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ABSTRACT Traditionally, treatments for bacterial infection have focused on killing
the microbe or preventing its growth. As antimicrobial resistance becomes more
ubiquitous, the feasibility of this approach is beginning to wane and attention has
begun to shift toward disrupting the host-pathogen interaction by improving the
host defense. Using a high-throughput, fragment-based screen to identify com-
pounds that alleviate Pseudomonas aeruginosa-mediated killing of Caenorhabditis ele-
gans, we identified over 20 compounds that stimulated host defense gene expres-
sion. Five of these molecules were selected for further characterization. Four of five
compounds showed little toxicity against mammalian cells or worms, consistent with
their identification in a phenotypic, high-content screen. Each of the compounds
activated several host defense pathways, but the pathways were generally dispensa-
ble for compound-mediated rescue in liquid killing, suggesting redundancy or that
the activation of unknown pathway(s) may be driving compound effects. A genetic
mechanism was identified for LK56, which required the Mediator subunit MDT-15/
MED15 and NHR-49/HNF4 for its function. Interestingly, LK32, LK34, LK38, and LK56
also rescued C. elegans from P. aeruginosa in an agar-based assay, which uses differ-
ent virulence factors and defense mechanisms. Rescue in an agar-based assay for
LK38 entirely depended upon the PMK-1/p38 MAPK pathway. Three compounds—
LK32, LK34, and LK56—also conferred resistance to Enterococcus faecalis, and the
two lattermost, LK34 and LK56, also reduced pathogenesis from Staphylococcus aur-
eus. This study supports a growing role for MDT-15 and NHR-49 in immune response
and identifies five molecules that have significant potential for use as tools in the
investigation of innate immunity.

IMPORTANCE Trends moving in opposite directions (increasing antimicrobial resist-
ance and declining novel antimicrobial development) have precipitated a looming
crisis: the nearly complete inability to safely and effectively treat bacterial infections.
To avert this, new approaches are needed. One idea is to stimulate host defense
pathways to improve the clearance of bacterial infection. Here, we describe five
small molecules that promote resistance to infectious bacteria by activating C. ele-
gans’ innate immune pathways. Several are effective against both Gram-positive and
Gram-negative pathogens. One of the compounds was mapped to the action of
MDT-15/MED15 and NHR-49/HNF4, a pair of transcriptional regulators more generally
associated with fatty acid metabolism, potentially highlighting a new link between
these biological functions. These studies pave the way for future characterization of
the anti-infective activity of the molecules in higher organisms and highlight the
compounds’ potential utility for further investigation of immune modulation as a
novel therapeutic approach.
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P seudomonas aeruginosa is an opportunistic human pathogen that presents a seri-
ous problem for patients with weakened immune systems, severe burns, or cystic

fibrosis (1, 2). Infection frequently occurs in hospital settings and typically involves mul-
tidrug-resistant strains that are insensitive to frontline treatments like b-lactams or
aminoglycosides. Problematically, the pathogen is inherently resistant to many classes
of antimicrobials and readily acquires new resistance mechanisms via horizontal gene
transfer. As a consequence, the number of treatments available continues to ebb.

Unfortunately, the number of pharmaceutical companies pursuing antimicrobial
agents, and hence the number of new drug applications for novel antimicrobials, has
been dwindling for decades (3). From 1980 to 1990, at least 30 new drug applications
were filed for antimicrobials, while the decade from 2000 to 2010 yielded only 7 (4).
Alternative therapies to combat the growing threat of antimicrobial resistance are
sorely needed.

One potential approach to this problem is to stimulate host immune pathways to
promote defense. A more effective defense may minimize, or even prevent, the spread
of infection in the body, limiting the damage to the host and allowing the healing pro-
cess to begin. This also has the side benefit of reducing the pressure placed on the
pathogen to evolve resistance, since the drugs target the host instead. The use of
immunostimulatory compounds is increasingly common, as well. For example,
recombinant cytokines like alpha interferon (IFN-a) and IFN-b are used to modulate
the immune response to chronic hepatitis B and hepatitis C viruses, while TLR7 ago-
nists are used in cancer immunotherapy (5–7). Promisingly, both lyophilized bacteria
and bacterial lysates have been shown to effectively prevent bacterial infection (8),
although these treatments occurred prior to exposure. Immunostimulatory compounds
may be a fertile area to search for effective alternative treatments for multidrug-resistant
pathogens.

Traditional drug discovery typically involves identification of a promising, druggable
target and then screening tens of thousands to millions of compounds to identify
those that bind with the highest affinity (9–11). Although this method can be effective,
it is beset by several shortcomings. First, the assays are often done in vitro, which does
not always accurately predict in vivo activity. Second, in vitro assays are rarely informa-
tive about toxicity or bioavailability. Third, despite significant attempts to remove
them from screening libraries, in vitro screening hits are notoriously plagued by pan-
assay interference compounds (PAINS), which are classes of small molecules (e.g., cova-
lent modifiers, chelators, etc.) that appear as false hits in a disproportionate number of
drug screens (12, 13). PAINS are often pursued in futile drug development efforts
before it becomes clear that their chemistry is unsuitable for biomedical use because
of unavoidable off-target activities (12, 13). Fourth, despite the relatively high number
of compounds used, these libraries usually still explore a relatively restricted portion of
chemical space. Finally, screening conditions very rarely recapitulate host-pathogen
interactions. This ignores the potential for either participant to metabolize the com-
pound into a toxic or ineffective metabolite and squanders the opportunity to identify
disruptors of these interactions.

New approaches have been developed to address these concerns. Phenotypic and
high-content screens, for example, have rapidly gained popularity. These methods use
cells, or even whole organisms, as a screening population. As digital storage and com-
puter analysis have become less expensive and more powerful, screening criteria have
also become more complex, including measures such as cell or organism viability, ul-
trastructural details, or even image-based phenotypes. One clear advantage of these
methodologies is that host viability can be used as a hit criterion, which rapidly elimi-
nates toxic or biologically unavailable compounds from the pool of hits.

Another advantage of these screens is that they have the potential to simultane-
ously identify compounds targeting multiple host and pathogen biochemical path-
ways. If both host and pathogen are present, immune stimulators may be identified as
well, since whole organisms can be screened for the activation of desired immune
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responses with real-time readout of fluorescence or luminescence (14, 15). There has
also been a shift in the chemical libraries used for screening from large, complex mole-
cules that very tightly interact with their targets to smaller, more nimble fragments
that will have lower affinity but are also less likely to be completely blocked by steric
inhibition if they do not have an ideal fit. This shift allows even weak, partial matches
to provide some information that can be used for lead development.

Caenorhabditis elegans represents a nearly ideal host for these screens. In addition
to its other well-known benefits as a model organism (simple genetic manipulation,
large number of progeny, short generation time, tremendous available knowledge
about host biology, and its transparent body), it combines a small size (allowing for
assay miniaturization and screening in 384-well plates) with differentiated tissues for
neurological, digestive, muscular, and reproductive function. Finally, its innate immune
system shares many features with mammals, including the p38 mitogen-activated pro-
tein kinase (MAPK), b-catenin, and FOXO pathways (16). Despite the evolutionary dis-
tance between C. elegans and humans, host-pathogen interactions are surprisingly
similar (17).

We previously carried out a high-throughput, high-content, fragment-based pheno-
typic screen for small molecules capable of extending C. elegans survival during expo-
sure to P. aeruginosa in liquid (14). In the process, ;70 novel small molecules were
identified, some of which possessed antibacterial or anti-virulence properties (14, 18,
19). However, a number of hits had no apparent effect on bacterial growth (suggesting
that they are not antimicrobials) and also did not prevent the production or the func-
tion of pyoverdine (the most important virulence determinant in the assay used for the
screen). Therefore, we hypothesized that at least some of these molecules may improve
C. elegans survival by augmenting host defense responses.

In this study, we report the identification of five molecules, here called LK32, LK34,
LK35, LK38, and LK56 stimulators of innate immunity in C. elegans. All five promoted
host survival during exposure to P. aeruginosa in liquid killing, while LK32, LK34, LK38,
and LK56 also restricted host killing in a classical slow-kill assay with P. aeruginosa.
LK32, LK34, and LK56 improved resistance to Enterococcus faecalis, and LK34 and LK56
conferred resistance to Staphylococcus aureus as well. All four assays use different viru-
lence determinants, indicating the most likely explanation is increased host immune
function. Transcriptional profiling indicated that each compound activated a variety of
host stress and innate immune effectors. A genetic mechanism was identified for the
function of LK56 in rescue against P. aeruginosa, E. faecalis, and S. aureus in liquid,
which uses MDT-15/MED15 and NHR-49/HNF4. Although both of these genes have
been implicated in defense in C. elegans, this is the first report of the two of them par-
ticipating in the same process in innate immunity. We also determined that LK38
depends on the PMK-1/p38 MAPK pathway (and its upstream members NSY-1/MAP3K
and SEK-1/MAPKK) in slow killing.

RESULTS
Identification of potential immunostimulants. For the first round of characteriza-

tion, 69 novel small molecules previously selected on the basis of their ability to
improve C. elegans survival during exposure to P. aeruginosa in liquid (14) were tested
for the ability to interfere with bacterial growth. MICs were determined for each com-
pound by growing P. aeruginosa strain PA14 in static culture in 384-well plates with se-
rial 2-fold dilutions of compounds. No worms were used in these assays. Next, effective
rescue concentrations (EC; defined as the minimum concentration that results in statis-
tically significant survival, compared to dimethyl sulfoxide [DMSO]) (15, 18) were deter-
mined for each compound using the standard P. aeruginosa liquid killing assay. Sterile
glp-4(bn2) worms were used in all liquid-based assays to limit artifacts (i.e., unlaid eggs
will hatch and cause matricide).

The ratio of MIC to EC was determined for each of the 69 compounds. We have pre-
viously used this as a simple way to identify compounds whose salubrious effects are
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primarily driven by limiting bacterial growth. For example, since antimicrobials’ mecha-
nism of rescuing C. elegans’ death is contingent on preventing bacterial growth, they
generally have MIC/EC ratios close to 1.0. Ciprofloxacin, gentamicin, and polymyxin B,
for example, are conventional antimicrobials that kill P. aeruginosa and rescue worms
in the liquid killing assay. These drugs have MIC/EC ratios that range from 0.57 to 2.7
(18). In contrast, compounds that prevent pyoverdine biosynthesis or function, such as
5-fluorocytosine, LK11, LK31a, and PQ3c, exhibit MIC/EC ratios that range from 15 to
.35 (14, 18, 19). For compounds with an MIC/EC ratio of .10, indicating a nonantimi-
crobial mechanism, the expression of 115 genes involved in C. elegans host defense
pathways was evaluated using a previously designed custom nanoString codeset (18).
Based on these data, about 20 small molecules upregulated host defense pathways.

Based on MIC/EC ratios, upregulation of C. elegans defense responses, and favorable
chemical properties, five small molecules were selected for further study: LK32, LK34,
LK35, LK38, and LK56 (the structures are shown in Fig. 1A; the results of the nanoString
assay are presented in Table S1 in the supplemental material). Analysis of these com-
pounds using Lipinski’s rules, a simple, empirically derived set of principles commonly
used to assess oral bioavailability (20), indicated that the compounds had favorable
characteristics for being absorbed through the intestinal lining (Fig. 1B). This is often
considered a desirable characteristic early in the drug development pipeline. These
compounds showed EC values for C. elegans from P. aeruginosa at low- to mid-micro-
molar concentrations (Fig. 1C). These concentrations were consistent with values nor-
mally seen for primary hits from fragment-based screening due to the smaller drug
fragments (21). Rescue in liquid killing was dose dependent, as expected, indicating
some level of specificity, with the exception of LK32 (see Fig. S1 in the supplemental
material). We also tested these strains against a P. aeruginosa isolate from a pediatric
cystic fibrosis patient, P. aeruginosa PA2-61, that we previously characterized (22).
LK34, LK38, and LK56 demonstrated dose-dependent rescue in this strain as well
(Fig. 1D).

LK immunostimulants provide resistance to multiple bacterial pathogens.
Since the compounds did not to appear to modulate pathogen growth or disrupt pro-
duction of pyoverdine (a siderophore made by P. aeruginosa that is a key virulence fac-
tor in the liquid killing assay) (14, 18, 23) but were able to activate host defense mecha-
nisms, the most parsimonious explanation was that they were promoting innate
immunity. Therefore, the ability of the compounds to ameliorate other infections was
tested.

Enterococcus faecalis and Staphylococcus aureus are Gram-positive bacterial species
frequently responsible for nosocomial infections (24, 25). These bacterial species read-
ily infect C. elegans and liquid-based pathogenesis models have been developed for
each (26–28). Sterile, young adult glp-4(bn2) worms were incubated with either E. fae-
calis or S. aureus and various concentrations of the five compounds. Three of the com-
pounds, LK32, LK34, and LK56, showed EC values for E. faecalis (8, 18.7, and 10.7mM;
Fig. 2A) comparable to values for P. aeruginosa (32, 9.3, and 7.3mM; Fig. 1C) and rescue
was dose dependent (Fig. 2B). LK34 and LK56 conferred protection against S. aureus as
well but required significantly higher concentrations for rescue than for the other
pathogens (42.7 and 56mM, respectively; Fig. 2C). Importantly, P. aeruginosa, E. faecalis,
and S. aureus use very different mechanisms to kill C. elegans (pyoverdine-mediated
mitochondrial damage, gelatinase-mediated damage to the colonized intestine, and
multi-toxin-mediated intestinal effacement and damage, respectively) (29–33). The
ability of these compounds to rescue against multiple pathogens that utilize a diverse
set of virulence factors and mechanisms of pathogenesis further supports the idea that
at least a portion of these compounds’ activity is mediated by stimulating innate
immunity.

The activity of LK molecules is not mediated by conventional stress response
pathways. The literature linking stress, innate immunity, and aging in C. elegans has
long supported a simple model that stress resistance and innate immunity are linked
and that the two are inversely correlated with age (34, 35). Although recent, more
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detailed findings have suggested that it is not quite this simple (36), a strong correla-
tion between stress and pathogen resistance remains. Indeed, it has been clearly dem-
onstrated that stress-inducing compounds can promote pathogen resistance, albeit
with some adverse effects on the host. For example, the small synthetic molecule
RPW-24 protects C. elegans from P. aeruginosa by activating members of the PMK-1/
p38 MAPK pathway, but long-term exposure to the concentration required for rescue
shortens life span (16).

To test the long-term toxicity of the hit compounds, life span assays were carried
out by placing sterile, young adult glp-4(bn2) worms on NGM (standard nematode
growth media, defined in Materials and Methods) seeded with Escherichia coli OP50.
LK32, LK34, LK35, LK38, LK56, or DMSO at 50mM was added to the media during

FIG 1 LK molecules rescue C. elegans from P. aeruginosa in liquid killing. (A) Structures for the five LK
molecules—LK32, LK34, LK35, LK38, and LK56—are shown. (B) Lipinski values for the five LK molecules,
showing their molecular mass, predicted octanol-water partition coefficient, polar surface area, number of
hydrogen donors and acceptors, and the number of rotatable bonds. (C) Minimum effective concentrations (EC)
and 95% confidence interval, MICs (defined as the minimum concentration to prevent grown in LB media), and
their ratio (MIC/EC). The minimum effective concentration was calculated from the lowest concentration that
retained statistically significant rescue of glp-4(bn2) C. elegans, a temperature-sensitive sterile strain, from
exposure to P. aeruginosa PA14. (D) Young adult glp-4(bn2) worms were exposed to P. aeruginosa isolate PA2-
61 in the liquid killing assay in the presence of LK34, LK38, or LK56. Compounds were added in serial 2-fold
dilutions from 50mM to 12.5mM. *, P , 0.05; **, P , 0.01; ***, P , 0.001. P values were calculated using
Student’s t test. At least six wells containing 20 worms each per condition per replicate were used for
determination of liquid killing. EC values were calculated based on at least three biological replicates. Error
bars represent the standard error of the mean.
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pouring. Sterile worms were used to eliminate the need to transfer worms between
plates during life span assays, and we elected to use glp-4(bn2) to induce sterility
instead of using wild-type worms sterilized with 5-fluoro-29-deoxyuridine (FUDR) because
the interaction of the compounds could generate artifacts during the long course of life
span experiments. Of the compounds tested, only LK56 exhibited a slight decrease in life
span, and that effect appeared only as the worms reached the end of their life span
(Fig. 3A; see Table S2 in the supplemental material for TD50 [time to 50% death] and P val-
ues for individual compounds).

We also tested compound toxicity in RWPE-1 cells, a well-established, noncancer-
ous, immortalized prostate epithelial cell line available in the lab. Cells were seeded in
96-well plates and allowed to attach before media containing various concentrations
of one of the compounds (or DMSO as a control) were added. Viability was measured
after 24 h later using a standard MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tet-
razolium bromide] assay. Cell death greater than 30% was considered evidence of

FIG 2 A subset of LK molecules rescue against E. faecalis and S. aureus. (A) Effective rescue
concentrations and 95% confidence intervals of LK32, LK34, LK35, LK38, and LK56, as determined by
liquid-based infection assays using E. faecalis or S. aureus. Compounds were serially diluted 2-fold,
and young adult glp-4(bn2) worms were incubated with the pathogen for 80 h (E. faecalis) or 96 h (S.
aureus). The concentrations shown are based on the mean value for at least three replicates. (B and
C) Percentages of dead C. elegans after exposure to E. faecalis (B) or S. aureus (C). A representative
biological replicate is shown. Each condition included at least six wells per replicate, each well
contained approximately 20 worms. Three biological replicates were performed. *, P , 0.05; **, P ,
0.01; ***, P , 0.001. P values were calculated using Student’s t test. Error bars represent the standard
error of the mean.
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toxicity (Fig. 3B). In general, human cells showed greater sensitivity to the compounds
than C. elegans. This was expected, since the cuticle of C. elegans tends to increase re-
sistance to many substances compared to mammalian cells. However, even the lowest
concentration of LK32 was poorly tolerated by the cells. This is consistent with publicly
available data in the PubChem database indicating that LK32 was toxic to two human
acute lymphoblastic leukemia cell lines (CCRF-CEM and MOLT-4) at concentrations that
were close to the measured EC in liquid killing (37).

Although the limited impact of the hits on C. elegans life span suggested that they
are mediating their effect through immune stimulation and not by weak toxicity, it
remained possible that the compounds were causing subacute levels of specific stress
responses that could promote surveillance pathways that also promote pathogen re-
sistance. For this reason, we tested whether LK35, LK38, or LK56 activate a panel of
known stress response pathways in the absence of pathogens. LK34 was left out of the
following experiments since very little compound remained and it was no longer com-
mercially available. The remaining compound was used for transcriptome profiling
(below).

Previous work from our lab has established that the ESRE network plays an impor-
tant role in the resistance of C. elegans to pyoverdine, the main virulence determinant
in liquid killing, and recent evidence has shown that ESRE activation depends on
increased reactive oxygen species (ROS) (23, 38, 39). To evaluate ESRE activation,

FIG 3 LK molecules exhibit low toxicity in C. elegans and mammalian cells. (A) For each compound,
;60 glp-4(bn2) worms were plated onto each of three NGM plates supplemented with LK32, LK34,
LK35, LK38, LK56, or DMSO (50mM). Worms were scored daily by prodding. Only LK56 showed a
statistically significant decrease in life span (P , 0.05). Data from a representative biological replicate
(one of three total performed) are shown as a Kaplan-Meier plot. (B) 1.5� 104 RWPE-1 immortalized
prostate cells were seeded into each well of a 96-well plate. After 24 h, the medium was replaced
with serum-free medium containing LK32, LK34, LK35, LK38, LK56, or DMSO at 10, 50, or 100mM. Cell
viability was determined 24 h later by conventional MTT assays. The viability was normalized to a
DMSO solvent control. Six wells were used per condition, and an average of three biological
replicates is shown. The P value was calculated using either a log-rank test (A; see Table S2 in the
supplemental material) or Student’s t test (B). *, P , 0.05; **, P , 0.01; ***, P , 0.001. Error bars
represent standard error of the mean.
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worms carrying an hsp-16.1p::GFP reporter (which contains two ESRE motifs and was
previously used as an indicator of ESRE activation [39–41]), were exposed to 50 or
100mM LK35, LK38, LK56, juglone (positive control [38, 42]), or DMSO. Only treatment
with LK56 at 100mM resulted in weak activation of ESRE (see Fig. S2A in the supple-
mental material). ROS level was assessed based on the fluorescence of dihydroethi-
dium (DHE; a ROS-specific dye) using a COPAS FlowSort for flow vermimetry. Although
the positive control (rotenone) showed a significant increase in staining, none of the
other compounds exhibited any sign of increased ROS (see Fig. S2B).

In a similar approach, we tested for UPRER stress using a GFP transcriptional reporter
for hsp-4, the C. elegans homolog of BiP (see Fig. S2C) and proteasomal stress using an
rpt-3p::GFP reporter (see Fig. S2D). None of the compounds activated these pathways
at either concentration. In each case, positive controls confirmed that the reporters
were working correctly. These data suggest that the activity of these compounds was
unlikely to be triggered by nonspecific stresses.

Transcriptional analysis of LK immunostimulants indicates shared activities. To
gain additional insight into the effect of LK molecules on C. elegans, young-adult, wild-
type worms were treated with each drug at 100mM for 8 h in the absence of pathogen.
RNA was collected, and transcriptome profiling was performed. Gene ontology analysis
of upregulated genes identified innate immune responses and lipid storage as statisti-
cally significant categories among upregulated and downregulated genes, respectively
(see Table S3 in the supplemental material for the list of up- and downregulated genes
and Table S4 for Gene Ontology enrichment). Interestingly, alterations in lipid metabo-
lism have been increasingly linked to pathogen response recently (43–45).

We examined differentially expressed genes to see whether expression changes
matched known effectors for well-characterized innate immune pathways (46–51).
Each of the molecules shared significant expression patterns with several of the path-
ways examined (Table 1), indicating (but not proving) that these pathways may be
activated.

To test activation of these pathways, worms carrying GFP-based reporters for the
SKN-1/Nrf, PMK-1/p38 MAPK, and DAF-16/FOXO pathways (gst-4p::GFP, irg-5p::GFP,
and DAF-16::GFP, respectively) were exposed to each compound in S Basal medium in
the absence of the pathogen. LK32 and LK34 induced gst-4p::GFP in an SKN-1-depend-
ent manner, suggesting bona fide activation of the SKN-1/Nrf pathway (Fig. 4A). LK38
and LK56 each triggered a modest increase in irg-5p::GFP fluorescence, indicating that
they activate the PMK-1/p38 MAPK pathway. Notably, LK38 was able to activate the
pathway at concentrations close to the EC, while LK56 only exhibited PMK-1/p38
MAPK activation at higher concentrations (Fig. 4B). The DAF-16::GFP reporter partially
translocates from the cytoplasm to the nucleus due to immersion of the worms (see
DMSO control), but none of the LK compounds increased this shift (see Fig. S3 in the
supplemental material).

Although data on the significance of overlaps between differentially regulated
genes (as shown in Table 1) can sometimes provide direction for further investigation,
merely comparing lists is often not very informative. Therefore, we also considered the
magnitude of the differences in expression. Differentially expressed genes were

TABLE 1 Statistically significant immune pathways

Molecule

Regulatory control

DAF-16 dependent PMK-1 dependent SKN-1 dependent ELT-2 targets
LK32 2.24E–04 1.13E–12 1.60E–12 2.28E224
LK34 4.63E–18 4.48E–17 9.61E–17 1.49E–12
LK35 5.95E–12 1.08E–11 1.10E–05 1.59E–07
LK38 4.69E–19 2.23E222 1.23E214 7.27E217
LK56 1.18E–09 6.25E–08 3.38E218 9.29E218
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clustered based on the degree of change after treatment with one of the five immu-
nostimulants or with a panel of compounds known to affect C. elegans, including
hygromycin (a translational inhibitor causing proteotoxic stress), RPW-24 (a synthetic
small molecule that activates members of the PMK-1/p38 MAPK pathway), and phe-
nanthroline (a metal chelator that mimics pyoverdine exposure and activates mito-
chondrial surveillance) (15, 30, 39, 52). Interestingly, LK34, LK35, and LK38 clustered to-
gether and showed similar gene expression profiles, as reflected by the clustograms
and numbers of shared genes and gene categories (Fig. 5A, B, and D). The most
obvious explanation for this is that the molecules have a shared chemical structure.
We used an implementation of the FP2 algorithm (based on linear segments of the
small molecule that include up to seven atoms) in the OpenBabel software package
(http://openbabel.org) to evaluate the compounds’ Tanimoto coefficients. These values
represent a statistical measure of the chemicals’ similarity. However, the highest pair-
wise Tanimoto coefficient was only 0.37 (Fig. 5C). This is lower than the most common
cutoffs considered to indicate a close structural relationship between the molecules
(0.55) or that they share an activity and a target (0.85) (53). However, the transcriptional
overlap suggests that the compounds are likely to activate the same pathways.

Disrupting a single genetic pathway generally did not compromise the rescuing
activity of most LK drugs. Based on the presence of effectors for well-known innate
immune pathways in the transcriptional profiles of C. elegans exposed to LK molecules,
we predicted that the compounds were acting through one or more of these path-
ways, despite the low levels of reporter activation. To test this, RNAi was used to knock
down daf-16/FOXO, elt-2/GATA, pmk-1/p38 MAPK, atf-7/ATF7, or skn-1/Nrf2. Sterile,
young adult glp-4(bn2) worms were then exposed to P. aeruginosa under liquid killing

FIG 4 A subset of LK molecules activates reporters for the SKN-1/Nrf2 or PMK-1/p38 MAPK pathways.
(A) Worms carrying the gst-4p::GFP reporters for SKN-1/Nrf transcriptional activation were reared on
vector or skn-1(RNAi) and then exposed to LK32, LK34, LK35, LK38, LK56, or juglone (as a positive
control) at 100mM in 1% DMSO. Also present are DMSO and ethanol negative controls for LK
compounds and juglone, respectively. The fluorescence intensity was normalized to that of DMSO. (B)
Worms carrying an irg-5p::GFP reporter for PMK-1/p38 MAPK activity were incubated at 25, 50, or
100mM in 1% DMSO. Positive and negative controls consisted of 100mM RPW-24 in 1% DMSO and
1% DMSO alone. Fluorescence was measured at 24 h. For both panels, ;50 worms were used per
well, and at least three wells were used per condition for each biological replicate. Mean values from
at least three biological replicates are shown. *, P , 0.05; **, P , 0.01; ***, P , 0.001 compared to
the solvent control. P values were calculated using Student’s t test. Error bars represent the standard
error of the mean.
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conditions in the presence of either DMSO or one of the immunostimulatory com-
pounds. Surprisingly, none of the RNA interference (RNAi) conditions tested completely
eliminated the ability of the LK compounds to rescue C. elegans (Fig. 6).

It is worth noting that depletion of several of these transcripts via RNAi is known to
alter the timing of P. aeruginosa-mediated liquid killing. For example, daf-16/FOXO
(RNAi) compromises survival in liquid media, even in the absence of P. aeruginosa, as
DAF-16 provides some resistance to the stress of immersion. This is consistent with our
observations that worms incubated in liquid exhibit increased levels of constitutive nu-
clear translocation of DAF-16/FOXO (30). Consequently, targeting daf-16/FOXO with
RNAi nonspecifically shortens worm survival in liquid killing.

As an alternative approach, we developed a panel of phosphatases, kinases, tran-
scription factors, and the three genes most upregulated by LK34, LK35, and LK38. RNAi

FIG 5 LK34, LK35 and LK38 share common pathways responsible for defense response. (A) Heat map of upregulated and
downregulated genes after normalization to average fold change across all conditions. (B) Venn diagram of genes upregulated by
LK34, LK35, or LK38. (C) Pairwise compound Tanimoto coefficients calculated using OpenBabel (see Materials and Methods). (D) Gene
Ontology terms for upregulated and downregulated genes from the LK34, LK35, and LK38 common set.
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was used to target each of these genes and then worms were exposed to P. aerugi-
nosa in liquid killing conditions in the presence of DMSO, LK34, LK35, or LK38. As
with the previous assays, rescue was unchanged (see Fig. S4A in the supplemental
material).

FIG 6 Rescue in liquid killing does not depend upon single canonical innate immune pathway. (A to
E) Liquid killing of glp-4(bn2) worms reared on RNAi-targeting skn-1/Nrf2, atf-7/ATF5, daf-16/FOXO, pmk-
1/p38 MAPK, elt-2/GATA, or vector RNAi were treated with DMSO or DMSO containing LK32 (A), LK34
(B), LK35 (C), LK38 (D), or LK56 (E). RNAi conditions measured at different time points are represented
by different graphs within the same panel. The concentration was either 32mM (LK38 and LK56) or
64mM (LK32, LK34, and LK35), depending on which most consistently rescued. At least six wells,
containing 20 worms each, were used per biological replicate to determine survival for each condition,
and averages from at least three biological replicates are shown. *, P , 0.05; **, P , 0.01; ***, P ,
0.001. P values were calculated using Student’s t test. Error bars represent standard error of the mean.
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LK56 requires MDT-15/MED15 and NHR-49/HNF4 for activity. Due to its strong
rescue and unique transcriptional profile, we also created a panel of genes to test for
LK56. We used WormEXP to identify candidate genes whose disruption resulted in pat-
terns of differential gene expression that matched worms treated with LK56. Of the
nine genes initially tested (mdt-15/MED15, met-2/SETDB, osm-8, rde-4/TARBP2, oga-1/
OGA, daf-2/IGFR, lin-35/Rb, glp-1/NOTCH, dpy-9/COL6, and dpy-10/COL6), only mdt-15/
MED15 disruption was able to completely abolish LK56-dependent rescue (Fig. 7A; see
Fig. S4B in the supplemental material). This effect was specific, since mdt-15(RNAi) had
no effect on the ability of LK35 or LK38 to rescue in this assay (Fig. 7B). Importantly,
MDT-15 was also required for LK56-mediated rescue in E. faecalis and S. aureus patho-
genesis assays (Fig. 7C).

MDT-15/MED15 is a subunit of the Mediator complex, which is required for gene
transcription in all eukaryotes. Unlike other subunits of the complex, MDT-15 specifi-
cally regulates a subset of genes. It is best known for its role in regulating fatty acid
biosynthesis (54), but it also has been shown to play roles in the response to fasting,
heavy metal detoxification, and xenobiotic metabolism and in maintaining mitochon-
drial homeostasis (55–57).

MDT-15 partners with at least two different nuclear hormone receptors, NHR-45
and NHR-49, to regulate gene expression. Therefore, we also tested whether RNAi

FIG 7 Rescue from pathogens by LK56 requires MDT-125/Med15. (A and B) Young adult glp-4(bn2)
worms reared on vector or mdt-15(RNAi) were incubated with P. aeruginosa strain PA14 in the liquid
killing assay with or without LK56 at 32mM. (B) Young adult glp-4(bn2) worms reared on vector or
mdt-15(RNAi) were exposed to P. aeruginosa PA14 in the liquid killing assay in the presence of LK35,
LK38, or DMSO. (C) Young adult glp-4(bn2) worms reared on vector or mdt-15(RNAi) and then
exposed to E. faecalis or S. aureus in liquid-based assays in the presence or absence of LK56 at
32mM. (D) Young adult glp-4(bn2) worms reared on vector, nhr-49(RNAi), or nhr-45(RNAi) were
incubated with P. aeruginosa PA14 in the liquid killing assay with or without LK56 at 32mM. Each
replicate included at least six wells, with approximately 20 worms per well. The data shown are mean
values from a representative replicate. *, P , 0.05; **, P , 0.01; ***, P , 0.001. P values were calculated
using Student’s t test. Error bars represent the standard error of the mean. At least three biological
replicates were performed.
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targeting these genes would affect LK56-mediated rescue. nhr-49(RNAi), but not nhr-45
(RNAi), abolished compound rescue, suggesting that NHR-49/HNF4, like MDT-15/
MED15, is required for LK56 activity (Fig. 7D).

Interestingly, MDT-15/MED15 and NHR-49/HNF4 have been independently linked
with innate immune defense in C. elegans (58–60), but this is the first time that they
have been linked to the same process. An interesting possibility is that fatty acid me-
tabolism, a function commonly associated with both genes (61, 62), underlies LK56 res-
cue. We would predict that this is independent of the ability of NHR-49 and MDT-15 to
activate fatty acid metabolism in response to oxidative stress, however, since several
pieces of data suggest that oxidative stress is not particularly prominent during LK56
exposure. First, DHE staining was not increased, suggesting that superoxide and perox-
ide production were not dramatically increased. Furthermore, a gst-4p::GFP reporter
was not activated by the compound and our data indicate that SKN-1 is dispensable
for LK56-mediated rescue. The possibility that LK56 may tie fatty acid metabolism to
innate immunity is tantalizing, but needs further investigation.

LK38 requires PMK-1/p38 MAPK to protect worms from slow killing. The finding
that each of the compounds activated PMK-1/p38 MAPK targets was of interest, as this
pathway is associated with enhanced immunity against multiple bacterial pathogens
in agar-based C. elegans assays. Therefore, we tested whether these compounds could
promote survival in an agar-based, high-colonization pathogenesis model known as
slow killing. Loss of PMK-1 activity substantially compromises survival in the slow-kill-
ing assay (16, 47). Wild-type, young adult worms were exposed to P. aeruginosa strain
PA14 on agar plates impregnated with each of the five compounds. Four of the five
compounds (LK32, LK34, LK38, and LK56) improved survival (Fig. 8; see also Table S2 in
the supplemental material for the TD50 and overall statistical significance). To see
whether this depended upon the PMK-1 pathway, LK32, LK38, and LK56 were retested
in worms where RNAi was used to knock down pmk-1/MAPK or atf-7/ATF7 (a key tran-
scription factor whose activity is modulated by PMK-1 [63, 64]) (Fig. 9; see Table S2 in
the supplemental material for TD50 and overall statistical significance). As with liquid
killing, LK32 and LK56 retained at least partial ability to rescue in spite of disruption of
the PMK-1 MAPK pathway via RNAi.

In contrast, LK38 was completely dependent upon the PMK-1/MAPK pathways. This
was further confirmed using loss-of-function mutations of nsy-1/MAP3K(ag3) and sek-1/
MAP2(km4), two MAPK pathway members that are upstream of PMK-1/p38 MAPK (65)
(see Fig. S5 in the supplemental material for survival curves and Table S2 for TD50 and
overall statistical significance). These results suggest that the target of LK38 is
upstream or parallel to NSY-1/MAP3K.

DISCUSSION
Phenotype-based, host-pathogen screens facilitate the identification of

immunostimulatory compounds. Known innate immune stimulators generally fall
into two groups. The first is naturally occurring substances like vaccine adjuvants and
agonists of pattern receptors of the innate immune system (TLRs, NLRs, etc.). The sec-
ond, much smaller, group is composed of synthetic small molecule stimulants like
pidotimod, a compound that induces dendritic cell maturation and stimulates the
release of proinflammatory cytokines, polarizing CD41 T cells toward a Th1 cell fate
(66). Identification of the latter group of compounds is difficult using conventional drug
screening methods. However, whole organism phenotypic screening, an approach pio-
neered by the Ausubel lab using C. elegans and medically relevant bacteria (67, 68), has
tremendous promise for identifying these types of compounds.

Using a well-developed C. elegans-P. aeruginosa pathosystem, we have previously
carried out a moderately sized, phenotype-based screen of several fragment-based
small molecule libraries. Hits from this screen appeared to fall into several broad cate-
gories, including conventional antimicrobials (i.e., those that prevent bacterial growth)
(14, 69), drugs that interfere with bacterial factors required for virulence (e.g., by pre-
venting the production or function of pyoverdine) (18, 19), and those that appear to
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stimulate host immunity. Here, we characterized five molecules—LK32, LK34, LK35,
LK38, and LK56—that fall into this last category.

Several lines of evidence supported this claim, including their ability to mediate res-
cue against multiple pathogens or against P. aeruginosa in pathogenesis assays with
very different, nonoverlapping virulence determinants. The observations that the LK
compounds also generally activated multiple innate immune pathways and had high
MIC/EC ratios also indicated that at least part of their effects arise from immunostimu-
latory activities.

Identification of compound targets from phenotype-based assays is a complex
task. Despite considerable effort, we were only able to conclusively identify the
genetic mechanism for LK56 in liquid killing and for LK38 in slow killing. An analogy
can be made between target-based and phenotype-based drug screens and reverse
and forward genetic screens. While target-based screens and reverse genetics have the
advantage of starting with a known target, phenotype-based and forward genetic
screens provide the ability to identify hits that have previously unknown roles in the bi-
ological process of interest, but at the cost of having targets that are more difficult to
identify. In the case of drug screens, this allows all of the hosts’ immune factors to be
screened simultaneously. Considering the interplay of the innate immune system (and,
in more complex eukaryotes, adaptive immunity as well), it should not be surprising
that the compounds discovered this way may have pleiotropic effects.

FIG 8 Four LK molecules extend C. elegans life span in the slow-killing assay. Slow-kill assays were
performed with young adult, wild-type C. elegans using SK media plates containing LK32 (A), LK34 (B),
LK35 (C), LK38 (D), or LK56 (E) or RPW-24 (as a positive control) at 50mM. The data shown are from a
representative replicate. Each of the three biological replicates was comprised of three plates per
condition, with each plate containing ;60 worms. Statistical significance was calculated using a log-
rank test. Worms that left the surface of the plate were excluded from analysis (see Table S2 in the
supplemental material for TD50 and exact P values). For DMSO versus compound, P , 0.05 for LK32
and LK34, P , 0.01 for LK56, P , 0.001 for LK38 and RPW-24, and P . 0.05 (not significant) for LK35.
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While attempting to identify potential defense pathways being activated by these
immunostimulants, we noted that genes regulated by SKN-1/Nrf, PMK-1/p38 MAPK,
and DAF-16/FOXO were statistically overrepresented in the transcriptional profile of
each of the compounds. Despite this, transcriptional reporters for these transcription
factors (gst-4p::GFP, irg-5p::GFP, and DAF-16::GFP) were generally activated weakly, if at
all. It is difficult to unambiguously explain this discrepancy, but three important possi-
bilities cannot be ruled out.

First, statistical analyses analyze groups of genes, while reporters are typically a sin-
gle target. Transcription factors rarely operate in a vacuum, and it is common for genes
to be under the simultaneous control of more than one such regulator, meaning that
several may be required for gene expression. For the same reason, it is common for
transcription factors to have subsets of targets, all of which may not be activated by a

FIG 9 Rescue in slow killing by a subset of LK compounds depends upon the PMK-1/p38 MAPK
pathway. Wild-type L4 worms were reared on RNAi targeting pmk-1/p38 MAPK, atf-7/ATF-7, or empty
vector and placed onto slow-killing plates containing DMSO or LK32 (A and B), LK38 (C and D), or
LK56 (E and F) at 50mM. Starting at 24 h, worms were scored every 12 h for survival until all worms
perished. Each of the three biological replicates was comprised of three plates, each plate contained
approximately 50 to 70 worms. Statistical significance was calculated using log-rank test (see Table S2
in the supplemental material for TD50 and exact P values). For vector RNAi, DMSO versus compound,
P , 0.001 for LK38, LK56, and LK32. For pmk-1/p38 MAPK(RNAi), DMSO versus compound, P , 0.01
for LK32, P , 0.05 for LK56, and P . 0.05 (not significant) for LK38. For atf-7/ATF-7(RNAi), DMSO
versus compound, P , 0.001 for LK32, P , 0.01 for LK56, and P . 0.05 (not significant) for LK38.
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single stimulus. Consequently, a statistical analysis may identify pathway activation
that a reporter test might miss.

It is also worth noting that activation of any of these pathways may be irrelevant (or
even counterproductive) to compound-mediated rescue. An extreme example of this
is the statistical overrepresentation of PMK-1 targets in the transcriptional profiles of all
five compounds. Two of the compounds, LK38 and LK56, even activate irg-5p::GFP, a
bona fide PMK-1 reporter (70). Although this is helpful in some infection contexts (e.g.,
P. aeruginosa infection on solid media), PMK-1/MAPK activity is actually deleterious for
survival in liquid killing, as we have previously established (30). In this particular case,
the likeliest explanation is that the beneficial outcomes from compound exposure out-
weigh the negative effects of activating the PMK-1/MAPK pathway. This contrasts
directly with the agar-based slow-killing assay, where LK38-mediated improvement
requires this pathway.

Counterintuitively, capturing the messy interplay among biochemical pathways is
an advantage, rather than a drawback, of whole organism screening. Medical treat-
ment takes place in a similarly complex milieu, and capturing this complexity early in
the process, while sometimes confusing, can also limit investment in hits that perform
well in simpler assays but fail in more realistic tests. Although survival is useful as an
assay readout in many respects, its binary state can limit its usefulness. Ultimately, the
development of more nuanced assay outputs will substantially improve the utility of
phenotype-based assays.

LK immunostimulants likely have other functions. Although it seems likely that
LK32, LK34, LK35, LK38, and LK56 have immunostimulatory activities, it seems clear
that they have other activity as well. For example, LK32 showed substantial toxicity
against mammalian cells, a finding that has also been reported previously (37). CCRF-
CEM and MOLT-4 cell lines, both of which are derived from patients with acute lym-
phoblastic leukemia, exhibited an LD50 of ;40mM, which is consistent with what we
observed for RWPE-1 prostate cells. In C. elegans, LK32 activated the PMK-1/p38 MAPK,
SKN-1/Nrf, and ELT-2/GATA immune pathways, but in the absence of more informa-
tion, it is difficult to understand why activation of any of these pathways would be
toxic. The likeliest explanation is that LK32 has broad-spectrum toxicity and that this
activates detoxification functions in C. elegans; it may be also be toxic to bacteria.

LK34 also showed some toxicity in mammalian cells, although C. elegans appeared
to be unaffected. LK34 is a member of the 1,3-benzoxathiol-2-one class of compounds,
which have been linked to a variety of functions, including antibacterial, antimycotic,
antioxidant, antitumor, and anti-inflammatory activities (71–74), and is related to the
anti-acne medicine tioxolone. This outcome is also consistent with other reports of
LK34 being a potent inhibitor of the GroEL and GroES families of bacterial chaperones
(75, 76). Intriguingly, LK34 may also retain some activity against mitochondrial chaper-
ones, which may explain its ability to activate stress response and innate immune path-
ways in C. elegans. While screening this family of compounds, Johnson and colleagues
noted that related compounds were more effective against Gram-positive pathogens
(particularly S. aureus) than Gram-negative pathogens, which we also observed in com-
paring its effect on S. aureus and E. faecalis versus P. aeruginosa. Likely its effect in our
assay was a combination of modifying bacterial growth (which would reduce pathoge-
nesis) and stimulation of stress and innate immune function, probably through its
effect on mitochondria.

Despite their relatively low Tanimoto coefficient (0.371), LK35 and LK38 are appa-
rently related compounds, each sharing an N,N-dialkylated phenyl triazene substruc-
ture (see Fig. S6 in the supplemental material). This is a subgroup of a larger class, the
N,N-dialkylated triazenes, which are well known for their antitumor effects. This
appears to be mediated through host compound metabolism, which results in the
transfer of a methyl group to the O6 position of guanine (O6MeG), which disrupts nor-
mal base pairing and introduces G:C to A:T transitions (77). This effect has been best
studied for the clinically relevant compound dacarbazine, which is used for treatment
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of recurrent melanoma (78). Efforts to improve the chemistry of dacarbazine led to the
synthesis of 1-p-carboxy-3,3-dimethylphenyltriazene, also known as CB10-277. This
compound shared the activity of dacarbazine and showed promising results in early
testing (78). Interestingly, CB10-277 is nearly identical to LK35, with the sole difference
being that the triazine in LK35 is diethylated instead of dimethylated.

It is worth noting that LK35 and LK38 were not the only phenyl triazenes isolated
from our initial screen. LK36, LK37, and LK39, which were eliminated from further study
because of their potential for antimicrobial effects against P. aeruginosa (MIC, 25mg/
ml), also share the phenyl triazene core (see Fig. S6 in the supplemental material). Each
of these compounds have different alkyl groups on the triazene moiety and various
substituents on the phenyl ring. Based on the similarity of the scaffold and the relative
similarity of their transcriptional responses, we predict that LK35 and LK38 (and prob-
ably the other three phenyl triazenes identified as well) are causing DNA damage, par-
ticularly by methylating guanine residues. Although P. aeruginosa (ogt and ada) and C.
elegans (agt-1 and agt-2) (79) are able to repair O6MeG, the enzymatic activity in both
organisms appears to require direct transfer of the methyl group from guanine to the
enzyme, meaning that this process could be saturated in the presence of sufficient
damage. DNA damage (especially to the germ line) has been shown to activate host
defenses (80). Likely the ability of phenyl triazenes to rescue in liquid killing is driven
by a combination of their weak antibacterial activity and immunostimulatory activity in
the host.

LK56, the final compound analyzed in this study, is a member of a diverse class of
bioactive compounds known as thiazolopyrimidines. Compounds in this group are
known to have a variety of activities, including anti-inflammatory, anticancer, analgesic,
and neuroleptic activity (for example, ritanserine and setoperone are known serotonin
antagonists) (81, 82). Given this wide variety of chemical functions, it will be interesting
to see whether LK56 is a direct ligand for NHR-49/HNF4 or whether it prompts the pro-
duction of a ligand derived from the host or the pathogen.

Conclusion. Despite the difficulties inherent in identifying biomolecular mecha-
nisms for compounds identified from whole organism phenotypic screens, the advan-
tages of this technique are also clear. Pipelines of antimicrobials that are “easy” to dis-
cover have begun to run worryingly dry, and it is becoming more imperative than ever
to find new drugs, preferably in new ways. We are cautiously optimistic that immuno-
stimulants will eventually become a valuable addition to the clinician’s toolset. The five
compounds described here show some promising signs of having potential use for this
purpose, including dose-dependent responses. Two of the compounds also have some
protective effect against a broad range of bacterial pathogens (including both Gram-
positive and Gram-negative organisms), and they exhibit strong probability of oral bio-
availability, which is an important starting characteristic for drug development efforts.
They will also serve as useful tools to aid in understanding host-pathogen interactions
and the nature of the C. elegans immune system.

MATERIALS ANDMETHODS
Compounds. LK32 (PubChem CID 5368832) was purchased from Maybridge Ltd.; LK34 (PubChem

CID 629830) and LK35 (PubChem CID 3112778) were purchased from Vitas-M Laboratory; LK38
(PubChem CID 826309) was purchased from Asinex, Ltd.; and LK56 (PubChem CID 2492524) was pur-
chased from Enamine, Ltd. All compounds were purchased through the MolPort chemical marketplace.

C. elegans and bacterial strains. All C. elegans strains were maintained on nematode growth media
(NGM) plates seeded with E. coli OP50 (83). Eggs were harvested from gravid adults by hypochlorite iso-
lation and allowed to hatch overnight in S Basal. Worms were maintained at 15°C. The following C. ele-
gans strains were used in this study: glp-4(bn2) (84), N2 Bristol (wild-type) (83), nsy-1(ag3) (65), sek-1
(km4) (65), TJ356 zIs356 [Pdaf-16::daf-16a/b-gfp; rol-6(su1006)], AY101 acIs101[pDB09.1(pF35E12.5::GFP);
pRF4(rol-6(su1006))] (70), CL2166 dvIs19[pAF15(gst-4p::GFP::NLS)] (85), NVK93 pJY323(Phsp-16.1::GFP);
pRF4, SJ4005 zcIs4 [hsp-4::GFP] V (86), GR2183 mgIs72 [rpt-3p::GFP1 dpy-5(1)] II (87).

For infection assays, P. aeruginosa strain PA14 (88, 89), methicillin-resistant S. aureus strain MRSA131
(90), and E. faecalis strain OG1RF (29) were used. Bacteria were routinely grown in liquid media, com-
prised of Luria-Bertani (LB) medium for P. aeruginosa, tryptic soy broth (TSB) for S. aureus, or brain heart
infusion broth (BHI) for E. faecalis.

MIC assays to determine the concentration of the compound necessary to prevent bacterial growth
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were performed in 384-well plates containing the media inoculated with the bacterial strains of interest
and the compounds of interest, which had been serially diluted 2-fold. Plates were allowed to grow for
24 h at 37°C without shaking. Growth was scored visually on the basis of turbidity. At least three biologi-
cal replicates were performed.

P. aeruginosa liquid killing assay. Liquid killing of C. elegans was performed as previously described
with some changes (91). In brief, an overnight culture of LB medium was inoculated with a single colony
of Pseudomonas aeruginosa strain PA14. Then, 400 ml of culture was spread onto a 10-cm slow-kill agar
plate (91) and grown for 24 h at 37°C, followed by 24 h at 25°C. Bacteria were scraped from the plate,
resuspended in S Basal medium, and added to 384-well plates with small molecules dissolved in DMSO.
Solution in wells contained a final concentration of 40% SK media, 59% S Basal medium, 1% DMSO, and
small molecules. For all liquid-based killing assays, solvent control wells contained 1% DMSO. MgSO4

and CaCl2 (300mM) and cholesterol (1.6mg/ml) were added to aid in production of virulence factors.
Worms were sorted into 384-well plates using a COPAS FlowSort (Union Biometrica, Holliston, MA), incu-
bated at 25°C until the DMSO control was roughly 35 to 55% dead, washed four times using an EL406
microplate washer (BioTek, VT), and stained with 50ml of Sytox Orange at 1mM to fluorescently stain
dead worms. Wells were imaged in bright-field and RFP channels using the BioTek Cytation5, followed
by image analysis using the CellProfiler software package to calculate fraction of dead worms in each
well. EC values were defined as the minimum concentration that provided statistically significant rescue.
At least three biological replicates were performed.

S. aureus infection assay. The S. aureus killing assay was performed as previously described with
some changes (26). A single colony was used to inoculate a 5-ml aerobic culture of TSB. The following
day, 100 ml of this culture was used to inoculate a second 10ml of TSB culture wrapped with parafilm.
Then, 384-well plates were made containing 10% TSB, and S. aureus from the second culture was resus-
pended in S Basal medium to a final OD of 0.04. Compounds were then serially diluted in a DMSO-S
Basal solution to achieve the desired concentration in the wells with a 1% DMSO final concentration for
all compounds. After 5 days, the worms were transferred to new plates using a 0.05% Tween solution to
prevent S. aureus biofilm background fluorescence from obscuring dead worms. Subsequent washing,
staining, imaging, and image analysis were performed identically to Pseudomonas liquid killing. EC val-
ues were defined as the minimum concentration that provided statistically significant rescue. At least
three biological replicates were performed.

E. faecalis infection assay. The E. faecalis infection assay was performed as previously described
(27). A single colony was used to inoculate a 5ml of BHI liquid culture. After 16 to 24 h, 400 ml of this cul-
ture was spread on a BHI agar plate and placed at 37°C for 24 h. Next, 384-well plates were made con-
taining 10% BHI, and E. faecalis was removed from the plate by scraping and resuspended in S Basal me-
dium to a final OD of 0.03. Compounds at the desired concentrations or DMSO (final concentration, 1%)
were then added to each well. After 3 days, the worms were transferred to new plates using a 0.05%
Tween solution to prevent background fluorescence from E. faecalis biofilm. Subsequent washing, stain-
ing, imaging, and image analysis was performed identically to Pseudomonas liquid killing. EC values
were defined as the minimum concentration that provided statistically significant rescue. At least three
biological replicates were performed.

P. aeruginosa slow-killing assay. Slow-killing (SK) plates were made as previously reported (92).
Compounds were added to molten SK agar before pouring plates. After solidifying, 40 ml of PA14 over-
night culture was spread on plates before incubating plates at 37°C for 24 h, followed by 25°C for 24 h.
5-fluoro-29-deoxyuridine (FUDR) (0.1mg/ml) was dropped on plates 30 min prior to picking worms, to
ensure nematode sterility. Fifty to seventy L4-stage, wild-type worms were picked onto plates and scored
every 12 h after the first 24 h, until all worms were dead. Three biological replicates were performed.

Transcriptional reporter assays. Worms were washed three times prior to incubation with com-
pounds or DMSO control and diluted in S Basal medium supplemented with E. coli OP50 (OD600 = 0.08)
as a food source. The fluorescence fold increase for gst-4p::GPF was taken as the fluorescence of each
well and was normalized to the well’s fluorescence at 0 h. irg-5p::GFP, hsp-16.1p::GFP, rpt-6p::GFP, and
hsp-4::GFP fluorescence was quantified as the fluorescence/worm area. For gst-4p::GFP, 100mM ethanol-
solubilized juglone was used as a positive control. Ethanol was also tested at 1% (vol/vol) as a control.
For irg-5p::GFP, RPW-24 (100mM) was used as a positive control. For quantification of nuclear localization
of GFP fusion reporters, worms were scored as either localization positive or localization negative. DAF-
16::GFP worms were scored as localization positive if .5 nuclei within the worm had localized GFP. All
worms were imaged at the L4-young adult stage. At least three biological replicates were performed.

DHE staining. Worms were grown to young adults and washed three times with S Basal medium
before incubation with LK molecules or DMSO control for 10 h. Worms were then washed and stained
with DHE at 4mM for 1 h before washing them again and measuring the fluorescence/time of flight with
a COPAS FlowSort (Union Biometrica). At least three biological replicates were performed.

Longevity assays. Worms were picked onto agar plates seeded with 50 ml of concentrated E. coli
OP50. Compounds were added to liquid agar before pouring plates. Worms were scored every day for
death by prodding with a platinum wire. Worms that escaped the plate or died on the wall of the plate
were censored. Each compound was tested in at least three biological replicates, each including 50 to
70 worms.

MTT assays. RWPE-1 cells were seeded at 15,000 cells/well and incubated in KSFM complete me-
dium at 37°C for 24 h to allow for attachment. The medium was aspirated and replaced with compounds
in KSFM complete medium and held at 37°C for 24 h. The cells were then washed and treated with MTT
reagent for 3.5 h. Then, 100 ml of DMSO was added, and the absorbance at 590 nm measured. MTT
assays were performed in triplicate.
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nanoString, microarray, gene expression analysis, and gene ontologies. For nanoString-based
(nanoString Technologies, Seattle, WA) experiments, 2,000 wild-type, young adult worms were exposed
to 100 mM LK molecules or DMSO control in S Basal medium in 6-well plates for 16 h. RNA purification
and gene expression analysis were performed according to nanoString guidelines. Two biological repli-
cates were tested for each condition.

Transcriptome profiling was performed on ;6,000 wild-type, young adult worms incubated with ei-
ther LK molecules or DMSO for 8 h. RNA isolation was performed using TRIzol extraction, followed by
cleanup using RNeasy columns according to the manufacturer’s protocol. Each condition was analyzed
in triplicate. Microarray data have been deposited in the GEO database, accession number GSE137516.
Transcriptional profiles of C. elegans treated with LK molecules were used to generate lists of upregu-
lated genes as described previously (93). Genes that were upregulated by at least a factor of 2 were
included in the list. Upregulated genes were compared to gene lists dependent upon various defense
response pathways and small molecules (15, 39, 47, 52, 94–97) and targets for a wide array of transcrip-
tion factors (46, 95). Clustering and generation of the heat map was performed using Cluster 3.0 (98)
and Treeview (99), respectively. Fold change of genes were normalized to average fold change of that
gene over all clustered conditions. Genes and conditions were clustered using Euclidean distance and
average linkages. Genes that were not upregulated .2-fold or downregulated ,0.5-fold were not
included in either upregulated or downregulated gene lists. Microarray data for non-LK molecules were
collected from GEO omnibus. WormEXP was used as a secondary method for confirming statistical sig-
nificance of potential pathways stimulated by each of the LK molecules (100). Gene ontologies were
generated using DAVID (101, 102).

Statistics. Tanimoto coefficients were calculated using Open Babel (103). A log-rank test was used
to determine statistical significance for slow-killing and longevity experiments (http://bioinf.wehi.edu
.au/software/russell/logrank/). Student’s t test was used to calculate statistical significance for killing
assays and GFP reporter strains. Hypergeometric probabilities were calculated using Excel.

Data availability. Microarray data have been deposited in the GEO database under accession num-
ber GSE137516.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.2 MB.
FIG S2, PDF file, 0.2 MB.
FIG S3, PDF file, 0.1 MB.
FIG S4, PDF file, 0.2 MB.
FIG S5, PDF file, 0.1 MB.
FIG S6, PDF file, 0.1 MB.
TABLE S1, XLSX file, 0.02 MB.
TABLE S2, XLSX file, 0.01 MB.
TABLE S3, XLSX file, 0.1 MB.
TABLE S4, XLSX file, 0.02 MB.

ACKNOWLEDGMENTS
E. faecalis OG1RF and S. aureus MRSA131 were kindly provided by Danielle Garsin

(UT Health Science Center at Houston McGovern Medical School) and Yousif Shamoo
(Rice University), respectively. Some strains were provided by the CGC, which is funded
by the NIH Office of Research Infrastructure Programs (P40 OD010440).

REFERENCES
1. Bhagirath AY, Li Y, Somayajula D, Dadashi M, Badr S, Duan K. 2016. Cystic

fibrosis lung environment and Pseudomonas aeruginosa infection. BMC
Pulm Med 16:174. https://doi.org/10.1186/s12890-016-0339-5.

2. Naqvi SHA, Naqvi SHS. 2013. Pseudomonas aeruginosa burn wound infec-
tion in a dedicated paediatric burns unit. S Afr J Surg 51:151–152.
https://doi.org/10.7196/sajs.1811.

3. Michael CA, Dominey-Howes D, Labbate M. 2014. The antimicrobial re-
sistance crisis: causes, consequences, and management. Front Public
Health 2:145. https://doi.org/10.3389/fpubh.2014.00145.

4. Ventola CL. 2015. The antibiotic resistance crisis. 1. Causes and threats. P
T 40:277–283.

5. Sasaki R, Kanda T, Nakamoto S, Haga Y, Nakamura M, Yasui S, Jiang X, Wu
S, Arai M, Yokosuka O. 2015. Natural interferon-beta treatment for
patients with chronic hepatitis C in Japan. World J Hepatol 7:1125–1132.
https://doi.org/10.4254/wjh.v7.i8.1125.

6. Moriyama M, Arakawa Y. 2006. Treatment of interferon-alpha for chronic

hepatitis C. Expert Opin Pharmacother 7:1163–1179. https://doi.org/10
.1517/14656566.7.9.1163.

7. Yokogawa M, Takaishi M, Nakajima K, Kamijima R, Fujimoto C, Kataoka S,
Terada Y, Sano S. 2014. Epicutaneous application of Toll-like receptor 7
agonists leads to systemic autoimmunity in wild-type mice: a new model
of systemic Lupus erythematosus. Arthritis Rheumatol 66:694–706. https://
doi.org/10.1002/art.38298.

8. Arandjus C, Black PN, Poole PJ, Wood Baker R, Steurer-Stey C. 2006. Oral
bacterial vaccines for the prevention of acute exacerbations in chronic
obstructive pulmonary disease and chronic bronchitis. Respir Med
100:1671–1681. https://doi.org/10.1016/j.rmed.2006.06.029.

9. Hughes JP, Rees S, Kalindjian SB, Philpott KL. 2011. Principles of early
drug discovery. Br J Pharmacol 162:1239–1249. https://doi.org/10.1111/j
.1476-5381.2010.01127.x.

10. Okesli-Armlovich A, Gupta A, Jimenez M, Auld D, Liu Q, Bassik MC,
Khosla C. 2019. Discovery of small molecule inhibitors of human uridine-

Immunostimulants Improve Worms’ Pathogen Resistance

January/February 2021 Volume 6 Issue 1 e00950-20 msphere.asm.org 19

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137516
http://bioinf.wehi.edu.au/software/russell/logrank/
http://bioinf.wehi.edu.au/software/russell/logrank/
https://www.ncbi.nlm.nih.gov/bioproject/?term=GSE137516
https://doi.org/10.1186/s12890-016-0339-5
https://doi.org/10.7196/sajs.1811
https://doi.org/10.3389/fpubh.2014.00145
https://doi.org/10.4254/wjh.v7.i8.1125
https://doi.org/10.1517/14656566.7.9.1163
https://doi.org/10.1517/14656566.7.9.1163
https://doi.org/10.1002/art.38298
https://doi.org/10.1002/art.38298
https://doi.org/10.1016/j.rmed.2006.06.029
https://doi.org/10.1111/j.1476-5381.2010.01127.x
https://doi.org/10.1111/j.1476-5381.2010.01127.x
https://msphere.asm.org


cytidine kinase 2 by high-throughput screening. Bioorg Med Chem Lett
29:2559–2564. https://doi.org/10.1016/j.bmcl.2019.08.010.

11. Guo W, Yao S, Sun P, Yang TB, Tang CP, Zheng MY, Ye Y, Meng LH. 2020.
Discovery and characterization of natural products as novel indoleamine
2,3-dioxygenase 1 inhibitors through high-throughput screening. Acta
Pharmacol Sin 41:423–431. https://doi.org/10.1038/s41401-019-0246-4.

12. Baell J, Walters MA. 2014. Chemistry: chemical con artists foil drug dis-
covery. Nature 513:481–483. https://doi.org/10.1038/513481a.

13. Aldrich C, Bertozzi C, Georg GI, Kiessling L, Lindsley C, Liotta D, Merz KM,
Jr, Schepartz A, Wang S. 2017. The ecstasy and agony of assay interfer-
ence compounds. ACS Med Chem Lett 8:379–382. https://doi.org/10
.1021/acsmedchemlett.7b00056.

14. Kirienko DR, Revtovich AV, Kirienko NV. 2016. A high-content, pheno-
typic screen identifies fluorouridine as an inhibitor of pyoverdine biosyn-
thesis and Pseudomonas aeruginosa Virulence. mSphere 1:e00217-26.
https://doi.org/10.1128/mSphere.00217-16.

15. Pukkila-Worley R, Feinbaum R, Kirienko NV, Larkins-Ford J, Conery AL,
Ausubel FM. 2012. Stimulation of host immune defenses by a small mol-
ecule protects Caenorhabditis elegans from bacterial infection. PLoS
Genet 8:e1002733. https://doi.org/10.1371/journal.pgen.1002733.

16. Pukkila-Worley R, Ausubel FM. 2012. Immune defense mechanisms in
the Caenorhabditis elegans intestinal epithelium. Curr Opin Immunol
24:3–9. https://doi.org/10.1016/j.coi.2011.10.004.

17. Ermolaeva MA, Schumacher B. 2014. Insights from the worm: the Caeno-
rhabditis elegans model for innate immunity. Semin Immunol 26:303–309.
https://doi.org/10.1016/j.smim.2014.04.005.

18. Kirienko DR, Kang D, Kirienko NV. 2018. Novel pyoverdine inhibitors miti-
gate Pseudomonas aeruginosa pathogenesis. Front Microbiol 9:3317.
https://doi.org/10.3389/fmicb.2018.03317.

19. Wang X, Kleerekoper Q, Revtovich AV, Kang D, Kirienko NV. 2020. Identi-
fication and validation of a novel anti-virulent that binds to pyoverdine
and inhibits its function. Virulence 11:1293–1309. https://doi.org/10
.1080/21505594.2020.1819144.

20. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. 2001. Experimental and
computational approaches to estimate solubility and permeability in
drug discovery and development settings. Adv Drug Deliv Rev 46:3–26.
https://doi.org/10.1016/s0169-409x(00)00129-0.

21. Lamoree B, Hubbard RE. 2017. Current perspectives in fragment-based
lead discovery (FBLD). Essays Biochem 61:453–464. https://doi.org/10
.1042/EBC20170028.

22. Kang D, Revtovich AV, Chen Q, Shah KN, Cannon CL, Kirienko NV. 2019.
Pyoverdine-dependent virulence of Pseudomonas aeruginosa isolates
from cystic fibrosis patients. Front Microbiol 10:2048. https://doi.org/10
.3389/fmicb.2019.02048.

23. Kang D, Kirienko DR, Webster P, Fisher AL, Kirienko NV. 2018. Pyoverdine,
a siderophore from Pseudomonas aeruginosa, translocates into Caeno-
rhabditis elegans, removes iron, and activates a distinct host response.
Virulence 9:804–817, p vol https://doi.org/10.1080/21505594.2018.1449508.

24. Sood S, Malhotra M, Das BK, Kapil A. 2008. Enterococcal infections and
antimicrobial resistance. Indian J Med Res 128:111–121.

25. Deurenberg RH, Stobberingh EE. 2008. The evolution of Staphylococcus
aureus. Infect Genet Evol 8:747–763. https://doi.org/10.1016/j.meegid
.2008.07.007.

26. Rajamuthiah R, Fuchs BB, Jayamani E, Kim Y, Larkins-Ford J, Conery A,
Ausubel FM, Mylonakis E. 2014. Whole animal automated platform for
drug discovery against multidrug resistant Staphylococcus aureus. PLoS
One 9:e89189. https://doi.org/10.1371/journal.pone.0089189.

27. Anderson QL, Revtovich AV, Kirienko NV. 2018. A high-throughput, high-
content, liquid-based Caenorhabditis elegans pathosystem. J Vis Exp
https://doi.org/10.3791/58068.

28. Kim SM, Escorbar I, Lee K, Fuchs BB, Mylonakis E, Kim W. 2020. Anti-MRSA
agent discovery using Caenorhabditis elegans-based high-throughput
screening. J Microbiol 58:431–444. https://doi.org/10.1007/s12275-020
-0163-8.

29. Garsin DA, Sifri CD, Mylonakis E, Qin X, Singh KV, Murray BE, Calderwood
SB, Ausubel FM. 2001. A simple model host for identifying Gram-positive
virulence factors. Proc Natl Acad Sci U S A 98:10892–10897. https://doi
.org/10.1073/pnas.191378698.

30. Kirienko NV, Ausubel FM, Ruvkun G. 2015. Mitophagy confers resistance to
siderophore-mediated killing by Pseudomonas aeruginosa. Proc Natl Acad
Sci U S A 112:1821–1826. https://doi.org/10.1073/pnas.1424954112.

31. Kirienko NV, Kirienko DR, Larkins-Ford J, Wahlby C, Ruvkun G, Ausubel
FM. 2013. Pseudomonas aeruginosa disrupts Caenorhabditis elegans iron

homeostasis, causing a hypoxic response and death. Cell Host Microbe
13:406–416. https://doi.org/10.1016/j.chom.2013.03.003.

32. Sifri CD, Begun J, Ausubel FM, Calderwood SB. 2003. Caenorhabditis ele-
gans as a model host for Staphylococcus aureus pathogenesis. Infect
Immun 71:2208–2217. https://doi.org/10.1128/iai.71.4.2208-2217.2003.

33. Irazoqui JE, Troemel ER, Feinbaum RL, Luhachack LG, Cezairliyan BO,
Ausubel FM. 2010. Distinct pathogenesis and host responses during infec-
tion of Caenorhabditis elegans by Pseudomonas aeruginosa and Staphylo-
coccus aureus. PLoS Pathog 6:e1000982. https://doi.org/10.1371/journal
.ppat.1000982.

34. Ewald CY. 2018. Redox signaling of NADPH oxidases regulates oxidative
stress responses, immunity and aging. Antioxidants (Basel) 7:130.
https://doi.org/10.3390/antiox7100130.

35. Kim DH. 2013. Bacteria and the aging and longevity of Caenorhabditis
elegans. Annu Rev Genet 47:233–246. https://doi.org/10.1146/annurev
-genet-111212-133352.

36. Benedetto A, Bambade T, Au C, Tullet JMA, Monkhouse J, Dang H, Cetnar
K, Chan B, Cabreiro F, Gems D. 2019. New label-free automated survival
assays reveal unexpected stress resistance patterns during Caenorhabdi-
tis elegans aging. Aging Cell 18:e12998. https://doi.org/10.1111/acel
.12998.

37. Jha A, Mukherjee C, Prasad AK, Parmar VS, Vadaparti M, Das U, De Clercq
E, Balzarini J, Stables JP, Shrivastav A, Sharma RK, Dimmock JR. 2010.
Derivatives of aryl amines containing the cytotoxic 1,4-dioxo-2-butenyl
pharmacophore. Bioorg Med Chem Lett 20:1510–1515. https://doi.org/
10.1016/j.bmcl.2010.01.098.

38. Tjahjono E, McAnena AP, Kirienko NV. 2020. The evolutionarily conserved
ESRE stress response network is activated by ROS and mitochondrial dam-
age. BMC Biol 18:74. https://doi.org/10.1186/s12915-020-00812-5.

39. Tjahjono E, Kirienko NV. 2017. A conserved mitochondrial surveillance
pathway is required for defense against Pseudomonas aeruginosa. PLoS
Genet 13:e1006876. https://doi.org/10.1371/journal.pgen.1006876.

40. Hong M, Kwon JY, Shim J, Lee J. 2004. Differential hypoxia response of
hsp-16 genes in the nematode. J Mol Biol 344:369–381. https://doi.org/
10.1016/j.jmb.2004.09.077.

41. Kwon JY, Hong M, Choi MS, Kang S, Duke K, Kim S, Lee S, Lee J. 2004.
Ethanol-response genes and their regulation analyzed by a microarray
and comparative genomic approach in the nematode Caenorhabditis
elegans. Genomics 83:600–614. https://doi.org/10.1016/j.ygeno.2003.10
.008.

42. Kirienko NV, Fay DS. 2010. SLR-2 and JMJC-1 regulate an evolutionarily
conserved stress-response network. EMBO J 29:727–739. https://doi.org/
10.1038/emboj.2009.387.

43. Govindan JA, Jayamani E, Zhang X, Breen P, Larkins-Ford J, Mylonakis E,
Ruvkun G. 2015. Lipid signalling couples translational surveillance to sys-
temic detoxification in Caenorhabditis elegans. Nat Cell Biol 17:1294–1303.
https://doi.org/10.1038/ncb3229.

44. Mir DA, Balamurugan K. 2019. Global proteomic response of Caenorhabditis
elegans against PemKSa toxin. Front Cell Infect Microbiol 9:172. https://doi
.org/10.3389/fcimb.2019.00172.

45. Sinha A, Rae R. 2014. A functional genomic screen for evolutionarily con-
served genes required for lifespan and immunity in germline-deficient
Caenorhabditis elegans. PLoS One 9:e101970. https://doi.org/10.1371/
journal.pone.0101970.

46. Niu W, Lu ZJ, Zhong M, Sarov M, Murray JI, Brdlik CM, Janette J, Chen C,
Alves P, Preston E, Slightham C, Jiang L, Hyman AA, Kim SK, Waterston
RH, Gerstein M, Snyder M, Reinke V. 2011. Diverse transcription factor
binding features revealed by genome-wide ChIP-seq in Caenorhabditis
elegans. Genome Res 21:245–254. https://doi.org/10.1101/gr.114587
.110.

47. Troemel ER, Chu SW, Reinke V, Lee SS, Ausubel FM, Kim DH. 2006. p38
MAPK regulates expression of immune response genes and contributes
to longevity in Caenorhabditis elegans. PLoS Genet 2:e183. https://doi
.org/10.1371/journal.pgen.0020183.

48. Evans EA, Kawli T, Tan MW. 2008. Pseudomonas aeruginosa suppresses
host immunity by activating the DAF-2 insulin-like signaling pathway in
Caenorhabditis elegans. PLoS Pathog 4:e1000175. https://doi.org/10
.1371/journal.ppat.1000175.

49. Papp D, Csermely P, So†ti C. 2012. A role for SKN-1/Nrf in pathogen resist-
ance and immunosenescence in Caenorhabditis elegans. PLoS Pathog 8:
e1002673. https://doi.org/10.1371/journal.ppat.1002673.

50. Shapira M, Hamlin BJ, Rong J, Chen K, Ronen M, Tan MW. 2006. A con-
served role for a GATA transcription factor in regulating epithelial innate

Hummell et al.

January/February 2021 Volume 6 Issue 1 e00950-20 msphere.asm.org 20

https://doi.org/10.1016/j.bmcl.2019.08.010
https://doi.org/10.1038/s41401-019-0246-4
https://doi.org/10.1038/513481a
https://doi.org/10.1021/acsmedchemlett.7b00056
https://doi.org/10.1021/acsmedchemlett.7b00056
https://doi.org/10.1128/mSphere.00217-16
https://doi.org/10.1371/journal.pgen.1002733
https://doi.org/10.1016/j.coi.2011.10.004
https://doi.org/10.1016/j.smim.2014.04.005
https://doi.org/10.3389/fmicb.2018.03317
https://doi.org/10.1080/21505594.2020.1819144
https://doi.org/10.1080/21505594.2020.1819144
https://doi.org/10.1016/s0169-409x(00)00129-0
https://doi.org/10.1042/EBC20170028
https://doi.org/10.1042/EBC20170028
https://doi.org/10.3389/fmicb.2019.02048
https://doi.org/10.3389/fmicb.2019.02048
https://doi.org/10.1080/21505594.2018.1449508
https://doi.org/10.1016/j.meegid.2008.07.007
https://doi.org/10.1016/j.meegid.2008.07.007
https://doi.org/10.1371/journal.pone.0089189
https://doi.org/10.3791/58068
https://doi.org/10.1007/s12275-020-0163-8
https://doi.org/10.1007/s12275-020-0163-8
https://doi.org/10.1073/pnas.191378698
https://doi.org/10.1073/pnas.191378698
https://doi.org/10.1073/pnas.1424954112
https://doi.org/10.1016/j.chom.2013.03.003
https://doi.org/10.1128/iai.71.4.2208-2217.2003
https://doi.org/10.1371/journal.ppat.1000982
https://doi.org/10.1371/journal.ppat.1000982
https://doi.org/10.3390/antiox7100130
https://doi.org/10.1146/annurev-genet-111212-133352
https://doi.org/10.1146/annurev-genet-111212-133352
https://doi.org/10.1111/acel.12998
https://doi.org/10.1111/acel.12998
https://doi.org/10.1016/j.bmcl.2010.01.098
https://doi.org/10.1016/j.bmcl.2010.01.098
https://doi.org/10.1186/s12915-020-00812-5
https://doi.org/10.1371/journal.pgen.1006876
https://doi.org/10.1016/j.jmb.2004.09.077
https://doi.org/10.1016/j.jmb.2004.09.077
https://doi.org/10.1016/j.ygeno.2003.10.008
https://doi.org/10.1016/j.ygeno.2003.10.008
https://doi.org/10.1038/emboj.2009.387
https://doi.org/10.1038/emboj.2009.387
https://doi.org/10.1038/ncb3229
https://doi.org/10.3389/fcimb.2019.00172
https://doi.org/10.3389/fcimb.2019.00172
https://doi.org/10.1371/journal.pone.0101970
https://doi.org/10.1371/journal.pone.0101970
https://doi.org/10.1101/gr.114587.110
https://doi.org/10.1101/gr.114587.110
https://doi.org/10.1371/journal.pgen.0020183
https://doi.org/10.1371/journal.pgen.0020183
https://doi.org/10.1371/journal.ppat.1000175
https://doi.org/10.1371/journal.ppat.1000175
https://doi.org/10.1371/journal.ppat.1002673
https://msphere.asm.org


immune responses. Proc Natl Acad Sci U S A 103:14086–14091. https://
doi.org/10.1073/pnas.0603424103.

51. Singh V, Aballay A. 2009. Regulation of DAF-16-mediated innate immu-
nity in Caenorhabditis elegans. J Biol Chem 284:35580–35587. https://doi
.org/10.1074/jbc.M109.060905.

52. McEwan DL, Kirienko NV, Ausubel FM. 2012. Host translational inhibition
by Pseudomonas aeruginosa exotoxin A triggers an immune response in
Caenorhabditis elegans. Cell Host Microbe 11:364–374. https://doi.org/10
.1016/j.chom.2012.02.007.

53. Maggiora G, Vogt M, Stumpfe D, Bajorath J. 2014. Molecular similarity in
medicinal chemistry. J Med Chem 57:3186–3204. https://doi.org/10
.1021/jm401411z.

54. Yang F, Vought BW, Satterlee JS, Walker AK, Jim Sun ZY, Watts JL,
DeBeaumont R, Saito RM, Hyberts SG, Yang S, Macol C, Iyer L, Tjian R, van
den Heuvel S, Hart AC, Wagner G, Naar AM. 2006. An ARC/Mediator sub-
unit required for SREBP control of cholesterol and lipid homeostasis. Na-
ture 442:700–704. https://doi.org/10.1038/nature04942.

55. Mao K, Ji F, Breen P, Sewell A, Han M, Sadreyev R, Ruvkun G. 2019. Mito-
chondrial dysfunction in Caenorhabditis elegans activates mitochondrial
relocalization and nuclear hormone receptor-dependent detoxification
genes. Cell Metab 29:1182–1191 e4. https://doi.org/10.1016/j.cmet.2019
.01.022.

56. Taubert S, Ward JD, Yamamoto KR. 2011. Nuclear hormone receptors in
nematodes: evolution and function. Mol Cell Endocrinol 334:49–55.
https://doi.org/10.1016/j.mce.2010.04.021.

57. Taubert S, Hansen M, Van Gilst MR, Cooper SB, Yamamoto KR. 2008. The
Mediator subunit MDT-15 confers metabolic adaptation to ingested mate-
rial. PLoS Genet 4:e1000021. https://doi.org/10.1371/journal.pgen.1000021.

58. Pukkila-Worley R, Feinbaum RL, McEwan DL, Conery AL, Ausubel FM.
2014. The evolutionarily conserved mediator subunit MDT-15/MED15 links
protective innate immune responses and xenobiotic detoxification. PLoS
Pathog 10:e1004143. https://doi.org/10.1371/journal.ppat.1004143.

59. Sim S, Hibberd ML. 2016. Caenorhabditis elegans susceptibility to gut
Enterococcus faecalis infection is associated with fat metabolism and epi-
thelial junction integrity. BMC Microbiol 16:6. https://doi.org/10.1186/
s12866-016-0624-8.

60. Dasgupta M, Shashikanth M, Gupta A, Sandhu A, De A, Javed S, Singh V.
2020. NHR-49 transcription factor regulates immunometabolic response
and survival of Caenorhabditis elegans during Enterococcus faecalis infec-
tion. Infect Immun 88. https://doi.org/10.1128/IAI.00130-20.

61. Goh GYS, Winter JJ, Bhanshali F, Doering KRS, Lai R, Lee K, Veal EA,
Taubert S. 2018. NHR-49/HNF4 integrates regulation of fatty acid metab-
olism with a protective transcriptional response to oxidative stress and
fasting. Aging Cell 17:e12743. https://doi.org/10.1111/acel.12743.

62. Moreno-Arriola E, El Hafidi M, Ortega-Cuellar D, Carvajal K. 2016. AMP-
activated protein kinase regulates oxidative metabolism in Caenorhabdi-
tis elegans through the NHR-49 and MDT-15 transcriptional regulators.
PLoS One 11:e0148089. https://doi.org/10.1371/journal.pone.0148089.

63. Shivers RP, Pagano DJ, Kooistra T, Richardson CE, Reddy KC, Whitney JK,
Kamanzi O, Matsumoto K, Hisamoto N, Kim DH. 2010. Phosphorylation
of the conserved transcription factor ATF-7 by PMK-1 p38 MAPK regu-
lates innate immunity in Caenorhabditis elegans. PLoS Genet 6:
e1000892. https://doi.org/10.1371/journal.pgen.1000892.

64. Fletcher M, Tillman EJ, Butty VL, Levine SS, Kim DH. 2019. Global tran-
scriptional regulation of innate immunity by ATF-7 in Caenorhabditis ele-
gans. PLoS Genet 15:e1007830. https://doi.org/10.1371/journal.pgen
.1007830.

65. Kim DH, Feinbaum R, Alloing G, Emerson FE, Garsin DA, Inoue H, Tanaka-
Hino M, Hisamoto N, Matsumoto K, Tan MW, Ausubel FM. 2002. A con-
served p38 MAP kinase pathway in Caenorhabditis elegans innate immu-
nity. Science 297:623–626. https://doi.org/10.1126/science.1073759.

66. Giagulli C, Noerder M, Avolio M, Becker PD, Fiorentini S, Guzman CA,
Caruso A. 2009. Pidotimod promotes functional maturation of dendritic
cells and displays adjuvant properties at the nasal mucosa level. Int
Immunopharmacol 9:1366–1373. https://doi.org/10.1016/j.intimp.2009
.08.010.

67. Moy TI, Conery AL, Larkins-Ford J, Wu G, Mazitschek R, Casadei G, Lewis
K, Carpenter AE, Ausubel FM. 2009. High-throughput screen for novel
antimicrobials using a whole animal infection model. ACS Chem Biol
4:527–533. https://doi.org/10.1021/cb900084v.

68. Moy TI, Ball AR, Anklesaria Z, Casadei G, Lewis K, Ausubel FM. 2006. Iden-
tification of novel antimicrobials using a live-animal infection model.
Proc Natl Acad Sci U S A 103:10414–10419. https://doi.org/10.1073/pnas
.0604055103.

69. Hummell NA, Kirienko NV. 2020. Repurposing bioactive compounds for
treating multidrug-resistant pathogens. J Med Microbiol 69:881–894.
https://doi.org/10.1099/jmm.0.001172.

70. Bolz DD, Tenor JL, Aballay A. 2010. A conserved PMK-1/p38 MAPK is
required in Caenorhabditis elegans tissue-specific immune response to
Yersinia pestis infection. J Biol Chem 285:10832–10840. https://doi.org/
10.1074/jbc.M109.091629.

71. Vellasco WT, Gomes CRB, Vasconcelos TRA. 2011. Chemistry and biological
activities of 1,3-benzoxathiazol-2-ones. Mini-Rev Org Chem 8:103–109.
https://doi.org/10.2174/157019311793979882.

72. Shadyro OI, Timoshchuk VA, Polozov GI, Povalishev VN, Andreeva OT,
Zhelobkovich VE. 1999. Synthesis and antiviral activity of spatially-
screened phenols: 1,3-benzoxathiolan-2-one derivatives. Pharm Chem J
33:366–369. https://doi.org/10.1007/BF02508708.

73. Konieczny MT, Konieczny W, Sabisz M, Skladanowski A, Wakiec R,
Augustynowicz-Kopec E, Zwolska Z. 2007. Synthesis of isomeric, oxathio-
lone fused chalcones, and comparison of their activity toward various
microorganisms and human cancer cells line. Chem Pharm Bull (Tokyo)
55:817–820. https://doi.org/10.1248/cpb.55.817.

74. Konieczny MT, Konieczny W, Sabisz M, Skladanowski A, Wakiec R,
Augustynowicz-Kopec E, Zwolska Z. 2007. Acid-catalyzed synthesis of
oxathiolone fused chalcones: comparison of their activity toward various
microorganisms and human cancer cells line. Eur J Med Chem
42:729–733. https://doi.org/10.1016/j.ejmech.2006.12.014.

75. Abdeen S, Salim N, Mammadova N, Summers CM, Frankson R, Ambrose
AJ, Anderson GG, Schultz PG, Horwich AL, Chapman E, Johnson SM.
2016. GroEL/ES inhibitors as potential antibiotics. Bioorg Med Chem Lett
26:3127–3134. https://doi.org/10.1016/j.bmcl.2016.04.089.

76. Johnson SM, Sharif O, Mak PA, Wang HT, Engels IH, Brinker A, Schultz PG,
Horwich AL, Chapman E. 2014. A biochemical screen for GroEL/GroES
inhibitors. Bioorg Med Chem Lett 24:786–789. https://doi.org/10.1016/j
.bmcl.2013.12.100.

77. Tisdale MJ. 1989. Mechanisms of the biological action of triazenes, p
15–22. In Giraldi T, Connors TA, Cartei G (ed), Triazenes: chemical, biolog-
ical, and clinical aspects. Springer, Trieste, Italy.

78. Foster BJ, Newell DR, Carmichael J, Harris AL, Gumbrell LA, Jones M,
Goodard PM, Calvert AH. 1993. Preclinical, phase I, and pharmacokinetic
studies with the dimethyl phenyltriazene CB10-277. Br J Cancer
67:362–368. https://doi.org/10.1038/bjc.1993.66.

79. Kanugula S, Pegg AE. 2001. Novel DNA repair alkyltransferase from Cae-
norhabditis elegans. Environ Mol Mutagen 38:235–243. https://doi.org/
10.1002/em.1077.

80. Ermolaeva MA, Segref A, Dakhovnik A, Ou HL, Schneider JI, Utermohlen
O, Hoppe T, Schumacher B. 2013. DNA damage in germ cells induces an
innate immune response that triggers systemic stress resistance. Nature
501:416–420. https://doi.org/10.1038/nature12452.

81. Jeanneau-Nicolle E, Benoit-Guyod M, Namil A, Leclerc G. 1992. New thai-
zolo[3,2-a]pyrimidine derivatives, synthesis, and structure-activity rela-
tionships. Eur J Med Chem 27:115–120. https://doi.org/10.1016/0223
-5234(92)90099-M.

82. Veretennikov EA, Pavlov AV. 2013. Synthesis of 5H-[1,3]thiazolo[3,2-a]
pyrimidin-5-one derivatives. Russ J Org Chem 49:575–579. https://doi
.org/10.1134/S1070428013040143.

83. Brenner S. 1974. The genetics of Caenorhabditis elegans. Genetics 77:71–94.
84. Beanan MJ, Strome S. 1992. Characterization of a germ-line proliferation

mutation in C. elegans. Development 116:755–766.
85. Leiers B, Kampkotter A, Grevelding CG, Link CD, Johnson TE, Henkle-

Duhrsen K. 2003. A stress-responsive glutathione S-transferase confers
resistance to oxidative stress in Caenorhabditis elegans. Free Radic Biol
Med 34:1405–1415. https://doi.org/10.1016/s0891-5849(03)00102-3.

86. Tsialikas JAY. 2017. xbp-1 mRNA splicing is attenuated under pro-
longed exposure to ER stress. MicroPubl Biol, Pasadena, CA. https://
www.micropublication.org/journals/biology/w2707x/.

87. Lehrbach NJ, Ruvkun G. 2016. Proteasome dysfunction triggers activa-
tion of SKN-1A/Nrf1 by the aspartic protease DDI-1. Elife 5:e17721.
https://doi.org/10.7554/eLife.17721.

88. Tan MW, Mahajan-Miklos S, Ausubel FM. 1999. Killing of Caenorhabditis
elegans by Pseudomonas aeruginosa used to model mammalian bacterial
pathogenesis. Proc Natl Acad Sci U S A 96:715–720. https://doi.org/10
.1073/pnas.96.2.715.

89. Schroth MN, Cho JJ, Green SK, Kominos SD, Microbiology Society Pub-
lishing. 2018. Epidemiology of Pseudomonas aeruginosa in agricultural
areas. J Med Microbiol 67:1191–1201. https://doi.org/10.1099/jmm.0
.000758.

Immunostimulants Improve Worms’ Pathogen Resistance

January/February 2021 Volume 6 Issue 1 e00950-20 msphere.asm.org 21

https://doi.org/10.1073/pnas.0603424103
https://doi.org/10.1073/pnas.0603424103
https://doi.org/10.1074/jbc.M109.060905
https://doi.org/10.1074/jbc.M109.060905
https://doi.org/10.1016/j.chom.2012.02.007
https://doi.org/10.1016/j.chom.2012.02.007
https://doi.org/10.1021/jm401411z
https://doi.org/10.1021/jm401411z
https://doi.org/10.1038/nature04942
https://doi.org/10.1016/j.cmet.2019.01.022
https://doi.org/10.1016/j.cmet.2019.01.022
https://doi.org/10.1016/j.mce.2010.04.021
https://doi.org/10.1371/journal.pgen.1000021
https://doi.org/10.1371/journal.ppat.1004143
https://doi.org/10.1186/s12866-016-0624-8
https://doi.org/10.1186/s12866-016-0624-8
https://doi.org/10.1128/IAI.00130-20
https://doi.org/10.1111/acel.12743
https://doi.org/10.1371/journal.pone.0148089
https://doi.org/10.1371/journal.pgen.1000892
https://doi.org/10.1371/journal.pgen.1007830
https://doi.org/10.1371/journal.pgen.1007830
https://doi.org/10.1126/science.1073759
https://doi.org/10.1016/j.intimp.2009.08.010
https://doi.org/10.1016/j.intimp.2009.08.010
https://doi.org/10.1021/cb900084v
https://doi.org/10.1073/pnas.0604055103
https://doi.org/10.1073/pnas.0604055103
https://doi.org/10.1099/jmm.0.001172
https://doi.org/10.1074/jbc.M109.091629
https://doi.org/10.1074/jbc.M109.091629
https://doi.org/10.2174/157019311793979882
https://doi.org/10.1007/BF02508708
https://doi.org/10.1248/cpb.55.817
https://doi.org/10.1016/j.ejmech.2006.12.014
https://doi.org/10.1016/j.bmcl.2016.04.089
https://doi.org/10.1016/j.bmcl.2013.12.100
https://doi.org/10.1016/j.bmcl.2013.12.100
https://doi.org/10.1038/bjc.1993.66
https://doi.org/10.1002/em.1077
https://doi.org/10.1002/em.1077
https://doi.org/10.1038/nature12452
https://doi.org/10.1016/0223-5234(92)90099-M
https://doi.org/10.1016/0223-5234(92)90099-M
https://doi.org/10.1134/S1070428013040143
https://doi.org/10.1134/S1070428013040143
https://doi.org/10.1016/s0891-5849(03)00102-3
https://www.micropublication.org/journals/biology/w2707x/
https://www.micropublication.org/journals/biology/w2707x/
https://doi.org/10.7554/eLife.17721
https://doi.org/10.1073/pnas.96.2.715
https://doi.org/10.1073/pnas.96.2.715
https://doi.org/10.1099/jmm.0.000758
https://doi.org/10.1099/jmm.0.000758
https://msphere.asm.org


90. Beabout K, McCurry MD, Mehta H, Shah AA, Pulukuri KK, Rigol S, Wang Y,
Nicolaou KC, Shamoo Y. 2017. Experimental evolution of diverse strains
as a method for the determination of biochemical mechanisms of action
for novel pyrrolizidinone antibiotics. ACS Infect Dis 3:854–865. https://
doi.org/10.1021/acsinfecdis.7b00135.

91. Conery AL, Larkins-Ford J, Ausubel FM, Kirienko NV. 2014. High-through-
put screening for novel anti-infectives using a Caenorhabditis elegans
pathogenesis model. Curr Protoc Chem Biol 6:25–37. https://doi.org/10
.1002/9780470559277.ch130160.

92. Kirienko NV, Cezairliyan BO, Ausubel FM, Powell JR. 2014. Pseudomonas
aeruginosa PA14 pathogenesis in Caenorhabditis elegans. Methods Mol
Biol 1149:653–669. https://doi.org/10.1007/978-1-4939-0473-0_50.

93. Revtovich AV, Lee R, Kirienko NV. 2019. Interplay between mitochondria
and diet mediates pathogen and stress resistance in Caenorhabditis ele-
gans. PLoS Genet 15:e1008011. https://doi.org/10.1371/journal.pgen
.1008011.

94. Steinbaugh MJ, Narasimhan SD, Robida-Stubbs S, Moronetti Mazzeo LE,
Dreyfuss JM, Hourihan JM, Raghavan P, Operana TN, Esmaillie R,
Blackwell TK. 2015. Lipid-mediated regulation of SKN-1/Nrf in response
to germ cell absence. Elife 4:e07836. https://doi.org/10.7554/eLife.07836.

95. Estes KA, Dunbar TL, Powell JR, Ausubel FM, Troemel ER. 2010. bZIP tran-
scription factor zip-2 mediates an early response to Pseudomonas aerugi-
nosa infection in Caenorhabditis elegans. Proc Natl Acad Sci U S A
107:2153–2158. https://doi.org/10.1073/pnas.0914643107.

96. Pukkila-Worley R, Ausubel FM, Mylonakis E. 2011. Candida albicans

infection of Caenorhabditis elegans induces antifungal immune defenses.
PLoS Pathog 7:e1002074. https://doi.org/10.1371/journal.ppat.1002074.

97. Huffman DL, Abrami L, Sasik R, Corbeil J, van der Goot FG, Aroian RV.
2004. Mitogen-activated protein kinase pathways defend against bacte-
rial pore-forming toxins. Proc Natl Acad Sci U S A 101:10995–11000.
https://doi.org/10.1073/pnas.0404073101.

98. de Hoon MJ, Imoto S, Nolan J, Miyano S. 2004. Open source clustering soft-
ware. Bioinformatics 20:1453–1454. https://doi.org/10.1093/bioinformatics/
bth078.

99. Saldanha AJ. 2004. Java Treeview: extensible visualization of microarray
data. Bioinformatics 20:3246–3248. https://doi.org/10.1093/bioinformatics/
bth349.

100. Yang W, Dierking K, Schulenburg H. 2016. WormEXP: a web-based
application for a Caenorhabditis elegans-specific gene expression
enrichment analysis. Bioinformatics 32:943–945. https://doi.org/10
.1093/bioinformatics/btv667.

101. Huang da W, Sherman BT, Lempicki RA. 2009. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc 4:44–57. https://doi.org/10.1038/nprot.2008.211.

102. Huang da W, Sherman BT, Lempicki RA. 2009. Bioinformatics enrichment
tools: paths toward the comprehensive functional analysis of large gene
lists. Nucleic Acids Res 37:1–13. https://doi.org/10.1093/nar/gkn923.

103. O’Boyle NM, Banck M, James CA, Morley C, Vandermeersch T, Hutchison
GR. 2011. Open Babel: an open chemical toolbox. J Cheminform 3:33.
https://doi.org/10.1186/1758-2946-3-33.

Hummell et al.

January/February 2021 Volume 6 Issue 1 e00950-20 msphere.asm.org 22

https://doi.org/10.1021/acsinfecdis.7b00135
https://doi.org/10.1021/acsinfecdis.7b00135
https://doi.org/10.1002/9780470559277.ch130160
https://doi.org/10.1002/9780470559277.ch130160
https://doi.org/10.1007/978-1-4939-0473-0_50
https://doi.org/10.1371/journal.pgen.1008011
https://doi.org/10.1371/journal.pgen.1008011
https://doi.org/10.7554/eLife.07836
https://doi.org/10.1073/pnas.0914643107
https://doi.org/10.1371/journal.ppat.1002074
https://doi.org/10.1073/pnas.0404073101
https://doi.org/10.1093/bioinformatics/bth078
https://doi.org/10.1093/bioinformatics/bth078
https://doi.org/10.1093/bioinformatics/bth349
https://doi.org/10.1093/bioinformatics/bth349
https://doi.org/10.1093/bioinformatics/btv667
https://doi.org/10.1093/bioinformatics/btv667
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1186/1758-2946-3-33
https://msphere.asm.org

	RESULTS
	Identification of potential immunostimulants.
	LK immunostimulants provide resistance to multiple bacterial pathogens.
	The activity of LK molecules is not mediated by conventional stress response pathways.
	Transcriptional analysis of LK immunostimulants indicates shared activities.
	Disrupting a single genetic pathway generally did not compromise the rescuing activity of most LK drugs.
	LK56 requires MDT-15/MED15 and NHR-49/HNF4 for activity.
	LK38 requires PMK-1/p38 MAPK to protect worms from slow killing.

	DISCUSSION
	Phenotype-based, host-pathogen screens facilitate the identification of immunostimulatory compounds.
	Identification of compound targets from phenotype-based assays is a complex task.
	LK immunostimulants likely have other functions.
	Conclusion.

	MATERIALS AND METHODS
	Compounds.
	C. elegans and bacterial strains.
	P. aeruginosa liquid killing assay.
	S. aureus infection assay.
	E. faecalis infection assay.
	P. aeruginosa slow-killing assay.
	Transcriptional reporter assays.
	DHE staining.
	Longevity assays.
	MTT assays.
	nanoString, microarray, gene expression analysis, and gene ontologies.
	Statistics.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

