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Abstract

The problem of antibiotic resistance among pathogenic bacteria is as old as antibiotics
themselves. The antibacterial drugs in use today all, with few exceptions, make use of
targets such as: cell wall synthesis, DNA replication, RNA transcription, protein
synthesis and folic acid synthesis. Common for all of these drugs is that resistant
bacteria have emerged only a few years after their introduction into clinical use. By
continuously discovering new classes of antibiotics and altering the old ones, we have
managed to stay one step ahead of the bacteria. However, the last few decades have

seen a rapid decline of new antibiotics in the clinical pipeline.

In this thesis I describe a number of attempts to identify new types of compounds
against pathogenic bacteria. These compounds were sought to target the virulence

regulation of the pathogens or the innate immune response of the host.

I describe our attempt to identify small circular peptide inhibitors of the virulence
regulator protein ToxT, from pathogenic Vibrio cholerae. We designed a screening
system for selecting inhibitors of ToxTs function as a transcriptional activator of the
Cholera toxin. We used this screening system to screen a library of approximately
500.000 small (9 amino acids) circular peptides. However, this screen did not reveal any

inhibitors.

We also show that the RNA chaperone Hfq is required for full virulence of pathogenic
Escherichia coli in a Caenorhabditis elegans infection model. hfg mutants were also
more sensitive to oxidative stress from hydrogen peroxide in an in vitro assay. On the
basis of these finding we employed a 2-hybrid screen for protein-protein interaction
between Hfq monomers. Using this system we performed a screen of two smaller
compound libraries (the 1280 pharmacologically active compounds LOPAC s library
and the MicroSource: FDA-approved US drug collection, comprised of 1040
compounds). We identified one possible candidate, nordihydroguaiaretic acid (NDGA).



This compound was tested in the C. elegans infection model. We found some efficacy,

but much less than seen in the corresponding hfq mutant E. coli strain.

Lastly, we show that the alkaloid compound Harmane (2-methyl-B-carboline) acts as an
immuno-modulating drug in C. elegans resulting in a significant increase in the lifespan
of nematodes infected with a number of human pathogens. We show that Harmane
stimulates the innate immune response of the nematode and that this seem to help the
nematode tolerate stress of the infection, rather than to directly combat the pathogens.
Since the innate immunity of C. elegans has a high degree of evolutionary conservation,
drugs such as Harmane could be possible alternatives to classic antibiotics. The C.
elegans model could prove to be useful for selection and development of immuno-

modulating drugs.



Resumeé

Problemerne vedrerende antibiotikaresistens blandt patogene bakterier er lige sa
gammelt som vores brug af antibiotika. De antibakterielle stoffer som anvendes i dag er,
med f4 undtagelser, alle rettet mod bakterielle funktioner, s& som: bakteriernes
cellevaeg, DNA replikation, RNA transskription, protein syntese og folinsyre syntesen.
Felles for alle disse antibakterielle stoffer er, at resistente bakterier er fremkommet blot
fa ar efter pdbegyndelse af brugen af stofferne til behandling. Ved hele tiden at finde
nye antibiotikaklasser og ved lgbende at @ndre og optimere de allerede kendte stoffer,
har vi formaet at holde os ét skridt foran bakterierne. Men, inden for de seneste 30 ar
har vi varet vidne til at stadig ferre nye stoffer finder vej fra industrien og ud pa
markedet.

I denne afhandling beskriver jeg at antal forseg pd, at identificere nye stoffer mod
patogene bakterier. Disse stoffer er sogt rette imod reguleringen af virulens i bakterier
eller de seger at stimulere det medfedte immunsystem i vaerten.

Jeg beskriver vores forseg pa at identificere smd cirkulere peptider rette imod det
virulensregulerende protein ToxT fra Vibrio cholerae. Vi har designet et
screeningsystem til at selektere inhibitorer af ToxTs funktion som transskriptionel
aktivator af kolera toksinet. Vi anvendte screeningsystemet til at gennemsege et
bibliotek med cirka 500,000 sma (9 aminosyrer) cirkulere peptider. Desverre
afslerede vores forseg ikke nogen inhibitorer.

Vi viser ogsd at RNA chaparonen Hfq er nedvendig for at opna fuld virulens i patogene
Escherichia coli i en Caenorhabditis elegans infektionsmodel. Hfq mutanter viste sig
ogsa at veere mere udsatte overfor oxidativ stress, i form af hydrogenperoxid, i et in
vitro forseg. Pa basis af disse resultater valgte vi at anvende et 2-hybrid screen for at
underspge protein-protein interaktioner imellem Hfq monomerer. Ved hjelp af dette
assay gennemsegte vi to mindre stofbiblioteker (de 1280 farmakologisk aktive stoffer i
LOPAC, 39 bibliotket, samt MicroSource: FDA-approved US drug collection, med
1040 stoffer). Vi identificerede én mulig kandidat, nordihydroguaiaretic acid (NDGA).
Vi testede dette stof i C. elegans infektionsmodellen. Vi kunne vise nogen effect, men
ikke svarende til effekten af hfq mutationen i den samme E. coli stamme.

Til sidst viser vi at alkaloidet, Harmane (2-methyl-B-carboline) er i stand til at modulere
det innate immunsystem i C. elegans, med det resultat at ormene lever signifikant
leengere, nar de er inficeret med en raekke forskellige patogene bakterier. Vi viser at
Harmane stimulerer det innate immunsystem i nematoden og at denne stimulation



tilsyneladende gor ormen bedre i stand til at tolerere den stress der folger af infektionen,
snarere end direkte at bekempe infektionen. Da det innate immunsystem i C. elegans i
hgj grad er evolutionart bevaret, kan man formode at stoffer som Harmane vil kunne
anvendes som et alternativ til antibiotika. C. elegans infektionsmodellen kunne vise sig
nyttig til identifikation og udvikling af sédanne immunstimulerende stoffer.
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Introduction

Since their introduction into clinical use more than half a century ago, antibiotics have
been immensely successful. This is despite the fact that shortly after their introduction
into widespread use, bacteria, resistant to virtually every drug, began to emerge (as
outlined in figure 1). Sulphonamides were the first large-scale clinically successful
antibacterial drugs. They were introduced in the mid-1930s and by the end of that
decade sulphonamide-resistant Streptococcus pyogenes had emerged. Penicillin-
resistant Staphylococcus aureus were detected in hospitals in the 1940s, the same
decade that penicillin was introduced (Levy and Marshall 2004). During the 1940s and
1950s these single-drug resistance problems were overcome by a wave of novel classes
of antibiotics such as cephalosporins, glycopeptides and tetracyclines. In the late 1950s
and early 1960s multidrug resistant (MDR) strains started to emerge. In Japan, strains of
Shigella were isolated from patients suffering from dysentery. These strains were
resistant to several drugs, including sulphonamides, streptomycin, chloramphenicol and
tetracycline (Davies 1995). It was also discovered that most of the patients carrying

MDR Shigella strains also had MDR Escherichia coli in their intestines.

Antibiotic deployment

Tetracycline

Chloramphenicol Vancomycin
Streptomycin Ampicillin
Sulfonamides Erythromycin | Cephalosporins Daptomycin

Methicillin Linezolid

/X i

1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

I I |1

Sulfonamides Chloramp/h]enic|ol Ampicillin Van!:!omycin Linezolid
|

Streptomycin

Erythromycin

Daptomycin
Tetracycline Methicillin
Cephalosporins

Antibiotic resistance observed

Figure 1. Timeline showing the year when different antibiotics were introduced into clinical use,
as well as the year when bacteria resistant to the drugs were discovered among patients. Figure
adapted from (Clatworthy et al. 2007).
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This indicated for the first time that drug resistance genes could be transferred between
bacteria and not only of the same species (Davies 1995, Franklin et al. 2005). Today
MDR strains of Mycobacterium tuberculosis, Enterococcus faecium, Klebsiella
pneumoniae, Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus
(MRSA) are a common health problem, especially in developing countries. These MDR
strains make treatment considerably more costly and sometimes unsuccessful (French

2010, Levy and Marshall 2004).

The driving force behind the increasing drug resistance is undoubtedly the immense
amounts of antibacterial drugs used in the prophylaxis and treatment of humans and
animals worldwide (Austin et al. 1999, Malhotra-Kumar et al. 2007). Efforts clearly
have to be taken in order to minimize the unnecessary use of antibacterial drugs, in
order to control the spread of resistance. However, a renewed search for new
antibacterial drugs and new targets for drugs is also necessary. Despite the obvious need
for new and improved treatments, only one truly new class of antibacterial drugs, the
oxazolidinones, has come into clinical use within the last three decades (Shinabarger et
al. 1997). A member of this class, Linezolid, has found clinical use against MRSA,;

however, strains resistant to the drug have already been reported (Tsiodras et al. 2001).

The most popular strategy for circumventing the resistance problems with existing
drugs has been to design new drug-analogous. A number of new types of
aminoglycoside and tetracycline drugs have been developed in this fashion
(Theuretzbacher 2012). Another strategy to extend the lifespan of existing drug has
been to develop inhibitors targeting the resistance mechanisms. An example of such
inhibitors is the -lactamase inhibitor avibactam (Ehmann et al. 2012). It is currently
being tested in clinical trials in combination with the [-lactamase-sensitive
cephalosporin analogues ceftaroline and ceftazidime. The hope is that such inhibitor can
counter the growing problem of extended-spectrum B-lactamases (ESBLs) produced by

Escherichia coli and Klebsiella strains (French 2010).
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The problem of antibiotic resistance is unavoidable when using antibiotics that target
essential mechanisms of bacterial growth, since it is a result of simple evolution of the
bacteria themselves. In the following sections I will give a short description of classical
antibiotics and how they work, as well as the resistance-strategies that bacteria utilise to
survive them. I will also give an introduction to some of the new strategies for
developing new antimicrobial drugs that might circumvent this challenge, namely anti-

virulence drugs and immune-stimulatory drugs.

Antibacterial drugs

The general strategy when combating bacterial infections is to kill or inhibit the growth
of the bacteria without harming the patient. In order to achieve this, selective toxic
drugs are used. The antibacterial drugs target essential features in prokaryotic organisms
that are absent or different in eukaryotes. The vast majority of antibacterial drugs inhibit
either the bacterial cell wall synthesis or bacterial protein synthesis, but other processes
are targeted as well. Figure 2 gives an overview of some common targets and examples

of drug classes and drugs targeting these.

Inhibitors of bacterial cell wall synthesis

The prime target of most antibacterial drugs is the bacterial cell wall. Practically all
bacteria have a cell wall, with a few exceptions such as mycoplasmas, whereas
eukaryotic cells lack this feature. Most eukaryotic animal cells exist in a controlled
environment with constant temperature and osmolarity. This allows the cells to survive

with only the soft cell membrane as an outer barrier.

Bacteria, on the other hand often exist in hostile environments with changing
temperatures and osmolarity. This means that bacteria need a stronger and more
protective layer outside the cell membrane. This layer is the cell wall; it protects the cell
from the environment and preserves the shape of the bacterial cell. Penicillins and
cephalosporins belong to the class of antibiotics known as -Lactams, since they both

contain a B-lactam ring.
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Cell membrane: DNA Gyrase:
Polymyxines Nalidixic Acid
Ciprofloxacin

Cell wall RNA polymerase:
synthesis: Rifampicin
Penicillins
Cephalosporins
Glycopeptides
Bacitracin
Folic Acid
biosynthesis: NG Protein synthesis, 30S
Sulfonamids inhibitors:
Trimethoprim e) Streptomycin
PABA Protein synthesis, 50S Tetracycline
inhibitors:
Erythromycin

Chloramphenicol
Oxazolidinones

Figure 2. An overview of different antibacterial drugs and their targets in the prokaryotic cell.
THF, tetrahydrofolate; DHF, dihydrofolate; PABA, para-aminobenzoic acid. The figure was
adapted from (Alberts 2008).

Different types of Penicillins and cephalo-sporins can be produced by exchanging the
side-chains of the molecules. This has broadened their spectrum and combated
resistance problems. B-Lactams work by interfering with the cross-linking of the
peptidoglycan layer. They do this by binding to the various Penicillin-Binding Proteins
(PBPs) involved in biosynthesis of the peptidoglycan layer (Franklin, Snow and
Franklin 2005, Tomasz 1979). This results in weakening of the peptidoglycan layer
which eventually triggers lysis of the cell.

Inhibitors of bacterial protein synthesis

Many clinically important antibacterial drugs inhibit bacterial protein synthesis by
binding with the prokaryotic 70S ribosome, without affecting the 80S eukaryotic
ribosome. However, the mitochondrial ribosome bares great resemblance to the
prokaryotic ribosome, probably because mitochondria have derived from endo-
symbiotic bacteria during the course of evolution. This means that a safe inhibitor of
bacterial protein synthesis must be able to gain access to bacterial ribosomes, but not

mitochondrial.
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Inhibitors of protein synthesis include natural antibiotics isolated from actinomycete,
such as tetracycline (isolated from Streptomyces aureofaciens) and chloramphenicol
(from Streptomyces venequelae), as well as the aminoglycoside antibiotic streptomycin
from Streptomyces griseus. The oxazolidinones are synthetic antibacterial drugs. As
mentioned earlier they are the only true new class of antibacterial drugs to be discovered

in the last 30 years.

Drugs that inhibit the protein synthesis can be divided into two major classes: 50S
inhibitors and 30S inhibitors. 50S ribosome inhibitors include macrolides (such as
erythromycin), amphenicols (for example chloramphenicol) and oxazolidinones (for
example linezolid). 30S inhibitors include tetracyclines and aminoglycosides (for
example streptomycin). Common to these drugs is that they bind to components of the
ribosome and physically block its function (Patel et al. 2001). This can be either
initiation or elongation of the protein, or in the case of aminoglycosides, promotion of
tRNA mismatching during elongation — resulting in mistranslation of the mRNA (Davis

1987).

Inhibitors of nucleic acid biosynthesis

The synthesis of DNA and the different types of RNA is essential to the growth of
bacteria. Antibacterial drugs can either interfere with the synthesis of the building
blocks of DNA and RNA, or they can target the enzymes involved in DNA or RNA

synthesis.

Quinolones such as nalidixic acid and the newer ciproflaxin, are among the very few
inhibitors of the DNA replication. More precisely, they act by targeting the bacterial
topoisomerases. The DNA of a bacterial cell is supercoiled in order to minimize its size.
The enzyme that introduces negative supercoiling is named type Il topoisomerase or
DNA gyrase. The supercoiling process involves the introduction of double stranded
nicks in the DNA; the quinolones inhibit the religation of the nicks, and accumulation of
these double stranded nicks in the genome eventually kills the bacterium (Drlica et al.

2008). The early quinolones such as nalidixic acid were only effective against Gram-
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negative bacteria, but newer compounds such as ciprofloxacin are also effective against

Gram-positive bacteria.

In the sections above we have seen how antibiotics bind to key components in the
bacterial cell and thereby disrupt essential life processes. This view on the killing
mechanisms of antibiotics could be called the classical view. In recent years a more
modern view has emerged. Not in place of the classical view, but rather in addition to it
(Kohanski et al. 2010). In this view, it is proposed that treatment with bactericidal
antibiotics leads to production of harmful hydroxyl radicals inside the bacteria. These
oxidative species inflict damage to DNA, lipids and proteins and thereby contribute to

the killing of the bacteria (Kohanski, Dwyer and Collins 2010, Kohanski et al. 2007).

Antibacterial drug resistance

Bacteria and antibiotic producing microorganisms have existed side by side up through

evolution, so it is not surprising that bacteria have evolved defences against antibiotics.

Intrinsic resistance

Some bacteria are naturally resistant to certain antibacterial drugs. Mycoplasmas lack
the cell wall and are therefore unaffected by [-lactamases and other antibacterial drugs
targeting the cell wall synthesis. The Gram-positive mycobacteria have a dense lipid
coat in the outer layers of the cell wall; this layer resembles the outer membrane of
Gram-negative bacteria and is a barrier against many common antibacterial drugs
(Nikaido 1994). Mycobacteria also exhibit a very slow growth rate; treatment of
infections, such as tuberculosis and leprosy, therefore requires several months of

continuous treatment.

The complex outer membrane of Gram-negative bacteria is more rigid than the plasma
membrane and less penetrable by many antibiotics. The drugs therefore rely on the

porin channels for their entry into the periplasmic space. The opportunistic pathogen
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Pseudomonas aeruginosa is characterized by having very restricted porin channels

making it resistant to many antibacterials (Yoneyama et al. 1995).

Many bacteria (including P. aeruginosa) can in some situations form biofilm. It is
believed that cells living in biofilm change their growth dynamic, rendering them
unsusceptible to many antibacterial drugs. Intrinsic resistance is fortunately often
predictable and infections can be treated by choosing the right type of drug. A bigger

challenge is posed by the much more unpredictable phenomenon of acquired resistance.

Acquired resistance

The emergence of resistant bacteria among species that would normally be considered
susceptible has made it clear that bacteria can acquire resistance. Many different
biological mechanisms behind acquired resistance have been characterized. Figure 3
illustrates some of the most common mechanisms. Various mechanisms can provide
bacteria with resistance towards antibiotics; the most common are: target-site

modification, antibiotic inactivation and drug efflux pumps.
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Figure 3. A variety of resistance mechanisms have evolved among bacteria. |: genetic
mutations can alter the binding site of the antibiotic and prevent binding. Il: enzymes can
inactivate the drugs, such as B-lactamases that destroy penicillins and cephalosporins. Ill: Efflux
pumps can actively pump the antibiotic out of the cell. IV: modifying enzymes can inactivate the
antibiotics by adding new functional groups. Figure adapted from Levy and Marshall, 2004.
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Resistance to several drugs can arise from mutations affecting the drug target. Analysis
of streptomycin resistant Mycobacterium tuberculosis has shown that the majority of
these carry point-mutations in the rpsL gene, which encodes the S12 protein of the 30S

ribosomal subunit, causing resistance to streptomycin (Sreevatsan et al. 1996).

Resistance to rifampicin has been shown to be caused by point-mutation in the rpoB
gene, which encode the (3 subunit of the RNA polymerase, preventing binding of
rifampicin to the polymerase. Mutations conferring resistance to rifampicin usually
cause slower growth of the bacteria, but naturally slow-growing bacteria such as

Mycobacterium tuberculosis does not seem to suffer from this (Mariam et al. 2004).

Target-site alterations have also been shown to confer resistance towards macrolides
(Leclercq and Courvalin 1991), vancomycin (Cetinkaya et al. 2000), flouroquinolones
(Hooper 2000). Often these target modifications only confer resistance towards a single
class of compounds. However, a specific modification of the 23S RNA from the 50S
subunit by a methyltransferase conferred resistance to all classes of antibiotics acting at

this site (Long et al. 2006).

Antibiotic inactivation

The destruction of penicillin and cephalosporins by [B-lactamases is the most wide-
spread type of bacterial resistance. The [-lactamases cleave the [-lactam ring of
penicillin and cephalosporin yielding the inactive derivates penicilloic acid and

cephalosporanoic acid (Jacoby and Munoz-Price 2005).

Resistance to chloramphenicol is primarily due to the enzyme chloramphenicol acetyl
transferase (CAT). The enzyme acetylates the primary hydroxyl group of the drug
thereby inactivating it (Murray and Shaw 1997). Genes encoding CAT are widespread
among both Gram-positives and Gram-negatives, and are often located on plasmids.
Streptomycin and other aminoglycosides are often inactivated by phosphorylation,

adenylation or N-acetylation (Wright et al. 1998).
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Drug efflux pumps

Resistance towards tetracyclines are in most cases caused by tetracycline-specific efflux
pumps, usually encoded by plasmid-borne genes. Several different tetracycline efflux
pump genes have been identified. The efflux pumps are membrane-spanning multimer
proteins; they actively pump tetracyclines out of the cytoplasm in exchange of proton
(Ball et al. 1980). Other efflux pumps exist that target other antibacterial drugs, such as
chloramphenicol and quinolones (Piddock 2006).

Resistance gene transmission

We saw in the previous section that some of the resistance mechanisms arise from
mutations in chromosomal genes, such as resistance to streptomycin and rifampicin.
This type of resistance can arise in pure cultures and resistant mutants can easily be
selected by growing the bacteria in the presence of the drug. However, many types of
resistance to clinically important drugs can clearly be transferred between bacteria of
different genera. It is generally believed that many of the genes encoding drug-
resistance arose from antibiotic-producing bacteria themselves. Antibiotic-producing
bacteria such as the streptomycetes carry them in order to protect themselves from their
own antibiotics (Benveniste and Davies 1973, Hopwood 2007). It is conceivable that
these genes are being transferred among bacteria. Figure 4 illustrates some of the

mechanisms by which this transfer can take place.

Conjugation

Multiple drug-resistance genes are often carried on so-called R-plasmids. Apart from
the drug-resistance genes, these plasmids often carry genes that mediate conjugative
transfer of the plasmid in a process similar to the F-plasmid. These transfer-genes
encode specialized surface structures called ‘sex pili’, similar to those of the F-plasmid.
A cell with sex pili (the donor) will attach itself to a cell without it (the recipient) and
the cells will be pulled close together. A protein-pore will then form between the two
cytoplasms and the R-plasmid will attach to the pore at a region called the oriT (origin

of transfer).
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Bacteriophage 'Free’ DNA

Conjugative
plasmid

Chromosome

Figure 4. Drug resistance genes can be transferred between bacteria by a variety of
mechanisms. By bacteriophages in a process called transduction; by conjugative plasmids,
called conjugation and by ‘naked’ DNA, called transformation. Often the resistance genes are
carried on transposons, easing the insertion into plasmid or chromosomal DNA of the recipient.
Figure adapted from Levy and Marshall, 2004.

A single-stranded nick will be introduced at the oriT and the strand will be transferred
in the 5’ to 3’ direction through the pore into the recipient. The single strands in both
donor and recipient will be turned into double-stranded DNA by the DNA polymerase
III (Franklin, Snow and Franklin 2005). It has been shown that conjugative transfer of
resistance genes occurs with high frequency in the intestine of humans and animals

(Shoemaker et al. 2001).

Transformation

Most bacteria can, under certain conditions, take up foreign DNA from the environment
and incorporate it into their genome. The bacteria must be so-called competent; in this
state they express proteins that will bind ‘naked’ double-stranded DNA and facilitate its
uptake. This ‘naked’ DNA could stem from dead and lysed drug-resistant bacteria and
thereby confer resistance to the recipient. Transformation appears to be the principal
mechanism for transfer of resistance genes among streptococci and related genera

(Hakenbeck 2000).
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Transduction
Bacteriophages carrying resistance genes do not seem to be a normal source of
resistance among bacteria. But they are likely to be involved in transfer DNA carrying

resistance genes inside transposons or other mobile elements.

Transposons and integrons

Transduction and transformation requires, that the foreign DNA sequences are
incorporated into the genome of the recipient; either into the chromosome or a plasmid.
This could be accomplished by homologous recombination if the foreign DNA and the
recipients DNA contain homologous sequences. However, since drug-resistance is
transferred readily between different genera of bacteria, this is unlikely to be the only
process. It has become clear that many drug-resistance genes are carried on DNA
elements called transposons (Skurray and Firth 1997). Transposons can insert
themselves into sequences with limited homology. The excision from one piece of DNA
and insertion into another is performed by enzymes called transposases and is encoded
by genes carried on the transposons themselves. The transposase enzyme recognizes
insertion sequences (IS elements) at the ends of the transposon. These sequences appear
in either direct or inverted order at each end. Transposons carry a variety of genes
between these insertion sequences, often coding for drug-resistance. In some
transposons these genes are arranged in structures called integrons. Integrons have
conserved sequences on either side of the inserted genes; the sequences are recognized

by integrase enzymes and allow for insertion of new genes into the integron (Franklin,

Snow and Franklin 2005).

The above mentioned mechanisms accounts for the remarkable ability of bacteria to
exchange genetic information such as drug-resistance genes. It has also been shown that
sub-inhibitory doses of aminoglycoside and fluoroquinolone antibiotics induced
transformation in Streptococcus pneumonia (Prudhomme et al. 2006) and that sub-
inhibitory concentrations of penicillin increased the conjugal transfer of plasmid DNA
from Escherichia coli to Staphylococcus aureus and Listeria monocytogenes in in vitro

experiments (Trieu-Cuot et al. 1993). In light of the previously mentioned modern view
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on antibiotics, it seems that the oxidative stress induced by sub-inhibitory
concentrations of antibiotics results in competence for genetic transformation and

activation of conjugal transfer systems, as part of the stress response.

In this light it seems that the current strategy of attempting to discover new drugs or to
modify the old ones, in order to stay ahead of the bacteria, is bound to fail. New non-
antibiotic approaches have therefore been suggested. I will describe two of these: anti-
virulence drugs and treatments that involve stimulation or recruitment of the innate

immune system of the host.

Antivirulence therapy

The difference between pathogenic and non-pathogenic strains of bacteria is usually
determined by a small number of genes. The genes that enable a strain to infect and
cause disease are known as virulence genes and the proteins they encode are known as
virulence factors. Many of these virulence genes are located in pathogenecity islands
(PAIs) on the chromosome or on plasmids. These virulence genes are often tightly
regulated; the bacteria will sense their environment and under the right circumstances,
i.e. inside the host, activate their virulence factors. Figure 5 gives an overview of the

different virulence-targets that currently are being investigated.

Inhibition of
bacterial adhesion
\/ Type Il secretion »
F— Inhibition of
Fimbriae delivery systems
% /
AHL ¢ / Type |l secretion
an AHL  jL Inhibition of system

|— virulence regulation

i[! : Virulence genes

Figure 5. Some of the different virulence traits that can be targeted by antivirulence therapy.
The figure was adapted from Clatworthy et al. 2007.

Quorum sensing

22



The idea behind antivirulence therapy is to target these virulence factors or their
expression. This will prevent the pathogen from establishing an infection without
affecting the growth of the bacteria which, as we have seen, inevitably would lead to

resistance development (see figure 6).

One of the first steps in an infection is for the bacteria to adhere to host cells. Bacteria
often use fimbriae or similar structures on their surface for this purpose (Hung et al.
1996). A class of compounds that target these fimbriae are called pilicides (Pinkner et
al. 2006, Svensson et al. 2001). These compounds were found to target the fimbriae of
pathogenic Escherichia coli, but could potentially be used for many Gram-negative
bacteria. Pilicides inhibit the formation of the fimbriae by interfering with the
chaperone-usher pathway necessary for their assembly (Sauer et al. 2000, Sauer et al.
2004).

Another target could be bacterial secretion systems. A wide range of bacteria use these
systems for delivery of toxins or virulence effectors. Vibrio cholerae uses the type II
secretion system (T2SS) for delivery of its toxin (Davis et al. 2000). The type III
secretion system (T3SS) is a syringe-like structure that allows the bacteria to inject
virulence effectors into eukaryote cells. Escherichia coli O157:H7 uses this system for
delivery of Tir (translocated intimin receptor) into epithelial cells (LeBlanc 2003). A
number of compounds have been identified that inhibit the T3SS of Yersinia
pseudotuberculosis (Kauppi et al. 2003, Nordfelth et al. 2005). In many Gram-negative
bacteria quorum sensing is used to regulate virulence genes. Quorum sensing is a
mechanism whereby bacteria can sense their population density by releasing signal
molecules. These can be acyl-homoserine lacton molecules (AHLs), which then interact
with transcriptional regulators, such as LuxR, which then activate transcription of
virulence genes (Miller and Bassler 2001). Analogs of AHLs have been found to inhibit
virulence of pseudomonas aeruginosa (Muh et al. 2006, Smith et al. 2003).

Another example of inhibition of virulence gene regulation is the drug virstatin. It

inhibits the expression of the toxin coregulated pili (TCP) and the cholera toxin (CT) in
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V. cholerae by inhibiting dimerization of the transcriptional regulator ToxT (Hung et al.
2005, Shakhnovich et al. 2007). Oral administration of virstatin was shown to protect

infant mice from colonization V. cholerae.

Classic antibiotic Antivirulence drug

O Step |

Stepll ... ,'C:D\-’ ° @\’ °
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-/\-/\

Figure 6. Classic antibiotics (left panel) selects strongly for resistance: in step one a pathogenic
bacteria colonizes the host. Upon treatment with an antibiotic most of the bacteria dies, but a
single bacteria is resistant. This could be from mutation or from acquired resistance. This lone
resistant bacterium will now be able to divide and grow, because its non-resistant siblings/rivals
have been killed by the antibiotic. In the right panel we again have pathogenic bacteria
colonizing the host (expressing toxins). Upon treatment with an antivirulence drug the non-
resistant bacteria cease production of toxins. We still will be faced with resistant bacteria, but
because the drug does not kill the non-resistant siblings/rivals there is likely no selective
advantage to being resistant.
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Whether antivirulence therapy can live up to its promises still needs to be proven since

none of the drugs have advanced beyond animal testing and pre-clinical trials.

Immuno-modulating drugs

When infected by a pathogen, humans will respond with a two-prone defence strategy:
an immediate innate immune response and a slower, but more specific response from
the adaptive immune response. The immediate response of the innate immune system
involves activation of phagocytic and cytotoxic cells and recruitment of these to the site

of the infection.

The innate immune response is triggered by receptors present in host cells. These
receptors are called pattern recognition receptors (PRRs) (reviewed in (Medzhitov
2009)). They recognise evolutionary conserved molecular patterns common among all
microorganisms, known as pathogen-associated molecular patterns (PAMPs). Well
known examples of PAMPs are the lipopolysaccharide (LPS) of Gram-negative
bacteria, the peptidoglycan of gram-positive bacteria and bacterial flagellin. The best
known examples of PRRs are the transmembrane Toll-like receptors (TLRs)
(Magalhaes et al. 2007). There are ten known TLRs in humans (TLR1-10) and they
activate signalling pathways in the cells, when activated by PAMPs, resulting in
induction of antimicrobial effectors and signal molecules that activate other parts of the

innate immune system, as well as the adaptive immune response.

The PRRs do not distinguish between pathogenic or non-pathogenic bacteria. Despite
the name, PAMPs are present in all microorganisms whether they are pathogenic or not.
Instead the PRRs are present in compartments of the host that are not usually accessible
to microorganisms. For example, TLRS, which detects bacterial flagellin, is present on
the basolateral side of the epithelial cells in the gastrointestinal system. This space is
normally not accessible to bacteria, only pathogens have the means (virulence factors)

to gain access to this part of the host.
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A number of drugs targeting these PRRs are in clinical and pre-clinical trials (reviewed
in (Hancock et al. 2012)). Also, it has recently been reported that short synthetic
peptides can act as modulators of the innate immune system (Nijnik et al. 2010, Scott
et al. 2007). The peptides IDR-1 and IDR-1002 were shown to activate the immune
response through a MAPK pathway. This resulted in activation and recruitment of

monocytes and afforded protection in a mouse model against Staphylococcus aureus.

Caenorhabditis elegans

When searching for antivirulence, or immuno-modulating compounds, we cannot rely
on in vitro models. In vitro models are not likely to replicate the condition inside a
human host. Therefore, in vivo models, that replicate the human disease as closely as
possible, are essential in order to investigate the effect of these drugs. During the past
ten years Caenorhabditis elegans has emerged as a useful infection model for several

pathogenic bacteria and fungi (reviewed in (Sifri et al. 2005)).

C. elegans is a small free-living nematode that lives in soil, where it feeds on
microorganisms. There are two sexes, male and hermaphrodite. Hermaphrodites
produce both eggs and sperm and are capable of self-fertilization as well as fertilization
by a male. Males produce only sperm and must mate with a hermaphrodite in order to
reproduce. When self-fertilizing, the hermaphrodite will produce approximately 300
progeny; when fertilized by a male, the male sperm will outcompete the
hermaphrodite’s own sperm and the ~1000 progeny produced will be the result of cross-

fertilization (Hope 1999).

C. elegans life-cycle

Under laboratory conditions the growth of C. elegans is rapid. It will develop from
fertilized egg to an adult capable of egg-laying in just three days at room-temperature.
The hermaphrodite gonads first produce germ cells which differentiate as sperm
(approximately 300 sperm cells are produced) before switching completely to egg
production. The sperm cells are stored in the two spermathecas, where they will fertilize

the passing eggs (see figure 7A).
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Figure 7. A: Anatomical features of Caenorhabditis elegans. The picture shows an adult
hermaphrodite C. elegans sek-1 (strain KU4) mutant. Drawing adapted from Alberts, 2008.
B: Life-cycle of C. elegans. at 22°C. Drawing adapted from (Baylis and Vazquez-Manrique
2012).

The eggs hatch as larvae and these will develop into adults through four larval stages
(L1 to L4), separated by moults. During each moult the larvae will synthesize a new
outer cuticle under the old cuticle, and shed the old one. The worms live for a total of

approximately three weeks, but they are only fertile for about four days.

Development from fertilization to hatching is referred to as embryogenesis; this takes

about 14 hours (at room-temperature) and generates the first larval stage (L1) which is

only 250 um long, but has the same general structure as the adult worm (see figure 7B).
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Over the next ~50 hours development will proceed through four moults and end up with
an adult worm capable of reproduction. Under unfavourable environmental conditions
(i.e. starvation) L2 larvae can moult into so-called dauer larvae. The cuticle of the dauer
larva is completely sealed, protecting the larva from the environment. The dauer larva is
able to live for three to four months without developing further. It will only moult into
an L4 larva if a food source becomes available. The entry into this state is regulated by
the insulin-like receptor pathway, which is also part of the innate immune system of the

nematode (Schulenburg et al. 2004).

C. elegans immunity

As a soil-dwelling organism, grassing on microorganisms, C. elegans must have an
innate immune system to protect it from infections. The first barrier is the tough outer
cuticle layer that protects the worm from microbial penetration. A second barrier is the
pharynx, which has two bulbs: the terminal bulb act as a grinder, which mechanically
disrupts the ingested microorganisms so that very few intact microorganisms enter the
intestinal tract. The few whole microorganisms that do enter are prevented from
colonizing the worm by peristaltic movements, which serve to remove harmful
microorganisms from the intestinal tract. C. elegans also possesses inducible immune
pathways that resemble those of the innate immune system in mammals. These
pathways are believed to control responses such as antimicrobial peptides, lysozymes
and possibly other defence responses (Schulenburg, Kurz and Ewbank 2004, Sifri,
Begun and Ausubel 2005).

There are a minimum of four pathways regulating immunity of C. elegans. These are
the transforming growth factor-B-like pathway, the p38 mitogen-activated protein kinase
pathway (p38 MAPK pathway), the insulin-like receptor pathway, and the programmed
cell death pathway (Schulenburg, Kurz and Ewbank 2004). Two of these are of
particular interest, since they are known to be involved in the innate immune response
of C. elegans towards bacterial infections of the intestine: the p38 MAPK pathway and
the insulin-like receptor pathway (see figure 8). The p38 MAPK pathway has been

shown to be induced in response to infection by specific human pathogens such as P.
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aeruginosa (Troemel et al. 2006) and Yersinia pestis (Bolz et al. 2010). In contrast, the
insulin-like receptor pathway is believed to provide the nematode with a continuous
low-level protection against a broad range of pathogens (Shivers et al. 2008, Troemel,
Chu, Reinke, Lee, Ausubel and Kim 2006). Apart from antimicrobial factors, these
pathways also control the expression of proteins involved in protection against

environmental stress.
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Figure 8. The signalling cascades involved in the p38 MAPK pathway and the insulin-like
receptor pathway. Solid arrows indicate interactions that have been verified to be implicated in
immunity. Dotted arrows indicate relationships that are still uncertain. Figure adapted from
(Schulenburg, Kurz and Ewbank 2004).

It is not known exactly how these pathways are activated by pathogens. No pattern
recognition receptors (PRRs) have yet been identified in C. elegans. However, it was
recently reported that the immune response of C. elegans towards staphylococcus

aureus was not dependant on the use of live bacteria (Irazoqui et al. 2010). This
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indicates that pathogen-associated molecular patterns (PAMPs) could be involved in

activation of the innate immune system of the nematode.

C. elegans as an infection model

Because the worm is a natural bacterivore, there is no need for injecting or otherwise
force bacteria into it. One simply replaces the worm’s normal laboratory food source of
non-pathogenic E. coli OP50 with the pathogen of choice. Usually as a lawn of bacteria
on an agar plate that the worm are allowed to crawl around and feed on. A number of
human pathogens have been shown to strongly reduce the lifespan of the nematode
(Sifri, Begun and Ausubel 2005). This has been interpreted as a result of a pathogenic
process similar to that in humans. It has been suggested that virulence of bacteria
developed, in fact, as a defence against microbivores such as C. elegans (Vaitkevicius et
al. 2006). When feeding on E. coli OP50 C. elegans has a life-span of about two weeks;
this is significantly shortened when grown on these pathogenic bacteria. The killing
process can be divided into slow killing where live bacteria (which have passed intact
through the pharynx) accumulates in the intestine of the worm and over time kills it, and
fast killing where the killing is mediated by toxins secreted by the bacteria. This simple
feeding-based pathogenesity model has made C. elegans an attractive model for
screening of antimicrobials (Breger et al. 2007, Moy et al. 2006), but also for
identification of immuno-modulating drugs (Pukkila-Worley et al. 2012).
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Project 1 wnpublished data)

Peptide inhibitors of Vibrio cholerae virulence.

The Gram-negative bacteria Vibrio cholerae is the causative agent of the diarrhoeal
disease cholera (Sack et al. 2004). The bacteria lives in coastal waters and has been
endemic to southern Asia for more than 1000 years, but has also caused seven

pandemics over the last 200 years.

The two best studied virulence factors of V. cholerae are the toxin co-regulated pili
(TCP) and the cholera toxin (CT). The expression of both of these is controlled by the
transcriptional regulator ToxT (Prouty et al. 2005). A drug that could inhibit the
function of ToxT, would therefore be a useful antivirulence drug against Vibrio
cholerae. Virstatin is an example of such a drug; it inhibits the expression of TCP and
CT in V. cholerae by inhibiting the dimerization of ToxT. (Hung, Shakhnovich, Pierson
and Mekalanos 2005, Shakhnovich, Hung, Pierson, Lee and Mekalanos 2007). See also

figure 9.
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Figure 9. The small bioactive molecule virstatin (4-[N-(1,8-napthalimide)]-n-butyric acid)
prevents ToxT from forming the active dimer, thereby inhibiting transcription of both the cholera
toxin (CT) and the toxin co-regulated pili (TCP).
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Hung et al. constructed a V. cholerae strain that carried a chromosomally located
tetracycline-resistance gene under control of the cholera toxin promoter. This strain was
screened for tetracycline sensitivity (i.e. inhibition of the cholera toxin promoter) when
grown in the presence of different small-molecule drugs. This construction was used to
screen a commercially available library of 50,000 small molecules. Virstatin was shown
to inhibit the production of CT and TCP, without affecting the growth rate of wild-type
V. cholerae strains. They also showed that virstatin inhibited the ability of V. cholerae
to colonize the small intestine of infant mice. They tested the ability of a wild-type V.
cholerae to colonize the small intestine, with and without virstatin. In the presence of
virstatin, the number of V. cholerae that was recovered from the mice intestine was only

0.01% of that recovered from the intestine of untreated mice.

Inspired by this study, we decided to try to find other inhibitors of Vibrio cholerae by
targeting ToxT. We decided to screen a plasmid library encoding approximately
500.000 small circular peptides (9 amino acids long with 6 randomized amino acids).
Such peptides could conceivably act in a manner similar to that of virstatin, and

interfere with the expression of virulence factors.

This library was constructed by Susanne Kjelstrup from University of Copenhagen and
utilises the SICLOPPS (split intein-mediated circular ligation of peptides and proteins)
system which can be used to generate libraries of cyclic peptides. An intein is a segment
of a protein that is able to splice itself out and rejoin the flanking segments (called
exteins) with a peptide bond. These types of cis-splicing intein-containing proteins are
transcribed from a single gene. In the case of split inteins, two genes are involved. The
SICLOPPS system uses the DnaE split intein from the cyanobacterium Synechocystis sp
PCC6803. DnaE is the catalytic subunit alpha of DNA polymerase III and it is encoded
by two separate genes, dnaE-n and dnaE-c. The dnaE-n product consists of a 774 amino
acid (aa) N-extein region followed by a 123-aa intein region (Iy), and the dnaE-c
product consists of a 36-aa intein region (I¢) followed by a 423-aa C-extein region (Wu
et al. 1998). During trans-splicing the two extein regions are joined together to form the

complete DnaE protein. In SICLOPPS the two intein regions are rearranged to form a
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cis-intein: Ic:target peptide:Ix (Evans et al. 2000, Scott et al. 1999). This will result in
the target peptide being released from the inteins and cyclized (see figure 10).
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Figure 10. The SICLOPPS mechanism. The two intein regions folds to form the active intein.
The cystein at the IN:target peptide junction undergoes an N-to-S acyl shift to form a thioester.
The thioester undergoes transesterfication, by the serine at the IC:target peptide junction, to
form the lariat intermediate. The asparagine side-chain cyclization liberates the cyclic peptide as
a lactone. An O-to-N acyl shift generates the thermodynamically favoured lactam product.
Figure adapted from Tavassoli and Benkovic, 2007.

A wide range of cyclic peptides or proteins can be expressed by the SICLOPPS system.
Scott et al. showed that the E. coli enzyme dihydrofolate reductase (DHFR) could be
expressed, and the cyclic DHFR was shown to be more resistant to proteolysis than the
native linear protein (Scott, Abel-Santos, Wall, Wahnon and Benkovic 1999). It is
conceivable that small cyclic peptides would also be more resistant to cellular
catabolism than similar linear peptides. Since the splicing is only dependant upon the
chemistry of the inteins and does not require the aid of proteases, the system can be

carried on a plasmid vector and be utilized in a variety of hosts.

The plasmid library was constructed by inserting degenerate oligonucleotides in

between the I¢ and Ix genes, on a SICLOPPS vector, thereby creating an open reading
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frame encoding the desired fusion protein, under control of a IPTG inducible lac
promoter derivate (Pay/04). The target peptides will contain six random amino acids plus
the three amino acids needed for the cyclization. The plasmid library was given to us as
a mixture (i.e. a miniprep) of plasmids encoding approximately 500.000 different

combinations of peptides.

Because each plasmids needs to be transformed into a cell, for its peptide to be
expressed, we needed to design reverse screening system. In such a screen a cell
expressing a functional peptide (capable of inhibiting ToxT-dimerization) would
survive, whereas cells containing plasmids expressing non-functional peptides would
die. Figure 11 gives an overview of our reverse screening system and shows how it

works with our positive control — virstatin.

Materials and methods
Vector pToxT

We amplified the toxT gene from Vibrio cholerae Bah-2 with primers: 5'-GATACACCC-
GGGAACTTTACGTGGATGGCTC-3' and 5°-GATACACCCGGGGGAACGATTTGAATCGATGTC-3’.
The fragment was digested with Xmal and inserted into the vector pPBAD18. The AraC-
toxT fragment was amplified from pBAD18-toxT with primers: 5'-GATACAGACGTCTGA-
CAGCTTATCATCGATGC-3' and 5-GATACAGACGTCAGGGTTATTGTCTCATGAG-3' and

inserted into the low copy vector pMW 119 with Aatll to create pToxT
Vector pMnt-Picpa

The Pan/Omnt promoter/operator was amplified from pPY97 (Lucchesi et al. 1986) with
primers: 5' -TGCTAACCAGTAAGGCAAC-3' and 5'-GATACAATCGATGTGTATTGACATGATAG-
AAGC-3' and inserted into pACYC184 with Aval and Clal. Then mnt was amplified
from pPY97 with primers: 5'-GATACACCCGAGGGTACCGACGTCGGGCCCCATATGGAGCT-
CACACTAACTTGGAGTGATGG-3' and 5'-GATACACTCGGGCGGTTGCCGCCGGGCGTTTTTTA
AAATTAACCCGCCGTCAG-3' and inserted into pACY C184-P,n/Omne with Aval. The Picpa

promoter (with toxboxes) was amplified from Vibrio cholerae Bah-2 with primers: 5'-G-
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ATACAGGTACCCACTCCGGAAATATTTTAACGC -3' and 5'-GATACACATATGGGAAATGCATTG-
CTTGGTCC-3" and inserted into pACY C184-P,,/Omn-Mnt with Kpnl and Ndel to create

vector pMnt-Pipa.

Both vectors were eletroporated into E. coli MC1000. Figure 11 gives a overview of

these constructs.
Virstatin assay

An overnight culture of E. coli MC1000/pToxT+pMnt-Pi,a was split into three 5 ml
tubes. One with 8 ug/ml tetracycline, one with 8 ug/ml tetracycline+0.2% arabinose and
one with 8 pg/ml tetracycline+0.2% arabinose+1000 uM virstatin. After 5 hours
shaking at 37°C the cultures were diluted to 10.000x and 100 pl plated on plates with

the same components as the liquid cultures.
Peptide screen

Eletrocompetent E. coli MC1000/pToxT+pMnt-Pi,a were electroporated with ‘Qaa
peptide library miniprep DNA’. After eletroporation the cells are allowed to express the
peptide in LB+1 mM IPTG for 1 hour at 37°C before we added LB+8 pg/ml
tetracycline+1 mM IPTG+ 0.2% arabinose (plus relevant antibiotics for the three
plasmids) and incubated at 37°C over night (ON).

10 ul ON culture was plated on LB-agar+8 pg/ml tetracycline+l mM IPTG+ 0.2%
arabinose and incubated ON at 37°C. The next day the colonies on the plate were
collected and plasmid was isolated with Qiagen miniprep procedure. The resulting
plasmid prep was digested with AsiSI and Pacl (in order to linearize pToxT and pMnt-
Pipa. This prep was then eletroporated into fresh E. coli MC1000/pToxT+pMnt-Pyepa
and the selection repeated in order to enrich the prep with plasmids encoding ToxT

inhibitor peptides.
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After 4 rounds of enrichment the fifth eletroporation was split in two: one receiving
IPTG and one without IPTG and the plated on plates with and without IPTG in order to

assess the effect of the enrichment.

Results and discussion

We tested our reverse screen using virstatin as a positive control. The screening strain E.
coli MC1000/pToxT+pMnt-P,a was able to grow on 8 pg/ml tetracycline without
arabinose (no ToxT expression from Pgap). In the presence of 0.2% arabinose, the strain
was not able to grow on 8 ug/ml tetracycline due to ToxT activating expression of the
Mnt-repressor, which in turn prevents expression of the tetracycline resistance gene
tetA. In the presence of 1000 uM of virstatin the screening strain was returned to growth
levels without arabinose-induction of ToxT. This indicated that ToxT was successfully

inhibited by virstatin.

There were, however, two major problems with the assay: there was a clear background
on the plate with tetracycline and arabinose. We attribute this to the presence of
‘arabinose-resistant’ cells, i.e. cells that lack arabinose-transporters and therefore do not
respond to the inducer. Siegele and Hu have described this phenomenon of mixed
populations, showing different levels of induction of the Pgap promoter, sometimes
dubbed ‘all-or-nothing induction’ (Siegele and Hu 1997). The other problem was the
high concentration of virstatin needed to successfully inhibit ToxT. We attempted to
lower the concentration of arabinose, but this only increased the background growth to
unacceptable levels. We then attempted to insert the lacYA177C gene onto the pToxT
plasmid. This gene encodes a mutated LacY transporter that allows arabinose into the
cell (Bowers et al. 2004). This solution solved the background-problem with arabinose-
resistant cells; however, we were no longer able to rescue the bacteria with virstain,

even with lower concentrations of arabinose (data not shown).
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Figure 11. A: In the absence of the inducer arabinose, ToxT is not expressed from the Pgap
promoter. Without ToxT there is no expression of Mnt from the Py ,s promoter, and TetA is
expressed from the P, promoter — and the cells are tetracycline resistant. B: With arabinose in
the plate ToxT is expressed from the Pgap promoter. ToxT dimerizes and binds to the toxboxes,
recruits the RNA polymerase to Ppa and we get expression of Mnt. Mnt binds to its operator
Omnt and the P, promoter is blocked which results in tetracycline sensitivity. C: ToxT is not able
to dimerize and bind to the toxboxes because of virstatin. This prevents expression of Mnt and
the P, promoter is open which results in tetracycline resistance.

We decided to use the original screening strain to screen the peptide library. We
reasoned that maybe the peptides that expressed intracellular and in high numbers
would be enough to inhibit the high number of ToxT molecules. Figure 12 shows the
result. After 4 rounds of enrichment, we plated the strain onto agar-plates with or
without IPTG. This would reveal if expression of the peptides made any difference to

the survival rates. It turned out that there was only a very small difference. We
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concluded that none of the selected peptides were able to inhibit ToxT. The colonies on

the plates were likely ‘background’.
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Figure 12. The peptide library was electroporated into E. coli MC1000/pToxT+pMnt-Pic,a. After
selection on plates the colonies were washed off and plasmid purified. pToxT and pMnt-Picpa
linearized with restriction enzymes Asisl and Pacl. pLibrary was then reintroduced into fresh cells
for a new round of selection. After four rounds of selection, the pLibrary plasmids were
recovered and retransformed once again, but this time selected on plates with and without
IPTG. We expected more cells on the plate with IPTG. However, this was not the case.

We conclude that the assay was unsuccessful. We ascribe this to two obvious reasons:
1. that there were no peptides in the library capable of inhibiting ToxT. 2. That the
screen was not sensitive enough to select the peptides that worked. The control
experiment with virstatin revealed that our assay was not as sensitive as we had wished.

We needed to increase the concentration of virstatin to 1000 uM in order to rescue the
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bacteria. We speculate that perhaps ToxT did not have the proper conditions for
dimerization and activation of transcription from the PtcpA promoter. The screen was
carried out in E. coli rather than in V. cholerae because V. cholerae are notoriously
difficult to transform with high frequency. It would not have been possible to perform
the assay in V. cholerae, but perhaps we could have improved the conditions for ToxT
in E. coli by adding bicarbonate (Abuaita and Withey 2009) or bile salts (Hung and
Mekalanos 2005) to the medium. It has been shown that ToxT, like many other
members of the AraC family of activators, contains a ligand-binding domain for
response to environmental factors (Prouty, Osorio and Klose 2005). It is possible that
such environmental factors are needed for proper function of ToxT, and in the abscence
of these factors too many molecules of ToxT are needed to activate transcription from
the Pipa promoter. This in turn results in expression of too many ToxT molecules for

virstatin and the peptides to handle.
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PrOjeCt 2 (see attached manuscript 1)

Lack of the RNA chaperone Hfq attenuates pathogenicity of several E. coli
pathotypes towards C. elegans

The prokaryotic RNA-binding protein Hfq plays a vital role in posttranscriptional
control in many bacteria. Hfq acts as a chaperone by pairing mRNAs and small RNAs
(sRNA). This pairing between an mRNA and its corresponding sRNA can result in a
variety of outcomes. Translation of the mRNA can be repressed or activated or the
mRNA can be irreversibly inactivated by degradation (see figure 13) (De Lay et al.
2013, Vogel and Luisi 2011).

Intermediate ternary complex

/ N

Hfq stably represses or activates

mRNA translation mRNA degraded by RNases

Figure 13. The different fates of mMRNA after hfg-mediated binding to its small RNA (sRNA).
Figure adapted from Vogel and Luisi, 2011.

Hfq has been shown to regulate virulence genes as well as core genome genes (Chao
and Vogel 2010). It is interesting that many hfq mutants of pathogenic bacteria are
strongly impaired in in vivo models of infection. They are often less capable in handling
the stress associated with many host environments (Chao and Vogel 2010). This

involvement of Hfq in virulence, paired with the recent finding that Hfq was vital for
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pathogenesity of adherent invasive E. coli (AIEC), prompted us to look into the effect
of Hfq on more types of pathogenic E. coli.

Results and discussion

We constructed hfq mutants of prototypic strains of verotoxin producing E. coli (VTEC,
EDL933), enteroagregative E. coli (EAEC, 17-2) and uropathogenic E. coli (UPEC,

J96). These strains were tested in the C. elegans infection model (see figure 14).
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Figure 14. Lack of Hfq in all three E. coli pathotypes resulted in significantly increased lifespans
of C. elegans. The increase in LT50 (3, 4 and 7 days) for VTEC, EAEC and UPEC strains was
fully complemented in trans.

We can see that the UPEC strain J96 seems more affected by the lack of Hfg. This
difference was also seen between the strain’s ability to cope with oxidative stress, in the
form of hydrogen peroxide. This could be due to slight variations in the core genome of
the chosen strains. However, it is tempting to suggest that these different strains have
experienced stepwise additions of virulence factors, as they evolved to survive in
different niches, and that this acquired genetic material is to some extent regulated by
Hfq in concert with sRNAs. Targeting Hfq has been proposed as a new approach
against pathogenic bacteria (Wilson et al. 2007).
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Project 3 wnpublished data)

Small scale high-throughput screen for inhibitors of Hfq

Inspired by the results in project 2, we decided to conduct a high-throughput screen for
inhibitors of Hfq. We reasoned that since Hfq functions as a hexamer (De Lay, Schu
and Gottesman 2013) breaking the protein-protein interactions between the individual
Hfq monomers would inhibit its function. Hfq was tested in a two-hybrid screen
(Karimova et al. 1998). In this screen the interaction between two hfq subunits produces
an active adenylate cyclase which activates transcription of the lac operon (see figure

15).

Materials and methods
Vectors pUT18C-hfg and pKT25-hfq

The hfq gene was amplified from E. coli MG1655 with primers 5'-GATACAGGATCCCA-
TGGCTAAGGGGCAATC-3' and 5'-GATACAGAATTCTTATTCGGTTTCTTCGCTG-3’ and cloned
into vectors pUTI8C and pKT25 (BATCH system kit, Euromedex) with restriction
enzymes BamHI and EcoRI. The resulting vectors were electroporated into E. coli
HB101. The vectors were tested by streaking the strain on plates with 1 mM IPTG and
40 ng/ml of X-gal. E. coli HB101 with the empty vectors and with vectors pUT18C-zip
and pKT25-zip (containing a leucine zipper motif) were used as negative and positive

controls.
Compound screen

Using the E. coli BTH101/pUT18C-hfq+pKT25-hfq strain, we performed a screen of
two compound libraries: the 1280 pharmacologically active compounds LOPAC; g
library and the MicroSource: FDA-approved US drug collection containing 1040
compounds. The screen was performed by the University of Massachusetts Medical
School Small Molecule Screening Core Facility which also performed the plate reading

and data analysis. The two-hybrid screen is based on the method devised by Karimova
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Figure 15. The figure shows the principle behind the 2-hybrid screen. A: in a wild-type E. coli
the adenylate cyclase is an enzyme comprised of two subunits (T18 and T25). In the absence of
glucose, the adenylate cyclase converts ATP into cAMP. cAMP activates the catabolite activator
protein (CAP) which binds to the CAP-site in front of the lac operon and other operons for
alternative energy-sources, activating the operons. In the presence of IPTG, LacZ will be
expressed and converts X-gal (5-bromo-4-chloro-3-indolyl-B-D- galactopyranoside) into the blue
4-chloro-3-brom-indigo. B: In the E. coli BTH101 strain the cya gene has been deleted. The two
subunits of the adenylate cyclase are expressed by the plasmids pUT18C and pKT25, but
without a stable interaction between the two subunits cAMP will not be produced and the lac
operon will remain inactive. This results in white (colourless) colonies on LB medium and no
growth on maltose (the mal operon is also activated by CAP). C: If a pair strongly interacting
proteins, like Hfg, are fused to the c-terminal of the T18 and T25 subunits, they are brought
together and form a functioning adenylate cyclase. This will result in blue colonies on X-gal.
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et al (Karimova, Pidoux, Ullmann and Ladant 1998) where a stable interaction between
the fusion subunits produces an active adenylate cyclase which activates transcription of

the lac operon (see figure 15).

Overnight cultures of E. coli BTH101/pUT18C-hfq+pKT25-hfq was diluted to about
10° cells/200 pl and arrayed in 96 well plates in 200 pl of Davis and Mingioli minimal
medium (Davis and Mingioli 1950) supplemented with 0.2% maltose, ampicillin (50
ug/ml), kanamycin (25 mg/ml), thiamine (2 pg/ml), X-Gal (40 pg/ml) and IPTG (0.5
mM). The plates were incubated at 30°C and scanned daily at a wavelength of 664 nm

on a Tecan Safire plate reader.

Results and discussion

We inserted hfg into pUT18C and pKT25 and verified the interaction by streaking the
cells on an agar-plate with X-gal. We used a negative control-strain with empty
pUTI18C and pKT25 vectors and a pre-constructed strain with a leucine-zipper construct

(pUT18C-zip and pKT25-zip) as the positive control (see figure 16).

We screened two smaller compound libraries (the 1280 pharmacologically active
compounds LOPAC,,5 library and the MicroSource: FDA-approved US drug
collection, comprised of 1040 compounds). We identified one possible candidate,
nordihydroguaiaretic acid (NDGA). As a verification of our hit, we conducted a survival
assay in the C. elegans infection model. We choose the UPEC strain J96, as this had
shown the strongest dependency on Hfq, in project 2. We expected to see a lifespan
extension similar to the 7 days seen between the wild-type and the hfg mutant.

However, the result was far less than expected (see figure 17).

It is difficult to figure out why NDGA apparently do not inhibit the function of Hfq in
Vivo, even at a very high concentration. Perhaps NDGA is not able to enter into the
nematode and exert its effect on the bacteria inside the worm. It could also be that the
CyaA-Hfq fusion proteins used for the screen do not resemble the natural Hfq. When
constructing the fusion we trusted that only a properly folded Hfq fused to CyaA would
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interact and produce blue colonies on X-gal. However, it is possible that CyaA distorts
the conformation of the N-terminal part of Hfq. It has been reported that the N-terminus
of Hfq is responsible for the function of Hfq, whereas the C-terminal is largely
redundant (Olsen et al. 2010, Vecerek et al. 2008). So, perhaps we have selected

inhibitors against a non-functional conformation of Hfq.
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Figure 16. The bacterial two-hybrid screen as it was set up to select for inhibitors of Hfg-Hfq
interaction. The assay was based on the restoration of adenylate cyclase activity in the cya
mutant strain E. coli HB101. The control streaking verified that the Hfq interaction was as strong
as the leucine zipper interaction. In order to exclude any false hits resulting from a general
antimicrobial activity, we also included the ‘zip screen’ with the entire library. Protein-protein
interaction is coupled to the growth of the reporter strain. Hence, negative and positive controls
appear as blank or coloured wells, respectively. Compounds interfering with protein-protein
interaction or exhibiting antimicrobial activity were indicated by reduced colour development.
Manual verification of inhibitory activity of selected hits excluded the false positive entity R-6B-
ABP but confirmed the Hfg-specific activity of NDGA.
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Figure 17. A: Chemical structure of nordihydroguaiaretic acid (NDGA). B: The lifespan of C.
elegans AU37 feeding on E. coli J96, on 400 yM NDGA compared to the solvent DMSO.
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PrOjeCt 4 (see attached manuscript 2)

The alkaloid compound Harmane increases the lifespan of Caenorhabditis
elegans during bacterial infection, by modulating the nematode’s innate
immune response.

The small molecule Harmane (2-methyl-B-carboline) was originally identified by
Martin G. Marinus and Tao Xu at The University of Massachusetts Medical School. It
was discovered in a 2-hybrid screen similar to the one described in project 3. The
compound was found to interfere with the interaction between Int (intimin) and Tir
(translocated intimin receptor) from the verotoxin producing E. coli EDL933
(Campellone and Leong 2003). See also figure 18. We were asked to test the compound
in the C. elegans infection model. In project 2, we had seen that EDL933 was

pathogenic towards the worm.
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Figure 18. When E. coli EDL933 get in contact with the epithelial cell layer of the gut, it injects
the Tir (translocated intimin receptor) into the cytoplasm of the epithelial cell using its type Il
secretion system. Tir then inserts itself into the apical plasma membrane of the cell where it acts
as a receptor for the bacterial intimin protein. Once the interaction between Int and Tir is
established, Tir recruits host cell proteins to form an actin pedestal under the bacterium. The
pedestals destroy the microvilli of the epithelial cells, forming what are called attaching and
effacing (AE) lesions. The figure was adapted from Alberts, 2008.
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Results and discussion

We rather quickly learned that the Int-Tir interaction was not involved in the
pathogenesis of E. coli EDL933 towards the nematode. However, we also discovered
that Harmane significantly increased the lifespan of the worm from an LT50 of 7 days
on the solvent DMSO to 17 days on 150 uM Harmane. These assays were performed in
an immune deficient mutant worm: the mutant AU37 (sek-1; glp-4) is deficient in the
p38 MAPK pathway. Initially we believed that the target was in the bacteria, but we
soon turned our attention towards the innate immune system of the nematode. Further
assays revealed that the effect of Harmane was most pronounced in this particular
mutant worm. The effect of Harmane was less pronounced in worm which were
deficient in the insulin-like receptor pathway and also in worms with an intact immune

response (see figure 19).
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Figure 19. The effect of 150 yM Harmane versus the solvent DMSO in three different worm
strains. Sek-1 worms are deficient in the p38 MAPK signalling pathway. Daf-16 nematodes are
deficient in the insulin-like receptor pathway. SS104 worms have no defects in their immune
pathways. The glp mutations (glp-1 and glp-4) result in temperature sensitive sterility, this allows
the worm to live on plates at 25°C without producing prodigy.

The fact that the effect of Harmane was most pronounced in a p38 MAPK deficient
nematode suggested to us that Harmane activated one or more pathways parallel to the
p38MAPK pathway and that they were not the insulin-like receptor pathway. We also
speculate that these unknown parallel pathways become up-regulated when the p38

MAPK pathway is inactivated. This phenomenon of up-regulation of immune effector
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genes, in order to compensate for the loss of similar genes, has been recently reported in
C. elegans (Marsh et al. 2011). Figure 20 shows a model of how we believe this

compensation to function.
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Figure 20. Hypothetical model for the Harmane induced pathway and its relation to the p38
MAPK pathway. We propose that Harmane acts on a pathway parallel to that of p38 MAPK
pathway. This is likely not to be the insulin-like receptor pathway. We believe that in wild-type
nematodes this pathway is held in check by the p38 MAPK pathway, resulting in only a minor
activation by Harmane. We suggest that in the absence of the p38 MAPK pathway this parallel
pathway is up-regulated in a compensatory fashion. This results in the increased pathogen
resistance and extended longevity observed in sek-1; glp-4 nematodes, when treated with
Harmane, compared to nematodes with an intact p38 MAPK pathway.
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Future perspectives

Of the 4 projects described in this thesis aimed at discovering new compounds targeting
bacterial pathogens, only one resulted in a somewhat successful compound (Harmane).
The success of this project was based on the pure luck by observing that Harmane
affected survival of AU37 (sek-1; glp-4) nematodes — completely unrelated to the
interaction we actually investigated. If we had used a nematode other than AU37, for
example a wild-type worm as is custom when investigating immuno-modulation, we
would probably not have observed any effect from Harmane. Harmane was selected to
target the Intimin-Tir interaction, and the choice of the nematode strain was purely
coincidental.

So I believe there are two conclusions that we can draw: a) it is better to be lucky than
good, and b) it is very difficult to intelligently design a specific assay. Many choices
have to be made, and perhaps one wrong/bad choice can ruin the final outcome. So is
the lesson that we have to rely purely on luck? I believe that it would be beneficial to
adopt a high-throughput approach to these assays: I believe that it would be beneficial
to test more of the possible combinations when designing an assay. In project 1 for
example we had the choice of using a lac promoter or the arabinose promoter, we chose
the Pgap promoter in order to be able to induce ToxT independent of the peptide library.
Perhaps the lac operator would have been a better choice. In project 3 we could have
tested both the C-terminal and N-terminal fusions between Hfq and CyaA. This would
have cost more but it would perhaps have saved us many wasted man-hours on a failed
screen.
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Abstract

Escherichia coli is an important agent of Gram-negative bacterial infections worldwide, being one of the leading causes of diarrhoea and
urinary tract infections. Strategies to understand pathogenesis and develop therapeutic compounds include the use of the nematode Caeno-
rhabditis elegans as a model for virulence characterization and screening for novel antimicrobial entities. Several E. coli human pathotypes are
also pathogenic towards C. elegans, and we show here that lack of the RNA chaperone Hfq significantly reduces pathogenicity of VTEC, EAEC,
and UPEC in the nematode model. Thus, Hfq is intrinsically essential to pathogenic E. coli for survival and virulence exerted in the C. elegans

host.

© 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The enterobacterium Escherichia coli is a commensal of
the human gastrointestinal tract. However, it is also a versatile
pathogen causing intestinal and extraintestinal diseases in
immunocompromised and healthy individuals. The wide
spectrum of clinical symptoms attributable to E. coli is
a reflection of the genetic variability within this species. Thus,
disease-causing E. coli are generally divided into different
pathotypes. The diarrhoeagenic E. coli constitutes a major
group of several pathotypes encompassing e.g. Vero cytotoxin-
producing E. coli (VTEC) responsible for acute and (often)
bloody diarrhoea associated with the severe clinical
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+45 46742615; fax: +45 46743011.
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manifestation haemolytic uremic syndrome (HUS), and
enteroaggregative E. coli (EAEC) giving rise to acute as well
as persistent diarrhoea mainly among inhabitants of devel-
oping countries but also in travellers [1]. Uropathogenic
E. coli (UPEC), a pathotype within the extraintestinal patho-
genic E. coli (EXPEC), is probably the most common agent of
human urinary tract infections [1]. Each pathotype is described
by histopathological and phenotypic appearances as well as
more or less specific combinations of virulence genes. Given
the high morbidity, and greatly spurred by the worldwide
development of antibiotic resistance, further studies on viru-
lence mechanisms and identification of new antimicrobial
targets in E. coli are warranted.

A relatively novel approach in antimicrobial development
is antivirulence therapy where factor(s) contributing to the
pathogenesis of an infectious agent is the target of inhibition
[2]. Targeting virulence would disarm a bacterial pathogen
rather than kill it, which, in turn, may lower the selective
pressure for evolution of resistance. The identification of an

1286-4579/$ - see front matter © 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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inhibitor of a central virulence regulator in Vibrio cholerae
constitutes an elegant example of an antivirulence compound
[3]. Identification and development of antivirulence
compounds require sophisticated in vitro setups or relevant
in vivo models due to the non-bacteriocidal nature of such
entities. Because many biological pathways are conserved
between Caenorhabditis elegans and humans, the nematode is
being increasingly used as a simple model organism to study
virulence mechanisms of both bacterial and fungal infections
[4]. Due to its simplicity and ease of cultivation, it is also an
organism feasible for large screenings of antimicrobials,
antivirulence compounds, and other factors promoting host
survival following infection [5].

The pleiotropic role played by the RNA chaperone and
posttranscriptional regulator Hfq in diverse bacterial patho-
gens is increasingly acknowledged [6]. Though generally
viable, bacterial hfg mutants often display a lowered stress
tolerance and attenuation in animal models. Thus, the broad
implication of Hfq in global gene expression and virulence has
been demonstrated for bacterial pathogens as diverse as
Staphylococcus aureus, Klebsiella pneumoniae, and Listeria
monocytogenes [7—9]. In the C. elegans infection model, Hfq
was shown to be involved in virulence of Burkholderia
cepacia and Serratia sp. [10,11]. A role for Hfq in multidrug
resistance in E. coli has been described [12] adding further to
the clinical significance of its regulon. Though vast amounts of
biological functions of Hfq have been dissected in E. coli, its
relevance in virulence of pathogenic E. coli remains less well
described. One study, though, revealed a prominent role
played by Hfq in fitness and virulence properties of uropa-
thogenic E. coli [13]. Moreover, Hfq has also been shown to
both positively and negatively affect the type III secretion
systems, including effector proteins responsible for AE lesions
and the hallmark pedestal formation phenotype, in different

Table 1
Bacterial strains, plasmids and primers used in this study.

VTEC strains [14,15]. Thus, specific virulence properties may
be differently integrated into the Hfq regulon even in strains of
the same pathotype. Transcriptome arrays show that the Hfq
regulon include E. coli core genome genes as well as, to
a large degree, pathotype-specific genes [14]. Recently,
involvement of Hfq in pathogenesis of adherent-invasive E.
coli (AIEC) towards C. elegans was reported [16]. Here we
tested the hypothesis that Hfq might be relevant for patho-
genesis in C. elegans of disease-causing E. coli in general.

2. Materials and methods
2.1. Strains, plasmids and DNA manipulations

The nematode strain C. elegans AU37 [17], a derivative of
Bristol N2 carrying the mutated sek-I and glp-4 alleles
(MAPK kinase deficiency and temperature-sensitive sterile),
were maintained on NGM media [18] supplied with the food
source E. coli OP50 at 15 °C.

Strains of E. coli and their derivatives, plasmids and
primers used in this study are listed in Table 1. Strains were
grown overnight at 37 °C with antibiotics when appropriate at
the following concentrations: ampicillin 100 pg/ml, kana-
mycin 50 pg/ml, chloramphenicol 12.5 pg/ml, apramycin 30
pg/ml. PCR was performed using the Expand High Fidelity
PCR System (Roche). The hfg gene including its upstream
promoter region was amplified from E. coli MG1655 (NCBI
gene id 948689) using primer pair F_hfq/R_hfq and was
cloned (Fast-Link DNA Ligation Kit, Epicentre) into pBR322
by directional cloning using BamHI and Sall restriction
enzymes (Fermentas). Plasmid pBAD18-GFP was constructed
by amplification of the GFPmut2 gene [19] from pGFPmut2
with primer pair F-GFPmut2/R-GFPmut2 followed by inser-
tion into sites EcoRI and Smal in pBADI1S8. The linear hfg

Strains, plasmids, and primers Description/sequence Source or reference
Escherichia coli strains
OP50 Standard food source/negative control for C. elegans [18]
MG1655 WT K12 isolate Lab. stock
17-2 EAEC prototype strain Lab. stock
17-2Ahfq Strain carrying chromosomal Afg-deletion (Kn®) This study
EDL933 VTEC prototype strain Lab. stock
EDLO933Ahfq Strain carrying chromosomal hfg-deletion (Cam®) This study
J96 UPEC Lab. stock
J96Ahfg Strain carrying chromosomal Afg-deletion (Kn®) This study
Plasmids
pKOBEGapra Plasmid encoding arabinose-inducible A-red functions (Apra®) J.M. Ghigo
pGFPmut2 Plasmid containing gene encoding GFPmut2 [19]
phfq pBR322 encoding hfg under its native promoter This study
pBAD18-GFP Plasmid expressing GFPmut2 from the Pgap promoter This study
Primers
F-hfq 5'-gatacaggatcccatggctaaggggcaatc-3' This study
R-hfq 5'-gatacagtcgacgaacgcaggatcgetggete-3' This study
F-Kn_hfq 5'-atggctaaggggcaatctttacaagatccgttaaagecacgttgtgtcte-3' This study
R-Kn_hfq 5'-ttattcggtttcttcgetgtectgttgegegggteagegtaatgetetge-3' This study
F-GFPmut2 5'-gcatggaattcgaaggagatatacatatgag-3' This study
R-GFPmut2 5'-gctaccccgggcagttatttgtatagttcatce-3' This study
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kanamycin deletion fragment was synthesized by PCR using
primer pair F-Kn_hfq/R-Kn_hfq and plasmid pACYC177 as
template. Transfer of genetic material was performed by
standard electroporation.

2.2. Mutant constructions

The hfg gene in E. coli 17-2 was deleted by allelic
exchange with the PCR synthesized cassette encoding kana-
mycin resistance flanked by regions homologous to sequences
up- and down-stream of the Afg gene by the A-Red mediated
recombination procedure [20]. Allelic replacement was facil-
itated by the thermo-sensitive helper plasmid pKOBEGApra,
an apramycin resistant derivative of pKOBEG [20], encoding
lambda Red recombinase functions. E. coli 17-2 bearing
plasmid pKOBEGApra were grown at 30 °C and induced by
addition of 0.2% arabinose (Sigma). The purified PCR product
was introduced to electro-competent 17-2 harbouring pKO-
BEGApra followed by temperature-induced (37 °C) curing of
pKOBEGApra and kanamycin selection. The hfg deletion
allele was subsequently transferred to E. coli J96 by amplifi-
cation of the deleted gene using primers F-hfq and R-hfq and
repeated A-Red mediated recombination. The hfg deletion in
E. coli EDL933 was obtained by transfer of a chloramphen-
icol-marked hfg deletion from a phage-negative EDL933
variant (M.G. Marinus). Correct allelic replacements were
verified by PCR.

2.3. Growth and stress resistance assays

Growth kinetics of wild type and hfg mutants were evalu-
ated by dilution of overnight cultures into fresh NGM media
followed by incubation at 37 °C with rigorous shaking and
manually recording ODys, at indicated time points. Sensitivity
to oxidative stress was assessed by spotting ten-fold dilutions
of exponential phase cultures normalized according to ODggq
on LB-agar supplemented with 1.25 mM H,O,. Plates were
incubated overnight at 37 °C.

2.4. C. elegans killing assay

A synchronous population of worms was obtained by
releasing worm embryos by an alkaline hypochlorite treatment
[18] followed by hatching in M9 buffer at 15 °C overnight. L1
larvae were transferred to NGM plates seeded with OP50 and
allowed to develop into adult/L4 larvae for two days at 25°C,
after which they were washed three times in M9 buffer and
transferred to assay plates. Assay plates were prepared by
seeding NGM plates with 20 pul overnight cultures of OP50 or
test strains followed by overnight incubation at 37 °C. After
acclimatization of the plates to room temperature at least 30
worms were transferred to each plate. Plates were incubated at
25 °C and scored for dead worms each day. A worm was
considered dead when it failed to respond to a touch with
a platinum wire; dead worms stuck to the wall of the plate
were censored from analysis. Killing data from duplicate

plates were pooled and subjected to survival analysis. Results
presented are representative of repeated independent assays.

2.5. Visualization and quantification of bacterial
intestinal colonization

C. elegans were fed on strains containing pPBAD18-GFP on
NGM plates containing ampicillin and 0.2% arabinose to acti-
vate expression of GFP from the Pgap promoter. On day 4 the
worms were washed from the plates into M9 media followed by
3 further washes to remove external bacteria. Subsequently, the
worms were anaesthetized and immobilized by addition of 1%
NaNj and placed on top of a 1.5% agarose pad on a microscope
slide overlaid with a cover slide. Worms were examined and
photographed with an Olympus BX61 microscope and an
Olympus DP71 camera using the cell*P software (Olympus).
All photographs were acquired using the same settings and
a fixed exposure time of 50 ms. Quantitative assessment of
bacterial colonization was done by determination of fluores-
cence intensity of at least 20 worms feeding on each bacterial
strain by analysis of individual worms using ImagelJ v1.45.

2.6. Statistics

Analysis of data was performed in GraphPad Prism version
5.00 (www.graphpad.com). Kaplan—Meier survival plots and
log-rank test were used to analyse C. elegans killing data.
Mean fluorescence of worms feeding on wild type or mutant
strains (n > 20, each) were compared by non-parametric #-test
(Mann—Whitney). Values of P < 0.05 were considered
statistically significant.

3. Results and discussion

AIEC strain LF82 was recently shown to cause a lethal
infection of C. elegans independent of several known viru-
lence genes established for this pathotype. Nematode killing
was, however, shown to depend strongly on the RNA chap-
erone Hfq [16]. We suspected that this phenomenon might not
be confined to AIEC alone and sought to assess the necessity
of Hfq for pathogenic E. coli more generally. Thus, prototype
strains from the three major pathotypes VTEC (EDL933),
EAEC (17-2), and UPEC (J96) were evaluated in the nema-
tode assay and compared to their isogenic hfg deletion
mutants. In agreement with previous reports using different
experimental setups and nematode strains, we find that all
three pathotypes are significantly more lethal to C. elegans
than the apathogenic E. coli OP50 [21—23]. LT50 (time at
which 50 percent of the population is dead) was 6 days for
EDL933 and 17-2, but 8 days for J96, compared to 10 days for
OP50 (P < 0.001) (Fig. 1). As depicted, deletion of hfg in
every pathotype cause a significant reduction in pathogenicity
for nematodes. The increase in LT50 due to lack of Hfq was 3,
4 and 7 days for strain EDL933, 17-2 and J96, respectively. In
any case, the nematode killing phenotype was fully restored by
complementation in trans (Fig. 1). Thus, though strain
dependent, hfg is required for pathogenicity of any E. coli
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Fig. 1. Kaplan—Meier survival plots from C. elegans feeding on (A) VTEC
(EDL933), (B) EAEC (17-2), and (C) UPEC (J96) strains, mutants lacking hfg
and derivatives complemented in trans. E. coli OP50 included as a control.
OP50, WT and mutant strains all carry the empty vector background (pBR322).

pathotype (assayed here) against C. elegans, and the severe
reduction in virulence potential of strain J96 suggests that Hfq
function is of paramount importance in in vivo fitness or
virulence of UPEC strains. A strong correlation between
mouse lethality and virulence of different extraintestinal
pathogenic E. coli isolates in the nematode model has been
reported [21], suggesting that C. elegans pathogenesis can
provide a useful reflection of the virulence potential in
a mammalian host. The fact that uropathogenesis of E. coli in
mice is dependent on Hfq [13] further supports the use of the
nematode for studies on bacterial virulence.
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It is well established that deletion of Afg in E. coli cause
pleiotrophic phenotypes in vitro including sub-optimal growth
kinetics when grown in culture [24]. In AIEC, the lack of Hfq
was reported to severely hamper nematode intestinal coloni-
zation [16]; a consequence also observed for hfg deletion
mutants of B. cepacia and Serratia sp. [10,11]. Thus, the slow
killing of C. elegans by hfg mutants is not necessarily
attributable to the lack of expression of specific virulence
factor(s) per se, but it may also result from delayed or absent
colonization of the nematode. To address this question, we
analysed the colonization burden in nematodes infected by all
three pathotypes and their Afg negative counterparts used in
the killing assay (Fig. 2). A general tendency to a lowered
intestinal colonization at day 4 was evident for hfg deletion
mutants of VTEC, EAEC as well as UPEC. Attenuation in
colonization ability due to lacking Hfq was, however, only
significant for UPEC under the conditions tested (P < 0.01)
(Fig. 2A) giving rise to a clearly visible difference between
nematodes infected with wild type and mutant bacteria
(Fig. 2B). It is noteworthy that the relative colonization ability
of the different hfg mutants inversely correlates with the
increase in LT50 observed for the respective strains. Thus,
nematode killing by pathogenic E. coli most likely results
directly from intestinal overgrowth. We do observe a slightly
extended lag-phase when recovered from stationary phase and
a lowered stationary phase cell density for all three hfg
mutants when grown in culture. This phenotype is exacer-
bated in low-nutrient media such as NGM (Fig. 2C);
a phenotype previously reported for an EDL933 hfg mutant in
other minimal media [15]. Therefore, loss of nematode
infectivity may result from the physiological fitness cost due
to lack of Hfq. The fact that EDL933 is almost as severely
impaired in growth as J96 when devoid of Hfq (Fig. 2C)
suggests that growth kinetics are not the sole explanation for
the observed nematode killing rate, however. The fitness cost
is not necessarily confined to growth rate, but it may also stem
from a lower tolerance to stresses encountered in the nema-
tode intestine as proposed for Serratia sp. [10]. As an
example, we notice an increased sensitivity of all mutants to
oxidative stress (Fig. 2D), a phenotype also demonstrated for
the other Gram-negative Hfq-dependent C. elegans pathogens
[10,11,16]. In this assay, the degree of stress sensitivity of the
different hfg mutants inversely correlates with the killing rate
observed in the nematode. Collectively, our data, and the data
presented on AIEC [16], suggest that Hfq is indispensible for
pathogenicity of E. coli in general. Thus, species-related
effects, rather than pathotype-specific effects, are probably
the cause of an attenuated pathogenicity towards C. elegans.
This indispensability is, however, pathotype or even strain
specific, and, in the set of strains tested here, Hfq was most
essential for general fitness of the UPEC strain. Hfq is known
to affect virulence attributes, such as motility, biofilm
formation, resistance to antimicrobial peptides, and intracel-
lular behaviour in UPEC strain UTI89 [13]. Due to the
significant and severe reduction in pathogenesis towards C.
elegans demonstrated for UPEC strain J96, we cannot exclude
the possibility that more specific UPEC virulence traits, also
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Fig. 2. (A) Assessment of necessity of Hfq for nematode intestinal colonization of VTEC (EDL933), EAEC (17-2) and UPEC (J96) strains expressing GFP.
Quantitative measure of intestinal fluorescence intensity at day 4 post infection is represented as the mean and standard error of the means from at least 20 worms.
Data are normalized to wild type levels. (B) Representative nematode intestinal colonization micrograph of J96 and its ifg mutant at day 4. (C) Growth phenotypes
of wild type and Afg mutant strains in liquid NGM media. (D) Influence of ifg deletion on sensitivity towards oxidative stress.

relevant in the C. elegans model, are regulated by Hfq. The
fact that hfg mutants of all pathotypes of E. coli do grow and
colonize the nematode intestine, yet being significantly
reduced in pathogenicity, allows us to hypothesize that
interfering with the Hfq regulon would be an interesting
concept in development of antivirulence-like compounds
against E. coli. Knowing that Hfq is highly conserved in E.
coli and in several species in the phylum, including
commensals, interfering with Hfq function may have detri-
mental rather than beneficial effects on the gut microbiome.
However, infections at extraintestinal sites, such as the urinary
tract, may be relieved by factors acting on Hfq. It has been
shown that the C. elegans infection model can be used in the
assessment of treatment efficacy on uropathogenic E. coli by
phytochemicals established for human consumption [25]. In
this respect, the nematode could also be used as a simple
in vivo model to study the potency of factors targeting Hfq or
its regulon.

In conclusion, we have shown here that Hfq is required for
E. coli pathogenesis in C. elegans irrespective of bacterial
pathotype. Also, we find that lack of Hfq correlates with
generally lowered nematode colonization ability and adapta-
tion to environmental conditions. We observe, however, quite
a difference in attenuation of bacterial pathogenicity in C.
elegans between pathotypes with the UPEC strain being the
most attenuated, suggesting that E. coli pathotypes or strains
suffer differently in in vivo fitness or virulence expression due
to loss of Hfq. Hfq regulatory function may serve as a future
target of intervention against certain E. coli infections, and the
C. elegans model may be useful for evaluation of treatment
regimes.
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Abstract

The nematode Caenorhabditis elegans has in recent years been proven to be a powerful in vivo model for testing
antimicrobial compounds. We report here that the alkaloid compound Harmane (2-methyl-f-carboline) increases the
lifespan of nematodes infected with a human pathogen, the Shiga toxin-producing Escherichia coli O157:H7 strain EDL933
and several other bacterial pathogens. This was shown to be unrelated to the weak antibiotic effect of Harmane. Using GFP-
expressing E. coli EDL933, we showed that Harmane does not lower the colonization burden in the nematodes. We also
found that the expression of the putative immune effector gene F35E12.5 was up-regulated in response to Harmane
treatment. This indicates that Harmane stimulates the innate immune response of the nematode; thereby increasing its
lifespan during bacterial infection. Expression of F35E12.5 is predominantly regulated through the p38 MAPK pathway;
however, intriguingly the lifespan extension resulting from Harmane was higher in p38 MAPK-deficient nematodes. This
indicates that Harmane has a complex effect on the innate immune system of C. elegans. Harmane could therefore be a
useful tool in the further research into C. elegans immunity. Since the innate immunity of C. elegans has a high degree of
evolutionary conservation, drugs such as Harmane could also be possible alternatives to classic antibiotics. The C. elegans
model could prove to be useful for selection and development of such drugs.
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Introduction cell death pathway [5]. Two of these are of particular interest,
since they are known to promote longevity in C. elegans during

For more than a d(jcadc now, tbc nematode Caenor/zabghtzs elegans infections of the intestine: the p38 MAPK pathway and the
has been used as a simple infection model for several important

human pathogens [1]. In recent years the nematode has also been
used as an in vivo model to screen for compounds that combat
these microbial infections [2,3]. The nematode constitutes an
attractive model since it allows identification of classic antibiotic
compounds, as well as compounds that inhibit bacterial virulence
or stimulate the nematode’s immune response. An example of such
a compound, targeting the innate immune system of C. elegans, has
recently been reported by Pukkila-Worley et al. [4]. They showed
that the small molecule drug, named RPW-24, up-regulated
several antimicrobial immune effector genes; resulting in increased
lifespan of the worms, when infected with the pathogen
Pseudomonas aeruginosa.

There are at least four pathways regulating immunity of C.
elegans. These are the transforming growth factor-8-like pathway,
the p38 mitogen-activated protein kinase pathway (p38 MAPK
pathway), the insulin-like receptor pathway, and the programmed

insulin-like receptor pathway. The p38 MAPK pathway has been
shown to be induced in response to infection by specific human
pathogens such as P. aeruginosa [6] and Yersimia pestis [7]. In
contrast, the insulin-like receptor pathway is believed to provide
the nematode with a continuous low-level protection against a
broad range of pathogens [6,8]. Apart from antimicrobial factors,
these pathways also control the expression of proteins involved in
protection against environmental stress.

Here we report that the alkaloid compound Harmane (2-
methyl-B-carboline) increases the lifespan of C. elegans during
infection by several pathogenic bacteria. Harmane was iitially
found as a hit in a compound library screen, using a bacterial two
hybrid assay. In the screen we were trying to identify inhibitors of
the interaction between the enterohemorrhagic F. coli virulence
factors, Tir (translocated intimin receptor) and Intimin [9]
(Method S1). We wanted to use the nematode model to verify
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the importance of the virulence factor and to show any in vivo
efficacy of Harmane. We found that the virulence factor did not
contribute to the pathogenicity of the bacteria against the
nematode. However, we observed a marked increase in the
lifespan of nematodes feeding on bacteria grown in the presence of
Harmane (Figure S1). This led us to suspect that Harmane
targeted an unknown virulence factor in the bacteria. Further
studies, however, revealed that the target of Harmane was not in
the bacteria, but in C. elegans. Based on our results we suggest that
Harmane stimulates the immune/stress response in the nematode.

Results and Discussion

Harmane promotes longevity in C. elegans, infected with
E. coli EDL933, in a dose dependent manner - unrelated
to its antibiotic effect

After discovering that Harmane had the ability to promote
survival of C. elegans, infected with E. coli EDL933; we decided to
mvestigate this effect more closely. We tested the effect of
Harmane concentration on survival. This was performed in a
standard agar-based infection assay, with an immuno-compro-
mised mutant of C. elegans. This strain carries a mutation in the
sek-1 gene of the p38 MAPK pathway, making it more susceptible
to several pathogens [3,10]. We found that the median survival of
the nematodes changed from 7 days on the solvent DMSO or
5 uM Harmane, to 9 days on 50 pM Harmane and 13 days on
150 uM Harmane (Figure 1A). The lifespan of C. elegans did not
change significantly at higher concentrations of Harmane (see
Figure S1).We speculated whether this effect could be explained by
a mere antimicrobial effect of Harmane. Harmane has previously
been reported to have a minor antimicrobial effect against E. coli
[11]. Reza et al. reported a minimum inhibitory concentration
(MIC) of 0.6 mg/ml (3.29 mM). We found the MIC to be 0.5 mg/
ml (2.74 mM) in nematode growth medium (NGM) (see Table S1
and Method S2). This was much higher than the highest
concentration used in our assays, however, we decided to compare
the antimicrobial effect of Harmane, to a comparable concentra-
tion of the traditional antibiotic tetracycline, in the survival assay.
We grew E. coli EDL933 in triplicate in NGM medium, with
different concentrations of Harmane or a low concentration of
tetracycline, and plotted the number of colony forming units
(CFU) against time (Figure 1B). Both Harmane and tetracycline
had an inhibitory effect, on the growth of the bacteria. However,
the inhibitory effect of 0.1 pg/ml tetracycline was stronger than
that of both 50 and 150 uM of Harmane. We decided to compare
the lifespan of C. elegans on plates with 0.1 pg/ml tetracycline and
150 uM of Harmane. We found that tetracycline had only a minor
effect on the lifespan of the nematode, compared to Harmane
(Figure 1C). This is similar to an earlier report, which found that
tetracycline only rescued C. elegans from the pathogen Entero-
coccus faecalis, at concentrations several fold higher than the MIC
[3]. We concluded that the lifespan extension from Harmane was
not caused by its antimicrobial effect.

Harmane extends the lifespan of sek-1 worms on several
pathogenic bacteria as well as heat-killed E. coli EDL933

At this point we still believed that the effect of Harmane was
exerted on the bacteria, possibly by targeting an unknown
virulence factor. In order to confirm this suspicion, we decided
to test the ability of Harmane to rescue nematodes infected with
other bacterial pathogens. We reasoned that if the target of
Harmane was in the bacteria, it would be possible to find strains
that lacked this target. We chose three pathogens known to be
lethal to C. elegans: Salmonella serovar Typhimurium strain C17
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Figure 1. The effect of Harmane is dose-dependent, but
unrelated to its antimicrobial effect. (A) E. coli EDL933 infection
assay on sek-1; glp-4 nematodes with different concentrations of
Harmane compared to the solvent (DMSO). The lifespan extension is
significant for the two highest concentrations of Harmane compared to
DMSO (P<<0.0001) [DMSO, n=118; 5 uM, n=52; 50 uM, n=48; 150 uM,
n=119]. (B) Growth assay on E. coli EDL933 in NGM medium with
different concentrations of Harmane or the solvent (DMSO), compared
to E. coli EDL933 grown in NGM medium with 0.1 pg/ml of the
antibiotic tetracycline. Both concentrations of Harmane affect the
growth of EDL933, but not as much as 0.1 pg/ml of tetracycline. Data
points are the average of three replicates and error bars represent SEM.
(C) E. coli EDL933 infection assay on sek-1; glp-4 nematodes with
comparable concentrations of Harmane and tetracycline, compared to
DMSO. Tetracycline, at 0.1 ug/ml, extends the lifespan significantly
(P=0.0283) as well does 150 uM Harmane (P<<0.0001). However, the
mean survival of nematodes on DMSO is 6 days, compared to 7 days for
0.1 ug/ml tetracycline and 13 days for 150 uM Harmane [DMSO, n=108;
0.1 pg/ml Tetracycline, n=111; 150 uM Harmane n=117].
doi:10.1371/journal.pone.0060519.g001

[12,13], Pseudomonas aeruginosa strain PA14 [14], and Entero-
coccus faecalis strain OG1RF [3,15]. We also reasoned that if the
target was indeed a virulence factor, we would see no life
extending effect of Harmane, if nematodes were fed on dead
bacteria. However, we found that Harmane was able to rescue the
nematodes on all three pathogenic strains and to promote
longevity even on heat-killed E. coli EDL933 (Figure 2). Taken
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together, these data indicated that the target of Harmane was in C.
elegans, rather than in the pathogens. We had not noticed any
avoidance behavior of the worms on plates with Harmane
compared to the control plates with DMSO. However, we
considered the possibility that Harmane could be toxic to the
nematodes and alter their feeding behavior. We added Harmane
or DMSO to the centre of lawns with non-pathogenic E. coli
OP50. AU37 (sek-1; glp-4) nematodes were added to the lawns,
and after 16 hours we scored the worms as either on the lawns or
off the lawns (Figure S2 and Method S3). There was no significant
difference between plates with Harmane and control plates
(P=0.2046). We concluded that Harmane was not toxic to C.
elegans.

Harmane does not reduce the colonization-burden of E.

coli EDL933 in the nematode intestine

We proceeded to determine whether Harmane caused a
reduction in the colonization of the intestine of the nematode. A
strong inverse correlation between the degree of bacterial
colonization and the expected lifespan of the individual worms
has recently been shown [16]. We expected that nematodes
treated with Harmane would have an overall lower colonization-
burden, compared to nematodes treated with DMSO. We used E.
coli EDL933 carrying a plasmid expressing green fluorescent
protein (GFP) [17], allowing us to visualize and quantify the
bacteria inside the intestine (Figure 3A and 3B). Contrary to what
we had expected, we found no difference in the colonization-
burden, in worms treated with DMSO, and worms treated with
Harmane. This prompted us to look for the Harmane target in the
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Figure 2. Harmane rescues sek-7; glp-4 nematodes fed on
different pathogens. There was a significant extension of life span of
C. elegans feeding on bacteria grown on Harmane plates compared to
plates with DMSO. The median survival when fed on S. Typhimurium
was 8 days on DMSO and 13 days on 150 uM Harmane [P<<0.0001;
DMSO, n=113; 150 uM Harmane, n=180]. When fed on P. aeruginosa
on DMSO, median survival was 3 days, and on 150 uM Harmane it was 5
days [P<<0.0001; DMSO; n=120; 150 uM Harmane, n=134]. Feeding on
E. faecalis on DMSO resulted in a median survival of 12 days, compared
to 12.5 days on 150 uM Harmane [P=0.0013; DMSO, n=162; 150 uM
Harmane, n=198]. When feeding on heat-killed E. coli EDL933, the
median survival was 17 days on DMSO, compared to 22 days on 150 uM
Harmane [P<<0.0001; DMSO, n=58; 150 uM Harmane, n=61].
doi:10.1371/journal.pone.0060519.g002
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Figure 3. Harmane does not reduce the colonization-burden in
C. elegans by E. coli EDL933. (A) Fluorescence microscopy pictures of
sek-1; glp-4 mutant C. elegans after feeding 4 days on GFP-expressing E.
coli EDL933, grown on either DMSO or Harmane. The pictures show
examples of strongly colonized individuals. (B) Individual nematodes in
fluorescence pictures were quantified, and data normalized to the level
of the DMSO treated nematodes. There was no significant difference
between the two samples [DMSO, n=56; 150 uM Harmane, n =69; error
bars indicate SEM].

doi:10.1371/journal.pone.0060519.g003

innate immune system of the nematode. Since all infection assays
had been performed in the mutant nematode, with a defective p38
MAPK pathway; we reasoned that we should direct our attention
towards the insulin-like receptor pathway.

Harmane does not target the insulin-like receptor

pathway of C. elegans

The insulin-like receptor pathway regulates the entry of C.
elegans into the very long-lived dauer larval stage, instead of the
normal L3 larval stage. The decision to enter the dauer stage must
normally be made in the L1 larval stage. However, it has been
shown that mutations in the daf-2 gene of the pathway also can
cause fertile, active, adult nematodes to more than double their
lifespan [18]. It is therefore believed that the insulin-like receptor
pathway is responsible for regulating the nematodes basic response
to environmental stress [8,19]. This stress can be in the form of
low food resources or pathogenic bacteria. Under such unfavor-
able conditions, the insulin-like receptor pathway is activated; as a
result resources are diverged away from growth and reproduction,
and towards stress resistance and longevity. The insulin-like
receptor pathway controls the transcription of genes involved in
stress resistance via the transcription factor DAF-16. The lifespan
extending effect of daf-2 mutants has been shown to be completely
suppressed by mutations in daf-16 [18]. We reasoned therefore,
that if Harmane acted on the insulin-like receptor pathway,
Harmane would have no effect on a daf-16; glp-1 mutant
nematode. We tested the susceptibility of this strain to E. coli
EDL933, with DMSO or 150 uM Harmane. We found that the
effect of Harmane on the lifespan of daf-16; glp-1 mutants was
considerably less pronounced, than in the sek-1; glp-4 mutant,
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although exposure to Harmane still resulted in significantly longer
lifespan (Figure 4A). This indicated a possible interaction between
the insulin-like receptor pathway and Harmane. In order to
investigate this possible involvement of the insulin-like receptor
pathway further, we assumed that activation of this pathway would
also negatively affect traits such as, pharyngeal activity and body
length of C. elegans. We performed the measurements of
pharyngeal activity and body length on the sek-1; glp-4 mutant
used in the first infection assay. We found no difference in the
pharyngeal activity between nematodes exposed to Harmane
compared to DMSO (Figure 4B). There was a small, but
significant, difference in body length between nematodes exposed
to Harmane for 1 day, compared to DMSO. However, such a
difference could not be detected on day 4 (Figure 4C).

As mentioned above, activation of the insulin-like receptor
pathway involves the transcription factor DAF-16. When not
activated, DAF-16 is evenly distributed in the cytoplasm of all cells
in the nematode. Upon activation DAF-16 is translocated from the
cytoplasm to the nucleus. This translocation can be visualized
using daf-16::gfp transgenic nematodes [19]. Transgenic nema-
todes were exposed to DMSO or Harmane for 1 hour or 20 hour,
and then examined by fluorescence microscopy. As a positive
control of DAF-16 translocation, we exposed the nematodes to
37°C for 30 minutes, just prior to examination. We detected no
signs of DAF-16 translocation in response to Harmane (Figure
4D-E).
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These results were contradictory to our first observation, which
showed that the daf-16; glp-1 mutant was less affected by
Harmane. Hence, we decided to test the effect of Harmane on a
glp-4 nematode. We reasoned that if the results were similar to the
ones found with the sek-1; glp-4 mutant, we could confirm the
insulin-like receptor pathway as a target for Harmane. We tested
the effect of Harmane on a SS104 C. elegans strain (this carries the
glp-4 mutation conferring temperature sensitive sterility, but has
intact immune pathways) in our survival assay. Contrary to the
pronounced effect observed in sek-1; glp-4 nematodes, we found
that the response of glp-4 nematodes to Harmane mirrored the
minor response of the daf-16; glp-1 nematodes (Figure 5). There
was only a one day extension of lifespan, as a result of Harmane.
From this result we concluded that Harmane does not affect the
msulin-like receptor pathway.

Harmane induces the immune response gene F35E12.5
We wondered how it could be that Harmane had a much more
pronounced effect in the sek-1; glp-4 mutant, than in the glp-4
nematode or the daf-16; glp-1 mutant. One explanation could be
that Harmane activates the p38 MAPK pathway downstream of
the SEK-1 protein. We did not consider this as a possibility, since
this effect would probably also be seen in the glp-4 worms and the
daf-16; glp-1 mutant. Also, it was recently reported by Pukkila-
Worley et al. that activation of the p38 MAPK pathway, by the
small molecule RPW-24, resulted in a marked reduction in
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Figure 4. The effect of Harmane on the insulin-like receptor pathway. (A) E. coli EDL933 infection assay on daf-16; glp-1 nematodes exposed
to Harmane and DMSO. The median survival on Harmane was 8 days, compared to 7 days on DMSO. This was lower than the lifespan extension seen
in sek-1; glp-4 nematodes, however, still significantly different (P<<0.0001) [DMSO, n=89; 150 uM Harmane, n =99]. (B) Pharyngeal pumping activity of
sek-1; glp-4 nematodes (AU37) fed on E. coli OP50, exposed to DMSO or Harmane [DMSO, n=10; 150 uM Harmane, n=10; error bars indicate SEM]. (C)
Body length of sek-1; glp-4 nematodes (AU37) fed on E. coli OP50, grown on DMSO or Harmane. Day 1 data shows a significant difference between
Harmane and DMSO (P =0.0242) [DMSO, day 1, n=68; 150 uM Harmane, day 1, n=72; DMSO, day 4, n=72; 150 uM Harmane, day 4, n=75; error bars
indicate SEM]. (D) Fluorescence microscopy pictures of daf-16::gfp transgenic C. elegans after feeding 20 hours on E. coli OP50, grown on either DMSO
or (E) 150 uSM Harmane. (F) Nematodes from a DMSO plate exposed to 37°C for 30 minutes, just prior to being analyzed (positive control of DAF-16
translocation to nucleus). We could not detect any effect of Harmane on DAF-16 in the worms, as a result of the Harmane treatment. Pictures taken
after 1 hour exposure to DMSO or Harmane (not shown), were identical to the 20-hour pictures.

doi:10.1371/journal.pone.0060519.9g004
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Figure 5. The effect of Harmane in g/p-4 nematodes. E. coli
EDL933 infection assay with glp-4 nematodes, exposed to DMSO or
Harmane. The lifespan extension was from 6 days on DMSO to 7 days
on Harmane [P<<0.0001; DMSO, n=141; 150 uM Harmane, n=173].
doi:10.1371/journal.pone.0060519.9005

intestinal colonization by P. aeruginosa [4]. We did not observe
such a decrease, in colonization with E. coli EDL933, with
Harmane (Figure 3).

However, we decided to test the effect of Harmane on
F35E12.5. This protein is a putative immune effector, and it has
been found to be strongly induced during infection with P.
aeruginosa [6] and Y. pestis, but not when fed on E. coli OP50 [7].
Troemel et al. and Bolz et al. found that this strong inducible
expression of F35E12.5 was mediated by the p38 MAPK immune
pathway. However, they also found weak inducible expression of
F35E12.5 in pmk-1 mutant nematodes (these are defective in the
p38 MAPK pathway, similar to sek-1 mutants). Again this
induction was only seen on P. acruginosa and Y. pestis, not on
E. coli OP50. They proposed the existence of an immune pathway
parallel to the p38 MAPK pathway.

To determine whether Harmane could induce F35E12.5, we
exposed a wild-type C. elegans strain carrying a F35E12.5:gfp
transgene [7] to Harmane or DMSO, for 20 hours. We analyzed
the worms by fluorescence microscopy, and quantified the
expression of F35E12.5::gfp (Figure 6A and 6B). We found a
significantly stronger expression in the transgenic nematodes
treated with Harmane (P<<0.0001). This result was confirmed by
qRT-PCR analysis on wild-type Bristol N2 nematodes, after
20 hours treatment with Harmane or DMSO. F35E12.5 was
significantly up-regulated in response to Harmane (P=0.0175).
Thus, Harmane exhibits immune-inductive activity. However the
up-regulation of F35E12.5 by Harmane in AY101 (F35E12.5::gtp)
and Bristol N2 nematodes were many fold less than the up-
regulation observed by Troemel et al. and Bolz et al. in response to
P.aeruginosa and Y. pestis. This indicates that the p38 MAPK
pathway is not the main target of Harmane.

Instead we propose the hypothesis that Harmane stimulates
more than one pathway involved in pathogen resistance and
longevity. This stimulon may include the p38 MAPK pathway.
However, based on our results showing that Harmane has a much
more pronounced effect in the sek-1; glp-4 mutant, than in the glp-
4 or daf-16; glp-1 mutants, we hypothesize that Harmane targets
one or more alternative immune responses and that these are
being up-regulated in the absence of the p38 MAPK pathway.
This phenomenon of up-regulation of immune effector genes in
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Figure 6. Harmane induces the immune response gene
F35E12.5. (A) Fluorescence microscopy pictures of F35E12.5:gfp
transgenic C. elegans, exposed to DMSO or Harmane for 20 hours, at
15°C (feeding on E. coli OP50). The fluorescence was always seen at the
tail end of the animals. (B) Individual nematodes in fluorescence
pictures were quantified, and data normalized to the level of the DMSO
treated nematodes. There was a significant difference between the two
samples [P<0.0001; DMSO, n=54; 150 uM Harmane, n=54; error bars
indicate SEM]. (C) Verification of F35E12.5 induction by Harmane by gRT-
PCR. Bar graphs represent relative expression levels normalized to the
control treatment (DMSO). 20 hours treatment with Harmane resulted
in a significant induction (P=0.0175) of F35E12.5. Error bars indicate
SEM derived from two independent biological replicates.
doi:10.1371/journal.pone.0060519.g006

order to compensate for loss of genes encoding similar effectors has
recently been reported in C. elegans [20].

Conclusion

We have shown here that the alkaloid compound Harmane
increases the lifespan of nematodes infected with a human
pathogen, the Shiga toxin-producing Escherichia coli EDL933 and
several other bacterial pathogens. This was shown to be unrelated
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to the weak antibiotic effect of Harmane. We found that the effect
of Harmane was more pronounced in worms deficient in the p38
MAPK pathway (sek-1; glp-4 mutants). Worms deficient in the
msulin-like receptor pathway (daf-16; glp-1 mutants) experienced
the same minor lifespan extension as glp-4 worms. We then
demonstrated that Harmane induces the immune effector gene
F35E12.5. This leads us to believe that Harmane stimulates the
innate immune response of the nematode. We hypothesize that at
least part of this stimulon involves other constituents than p38
MAPK and insulin-like signaling, however, these constituents and
their activation by Harmane remains to be elucidated. Interest-
ingly, the activity of Harmane did not lower the overall
colonization-burden of live bacteria, despite rescuing the nema-
todes. Also, Harmane treatment increased the lifespan of worms
feeding on non-viable bacteria. We therefore hypothesize that the
response induced by Harmane is likely involved in general stress
management rather than a direct antimicrobial response against
pathogens. We believe that Harmane could be used as a tool to
further investigate the complexity of the innate immune system of
C. elegans; together with other immune-stimulatory drugs [4].

It may seem strange that an organism like C. elegans, which has
evolved alongside numerous microorganisms, would benefit from
outside drug intervention, targeting host innate immunity.
However, C. elegans is not likely to meet many human pathogens
in its natural environment (in the soil). It is conceivable that many
of these pathogens do not trigger the innate immune system of the
nematode. This is similar to the situation in humans, where for
example FE. coli is usually a commensal inhabitant of the large
intestine. Immunomodulating drugs have therefore been proposed
as a possible alternative to classic antibiotics [21]. Since the innate
immune system of C. elegans has a high degree of evolutionary
conservation, it is conceivable that results from the worm model
could be extended to higher organisms, including humans. C.
elegans could therefore prove useful for selection and development
of such compounds. The immuno-stimulatory effect observed for
Harmane could provide a scaffold upon which further elabora-
tions on this paradigm are possible.

Materials and Methods

C. elegans and bacterial strains used

The Caenorhabditis elegans strains used in this study were: C.
elegans N2 Bristol [22], C. elegans AU37 [sek-1(km4); glp-4(bn2)
I] (MAPK kinase deficiency and temperature-sensitive sterile) [3],
C. elegans AU147 [daf-16(mgDf47) I; glp-1(e2141) III] (transcrip-
tion factor DAF-16 deficiency and temperature-sensitive sterile),
C. elegans SS104 [glp-4(bn2) I] (temperature-sensitive sterile), C.
elegans TJ356 [zIs356 [daf-16::gfp+ rol-6(sul006)] [19] and C.
elegans AY101 [F35E12.5p::gfp+rol-6(sul006)] [7]. All C. elegans
strains were maintained and propagated on NGM media [23],
with E. coli OP50 as food source.

The bacterial strains used were: Escherichia coli OP50, E. coli
O157:H7 strain EDL933 [24] (Shiga toxin-producing E. coli
strain), Salmonella Typhimurium strain C17 [12,13], Pseudomo-
nas aeruginosa strain PA14 [14] and Enterococcus faecalis strain
OGIRF [3,15]. Bacterial strain were grown in LB media at 37°C,
except E. faecalis which was grown in brain hearth infusion media

(BHI) (OXOID Ltd.) at 37°C.

C. elegans bacterial infection assays

A synchronous population of nematodes was obtained, by
releasing worm embryos using alkaline hypochlorite treatment
[23]; followed by hatching of the eggs and L1 arrest in M9 buffer
at 15°C overnight. Synchronous LI larvae were transferred to

PLOS ONE | www.plosone.org

73

Immuno-Modulating Effect of Harmane on C. elegans

nematode growth medium (NGM) agar plates [23] seeded with
OP50 and allowed to develop into sterile adult/L4 larvae, by
incubating for two days at 25°C. Hereafter they were washed three
times in M9 buffer and transferred to assay plates, with bacterial
lawns. Assay plates were prepared on 60-mm culture plates with
NGM agar supplemented with 0.3% DMSO or the indicated
concentrations of Harmane (Sigma-Aldrich, CAS Number 486-
84-0). Exceptions to this were the plates for Enterococcus faecalis,
which were BHI agar (OXOID Ltd., supplemented with 5 mg/ml
cholesterol) and the plates for heat-killed E. coli EDL933, which
were NGM agar supplemented with 25 ug/ml of chloramphenicol
(in order to inhibit any viable E. coli EDL933 or residual E. coli
OP50).

The plates were seeded with 20 pl of overnight culture, of
bacterial strains, followed by overnight incubation at 37°C. After
acclimatization of the plates to room temperature, about 50 worms
were transferred to each plate. Plates were incubated at 25°C and
scored for dead worms each day. A worm was considered dead
when it failed to respond to a touch with a platinum wire; dead
worms stuck to the wall of the plate were censored from analysis.
Survival data from duplicate or triplicate plates were pooled and
subjected to survival analysis. Results presented are representative
of repeated independent assays.

Growth assays with E. coli EDL933 subjected to Harmane
or tetracycline

The growth kinetics of E. coli EDL933 in the presence of
varying concentrations of Harmane or the antibiotic tetracycline
was determined in NGM medium. An overnight culture of E. coli
EDL933 was diluted into fresh NGM medium, supplemented with
0.3% DMSO or Harmane at the concentrations: 50 puM and
150 pM. Tetracycline was tested at a concentration of 0.1 pg/ml.
All cultures were prepared in triplicate. The cultures were
incubated at 37°C, with rigorous shaking and samples were taken
at 4, 8 and 24 hours. Samples were serially diluted and 5 pl of each
dilution spotted on an LB-agar plate. The plate was incubated
overnight at 37°C.

Visualization and quantification of bacterial intestinal
colonization

Synchronised adult/L4 stage C. elegans AU37 (sek-1; glp-4)
were transferred from lawns of E. coli OP50 to lawns of E. coli
EDL933 carrying pBADI18-GFP, on NGM plates containing
100 ug/ml ampicillin and 0.2% arabinose (in order to activate
expression of GFP from the Ppap promoter) and either 0.3%
DMSO or 150 uM Harmane. On day 4 the worms were washed
from the plates into M9 media followed by 3 further washes to
remove external bacteria. Subsequently, the worms were anaes-
thetized and immobilized, by addition of 1% NaN3, and placed on
top of a 1.5% agarose pad on a microscope slide. Worms were
examined and photographed with an Olympus BX61 microscope
and an Olympus DP71 camera using the cellP software (Olympus).
All photographs were acquired using the same settings and a fixed
exposure time of 50 ms. Quantitative assessment of bacterial
colonization was done by determination of fluorescence intensity
of nematodes subjected to 0.3% DMSO or 150 uM Harmane, by
analysis of individual nematodes, using Image] v1.45.

Analysis of pharyngeal pumping activity

About 30 synchronised L4/young adult C. elegans AU37 (sek-1;
glp-4) nematodes were transferred to lawns of E. coli OP50, on
NGM plates with either 0.3% DMSO or 150 uM Harmane. After
24 and 48 hours incubation at 25°C, the worm’s pharyngeal
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grinder activity was measured. We observed the grinder activity of
a single adult for 20 sec, using an Olympus SZX7 stereomicro-
scope. We counted the number of contractions of the terminal
bulb, of the grinder. This was done for 10 nematodes on each
plate, each day.

Measuring body length of C. elegans

Synchronised adult/I14 stage C. elegans AU37 (sek-1; glp-4)
were transferred to E. coli OP50 lawns, on NGM plates containing
either 0.3% DMSO or 150 pM Harmane. On day 1 and 4 the
worms were washed from plates into M9 media followed by a
single wash to remove external bacteria. The worms were then
anaesthetized and immobilized, by addition of 1% NalNj, and
placed on top of a 1.5% agarose pad on a microscope slide.
Worms were examined and photographed with an Olympus
SZX7 stereomicroscope and an Olympus SC30 camera, using the
Analysis getI'T software (Olympus). The length of the worms was
measured using Image] v1.45, as described in [25]. The sample
sizes are given in the legend to figure 4.

DAF-16 translocation assay

Synchronised adult/L4 stage C. elegans TJ356 (daf-16::gfp)
were transferred to lawns of E. coli OP50 on plates with either
0.3% DMSO or 150 pM Harmane. The plates were incubated at
15°C for 1 hour or 20 hours. Then the worms were washed from
the plates into M9 media followed by a wash to remove external
bacteria. Subsequently, the worms were anaesthetized and
immobilized, by addition of 1% NalNj, and placed on top of a
1.5% agarose pad on a microscope slide. Worms were examined
and photographed with an Olympus BX61 microscope and an
Olympus DP71 camera using the celiP software (Olympus). In
each experiment (1-hour or 20-hour) we placed one of the DMSO
plates at 37°C for 30 minutes, just prior to the nematodes being
analysed. This served as a positive control of DAF-16 translocation
to the nucleus. We compared the nematodes treated with
Harmane to the positive control to look for signs of DAF-16
translocation.

F35E12.5-GFP visualization and quantification

Synchronised adult/L4 stage C. elegans AY101 (F35E12.5::gp)
were transferred to lawns of E. coli OP50 on plates with either
0.3% DMSO or 150 uM Harmane. The plates were incubated at
15°C for 20 hours. The worms were then washed from the plates
into M9 media followed by a wash to remove external bacteria.
The worms were anaesthetized and immobilized, by addition of
1% NaNj, and placed on top of a 1.5% agarose pad on a
microscope slide. Worms were examined and photographed with
an Olympus BX61 microscope and an Olympus DP71 camera
using the celiP software (Olympus). All photographs were acquired
using the same settings and a fixed exposure time. Quantitative
assessment of GFP expression was done by determination of
fluorescence intensity of nematodes subjected to DMSO or
150 uM Harmane, by analysis of individual nematodes, using
Image] v1.45.

Quantitative RT-PCR

Synchronised Bristol N2 nematodes (100-200 animals) fed on
OP50 on plates with Harmane or solvent (DMSO) for 20 hours
were washed off the plates and transferred into RL'T Plus Buffer
(Qiagen). Sterile RNase-free bashing beads were added, followed
by lysis and homogenization in a TissueLyser II (Qiagen) for 5

PLOS ONE | www.plosone.org

74

Immuno-Modulating Effect of Harmane on C. elegans

min. RNA extraction was hereafter performed with RNeasy Plus
Mini Kit (Qiagen) combined with on-column DNase treatment
(RNase-Free DNase Set, Qiagen). cDNA was synthesized by the
SuperScript III First-Strand Synthesis SuperMix (Invitrogen).
Relative expression levels of F35E12.5 was determined and
normalized to pan-actin (act-1, -3, -4) using the QuantiTect
SYBR Green PCR Kit (Qiagen), a Stratagene MX3000P qPCR
machine, and previously published primers [7].

Statistics

Differences in the survival of C. elegans, in the infection assays,
were determined using GraphPad Prism version 5.00 (www.
graphpad.com). The Kaplan-Meier method was used to calculate
survival fractions and log-rank test was used to compare survival
curves. Mean fluorescence of worms feeding on GFP expressing E.
coli EDL933 were compared by unpaired, two-tailed Students t-
test, using GraphPad Prism. Data for ‘pharyngeal pump
activity’and ‘body length’ were also analysed by unpaired, two-
tailed Students t-test in GraphPad Prism. Gene expression fold
change from gqRT-PCR analysis was analysed using unpaired,
two-tailed Students t-test in GraphPad Prism. Sample sizes for the
different assays are given in the figure legends. Values of P=0.05
were considered statistically significant.
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Figure S1 The Intimin and Tir interaction only plays a minor
role in pathogenicity of E. coli EDLI933 towards C. elegans.
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The Intimin and Tir interaction only plays a minor role in pathogenicity of E. coli EDL933
towards C. elegans. Harmane strongly extends lifespan. Infection assay on C. elegans AU37
(sek-1; glp-4) nematodes with wild-type E. coli EDL933 grown on plates with 0.3% DMSO; E. coli
EDL933Aeae-tir (Lacking Intimin and Tir) grown on plates with 0.3% DMSO and E. coli EDL933
grown on plates with 250 uM Harmane. The curve for E. coli EDL933Aeae-tir is significantly
different (P<0.001) from the wild-type, but the median survival of nematodes was 7 days on both.
The median survival of nematodes on 250 uM Harmane was 15 days. [Number of animals: E. coli
EDL933 + DMSO, n=171; E. coli EDL933Aeae-tir + DMSO, n=139; E. coli EDL933 + 250 uM
Harmane, n=97].
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Figure S2
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C. elegans AU37 nematodes show no avoidance behavior against Harmane. The average
percentage of worms that were outside the bacterial lawn of E. coli OP50, supplemented with either
DMSO or Harmane, after 16 hours of exposure. There was no significant difference between the two
samples. [DMSO, n=365; 150 uM Harmane, n=644; error bars indicate SEM].
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Table S1: Minimum inhibitory concentrations of tetracycline and Harmane in NGM media towards
E. coli EDL933, S. Typhimurium C17, P. aeruginosa PA14 and E. faecalis OG1RF.

Strain

Growth

No Growth

E. coli EDL933

0.31 pg/ml Tetracycline

0.62 pg/ml Tetracycline

E. coli EDL933

0.25 mg/ml (1372 uM) Harmane

0.5 mg/ml (2744 uM) Harmane

S. Typhimurium C17

0.125 mg/ml (686 uM) Harmane

0.25 mg/ml (1372 uM) Harmane

P. aeruginosa PA14

0.5 mg/ml (2744 uM) Harmane

1 mg/ml (5488 uM) Harmane

E. faecalis OG1RF

0.5 mg/ml (2744 uM) Harmane

1 mg/ml (5488 uM) Harmane
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Method S1: Two-hybrid screen for inhibitors of the Intimin and Tir (translocated intimin receptor)
interaction.

Harmane was identified in a two-hybrid screen for inhibitors of the interaction between the
enterohemorrhagic E. coli virulence factors, Tir and Intimin. The two-hybrid screen is based on the
method devised by Karimova et al [1]where a stable interaction between the fusion subunits
produces an active adenylate cyclase which activates transcription of the /ac operon. We
constructed plasmids pKT25-Tir and pUT18-Intimin using the full length coding sequence for each
and strain BTH101 was transformed with these plasmids. The two vector plasmids, and pKT25-zip
and pUT18-zip (containing a leucine zipper motif) in BTH101, served as the negative and positive
controls respectively. The plasmid-containing strains were arrayed in 96 well plates in 200 ul of
Davis and Mingioli minimal medium [2] supplemented with 0.2% maltose, ampicillin (50 pg/ml),
kanamycin (25 pg/ml), thiamine (2 pg/ml), X-Gal (40 pg/ml) and IPTG (0.5 mM). The plates were
incubated at 30°C and scanned at a wavelength of 664 nm after 48 and 72 hr on a Tecan Safire plate
reader. Relative to the positive control, Harmane (10 pM) reduced the absorbance by 90% in
BTH101 with the recombinant plasmids but had no effect on BTH101 with the leucine zipper
control plasmids. Harmane for the screen was supplied by the University of Massachusetts Medical
School Small Molecule Screening Core Facility which also performed the plate reading and data
analysis.

1. Karimova G, Pidoux J, Ullmann A, Ladant D (1998) A bacterial two-hybrid system based on a
reconstituted signal transduction pathway. Proc Natl Acad Sci U S A 95: 5752-5756.

2. Davis BD, Mingioli ES (1950) Mutants of Escherichia coli requiring methionine or vitamin B12.J
Bacteriol 60: 17-28.
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Method S2: Determination of minimum inhibitory concentration

The minimum inhibitory concentrations of Harmane and tetracycline were performed in analogy to
standard broth microdilution procedures, with slight modifications. Test strains were inoculated (at
approximately 5*10° CFU/ml) into Nematode Growth Medium containing two-fold dilutions of
Harmane or tetracycline followed by incubation at 37°C for 24 hours. E. faecalis was cultured under
the same conditions, but in brain hearth infusion media (BHI) (OXOID). The lowest concentration
preventing visual growth was noted.
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Method S3: Avoidance assay for C. elegans.

C. elegans AU37 aversion behavior towards Harmane was evaluated essentially as previously
described [1]. NGM plates seeded with a lawn of OP50 were instilled with 28 pl of 50 mM Harmane
(final concentration 150 uM Harmane) or an equal volume of DMSO onto the center of the lawn and
allowed to dry (1 hour at room-temperature). Hereafter, 50-100 synchronized adult animals were added
to the center of the lawn and animals were scored as either on or off the lawn after 16 hours of
incubation at 25°C. Data represent mean aversion behavior from six plates per condition and error bars
correspond to SEM

1. Pukkila-Worley R, Feinbaum R, Kirienko NV, Larkins-Ford J, Conery AL, et al. (2012) Stimulation of Host
Immune Defenses by a Small Molecule Protects C. elegans from Bacterial Infection. PLoS Genet 8: e1002733.
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