were considered those with no 

TRITC signal relative to the control. 

Bacterial Time-Course Killing Assay 

 Strain VRS1 [32], grown overnight in TSB medium for 20–23 h, was diluted 1:1000 

(1×106 CFU/mL) in MHB (BD Difco, pH 7.3 ± 0.1) in a deep 96-well plate. 250 µL of diluted 

culture was added to 250 µL of serial two-fold diluted drug in MHB to a final concentration 

of 5×105 CFU/mL. At time 0, 1 h, 2 h, 3 h, 4 h, and 24 h, 50-μL samples were removed, 

serially diluted by 10-fold steps, and spot-plated on MHB agar (BD Difco) plates to 
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enumerate the number CFU/mL. These experiments were conducted in triplicate. 

Experimental plates were incubated for 20–22 h at 37 °C. 

Human Blood Hemolysis 

 Hemolytic activity of IMD0354 on human erythrocytes was evaluated using a 

previously described method with modifications [57]. 10% human erythrocytes were 

purchased from Rockland Immunochemicals (Limerick, PA, USA). The erythrocytes were 

diluted to 4% with phosphate buffered saline (PBS), and 50 μL was added to 50 μL of 

two-fold serial dilutions of compounds in PBS, 0.2% DMSO (negative control), or 1% 

Triton-X 100 (positive control) in a 96-well plate. The plate was incubated at room 

temperature for 1 h and then centrifuged at 500× g for 5 min. 50 μL of the supernatant 

was transferred to a fresh 96-well plate and absorbance of supernatants was measured 

at 540 nm. Percent hemolysis was calculated using the following equation: (A540nm of 

compound treated sample—A540nm of 0.1% DMSO treated sample)/(A540nm of 1% 

Triton X-100 treated sample—A540nm of 0.1% DMSO treated sample) × 100. These 

experiments were conducted in triplicate. 

Antibiotic-Tolerant Cell Killing 

 S. aureus VRS1 [32] antibiotic-tolerant cells were acquired by growing liquid 

cultures >18 h to stationary-phase at 37 °C in 25 mL of TSB [46]. Stationary-phase VRS1 

cell tolerance to various antibiotics was previously proven by Kim et al. 2018 [46]. In brief, 

overnight cultures were washed three times with PBS (pH: 7.4) and diluted to a final 

concentration of 1.0 × 106 CFU/mL. 500 µL of washed cells were added to 500 µL of 

indicated concentrations of drug in 2 mL deep-dish 96-well plates and incubated at 37 °C 
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with agitation for 1, 2, 3, and 4 h. In order to wash any residual drug from sample time 

points, 400 µL of sample was collected every hour and centrifuged at 15,000 rpm for 3 

min and suspended with 400 µL of fresh PBS. 100 µL of washed samples were serially 

diluted and spot-plated on MHB agar plates to measure antibiotic-tolerant cell CFU/mL. 

These experiments were conducted in triplicate. 

SYTOX Green Membrane Permeability Assay 

 These studies were conducted as previously described in Kim et al. 2018 [19]. In 

brief, black, clear-bottom, 96-well plates (Corning no. 3904, Corning, NY, USA) were filled 

with 50 μL of PBS (pH: 7.4) containing 2× the indicated concentration of antibiotics. 

Stationary-phase VRS1 cells prepared as described in the antibiotic-tolerant cell killing 

assay were washed 3 times with equal volumes of PBS. Washed cells were then adjusted 

to OD600 0.4 (~2×107 CFU/mL) with PBS. SYTOX Green (Molecular Probes, Waltham, 

MA, USA) was added to 10 mL of the diluted bacterial suspension to a final concentration 

of 5 μM and incubated for 30 min at room temperature in the dark. 50 μL of the 

bacteria/SYTOX Green mixture was added to each well of the 96-well plates containing 

antibiotics. Fluorescence was measured at room temperature using a spectrophotometer 

(SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA), with excitation and emission 

wavelengths of 485 nm and 525 nm, respectively. All experiments were conducted in 

triplicate. 

Cell Attachment Assay 

 S. aureus strain VRS1 [32] was grown overnight (> 18 h) in BHI (Sigma, pH: 7.4 

± 0.2). Absorbance at OD600 was measured and adjusted to 0.2 in BHI + 0.1% glucose 
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medium. 100 µL of bacteria was added to 2× drug concentrations being tested 

dispensed in polystyrene tissue culture-treated 96-well flat-bottom microplates (Corning 

no. 353072, Corning, NY, USA) producing a final volume of 200 µL, OD600 of 0.1 (~ 8 × 

107 CFU/mL) and 1× drug concentration. The plates were then incubated at 37 °C for 1 

h. Media were then pipetted out and the wells were washed 3 times with PBS to remove 

any non-adherent planktonic cells. Biofilm initial cell attachment was measured as 

described in Biswajit et al. 2016 [58]. In brief, colorimetric quantification of the inhibition 

of biofilm initial cell attachment was done using XTT [2–3-bis(2-methyloxy-4-nitro-5- 

sulfophenyl)-2H-tertazolium-5-carboxanilide] assay kit following manufacture 

instructions with minor adjustments (Sigma-Aldrich, MO, USA). 180 µL of fresh TSB and 

20 µL of XTT solution were added to each well and the plates were again incubated for 

2 h at 37 °C. Absorbance at 450 nm was measured and each experimental well was 

normalized to a non-treatment control. Each biological replicate was done in 

quadruplicates. One replicate was done in octuplet. 

Biofilm Inhibition Assay 

 S. aureus VRS1 [32] was grown overnight (>18 h) in BHI (Sigma, pH: 7.4 ± 0.2). 

Absorbance at OD600 was measured and adjusted to 0.1 in BHI + 0.1% glucose medium. 

100 µL of bacteria was added to 2× drug concentrations being tested on polystyrene 

tissue culture-treated 96-well flat-bottom microplates (Corning no. 353072, Corning, NY, 

USA) producing a final volume of 200 µL, OD600 of 0.05 (~4 × 107 CFU/mL) and 1× drug 

concentration. The plates were then incubated at 37 °C for 24 h. Media were then pipetted 

out and the wells were washed 3 times with PBS to remove any non-adherent planktonic 

cells. Biofilm inhibition was measured using crystal violet (CV) [59]. In brief, plates were 
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incubated with 1% CV for 15 min at room temperature. Plates were then washed 3 times 

with PBS and dissolved with 200 µL of 30% acetic acid. Absorbance at 550 nm was 

measured and each experimental well was normalized to a non-treatment control. Each 

biological replicate was done in octuplet. 

Mammalian Cancer Cell Viability Assay 

 Two-fold concentration drug plates were prepared using Dulbecco's Modified 

Eagle's medium (DMEM) with 10% FBS . HepG2 or HKC-8 cells were grown in DMEM 

10% FBS to confluency and seeded onto 96-well drug plates at 1.0 × 106 cells/mL and 

0.4 × 106 cells/mL, respectively. Drug and cell plate were then incubated for 22 h at 37 

°C and 5% CO2. At 22 h, 10 µL of WST-1 (Roche, Sigma) was added to each well, 

following manufacturer’s directions, and incubated for an additional 2 h. Plate absorbance 

was read at 450 nm. Samples were normalized to a non-treatment control. All 

experiments were conducted in triplicate. 

 
  



 84 

Acknowledgements 
 

This research was funded by NIH grant P01 AI083214 to E.M. W.K. is supported by the 

National Research Foundation of Korea Grants funded by the Korea government (MSIT) 

(2020R1C1C1008842, 2018R1A5A2025286 and 2017M3A9E4077234). The authors 

have no other relevant affiliations or financial involvement with any organization or entity 

with a financial interest in, or financial conflict with, the subject matter or materials 

discussed in the manuscript, apart from those disclosed. No writing assistance was 

utilized in the production of this manuscript. 

 

Author Contributions 
 

Conceptualization, E.M. and W.K; methodology, I.E.E. and A.W; formal analysis, I.E.E.; 

investigation, I.E.E.; data curation, I.E.E.; writing—original draft preparation, I.E.E.; 

writing—review and editing, I.E.E., E.M. and W.K.; supervision, E.M. and W.K. All authors 

have read and agreed to the published version of the manuscript. 

 

Conflicts of Interest 
 

The authors declare no conflict of interest. 

 



 85 

Figures and Tables 

 

Figure 1. IMD0354 rescues C. elegans from MRSA infection.  

(a) Chemical structure of IMD0354. (b) Fifteen MRSA-infected C. elegans were 

treated with 7.14 µg/mL IMD0354, 0.1% dymethlyl sulfoxide (DMSO) (control) and 10 

µg/mL vancomycin for 5 days. After staining dead worms with SYTOX Orange, 

brightfield (left) and fluorescence (right) images were obtained. 
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Figure 2. Time-killing curve shows IMD0354 is bacteriostatic against vancomycin-

resistant strain VRS1.  

In total, 106 CFU/mL of VRS1 overnight culture was treated with various 

concentrations of vancomycin and IMD0354. At times of 1, 2, 3, 4, and 24 h, samples 

we collected, serially diluted, and spot-plated in order to enumerate CFU/mL. Each 

sample was tested in triplicate. (n = 3, ± S.D.). 
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Figure 3. Dose toxicity studies show IMD0354 has cytotoxicity activity above MIC 

levels.  

Cytotoxicity testing of human liver cell line HepG2 and human kidney proximal tubular 

cell line HKC-8 at various concentrations of IMD0354. LC50 of IMD0354 is 1.1 µg/mL 

and is 0.94 µg/mL, respectively. Each sample was tested in triplicate. (n = 3, ± S.D.). 
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Figure 4. IMD0354 shows minimal toxicity toward C. elegans.  

Survival of C. elegans treated with various concentrations of IMD0354, normalized to 

C. elegans treated with DMSO. H2O2 was used as positive control. (n = 3, ± S.D). 

Bottom error bars are omitted for clarity. 
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Figure 5. IMD0354 does not show hemolytic activity.  

Human red blood cells were incubated with serially diluted IMD0354 (0.0156–

16μg/mL) and normalized to hemolysis of 1% Triton-X 100. Each sample was tested 

in triplicate (n = 3, ± S.D). 
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Figure 6. IMD0354 induces membrane permeabilization at high concentrations.  

VRS1 membrane permeabilization was measured spectrophotometrically by 

monitoring the uptake of SYTOX Green (excitation wavelength of 485 nm and an 

emission wavelength of 525 nm) during treatment with IMD0354 at various 

concentrations. The legend units are µg/mL. Each assay was tested in triplicate. (n 

= 3, ± S.D). Error bars are omitted for clarity. 
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Figure 7. IMD0354 shows dose-dependent inhibition of initial cell attachment and 

complete inhibition of biofilm formation.  

(a) VRS1 cells were incubated in Brain Heart Infusion broth (BHI) 0.5% glucose at 

an optical density at 600 nm (OD600) of 1.0 for 1 h. Cells were washed three times 

with phosphate buffered saline (PBS) and then treated with XTT to measure cell 

attachment. Measurements were normalized to a non-treatment control (0 µg/mL). 

(b) VRS1 cells were incubated in BHI 0.5% glucose at an OD600 of 0.05 and 

indicated concentrations of IMD0354 for 24 h. At 24 h biofilm were washed 3 times 

with PBS. Total biofilm mass was measured using 1% crystal violet . Statistical 

significance was determined using one-way ANOVA with Sidak’s multiple 

comparisons test. p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (n=3, ± S.D.). 

 

 

(a) (b) 
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Table 1. Minimum inhibitory concentration (μg/mL) of IMD0354 to selected ESKAPE 
pathogens. 

  
Strain MIC 

Pseudomonas aeruginosa PA14 >64 

Klebsiella pneumoniae WGLW2 >64 

Acinetobacter baumannii ATCC 17978 16 

Enterobacter aerogenes EAE 2625 >64 

Enterococcus faecalis MMH 594 0.25 

Enterococcus faecium E007 0.125 
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Table 2. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal 
Concentration (MBC) (μg/mL) of NF-κB inhibitors IMD0354 against vancomycin-

resistant Staphylococcus aureus (VRSA) and vancomycin-intermediate Staphylococcus 
aureus (VISA) clinical strains. 

 IMD0354 Vancomycin 

Strain MIC MBC MIC MBC 

VRS1 0.06 2 >64 >64 

VISA 215 0.25 0.5 8 8 

VISA 216 0.06 2 8 16 

VISA 217 0.125 0.5 8 8 

VISA 218 0.06 0.5 8 8 

VISA 219 0.06 1 8 16 

VISA 220 0.25 2.0 8 16 

VISA 221 0.06 1.0 8 8 

VISA 222 0.125 2.0 8 8 

VISA 223 0.125 1.0 4 8 

VISA 224 0.25 2 4 16 

VISA 225 0.125 0.25 4 8 

VISA 226 0.06 0.125 4 4 

VISA 227 0.25 0.5 8 8 

VISA 228 0.125 0.5 4 8 
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Table 3. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal 
Concentration (MBC) (μg/mL) of NF-κB inhibitors IMD0354 against vancomycin-

resistant enterococci (VRE) clinical strains. 

 IMD0354 Vancomycin 

Strain MIC MBC MIC MBC 

EM C68 [35] 0.25 8 64 >64 

EM D366 [36] 0.25 8 64 >64 

EM WB312 [37] 0.25 8 64 >64 

EM WC176 [37] 0.25 8 64 >64 

EL V583 [38] 0.25 8 64 >64 

EM: Enterococcus faecium, EL: Enterococcus faecalis. 
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Supplementary Figures and Tables 
 

 

Supplementary Figure 1. IMD0354 does not kill VRS1 antibiotic-tolerant cells.  

An overnight culture of VRS1 was washed twice in PBS. After washing, isolated VRS1 

antibiotic-tolerant cells where incubated with 1, 2, or 4µg/ml of IMD0354 for 4 h. 

Bithionol at 32µg/ml was used as a positive control. At 4 h each sample was additionally 

washed to remove any excess compound and spot plated on MHB agar plates to 

enumerate total antibiotic-tolerant cells remaining. Each assay was performed in 

triplicate. (n=3,  ± S.D) 
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Supplementary Table 1. Fractional Inhibitory Concentration Index of IMD0354 paired in 
combination with various antibiotics. 

  

  Vancomycin Gentamicin Daptomycin Ciprofloxacin 

IMD0354 1 1 1 1 
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Abstract 
 
 Staphylococcus aureus and Candida spp. are commonly linked with topical 

biofilm-associated infections such as those found associated with chronic wounds. 

These biofilms are notoriously difficult to treat, highlighting the grave need to discover 

and study new broad-spectrum agents to combat these infections. Here we report that 

the kinase inhibitor Bay 11-7085 exhibited bactericidal activity against multidrug-

resistant S. aureus with a minimum inhibitory concentration (MIC) of 4 μg/ml. In 

addition, S. aureus strain MW2 did not acquire resistance to Bay 11-7085. Furthermore, 

Bay 11-7085 exhibited potency against Candida albicans and the emerging pathogen 

Candida auris with a MIC of 0.5–1 μg/ml. Bay 11-7085 partially inhibited and eradicated 

biofilm formation of various pathogens, such as VRSA (vancomycin-resistant S. 

aureus), as well as antifungal-resistant Candida spp. isolates. Notably, Bay 11-7085 

partially inhibited initial cell attachment and formation of a VRSA-C. albicans 

polymicrobial biofilm in vitro. In contrast to C. albicans, inhibition of VRSA biofilm was 

linked to initial cell attachment independent of its bactericidal activity. Finally, Bay 11-

7085 was effective in vivo at increasing the lifespan of C. elegans during S. aureus or C. 

albicans infections. Our work suggests that kinase inhibitor Bay 11-7085 is a potential 

compound capable of combating biofilms associated with primary multidrug-resistant 

bacteria and yeast pathogens associated with wound infections. 
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Introduction 

 With the diminished efforts focusing on discovering new antimicrobial agents, 

antibiotic resistance has been a persistent problem hindering the treatment of 

bacterial and fungal infections [1]. In addition to spontaneous mutations, antimicrobial 

resistance is augmented through a pathogens  transition from a planktonic state to a 

biofilm [2]. Biofilms are an organization of microorganisms adherent to themselves 

and other surfaces which produce an extracellular matrix (ECM) ) [3,4] and confer 

antimicrobial tolerance to their resident microbes through three main mechanisms: 

adaptive stress, low metabolic rates, and physical blockage of antimicrobial penetration 

by the ECM [2]. Thus, cells within biofilms are known to have up to 10,000-fold higher 

tolerance to antimicrobial agents [5]. 

 Although the mechanism of biofilm formation can differ from species to 

species, most microorganisms share a common scaffold of multiple stages of 

maturation [3]. The first stage is initial cell attachment, which serves as the microbial 

network foundation to begin signaling and building the ECM [3,4]. Then, during 

multiplication and maturation, attached cells start to divide and form colonies that 

commence interlocking and consequently fortify the ECM [3,4]. Lastly, through 

detachment and dispersal, biofilms begin to spread by releasing cells from within 

the ECM and initiating the cycle once again [3,4]. Recent studies have evaluated 

strategies to combat biofilm-associated infections  by targeting different stages of 

biofilm formation. For example, aryl rhodanines or calcium chelators have shown 

some success at inhibiting biofilm initial cell attachment [6]. Metallic silver, silver 

ions, and silver nanoparticles show efficacy as a broad anti-biofilm agent effective 
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against Gram-negative, Gram- positive, and fungal pathogens [6]. In addition, 

molecules such a cis-2-decenoic acid, the peptide dispersin B, or the quorum-

sensing inhibitor RNAIII-inhibiting peptide (RIP) have shown efficacy at disrupting 

fully mature biofilm in vivo [6]. However, only silver is an FDA-approved molecule, 

further emphasizing the need for new anti-biofilm drug targets. 

 Clinically, 90% of chronic wounds are associated with biofilms and persistent 

inflammation [7].  There are multiple stages of wound healing. However, chronic 

wounds fail to cycle through each phase in less than 3 months or more due to 

ongoing inflammation and failed antibiotic therapy [8]. Chronic wounds can include 

venous, diabetic, or pressure ulcers [8]. In addition, chronic wounds pose a 

significant financial burden to our health care system. In 2014, Nussbaum et al., 

estimated a total cost burden of $28–96.8 billion dollars [9]. Furthermore, chronic 

wounds may lead to a deteriorated quality of life followed by depression and 

isolation [10]. Other biofilm-associated wounds include those caused by extreme 

burns or traumatic injury, both of which are difficult to treat and heal [11,12], further 

highlighting the need for new anti-biofilm drug therapy. 

 Several human pathogens have the ability to form biofilms. Thus, 

management of chronic wounds requires compounds effective against antibiotic-

tolerant cells housed within biofilms. Staphylococcus aureus is a common biofilm- 

associated pathogen [6,13]. In particular, methicillin-resistant S. aureus (MRSA) is 

responsible for a large percentage of hospital-acquired infections [14]. MRSA can 

cause systemic and topical infections, one of which is chronic wounds [15]. In 

addition to bacteria, yeast-like fungi can cause biofilm-associated infections as well. 
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For example, Candida spp. have also been isolated from chronic wound infections, 

such as diabetic ulcers [16], and similar to S. aureus, Candida spp. can cause 

infection both systemically and locally [17]. When associated with biofilm, Candida 

spp. are also more tolerant to antifungal agents than in their planktonic form [4]. 

More recently, Candida auris has rapidly become an emerging antifungal resistant 

pathogen with threatening infection rates [17–19]. These types of events highlight 

the need for new lead compounds with the potential to eradicate the planktonic form 

of a pathogen but also show anti-biofilm potency. 

 In this study, we investigate the antimicrobial and anti-biofilm properties of Bay 

11-7085. This compound was flagged as a hit in our C. elegans-MRSA infection high 

through-put screen [20]. In this screen, we tested over 82,000 small molecules to 

elucidate compounds that inhibit C. elegans MRSA-mediating killing. This approach 

has become extremely successful, leading to multiple hit compounds, which have 

been further studied and characterized for their anti-infective capabilities [20–22]. 

Due to our C. elegans-MRSA whole animal screen system, overlooked compounds, 

such as those with multiple bioactivities, have now been identified as potent 

antimicrobials [23]. Here we show that the hit compound Bay 11-7085 has 

antimicrobial and anti-biofilm activity to both S. aureus and Candida spp. It partially 

inhibits biofilm initial cell attachment and formation in a polymicrobial co-culture and 

can partially eradicate mature biofilm. Furthermore, Bay 11-7085 shows activity 

against C. albicans but not S. aureus in an  in vitro multispecies Lubbock chronic 

wound biofilm model [24]. This model was designed to closer mimic physiological 

conditions in the body by including blood and serum in the media [24]. Bay 11-7085 
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exhibits a low probability for resistance development to antibiotic pressure against 

S. aureus strain MW2 and can prolong C. elegans life from MRSA or C. albicans 

infections. 
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Material and Methods 

Pathogenic Strains and Growth Conditions 

 All strains used in these studies are included in Supplementary Table S1. 

Staphylococcal strains were grown overnight in tryptic soy broth (TSB) at 37°C with 

shaking at 180–225 rpm. Enterococcal strains were grown overnight in brain heart 

infusion broth (BHI) at 37°C with shaking at 180–225 rpm. All other bacterial strains were 

grown overnight in Luria-Bertani broth (LB) at 37°C with shaking at 180–225 rpm. 

Candida spp. isolates were grown overnight in Yeast Peptone Dextrose (YPD) at 37°C 

with shaking at 225 rpm. 

Drugs and Antibiotics 

 Bay 11-7085 (Tocris 1743), fluconazole, and amphotericin B stocks were dissolved 

to 10 mg/ml in dimethyl sulfoxide (DMSO). Oxacillin, vancomycin, gentamicin, and 

ciprofloxacin were dissolved in H2O to make 10 mg/ml stocks. Kanamycin was dissolved 

in H2O to make 100 mg/ml stock. 

Minimum Inhibitory Concentration 

 MIC of bacterial strains were determined by broth microdilution assay according to 

the Clinical & Laboratory Standards Institute (CLSI) [25]. In brief, strains grown overnight 

in appropriate media for 20–23 h were diluted to 1×106 CFU/ml in Mueller–Hinton 

Broth (MHB, BD Difco, pH: 7.3 ± 0.1). In a 96- well plate, 50 µl of diluted culture was 

added to 50 µl of serial two- fold diluted drug in MHB to a final concentration of 5×105 

CFU/ ml. All assays were performed in triplicate. Experimental plates were incubated 
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for 20–22 h at 37°C. Optical density at 600 nm (OD600) was quantified using a 

spectrophotometer (SpectraMax M2, Molecular Devices) as a measure of bacterial 

growth. MIC was defined as OD600 ≤ 0.1 after background subtraction. 

 The MICs of Candida spp. strains were determined by broth microdilution 

assay according to the CLSI document M27-A using 96-well flat-bottom microtiter 

plates [26]. Briefly, colonies of each strain were inoculated in 5 ml of YPD overnight. The 

cells were harvested by centrifugation at 4,300×g for 5 min, washed twice with sterile 

phosphate-buffered saline (PBS), and adjusted to 1×103 cells/ml in Roswell Park 

Memorial Institute (RPMI) 1640 using a hemocytometer. The compound and 

antifungal agents used as controls were serially diluted to final concentrations ranging 

from 0.125 to 64 μg/ml. Candida spp. cells were subsequently added to wells (final 

concentration 0.5×103 cells/ml). Negative controls were performed with RPMI 1640 

media only, and positive controls with RPMI 1640 and Candida spp. cells only. 

Microplates were incubated at 37°C without shaking and read after 24 h. The MIC 

was visually defined as the lowest concentration of compound at which 100% of 

inhibition was observed, compared with that of the compound-free control. Each 

assay was performed in triplicate. 

C. elegans Infection Assay for Compound Screening 

 All compounds were screened as previously described in Kim et al. (2018a) 

[20]. In brief, glp-4 (bn2);sek-1(km4) worm embryos were synchronized by plating 

2000 L1 worms on slow-kill (SK) agar plates with HB101 bacteria as a food source at 

15°C for four days until they reached gravid adult stage. Eggs were harvested and 
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hatched in M9 buffer at 15°C for 48 h. L1 stage worms were then transferred onto SK 

HB101 plates and incubated at 25°C for 52 h to induce sterility. Sterile young adult 

stage worms were harvested using M9 buffer and sorted into black, clear-bottom, 384-

well plates (Corning no. 3712, Corning, NY) containing compounds at 15 worms/well 

using the Copas Biosort instrument (Union Biometrica, MA, United States). S. aureus 

strain MW2 bacteria were grown overnight in TSB at 37°C with agitation. A static 

culture was inoculated by seeding 100 µl of overnight culture in 10 ml of fresh TSB, 

sealed to produce anaerobic conditions, and incubated at 37°C overnight without 

agitation. We have found that MW2 grown anaerobically elicits a greater infection 

mortality rate in C. elegans. Furthermore, anaerobically grown cells of S. aureus 

strain MW2 express different virulence gene patterns [27]. Static cells of S. aureus 

strain MW2 were added to C. elegans-compound 384-well plates at a final 

concentration of OD600 0.04. The final well composition consisted of 70% M9 buffer, 

19% Sheath solution (Union Biometrica Part no. 300-5101-000), 10% TSB, and 1% 

DMSO or compounds dissolved in DMSO. After a 5-day incubation at 25°C, worms 

were washed using a multiplate washer and incubated overnight at 37°C with Sytox 

Orange dissolved in  M9 at a final concentration of 0.7 µM. The following day, all 

plates were imaged using an Image Xpress Micro automated microscope (Molecular 

Devices, CA, United States), capturing both transmitted light and TRITC (535 nm 

excitation, 610 nm emission) fluorescent images using a 2× objective. 
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C. elegans Dose-Dependent Toxicity Assay 

 In a black, clear-bottom, 96-well plate (Corning, no. 3690 Corning, NY, USA), 

Bay 11-7085 was serially diluted to a final volume of 50 µl using M9. N2 worms were 

sterilized by growing to young adult stage fed on RNAi cdc 25.1 activated by 1 mM of 

IPTG [28] for 48 h at 25°C. cdc 25.1 is an integral part of germ cell mitosis. Mutations of 

cdc 25.1 inhibit the germ-line cell division producing C. elegans incapable of laying 

eggs [29]. Young adult worms were washed 3 times with 50 ml of M9 and diluted to an 

average of 21 worms ± 7 per 25 µl using a multichannel pipette. An additional 25 µl of 

heat-killed OP50 were added to each well to make a final volume of 100 µl and OD600 

of 0.5. All assays were performed in duplicate. Experimental plates were incubated 

for 24 h at 25°C. Worms were then washed using a 405 LS microplate washer (BioTek, 

VT, United States) and incubated with 0.7 µM Sytox Orange for an additional 24 h at 

25°C. Each plate was then imaged using an Xpress Micro automated microscope 

(Molecular Devices, CA, United States), capturing both transmitted light and TRITC 

(535 nm excitation, 610 nm emission) fluorescent images using a 2× objective. 

Surviving worms were considered those with no TRITC signal relative to the control. 

Bacterial and Fungal Time-Course Killing Assay 

 An overnight culture S. aureus strain MW2 was diluted 1:100 in TSB and grown to 

log phase (OD600 0.3–0.6). The log phase culture was then diluted 1:100 (2×106 CFU/ml) 

in MHB (BD Difco, pH 7.3 ± 0.1). 250 µl of diluted culture was added to 250 µl of serial 

two-fold diluted drug in MHB to a final concentration of 1×106 CFU/ml. Plates were 

incubated at 37°C with agitation (225 rpm). At time-points 0, 1, 2, 3, 4, and 24 h, 50-μl 
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samples were removed, diluted 5- fold to sub-MIC levels, then serially diluted by 10-fold 

steps, and lastly spot-plated on TSB agar (BD Difco) plates to enumerate CFU/ ml. These 

experiments were conducted in triplicate. Experimental plates were incubated for 20–22 

h at 37°C. 

 Log-phase cultures of C. albicans were regrown and adjusted to a density of 106 

cells/ml in RPMI 1640 and added to growth medium alone or specific concentrations of 

the compound being tested. Plates were incubated at 37°C with agitation (225 rpm). At 

predetermined time points (0, 6, 12, 24, 48 h), 50 μl aliquots were obtained from each 

solution, serially diluted in YPD broth, and 5 μl were plated on YPD agar plates for 24 h 

at 37°C for determination of CFU/ml. Three independent experiments were performed in 

triplicate. 

Human Blood Hemolysis 

 Hemolytic activity of Bay 11-7085 on human erythrocytes was evaluated using 

a previously described method with modifications [30]. 10% human erythrocytes 

were purchased from Rockland Immunochemicals (Limerick, PA, United States). The 

erythrocytes were diluted to 4% in PBS, and 50 μl were added to 50 μl of two-fold serial 

dilutions of compound in PBS, 0.2% DMSO (negative control), or 1% Triton-X 100 

(positive control) in a 96-well plate. Plates were  incubated at 37°C for 1 h and then 

centrifuged at 500×g for 5 min.  50 μl of the supernatant was transferred to a fresh 96-

well plate, and absorbance (A) was measured at 540 nm. Percent hemolysis was 

calculated using the following equation: (A540 nm of compound treated sample—

A540 nm of 0.1% DMSO treated sample)/(A540 nm of 1% Triton X-100 treated 
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sample—A540 nm of 0.1% DMSO treated sample)×100. All experiments were 

conducted in triplicate. 

Mammalian Cell Viability Assay 

 Human hepatoma cell line HepG2 cells were grown in DMEM 10% FBS to 

confluency and seeded onto 96-well drug plates at 1×106 cells/ml. Human renal proximal 

tubule epithelial RPTEC cells were grown in Renal Epithelial Cell Basal Medium (ATCC 

PCS- 400-030) with supplements (Renal Epithelial Cell Growth Kit ATCC PCS-400-040) 

and seeded onto 96-well drug plates at 1×106 cells/ml. Two-fold concentration drug plates 

were prepared using corresponding growth media for each cell. Drug and cell plate were 

then incubated for 22 h at 37°C and 5% CO2. At 22 h, 10 μl of WST-1 (Roche, Sigma-

Aldrich, MO, United States) was added to each well, following manufacturer’s directions, 

and incubated for an additional 2 h. Plate absorbance was read at 450 nm. Samples were 

normalized to a non-treatment control. All experiments were conducted in triplicate. 

Biofilm Initial Cell Attachment Assay 

Monoculture 
 
 Absorbance (OD600) of overnight culture S. aureus strain VRS1 was measured 

and adjusted to 0.2 in BHI + 0.1% glucose medium. 100 µl of bacteria was added to 2× 

drug concentrations being tested (diluted in BHI +0.1% glucose) dispensed in 

polystyrene tissue culture-treated 96-well flat-bottom microplates (Corning no. 

353072, Corning, NY), producing a final volume of 200 μl, OD600 of 0.1 (∼1×108 

CFU/ml) and 1× drug concentration. The plates were then incubated at 37°C for 1 h. 

After incubation, the culture was pipetted out, and the wells washed 3 times with PBS 
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to remove any non-adherent planktonic cells. Biofilm initial cell attachment was 

measured as described in Mishra et al., 2016 [31]. In brief, colorimetric quantification 

of the inhibition of biofilm initial cell attachment was done using XTT [2–3-bis(2-

methyloxy-4-nitro-5-sulfophenyl)-2H-tertazolium-5-carboxanilide] assay kit following 

manufacture instructions with minor adjustments (Sigma-Aldrich, Oxoid, St. Louis, 

MO). 180 µl of fresh BHI and 20 µl of XTT working solution were added to each well, 

and the plates were again incubated for 2 h at 37°C. Absorbance at 450 nm was 

measured, and each experimental well was normalized to a non-treatment control. 

Each biological replicate was done in quadruplicates. One replicate was done in 

octuplet. Three total biological replicates were conducted in total.  

 For a Candida spp. biofilm assay, 50 µl of RPMI 1640 media containing Bay 11-

7085 was serially diluted in a polystyrene tissue culture-treated 96-well flat-bottom 

microplates (Corning no. 353072, Corning, NY). Overnight cultures of either Candida 

spp. were washed twice with PBS, resuspended in RPMI 1640 (final concentration: 

1×107 cells/ml), and added to each well to a final volume of 100 µl. Each plate was then 

statically incubated for 90 min at 37°C. Following incubation, plates were washed 

twice with PBS, and cell attachment was measured using XTT assay kit following 

manufactures instructions with minor modification [32]. In brief, a working solution of 

XTT was prepared where 80 μl of PBS and 20 μl of XTT were added to each well. Plates 

were then incubated in the dark for 2 h at 37°C, and absorbance was measured at 

490 nm using a microtiter plate reader. Experimental wells were normalized to a 

non-treatment control and background subtraction. Three biological replicates were 

conducted in octuplet. 
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Co-culture 
 

 Co-culturing of S. aureus and C. albicans was carried out as previously described 

[33]. In detail, S. aureus strain VRS1 [34] and C. albicans strain SC5314 were grown 

overnight with agitation in BHI or YPD respectively at 37°C with shaking at 225 rpm. 

Cells were then washed twice with  sterile PBS. VRS1 was adjusted to OD600 0.4 (~107 

CFU/ml), and C. albicans was adjusted to 2×106 CFU/ml by counting cells using a 

hemocytometer. Washed cells were then diluted in 50% serum-BHI medium at a 1:10 

ration S. aureus to C. albicans. Drug  plates were prepared using 50% serum-BHI 

medium and 2×  concentration of each drug dose tested in a 24-well plate. A 

Millipore mixed cellulose ester membrane disk (GSWP01300, EMD Millipore, 

Billerica, MA, United States) was placed in each well containing 500 µl of 2× drug 

concentration. 500 µl of co- culture mix was added to each well of the drug plate, 

making a final volume of 1 ml, 105–107 CFU/ml S. aureus, and 106 C. albicans. Disks 

were then incubated at 37°C for 90 min,  washed 3 times with PBS, and transferred 

to a 1.5 ml microtube containing equal amounts of PBS. 200 µl were  aliquoted in a 

fresh microtube and stored for later. Microtubes containing disks were sonicated for 

10 min using an ultrasonic bath (Fisher Scientific FS 30). Both pre-sonicated and 

post- sonicated samples were then collected from each tube and serially diluted on 

selective plates to enumerate total CFU/ membrane of S. aureus and C. albicans. 

Selective plates used were mannitol salt (BD Difco, pH: 7.4 ± 0.2) incubated at 37°C 

(for S. aureus strain VRS1) and YPD (Research Products International) containing 

100 μg/ml of kanamycin incubated at 25°C (for C. albicans strain SC5314). Each 
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sample was normalized to pre-sonicated samples. Three biological replicates were 

conducted in duplicate. 

Biofilm Inhibition and Eradication Assay 

Monoculture 

 Absorbance (OD600) of overnight culture S. aureus strain VRS1 was measured and 

adjusted to 0.1 in BHI + 0.1% glucose medium. 100 µl of bacteria was added to 2× drug 

concentrations (diluted in BHI + 0.1% glucose medium) dispensed in polystyrene tissue 

culture-treated 96-well flat-bottom microplates (Corning no. 353072, Corning, NY) 

producing a final volume of 200 µl (~1×107 CFU/ml) and 1× drug concentration. After 24 

h of static incubation at 37°C, media was pipetted out, and wells were washed 3 times 

with PBS to remove any non-adherent planktonic cells. Biofilm formation was measured 

using crystal violet (CV) [35]. In brief, plates were incubated with 1% CV for 15 min at 

room temperature. Plates were then washed 3 times with PBS and dissolved with 200 µl 

of 30% acetic acid. Absorbance at 550 nm was measured and each experimental well 

was normalized to a non-treatment control. Three biological replicates were conducted in 

octuplet. 

 For biofilm eradication, biofilms were prepared as described above, omitting the 

initial drug dose. After static incubation at 37°C for 24 h, plates were washed 2 times with 

PBS. Various concentrations of drug tested were diluted in BHI + 0.1% glucose medium 

and added to each well to a final volume of 200 µl. After an additional incubation of 24 h 

plates were washed 3 times with PBS and stained with CV as described previously. Three 

biological replicates were conducted in octuplet. 
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 For Candida spp., overnight suspensions were centrifuged (4,000×g for 5 min), 

washed twice with PBS, and resuspended in RPMI 1640. 50 µl of RPMI 1640 containing 

Bay 11-7085 were serially diluted in a 96-well polystyrene microtiter plate. 50 μl aliquots 

of fungal suspensions (final concentration: 1×106 cells/ ml) were transferred to each well 

of the microtiter plate and incubated statically for 24 h at 37°C. Unseeded wells (with 

RPMI 1640 only) acted as the negative background control for the subsequent steps. 

Following incubation, the biofilm was assessed using XTT [31], as described in the 

section: Biofilm Initial Cell Attachment Assay, or CV [35]. For CV methodology, cells were 

fixed with methanol for 15 min and stained with 100 μl of 0.4% CV solution for 15 min. 

Any excess CV was removed by washing with sterile water before adding 100 μl of 

absolute ethanol to release the dye from the biofilm. After 30 min, the absorbance was 

measured at 570 nm using a microtiter plate reader. Three biological replicates were 

conducted in octuplet. 

 For biofilm eradication, biofilms were prepared as described above, omitting the 

initial drug dose. After static incubating at 37°C for 24 h, plates were washed 2 times with 

PBS, and various drug tested concentrations were added to each well to a final volume 

of 100 µl. After an additional incubation of 24 h, plates were washed 3 times with PBS 

and assessed using XTT [31] or stained with CV [35] as described above. Three biological 

replicates were conducted in octuplet. 

 

Co-culture 

 Co-culture S. aureus and C. albicans was carried out as previously described [33]. 

In detail, S. aureus strain VRS1 [34] and C. albicans strain SC5314 were grown overnight 
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with agitation in BHI or YPD, respectively, at 37°C. Cells were then washed twice with 

sterile PBS. VRS1 was adjusted to OD600 0.4 (~107 CFU/ml), and C. albicans was 

adjusted to 2×106 CFU/ml in PBS by counting cells using a hemocytometer. Washed cells 

were then diluted in 50% serum-BHI medium (serum: Fetal bovine serum, ThermoFisher, 

Remel, Waltham, MA) at a 1:10 ratio S. aureus to C. albicans. Drug plates were prepared 

by serially diluting 100 µl of 50% serum-BHI medium and 2× concentration of each drug 

dose tested in a polystyrene tissue culture-treated 96-well flat-bottom microplates 

(Corning no. 353072, Corning, NY). 100 µl of co-culture mix was added to each well of 

the drug plate, making a final volume of 200 μl, 105–107 CFU/ml S. aureus, and 106 C. 

albicans. After 24 h of static incubation at 37°C, media was pipetted out, and wells were 

washed 3 times with PBS to remove any non-adherent planktonic cells. Biofilm formation 

was measured using CV [35]. In brief, plates were incubated with 1% CV for 15 min at 

room temperature. Plates were then washed 3 times with PBS and dissolved with 200 µl 

of 30% acetic acid. Absorbance at 550 nm was measured and each experimental well 

was normalized to a non-treatment control. Each biological replicate was done in octuplet. 

 For biofilm eradication, biofilms were prepared as described above, omitting the 

initial drug dose. After static incubating at 37°C for 24 h, plates were washed 2 times with 

PBS. Various drug concentrations, diluted in BHI + 0.1% glucose medium, were added to 

each well to a final volume of 200 µl. After an additional incubation of 24 h plates were 

washed 3 times with PBS and stained with CV as described previously. 

In vitro Multispecies Lubbock Chronic Wound Biofilm Model 

 S. aureus strain VRS1 and C. albicans strain SC5314 were co-cultured using  

the in vitro multispecies Lubbock chronic wound biofilm model [24]. Wound like media 
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(WLM) was composed of 50% Bolton Broth (Sigma-Aldrich, Oxoid, St. Louis, MO), 45% 

heparinized calf serum (Rockland, Limerick, PA), and 5% haemolyzed horse blood 

(Thermofisher, Remel, Waltham, MA). In detail, S. aureus strain VRS1 [34] and C. 

albicans strain SC5314 were grown overnight with agitation in BHI or YPD, respectively 

at 37°C. Cells were than washed twice with sterile PBS and diluted into WLM. S. 

aureus was adjusted to OD600 0.04 (~106 CFU/ml), and C. albicans was adjusted to 

1×107 CFU/ml using a hemocytometer. Drug plates were prepared by serially diluting 

50 µl WLM and 2× concentrations of each drug dose tested in a 96-well plate. 50 µl of 

S. aureus-C. albicans co-culture mix was added to each well of the drug plate, making a 

final volume of 100 μl, 105–106 CFU/ml S. aureus, and 107 CFU/ml C albicans. S. aureus 

strain VRS1 is coagulase-positive and therefore created a jelly-like substance that 

served as a scaffold for biofilm formation [36]. After 24 h of static incubation at 37°C, 

the complete coagulated jelly-mass from each well was transferred to individual 1.5 ml 

microtubes containing 1 ml of sterile PBS. Tubes were vortexed at the highest setting for 

2 min and then sonicated for 10 min to release cells from the jelly mass. 100 µl of each 

tube was 10- fold serially diluted and spot platted on selective plates in order to 

enumerate total CFU/ml of S. aureus and C. albicans. Selective plates used were mannitol 

salt (BD Difco, pH: 7.4 ± 0.2) incubated at 37°C (S. aureus) and YPD (Research 

Products International) containing 100 μg/ml of kanamycin incubated at 25°C (C. 

albicans). All experiments were conducted in triplicate. 

C. elegans-Candida spp. Infection Assay 

 C. elegans strain glp-4;sek-1 (AU37) was maintained on Escherichia coli OP50 
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spread on nematode growth medium agar plates and incubated at 15°C. For the C. 

elegans-Candida killing assay, worms were synchronized and grown to the young adult 

stage by incubating 24 h at 15°C and 72 h at 25°C. Worms were collected and washed 

3 times with PBS and transferred to a C. albicans lawn grown on a BHI plate overnight at 

37°C. Worms on C. albicans/BHI plates were incubated at 25°C for 4 h and then washed 

4 times with PBS. Thirty to seventy five worms were dispensed into each well of a 6-well 

plate containing desired drug concentration diluted in 20% BHI and 45 μg/ml kanamycin 

to a total volume of 2 ml. Worms were incubated at 25°C and scored daily for dead 

worms for a total of 6 days. Statistical significance was displayed using Kaplan-Meier 

survival analysis. 
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Results 
 

Bay 11-7085 Shows Anti-Staphylococcal Activity in vitro and in a Whole Animal C. 

elegans Infection Model 

Through our C. elegans-MRSA infection model, we previously identified Bay 11-

7085 (Figure 1A) as a hit compound able to rescue C. elegans from a lethal MRSA 

infection [20]. Data from our previous screen showed that Bay 11-7085 saved infected 

worms at a concentration of 7.14 μg/ml (Figure 1B). Relative to vancomycin, a 

common Gram-positive antibiotic, Bay 11-7085 showed a distinct antimicrobial 

profile (Figure 1C) with a MIC of 4 μg/ml (Table 1).  

To assess the rate of antimicrobial resistance development to Bay 11-7085, we 

conducted a serial passage experiment in which S. aureus strain MW2 was treated 

with sub-MIC levels of Bay 11-7085 for 25 days. After 25 serial passages, S. aureus 

strain MW2 was unable to acquire resistance (Figure 1D). However, S. aureus MW2 

did gain resistance to ciprofloxacin up to 32× its original MIC of 0.25 μg/ ml (Figure 1D). 

These results indicate that Bay 11-7085 has a low probability of selecting for antibiotic 

resistance over an extended period of time. 

 

Bay 11-7085 Shows Antimicrobial Activity to S. aureus and Fungal Candida spp.   

 To further test Bay 11-7085 antimicrobial capability we tested its activity against a 

panel of ESKAPE pathogens. The ESKAPE pathogens include two Gram-positive 

bacteria (Enterococcus spp. and S. aureus) and four Gram-negative bacteria (Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter 

spp.) [37,38]. Bay 11-7085 did not show activity toward any of the Gram-negative species 
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of bacteria with a MIC ≥ 64 μg/ml (Table 1) and, unlike S. aureus strain MW2, we 

observed nominal activity toward other Gram-positive pathogens such as E. faecalis or 

E. faecium with MICs of 64 μg/ml for both species (Table 1). To further support these 

findings, we tested a panel of S. aureus strains, including vancomycin-resistant S. aureus 

strain VRS1 [34], and found that indeed Bay 11-7085 had a MIC of 2–4 μg/ml against 

various S. aureus strains (Table 1). Interestingly, when we tested Bay 11-7085’s 

bactericidal or bacteriostatic effect, our time-course killing data showed that Bay 11-7085 

is bactericidal to log phase S. aureus strain MW2 cells at the MIC and higher (Figure 2A). 

Taken together, these findings suggest that Bay 11-7085 is not a broad bactericidal 

antibiotic but instead shows specific potency toward S. aureus strains.  

 Next, we tested whether Bay 11-7085 has antifungal activity. As detailed above, 

Candida spp. can cause chronic infection both systemically and topically. To answer this, 

we measured the MIC of Bay 11-7085 to four Candida spp.: C. albicans, Candida 

glabrata, Candida parapsilosis, and C. auris after 24 h of treatment. Strikingly, we found 

that Bay 11-7085 exhibited a low MIC of 0.5–1 μg/ml for 3 of the 4 species tested (Table 

1), while the MIC to C. parapsilosis was 8 μg/ml (Table 1). Of particular interest is the 

activity observed toward C. auris. To confirm the activity of Bay 11-7085 toward C. auris, 

we expanded our MIC profiling to 10 total C. auris antifungal resistant strains acquired 

from the Center for Diseases Control and Prevention (CDC) clinical isolate bank. Indeed, 

we found that Bay 11-7085 had a low MIC of 0.5–1 μg/ml to multiple antifungal resistant 

C. auris clinical strains (Supplementary Table S2).  

We then tested whether Bay 11-7085 is fungicidal toward C. albicans. To evaluate this, 

we performed a time-kill kinetics assay using C. albicans strain SC5314. In contrast to S. 
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aureus (Figure 2A), Bay 11-7085 is unable to completely kill C. albicans (Figure 2B) at 1–2× 

MIC. However, at a higher concentration such as 4× MIC (4 μg/ml), Bay 11-7085 is fungicidal. 

Taken in their totality, we conclude that Bay 11-7085 can inhibit fungal growth at a low 

concentration such as 1–2 μg/ml but is fungicidal at a higher concentration such as 4 μg/ml. 

Cytotoxicity of Bay 11-7085 on Human Cells and C. elegans 

 Next, we assessed the toxicity profile of Bay 11-7085 in vitro and in vivo. C. elegans is 

widely used as a model organism for toxicology studies [39–41]. Therefore, we first tested 

toxicity to C. elegans at various concentrations of Bay 11-7085 from 1 μg/ml up to 64 μg/ml 

(Figure 3A). Our data support the conclusion that Bay 11-7085 is minimally toxic to C. elegans 

with greater than 90% survival after 24 h of exposure at the highest concentration tested 

(Figure 3A). When we subjected human red blood cells to Bay 11-7085, we found no 

indication of hemolysis at a concentration up to 32 μg/ml (Figure 3B). However, when we 

examined Bay 11-7085s toxicity to human hepatoma cell line HepG2 and primary human 

renal proximal tubule epithelial cells (RPTEC), we recorded an IC50 of 4.6 μg/ml and 0.96 

μg/ml (Figure 3C), which is nearly equal to or lower than Bay 11-7085’s MIC to S. aureus strain 

MW2 (4 μg/ml). Given the toxicity of Bay 11-7085 to primary cells, we conclude that Bay 11-

7085 has the most potential as a topical treatment, such as in wound management. 

Bay 11-7085 has Anti-Biofilm Activity Toward Three Phases of S. aureus Biofilm 

Maturation 

 

 Given Bay 11-7085’s antimicrobial effect on S. aureus strains, we wondered if Bay 

11-7085 would have any effect on the various stages of S. aureus biofilm formation and 

persistence: initial cell attachment, formation, and mature biofilm. To test this, we first 
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measured if Bay 11-7085 had any activity on the first stage of S. aureus biofilm formation, 

initial cell attachment [3]. To begin, we first tested the potency of various antibiotic- resistant 

S. aureus strains to form biofilm. Our trials revealed that S. aureus strain VRS1 [34], a 

vancomycin-resistant strain, was able to form a more robust biofilm than other antibiotic-

resistant S. aureus strains such as MW2 (data not shown). We, therefore, decided to move 

forward with VRS1 in our biofilm studies. Subsequently, we found that Bay 11-7085 was able 

to inhibit initial cell attachment by >60% beginning at 8 μg/ ml (2× MIC) and as much as 

>90% at 32 μg/ml (8× MIC) (Figure 4A). Additionally, we also confirmed that this activity was 

not due to the direct killing of S. aureus by Bay 11-7085 (Figure 4B) by measuring total 

CFU/ml (colony-forming units per ml) before and after treatment. 

 Next we tested whether Bay 11- 7085’s activity on initial cell attachment would lead to 

complete or partial inhibition of S. aureus strain VRS1 biofilm formation. We tested this by 

treating S. aureus strain VRS1 cells with various concentration of Bay 11-7085 under biofilm 

forming condition for 24 h. We found that Bay 11-7085 can significantly begin to inhibit S. 

aureus biofilm formation at concentrations as low as 8 μg/ml with >20% inhibition (Figure 

4C). However, at high concentrations such as 32 μg/ml, Bay 11-7085 had an activity of 

>90% inhibition relative to no-treatment control (Figure 4C). Lastly, we tested if Bay 11-7085 

would affect fully mature biofilm of S. aureus strain VRS1. Indeed, at concentrations higher 

than 32 μg/ml, Bay 11-7085 was able to eradicate biofilm >70% (Figure 4D). Given these 

data we conclude that Bay 11-7085 is a potent anti-biofilm compound with activity on initial 

cell attachment, biofilm formation, and eradication of mature biofilm. 
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Bay 11-7085 has Anti-Biofilm Activity Toward Three Phases of C. albicans and C. auris 

Biofilm Maturation 

 Next, we questioned whether Bay 11-7085 would also show potency on 

fungal biofilms. To answer this, we first tested if Bay 11-7085 would inhibit C. 

albicans strain SC5314 and C. auris strain #0384 biofilm formation. For our studies, 

we decided to measure total biofilm mass (including total ECM) using crystal violet 

(CV) methodology as well as total metabolically active cells using the colorimetric dye 

XTT [2–3-bis(2-methyloxy-4-nitro-5-sulfophenyl)-2H-tertazolium-5-carboxanilide]. 

After 24 h of  incubation, we found that Bay 11-7085 can inhibit maturation of C. 

albicans total biofilm mass by >50% starting at 4 μg/ml (4× MIC) and as much as 

>70% at 8–32 μg/ml (8–32× MIC) (Figure 5A). In addition, C. albicans biofilm-

forming cell viability was significantly decreased >15% starting at 1 μg/ml (1× MIC) 

and up to >50%, >60%, and >80% at 2, 4–16, and 32 μg/ml,  respectively (Figure 5B). In 

the case of C. auris, we found that  Bay 11-7085 inhibited total biofilm mass 

maturation starting at 8 μg/ml with >20% inhibition and as much as >60% at 16–32 

μg/ml (Figure 5C). Furthermore, we found that Bay 11- 7085 decreased cell 

metabolic activity by >20% at 16 μg/ml and 45% at 32 μg/ml (Figure 5D). From these 

data, we conclude that Bay 11-7085 can successfully inhibit the maturation of 

total biofilm mass, including ECM, comparable to total cell growth. 

 When we tested the ability of Bay 11-7085 to treat mature biofilm, we found 

that Bay 11-7085 began to eradicate C. albicans total biofilm mass beginning at 16 

μg/ml with >30% eradication and >40% eradication at 32 μg/ml (Figure 5E). 

Surprisingly, after treating mature biofilm with various concentrations of Bay 11- 

7085 and subsequently incubating with XTT dye, we found that Bay 11-7085 is 
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ineffective at decreasing cell viability within C. albicans mature biofilm (Figure 5F). 

Moreover, C. auris biofilm mass was significantly eradicated beginning at 8 μg/ml at 

>10% and >30% at 16 μg/ml and >50% at 32 μg/ml, respectively (Figure 5G), while 

metabolic activity was not changed at 8 μg/ ml but significantly decreased >30% at 16 

μg/ml and >45% at 32 μg/ml (Figure 5H). We thus conclude that Bay 11-7085 is 

effective at decreasing the ECM of mature Candida spp. biofilm but not potent 

enough to completely kill biofilm residing cells for  both of the species tested. 

 Lastly, when we looked at initial cell attachment, we found that Bay 11-7085 

had greater activity against C. auris than C. albicans  with >40% attachment inhibition 

at 4 μg/ml for C. auris (Figure 6A). At 8 μg/ml and 16–32 μg/ml C auris initial cell 

attachment was inhibited >40% and >50%, respectively (Figure 6A). While C. albicans was 

inhibited >40% and >60% at 8 μg/ml and 16–32 μg/ml, respectively (Figure 6B). In 

summary, we conclude that Bay 11-7085 can partially inhibit and eradicate both C. albicans 

and C. auris biofilm as well as hinder initial cell attachment. 

 Given that Bay 11-7085 is fungicidal at high concentrations (Figure 2), concentrations 

that showed anti-biofilm activity (Figures 5, 6), we hypothesized that Bay 11-7085 would 

hinder initial cell attachment through direct killing of biofilm-forming cells. To test this, we 

treated ∼106 CFU/ml stationary-phase fungal cells with various concentrations of Bay 11-

7085 for 90 min and measured their viability. As expected, our results showed that Bay 11-

7085 is able to kill C. albicans and C. auris cells within 90 min of treatment (Supplementary 

Figure S1), which we conclude leads to the decrease of initial cell attachment. 
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Bay 11-7085 has Anti-Biofilm Activity Toward Staphylococcal-Candida Polymicrobial 

Biofilm 

 

 So far, we showed that Bay 11-7085 demonstrates promising activity on both S. 

aureus and Candida spp. monoculture biofilms (Figures 4–6). We thus hypothesized that 

Bay 11-7085 would also have potency on biofilms of a polymicrobial culture of S. aureus 

strain VRS1 and C. albicans strain SC5413. To test this hypothesis, we first verified inhibition 

of initial cell attachment of co-cultured S. aureus and C. albicans in 50% serum-BHI medium 

for 90 min on nitrocellulose disks. Disks were washed, sonicated, and plated on selective 

plates to enumerate the total CFU/membrane of S. aureus strain VRS1 and C. albicans 

strain SC5314 cells. Like monoculture experiments, Bay 11-7085 is potent enough to inhibit 

initial cell attachment of both S. aureus and C. albicans during polymicrobial co-culture, with 

S. aureus strain VRS1 showing a significant reduction of >55% at 16 μg/ml and >70% at 32 

μg/ml (Figure 7A). When we tested C. albicans, we found that consistent with our 

monoculture results, Bay 11-7085 and is more effective on C. albicans than S. aureus, with 

C. albicans being significantly reduced by >75% at 8 μg/ml and >97% starting at 16–32 

μg/ml (Figure 7B). 

 We then questioned whether Bay 11-7085’s effect on initial cell attachment would 

also hinder the maturation of polymicrobial S. aureus-C. albicans biofilm. To investigate this, 

we treated S. aureus-C. albicans co-cultures with Bay 11-7085 at various concentrations and 

quantified total biomass produced using 1% CV after 24 h of incubation. As expected, Bay 

11-7085 was able to inhibit biofilm formation with >45% inhibition at 16 μg/ml and >75% 

inhibition at 32 μg/ml (Figure 7C). 

 Lastly, we hypothesized that Bay 11-7085 would have activity on mature S. 
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aureus-C. albicans polymicrobial biofilm. We treated fully mature biofilm with various 

concentrations of Bay 11-7085 and quantified total biofilm remaining, using 1% CV, 

after a 24 h incubation period. Our findings showed that Bay 11-7085 can significantly 

eradicate >35% of mature biofilm at concentrations 8–32 μg/ml (Figure 7D). This 

reduction was greater than with the antibiotic daptomycin (8× MIC) or antifungal 

amphotericin B (32× MIC) treatment alone and was not significantly different than 

treatment with a combination of both daptomycin and amphotericin B (Figure 7D). From 

these studies, we conclude that Bay 11-7085 is not only a potent agent against 

monoculture biofilms, but is also effective at combating polymicrobial biofilms. 

Bay 11-7085 Shows Activity Against C. albicans in an In Vitro Multispecies Lubbock 

Chronic Wound Model  

 We then asked whether Bay 11-7085 would have activity on S. aureus strain 

VRS1 or C. albicans strain SC5413 co-culture in a more clinically relevant in vitro 

wound-like model. To assess this, we employed the use of the in vitro multispecies 

Lubbock chronic wound biofilm model originally designed by Sun et al. (2008). This 

model leveraged the use of a unique wound like media (WLM) composed of 50% 

Bolton Broth, 45% heparinized calf serum, and 5% haemolyzed horse blood to 

simulate a wound like environment. In WLM, S. aureus coagulase-positive strains will 

form a jelly-like mass of the media. For this reason, we decided to only test Bay 11- 

7085’s activity against biofilm inhibition. Although Bay 11-7085 did not have any effect 

on S. aureus biofilm growth in WLM (Figure 8A), Bay 11-7085 was able to 

significantly reduce total CFU/ml of C. albicans residing within the polymicrobial biofilm 

by >50%, which was not significantly different than treatment with the combination of 
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the antibiotic daptomycin and antifungal amphotericin B (Figure 8B). Interestingly, 

we found that treatment of daptomycin alone abolished S. aureus cells completely. 

However, treatment with daptomycin also allowed C. albicans to overgrow >200% more 

than no treatment control, while treatment with Bay 11-7085 did not allow overgrowth 

of either organism (Figure 8). We thus conclude that Bay 11-7085 has greater activity 

on C. albicans in an in vitro chronic wound biofilm model. 

Bay 11-7085 Shows Activity in a C. elegans-C. albicans Infection Model 

 The data described above shows that Bay 11-7085 is a slightly more potent 

antimicrobial to Candida spp. rather than S. aureus. Therefore, to further evaluate Bay 

11-7085 as a potential lead anti-infective compound against Candida spp., we wanted 

to test Bay 11-7085s potency in a whole animal infection model system. Accordingly, 

we tested whether Bay 11-7085 would be able rescue C. elegans from C. albicans-

mediated killing. Worms where first exposed to C. albicans strain SC5314 previously 

grown overnight on BHI agar plates. Worms were then washed and then treated with 

various concentrations of Bay 11-7085 for a total of 6 days. In the presence of Bay 11-

7085, we found a significant increase in the survival of C. elegans starting at  8 μg/ml and 

up to 16 μg/ml.  Although there was a significant increase in survival at 32 μg/ml, this was 

less than at 16 μg/ml (Figure 9). We thus conclude that Bay 11-7085 has potency at 

combating a C. albicans infection in a whole animal system at 8–16 μg/ml. Yet, at 

higher concentrations such as 32 μg/ml, we theorize a decrease in survival is due to 

toxicity at long exposure times. 
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Discussion 
 

 In this study, we report a new bioactivity of Bay 11-7085 as an antimicrobial, 

effective against two biofilm-forming pathogens associated with wound infections: S. 

aureus and Candida spp. We show that the MIC of this compound against MRSA and 

VRSA strains is 4 μg/ml, while the MIC to C. albicans and C. auris is 0.5–1 μg/ml. 

Importantly, Bay 11- 7085 is also active on both bacterial and fungal biofilm in 

monoculture and polymicrobial co-culture. 

 Intriguingly, Bay 11-7085 was originally identified as a potential anti-

inflammatory agent by inhibiting the dissociation of IκB-α from NF-κB, thus blocking 

TNFα- induced phosphorylation of IκB-α [42]. This inhibition of IκB-α phosphorylation 

by Bay 11-7085 is irreversible and shows a median inhibitory concentration of 10 µM 

(2.5 μg/ml) [42]. At the dose of 20 mg/kg, Bay 11-7085 also showed in vivo anti-

inflammatory efficacy in a carrageenan rat paw edema model and a rat adjuvant 

arthritis model [42]. In addition, Bay 11- 7085 can also induce apoptosis of cancerous 

cells by inhibiting NF-κB signaling. However, previous reports also show that Bay  

11–7085 demonstrates anti-cancer activity in an NF-κB-independent manner, all of 

which indicates that Bay 11-7085 may possess multiple bioactivities [43,44]. Given 

Bay 11-7085’s high level of toxicity to cancer and primary cells in vitro (Figure 3C), we 

theorize that this is mainly due to its multiple mechanisms of eliciting cell apoptosis. 

Bacteria, on the other hand, do not have NF-κB signaling. Although yeasts have a 

similar but primitive NF-κB-like signaling pathway, called the retrograde response 

(RTG) pathway, the inhibition of RTG in yeast does not result in the rapid killing of 

yeast cells [45]. Like ciprofloxacin, if Bay 11- 7085 had only a single target in MRSA, a 
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resistant mutant would presumably emerge during a 25-day serial passage trial [46]. 

However, according to our results, this is not the case (Figure 1D). Low rates of 

resistance development are associated with membrane active compounds [20–22]; 

however, we observed that Bay 11-7085 did not affect membrane permeability (data 

not shown). Therefore, it is most likely that Bay 11-7085 may have multiple targets 

responsible for its antimicrobial activity. 

 Several reports, especially those concerning immunocompromised patients, 

have associated antibacterial therapy with subsequent fungal infections [43]. These 

fungal infections are believed to be caused by antibacterial agents killing microbial 

competitors of fungi [43] which allow fungi to overgrew and cause infection. The idea 

of fungal overgrowth is seemed to be supported by our in vitro biofilm wound like 

model data, were we see that treatment of S. aureus-C. albicans co-culture with 

daptomycin alone leads to complete killing of S. aureus but a 200% increase in C. 

albicans growth (Figure 8B). To prevent this secondary mycoses, antifungal agents 

are used prophylactically during antibacterial treatments [43]. Therefore, 

compounds combining narrow-spectrum antibacterial activity and antifungal potency 

can be clinically beneficial. To date, several agents with dual antibacterial and 

antifungal potency have been identified and synthesized [44,47–50]. However, except 

for the synthetic antimicrobial peptide omiganan, none of them are potent against 

biofilms, and although omiganan shows antibacterial potency against MRSA biofilms, 

it shows low antifungal activity against C. albicans with an MIC >64 μg/ml [48]. Bay 11-

7085, however, has strong dual antimicrobial activity with a MIC of 0.5–4 μg/ml against 

both S. aureus and C. albicans (Table 1, Supplementary Table S2) and is potent 
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against biofilms formed by S. aureus or C. albicans (Figures 4–6). Furthermore, Bay 11-

7085 shows narrow spectrum antibacterial activity to S. aureus (Table 1). With its low 

probability of resistance development, Bay 11-7085 is a promising lead compound 

for prophylactic use. 

 Biofilms are composed of an ECM which house low metabolically active 

bacteria, facilitate quorum sensing, and thus creates increased antimicrobial 

protection to their resident bacteria relative to planktonic state bacteria [4,51,52]. Our 

studies show that Bay 11-7085 can directly kill cells residing within both S. aureus 

and Candida spp. biofilm demonstrating that Bay 11-7085 is able to penetrate the ECM 

effectively. In addition, we show that C. albicans initial cell attachment is inhibited by 

Bay 11-7085. In the case of S. aureus, our data show that Bay 11-7085 cannot directly 

kill bacteria during the initial cell attachment stage of biofilm formation. Therefore, we 

theorize Bay 11-7085 may also have anti-virulence activity, possibly targeting 

adhesion molecules needed for biofilm attachment [3].  Furthermore, our data show 

that Bay 11-7085 was unable to decrease C. albicans cell viability within mature 

biofilm but was able to decrease total biomass. We hypothesis that this may be due 

to reduced virulence factors, similar to S. aureus, but which may affect the formation of 

ECM instead of only attachment. Although Bay 11-7085 had some activity on C. auris 

mature biofilm cell viability, our data does show a trend where Bay 11-7085 was more 

effective at reducing total biomass than direct killing of biofilm residing cells. We 

therefore  conclude that Bay 11-7085 may have dual functionality in which it can kill biofilm 

residing cells directly but can independently affect virulence factors. All together, 

these data highlight Bay 11-7085 as a potent anti-biofilm agent capable of combating both 
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S. aureus and Candida spp. biofilm. 

 As stated previously, S. aureus and C. albicans are human commensals able to 

coexist together in various human organs such as the skin [53,54]. However, both can 

readily turn from commensal to pathogenic when host immunity is compromised [55]. C. 

albicans and S. aureus have been co-isolated from a range of biofilm-associated 

infections, including cystic fibrosis, catheter- associated urinary tract infections, and burn 

wound infections [53]. These polymicrobial infections caused by S. aureus and C. 

albicans are difficult-to-treat due to formation of mixed biofilms and are more virulent due 

to so-called synergistic pathogen-pathogen interactions [53,55]. While S. aureus is a 

weak biofilm former in the presence of serum, C. albicans can readily form biofilms. Once 

C. albicans biofilm matures, S. aureus can attach and form biofilms on the surface of C. 

albicans extracellular walls [33]. C. albicans hyphae can pierce epithelial layers in this 

mixed biofilm state, which facilitates S. aureus invasion [56]. Moreover, C. albicans is 

known to enhance the production of S. aureus virulence factors, such as alpha- and delta-

toxins [57]. Consistently, it has been reported that mice co-infected with sub-lethal doses 

of S. aureus and C. albicans induce the rapid rise of morbidity and mortality [55,57]. 

 Considering the mechanisms of polymicrobial biofilm formation by S. aureus and 

C. albicans, Bay 11–7085 shows promising potential to inhibit the formation of these 

polymicrobial biofilms. Bay 11-7085 demonstrates relatively higher anti-biofilm activity 

against Candida spp. monoculture biofilms compared to S. aureus monoculture biofilms 

(Figures 4–6) and in addition shows a significant reduction in initial cell attachment, 

maturation, and eradication in a polymicrobial biofilm culture (Figure 7). It blocks fungal 

biofilm formation by direct killing of cells and prevents bacterial biofilm formation by 
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inhibiting initial attachment. In physiological conditions, the key event for developing the 

polymicrobial biofilms is the maturation of Candida spp. Therefore, the fungicidal activity 

of Bay 11–7085 would effectively block this critical step and thus may impede the 

following step of S. aureus initial cell attachment.  

Although we were not able to show a reduction in S. aureus cell number in our in 

vitro chronic wound like model, we did find that Bay 11-7085 was able to reduce C. 

albicans cell viability significantly. However, due to our experimental model, we were 

unable to quantify total biofilm mass. With the reduction of C. albicans cell viability, we 

hypothesis that a Bay 11-7085 may possibly have greater effect on biofilm mass rather 

than cell viability, which we are unable to test via our model. Further studies would be 

needed to assess biofilm mass reduction in a wound like model. 

 Regarding S. aureus and the lack of activity by Bay 11-7085 on our in vitro WLM 

model, we speculate this may be partially attributed to coagulation. More specifically, in 

our model, we used 5% haemolyzed horse blood to mimic a more relevant physiological 

environment. S. aureus strain VRS1 is coagulase-positive (CoP). In the presence of 

blood, S. aureus CoP strains secret coagulase enzymes, which aid in converting 

fibrinogen into fibrin. Bacteria begin to interlock and form blood clots. These blood clots 

are protective to the bacteria and have been shown to increase antimicrobial resistance 

[58]. However, not all S. aureus strains are CoP and it is possible that Bay 11-7085 may 

have greater efficacy on S. aureus coagulase-negative strains, which would also 

correlate with our polymicrobial anti-biofilm data using blood-negative media (Figures 4, 

7). However, additional studies would be needed to confirm the difference between other 

non-CoP strains. 
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 Although Bay 11-7085 has advantages as an antimicrobial lead compound, it 

has limitations that need to be resolved. First, Bay 11- 7085 shows cytotoxicity to 

cancer cell lines and primary renal proximal tubule epithelial cells (RPTEC) (Figure 3C). 

Although Bay 11-7085 induces cancer cell apoptosis by inhibiting NF-κB signaling, the 

MOA of its cytotoxicity to RPTEC is unknown. In contrast to our in vitro toxicity results 

(Figure 3C), Bay 11-7085 did not cause observable toxicity in a rat model at a dose of 

50 mg/kg (Pierce et al., 1997), consistent with our C. elegans in vivo toxicity data 

(Figure 3A). In any case, the cytotoxicity profile of Bay 11-7085 needs to be further 

evaluated. Furthermore, to repurpose Bay 11-7085 as an antimicrobial, its NF-κB 

inhibitory activity would need to be reduced or nullified. In addition, its antimicrobial 

mode of action needs to be elucidated for further optimization. Since Bay 11-7085 is 

expected to have multiple targets, it may be difficult to identify its modes of action. 

However, current advances in deep learning-based prediction, quantitative imaging, 

proteomic, genetic, and metabolomic analyses enable elucidating antimicrobial 

mechanisms having uncommon or multiple modes of action [59]. 

 In conclusion, our studies show that Bay 11-7085 is a potent antimicrobial agent 

against MRSA, VRSA, and Candida spp. Bay 11- 7085 shows anti-biofilm activity on 

both monocultures as well as in mixed cultures and resistant MRSA mutants did not 

appear after 25 days of serial passaging. We thus find Bay 11-7085 to be a promising 

lead compound useful for identifying new antimicrobial targets that show low resistance 

and anti-biofilm activity against pathogens commonly associated with wound biofilms. 

 

 



 136 

Data Availability Statement  

The raw data supporting the conclusion of this article will be made available by the 

authors, without undue reservation. 

 

Author Contributions  

All experiments were performed by IE, FP, SK and MK. Data analysis was conducted 

by IE and FP. The original draft was prepared by IE. Review and editing was done by 

WK and EM. All authors have read and agreed to the published version of the 

manuscript. 

 

Funding  

This research was funded by NIH grant P01 AI083214 to EM. IE was supported by sub-

award 530804. WK is supported by the National Research Foundation of Korea Grants 

funded by the Korean government (MSIT) (2020R1C1C1008842, 2018R1A5A2025286 

and 2017M3A9E4077234). The authors have no other relevant affiliations or financial 

involvement with any organization or entity with a financial interest in, or financial 

conflict with, the subject matter or materials discussed in the manuscript, apart from 

those disclosed. No writing assistance was utilized in the production of this manuscript. 

  



 137 

Figures and Tables  

Figure 1. Bay 11-7085 rescues C. elegans from a MRSA infection and shows low 

antibiotic resistance to S. aureus strain MW2.  

 

(A) Chemical structure of Bay 11- 7085. (B) Fifteen MRSA-infected C. elegans were 

treated with 7.14 μg/ml Bay 11-7085, 0.1% dimethyl sulfoxide (DMSO) (no-treatment) or 

10 μg/ml vancomycin for 5 days. After staining dead worms with Sytox Orange, 

brightfield (left) and fluorescence (right) images were obtained. (C) In vitro activity of 

Bay 11-7085 and antibiotic control vancomycin against MRSA strain MW2. Bacterial 

growth is quantified as a measure of OD600. (D) Three individual MRSA strain MW2 
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replicates (SP1-3) were serially passaged in increasing concentrations of Bay 11-7085 

for 25 days. Passages with ciprofloxacin (CIPRO) were conducted in parallel as a 

control. 
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Figure 2. Bay 11-7085 is bactericidal toward MRSA and fungistatic toward C. 

albicans.  

(A) MRSA strain MW2 cells were grown to log phase OD600 0.3-0.4 from overnight liquid 

culture. Log phase cells were diluted to 106 CFU/mL in various concentration of Bay 11-

7085 and 8 µg/mL of vancomycin as a positive control. (B) Overnight culture of C. 

albicans strain SC5314 was diluted to ~ 106 CFU/mL and added to 1× (1 µg/mL), 2× (2 

µg/mL) and 4× (4 µg/mL) MIC of Bay 11-7085. Fluconazole was used a positive control 

at 4× MIC (2.0 µg/mL). Samples were collected at various time point, serially diluted, 

and plated to measure total CFU/mL. (n=3, ± S.D.). 
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Figure 3. Bay 11-7085 shows varied toxicity to C. elegans, human red blood cells, 

and mammalian cells.  

Bay 11-7085s toxicity profile to (A) C. elegans, (B) human red blood cells, and (C) 

mammalian cells at multiple concentrations. X-axis represents concentrations of Bay 

11-7085 in µg/mL. Hydrogen peroxide (H2O2) was used as a positive control in our C. 

elegans toxicity assay. Triton-X 100 was used as a positive control in our human red 

blood cell lysis assay. (n=3, ± S.D.). 
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Figure 4. Bay 11-7085 shows anti-biofilm activity toward three phases of S. 

aureus strain VRS1 biofilm maturation.  

Efficacity of Bay 11-7085 at various concentrations were tested against S. aureus strain 

VRS1 biofilm (A) initial cell attachment. (B) CFU/mL was measured for treated and 

untreated conditions after initial cell attachment assay. S. aureus strain VRS1 biofilm 

(C) inhibition and (D) eradication was measured using 1 % crystal violet. X-axis 

represents concentrations of Bay 11-7085 in µg/mL. Statistical significance was 

determined using one-way ANOVA with Dunnett’s test for multiple comparisons. *p < 

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (n=3, ± S.D.). 
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Figure 5. Bay 11-7085 shows anti-biofilm activity toward C. albicans and C. auris 

biofilm formation and maturation biofilm.  

Efficacity of Bay 11-7085 was measured against C. albicans strain SC5314 and C. auris 

strain #0384 biofilm inhibition and eradication. Total biomass was measured using 1 % 

crystal violet (CV). Metabolic activity was measured using XTT (590 nm). Inhibition of C. 

albicans biofilm formation by various concentrations of Bay 11-7085 as measured by 

(A) 1 % CV and (B) XTT dye. Inhibition of C. auris biofilm formation by various 

concentrations of Bay 11-7085 as measured by (C) 1 % CV and (D) XTT dye. C. 

albicans biofilm eradication as measured by (E) 1 % CV, and (F) XTT dye. C. auris 

biofilm eradication as measured by (G) 1 % CV and (H) XTT dye. X-axis represents 

concentrations of Bay 11-7085 in µg/mL. Statistical significance was determined using 
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one-way ANOVA with Dunnett’s test for multiple comparisons. *p < 0.05; **p < 0.01; ***p 

< 0.001; ****p < 0.0001. (n=3, ± S.D.). 
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Figure 6. Bay 11-7085 shows anti-biofilm activity against C. albicans and C. auris 

initial cell attachment.  

(A) C. auris strain #0384 and (B) C. albicans strain SC5314 initial cell attachment was 

measured using XTT. X-axis represents concentrations of Bay 11-7085 in µg/mL. 

Statistical significance was determined using one-way ANOVA with Dunnett’s test for 

multiple comparisons. *p < 0.05; ****p < 0.0001. (n=3, ± S.D.). 
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Figure 7. Bay 11-7085 shows anti-biofilm activity towards three phases of S. 

aureus-C. albicans polymicrobial biofilm maturation.  

Activity of Bay 11-7085 at various concentrations was tested against S. aureus VRS1-C. 

albicans SC5314 polymicrobial biofilm initial cell attachment, maturation, and 

eradication. S. aureus strain VRS1 and C. albicans strain SC5314 were grown overnight 

in BHI or YPD medium respectively. Cells were washed and co-cultured at a 1:10 ratio 

S, aureus strain VRS1 to C. albicans strain SC5413 under treatment of daptomycin 8× 

MIC (8 µg/mL), amphotericin B 32× MIC (16 µg/mL), a combination of both daptomycin 

and amphotericin B and Bay 11-7085 at 36 µg/mL, 16 µg/mL, and 8 µg/mL. Percent cell 

attachment was normalized to non-treatment control for (A) S. aureus strain VRS1, and 

(B) C. albicans strain SC5413 after treatment. Bay 11-7085s activity on S. aureus 

VRS1-C. albicans SC5314 biofilm inhibition (C) and eradication (D) of mature biofilm 
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was measured using 1% CV. Statistical significance was determined using one-way 

ANOVA with Dunnett’s test for multiple comparisons (A-C) or Unpaired t-test (D). *p < 

0.05; **p < 0.01; ***p < 0.001; ****p < 0.000.1. (n=3, ± S.D.)  
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Figure 8. Bay 11-7085 inhibits C. albicans but not S. aureus growth in an in vitro 

multispecies Lubbock chronic wound model.  

(A) S. aureus strain VRS1 percent growth after treatment with Bay 11-7085 at 8 µg/mL 

(B8), 16 µg/mL (B16), or 32 µg/mL (B32) for 24 h. Treatment with 8× daptomycin (8 

µg/mL, Dapto),  16× amphotericin B (16 µg/mL, AmB), or a combination of 8× 

daptomycin and 16× amphotericin B (Dapto/AmB) where used as controls. (B) C. 

albicans percent growth after treatment with Bay 11-7085 for 24 h. Statistical 

significance was determined using Unpaired t-test. *p < 0.05. (n=3, ± S.D.). 
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Figure 9. Bay 11-7085 prolongs C. elegans survival after C. albicans infection.  

C. elegan were exposed to C. albicans strain SC5314 grown on BHI agar plates, 

washed, and treated with various concentrations of Bay 11-7085 in liquid medium. 

Statistical significance was determined using Log-rank (Mantel-Cox). (n=3). 
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Table 1. Minimum inhibitory concentrations (µg/mL) of Bay 11-7085 and conventional 
antibiotics against various pathogenic strains. 

Strain Bay 11-7085 Oxa Van Gm Cipro FLC 
Staphylococcus aureus MW2 4 64 1 0.5 0.25 n.d. 
Staphylococcus aureus LAC 2 8 0.5 0.25 8 n.d. 

Staphylococcus aureus WKZ-
1 4 0.5 1 0.5 1 n.d. 

Staphylococcus aureus WKZ-
2 2 64 1 0.5 1 n.d. 

Staphylococcus aureus ATCC 
25923 2 0.25 2 0.25 0.25 n.d. 

Staphylococcus aureus ATCC 
29213 2 0.25 1 0.5 0.5 n.d. 

Staphylococcus aureus ATCC 
43300 4 16 1 >64 0.5 n.d. 

Staphylococcus aureus VRS1 4 >64 >64 64 64 n.d. 
Enterococcus faecium E007 64 16 4 >64 1 n.d. 
Enterococcus faecalis MMH 

594 64 32 2 >64 0.5 n.d. 

Klebsiella pneumoniae 
KCTC2242 >64 >64 >64 1 <0.06

25 n.d. 

Klebsiella pneumoniae 
WGLW2 >64 >64 >64 1 <0.06

25 n.d. 

Pseudomonas aeruginosa 
ATCC 27853 >64 >64 >64 4 0.5 n.d. 

Pseudomonas aeruginosa 
PA14  >64 >64 >64 2 <0.06

25 n.d. 

Enterobacter aerogenes 
KCTC 2190 >64 >64 >64 1 <0.06

25 n.d. 

Candida albicans SC5314 1 n.d. n.d. n.d. n.d. 0.25 
Candida glabrata 

ATCC 90030 1 n.d. n.d. n.d. n.d. 8 

Candida parapsilosis 
ATCC 22019 8 n.d. n.d. n.d. n.d. 1 

Candida auris 
AR-BANK #0381 (CDC) 0.5 n.d. n.d. n.d. n.d. n.d. 

Oxa: oxacillin Van: vancomycin, Gm: gentamicin, Cipro: ciprofloxacin, FLC: fluconazole 
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Supplementary Figures and Tables 
 

Table S1. Microbial strains used in this study. 

Species Strain Genotype Reference 

Staphylococcus aureus MW2 SCCmec Type IV (Baba et al., 2002) 

Staphylococcus aureus LAC SCCmec Type IVa (Kennedy et al., 2008) 

Staphylococcus aureus WKZ-1 SdrC, SdrD, Bbp, 
SaPI2 

 

(Bloemendaal et al., 
2010) 

Staphylococcus aureus WKZ-2 SCCmec, SdrC, SdrD, 
Bbp, 

SaPI2 

(Bloemendaal et al., 
2010) 

Staphylococcus aureus ATCC 25923 Reference strain, 
SCCmec-like element 

lacking mecA 

(Ito et al., 2001) 

Staphylococcus aureus ATCC 29213 Reference strain, mecA 
negative 

(Ikonomidis et al., 
2008), (Soni et al., 

2015) 

Staphylococcus aureus ATCC 43300 SCCmec Type II,  pvl 
negative 

 

ATCC® 43300 

Staphylococcus aureus VRS1 SCCmec, vanA (Bozdogan et al., 
2004) 

Enterococcus faecium E007 Clinical Isolate from  
Massachusetts General 

Hospital, tetracycline 
resistant 

(Garsin et al., 2001) 

Enterococcus faecalis MMH 594 Clinical isolate from 
University of Wisconsin 
and Clinics, resistance 

to erythromycin and 
gentamicin 

 

(Huycke et al., 1991) 

Klebsiella pneumoniae KCTC2242 Reference strain (Shin et al., 2012b) 

Klebsiella pneumoniae WGLW2 Reference strain, Broad 
Institute 

Project accession: 
AMLM00000000 

Pseudomonas 
aeruginosa 

ATCC 27853 Reference Strain ATCC® 27853, (Cao et 
al., 2017) 

Pseudomonas PA14 Reference Strain (Rahme et al., 1995) 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7189281501021668&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:d84987c5-3c12-4e1e-a6cc-f64210e9e326
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5024435490172643&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:cb7809fc-7dd7-418f-91ce-ac7b6423f3a4
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5024435490172643&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:cb7809fc-7dd7-418f-91ce-ac7b6423f3a4
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7509443291012079&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:cb7809fc-7dd7-418f-91ce-ac7b6423f3a4
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7509443291012079&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:cb7809fc-7dd7-418f-91ce-ac7b6423f3a4
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=44897684477289945&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:c93cfa39-ce00-430c-8869-e39cbfdeea10
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=46164039860174455&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:7e3222e8-115c-4f58-88ca-bb12887cb7bd
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=46164039860174455&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:7e3222e8-115c-4f58-88ca-bb12887cb7bd
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=1653811135316442&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:e6afd401-7af2-4e15-b348-3895d5f09fe9
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=1653811135316442&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:e6afd401-7af2-4e15-b348-3895d5f09fe9
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=30895289989304087&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:faafd9b1-b298-4f7d-97f3-c9957fe42317
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=30895289989304087&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:faafd9b1-b298-4f7d-97f3-c9957fe42317
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5346536269789003&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:aa289f05-d347-42e0-a0db-dc41c9551a3a
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=4027639446707436&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:6843aed5-f57d-4af9-ac53-986388c4eafb
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=015319157193219746&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:b1c36024-a3c0-4460-a057-2be7dda849a8
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=10130187842967286&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:da3a0ca8-d6f2-4934-a26a-21e674e6736c
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=10130187842967286&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:da3a0ca8-d6f2-4934-a26a-21e674e6736c
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=7580698204951073&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:d9d85e86-8ca9-47d6-94a9-e621dc5ccf87
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Table S2. Minimum inhibitory concentration (μg/ml) of Bay 11-7085 against Candida 
auris antifungal-resistant clinical isolates. 

Strain Bay 11-7085 Amphotericin B 

C. auris  

AR-BANK #0382 (CDC) 
0.5 0.5 

C. auris  

AR-BANK #0383 (CDC) 
1 1 

C. auris  

AR-BANK #0384 (CDC) 
1 1 

C. auris  

AR-BANK #0385 (CDC) 
1 2 

C. auris  

AR-BANK #0386 (CDC) 
1 2 

C. auris  

AR-BANK #0387 (CDC) 
1 2 

C. auris  

AR-BANK #0388 (CDC) 
1 1 

C. auris  

AR-BANK #0389 (CDC) 
0.5 2 

C. auris  

AR-BANK #0390 (CDC) 
1 2 
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Figure S1. Bay 11-7085 inhibits C. albicans and C. auris initial cell attachment 

through direct killing of yeast cells.  

CFU/ml of (A) C. albicans strain SC5314 and (B) C. auris strain #0834 after 90 min of 

treatment with multiply concentrations of Bay 11-7085. (n=3, ± S.D.) 
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The C. elegans-infection platform is a novel means of gaining insight and 

foundational clarity on drug development in light of the complexity of host-microbe 

interactions. It resides at the crossroads of basic and translational research and helps 

bridge the gap between high-throughput screening and lead compound or drug target 

identification. Therefore, we stress the importance of studying the host equally to the 

pathogen. Understanding the host allows investigators to probe the effect of hit 

compounds on host immunity and overall physiology, while studying the pathogen 

facilitates discovering traditional antimicrobial and atypical anti-virulent compounds. 

         Throughout this thesis, I have provided examples of how the C. elegans-infection 

model is a powerful tool to study host-microbe interactions. Chapter 2 of this thesis 

demonstrated how this model system has furthered our understanding of the role S1P 

and its transporters play on C. elegans immunity. When wild-type C. elegans are 

supplemented with extracellular S1P, we see an increase in their lifespan when 

challenged with P. aeruginosa or E. faecalis. By mutating the S1P transporters spin-2 and 

spin-3, we found that S1P can no longer rescue the worms from pathogen-mediated 

killing, whereas mutating a third S1P transporter, spin-1, does not affect the immune-

enhancing activity of S1P.  Regardless of S1P supplementation, mutating S1P transporter 

genes spin-2 or spin-3 and the sphingosine kinase gene (sphk-1) decreased nematode 

survival following infection, whereas mutating transporter gene spin-1 lead to increased 

resistance. We also discovered that SIP signaling is dependent on the evolutionarily 

conserved C. elegans p38 MAPK immunity signaling pathway. By mutating C. elegans 

sek-1 and pmk-1 genes, both critical for p38 MAPK signaling, the mediated 

immunomodulatory effects of S1P were diminished. Therefore, our working model is that 
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spin-2 and spin-3 import S1P intracellularly and activate the immune response, while 

on the one hand, spin-1, exports S1P extracellularly. This suggests an evolutionarily 

conserved function for S1P, but a non-canonical role for S1P transporters in the C. 

elegans immune response to Gram-negative and Gram-positive bacteria. 

Although the role of SIP in the C. elegans immune response is relatively clear, there 

are still many limitations to this work. For one, understanding the exact mechanism by 

which S1P activates the immune response is still up for debate. We currently hypothesize 

that the intestinal mitochondrial unfolded protein response (UPRmt) is responsible for 

immune gene activation, which we addressed in detail in the Discussion of Chapter 1. We 

propose additional studies that would measure C. elegans survivability during pathogen 

infection with and without S1P supplementation and UPRmt worm mutants. Based on this 

understanding, we speculate that UPRmt mutants will have increased susceptibility to 

infection even under S1P supplementation. As for S1P transporters spin-2 and spin-3, we 

suspect a decrease in UPRmt activation, which we may be tested using genetically 

modified worms, which increase in fluorescence during UPRmt activation [1]. 

Lastly, we acknowledge that measuring SIP directly intra- or extracellularly would be 

the most definitive way to support our hypothesis. One way of doing this is via 

radiolabeling techniques and mass spectrometry [2]. These techniques have been 

attempted in C. elegans previously but were unsuccessful [3]. Alternatively, there is a 

fluorochrome-coupled sphingosine that is commercially available [4]. However, it would 

be nearly impossible to distinguish intracellular vs. extracellular fluorescence in a tiny 

animal such as C. elegans. Furthermore, there are no C. elegans cell lines available to 

perform in vitro studies. The suggested experiments to measure S1P’s direct transport 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=262840109645756&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:aa6055d2-b1a8-4ee7-809d-570975c25868
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=3297186500797876&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:68cfe773-6150-4a9a-9820-d2e125ed3125
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=03194368898800504&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:1adcd1b1-0e53-4ee4-bc27-ba8ade4d252d
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=966197879002805&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:ed492f91-bfc5-4186-9d3a-54fb41727569
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are essential; however, we must first wait for novel approaches and the advancement of 

technology. 

The study of the C. elegans response to pathogen attack has helped establish 

ancestral immunity pathways activated by infection [5]. Through this model, researchers 

have identified vital immune regulatory genes, such as the transcription factor hlh-30, 

relevant to my work, which was first shown to regulate immune gene activation toward S. 

aureus and then found to work similarly in mammalian cells [6,7]. Here we continue to 

add to this narrative by clarifying the role of S1P and its transporters in C. elegans innate 

immunity. Although the function of intracellular S1P in mammalian cells is still up for 

debate [8], our work helps build a foundation to study S1P signaling activity and its 

transporters in the future. 

As mentioned at the beginning of this chapter, elucidating immune signaling pathways 

in C. elegans led to the development of tools to study traditional antimicrobials in addition 

to novel immunomodulatory compounds [9]. Aside from the synthetic compound RPW-

24, not many other C. elegans immunomodulatory drugs are known [10], leaving this area 

of research desperate for follow-up studies. In addition, C. elegans immunity research 

gives us an understanding of potential new drug immunotherapy targets such as S1P. In 

totality, we find that this research is advancing our knowledge of the host response to 

pathogens, thereby highlighting the C. elegans-infection model as a powerful tool in drug 

discovery. 

         In Chapter 3 and 4 of this thesis, I gave examples of how the C. elegans-infection 

model is used to identify compounds that target the pathogen side of host-microbe 

interactions. I discussed how a high-throughput C. elegans infection screen identified two 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=19946740557285614&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:9d83a311-93e5-42c1-a6f0-3e948ff2e28b
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=017025572184261373&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:ad138416-ca3c-4bed-8503-91a41cb0cb41,fe2141bf-2a22-486d-a07a-79d632fd7a3e:d97a4e77-66dd-4c65-bfc8-09e25e6c8558
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=32004063526472526&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:b5fe675a-1791-47e8-8327-27da0284ca3a
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=863555646921832&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:5a352660-b0fb-441f-a74a-c8be18866c04
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=3553855330000346&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:e0190158-3bf2-4c98-8381-9e4d6575b165
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compounds with uncharacterized antimicrobial activity to antibiotic-resistant S. aureus, 

which were studied in detail in chapters 3 and 4. Kinase IMD0354 is a known NF-κB 

inhibitor that exhibits an unusually low minimum inhibitory concentration (MIC) level of 

0.06 µg/ml to various vancomycin-resistant strains. IMD0354 inhibited multiple stages of 

S. aureus biofilm maturation at sub-MIC levels. In addition, we demonstrated that 

IMD0354’s mechanism of action (MOA) at high concentrations (≥ 4 µg/ml) is membrane 

permeabilization. However, we are still unclear what the MOA is at low concentrations. 

Moving forward, we believe that further development of IMD0354 has merit, in 

particular, resolving its MOA at low concentrations. Future experiments may include the 

development of IMD0354-resistant mutants through serial passaging under antibiotic 

pressure. In this case, we would culture S. aureus at sub-MIC levels of IMD0354 daily 

over 25 days in an attempt to generate a resistant strain. Genomic sequencing and RNA 

seq analysis of these resistant lines could identify critical gene targets required for the 

efficacy of IMD0354 on Gram-positive bacteria [11]. 

As our second hit compound, we reported our findings on Bay 11-7085 in Chapter 4, 

another kinase inhibitor that can target inflammation through NF-κB and additionally 

display anti-cancer activity. Our data confirmed the bactericidal activity of Bay 11-7085 

against multidrug-resistant S. aureus with a MIC of 4 μg/ml. Importantly, Bay 11-7085 

was active against C. albicans and the emerging pathogen C. auris with a MIC of 0.5–1 

μg/ml. Bay 11-7085 partially inhibited and eradicated biofilm formation of various 

pathogens, including VRSA (vancomycin-resistant S. aureus), as well as antifungal-

resistant Candida spp. isolates. Bay 11-7085 increased the lifespan of C. elegans infected 

with  either S. aureus or C. albicans, and showed an extremely low rate of resistance 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=8988852548173951&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:56f80637-3dd5-4444-9042-83fff4e0d3b8
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development in S. aureus strain MW2. We suspect Bay 11-7085 to have multiple targets. 

Therefore, it may be challenging to find its modes of action. However, current advances 

in deep learning-based prediction, quantitative imaging, proteomic, genetic, and 

metabolomic analyses enable us to elucidate antimicrobial mechanisms possessing 

uncommon or multiple modes of action [12]. 

 A common strategy to study the MOA of lead antimicrobial compounds is 

developing a resistant mutant strain through serial passaging under antibiotic pressure, 

as explained previously in regards to IMD0354. This method has successfully identified 

mutated genes that may play an essential role in the MOA of resistance to various 

compounds [13–15]. However, we have already shown that Bay 11-7085 does not 

acquire resistance to MRSA strain MW2 after 25-days of serial passage (Chapter 4, 

Figure 1); thus this method would be inadequate.  

 The next most reasonable solution would be to attempt chemical proteomics. 

Recently, Le et al. presented the MOA of another kinase inhibitor effective on MRSA 

persister using this technique [16]. In short, this method would involve biotinylation of 

Bay 11-7085, mixing Bay 11-7085 with S. aureus lysates and then extracting out 

biotinylated Bay 11-7085 via avidin enrichment [16]. In theory, the protein(s) or 

molecule(s) that Bay 11-7085 is interacting with would be filtered out when extracting 

Bay 11-7085. This extract would then be analyzed via mass spectrometry to identify 

potential proteins or molecules Bay 11-7085 binds with. These proteins may be critical 

for the MOA of Bay 11-7085 against S. aureus and thus be a promising target to study 

further. 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=5508930684341757&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:5df2be68-f536-4a2e-8e02-844024cf3cca
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=9378140903109216&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:401fc5ea-dc6f-4a3c-80f3-68c6ec83e9ef,fe2141bf-2a22-486d-a07a-79d632fd7a3e:47513b7d-1c35-4e4c-916e-85701ae123ce,fe2141bf-2a22-486d-a07a-79d632fd7a3e:9bb1f1bf-ff2a-4511-99ca-0fba1e34d533
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=8193278836459675&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:52828637-4cb0-47ec-a1da-d8289b2e9bd8
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=1787913756045192&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:52828637-4cb0-47ec-a1da-d8289b2e9bd8
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 Furthermore, we cannot entirely exclude that Bay 11-7085 or IMD0354 may also 

have other MOA’s in addition to antimicrobial that aid in its anti-infective properties. This 

possibility is due to the unique qualities of the in vivo C. elegans infection whole 

animal assay. Although we can definitively say that Bay 11-7085 and IMD0354 have an 

antimicrobial effect on S. aureus, there is still the possibility that this is not the full 

reason for worm survival. For instance, it may be possible that either compound is 

acting as an adjuvant to an upregulated antimicrobial peptide or possibly synergizing 

with one or more immune effector genes. Both Bay 11-7085 and IMD0354 are NF-κB 

inhibitors, and NF-κB is a crucial transcription factor regulating many immune response 

genes in mammals [17]. However, C. elegans do not have an NF-κB homolog [18]. 

Therefore, Bay 11-7085 or IMD0354 would not be expected to inhibit an immune 

response through this bioactivity.  

 Nonetheless, if resistant mutant strain development or chemical proteomics fail, 

my next attempt to elucidate a MOA would be to leverage an S. aureus transposon 

mutant library [19]. A mutant transposon library is a collective of bacterial strains which 

have transposon insertions in all non-essential genes. Using this library, I would conduct 

an in vitro screen measuring Bay 11-7085’s or IMD0354’s MIC against each mutant 

strain. I would be looking for a change in MIC of either compound to a mutant strain 

which would indicate a possible lead target for further study concerning MOA. This 

strategy has been used previously on other antibiotics such as daptomycin. Mutant 

library screening identified lipoteichoic acid (LTA) anchor, diglucosyl-diacylglycerol 

(Glc2DAG) which exhibit reduced growth and attenuated pathogenicity [20].  

 

https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=13992813951775185&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:d8ad7a34-0dfc-4c6b-91e5-5359254e5dc5
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=912607014102732&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:95a6837c-3b5a-43d7-8ea9-b40bc94276f7
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=4996295045840272&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:91701db5-e8f3-4457-91a1-e694991c18a2
https://app.readcube.com/library/fe2141bf-2a22-486d-a07a-79d632fd7a3e/all?uuid=21026146105821986&item_ids=fe2141bf-2a22-486d-a07a-79d632fd7a3e:b5a66d6e-e4e9-40b8-8c4d-2ce150344402
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         Aside from deciphering their MOAs, in order to further develop IMD0354 or Bay 

11-7085 as a lead compound, common limitations associated with new drugs must be 

overcome. Compounds have consistently failed due to low in vivo efficacy and high levels 

of toxicity [21,22]. In the case of IMD0354 and Bay 11-7085, extensive analog 

development is needed to eliminate toxicity and fine-tune dose efficacy. In addition, 

pathogen specificity is an essential factor to consider. Somewhat unexpectedly, our data 

show that Bay 11-7085 has an unusually limited host range, exhibiting efficacy against S. 

aureus but not E. faecalis or E. feacium. Although we tested multiple S. aureus strains in-

house, further screening on clinical isolates will generate valuable knowledge when 

pushing these compounds forward. Once these factors are analyzed and addressed, 

mammalian studies using rat or mouse models would be an appropriate next step. 

         There is a paradox in the field of antimicrobial discovery. As antibiotic resistance 

rises, large pharmaceutical companies continue to end their research on antibiotic 

development [23,24]. It takes an estimated $1.5 billion to develop an antibiotic, while 

industry analysts predict a yearly average revenue of only $46 million for a newly 

introduced antibiotic [23]. As a result, companies such as Novartis, Sanofi, and 

AstraZeneca have ended their antibiotic development efforts and decided on investing in 

more lucrative drug targets, such as in cancer [23]. Antibiotic discovery is often described 

as a “difficult field” [23]. Not only is it highly expensive, but new genomic in vitro high-

throughput screening methods have constantly failed to yield effective and safe drugs in 

vivo [21,22]. With larger companies winding down their antibiotic research, and smaller 

companies filing for bankruptcy[23,24], much of the responsibility to address the 

antibiotic-resistance crisis has landed on the shoulders of academics like ourselves. 
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Therefore we are now tasked with the responsibility to develop new or innovative methods 

to identify new or different types of anti-infectives.  

 Due to the nature of the C. elegans whole animal screen, it is possible to identify 

not only traditional antimicrobials but also potential immunomodulatory or anti-virulent 

compounds [14,25–27]. For example, using this C. elegans-MRSA platform, the 

Mylonakis lab was able to screen over 80,000 small synthetic molecules against MRSA 

infection in C. elegans of which 168 were scored as positive hits as measured by worm 

survival [14]. Interestingly a subgroup of these compounds was able to rescue worms 

from MRSA infection yet had little to no antimicrobial effect as measured by Clinical and 

Laboratory Standards Institute (CSLI) [28] protocols (data not shown), suggesting that 

they affected host immunity or possible bacterial virulence. 

           In addition, the C. elegans whole animal screen is unique and versatile enough 

to identify lead compounds that would otherwise be excluded by traditional in vitro 

screens due to toxicity such as kinase inhibitors Bay 11-7085 and IMD0354. Both of 

these compounds inhibit NF-κB function. NF-κB activation is toxic to standard laboratory 

strain lines (which are artificially immortalized) due to their anti-cancer activity. 

Therefore, these compounds would have automatically been excluded from old in vitro 

methods of screening. However, the C. elegans in vivo assay allows us to identify these 

hits because C. elegans do not have a conserved NF-κB and thus, both Bay 11-7085 

and IMD0354 are not toxic to C. elegans. These findings are relevant because, although 

Bay 11-7085 and IMD0354 are toxic to monoculture cell lines, they are safe to use in 

vivo in various rat models [29,30].  
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         In chapter one, I stated that the focus of this thesis was to study basic innate 

immunity and antimicrobial discovery using Caenorhabditis elegans as a whole-animal 

infection model. Thus far, we have provided numerous data to validate the C. elegans-

infection model as dynamic enough to study both ends of host-microbe interactions. We 

find this platform to be an effective stepping stone between basic and translational 

research capable of advancing drug discovery and development amidst the antibiotic 

resistance crisis. 
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