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ABSTRACT

Gram-negative bacteria secrete outer membrane vesicles (OMVs) that play critical
roles in intraspecies, interspecies, and bacteria-environment interactions. Some OMVs,
such as those produced by Pseudomonas aeruginosa, have previously been shown to
possess antimicrobial activity against competitor species. In the current work, we
demonstrate that OMVs from Burkholderia thailandensis inhibit the growth of drug-
sensitive and drug-resistant bacteria and fungi and exhibit antibiofilm activity against
methicillin-resistant S. aureus (MRSA) and Streptococcus mutans. We show that a number
of compounds, including peptidoglycan hydrolases, 4-hydroxy-3-methyl-2-(2-non-enyl)-
quinoline (HMNQ) and long-chain rhamnolipid present in B. thailandensis OMVs exert
antimicrobial activity. Furthermore, we demonstrate that HMNQ and rhamnolipid possess
antimicrobial and antibiofilm properties against various microbes. Rhamnolipid is superior
at reducing the integrity of biofilms while HMNQ displays greater bactericidal activity.
We attempted to use HMNQ and rhamnolipid to combat MRSA and promote wound
healing in a murine full-thickness wound model. However, further optimization of the
model and characterization of the molecules in antimicrobial efficacy, wound healing, and
host immune responses are required. Overall, this work indicates that B. thailandensis
secretes antimicrobial OMVs that may impart a survival advantage by eliminating
competition. In addition, bacterial OMVs may represent an untapped resource of novel

therapeutics effective against biofilm-forming and multidrug-resistant organisms.
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CHAPTER 1: Introduction

1.1 Antimicrobial resistance

Antimicrobial resistant (AMR) infections caused by multidrug-resistant
microorganisms have increasingly become a problem crisis in recent years, not only due to
the misuse of antimicrobials but also due to the lack of novel antimicrobial development.
Mathematical models predict that by 2050, approximately ten million people will die
annually with a cost up to 100 trillion USD if the current trend is not altered'.

Most of the antibiotics against bacterial infections in use today were discovered
between 1940s to 1980s including the P-lactam antibiotics (penicillin, methicillin),
polymyxins (colistin), glycopeptides (vancomycin), aminoglycosides (gentamicin),
tetracyclines, macrolides (erythromycin), fluoroquinolones (ciprofloxacin), and
lipopeptides (daptomycin). Their natural scaffolds were mostly identified from the
metabolites of bacteria and fungi. Further chemical modifications were applied to improve
potency and reduce toxicity. However, with the misuse and overuse of antibiotics, bacteria
evolved with more resistance mechanisms including enzymatic degradation or
modification of antibiotics, alteration of antibiotic targets, active efflux of antibiotics, and
reduced permeability of their cell membrane under the antibiotic selection pressure?>.
Furthermore, many of these resistance mechanisms are mediated through bacterial
plasmids, can undergo horizontal gene transfer and spread worldwide*. Although many
derivatives of old class antibiotics were launched later, the resistance developed even
sooner as documented in a 2013 report from CDC (Figure 1-1)°. In addition, after 2000,

few novel-classes of antibiotics was discovered exacerbating this crisis.



Antifungal resistance is another alarming problem in recently years facilitated by
the limited classes of antifungal drugs that are available clinically (polyenes, triazoles, and
echinocandins)®. Additionally, the occurrence and severity of fungal infections have
significantly increased since the late 1960s with the development of antibacterial
therapies’. Mechanisms of antifungal resistance are similar to those of antibacterial
resistance including increase of drug efflux, target alteration, and metabolism
modification®. Candida as one of the most common cause of bloodstream infections in the
US has been shown to become increasingly resistant to first-line (fluconazole) and second-
line (echinocandins) antifungal medications®!°. Notably, fluconazole-resistant Candida is
categorized as a serious threats to the United States by CDC?. Another frequent pathogen
involved in systemic fungal infections is Cryptococcus. As an encapsulated opportunistic
pathogen, they are ubiquitous in the environment and easily inhaled into the lungs. Failure
of the clearance usually results in pulmonary infection and subsequent dissemination to the
central nervous system'!. Although antifungal resistant Cryptococcus has not yet become
a clinically significant problem, isolates are recommended to be tested for antifungal

susceptibility in persistent or relapsed cases due to the widespread use of fluconazole!?.

1.2 Multidrug-resistant organisms

The first well known threat of AMR was the rise of drug-resistant Staphylococcus
aureus. The initial resistance of S. aureus happened only a few years after the introduction
of penicillin into clinical practice in the 1940s, which quickly spread from hospitals to
communities'. In 1960s, the widespread use of methicillin led to the almost immediate

emergence of methicillin-resistant S. aureus (MRSA) resistant to a wide range of B-lactam



antibiotics'*. The resistance is predominantly spread through the horizontal transfer of
genes'3. Beginning in 1980s it has been reported that MRSA accounts for over 50%

15,16

bacterial isolates in hospitals'>'°. Later, vancomycin-intermediate and vancomycin-

resistant S. aureus were isolated following the general use of the antibiotic!”!8,
Nevertheless, S. aureus is part of the normal bacterial flora colonizing the nasopharynx and
skin!®. Thus, MRSA carriers are at higher risk of infection and transmission?’. In recent
years, MRSA has been categorized as a serious threat by CDC, which is responsible for
the more than 80,000 severe infections and 11,000 deaths in the US each year®.

Because of the significance of MRSA, the development of antibiotics was mainly
focused on targeting Gram-positive bacteria before 2000. With the neglect of Gram-
negative bacteria, the number of clinical isolates with resistance to seven out of ten
antibiotics increased from 5% to between 6% and 18% from 1999 to 20082!. The now
leading species of AMR, Acinetobacter baumannii, is an opportunistic pathogen and
commonly involved in nosocomial infections causing a wide range of infections.
Ventilator-associated pneumonia and bloodstream infections caused by A. baumannii have
been shown to lead to 52% morbidity and mortality?>*. In addition, 4. baumannii is
associated with skin and soft-tissue infections?*, wound infections?, urinary-tract
infections®®, and secondary meningitis®’ within hospital settings. Although it can be spread
through the air in water droplets, its most common mode of transmission is from the skin
contacts with hospital staff?®2°, More importantly, multidrug-resistant (MDR) A.
baumannii has become more and more prevalent with some strains resistant to nearly all

antibiotics including carbapenems which are considered antibiotics of last resort®>. The

resistance of these MDR strains was shown to be mediated by all the resistance



mechanisms that are known including producing B-lactamases and other enzymes against

B-lactams and aminoglycosides’®3!

, altering the targets of fluoroquinolones through point
mutations®?, and expressing genes that encode tetracycline-specific efflux pumps?®. Further
evidence suggests that these resistance genes are transmitted by horizontal transfer®.

Due to the severity of AMR and the critical need for new antimicrobials, in 2017
the World Health Organization published a global priority list of antibiotic-resistant species
to guide urgent research, discovery, and development of new antibiotics (Figure 1-2).
Among this list, the bacterial species A. baumannii, Pseudomonas aeruginosa, and
Enterobacteriaceae are of critical priority, followed by Enterococcus faecium, S. aureus
and others®>. Importantly, many of these organisms are well known for their propensity to

form biofilms which are 10- to 1000-fold more resistant to antimicrobials than planktonic

organisms>®,

1.3 Biofilms

Despite the fact that the majority of antimicrobial development focuses on free-
living planktonic bacteria and fungi, microorganisms predominantly exist within biofilms
in both natural environment’’ and infections*®. Biofilms are bacterial communities
surrounded by extracellular polymeric substances (EPS) and are one of the most diverse
and complex systems**#’, The development of a biofilm is a dynamic and well-regulated
process that includes stage-specific expression of genes and proteins and involves the early
attachment to the surface, microcolony formation, subpopulation interactions during
structure development, maturation, and even the reactivation and dispersion in some

bacterial species (Figure 1-3)*!. It has become apparent that biofilms are secreted by many



pathogenic microorganisms as a principle virulence mechanism and are involved in over
80% of microbial infections*?. Biofilm-related infections often result from microbial
colonization of soft tissues or medical implants and can manifest as persistent or chronic
disease®’. The sticky and hydrated gel-like biofilm extracellular matrix composed primarily
of polysaccharides, proteins, and lipids, leads to remarkable complexity of the biofilms**
with steep nutrient and oxygen gradients®, high biodiversity*’, and complex social
interactions® that can result a wide variety of phenotypic states in a given species*’. These
highly heterogeneous matrices encase and protect microbes from antimicrobials,
obstructing the eradication of infections caused by biofilm-forming pathogens and
contributing to antimicrobial resistance*®. Several mechanisms of biofilm tolerance have

been proposed (Figure 1-4) including poor penetration of antimicrobial agents’®*,

50,51

metabolic inactive and persister cells with reduced susceptibility®’~", and varieties of

adaptive responses>®-38-2,

1.4 Efforts and challenges in the development of novel antimicrobials

Many past efforts were directed at the development of novel antimicrobials to
combat AMR and biofilm-related infections. In 1995, the sequencing of the first complete
bacterial genome provided new tools for identifying new antibacterial targets, which led to
the massive efforts in developing high-throughput screens (HTS) for novel antibiotics®>.
Unfortunately, none of these efforts resulted in any promising drug candidates®*. In the
example of GlaxoSmithKline, despite more than 350 candidate target genes from a broad
variety of pathways and processes identified from Streptococcus pneumoniae, S. aureus,

and Heamophilus influenzae, only 5 leads were identified when screened with the



compound collection which consisted of 260,000-530,000 compounds and none of them
advanced into development candidates®. The main reason for the failure is the fundamental
difference between the development of antimicrobials and other medicines in that the
antimicrobial agents require much higher exposures and doses. This makes it critical and
challenging to balance their antimicrobial activity, drug metabolism, pharmacokinetic
properties and safety®. Moreover, it is likely that the target genes identified are only
essential for the growth of bacteria in nutrient-rich media. On the contrary, essential genes
for bacteria in vivo or during infections may be cryptic and encode proteins with unknown
functions, which makes it difficult to build chemical screening assays>®. To tackle this
problem, recent studies screened chemical libraries on target bacteria in non-conventional
growth media and host models of disease and yielded promising drug candidates against
P. aeruginosa and Mycobacterium tuberculosis®’8. In another study, researchers identified
compounds targeting quorum-sensing virulence pathway in mouse models of P.
aeruginosa infection without perturbing bacterial growth in vitro®. These findings suggest
that in vivo essential genes represent a set of emerging targets that remain untested in
modern antibacterial drug discovery>®. Besides developing novel classes of antimicrobials,
more approaches were proposed to combat AMR. Among them, antibiotic adjuvants,
hybrids and prodrugs were designed to potentiate the antimicrobial activity or promote the
uptake of the current antibiotics®*¢!. Other approaches such as vaccines, phage therapy,
monoclonal antibodies, modulation of host microbiome and immunity opens more avenues
for solving this crisis>>%2.

Furthermore, the highly drug-resistant biofilm-related infections highlight the

importance of not only the development of new antimicrobials but also novel therapeutic



strategies that target multiple pathways with the ability to diffuse into or disrupt biofilms,
and kill persister cells (Figure 1-5)%-%, Not surprisingly, current therapies targeting
individual cells with antibiotics are restrained by the poor penetration of the biofilms or

adaptive responses 6. EPS targeting strategies with inhibitors®”-%%, degrading enzymes®’,

70-72 73,74

quorum sensing regulators and vaccination are promising adjunctive approaches
for combination therapies with other antimicrobials. Unfortunately, few of them were
successful or clinically viable thus far’>. To overcome these obstructions caused by
biofilms, researchers have proposed to exploit nanoparticles, which can be designed to
enhance drug delivery with increased penetration, selective targeting and local drug release

in existing biofilms’>7°,

1.5 Bacteria as sources of antimicrobial products

Although the first antibiotic, sulfonamides, were discovered by screening libraries
of synthetic chemicals, starting from the discovery of streptomycin in 1943, the main
antibiotics scaffolds we are using today were mined from bacteria and fungi. Microbes in
the environment especially soil bacteria produce metabolites with remarkable efficacy and
minimal toxic side effects>®. The mining platform of streptomycin developed by Selman
Waksman was then widely adopted and yielded many classed of antibiotics in the following
20 years known as the golden era of antibiotics®’. Actinomycetes are the source of about
75% of known antibiotics with 75% of them produced by a single genus, Streptomyces.
Another major source of antimicrobials are derived from non-filamentous bacteria
including Bacillus, which produce over 60 antibiotics®?. Unfortunately, the overmining

quickly resulted a depleted pool of natural antimicrobials from the available soil bacteria



(less than 1% of all soil bacteria were culturable) with the same compounds repeatedly
identified. Thus, in the following years, synthetic modifications were mostly made to
improve the efficacy of known antibiotics.

In recent years, newer tools and technologies were applied to advance this field.
Novel methods were developed for growing “nonculturable” microorganisms, which can
now be a source for more antimicrobials. An antibiotic resistance platform was developed
to identify new antibiotics and adjuvants and to dereplicate known naturally occurring
antibiotic scaffolds®!. Genome-guided approaches were used for the discovery of natural
products®. Notably, bacterial genome sequences shed lights on cryptic biosynthetic genes
which encode products that were unrecognizable before. To activate silent gene clusters,
libraries of small molecules were tested as elicitors which awakened the production of
different profiles of secondary metabolites®*. Furthermore, many silent genes are regulated
by growth conditions, signals and stressors from the environment, which can be

manipulated for extended profiles of natural products®.

1.6 Burkholderia species

In recent years, due to the development of novel tools and technologies,
Burkholderia species have emerged as a new source of diverse natural products especially
novel antibiotics and bioactive secondary metabolites®>83%, The genus Burkholderia
represents an expanding group of diverse and versatile Gram-negative, obligately aerobic,
rod-shaped bacteria with over 80 species. They inhabit ecological niches such as water,
soil, plant surfaces and rhizosphere, and even occur in association with animal hosts

including humans®’#8. The Burkholderia was previously part of the Pseudomonas genus



and first described in 1992%. The versatility of Burkholderia is likely due to their large
genomes. The median genome size of Burkholderia species is 7.27 Mb revealed by the
complete genome sequencing of 36 Burkholderia strains, ranking in the top 5% of all
bacteria®’. The genome indicates a large number of putative natural product biosynthetic
gene clusters, ranging from 7 to 27 in different strains as predicted by the antiSMASH
(antibiotic & Secondary Metabolite Analysis Shell) program, which identifies biosynthetic
loci covering the whole range of known secondary metabolite compound classes®®”!. Some
of the best known Burkholderia species are the B. cepacia complex which are opportunistic
pathogens primarily causing diseases in immunocompromised individuals such as cystic
fibrosis patients®?. Other pathogenic members are B. pseudomallei as the etiological agent
of melioidosis in both animals and humans®?, and B. mallei which causes glanders in horses
and is also highly virulent in humans®*.

B. thailandensis is closely related and coexists with B. pseudomallei in the soil but
rarely causes disease and is approximately 10°-fold less virulent than B. pseudomallei in
Syrian hamsters or mice”. Previous studies suggests that B. thailandensis E264 is
unequivocally the most promising source of bioactive natural products among the
Burkholderia strains explored, harboring 21 biosynthetic gene clusters which include
predicted polyketide synthase (PKS) or nonribosomal peptide synthase (NRPS) that are
associated with synthesis of putative natural products (Table 1-1)32°%! Studies have
shown that B. thailandensis produces capistruin®®, malleilactone®’, thailandamide®®,
burkholdacs®’, thailanstatins'%°, bactobolin'?!, rhamnolipid!®?, and
hydroxyalkylquinoline!® in the culture supernatant. Many of them were identified through

a genome-guided approach®?, while others were discovered with a conventional natural
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product approach!%!:1% Notably, capistruin, malleilactone, bactobolin, rhamnolipid, and 4-
hydroxy-2-alkylquinoline (HAQ), have been previously shown to express weak to
moderate antimicrobial activity®®°7-105-107,

The production of multiple products in B. thailandensis is tightly regulated under
the quorum sensing (QS) system®®10L198 B thailandensis is also well known for producing
QS signals with antimicrobial functions!'®*!%7. HAQs were originally characterized in P
aeruginosa and recognized as a class of quorum sensing molecules that exhibit numerous
functions, including iron chelation, immune modulation, and intercellular
communication'®. Recently, HAQ derivatives were reported in B. thailandensis as quorum
sensing signals with synergistic effects that could inhibit E. coli growth in planktonic
cultures!%:197, Specifically, 4-hydroxy-3-methyl-2-(2-non-enyl)-quinoline (HMNQ) is the
dominant form of HAQs produced by B. thailandensis. HMNQ was shown to function as
an ionophore, to disrupt proton motive force, and to inhibit pyrimidine biosynthesis in F.
coli'®,

Another example of natural products produced by B. thailandensis is rhamnolipid.
Rhamnolipids are glycolipidic surfactant with up to two rhamnoses (mono or di-
rhamnolipids) linked through a B-glycosidic bond to up to two 3-hydroxyfatty acids with

various chain lengths!'?

. Rhamnolipids are well studied in P aeruginosa, which
predominantly produces short chain rhamnolipids (Rha-Rha-Cio-Ci), for their
applications in pharmaceutical, chemical, cosmetic and food industries, replacing
surfactants of petrochemical origins''!. Recent studies have shown that rhamnolipids are

also produced by the non-pathogenic B. thailandensis, predominantly in a form with longer

fatty acid chains (Rha-Rha-Ci4-Ci14), which may provide additional industrial
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applications!?>!!2, The antimicrobial and antibiofilm activities of rhamnolipids have also
been previously characterized!?>!13-115 A recent study showed that the production of
rhamnolipids in B. thailandensis is regulated by QS''®, Although HMNQ has been shown
to play a key role in the QS of B. thailandensis, the correlation between the two molecules
remains unknown. Besides these well characterized small molecules, more metabolites

likely remain cryptic with unknown regulatory factors.

1.7 Bacterial outer membrane vesicles
Most if not all living cells from prokaryotes to more complex eukaryotic cells
naturally secrete membrane vesicles that serve numerous and versatile roles in intra- and

interspecies interactions!!7-!18

. Gram-negative bacteria constitutively shed outer membrane
vesicles (OMVs) from their surface that contain numerous components including
proteins!!?, lipids'?°, polysaccharides'?!, RNA/DNA!?>123_ and small molecules'?*. These
components either associate with the bi-layered membrane or are located within the
vesicle’s lumen (Figure 1-6A). The production and cargo selection of OMVs is in response
to stressors and environmental signals'?>. Thus, OMVs serve various offensive and
defensive roles contributing to bacterial survival (Figure 1-6B). OMVs also interact with

6

other microorganisms in nature!?® or host cells in the context of colonization and

infection'?’

, protecting cargo molecules from degradation and delivering them at high
concentrations over long distances!?*!2°, Because of their ability to stimulate host innate
and adaptive immunity, OMVs have been used as a vaccine platform. In particular, an

OMV-containing meningococcal vaccine (Bexsero®, 4CMenB; GSK) is now used in the

routine immunization schedules for infants in the United Kingdom and Ireland'*°. In
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addition, the roles of OMVs in various biological process such as nutrient acquisition,
defense, and intercellular communication lend them to other diverse biotechnological
applications.

OMVs are also a ubiquitous and important constituent of Gram-negative and mixed
bacterial biofilms. It has been documented that OMVs from planktonic and biofilm cultures
were significantly different, suggesting diverse functional roles in different

31 As one of their functions contributing to bacterial survival and

environments
competition, OMVs have been shown to possess antimicrobial activity against other
microorganisms. P. aeruginosa OMVs was first reported to possess antimicrobial activity
against competitor Gram-negative and Gram-positive planktonic bacteria twenty years
ago'?’. The activity was attributed to the presence of hydrolytic enzymes, in particular a
26-kDa peptidoglycan hydrolase that degraded the cell well of competitor bacterial
species!?”132. OMVs from more than fifteen strains of Gram-negative species were tested
for their bactericidal activity. P. aeruginosa OMVs possessed the most potent killing
capacity against other species!3!34, More recently, Lysobacteri sp. XL1 has been shown
to secret bacteriolytic endopeptidases within OMVs against S. aureus and Erwinia
marcescens'®®. Similarly, Myxococcus xanthus predate upon various bacteria and fungi
with OMVs containing hydrolytic enzymes and secondary metabolites including
myxochelines, myxalamids, myxovirescin A, and cittlin A, with antimicrobial

136137 Both Lysobacter and Myxococcus are social bacterial predators. Their

activity
predation can be accomplished remotely via OMVs that kill and decompose neighboring

competitors!3%:139,
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The majority of the bacteriolytic enzymes found in OMVs are peptidoglycan
hydrolases such as amidases, endopeptidases, transglycosylases, and glucosaminidases
with different specificity on bacterial peptidoglycan'#’. Peptidoglycan as the major
components of bacterial cell wall are made of glycan strands cross-linked by short peptides,
which are highly diverse in their composition and sequence between bacterial species'*!.
For instance, peptidoglycan structures are well studied in S. aureus with conserved
disaccharide (N-acetylglucosamine and N-acetylmuramic acid), a pentapeptide stem (L-
alanine-D-iso-glutamine-L-lysine-D-alanine-D-alanine), and a pentaglycyl bridge!*?. Their
glycosidic bond between N-acetylglucosamine and N-acetylmuramic acid, peptide bonds,
and amide groups linking L-alanine and N-acetylmuramic acid could potentially be cleaved

by transglycosylases, peptidases, and amidases, respectively.

1.8 Significance and hypothesis

Although the bactericidal activity of OMVs was documented, their roles in
targeting bacterial biofilms were not characterized. With the mounting crisis of
antimicrobial resistance, new antimicrobial agents and therapeutic strategies with novel
mechanisms of action against multidrug-resistant organisms and biofilms are urgently
needed to prevent chronic and life-threatening infections. As a non-pathogenic soil
saprophyte, Burkholderia thailandensis is closely related to P. aeruginosa and presumably
evolved mechanisms to produce predatory OMVs to increase nutrient load in poor growth
conditions at the expense of surrounding microbes. Thus, we hypothesized that B.

thailandensis produces OMVs with antimicrobial activity that are naturally used as a
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survival strategy to compete with surrounding microflora. We further hypothesized that the
OMVs may penetrate biofilms.

In the current study, we initially evaluated the antimicrobial activity of OMVs
against representative Gram-positive and -negative bacteria, multidrug-resistant bacteria
and fungi. The reproducibility of purified OMV was evaluated by chemical composition
and physical appearance using gel electrophoresis, liquid chromatography, and
transmission electron microscopy. The antimicrobial activity was measured against
planktonic and agar cultures of individual microorganisms.

We also investigated the antibiofilm activity of OMVs with various
microorganisms. The ability of OMVs to disrupt pre-formed biofilms was first screened
using representative biofilm-forming bacteria. We then characterized the ability of B.
thailandensis OMVs to disrupt the model biofilm forming bacterium, MRSA and
Streptococcus mutans in well-established biofilm assays using multiple imaging
techniques. The synergistic effect of OMVs with an antibiotic was also evaluated against
S. mutans biofilms.

To better understand the antimicrobial and antibiofilm properties of OMVs, we
confirmed the existence of peptidoglycan hydrolases and successfully identified HMNQ
and rhamnolipid within B. thailandensis OMVs with analytical chemistry methods. The
quorum sensing antimicrobial molecule, HMNQ, and biosurfactant, rhamnolipid, were
further evaluated for their ability to inhibit the growth of various bacteria and fungi.

Finally, we characterized the roles of HMNQ and rhamnolipid in killing and

disrupting MRSA biofilms using confocal microscopy and COMSTAT analyses. The
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efficacy and safety of HMNQ and rhamnolipid was eventually evaluated in vivo using a

murine wound model infected with bioluminescent MRSA.
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Figure 1-1. Timeline of key antibiotic resistance events

Dates are based upon early reports of resistance in the literature. In the case of pan drug-
resistant (PDR) — Acinetobacter and Pseudomonas, the date is based upon reports of
healthcare transmission or outbreaks. Note: penicillin was in limited use prior to

widespread population usage in 1943. This timeline was originally published by CDC?.
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Figure 1-2. WHO priority pathogens list for research and discovery of new antibiotics
* Mycobacteria (including Mycobacterium tuberculosis, the cause of human tuberculosis),
was not subjected to review for inclusion in this prioritization exercise as it is already a
globally established priority for which innovative new treatments are urgently needed.

* Enterobacteriaceae include: Klebsiella pneumonia, Escherichia coli, Enterobacter spp.,
Serratia spp., Proteus spp., and Providencia spp., Morganella spp. The list was originally

published by the World Health Organization®.
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Figure 1-3. Biofilm development stages

The biofilm starts with individual planktonic cells attach to the surface following by
extracellular polysaccharide production and microcolony formation. During biofilm
structure development, subpopulations interact with each other through signaling
molecules. In the following development, macrocolonies are formed in mature biofilms.
Under stress conditions, dead cells are accumulated. In certain species like Pseudomonas
aeruginosa, cells can be released from the biofilm macrocolonies to start this process again.
In the bottom fluorescent images, biofilms formed by green fluorescent protein-tagged P.
aeruginosa were stained with propidium iodine (red fluorescent, labeling extracellular
DNA). The illustration was modified from the original image published by the Montana
State University Center for Biofilm Engineering. The fluorescent images were originally

published by Yang, L. ef al.*'.
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Figure 1-4
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Figure 1-4. Mechanisms for biofilm tolerance

Four possible mechanisms of biofilm antibiotic resistance. The image is a cross section of
a biofilm with the attachment surface (gray) at the bottom and the aqueous containing the
antibiotic (yellow) at the top. In zones where there is nutrient depletion (red), antibiotic
action may be antagonized. Some bacteria may activate stress responses (green), with other
may differentiate into a protected phenotype (purple). The illustration was previously

published by Chambless, J. D. et al.'®.
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Figure 1-5. The four anti-biofilm strategies

The blue circles represent susceptible bacteria and the red circles represent tolerant
bacteria. The large light blue circles represent susceptible bacteria and the red circles
represent tolerant bacteria. The large light gray circle represents the matrix of mature
biofilms. c-di-GMP, cyclic diguanosine-5’-monophosphate; PK/PD,
pharmacokinetics/pharmacodynamics. The illustration was previously published by

Bjarnsholt, T. et al.'*,
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Figure 1-6. Bacterial outer membrane vesicles

(A) Model of OMV biogenesis. OMVs are proteoliposomes consisting of outer membrane
phospholipids and LPS, a subset of outer membrane proteins, periplasmic proteins,
DNA/RNA, and small molecules. Vesicles are likely to bud at sites where the links between
the peptidoglycan and outer membrane are infrequent, absent, or broken. Other
mechanisms were also proposed for OMV biogenesis. LPS, lipopolysaccharide; Pp,
periplasm; OM, outer membrane; PG, peptidoglycan; IM, inner membrane; Cyt, cytosol.
The illustration was previously published by Kuehn, M. J. et al.'*>. (B) Offensive and
defensive roles of OMVs utilized in bacteria-bacteria and bacteria-host interactions; and

their potential applications. The illustration was previously published by Jan, A. T. ef al.'%,
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Table 1-1

B. thailandensis E264 genome Gene cluster # Category of predicted gene cluster Identified natural product

Bacteriocin

Type I PKS

NRPS

Terpene

NRPS Thailandepsins
NRPS

Bacteriocin Capistruin

Chromosome I

Chromosome II Bacteriocin

Other Betulinan/terferol analogues
Homoserine lactone

Other

NRPS-type I PKS-homoserine lactone Bactobolins®
Homoserine lactone

Trans-AT PKS-type II PKS-NRPS Thailandamides
Bacteriocin

NRPS

Phosphonate

Other

NRPS-type I PKS-trans-AT PKS Burkholderic acid

Terpene

O X NN R W N = NN R W N -

Eo o =0

PKS-terpene

Table 1-1. Putative natural product biosynthetic gene clustered predicted in the
genome of B. thailandensis E264 and compounds actually identified

The table was originally published by Lix, X. et al.®2.
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CHAPTER 2: The antimicrobial activity of outer membrane vesicles derived from

Burkholderia thailandensis

Introduction
Bacterial outer membrane vesicles have been documented to play numerous roles

127,147

including, but not limited to, cargo delivery'?¢, cell-to-cell communication , genetic

exchange!'*®, and predation!?%137

. Because of their versatility, the secretory contents of
OMVs can respond to the bacterial growth environment such as nutrient availability, waste
product concentration, population density and other related factors'*’. To enhances OMV
production, stress-inducing conditions including iron depletion!*’, oxidative stress'>!,
temperature stress!?®, and chemical supplementation'?>, are frequently used. However, the
OMV contents under these conditions are difficult to control especially when they induce
accumulation and aggregation of misfolded proteins in the bacterial periplasm. In the
current study, OMVs were cultivated in nutrient-rich broth and harvested at late-log, early-
stationary phase (Figure 2-1) when vesiculation more frequently occurs!>2,

Precipitation and ultrafiltration are the most commonly used techniques for OMV
isolation (Figure 2-1). Frequently employed in protein purification, addition of high
concentration of a salt into a solution perturbs the hydrogen bonds and surface charges of
proteins and OMVs, leads to their aggregation. This process is usually followed by
centrifugation separating the precipitated proteins and OMVs from soluble contaminants.
For this purpose, ammonium sulfate is commonly used for its high solubility, adequate

ionic strength, and the ability to prevent microbial contamination during the incubation.

Previous studies have shown that the concentration of ammonium sulfate must be
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determined carefully in order to prevent the enrichment of non-OMV-associated proteins
and the non-specific binding of free extracellular proteins to OMVs!3*134, For instance, in
P. aeruginosa the ammonium sulfate precipitation increases the amount of secreted

protease which subsequently degrades OMV proteins'>>

. Ultrafiltration is achieved by
passing bacterial supernatant through a membrane with a given molecular cut-off. In the
current study, a polyethersulfone (PES) membrane with a cut-off of 100 kDa was used with
a tangential flow filtration (TFF) system to remove non-OMV-associated proteins. The
TFF system allows the solution to flow through the device under gentle pressure in a
parallel direction to the membrane, protecting it from clogging!*’. Moreover, it gives the
option of buffer exchange separating the OMVs from the growth medium, which facilitates
the following purification process.

Since neither precipitation nor ultrafiltration separates OMVs from other bacterial
components like flagella, pili, and protein aggregates, further purification steps are
necessary for pure OMV preparations (Figure 2-1). Density-gradient centrifugation is
commonly used for small-scale OMV purifications'?!13*, Compared to bacterial flagella,
pili, and protein aggregates, OMVs have a lower density due to their lipid content. In the
current study, crude OMVs are suspended with high-density sucrose solution and overlaid
with step gradients of low-density sucrose solutions. During centrifugation, OMVs migrate
and equilibrate into sucrose layers with similar density. The final preparations of OMVs
are further extracted from these sucrose fractions by ultracentrifugation. Although OMVs
purified with density-gradient centrifugation usually show great purity, the yield is limited
by the volume of centrifuge bottles. Additionally, OMVs are prone to aggregation under

these purification conditions. Alternatively, gel filtration chromatography has been shown
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to yield OMVs with high purity and size homogeneity!*. Specifically, size exclusion
chromatography (SEC) separate OMVs from other contaminants based on their size
difference, which can be optimized with choice of resin and column sizes. In most cases,
vesicles with larger sizes than the resin’s pores travel quicker along the column and elute

first, right after the column’s void volume!®’

. Although less commonly used in bacterial
membrane vesicle purifications, ion exchange chromatography and other affinity
chromatography are used for extracellular vesicle purification from mammalian cell
cultures and biological samples!®®. Compared to the density-gradient centrifugation
method, gel filtration chromatography can be more easily scaled up for mass production
and manufacturing!®’.

In the current study, the ultracentrifugation method with ammonium sulfate
precipitation and density-gradient centrifugation was previously developed and optimized

by our laboratory!%160

. OMVs were predominantly purified by this method for their
superior purity. To rule out the possibility that the antimicrobial properties of OMVs were
purification method-dependent, OMVs were also concentrated with ultrafiltration and
purified with SEC prior to testing.

Nearly two decades ago, OMVs from P. aeruginosa were shown to possess
antimicrobial activity against E. coli and S. arueus'®. Of fifteen bacterial strains examined,
P. aeruginosa produced OMVs with the broadest antimicrobial activity'3*. Given its
relatedness to P. aeruginosa, we hypothesized that B. thailandensis produces OMVs with
antimicrobial activity. Due to the significant problem caused by antimicrobial resistance,

B. thailandensis OMVs were screened for their antimicrobial activity against Gram-

negative bacteria, A. baumannii, P. aeruginosa, Enterobacteriaceae including E. coli, and
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Klebsiella pneumoniae, Gram-positive bacteria, S. aureus, Enterococcus faecalis, and S.
mutans. They were further evaluated against drug-resistant bacterial strains including
MDR A. baumannii, MRSA, carbapenem-resistant K. pneumoniae, and the fungal

pathogens, C. albicans and C. neoformans.

Materials and Methods
Bacterial strains and growth conditions

Burkholderia thailandensis E264, Burkholderia pseudomallei Bp82, Acinetobacter
baumannii, multidrug-resistant Acinetobacter baumannii, Pseudomonas aeruginosa
PAOL1, Staphylococcus aureus ATCC 6538, methicillin-resistant Staphylococcus aureus
ATCC 43300, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922,
Klebsiella pneumoniae ATCC 1706, carbapenem-resistant Klebsiella pneumoniae ATCC
1705, Streptococcus mutans UA159, Cryptococcus neoformans and Candida albicans
ATCC 14053 were maintained in lysogeny broth (LB) or brain heart infusion broth (BHI),
while solid medium was made by adding 1.5% (wt/vol) agar. All bacterial cultures were
incubated at 37 °C with 233 rpm oscillation. S. mutans cultures and plates were maintained
at 37 °C in an aerobic chamber containing 5% CO; under static conditions. Drug-sensitive
and multidrug-resistant (MDR) 4. baumannii strains and C. neoformans we used for
current study were isolated from Tulane hospital. The MDR strain was resistant to all the

antibiotic tested (Table 2-1).

OMYV purification with ultracentrifugation
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OMVs were prepared as previously described!**10. Briefly, bacteria were grown
in LB at 37 °C until late-log phase (18 hours). The intact bacteria were pelleted by
centrifugation (Thermo Scientific, Sorvall RC5C plus) at 6,000 x g for 60 minutes at 4 °C,
and the supernatant was removed and filtered through a 0.22 um polyethersulfone (PES)
filter (Millipore) in order to remove any remaining bacteria or large bacterial fragments.
To ensure the supernatant was free of viable bacteria, one milliliter of filtered supernatant
was streaked onto Pseudomonas isolation agar (BD) and incubated for 48 hours at 37 °C.
The OMVs were precipitated by slowly adding 1.5 M solid ammonium sulfate while
stirring gently and incubated overnight at 4 °C before harvested by centrifugation at 11,000
x g for 45 minutes at 4 °C. The resulting pellet, consisting of crude vesicles, was
resuspended with 60% sucrose in 30 mM Tris-HCI pH 8.0 (wt/vol), which was filter
sterilized through a 0.22 um PES filter and layered at the bottom of a centrifuge tube. A
sucrose gradient was prepared by slowly layering 55%, 50%, 45%, 40%, and 35% sucrose
in 30 mM Tris-HCI pH 8.0 over the crude OMV preparation. The sucrose gradient with
crude OMVs was ultracentrifuged (Beckman Coulter, Optima XL-100K) at 200,000 x g
for 3 hours at 4 °C. Equal 3 mL fractions were removed sequentially from the top and stored
at 4 °C. To determine the purity of the fraction, 200 puL of each was precipitated with 20%
Tri-chloroacetic acid (TCA). The resulting protein pellets were run on an SDS-PAGE gel
(4-20%, Bio-Rad). The final OMV preparation was recovered by pooling the purest
fractions in 30 mM Tris-HCI pH 8.0 followed by centrifugation at 200,000 x g for 19 hours
at 4 °C. The resulting pellet, containing OMVs, was resuspended in Hyclone™ sterile cell

culture water (GE LifeSciences) and quantified using a Bradford Protein Assay (Bio-Rad).
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Transmission electron microscopy

To visually confirm the presence and purity of purified OMVs, one microgram
OMVs were loaded on copper grid (Electron Microscopy Sciences) and stained with 1%
uranyl acetate (Electron Microscopy Sciences) before imaging with a FEI G2 F30 Tecnai

transmission electron microscope.

Gel electrophoresis

After OMV purification, five micrograms of OMVs were 1:1 mixed with 2x
Laemmli loading buffer (Bio-Rad) containing 100 mM dithiothreitol (DTT), boiled for 10
min and loaded onto an SDS-PAGE polyacrylamide gel (4-20%, Bio-Rad) running at 200
V. The gel was further stained with Coomassie Blue (Sigma-Aldrich) or silver

(GBiosciences) to visualize the protein patterns.

HPLC analysis

B. thailandensis OMVs (100 pg) purified with equilibrium density-gradient
ultracentrifugation were first extracted with MeOH/CHCI3; mix (1:2, v/v) at 45 °C until
complete separation for three times. The extracts from organic phase was then resuspended
with MeOH and separated with HPLC. The HPLC (Shimadzu) was carried out on with a
UV-Fluorescence detector and an automated fraction collector. A C2 column (250/4.6
Nucleosil 100-7, Macherey-Nagel) was used with a flow of 0.5 mL/min and a gradient of
5% MeOH in H20 to 100% MeOH (with 50 mM NH4OAc, pH 5.6) over 80 mins. The
injection volume was 70 pL. The elution started with 5% MeOH isocratic for 5 min, from

5 to 10 min a linear increase from 5 to 45% MeOH was applied, followed by a second
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linear increase from 45% to 100% MeOH (10 to 55 min). An isocratic step (100% MeOH)
was then maintained for 10 min and ended with a return to 5% MeOH in 2 min. The re-
equilibration was done with 5% MeOH isocratic for 13 min. The spectra were detected at

UV 214 nm.

Liposome preparation

To make liposomes with a diameter of 100 nm containing small molecule dye, four
milliliter phosphatidylcholine (POPC) at a concentration of 50 mM in chloroform was
added into a 20 ml glass vial and dried in a vacuum overnight. The lipids were then
resuspended with a solution of ANTS/DPX dye (5 mM HEPES, 20 mM NaCl, 12.5 mM
ANTS, 45 mM DPX, in 5 mL MilliQ H>O). To hydrate and incorporate them into vesicles,
the lipids solution was frozen with liquid nitrogen and warmed with tap water for 10 cycles.
To make uniform liposomes, the ANTS/DPX vesicles were extruded 10 times in an

extruder with one 100 nm nitrocellulose polycarbonate filter (Whatman).

OMYV purification with size exclusion chromatography

Bacteria were grown in LB at 37 °C until late-log-phase (18 hours). The intact
bacteria were pelleted by centrifugation (Thermo Scientific, Sorvall RC5C plus) at 6,000
x g for 60 minutes at 4 °C, and the supernatant was removed and filtered through a 0.22
um PES filter (Millipore) in order to remove any remaining bacteria or large bacterial
fragments. Two liters of the sterile supernatant was concentrated with a Pellicon XL
Cassette filter (PES, 100 kDa cutoff, Millipore) in a tangential flow filtration system (TFF)

to about 15 mL. The concentrated supernatant was then centrifuged at 10,000 x g for 15
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min with a SA-600 rotor to remove clustered materials and prevent potential clotting in the
chromatography.

To prepare the column, five grams of Sephadex G-200 resin was hydrated with 200
mL 10 mM Tris-HCI (pH 7.5) for three days and filled in the column with 2.5 cm diameter
and 30 cm length. After the column was packed, Tris-HCI buffer (10 mM) was run
overnight through the column with a flow rate of 0.4 mL/min to further pack the resin.
Five-milliliter sample was injected onto the column for each run and eluted with 10 mM
Tris-HCI at a flow rate of 0.4 mL/min. The spectra were detected at UV 280 nm for the

presence of proteins. Five-milliliter fractions were collected for further characterization.

Bacterial susceptibility assays

The antimicrobial activity of OM Vs was evaluated with a Kirby Bauer-like method.
For ultracentrifugation-purified OMVs, a fresh culture of microorganism was streaked
heavily onto an agar plate, and 10 ug OMVs (adjusted in 10 pL with PBS) from each
preparation were applied compared with 10 uL PBS as negative control. The plate was
incubated at room temperature for up to 48 hours at which time the plates were examined
for antimicrobial activity.

For OMVs and other fractions eluted from SEC, materials from representative
fractions (400 pL) were extracted with MeOH/CHCIl3; mix (1:2, v/v). Both aqueous (left)
and organic (right) phases were desiccated under vacuum before resuspended with 20%

MeOH and spotted on plates spread with MRSA.

Microorganism growth inhibitions assay
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The ability of OMVs to inhibit the growth of representative microorganism was
examined by this assay. Microorganism was cultured overnight in 5 mL LB or BHI broth
at 37 °C. The suspension was further 1:1000 diluted in nutrient broth and added into a 96-

well plate (Costar) at 80 uL/well followed by treatments with 20 pL of PBS or OMVs.

Optical density at 600 nm was monitored until the culture reached plateau.

Statistics
The Chi squared test was applied to compare two curves, which measures the

deviations between a measured and an expected value, divided by the uncertainty.

Results
Production and characterization of B. thailandensis OMV’s isolated with ammonium
sulfate precipitation and purified with equilibrium density-gradient ultracentrifugation
B. thailandensis OMVs used in the current study were predominantly isolated with
ammonium sulfate precipitation and purified using equilibrium density-gradient
ultracentrifugation. Experiments and statistics are based on four independent preparations.
Purified OMVs ranged in size from 20 to 50 nm and were free of contaminants (Figure 2-
2). As demonstrated by SDS-PAGE and HPLC, independent batches of OMVs isolated
under identical growth conditions demonstrate consistent and reproducible compositions
(Figure 2-3). To determine if purified OMVs possessed antimicrobial activity, 10 uL of
OMVs were spot-plated onto MRSA-streaked agar plates. Inhibition of MRSA growth was

observed at the site of OMV delivery for all preparations (Figure 2-4).
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Method development and characterization of OMVs isolated with ultrafiltration and
purified with size exclusion chromatography

To exclude the possibility that the antimicrobial activity of B. thailandensis OMVs
were method-dependent, OMVs were further isolated with ultrafiltration and purified with
SEC (Figure 2-5). We first validated this method by separating liposomes (100 nm) from
small molecule dye that were mixed with them. Large-sized liposomes were eluted within
the void volume before the elution of other small molecule contaminants (Figure 2-5A).
For OMV purification with SEC, bacterial supernatant was first concentrated with TFF
system and centrifuged to remove the clustered materials before separated on the column.
OMVs from B. thailandensis and B. pseudomallei with sizes range from 20 to 200 nm were
eluted within the void volume at similar elution time of the liposomes (Figure 2-5A). In
additions, the chromatography successfully separated the OMVs from the proteins and
small molecules secreted in the supernatant (Figure 2-5A). Five-milliliter fractions were
collected from the B. thailandensis OMV purification, and representative fractions as
shown in Figure 2-5B were further characterized for their physical appearance, protein
composition, and antimicrobial activity.

Electron microscopy revealed the sizes of SEC-purified OMVs ranging from 20 to
100 nm. The purified OMVs were relative pure with some pili contamination (Figure 2-
6). Proteins from fraction 13, 15, 20, 29, 39 (20 pL each) were separated with SDS-PAGE
and visualized with silver staining. Protein patterns of F13 and F15 showed a wide range
of molecular weights suggesting these fractions contain materials in forms of complexes,
such as OMVs. From F20 to F29, the molecular weights of proteins went down, whereas

F39 showed no protein on the gel, which suggests the successful separation with SEC



39

(Figure 2-7A). In addition, crude OMVs concentrated with TFF (TFF) and ammonium
sulfate precipitation (AS) showed similar protein compositions with more proteins less
than 37 kDa compared to ultracentrifugation-purified OMVs (UO) and SEC-purified
OMVs (F13, F15) (Figure 2-7A). The antimicrobial activity of OMVs (F13,16) and
representative fractions (F20, 29, 39, 43) from SEC was examined against MRSA. To
further characterize their chemical properties, materials in these fractions were extracted
with organic solvent. Both aqueous and organic phases were concentrated and tested for
their antimicrobial activity. For OMV fractions (F13,16), the majority of the antimicrobial
activity was retained in the organic phase, whereas the antimicrobial molecules in F39 were
more likely to partition in aqueous phase suggesting their relative hydrophilic propensity
(Figure 2-7B). Thus, we showed here B. thailandensis OMVs purified with both
ultracentrifugation method and chromatography method exhibited antimicrobial activity

against MRSA.

Evaluation of the antimicrobial activity of B. thailandensis OMV's against representative
Gram-negative and -positive bacteria, multidrug-resistant bacteria, and fungi

Next, we examined the spectrum of OMV antimicrobial activity by screening for
growth inhibition of additional bacterial and fungal species of clinical importance. Among
Gram-negative bacteria, OMVs inhibited the growth of 4. baumannii, but not P.
aeruginosa, E. coli, or K. pneumoniae (Figure 2-8A-D). Notably, Burkholderia spp. are
closely related to Pseudomonas spp. which potentially explains why B. thailandensis
OMVs did not inhibit the growth of P. aeruginosa. OMVs also inhibited the growth of

Gram-positive bacteria, S. aureus, S. mutans, but not E. faecalis (Figure 2-8E-G). Further
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screening indicated the antimicrobial activity of OMVs against a MDR clinical isolate of
A. baumannii, MRSA, and the fungal pathogens C. albicans and C. neoformans, but not
carbapenem-resistant K. pneumoniae (Figure 2-9).

To confirm our observations, OMV inhibitory activity was also evaluated using
planktonic cultures of each organism. Again, OMVs inhibited the growth of A. baumannii,
MDR A. baumannii, S. aureus, MRSA, S. mutans, C. albicans, and C. neoformans (Figure
2-10, 2-11). Furthermore, the inhibitory activity of OMVs against each organism was
shown to be dose-dependent (Figure 2-10, 2-11). The MDR A. baumannii strain we used
in the current study was isolated from Tulane hospital and was resistant to all the antibiotics
tested (Table 2-1). Taken together, these results indicate that B. thailandensis OMVs

inhibits both drug-sensitive and MDR microbial species.

Discussion

We have demonstrated here that OMVs purified with ultracentrifugation display
great consistency in their physical appearance and chemical composition with no visible
flagella or pili contamination revealed by electron microscopy. Size exclusion
chromatography successfully separated OMVs from other soluble contaminants. However,
further optimization is necessary to separate OMVs from bacterial pili when using SEC.
Gel electrophoresis demonstrated considerable similarity of protein composition between
ultracentrifugation-purified and chromatography-purified OMVs. Importantly, both
methods isolated OMVs with antimicrobial activity against MRSA.

When screened against representative Gram-negative and Gram-positive bacteria,

drug-resistant bacteria, and fungi, OMVs inhibit their growth implying specific
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mechanisms of action against some but not all microbes. On agar plates and in planktonic
cultures, OMVs significantly inhibited the growth of A. baumannii, S. aureus, and S.
mutans, but had no effect on the growth of K. pneumoniae and E. faecalis. Seemingly,
OMVs promoted the growth of P. aeruginosa and E. coli. However, the increased optical
density was potentially caused by materials secreted in the cultures by the bacteria when
treated with OMVs, especially in the case of E. coli when the growth was initially inhibited.
Additionally, OMVs exhibited antimicrobial activity against a clinical isolate of A.
baumannii that was resistant to multiple classes of antibiotics. According to the Centers for
Disease Control, MDR 4. baumannii strains have the potential to resist all clinically
approved antibiotics including colistin®>. OMVs derived from B. thailandensis could
represent a source of new antibacterial agents that are effective against MDR species.
Lastly, OMVs showed potent antifungal activity against C. neoformans, but slightly
inhibited the growth of C. albicans. Different from other microbes inhibited by the OM Vs,
C. neoformans is well characterized for its thick polysaccharide capsule surrounding the
cell body'®!. How the OMVs interact with Cryptococcal cells and penetrate the
polysaccharide capsule remain unknown.

It has been shown that to initiate the killing OMVs first associate with the targeted
bacteria through salt-bridge and deliver the killing materials directly onto Gram-positive
bacteria or intermingle and fuse with the outer membrane of Gram-negative bacteria
(Figure 2-12)'?°, This enables the delivery of concentrated cargos into the periplasm of the
targeted cells where they can better access the cell wall or further diffuse into the

cytoplasm. In this way, OMVs can be seen as something of a “Trojan Horse” where they
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deliver soldiers past the bacterial outer membrane barrier and directly into the part of the
bacteria where they can do the most damage.

Compared to biological nanoparticles like liposomes, OMVs have many
advantages in terms of lipid composition and cargo packaging. Studies characterizing
phospholipids in P. aeruginosa OMVs showed a higher membrane rigidity of the vesicles
compared to their outer membrane, which makes them more resistant to environmental
pertubation'?’, It has been demonstrated that bacteria protects secretory cargos from
degradation through directed packaging into OMVs!?®, Protein cargos within OMVs are
relatively stable at room temperature and resistant to freeze-thaw cycles, which makes them
ideal for lyophilization and storage!?®.

In future studies, it will be interesting to test B. thailandensis OMVs against
agricultural pathogens since B. thailandensis inhabits ecological niches primarily
composed of soil, plant surfaces, and rhizospheres. The antibiofilm activity of OMVs

against representative bacteria will be characterized in the next chapter.
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Figure 2-1. Illustration of outer membrane vesicle purification methods

Ultracentrifugation method (left): OMVs isolated with ammonium sulfate precipitation and
purified with density-gradient ultracentrifugation. The crude vesicles were first harvested
by precipitating the supernatant of bacteria culture with a high concentration of ammonium
sulfate. To separate the OMVs from bacterial cell debris and other secretory proteins, the
precipitated crude vesicles were subjected for sucrose density-gradient purification based
on vesicle density. The final OMV preparation was recovered by pooling the purest
fractions by ultracentrifugation. Chromatography method (right): OMVs was isolated by
ultrafiltration and purified with size exclusion chromatography. The crude vesicles were
first concentrated from the supernatant of bacteria culture by tangential flow filtration with
a cut off of 100 kDa. The cell debris and clustered secretory proteins were pelleted at
10,000 x g for 15 minutes. OMVs within the supernatant were separated from the

unpelleted components with size exclusion chromatography.
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Figure 2-2. TEM image of ultracentrifugation-purified B. thailandensis OMVs
Purified OMVs were negatively stained with 1% uranyl acetate and visualized by
transmission electron microscopy. Size of OMVs purified with ultracentrifugation ranges

from 20 to 100 nm.
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Figure 2-3
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Figure 2-3. OMVs purified with ultracentrifugation method demonstrate consistency
in composition

(A) Protein composition of OMVs is consistent across four independent preparations as
demonstrated by SDS-PAGE and Coomassie stain. Protein molecular weight ladder (lane
1), 5 pg purified OMVs (lanes 2-5). (B) Reproducibility of two independent preparations
of purified OMVs extracted with organic solvent, subjected to HPLC, and detected at UV

214 nm.
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Figure 2-4. OMVs purified with ultracentrifugation method demonstrate consistency
in antimicrobial activity

Antimicrobial activity of purified OMVs from four independent preparations was
evaluated against MRSA (spots 1-5, 10 ug OMVs in 10 uL PBS) versus negative control,

PBS (10 pL).
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Figure 2-5
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Figure 2-5. Representative size exclusion chromatography spectra for liposome and
OMY purification

(A) Overlapping spectra of liposomes (100 nm), B. thailandensis (Bt) OMVs, and B.
pseudomallei (Bp) OMVs purified with SEC. Bacterial supernatant concentrated with TFF
system were centrifuged at 10,000 x g for 15 mins to remove clustered proteins or cell
debris before separating on the column packed with Sephadex G-200). Liposomes and
OMVs were eluted with 10 mM Tris-HCI buffer (pH 7.5) at a flow rate of 0.4 mL/min. All
vesicles were eluted within void volume. Peaks were detected at UV 280 nm for the
presence of proteins within OMVs. (B) Representative spectrum of Bt OMVs purified with

SEC. Five-milliliter fractions were collected for further characterization.
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Figure 2-6. TEM image of materials in fraction 13 from size exclusion
chromatography
Materials in F13 from SEC OMV purification were stained with 1% uranyl acetate before

imaging with transmission electron microscope.
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Figure 2-7. Characterization of fractions from size exclusion chromatography for
their protein composition and antimicrobial activity

(A) Protein composition of fractions eluted from SEC were shown with SDS-PAGE and
silver staining. From left to right, L: ladder, TFF: crude OMVs concentrated with TFF
system (2.5 pg), AS: crude OMVs purified with ammonium sulfate precipitation (2 pg),
UO: OMVs purified with ultracentrifugation method (3 pg), P: pelleted materials from the
concentrated TFF crude OMVs (5 pg), F13: 20 uL materials in fraction 13 from the SEC,
same for F15, F20, F29, and F39. (B) Materials within fractions 13, 16, and 39 showed
antimicrobial activity against MRSA. Materials from representative fractions (400 uL)
were extracted with MeOH/CHCI3 mix (1:2, v/v). Both aqueous (left) and organic (right)
phases were desiccated under vacuum before resuspended with 20% MeOH in H>O and
spotted on plates spread with MRSA. The plates were incubated at room temperature for

24 hours before examining for their antimicrobial activity. Twenty percent MeOH alone

did not inhibit MRSA (data not shown).
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Figure 2-8
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Figure 2-8. The antimicrobial activity of B. thailandensis OMVs evaluated against
representative Gram-negative and Gram-positive bacteria on agar plates

PBS (left side, 10 uL) or OMVs (right side, 10 pg suspended in 10 pL. PBS) were spot
plated onto agar streaked with (A) 4. baumannii, (B) P. aeruginosa, (C) E. coli, (D) K.
pneumoniae, (E) S. aureus, (F) E. faecalis, (G) S. mutans and incubated for 24 to 48 hours

to determine growth inhibition.
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Figure 2-9. The antimicrobial activity of B. thailandensis OMVs evaluated against
multidrug-resistant bacteria and fungi on agar plates

PBS (left side, 10 uL) or OMVs (right side, 10 pg suspended in 10 pL. PBS) were spot
plated onto agar streaked with (A) MDR A. baumannii, (B) MRSA, (C) carbapenem-
resistant K. pneumoniae, (D) C. albicans, (E) C. neoformans and incubated for 24 to 48

hours to determine growth inhibition.
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Figure 2-10. Evaluation of B. thailandensis OMVs inhibiting microbial growth in
planktonic cultures with representative Gram-negative and Gram-positive bacteria

Overnight cultures of (A) A. baumannii, (B) P. aeruginosa, (C) E. coli, (D) K. pneumoniae,
(E) S. aureus, (F) E. faecalis, and (G) S. mutans were diluted 1:1000 in broth and treated
with 0.2, 1, or 2 pg OMVs or PBS in a total volume of 100 uL. ODgoo was monitored for

up to 12 hours. The results were analyzed using Chi squared test, **** p <0.0001.
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Figure 2-11. Evaluation of B. thailandensis OMVs inhibiting microbial growth in
planktonic cultures with multidrug-resistant bacteria and fungi

Overnight cultures of (A) MDR A. baumannii, (B) MRSA, (C) carbapenem-resistant K.
pneumoniae, (D) C. albicans, and (E) C. neoformans were diluted 1:1000 in broth and
treated with 0.2, 1, or 2 ug OMVs or PBS in a total volume of 100 pL. ODgoo was monitored

for up to 12 hours. The results were analyzed using Chi squared test, **** p <(0.0001.
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Figure 2-12
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Figure 2-12. Model of OMVs interacting with Gram-positive and Gram-negative
surfaces

(A) Fusion of P. aeruginosa OMVs with S. aureus and E. coli. Immunogold electron
microscopic labelling of thin sections with antibodies to P. aeruginosa LPS demonstrates
the firm integration of OMVs with bacteria. (B) Possible means of OMVs interacting with
Gram-positive and -negative bacteria. OMVs initiate the contact with Gram-positive
surfaces by forming salt-bridges. OMVs are further broke apart by ion strength followed
by releasing contents at the sites of interactions. For Gram-negative bacteria, OMVs would
be salt-bridged to the surface and fused into their outer membrane, which will liberate the
contents into their periplasm. The image and illustration were originally published by

Kadurugamuwa, J. L. ef al.'?.
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Table 2-1

ACINETOBACTER BAUMANNII M.I.C RX

AMPICILLIN

PIPERACILLIN/TAZOBACTAM

MEROPENEM >8 R
CEFAZOLIN

CEFUROXIME

CETRIAXONE >32 R
CEFTAZIDIME >16 R
GENTAMICIN >8 R
TOBRAMYCIN >8 R
AMIKACIN >32 R
CIPROFLOXACIN >2 R
TRIMETHOPRIM/SULFAMETHOXAOLE >2/38 R

Table 2-1. Antibiotic susceptibility profile of multidrug-resistant 4. baumannii
isolated from Tulane University Hospital

*Test performed at Tulane University Hospital & Clinic.
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CHAPTER 3: The antibiofilm activity of outer membrane vesicles derived from

Burkholderia thailandensis

Introduction

Biofilms are surface-associated microbial communities surrounded by a complex
and highly viscous extracellular polymeric substance (EPS) composed of polysaccharides,
proteins, lipids and other microbial-derived materials. The biofilm-forming capacity of
microbes greatly contributes to the crisis of antimicrobial resistance. Previous study
indicates that bacteria within biofilms are 10- to 1000-fold more resistant to antibiotics
making them extremely difficult to eradicate during infections*®. Biofilms with high
microbial density are also natural environments for quorum sensing (QS), cell-to-cell
communication processes that enable microbes to modify their behavior within a
population according to the changes of the environment!'®2. QS involves the production,
release, and detection of extracellular signaling molecules. These QS signals play
important roles in determining microbial phenotype, regulating virulence, even influencing
biofilm constructions and tolerance to antimicrobial treatment!6>!%4, OMVs are a
ubiquitous and important constituent of Gram-negative and polymicrobial biofilms!®!,
Although well documented in cell-to-cell communications, the roles of OMVs in bacterial
QS are not well studied. However, it is possible that OMVs play roles in delivering QS
signals regulating biofilms formation or dispersal in certain bacterial species. Given the
antimicrobial activity of B. thailandensis OMVs and their natural occurrence in bacterial
biofilms, we hypothesized that OMVs could potentially disrupt biofilms formed by

competitor bacteria.
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Among the biofilm-forming bacteria we screened OMVs against, A. baumannii is
notorious for its ability to survive in various environmental conditions!®> and is recognized
as a serious problem due to its resistance to almost all known antibiotics®. A. baumannii is
also well known for its ability to form robust biofilms during skin, soft-tissue infections!®
and on most abiotic surfaces during medical-device-associated infections'®”.

Enterococci that naturally inhabit the oral cavity, gastrointestinal tract, and female
genital tract are common causes of urinary tract infections, endocarditis, catheter-related
infections, and surgical wound infections!®®. E. faecalis is responsible for over 80 % of
human enterococcal infections. It has been reported that 93% of E. faecalis strains
identified from clinical and fecal isolates produced biofilms!'®’.

S. aureus is another frequent cause of biofilm-associated infections especially
associated with medical devices!”. In addition, burn or post-operative wounds are also
susceptible to biofilm-forming S. aureus infections due to its colonization of the skin!”!.
Further, previous studies have shown that the biofilm phenotype expressed by S. aureus is
influenced by acquisition of the methicillin resistance gene mecA'”°. While methicillin-
sensitive S. aureus commonly produce polysaccharide intercellular adhesin (PIA)-
dependent biofilms, MRSA mostly form biofilms in a PIA-independent, glucose-
dependent manner, releasing extracellular DNA and expressing sortase-anchored proteins
and autolysins!7°,

Cariogenic plaque is one of the earliest and best-characterized biofilms in the
human body. Although well-described in the literature, it is still a neglected topic and major
health problem affecting 60-90% of children and most of adults globally!’>. As one of the

most cariogenic microorganisms in dental biofilms, S. mutans is capable of using dietary
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carbohydrates especially sucrose to produce organic acids and generate robust biofilms
with glucan-based EPS, which serve as important virulence factors for supporting the
microbiologic community on dental surfaces!”>!'"4, S. mutans has been proposed as a novel
model Gram-positive organism with the potential to provide a better understanding of the
closely related streptococcal and staphylococcal species in terms of biofilm-dependent
lifestyle, genetics, and physiological properties!”>.

In this chapter, we first screened B. thailandensis OMVs against pre-formed
biofilms of A. baumannii, E. faecalis, S. aureus, and S. mutans. The antibiofilm activity of
OMVs was then further characterized against the model biofilm-forming pathogens,

MRSA and S. mutans, in order to further elucidate OMV antibiofilm activities.

Materials and Methods
Bacterial Strains and Growth Conditions

Acinetobacter baumannii clinical isolate, Enterococcus faecalis ATCC 29212,
Staphylococcus aureus ATCC 6538, Streptococcus mutans UA159, and methicillin-
resistant Staphylococcus aureus ATCC 43300 was maintained in lysogeny broth (LB) or
brain heart infusion broth (BHI), while solid medium was made by adding 1.5% (wt/vol)
agar. Cultures of 4. baumannii, S. aureus, and E. faecalis were incubated at 37 °C with
233 rpm oscillation. S. mutans cultures were maintained at 37 °C in an aerobic chamber

containing 5% CO» under static conditions.

96-well Plate Biofilm Assay
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Biofilms of 4. baumannii, S. aureus, and E. faecalis were cultured in LB or BHI,
while S. mutans was grown in a semi-defined biofilm medium with glucose (18 mM) and
sucrose (2 mM) (BMGS) added as the supplemental carbohydrate sources!’¢-!78, The
biofilm medium contained 58 mM KoHPO4, 15 mM KH2POs, 10 mM (NH4)2SO4, 35 mM
NacCl, 0.0001% (wt/vol) FeCls - 6H>O and 0.2% (wt/vol) Casamino Acids (pH 7.4), and
was supplemented with vitamins (0.04 mM nicotinic acid, 0.1 mM pyridoxine HCI, 0.01
mM pantothenic acid, 1 uM riboflavin, 0.3 uM thiamin HCI, and 0.05 uM D-biotin), amino
acids (4 mM L-glutamic acid, 1 mM L-arginine HCI, 1.3 mM L-cysteine HCI, and 0.1 mM
L-tryptophan), and 2 mM MgSOs - 7H20. For biofilm formation, flat-bottomed 96-well
microtiter plates containing 100 pL culture medium per well were inoculated with
individual bacteria and incubated at 37 °C under static conditions while S. mutans was
maintained in an aerobic chamber containing 5% CO>. After 24 hours, the biofilms were
treated with 10 pg OMVs or PBS in a total volume of 100 uL for another 24 hours after
removing the planktonic cultures from the wells. The biofilms after the treatments were
stained with 100 uL 1% crystal violet solution for 15 minutes. Wells were rinsed three
times with 200 uL. PBS before destained with 30% acetic acid solution. The destained
solutions were then transferred to new wells for optical density reading at 550 nm.

Experiments were performed in triplicates.

Confocal Laser Scanning Microscopy
MRSA was cultured overnight in BHI and diluted 1:10 in TSB supplemented with
0.5% glucose!”, while S. mutans was cultured overnight in BHI and diluted 1:10 in BMGS.

Biofilms were cultured on 8-well chambered-slides at 37 °C statically with medium
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changed daily. Pre-formed 2-day biofilms of MRSA were then treated with 50, 100 pg/mL
OMVs or water for another 4 hours before imaging. Three-day biofilms of S. mutans were
treated with 10, 50, 100 pg/mL OMVs or PBS for another 24 hours. Biofilms before and
after the treatments were stained with LIVE/DEAD BacLight fluorescent dye and
imagined. Fluorescent confocal microscopy was performed with a Zeiss LSM 700
microscope. Confocal z-stacks and simulated xyz three-dimensional images were acquired
and generated using Zeiss Zen 10.0 software. More than seven image stacks were acquired
from random positions within each well to cover an area of 200,000 um? in order to
represent the biofilm!'8%18!, Tmages were acquired at 1.0 um intervals through the biofilm
with an inverted 40x/0.75 oil objective. Images were further analyzed using COMSTAT2.0
software for quantification of biomass, thickness, and roughness coefficient of the

biofilms!8%182 Three independent experiments were performed.

Planktonic and Biofilm Killing Assays

To harvest planktonic cells, S. mutans was cultured overnight in 5 mL BHI broth at
37 °C and 5% CO; under static conditions. One-milliliter cell suspensions were centrifuged
at 3,500 x g for 10 minutes. The formation of S. mutans biofilm was modified from
previous studies!®*>!34 Biofilms of S. mutans were formed on rectangle microscope
coverslips in cultures with BMGS for 3 days at 37 °C and 5% CO; under static conditions.
The coverslips were vertically submerged in the culture medium that was replaced daily.
After 3 days, biofilm cells which had adhered to the microscope coverslip were dispersed
into 10 mL PBS. One-milliliter cell suspensions were centrifuged at 3,500 x g for 10

minutes. Cell pellets of planktonic and biofilms cells were resuspended with 300 pL of 50,
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100 pg/mL OMVs, 800 pug/mL gentamicin or PBS, respectively, followed by incubation at
37 °C and 5% COas. At 0, 3, 6, and 24 hours, a volume of 70 puL of each cell suspension
was dispersed in 630 uL PBS and sonicated at 20 watts for 20 seconds. The sonicated cell

suspensions were then serially diluted and plated for colony forming units (CFU) counting.

Field Emission Scanning Electron Microscopy

S. mutans biofilms were grown on hydroxyapatite (HA) discs placed horizontally
in 24-well microtiter plates as previously described!®>-!%7. Briefly, overnight bacterial
cultures were grown in BHI and diluted 1:10 in BMGS. Two milliliters of the diluted
culture were added to each well with HA disc. After incubating for three days at 37 °C in
a 5% COz aerobic atmosphere with fresh medium changed every 24 hours, the HA discs
were transferred into wells with PBS, 50 pg/mL, or 100 pug/mL OMVs for another 24 hours.
The HA discs were then washed with PBS and fixed in 2.5% glutaraldehyde overnight at
4 °C. The fixed samples were dehydrated using increasing concentrations of ethanol, and
then desiccated with COz critical point drying. The samples were then coated with carbon
before imaging. Scanning electron microscopy (SEM) was performed with a Hitachi S-

4800 high-resolution microscope.

Bacterial Susceptibility Assays

Minimum inhibitory concentrations (MIC) of gentamicin cooperatively with or
without OMVs for biofilm cells (MIC-B) and planktonic cells (MIC-P) were measured as
previously described!®®. For MIC-B, overnight S. mutans culture was adjusted to ODeoo

equivalent to 0.5 and then diluted 1:1000 in BMGS. The bacterial suspension was added
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into a 96-well plate at 80 puL/well and incubated for 24 hours at 37 °C and 5% COs,. Pre-
formed biofilms were then washed once with PBS and treated with serially 2-fold diluted
gentamicin starting from 800 pg/mL with or without 5, 10, 20 pg/mL OMVs for another
24 hours. The treated biofilms were then washed with PBS to remove the treatments. To
allow the detachment of viable cells within biofilms, fresh BHI was added into each well
and incubated for 24 hours. ODgoo was measured before and after the 24-hour incubation.
For MIC-P, overnight S. mutans culture was adjusted to ODegoo equivalent to 0.5 and then
diluted 1:1000 in BHI. Eighty microliters of cell suspension were added to the wells of the
96-well plates. Twenty microliter of serial 2-fold dilutions of gentamicin (5x) were added
in each well with the final concentrations ranges from 0.04 to 40 pg/mL. ODgoo was
measured before and after the 24-hour incubation at 37 °C and 5% COa». All experiments

included three biological replicates and were independently repeated for three times.

Statistics

The Chi squared test was applied to compare the over-time killing of biofilm cells and
planktonic cells with OMVs. The Chi squared test measures the deviations between a
measured and an expected value, divided by the uncertainty. The unpaired two-sample t-

test was applied to compare independent samples.

Results
Evaluation of the Antibiofilm Activity of B. thailandensis OMV's against Representative

Biofilm-Forming Pathogens
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The antibiofilm activity of OMVs was first screened against biofilm-forming
pathogens A. baumannii, E. faecalis, S. aureus, and S. mutans. Bacterial biofilms were pre-
formed in broth before treatment with OMVs or PBS and quantified with crystal violet
staining. OM Vs significantly reduced the biofilm biomass of all the bacteria tested (Figure
3-1). Interestingly, OMVs disrupted the pre-formed biofilms of E. faecalis but failed to

inhibit its growth on an agar plate and in broth cultures (Figure 2-8F and Figure 2-10F).

B. thailandensis OMVs disrupted pre-formed MRSA biofilm in a dose-dependent
manner

Next, we investigated the effect of OMVs on pre-formed MRSA biofilms since
OMVs significantly inhibit the growth of MRSA on agar plate and in planktonic cultures
(Figure 2-9B and Figure 2-11B). MRSA biofilms were grown on chamber-slides then
treated with water, 50, or 100 pg/mL. OMVs. Remarkably, compared to control, treatment
with OMVs significantly decreased the total biomass in a dose-dependent manner (Figure
3-2 and Figure 3-3A). The decreased ratios of dead cells to all labeled cells with OMV
treatments are likely caused by the dispersal of the biofilms with decreased total biomass
(Figure 3-3B). Treatment with high or low dose of OMVs also reduced the thickness of
pre-formed MRSA biofilms compared to control (Figure 3-3C). The significant increase
in the roughness coefficient in OMV-treated biofilms further indicates an overall decline

in biofilm integrity (Figure 3-3D).

B. thailandensis OMV’s kill S. mutans planktonic cells and biofilm cells in a time- and

dose-dependent manner
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The antibiofilm ability of OMVs was further characterized against the biofilm
model pathogen S. mutans. In previous chapters, we showed the antimicrobial activity of
OMVs against S. mutans grown on agar plates and in broth cultures (Figure 2-8G and
Figure 2-10G). OMVs significantly inhibited the growth of S. mutans planktonic cultures
in a dose-dependent manner (Figure 2-10G). To further illustrate the ability and potency
of OMV-mediated disruption of S. mutans biofilms, we harvested three-day biofilms cells
cultured in biofilm medium supplemented with glucose and sucrose (BMGS) on glass
slides (Figure 3-4A) and treated them with OMVs, gentamicin, or PBS. These were
compared to planktonic cells cultured in BHI that received the same treatments. The killing
of S. mutans biofilm and planktonic cells started within 3 hours of high-dose OMV
treatment with more than 1-log reduction of CFU. After 6 hours, both biofilm and
planktonic cells within high-dose OMVs showed 3-log reductions of CFU compared to
PBS-treated cells at the same time-point (Figure 3-4). Although not as significant as
targeting planktonic cells, OMVs showed similar killing ability when applied on biofilm
cells. Strikingly, both concentrations of OMVs Kkilled all S. mutans planktonic as well as
biofilm cells within 24 hours compared to PBS-treated groups with more than 10’ CFU/ml
viable cells remaining. Gentamicin at a concentration of 800 pg/mL failed to clear the
bacteria, with more than 10° CFU/mL viable planktonic cells and 10° CFU/mL viable
biofilm cells remaining after treatment (Figure 3-4).

Taken together, OMVs showed bactericidal activity on both S. mutans planktonic
cells and biofilm cells with a time- and dose-dependent manner. Notably, while OMV's and
gentamicin were efficient in killing planktonic cells, S. mutans biofilm cells were

significantly more susceptible to OMVs than gentamicin.
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B. thailandensis OMV’s reduced total biomass, biofilm integrity, and cell viability in S.
mutans biofilms

The roles of OMVs on pre-formed, intact S. mutans biofilms was assessed with
fluorescent confocal microscopy. Biofilms of S. mutans were grown within BMGS on
chambered-slides for 3 days then treated with PBS, 10, 50, or 100 pg/mL. OMVs for
another 24 hours before imaging. Biofilms were stained with SYTO 9 for total biomass
and propidium iodide (PI) for dead cell biomass. Representative images showed the
biofilms treated with 50 or 100 pg/mL OMVs compared to PBS (Figure 3-5). Remarkably,
increasing concentrations of OMVs led to a reduction of total biomass (green fluorescence)
in S. mutans biofilms as well as an increase in the biomass of dead cells (red fluorescence)
(Figure 3-5 and Figure 3-6A). Side bars in Figure 3-5 indicate an observable decrease in
biofilm thickness after OMVs treatments. Furthermore, the lack of red fluorescence at the
bottom of the treated-biofilms demonstrated the difficulty in penetrating biofilms, which is
one of the obstacles in developing effective antibiofilm agents. Moreover, COMSTAT
analysis demonstrated that OMVs reduced biofilm thickness and integrity in a dose-
dependent manner (Figure 3-6B). The significant increase in roughness coefficient
indicates an overall decline in the healthiness of the biofilms, confirming the decreased

biofilm integrity (Figure 3-5C).

B. thailandensis OMVs altered S. mutans biofilm structures and bacterial cell

morphology
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To model dental plaques, S. mutans biofilms were grown on hydroxyapatite (HA)
discs (which mimic human dentures) within BMGS for 3 days then treated with PBS, 50,
or 100 pg/mL OMVs for another 24 hours before imaging. Images revealed complex
biofilm structures under the different treatment conditions (Figure 3-7). Three-day
biofilms on HA discs with control treatment presented net structures with classically-
chained S. mutans bacterial cells (Figure 3-7A). Exopolysaccharides were formed linking
the chains of bacteria as indicated by black arrows. S. mutans also produced extracellular
DNA (eDNA) to support the overall structures (white arrows). Bacteria within PBS-treated
biofilms revealed a round-shape and smooth surface (Figure 3-7A right). When treated
with increased concentrations of OMVs, the linear and elongated chained biofilm
structures were less obvious (Figure 3-7B,C). No difference was observed in the quality
and quantification of EPS and eDNA between PBS and OMVs treated biofilms based on
the images. However, S. mutans cells in biofilms treated with 100 pg/mL OMVs displayed
altered morphology with collapsed cell surfaces, which indicated a decreased bacterial cell
integrity (Fig 3-7C right). The altered cell morphology may imply direct interactions

between OMVs and S. mutans.

Synergistic effects of OMVs with gentamicin on S. mutans biofilms

Several strategies have been proposed to target drug-resistant biofilm-related
infections including combination therapies. When testing the potency of gentamicin on S.
mutans planktonic cultures and biofilms, we found that the minimal inhibitory
concentrations of gentamicin against S. mutans biofilms (MIC-B) increased seven folds

compared to targeting the same CFU of planktonic cells (MIC-P) (Table 3-1). However,
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when supplemented with sub-inhibitory concentrations of OMVs at 5, 10, and 20 pg/mL,
MIC-B of gentamicin dramatically decreased by 2, 4, and 14 folds (Table 2), respectively,

indicating a synergistic effect between gentamicin and OMVs.

Discussion

In this chapter, we first showed the ability of B. thailandensis OMVs to disrupt pre-
formed biofilms of A. baumannii, E. faecalis, S. aureus, and S. mutans in microtiter plates.
The antibiofilm activity of OMVs against A. baumannii, S. aureus, and S. mutans may be
caused by the direct killing of bacterial cells since we have shown previously OMVs
inhibited the growth of these species. However, OMVs significantly disrupted the pre-
formed biofilms of E. faecalis yet failed to inhibit its growth on agar plates and in
planktonic cultures. This suggests there are potential modulatory effects of B. thailandensis
OMVs on E. faecalis biofilms. It is possible that OMVs harbor QS molecules that can
modify biofilm formation without affecting cell viability!'®.

The antibiofilm activity of OMVs was also evaluated on MRSA biofilms using
fluorescent microscopy and COMSTAT analyses. OMVs reduced the biomass, thickness,
and integrity of MRSA biofilms in a dose-dependent manner. The roles of OMVs on
bacterial biofilms were further investigated with a well-established biofilm model of S.
mutans, which forms robust biofilms in defined medium. We showed that OMVs are
bactericidal against both planktonic and biofilm cells of S. mutans. When applied on their
biofilms, OMVs potently reduced the biomass, biofilm integrity, cell viability and altered
cell morphology of S. mutans in a dose-dependent manner. These results suggest the direct

killing and disruption of OMVs on S. mutans biofilms. However, it remains possible that
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materials within OMVs regulate QS and biofilm formation of S. mutans independent of
killing!8%-1%9,

We observed a synergistic effect between B. thailandensis OMVs and gentamicin
against S. mutans biofilms. In previous studies, Beveridge et al. demonstrated the
bactericidal effect of gentamicin-induced P. aeruginosa OMVs that contained
approximately 5.0 ng gentamicin/l ug OMVs!?%134 They proposed that the synergistic
effect of the trapped gentamicin with P. aeruginosa OMVs was the result of the delivery
by OMVs to the targeted bacteria cells as well as the combined killing effect of gentamicin
and hydrolytic enzymes. In the current study, gentamicin was added along with OMVs to
avoid direct delivery by OMVs. However, due to the ability of gentamicin to associate with
bacterial cell membrane electrostatically'®»!®2, we cannot rule out the possibility of
accidental carry. Nevertheless, these results indicate that OMVs derived from B.
thailandensis can be used to enhance combinational therapy with other antibiotics.

In future studies, the antibiofilm activity of B. thailandensis OMVs should be
evaluated against polymicrobial biofilms. For instance, both E. faecalis and S. mutans
inhabit the oral cavity and play important roles in root canal infections!®>. Given the
antibiofilm activity of OMVs evaluated against monocultures, it is important to understand
the interactions between OMVs and the dual-species biofilms. It may also be worthwhile
to examine the antibiofilm activity of OMVs against fungal species especially C. albicans,
which is well known for its capacity to form biofilms during infections!**. Biofilm
formation by C. mneoformans have also been shown to be associated with chronic

infections'?> and medical device-related infections'*S, especially with the increasing use of
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ventriculoperitoneal shunts to manage intracranial hypertension associated with

cryptococcal meningoencephalitis.
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Figure 3-1. Evaluation of B. thailandensis OMVs disrupting pre-formed biofilms in
microtiter plates

Biofilms of (A) 4. baumannii, (B) E. faecalis, (C) S. aureus, (D) S. mutans were cultured
in nutrient-rich broth for 24 hours. After removing the planktonic cultures from the wells,
the biofilms were treated with 10 pg OMVs or PBS in a total volume of 100 pL for another
24 hours. The biomasses after the treatments were quantified with crystal violet staining.
Experiments were performed in triplicates. The results were analyzed using unpaired two-

sample t-test. (* p <0.05, ** p <0.01)
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Figure 3-2. The bactericidal and antibiofilm effects of B. thailandensis OMVs against
MRSA biofilm analyzed by fluorescent confocal microscopy

MRSA biofilms were grown on chamber-slides in TSB supplemented with 0.5% glucose
for two days before treated with (A) water, (B) 50 pg/mL, or (C) 100 pg/mL OMVs for
another 4 hours. Staining with LIVE/DEAD BacLight fluorescent dye (SYTO 9/propidium
iodide), biofilms were subjected to optical dissection using Zeiss LSM 700 laser scanning
confocal microscope. At least seven image stacks were acquired at 400 x magnification
from each well. Presented layers were 5 um above the substratum in each image stacks.

Green: total biomass. Red: dead cells. Side bars indicate the thickness of the biofilms.
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Figure 3-3
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Figure 3-3. Post-acquisition analyses of fluorescent images of the MRSA biofilms
treated with B. thailandensis OMVs

Post-acquisition analyses were performed using COMSTAT 2.0. Biofilms treated with
OMVs or control were compared in (A) biofilm biomass, (B) dead cell ratio, (C) average
thickness, and (D) roughness coefficient. Roughness coefficients of the biofilms were
calculated with COMSTAT 2.0 as an indication of biofilm healthiness and integrity. The

results were analyzed using unpaired two-sample t-test. (**** p <0.0001)
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Figure 3-4. B. thailandensis OMVs Kkill S. mutans biofilm cells and planktonic cells in
a time- and dose-dependent manner

S. mutans (A) biofilm cells and (B) planktonic cells were treated with OMVs with cell
viability monitored over time. Biofilm cells were harvest from three-day biofilms on glass
slides cultured with BMGS medium (C). Planktonic cells of S. mutans were harvest from
liquid culture in nutrient rich broth. Both planktonic and biofilm cells were treated with 50,
100 pg/mL Bt OMVs, 800 pg/mL gentamicin or PBS for up to 24 hours. Cell numbers
were adjusted to start from the same CFUs. Bacterial cells under different treatments were
spread on agar plates for CFU counting at 0, 3, 6, and 24 hours. Experiments were
performed independently for three times. Chi square test was applied to compare the
intergroup difference. The p values were less than 0.0001 for PBS compared to individual
experimental groups and for 800 pg/mL gentamicin compared to 50 and 100 pg/mL

OMVs, respectively, in (A) and (B).
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Figure 3-5. The bactericidal and antibiofilm effects of B. thailandensis OMVs against
S. mutans biofilm analyzed by fluorescent confocal microscopy

S. mutans biofilms were grown anaerobically on chamber-slides in BMGS medium for
three days before treated with (A) PBS, (B) 50 ug/mL, or (C) 100 pg/mL Bt OMVs for 24
hours. Staining with LIVE/DEAD BacLight fluorescent dye (SYTO 9/propidium iodide),
biofilms were subjected to optical dissection using Zeiss LSM 700 laser scanning confocal
microscope. At least seven image stacks were acquired at 400 x magnification from each
well. Presented layers were 15 um above the substratum in each image stacks. Green: total

biomass. Red: dead cells. Side bars indicate the thickness of the biofilms.
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Figure 3-6
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Figure 3-6. Post-acquisition analyses of fluorescent images of the S. mutans biofilms
treated with B. thailandensis OMVs

Post-acquisition analyses were performed using COMSTAT 2.0. Treatments with OMVs
or PBS were compared in (A) total biofilm biomass/dead cell biomass, (B) average
thickness, and (C) roughness coefficient. Roughness coefficients of the biofilms were
calculated with COMSTAT 2.0 as an indication of biofilm healthiness and integrity. The

results were analyzed using unpaired two-sample t-test. (**** p <0.0001)
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Figure 3-7
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Figure 3-7. B. thailandensis OMVs alter S. mutans biofilm structure and cell
morphology revealed by scanning electron microscopy

S. mutans biofilms were grown on hydroxyapatite discs within BMGS medium for three
days before treated with (A) PBS, (B) 50 pg/mL, or (C) 100 ug/mL OMVs for another 24
hours and imaged with SEM. At least 16 images were acquired from each hydroxyapatite
discs. Experiment included two biological replicates. Presented images were acquired at
5,000 x (left), 20,000 x (middle), and 40,000 x (right) magnifications. White arrow:

extracellular DNA; black arrow: extracellular polysaccharides.
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Table 3-1.
Gentamicin OMVs (ug/mL)
MIC (ug/mL) 0 5 10 20
Biofilm 141.42 62.98 35.36 9.92
Planktonic 20.00

Table 3-1. Synergistic effect of B. thailandensis OMVs with gentamicin on S. mutans
biofilms

Planktonic cultures and biofilms of S. mutans were treated with series 2-fold dilutions of
gentamicin alone or gentamicin combined with 5, 10, 20 pg/mL OMVs for 24 hours. Fresh
BHI was added and incubated for another 24 hours to allow the detachment of viable cells
within biofilms. ODsoo was measured before and after the incubation to show the inhibition

of bacterial growth. MICs were calculated as Start Concentration/2Mean of the powers
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CHAPTER 4: The identification of Burkholderia thailandensis outer membrane

vesicle components mediating antimicrobial activity

Introduction

The antimicrobial activity of OMVs was first reported in P. aeruginosa, and was
attributed to the presence of a 26-kDa peptidoglycan hydrolase!'?®. A later study revealed
that OMVs from Lysobacter sp. XL1 contained a bacteriolytic peptidoglycan hydrolase,
endopeptidase L5, effective against Gram-positive Staphylococcus aureus 209-P and
Gram-negative Erwinia marcescens EC1'*°, Interestingly, while both homologous
enzymes, endopeptidase L1 and L5, were secreted into the culture medium, only
endopeptidase L5 was released within the OMVs potentially indicating a selective
mechanism of secretion!?*. Moreover, endopeptidase L5 only actively lysed the Gram-
negative bacterium Erwinia marcescens when inside the vesicles, which was likely
facilitated by fusion with the membrane of target cells by the vesicles!¥. Similarly,
Myxococcus xanthus was reported to produce OMVs with lethal cargos!3®. Proteomic
analysis of M. xanthus OMVs indicated a number of OMV-specific or OMV-enriched
proteins, including several with putative hydrolytic function!*®. Specifically,
metalloprotease, MepA, was identified as contributing to the bacteriolytic activity of M.
xanthus OMVs!3¢, Further, secondary metabolite profiling identified 16 molecules, many
associated with antimicrobial activities'*¢. Myxochelines are iron chelating siderophores
with antibacterial properties against several Gram-positive bacteria including S. aureus and

197

Bacillus™’. Myxalamids have been shown to possess antimicrobial activity by inhibiting

the cytochrome I NADH:ubiquinone oxidoreductase!'?8. Myxovirescin A has a macrocyclic
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structure with antibiotic activity inhibiting type II signal peptidases during protein
secretion'®. Another peptide antibiotic identified from M. xanthus OMVs was cittilin A
with a structure derived from three tyrosine residues and an isoleucine residue!3¢. These
findings suggest the possible types of antimicrobial components contained within B.
thailandensis OMVs.

In recent years, studies have revealed the roles of P. aeruginosa OMVs in
interspecies interactions with cargo involved in bacterial quorum sensing?%%-2!,
Specifically, Pseudomonas quinolone signal (PQS) packaged in OMVs has been well
studied for its ability to regulate virulence factors including elastase, rhamnolipids, and

201

pyocyanin“’". It also influences OMV production by inserting into the membrane, which

201,202 Besides

leads to asymmetric growth of the outer leaflet of the lipid bilayer membrane
its function as a signaling molecule, PQS has been shown to chelate iron and regulate redox
homeostasis?®!. Although it has not been directly linked to bacterial killing, the influence
of PQS on the growth rate of many bacteria was observed??}. Moreover, studies showed
that PQS modulates various phenotypes including motility and biofilm formation in Gram-
positive and Gram-negative bacteria as well as yeasts!®®. For instance, PQS inhibited
biofilm formation by S. mutans without affecting its cell growth!*°,

Many bacterial species are capable of producing biosurfactants with the ability to
reduce surface tension and display emulsifying activity while having other biological
properties!!!. Biosurfactants usually have low critical micelle concentration and toxicity as
well as high biodegradability and thermostability and have been considered as a promising

111

alternative to synthetic surfactants'''. These amphiphilic compounds can be further

classified into glycolipids, lipoproteins, phospholipids, and polymers. Among them,
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glycolipids including rhamnolipids, sophorolipids, trehalolipids, and mannosylerythritol
lipids are the most widely studied biosurfactants!!!. P. aeruginosa is a prominent producer
of rhamnolipids which have been well characterized for their antimicrobial and antibiofilm
activities!!>115,

Given the fact that B. thailandensis is closely related to P. aeruginosa, we

hypothesized that the antimicrobial activity of B. thailandensis OMVs could be mediated

by one or more hydrolytic enzymes, quorum sensing molecules, or biosurfactants.

Materials and Methods
Purification of bacterial peptidoglycan

Preparation of peptidoglycan from Gram-positive bacteria was modified from
previous publications?**2%°, Lawns of bacteria were grown on agar plates overnight and
washed off with 1 mL PBS. Bacterial cell suspension was boiled for 20 minutes before
centrifuged at 2,000 x g, 4 °C for 15 minutes. The bacterial pellets were then washed twice
with PBS, once with acetone followed by desiccation at 37 °C. To disrupt the cells, the dry
bacterial powder was suspended in 750 pL 10% TCA and boiled for 30 minutes. The cell
walls were then pelleted by centrifugation at 10,000 x g for 15 minutes and washed three
times with water. To remove nucleic acids and proteins, the pelleted cell walls were
suspended at a concentration of 10 mg/mL in 50 mM phosphate buffer pH 7.6 with 0.2%
toluene. RNase A and DNase I were added to the suspension at a final concentration of 100
and 50 pg/mL, respectively. The incubation took for 18 hours at 37 °C with slow or
occasional mixing. Trypsin was further added to the suspension to a concentration of 3

mg/mL. The suspension was incubated for another 3 hours at 37 °C. Then, the trypsin
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treated suspension was centrifuged at 10,000 x g for 15 minutes to sediment the crude
peptidoglycan. After removing the supernatant, the pellets were washed three times with
sterile water and three times with diethyl ether followed by desiccating on a heat block at
45 °C. The purified peptidoglycan was stored at -20 °C until use.

Another method was used to purify the peptidoglycan from S. mutans. Bacteria was
cultured in 100 mL BHI till mid-log phase. Bacterial cells were harvested by centrifugation
2,000 x g for 10 minutes at 4 °C and washed once in 10 mL of 50 mM Tris-HCI buffer (pH
7.5). Cells were then pelleted again and resuspended in 20 mL of 50 mM Tris-HCI buffer
(pH 7.5) containing 4% SDS and boiled for 30 minutes followed by washing with Tris-
HCI1 buffer for five times. The cells were then bead-beat for four times, 30 seconds each,
with intermittent rest on ice for 1 minute. After removing the beads, the lysed cells were
transferred into a clean tube and centrifuged at 10,000 x g for 10 minutes to obtain the cell
envelope. The pellet was then washed once with Tris-HCI buffer and resuspended in 50
mM Tris-HCI buffer containing 10 mM CaClz, 20 mM MgCl; and 10 pg/mL DNase
followed by incubation at 37 °C for 2 hours. To remove proteins, the buffer containing cell
envelope was centrifuged at 10,000 x g for 10 minutes and the pellet was treated with 50
pg/mL Proteinase K in 50 mM Tris-HCI buffer with 1% SDS at 37 °C overnight. On the
second day, the purified peptidoglycan was washed twice in 1 mL of 50 mM Tris-HCI

buffer and desiccated after removing the supernatant.

Peptidoglycan Degradation Assay

Enzymatic digestion of peptidoglycan was modified based on previous

206,207

methods . Briefly, insoluble peptidoglycan from S. aureus and S. mutans was
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suspended in PBS and solubilized by sonicating for 3 minutes at 300 watts (Sonifier). The
suspensions were further diluted in PBS to yield a reading of between 0.5 and 1.0 at ODaso
before treatments. The same amount of peptidoglycan was treated with 0.5, 5, 50 pg/mL
native OMVs, 50 ng/mL heat inactivated OMVs (80 °C for 2 hours), 200 pg/mL lysozyme
(Sigma-Aldrich) and PBS, respectively. The experiments were performed in triplicate in a
96-well plate. The plates were incubated at 37 °C and the ODa4so was read every 30 minutes
for 4 hours. Additionally, the plates were shaked before each reading to resuspend any

peptidoglycan that had fallen out of solution during the incubation.

Bacterial strains and growth conditions

Acinetobacter ~ baumannii, —multidrug-resistant  Acinetobacter — baumannii,
Pseudomonas aeruginosa PAO1, Staphylococcus aureus ATCC 6538, methicillin-resistant
Staphylococcus aureus ATCC 43300, Enterococcus faecalis ATCC 29212, Escherichia coli
ATCC 25922, Klebsiella pneumoniae ATCC 1706, carbapenem-resistant Klebsiella
pneumoniae ATCC 1705, Streptococcus mutans UA159, Cryptococcus neoformans and
Candida albicans ATCC 14053 were maintained in lysogeny broth (LB) or brain heart
infusion broth (BHI), while solid medium was made by adding 1.5% (wt/vol) agar. All
bacterial cultures were incubated at 37 °C with 233 rpm oscillation. S. mutans cultures and
plates were maintained at 37 °C in an aerobic chamber containing 5% CO; under static
conditions. Drug-sensitive and multidrug-resistant (MDR) A. baumannii strains and C.

neoformans we used for current study were isolated from Tulane hospital.

Growth inhibition assay



102

The ability of OMVs and purified fractions to inhibit the growth of representative
microorganisms was examined using a growth inhibition assay. For testing OMVs,
microorganisms were cultured overnight in 5 mL LB or BHI broth at 37 °C. The suspension
was further diluted 1:1000 in nutrient broth and added into a 96-well plate (Costar) at 80
puL/well followed by treatments with 20 uL of PBS, native, or heat-inactivated OMVs. Heat
inactivation of OMVs was achieved by incubation on a heat block at 80 °C for 2 hours. For
HPLC fractions, fractions were pooled and desiccated (F1: 6-11 mins, F2: 12-17 mins, F3:
18-23 mins, F4: 24-29 mins, F5: 30-35 mins, F6: 36-41 mins, F7: 42-44 mins, F8: 45-46
mins, F9: 47-48 mins, F10: 49-50 mins, F11: 51-53 mins, F12: 54-59 mins, F13: 60-65
mins). Material in each fraction were dissolved in MeOH and added into a 96-well plate.
The overnight culture of microorganisms was diluted 1:1000 in Mueller Hinton II Broth
and added at 100 puL/well into a 96-well plate after evaporating the MeOH. Optical density

at 600 nm was monitored until the culture reached plateau.

Confocal laser scanning microscopy

MRSA was cultured overnight in BHI and diluted 1:10 in TSB supplemented with
0.5% glucose!”, while S. mutans was cultured overnight in BHI and diluted 1:10 in BMGS.
Biofilms were cultured on 8-well chambered-slides at 37 °C statically with medium
changed daily. Pre-formed 2-day biofilms of MRSA were then treated with water, 100
pg/mL heat-inactivated OMVs or native OMVs for another 4 hours before imaging. One-
day biofilms of S. mutans were treated with PBS, 100 ug/mL heat-inactivated OMVs or
native OMVs for another 24 hours. Biofilms after the treatments were stained with

LIVE/DEAD BacLight fluorescent dye and imagined. Fluorescent confocal microscopy
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was performed with a Zeiss LSM 700 microscope. Confocal z-stacks and simulated xyz
three-dimensional images were acquired and generated using Zeiss 10.0 software. More
than seven image stacks were acquired from random positions within each well to cover
an area of 200,000 pm? in order to represent the biofilm!'#%13!, Images were acquired at 1.0
um intervals down through the biofilm with an inverted 40x/0.75 oil objective. Images
were further analyzed using COMSTAT2.0 software for quantification of biomass,

thickness, and roughness coefficient of the biofilms!8%:182,

Characterization of heat-stable antimicrobial components within OMV’s

To determine the chemical property of the antimicrobial components, OMVs were
separately treated with 40 mM CHAPS (detergent), 2 mg/mL proteinase K, 0.1 u/pL
DNase, 1| mg/mL RNase, or the combination before heat-inactivation and spot plated onto
agar streaked with MRSA. Their antimicrobial activity was compared to the non-treated
heat-inactivated and native OMVs. The sizes of the heat-stable antimicrobial components
against MRSA and C. neoformans were characterized by size exclusion filtration. Heat-
inactivated OMVs were extracted with MeOH/CHCI3 mix (1:2, v/v). The organic extracts
were desiccated followed by resuspension in 70% MeOH. This solution was then loaded
onto the centrifugal filters (compatible with MeOH) with 3 kDa and 100 kDa cutoff and
centrifuged at 14,000 x g. Materials with different size cutoffs were collected and
desiccated in vacuo followed by resuspension in 20 pL of 20% MeOH before screening

for antimicrobial activity against MRSA and C. neoformans.

Purification of hydroxyalkylquinoline and rhamnolipid
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Heat inactivated OMVs were extracted with MeOH/CHCI3 mix (1:2, v/v) at 45 °C
until complete separation and the process was repeated three times. Both aqueous and
organic phases were concentrated and tested for antimicrobial activities. The extracts from
organic phase was then resuspended with 20% MeOH in H>O and separated on a SPE Sep-
Pak C18 Cartridge (Waters) with a gradient of MeOH (20%, 40%, 60%, 80% and 100%
MeOH in H>O, 2 mL each). Each eluted fraction was tested for antimicrobial activity. The
active fractions eluted with 80% and 100% MeOH were further concentrated in vacuo and
subjected to HPLC separation. The HPLC (Shimadzu) was carried out on with a UV-
Fluorescence detector and an automated fraction collector. A C2 column (250/4.6 Nucleosil
100-7, Macherey-Nagel) was used with a flow of 0.5 mL/min and a gradient of 5% MeOH
in H>O to 100% MeOH (with 50 mM NH4OAc, pH 5.6) over 80 mins. The injection volume
was 70 uL. The elution started with 5% MeOH isocratic for 5 min, from 5 to 10 min a
linear increase from 5 to 45% MeOH was applied, followed by a second linear increase
from 45% to 100% MeOH (10 to 55 min). An isocratic step (100% MeOH) was then
maintained for 10 min and ended with a return to 5% MeOH in 2 min. The re-equilibration
was done with 5% MeOH isocratic for 13 min. The HPLC run was collected every minute
from 5 to 65 mins. The active HPLC fractions were tested by growth inhibition assay and
a Kirby Bauer-like method against MRSA. Fractions showing activity were collected and

concentrated for LC/MS, "H NMR and other analyses.

Mass spectrometry and proteomics
For identification of HMNQ, rhamnolipid, a Thermo-Fisher Orbitrap Elite mass

spectrometer (Waltham, MA) in the Proteomics and Mass Spectrometry Facility at the
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University of Georgia was used for high-resolution accurate mass analyses. The LC
fractions collected at Tulane University were introduced into the ESI source by loop
injection. The mass spectra shown were acquired at positive ion mode with a spray voltage
of +4.5 KV. Selected precursor ions found in MS were subjected to further analyses by
collisional induced dissociation (CID) and higher-energy collisional dissociation (HCD)
MS/MS analysis.

For proteomic analysis of OMVs, 100 ug of OMV were separated by SDS-PAGE.
Bands were excised from the gel and incubated for 20 minutes with 25 mM ammonium
bicarbonate in 50% acentonitrile. Proteins were then digested with 1 pg/sample Trypsin in
25 mM ammonium bicarbonate for 16 hours at 37 °C. Peptides were extracted by
incubating the samples with 100 pL extraction buffer, comprised of 0.1% formic acid in
50% acentronitrile, for 20 minutes, briefly spun and supernatant collected. This was then
followed by an additional incubation for 20 minutes in 100% acetonitrile. Samples were
then dehydrated by Eppendorf Vacufuge and resuspended in 10 pL 0.1% formic acid with
2% acetonitrile. Samples were run on a ThermoScientific Orbitrap Elite mass spectrometer
for high resolution and high mass accuracy analysis. This was coupled with a nano HPLC.
Results were provided as raw data, which was searched against the B. thailandensis

proteome through the Basic Local Alignment Search Tool (BLAST) search engine.

Nuclear magnetic resonance spectroscopy
NMR spectra were acquired at the Tulane University Department of Chemistry
NMR facilities. HMNQ was dissolved in deuterated methanol for nuclear magnetic

resonance analysis with a Bruker 500 MHz NMR spectrometer.
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Fluorescence measurement

Purified HMNQ was dissolved in MeOH before fluorescence measurement with a
fluorometer. Fluorescence emission spectrum after excitation at 370 nm was recorded from
400 to 700 nm, while excitation spectrum for emission at 480 nm was recorded from 240

to 450 nm.

Statistical analysis
The Chi squared test was applied to compare two curves, which measures the
deviations between a measured and an expected value, divided by the uncertainty. The

unpaired two-sample t-test was applied to compare independent samples.

Results
B. thailandensis OMV’s contain peptidoglycan hydrolases

OMVs from P. aeruginosa were previously reported to possess antimicrobial
activity mediated by peptidoglycan hydrolases that were effective against S. aureus and E.
coli'®. Proteomic analysis of B. thailandensis OMV preparations identified the presence
of several classes of peptidoglycan hydrolases (Table 4-1). To determine whether the
antimicrobial activity of B. thailandensis OMVs could be attributed to one or more
hydrolases, we performed peptidoglycan degradation assays using lysozyme as a positive
control. As expected, B. thailandensis OMVs degraded S. aureus peptidoglycan in a dose-

dependent manner (Figure 4-1A). After 4 hours, 50 pg/mL OMVs degraded S. aureus

peptidoglycan to the same degree as 200 pug/mL lysozyme (Figure 4-1A). Upon heat-
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inactivation of OMVs, no degradation of peptidoglycan was observed (Figure 4-1A).
These results indicate that B. thailandensis OMVs contain heat-labile peptidoglycan
hydrolases that contribute to their antimicrobial activity against S. aureus. However, when
applied on S. mutans peptidoglycan, OMVs as well as lysozyme failed to degrade the
peptidoglycan (Figure 4-1B). To exclude the possible peptidoglycan purification
discrepancy between S. aureus and S. mutans, we employed another Streptococci
peptidoglycan purification method. Even so, those S. mutans peptidoglycan preparations

still could not be degraded by OMVs (Figure 4-1B).

Heat-inactivated OMV’s still possess antimicrobial activity

Since heat-inactivated B. thailandensis OMVs failed to degrade S. aureus
peptidoglycan, we tested whether heat-inactivated OMVs still exhibited antimicrobial
activity against S. aureus. Surprisingly, heat-inactivated OM Vs still significantly inhibited
S. aureus growth (Figure 4-2E). Heat-inactivated OMVs also maintained antimicrobial
activity against A. baumannii, MDR A. baumannii, S. mutans, MRSA, C. albicans, and C.
neoformans. (Figure 4-2 and Figure 4-3). These results indicate that OMV's must contain

heat-stable antimicrobial molecule(s) that mediate antibacterial and antifungal activities.

Heat-inactivated OMV’s possess antibiofilm activity
Next, we investigated the antibiofilm activity of heat-inactivated OMVs on pre-
formed MRSA or S. mutans biofilms compared to native OMVs. MRSA and S. mutans

biofilms were grown on chamber-slides then treated with vehicle control, 100 pg/mL heat-

inactivated OMVs, or 100 pg/mL native OMVs. Compared to control, treatment with heat-
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inactivated OMVs significantly decreased the total biomass and average thickness of pre-
formed MRSA biofilm while increasing the dead cell ratio (Figure 4-4A,B and Figure 4-
5A,B,C). The significant increase in the roughness coefficient in the biofilms treated with
heat-inactivated OMVs indicates an overall decline in biofilm integrity (Figure 4-5D).
When applied on S. mutans biofilms, heat-inactivated OMVs significantly decreased the
average thickness and increased the dead cell ratio without affecting the total biomass and
roughness coefficient (Figure 4-6A,B and Figure 4-7). However, compared to native
OMVs at the same concentration, heat-inactivation partially abolished their antibiofilm
activity against both MRSA and S. mutans (Figure 4-4B,C and Figure 4-6B,C). Thus, the
heat-labile components of OMVs partially contribute to the decreased biomass, thickness,

cell viability, and integrity of the biofilms (Figure 4-5 and Figure 4-7).

B. thailandensis OMVs contain antimicrobial 4-hydroxy-3-methyl-2-(2-non-enyl)-
quinoline and long chain rhamnolipid

To determine the identity of the antimicrobial molecules, heat-inactivated B.
thailandensis OMVs were separately treated with proteinase, DNase, and RNase and tested
for activity. None of the treatments impacted OMYV antimicrobial activity (Figure 4-8A).
In order to identify the heat-stable antimicrobial molecules, heat-inactivated OMV's were
extracted with a mix of methanol and chloroform (1:2, v/v). Both aqueous and organic
phases were concentrated and tested for antimicrobial activities. The majority of the
antimicrobial activity was retained in the organic phase, suggesting molecules with relative
lipophilic property (Figure 4-8B,C). Size exclusion filtration indicated the compounds

were less than 3 kDa in size (Figure 4-9A,B). The isolated organic extracts were then
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separated with solid phase extraction (Figure 4-9C) followed by HPLC. The HPLC
fractions were collected every minute from 5 to 65 mins and detected at UV 214 nm
(Figure 4-10).

Next, broth cultures of each organism were treated with pooled HPLC fractions.
Optical density readings were obtained every 2 hours for a total of 12 hours and compared
with control-treated cultures. The difference in the optical density between treated and
control-treated cultures at each time point was plotted as a heatmap in Figure 4-11.
Notably, materials from fractions (F) F5 to F9 and F11 significantly inhibited the growth
of S. aureus, MRSA, S. mutans, C. albicans and C. neoformans. Materials from F5 to F9
inhibited the growth of A. baumannii with F7 and F8 having the most significant effect
against MDR 4. baumannii. Not surprisingly, materials from all fractions failed to inhibit
the growth of P. aeruginosa (Figure 4-11C). To further examine the isolated compounds
from each fraction, individual 1-minute fractions were tested by spot-plating against
MRSA. Materials from 42-44 mins showed significant antimicrobial activity against
MRSA, whereas materials from 51-53 mins slightly inhibited MRSA growth (Figure 4-
10).

To elucidate the structures of the materials from 42-44 mins and 51-53 mins,
fractions were collected and desiccated then analyzed by tandem MS. The tandem MS
spectrum of materials from 42-44 mins revealed a predominant molecule with m/z
284.2005 which suggested the existence of 4-hydroxy-3-methyl-2-nonenylquinoline
(HMNQ), the structure of which was further confirmed by NMR analysis (Figure 4-12
and Figure 4-13). MS/MS fragmentation patterns of HMNQ used to elucidate the structure

are shown in Figure 4-12B and Table 4-2. For proper detection during purification process,
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HMNQ was characterized for fluorescence with excitation at 370 nm and emission at 480
nm (Figure 4-14). The presence of HMNQ in B. thailandensis OMVs purified with
equilibrium density-gradient ultracentrifugation was confirmed with HPLC and detected
for fluorescence with excitation at 370 nm and emission at 480 nm (Figure 4-15). We
observed other HAQ derivatives in adjacent fractions (data not shown). One of them with
m/z 300.1960 which is very likely to be the N-oxide form of HMNQ that is tailing from
fractions before. The predominant molecule in the materials from 51-53 mins was
determined to be a long-chain di-rhamnolipid (Rha-Rha-C14-Ci4) sodium salt as shown by
the tandem MS spectrum of predominant m/z 785.5027 (Figure 4-16 and Table 4-3). B.
thailandensis has been previously characterized for its ability to produce rhamnolipids with

predominantly longer fatty acid chains (Rha-Rha-Ci4-Ci4)!9%!12,

Discussion

In this chapter, we first confirmed the presence of peptidoglycan hydrolases within
B. thailandensis OMVs that were effective against S. aureus but not S. mutans.
Peptidoglycan structures are well studied in S. aureus and possess a conserved disaccharide
(N-acetylglucosamine and N-acetylmuramic acid), a pentapeptide stem (L-alanine-D-iso-

glutamine-L-lysine-D-alanine-D-alanine), and a pentaglycyl bridge!**.

Our proteomic
analysis of B. thailandensis OMVs showed the presence of transglycosylases, peptidases,
and amidases, which potentially cleave glycosidic bonds between N-acetylglucosamine

and N-acetylmuramic acid, peptide bonds, and amide groups linking L-alanine and N-

acetylmuramic acid, respectively (Table 4-1). The distal difference in peptide stems and
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bridges cross-linking glycan strands within S. mutans could potentially explain the inability
of peptidoglycan hydrolases from B. thailandensis OMVs.

The antimicrobial and antibiofilm activities of heat-inactivated OMVs were further
evaluated. We showed that heat-inactivated OMVs partially retained the ability to inhibit
the growth of microbes susceptible to native OMVs. While still able to disrupt MRSA and
S. mutans biofilms, their antibiofilm activity was also reduced compared with native
OMVs. This implies the presence of other heat-labile component(s) other than
peptidoglycan hydrolases contributing to the disruption of S. mutans biofilms.

The initial characterization of the heat-stable antimicrobial molecules showed that
they were small molecules less than 3 kDa and resistant to the treatments of proteinase,
DNase, and RNase. To identify these molecules, crude OMVs from ammonium sulfate
precipitation were extracted with organic solvent before separating with solid phase
extraction and HPLC (Figure 4-17). The antimicrobial activity was monitored during each
step of the purification. We identified two molecules from the HPLC fractions with
antimicrobial activity, 4-hydroxy-3- methyl-2-nonenylquinoline (HMNQ) and long-chain
di-rhamnolipid (Rha-Rha-Ci4-Ci4). In next the chapter, their antimicrobial and antibiofilm
activities will be characterized, separately and independent of OMVs, against
representative microbes. The efficacy and toxicity of these molecules will also be evaluated

in cell cultures and in a murine wound infection model.
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Figure 4-1. Evaluation of peptidoglycan degradation by B. thailandensis OMVs

Peptidoglycan purified from (A) S. aureus and (B) S. mutans was incubated with 0.5, 5, or
50 pg/mL OMVs, 50 pg/mL heat-inactivated OMVs, 200 pg/mL lysozyme (positive
control), or PBS (negative control). OD4so was read every 30 minutes for 4 hours.
Peptidoglycan degradation was indicated by the decrease of ODa4so and normalized by 1 -
(ODstart — ODtime point)/ODstart. The results were analyzed using Chi squared test when

comparing OMYV to control and lysozyme to control, **** p <(0.0001.
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Figure 4-2. Evaluation of heat-inactivated B. thailandensis OMYVs inhibiting
microbial growth in planktonic cultures with representative Gram-negative and
Gram-positive bacteria

Overnight cultures of (A) A. baumannii, (B) P. aeruginosa, (C) E. coli, (D) K. pneumoniae,
(E) S. aureus, (F) E. faecalis, and (G) S. mutans were diluted 1:1000 in broth and treated
with PBS, 2 ug OMVs, or 2 pg heat-inactivated OMVs in a total volume of 100 pL. ODgoo
was monitored for up to 12 hours. The results were analyzed using Chi squared test, ****

»<0.0001.
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Figure 4-3. Evaluation of heat-inactivated B. thailandensis OMYVs inhibiting
microbial growth in planktonic cultures with multidrug-resistant bacteria and fungi
Overnight cultures of (A) MDR A. baumannii, (B) MRSA, (C) carbapenem-resistant K.
pneumoniae, (D) C. albicans, and (E) C. neoformans were diluted 1:1000 in broth and
treated with PBS, 2 ug OMVs, or 2 ng heat-inactivated OMVs in a total volume of 100
pL. ODsoo was monitored for up to 12 hours. The results were analyzed using Chi squared

test, **** p <0.0001.
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Figure 4-4. The bactericidal and antibiofilm effects of heat-inactivated B.
thailandensis OMVs against MRSA biofilm analyzed by fluorescent confocal
microscopy

MRSA biofilms were grown on chamber-slides in TSB supplemented with 0.5% glucose
for two days before treated with (A) water, (B) 100 pg/mL heat-inactivated OMVs, or (C)
100 pg/mL native OMVs for another 4 hours. Staining with LIVE/DEAD BacLight
fluorescent dye (SYTO 9/propidium iodide), biofilms were subjected to optical dissection
using Zeiss LSM 700 laser scanning confocal microscope. At least seven image stacks were
acquired at 400 x magnification from each well. Presented layers were 5 um above the

substratum in each image stacks. Green: total biomass. Red: dead cells. Side bars indicate

the thickness of the biofilms.
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Figure 4-5
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Figure 4-5. Post-acquisition analyses of fluorescent images of the MRSA biofilms
treated with heat-inactivated B. thailandensis OMVs

Post-acquisition analyses were performed using COMSTAT 2.0. Biofilms treated with
heat-inactivated OMVs, native OMVs, or control were compared in (A) biofilm biomass,
(B) dead cell ratio, (C) average thickness, and (D) roughness coefficient. Roughness
coefficients of the biofilms were calculated with COMSTAT 2.0 as an indication of biofilm
healthiness and integrity. The results were analyzed using unpaired two-sample t-test. (**

P <0.01, #** p < 0.001, **** » < 0.0001)
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Figure 4-6
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Figure 4-6. The bactericidal and antibiofilm effects of heat-inactivated B.
thailandensis OMVs against S. mutans biofilm analyzed by fluorescent confocal
microscopy

S. mutans biofilms were grown anaerobically on chamber-slides in BMGS medium for 24
hours before treated with (A) PBS, (B) 100 pg/mL heat-inactivated OMVs, or (C) 100
pg/mL native OMVs for another 24 hours. Staining with LIVE/DEAD BacLight
fluorescent dye (SYTO 9/propidium iodide), biofilms were subjected to optical dissection
using Zeiss LSM 700 laser scanning confocal microscope. At least seven image stacks were
acquired at 400 x magnification from each well. Presented layers were 5 um above the

substratum in each image stacks. Green: total biomass. Red: dead cells. Side bars indicate

the thickness of the biofilms.
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Figure 4-7. Post-acquisition analyses of fluorescent images of the S. mutans biofilms
treated with heat-inactivated B. thailandensis OMVs

Post-acquisition analyses were performed using COMSTAT 2.0. Biofilms treated with
heat-inactivated OMVs, native OMVs, or control were compared in (A) biofilm biomass,
(B) dead cell ratio, (C) average thickness, and (D) roughness coefficient. Roughness
coefficients of the biofilms were calculated with COMSTAT 2.0 as an indication of biofilm
healthiness and integrity. The results were analyzed using unpaired two-sample t-test. (* p

<0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001)
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Figure 4-8
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Figure 4-8. Chemical characterization of the heat-stable antimicrobial components
within B. thailandensis OMV's

The heat-stable antimicrobial components were characterized for their chemical properties.
(A) Native OMVs were separately treated with 40 mM CHAPS (detergent), 2 mg/mL
proteinase K, 0.1 u/uL DNase, 1 mg/mL RNase, or the combination before heat-
inactivation and spot plated onto agar streaked with MRSA. Their antimicrobial activity
was compared to the non-treated heat-inactivated and native OMVs. The treatments alone
did not inhibit MRSA. (B) Heat-inactivated OMVs were extracted with MeOH/CHCI3 mix
(1:2, v/v). Aqueous phase (A), organic phase (O), and middle phase (M) with incomplete
separation were desiccated in vacuo followed by resuspension in 20 pL of 20% MeOH.
Ten microliters from each suspension was spot-plated against (B) MRSA and (C) C.
neoformans to test for antimicrobial activity. Twenty percent MeOH alone (C) did not

inhibit MRSA or C. neoformans.
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Figure 4-9
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Figure 4-9. Characterization of the heat-stable antimicrobial components within B.
thailandensis OMV:s for their sizes and hydrophobicity

The sizes of the heat-stable antimicrobial components against (A) MRSA and (B) C.
neoformans were characterized by size exclusion filtration with 3 kDa and 100 kDa cutoft.
M: solvent control. (C) The organic extracts of OMVs were separated with solid phase
extraction. Fractions eluted from C18 cartridge with increased concentrations of MeOH in
water were collected and desiccated in vacuo followed by resuspension in 20 pL of 20%

MeOH before screening for antimicrobial activity against C. neoformans.
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Figure 4-10
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Figure 4-10. Identification of HPLC fractions with antimicrobial activity

Individual 1-minute fractions from HPLC were screened for antimicrobial activity against
MRSA using a Kirby Bauer-like method. Fractions were collected and desiccated in vacuo
followed by resuspension in 20 uL of 20% MeOH. Ten microliters from each suspension
was spot-plated against MRSA to screen for antimicrobial activity. Twenty percent MeOH

alone did not inhibit MRSA shown in Figure 4-8B.
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Figure 4-11. Evaluation of HPLC fractions for broad-spectrum antimicrobial activity
Broth cultures of (A) A. baumannii, (B) MDR A. baumannii, (C) P. aeruginosa, (D) E.
coli, (E) K. pneumoniae, (F) carbapenem-resistant K. pneumoniae, (G) S. aureus, (H)
MRSA, (I) E. faecalis, (J) S. mutans, (K) C. albicans, and (L) C. neoformans were
inoculated with HPLC fractions. ODsoo measurements were performed every 2 hours for
12 hours. The difference in ODgoo between fraction-treated cultures and non-treated
cultures at each time point was plotted as a heat map (ODcontrol - ODyreated). F1: 6-11 mins,
F2: 12-17 mins, F3: 18-23 mins, F4: 24-29 mins, F5: 30-35 mins, F6: 36-41 mins, F7: 42-
44 mins, F8: 45-46 mins, F9: 47-48 mins, F10: 49-50 mins, F11: 51-53 mins, F12: 54-59

mins, F13: 60-65 mins, C: control.
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Figure 4-12
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Figure 4-12. HMNQ (4-hydroxy-3-methyl-2-(2-non-enyl)-quinoline) identified with
mass spectrometry
(A) CID spectrum of HMNQ. (B) MS/MS fragmentation patterns of HMNQ used to

elucidate the structure.
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Figure 4-13. '"H NMR spectrum of HMNQ
HMNQ was dissolved in deuterated methanol for NMR analysis. The number scheme for

HMNQ and the assignment for each proton are shown.
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Figure 4-14
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Figure 4-14. Fluorescence excitation and emission spectra of HMNQ
Purified HMNQ was dissolved in MeOH for fluorescence measurements. Red: excitation

spectrum peaked around 370 nm. Blue: emission spectrum peaked around 480 nm.
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Figure 4-15
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Figure 4-15. Representative HPLC spectrum of purified B. thailandensis OMVs for
HMNQ detected at excitation 370 nm, emission 480 nm

Purified OMVs (100 pg) were first extracted with MeOH/CHCI3 mix (1:2, v/v). The
organic extracts were separated with solid phase extraction. Fractions with antimicrobial
activity eluted from C18 cartridge with increased concentrations of MeOH in water were
collected and concentrated before HPLC. The HPLC was carried out with a C2 column and
a fluorescence detector. Materials were eluted with a flow of 0.5 mL/min and a gradient of

5% MeOH in H20 to 100% MeOH (with 50 mM HN4OAc, pH 5.6) over 80 mins.
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Figure 4-16
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Figure 4-16. CID spectrum of rhamnolipid (Rha-Rha-C14-C14)
Di-rhamnolipids identified from B. thailandensis OMVs are glycolipidic surfactants with
two rhamnoses linked through a B-glycosidic bond to two 3-hydroxyfatty acids with Ci4

acyl chain. Fragmentations of di-rhamnolipids were shown in the MS/MS spectrum.
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Figure 4-17. Illustration of HMNQ and rhamnolipid purification from B.
thailandensis OMV's

(A) Purification and identification process of HMNQ and rhamnolipid. To increase the
yield, crude OMVs from ammonium sulfate precipitation instead of purified OMVs were
used as starting material. OM Vs in water were first extracted with organic solvent (B). The
bottom organic phase was concentrated (C) and further separated with solid phase
extraction. Fractions eluted from C18 cartridge with 80%, and 100 % MeOH in water were
collected and concentrated (D) before C2 HPLC with a flow of 0.5 mL/min and a gradient
of 5% MeOH in H>O to 100% MeOH (with 50 mM HN4OAc, pH 5.6) over 80 mins.
Materials eluted from 42-44 mins and 51-53 mins were collected for MS/MS analysis

which revealed the identities of HMNQ with m/z 283, and rhamnolipid with m/z 763.5.
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Accession Number Protein kDa Description

685746792 LysM domain protein 258 Prot_eln domal;losssomated with the binding of
peptidoglycan

644994812 N-acetylmuramoyl-L-alanine amidase 55.6 (SAori:Jitélt;Alzl—acetylmuramoyI—L—AIa amidase

685744463 Transglycosylase SLT domain protein 72.3  Soluble lytic transglycosylase?®

497592087 Murein transglycosylase (mltA) 40.1 I(\r/ﬁtrgt))zr%ne—bound lytic transglycosylase

. . Transglycosylase (mitB) that has both a

685745036 Lytic murein transglycosylase B 44.5 soluble and membrane bound form2'

584094633 N-acetylmuramoyl-L-alanine amidase AmD ~ 32.7 ~ Membrane bound N-acetylmuramoyl-L-
alanine amidase (AmiD)

DM82_RS07650 gi B-lytic endopeptidase 30.0 B-lytic endopeptidase in the M23 family?'3

BTL_RS12275 gi B-lytic endopeptidase 241  B-lytic endopeptidase in the M23 family?'3

BTH_12668 gi B-N-acetylglucosaminidase 74.9  Potential B-N-acetylglucosaminidase?'*

Table 4-1. Peptidoglycan hydrolases identified with LCMS that are present in B.

thailandensis OMV's
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Relative
lon Formula m/z (obs) m/z(calc) Appm intensity
F [CIOH9 N + H]* 144.0805 144.0808 1.9 0.78

[C11H9ON +H]* 172.0756 172.0757 0.5 1.42
E [C11 H11 O N]* 173.0833 173.0835 1.2 30.39
[C11H11 ON+H]* 174.0910 174.0913 2.0 5.47
D [C12H9 O N + H]* 184.0754 184.0757 1.6 1.59
C [C12H11 ON+H]* 186.0911 186.0913 1.3 15.85
[C13H11 ON+H]* 198.0911 198.0913 1.2 1.34
B [C13H13ON+H]* 200.1067 200.1070 1.5 3.96
A [C14HI50N+H]* 214.1225 214.1226 0.7 1.74
[CI5H17 ON+H]* 228.1382 228.1383 0.4 0.82
[C16 HI9 ON +H]*  242.1534 242.1539 2.2 0.27
[M+H]* [C19 H25 O N +H]* 284.2005 284.2009 1.4 100

Table 4-2. MS/MS data for HMNQ identified in this study
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Table 4-3
Relative

lon Formula m/z (obs) m/z(calc) Appm intensity
Rha (b ion) [C6 H10 04 + Nal* 169.0472 169.0471 -0.41 8.2
Rha (cion) [C6 H12 O5 + Nal* 187.0579 187.0577 -1.10 1.38
Cy4 lipid [C14 H28 O3 + Na]* 267.1932 267.1931 -0.50 25.66
Rha-Rha (b ion) [C12 H20 08 + Na]* 315.1052 315.1050 -0.51 100
Rha-Rha (cion) [C12 H22 O9 + Na]* 333.1158 333.1156 -0.59 14.35
Internal fragment of Rha-Cy4 lipid  [C20 H38 O7 + Na]* 413.2513  413.2510 -0.79 9.58
Loss of Rha-Rha [C28 H54 O5 + Na]* 493.3867 493.3863 -0.72 68.94
M-C14 [C26 H48 O11+Na]* 559.3091 559.3089 -0.39 17.69
M-Rha [C34 H64 09 + Na]* 639.4447 639.4443 -0.70 16.35
[M+Na]* [C40 H74 013 + Na]* 785.5027 785.5022 -0.68 13.1

Table 4-3. MS/MS data for rhamnolipid identified in this study
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CHAPTER 5: The antimicrobial efficacy, safety, and wound healing capacity of

HMNQ and rhamnolipid assessed in vitro and in vivo

Introduction
4-Hydroxy-2-alkylquinolines (HAQs), especially 3,4-dihydroxy-2-heptylquinoline
(PQS), were originally characterized in P. aeruginosa and recognized as a class of quorum

sensing molecules that exhibit numerous functions!®

. Besides regulating virulence factors,
PQS has been shown to modulate biofilm formation in bacteria and yeast'®. In addition,
PQS may have direct immunomodulatory effects on host cells?!®. Specifically, PQS has
been shown to reduce the NFxB binding to its binding sites and the expression of
downstream genes, suppressing host innate immune responses?!S. It also inhibited cell
proliferation and the release of interleukin-2 in human peripheral blood mononuclear cells
following mitogen stimulation?'”. In another study, PQS decreased the production of
interleukin-12 by LPS-stimulated bone marrow-derived dendritic cells and changed the
maturation pattern of stimulated dendritic cells away from a proinflammatory Thl
response, therefore decreasing the antibacterial adaptive immune response®!®.

P. aeruginosa produces various HAQs, which are synthesized and regulated by the
pqsABCDE operon. They are characterized by the presence of a hydrogen or hydroxyl
group at the 3 position, an N-oxide group in place of the quinoline nitrogen, and an

9

unsaturation on the alkyl side chain?!®. The presence of a homologous operon,

hmgABCDEFG, was reported in Burkholderia species, including B. thailandensis, B.

103

pseudomallei, and B. ambifaria’®. Twenty-nine different HAQ derivatives have been

shown to be produced by 3 out of 11 related Burkholderia species tested'%3. Different from
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P. aeruginosa, Burkholderia HAQs are mostly methylated at the 3 position with an
unsaturated aliphatic side chain!®. It has been recently reported that B. thailandensis HAQ
derivatives are quorum sensing signals with synergistic effects that could inhibit E. coli
growth in planktonic cultures'®*!97. HMNQ, the dominant form of HAQs produced by B.
thailandensis, was shown to function as an ionophore and to disrupt proton motive force
and inhibit pyrimidine biosynthesis of other bacteria!®’. In the current study, we examined
the spectrum of HMNQ antimicrobial activity by screening for growth inhibition of various
microbial species. Considering the similarity of HMNQ to PQS, the antibiofilm activity of
HMNQ was also evaluated. Additionally, we characterized the immunomodulatory effects
of HMNQ using a NF«B reporter macrophage cell line.

Rhamnolipids are glycolipidic surfactants with up to two rhamnoses (mono or di-
rhamnolipids) linked through a B-glycosidic bond to up to two 3-hydroxyfatty acids with
various acyl chain lengths!!?. Rhamnolipids are well studied in P. aeruginosa, which
predominantly produces short chain rhamnolipids (Rha-Rha-Cio-Cio), for their
applications in pharmaceutical, agricultural, chemical, cosmetic and food industries'!!.
Notably, a previous study showed that the addition of rhamnolipids increased the solubility
and bioactivity of PQS implying the role of rhamnolipids as a PQS solubilizing factor in
P. aeruginosa®®’. Recent studies revealed that rhamnolipids are also produced by the non-
pathogenic B. thailandensis, predominantly in a form with longer fatty acid chains (Rha-
Rha-Ci4-Ci4), which may provide additional industrial applications!*>!12, The
antimicrobial activities of rhamnolipids have also been previously characterized against a
variety of microbes including Serratia, Enterobacter, Klebsiella, Bacillus, Staphylococcus,

and Mycobacterium and a range of fungal species, but not any yeast??!:*22, Rhamnolipids
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promote the swarming motility and dispersion of P. aeruginosa cells from the
biofilm!!5223, Their antibiofilm activities have been shown against many bacterial species
including Bacillus subtilis, Salmonella typhimurium, Bordetella bronchiseptica, and S.
mutans'13-224226 Interestingly, a previous study showed that a specific form of rhamnolipid,
di-rhamnolipid BAC-3, accelerated wound closure in mice when applied to full-thickness

burn wounds??’

. Histologic comparisons revealed that rhamnolipid significantly decreased
collagen content, which led to less scar tissue formation, in rat burn wounds compared to
the vehicle control??’. Moreover, a recent study demonstrated that rhamnolipid reduced

scar tissue by targeting pathological myofibroblasts in rabbits??3

. Another study reported
that application of rhamnolipid promoted healing of a chronic decubitus ulcer in an elderly,
debilitated patient?%.

In this chapter, we characterized the safety, antimicrobial efficacy, and wound
healing capacity of HMNQ and rhamnolipid in a murine wound infection model. This full-
thickness splinted punch wound model approximates wound healing in humans by
integration of a wound splinted using sutured silicon torus to prevent skin contraction
during rodent wound healing?® This forces re-epithelialization and the formation of
granulation tissue, which are similar to what occurs in humans?*!:232, Full-thickness
wounds are infected with bioluminescent bacteria, which allows tracking both infection
progression and wound healing in each mouse over time and decreases the number of mice

needed for a particular study. Results from these experiments may elucidate novel clinical

or industrial applications for HMNQ and rhamnolipid.

Materials and Methods
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Bacterial strains and growth conditions

Acinetobacter ~ baumannii, —multidrug-resistant  Acinetobacter — baumannii,
Pseudomonas aeruginosa PAO1, Staphylococcus aureus ATCC 6538, methicillin-resistant
Staphylococcus aureus ATCC 43300, Enterococcus faecalis ATCC 29212, Escherichia coli
ATCC 25922, Klebsiella pneumoniae ATCC 1706, carbapenem-resistant Klebsiella
pneumoniae ATCC 1705, Streptococcus mutans UA159, Cryptococcus neoformans,
Candida albicans ATCC 14053, and bioluminescent CA-MRSA SAP227 were maintained
in lysogeny broth (LB) or brain heart infusion broth (BHI), while solid medium was made
by adding 1.5% (wt/vol) agar. All bacterial cultures were incubated at 37 °C with 233 rpm
oscillation. S. mutans cultures and plates were maintained at 37 °C in an aerobic chamber
containing 5% CO; under static conditions. Drug-sensitive and multidrug-resistant (MDR)
A. baumannii strains and C. neoformans we used for current study were isolated from
Tulane hospital.

For all topically treated wound experiments, mice were infected with a
bioluminescent MRSA SAP227. The recombinant bacteria was previously described and
consists of the clinically relevant community acquired MRSA (CA-MRSA) strain MW2
with the pRP1195 plasmid containing Lux genes to confer bioluminescence??. CA-MRSA
was cultured overnight in 5 mL LB before diluted 1:100 and incubated at 37 °C and shaken
at 233 rpm for 4 hours until the culture reached early to mid-exponential growth phase.
Cells were collected at an optical density of = 0.7 at 600 nm and washed with sterile PBS
twice before resuspended in PBS at 1 x 10 CFU/mL, ensuring that 10 uL applied to each

wound delivered 1 x 10* CFU dose.
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Growth inhibition assay

The ability of HMNQ and rhamnolipid to inhibit the growth of representative
microorganisms was examined using a growth inhibition assay. HMNQ and rhamnolipid
were dissolved in MeOH and added into a 96-well plate for a final concentration of 100
uM HMNQ, or 64 pg/mL rhamnolipid. The overnight culture of microorganisms was
diluted 1:1000 in Mueller Hinton II Broth and added at 100 uL/well into a 96-well plate
after evaporating the MeOH. Optical density at 600 nm was monitored until the culture

reached plateau.

Confocal laser scanning microscopy

MRSA was cultured overnight in BHI and diluted 1:10 in TSB supplemented with
0.5% glucose!”, while S. mutans was cultured overnight in BHI and diluted 1:10 in BMGS.
Biofilms were cultured on 8-well chambered-slides at 37 °C statically with medium
changed daily. Pre-formed 2-day biofilms of MRSA were then treated with water, 200
pg/mL rhamnolipid, 300 uM HMNQ, or a combination of 200 pg/mL rhamnolipid with
300 uM HMNQ for another 1.5 hours before imaging. One-day biofilms of S. mutans were
treated with PBS, 200 pg/mL rhamnolipid, 300 uM HMNQ, or a combination of 200
pg/mL rhamnolipid with 300 uM HMNQ for another 1.5 hours. Biofilms after the
treatments were stained with LIVE/DEAD BacLight fluorescent dye and imagined.
Fluorescent confocal microscopy was performed with a Zeiss LSM 700 microscope.
Confocal z-stacks and simulated xyz three-dimensional images were acquired and
generated using Zeiss 10.0 software. More than seven image stacks were acquired from

random positions within each well to cover an area of 200,000 um? in order to represent
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the biofilm!8%!8!, Tmages were acquired at 1.0 pm intervals down through the biofilm with

an inverted 40x/0.75 oil objective. Images were further analyzed using COMSTAT2.0
software for quantification of biomass, thickness, and roughness coefficient of the

biofilms!$%-182,

Cell culture

NF«B reporter macrophage cell line (RAW-Blue, invivogen) was maintained in
DMEM with 4.5 g/L glucose, 2 mM L-glutamine, 10% heat-inactivated FBS, and 200
png/mL Zeocin. Serial dilutions of HMNQ and rhamnolipid in MeOH were added into wells
of a 96-well plate. After evaporating the MeOH, cells were seeded at 1.25 x 10° cells/well.
Heat-killed MRSA (10° CFUs) was added into the each well 0 or 2 hours after seeding the
cells. After incubation for 18 hours, supernatant was collected from each well and diluted
1:10 with QUANTI-Blue reagent. After 6-hour incubation at 37°C, secreted embryonic
alkaline phosphatase (SEAP) levels were detected as an indication of NFkB activation

using a spectrophotometer at 620 nm.

Full thickness splinted punch wound model

All animal experiments used female CD1 mice (Charles River Laboratories,
Boston, MA). Animals were acquired at 7-10 weeks of age at 24-34 g and kept on an
alfalfa-free diet prior to and throughout the experimental period to minimize
autofluorescent signal 3. All experimental procedures performed on animals were
previously approved by the Tulane University Institutional Animal Care and Use

Committee (PO131). On day 0, mice were wounded. Animals were anesthetized by an
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intraperitoneal (IP) injection of ketamine (90 mg/kg) and xylazine (10 mg/kg) mixture. A
separate IP injection of buprenorphine (0.05 mg/kg) was also administered to
prophylactically accommodate for pain. Once fully anesthetized, the dorsum was shaved,
and the exposed skin was scrubbed with chlorhexidine to sanitize the surface. Then, a full-
thickness wound was generated using a 5 mm biopsy punch (Integra Miltex) by application
of pressure on the dorsum below the base of the skull and between the solar plexus,
generating a 5 mm circular wound outline. The light perforation was then excised, and the
skin was cut through the epidermis, dermis, and panniculus carnosis exposing the muscle
beneath. Thereafter, a 10 mm silicone torus coated in surgical adhesive was placed over
the wound. Tegaderm (3M Healthcare) was placed over the silicone torus covering the
exposed wound bed and the torus was secured in place using 4-0 braided silk interrupted
sutures (Ethicon) fortified with additional surgical adhesive. An insulin syringe (BD
Biosciences) was used to experimentally infect or treat the wound by penetrating the
tegaderm and expressing directly onto the wound bed if needed. Animals were allowed to
recover for four hours post wounding surgery and then anesthetized via inhalation (2.5%,
isoflurane, VetOne) before treatments. Mice were singly housed post-procedure and
monitored daily to access clinical status, bacterial burdens, wound closure, and weight
change for the duration of the experiments until sacrifice.

To test the safety of HMNQ and rhamnolipid when applied to the wound bed, mice
were given increased doses of a combination of HMNQ and rhamnolipid daily (Day 0: 40

uM HMNQ, 25.6 pg/mL rhamnolipid; Day 1: 200 uM HMNQ, 128 pg/mL rhamnolipid;

Day 2: 1000 uM HMNQ, 640 pg/mL rhamnolipid; Day 3: 5000 uM HMNQ, 3200 pg/mL
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rhamnolipid). On day 4, mice from both control and treated groups were sacrificed. Their
wound tissues were excised for histological analysis.

To test the efficacy of HMNQ and rhamnolipid against CA-MRSA in the wound
model, mice post wounding surgery were infected with 103 CFUs of bioluminescent CA-
MRSA and given a combination of 2 mM HMNQ and 1.28 mg/mL rhamnolipid (n = 3), or
1.28 mg/mL rhamnolipid alone (n = 3) in a volume of 20 pL on the wound bed via injection
through the tegaderm. Treatments were provided every eight hours for the first three days
(total of 9 treatments). To determine bacterial burdens within the wound over time and
examine the rate at which the wound was healing, mice were imaged daily using an in vivo
imaging system (IVIS)-XMRS (PerkinElmer). The IVIS is capable of detecting and
quantifying bioluminescent signals used to track the infection progression of the
bioluminescent bacteria within the wound. During use, mice were anesthetized via
inhalation of 2.5% isoflurane and imaged individually for 60 s. Resulting images were
analyzed using the IVIS Lumina Living Image Software (PerkinElmer). A circular region
of interest (Rol) was electronically captured over each wound bed to quantify
bioluminescence as an indicator of bacterial burdens, which was recorded for every mouse
daily. Relative luminescence within the Rol in units of radiance
(photons/centemeter?/steradian/second) is interpolated by a companion system software.
The wound area was measured at day 4 after removing the tegaderm covering using custom
Rols traced along the epithelial lip of each wound that generated. After imaging on day 4,
animals were humanely euthanized via CO> asphyxiation. The wound tissues were excised

and mechanically disrupted in 1 mL PBS before serially diluted and plated on LB agar to



157

further quantify bacterial burdens. Resulting bacterial colonies were imaged to verify the

presence of CA-MRSA.

Histology

Wounds were excised from the animals after euthanized with roughly 5 mm beyond
the wound edge and fixed in 4% formaldehyde in PBS at 4 °C overnight. On the next day,
the samples were washed with PBS and 20% (wt/vol) sucrose before embedded in OCT
compound and froze immediately in liquid nitrogen. The tissue was then cut into 10-pum-
thick cryostat sections on a cryosectioning machine and mounted onto SuperFrost Plus
slides. Sections were stained with Hematoxylin and Eosin and examined using a Evos FL

Auto microscope (Life Technologies).

Statistical analysis
The Chi squared test was applied to compare two curves, which measures the
deviations between a measured and an expected value, divided by the uncertainty. The

unpaired two-sample t-test was applied to compare independent samples.

Results
Evaluation of the antimicrobial activity of HMNQ and rhamnolipid against
representative microbes

To test the isolated compounds for antimicrobial activity, HMNQ and rhamnolipid
were added to broth cultures of representative Gram-negative and -positive bacteria, MDR

bacteria and fungi. Initial pilot experiments were performed to identify effective
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antimicrobial concentrations (data not shown). HMNQ at a concentration of 100 uM
significantly inhibited the growth of A. baumannii, MDR A. baumannii, E. coli, S. aureus,
MRSA, S. mutans, C. albicans, and C. neoformans (Figure 5-1 and Figure 5-2). Similarly,
rhamnolipid at a concentration of 64 pg/mL significantly inhibited the growth of these
microorganisms as well as K. pneumoniae, and carbapenem-resistant K. pneumoniae
(Figure 5-1 and Figure 5-2). Not surprisingly, both HMNQ and rhamnolipid failed to

inhibit the growth of P. aeruginosa (Figure 5-1B).

Evaluation of the antibiofilm activity of HMNQ and rhamnolipid against MRSA and S.
mutans

Next, we investigated the effect of HMNQ and rhamnolipid on pre-formed bacterial
biofilms since HMNQ is a QS regulator'®® and rhamnolipids have been shown to disrupt
biofilm structures!!>!1>, MRSA biofilms were grown on chamber-slides then treated with
water, 200 pg/mL rhamnolipid, 300 uM HMNQ, or a combination of rhamnolipid and
HMNQ. HMNQ is relatively insoluble in aqueous solutions similar to PQS, its analog in
P aeruginosa. Interestingly, previous studies have shown that the addition of rhamnolipids
increased the solubility and bioactivity of the PQS??°. Remarkably, compared to vehicle
alone (Figure 5-3A), treatment with rhamnolipid or HMNQ significantly decreased the
total biomass (Figure 5-3B,C and Figure 5-4A) and increased the ratio of dead cells to all
labeled cells (Figure 5-3B,C and Figure 5-4B). Treatment with either rhamnolipid or
HMNQ also reduced the thickness of pre-formed MRSA biofilms compared to control
(Figure 5-4C). The significant increase in the roughness coefficient in rhamnolipid- or

HMNQ-treated biofilms further indicates an overall decline in biofilm integrity (Figure 5-
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4D). There were no synergistic effects noted when biofilms were treated with a mixture of
HMNQ and rhamnolipid (Figure 5-3D and Figure 5-4).

When applied on pre-formed S. mutans biofilms, treatments with rhamnolipid,
HMNQ, or combination significantly decreased the total biomass, biofilm thickness
(Figure 5-5B,C,D and Figure 5-6A,C), and increased the ratio of dead cells to all labeled
cells as well as the roughness coefficient (Figure 5-5B,C,D and Figure 5-6B,D). No
synergistic effects were observed when treating S. mutans biofilms with a mixture of

HMNQ and rhamnolipid (Figure 5-5D and Figure 5-6).

Evaluation of HMNQ and rhamnolipid on NFxB activation in vitro

PQS at I uM has been shown to suppress host innate immune responses by reducing
the NFkB binding to its binding sites and the expression of downstream pro-inflammatory
genes?!®, To investigate if HMNQ has similar activity, we cultured NFkB reporter
macrophages in the presence of increased concentrations of HMNQ or rhamnolipid, then
stimulated the cells with heat-killed MRSA. The reporter cells stably express a secreted
embryonic alkaline phosphatase (SEAP) gene inducible by NFxB and AP-1 transcription
factors. HMNQ less than 40 uM failed to induce NF«B activation compared to solvent
control (0 uM) when incubated with cells 0 or 2 hours prior to stimulation (Figure 5-7A).
Surprisingly, HMNQ at 200 uM increased NFkB activation regardless of the incubation
time (Figure 5-7A). Rhamnolipid when applied less than 25 pg/mL failed to induce NF«xB
activation at both time points (Figure 5-7B). At 125 pg/mL, it was cytotoxic to

macrophages as confirmed by light microscopy (data not shown).
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The safety assessment of HMNQ and rhamnolipid in vivo

The safety of HMNQ and rhamnolipid for topical application was characterized in
a full-thickness wound model. Mice post wounding surgery were given increased doses of
a combination of HMNQ and rhamnolipid daily for three days before sacrificed. Light
inflammation was observed initially in the wound beds at day 0 post-surgery in both
mixture-treated and PBS-treated mice. No different observation was noticed in the
following days when examining the wounds (data not shown). One of the mixture-treated
mice scratched the sutured silicon torus completely off its wound, which rarely happens in
the model at day 4 in control mice. Histological analysis of the excised wounds from
mixture-treated mice showed no difference in neutrophil invasion and inflammation
compared to wounds from PBS-treated mouse, but implied a decreased collagen level in
mixture-treated mice compared to control (Figure 5-8). However, the collagen secretion
should be monitored over time and confirmed with Masson trichrome staining or

Verhoeff’s staining in future experiments?2®,

The antimicrobial efficacy and wound healing capacity of HMNQ and rhamnolipid
assessed in vivo

Finally, we evaluated the antimicrobial efficacy and wound healing capacity of
HMNQ and rhamnolipid in a murine wound infection model. We first confirmed the
antimicrobial activity of HMNQ and rhamnolipid on bioluminescent CA-MRSA grown on
an agar plate (Figure 5-9). The killing of HMNQ and rhamnolipid started immediately
when applied on CA-MRSA (Figure 5-9A). At day 3, expanded zones of inhibition were

observed with the treatment of rhamnolipid, or the mixture of HMNQ and rhamnolipid
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(Figure 5-9B). To assess their efficacy in vivo, mice post wounding surgery were infected
with 10° CFU of bioluminescent CA-MRSA and treated with a mixture of HMNQ (2 mM)
and rhamnolipid (1.28 mg/mL) compared to rhamnolipid (1.28 mg/mL) alone. We
observed no difference in bacterial luminescence within the wounds between the two
groups when recorded daily by IVIS (Figure 5-10A). However, at the experimental end
point (day 4), excised wounds from the mixture-treated mice contained significantly less
CFU compared to wounds from rhamnolipid-treated mice (Figure 5-10B). No significant
difference in weight loss was observed between the two groups (Figure 5-10C). After
removing the tegaderm from the wounds at day 4, there was no difference in wound area
measurements in both groups compared to PBS treated wounds in previous experiment

(Figure 5-10D).

Discussion

In this chapter, we showed that HMNQ at a concentration of 100 uM inhibited the
growth of A. baumannii, MDR A. baumannii, E. coli, S. aureus, MRSA, S. mutans, C.
albicans, and C. neoformans, whereas rhamnolipid showed broader spectrum at 64 pg/mL
working against these microorganisms as well as K. pneumoniae and carbapenem-resistant
K. pneumoniae. Both HMNQ and rhamnolipid showed antibiofilm activity against MRSA
and S. mutans. Rhamnolipid is superior at reducing the integrity of biofilms while HMNQ
displays greater bactericidal activity.

HMNQ at 200 uM induced NFxB activation in a macrophage cell line in the
presence of heat-killed bacteria stimulation compared to control, opposite to what has been

reported with PQS?!6. Not surprisingly, rhamnolipid failed to activate NFxB in vitro and
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lysed macrophages at the highest concentration tested. These results implied that HMNQ
may be proinflammatory when applied at high concentrations on open wounds. However,
HMNQ and rhamnolipid did not induce inflammation in a full-thickness wound model
characterized with histology. When applied on the infected wounds, HMNQ and
rhamnolipid failed to reduce the bacterial burden compared to rhamnolipid alone according
to luminescence data. However, wound tissue from the mixture-treated mice contained
significantly less bacteria compared to wounds from rhamnolipid-treated mice.
Interestingly, a previous study showed that the bioluminescence produced by Lux
containing bacteria is regulated by bacterial respiration and electron transport chain?>,
HMNQ has been shown to function as an ionophore and to disrupt proton motive force
along the electron transport chain'®’, which could potentially promote bioluminescence
production while inhibiting bacterial growth. Notably, HMNQ induced bioluminescence
at the edge of the zone of inhibition (Figure 5-9A), where the bacteria were eventually
killed at day 3 (Figure 5-9B). Thus, bioluminescent bacteria and IVIS imaging may not be
suitable for the characterization of HMNQ and alternative models should be explored in
the future.

Besides its antimicrobial and antibiofilm activities, rhamnolipid has been
previously shown to accelerate the wound closure and decreased collagen secretion by
targeting pathological myofibroblasts??”-228, Histological analysis of wound tissue treated
with the combination of HMNQ and rhamnolipid implied a decreased collagen level
compared to PBS-treated wound. Further characterization with collagen specific staining
and the measurement of myofibroblast markers is necessary for the assessment of

rhamnolipid on scar tissue formation and wound healing. Although treatment with the
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combination of HMNQ and rhamnolipid or rhamnolipid alone failed to decrease the wound
area at 4 days post wounding surgery compared to PBS control, the rate of wound healing

should be monitored over longer period of time in future work.
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Figure 5-1. Evaluation of HMNQ and rhamnolipid inhibiting microbial growth in
planktonic cultures with representative Gram-negative and Gram-positive bacteria

Overnight cultures of with (A) A. baumannii, (B) P. aeruginosa, (C) E. coli, (D) K.
pneumoniae, (E) S. aureus, (F) E. faecalis, and (G) S. mutans were diluted 1:1000 in broth
and treated with PBS, 100 uM HMNQ, or 64 pg/mL rhamnolipid in a total volume of 100
pL. ODgoo was monitored for 12 hours. The results were analyzed using Chi squared test,

8% 1) < 0.0001.
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Figure 5-2. Evaluation of HMNQ and rhamnolipid inhibiting microbial growth in
planktonic cultures with multidrug-resistant bacteria and fungi

Overnight cultures of with (A) MDR A. baumannii, (B) MRSA, (C) carbapenem-resistant
K. pneumoniae, (D) C. albicans, and (E) C. neoformans were diluted 1:1000 in broth and
treated with PBS, 100 uM HMNQ, or 64 pg/mL rhamnolipid in a total volume of 100 uL.
ODgoo was monitored for 12 hours. The results were analyzed using Chi squared test, ***

p<0.001, **** p < 0.0001.
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Figure 5-3. The bactericidal and antibiofilm effects of HMNQ and rhamnolipid
against MRSA biofilm analyzed by fluorescent confocal microscopy

MRSA biofilms were grown on chambered-slides in TSB medium supplemented with
0.5% glucose for 48 hours. Biofilms were stained with LIVE/DEAD BacLight fluorescent
dye (SYTO 9/propidium iodide), then subjected to optical dissection using a Zeiss LSM
700 laser scanning confocal microscope. Images were acquired at 1.0 um intervals down
through the biofilm. At least seven image stacks were acquired at 400 x from each well.
Post-acquisition analyses were performed using COMSTAT 2.0. Representative images of
pre-formed biofilms treated with (A) water, (B) 200 pg/mL rhamnolipid, (C) 300 uM
HMNQ, or (D) a combination of 200 pg/mL rhamnolipid with 300 pM HMNQ were
acquired 1.5 hours after the treatment. Presented layers are 5 um above the substratum in
each image stacks. Green: total biomass; red: dead cell biomass; orange: merge; side: side

view of biofilm thickness.
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Figure 5-4. Post-acquisition analyses of fluorescent images of the MRSA biofilms
treated with HMNQ and/or rhamnolipid

Post-acquisition analyses were performed using COMSTAT 2.0. MRSA biofilms treated
with water, 200 pg/mL rhamnolipid, 300 puM HMNQ, or a combination of 200 pg/mL
rhamnolipid with 300 uM HMNQ were compared in (A) biofilm biomass, (B) dead cell
ratio, (C) average thickness, and (D) roughness coefficient. Roughness coefficients of the
biofilms were calculated with COMSTAT 2.0 as an indication of biofilm healthiness and
integrity. The results were analyzed using unpaired two-sample t-test. (* p < 0.05, ** p <

0.01, *** p < 0.001, **** p < 0.0001)
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Figure 5-5
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Figure 5-5. The bactericidal and antibiofilm effects of HMNQ and rhamnolipid
against S. mutans biofilm analyzed by fluorescent confocal microscopy

S. mutans biofilms were grown on chambered-slides in BMGS medium. Biofilms were
stained with LIVE/DEAD BacLight fluorescent dye (SYTO 9/propidium iodide), then
subjected to optical dissection using a Zeiss LSM 700 laser scanning confocal microscope.
Images were acquired at 1.0 pm intervals down through the biofilm. At least seven image
stacks were acquired at 400 x from each well. Post-acquisition analyses were performed
using COMSTAT 2.0. Representative images of pre-formed biofilms treated with (A)
water, (B) 200 pg/mL rhamnolipid, (C) 300 uM HMNQ, or (D) a combination of 200
pg/mL rhamnolipid with 300 uM HMNQ were acquired 1.5 hours after the treatment.
Presented layers are 10 um above the substratum in each image stacks. Green: total

biomass; red: dead cell biomass; orange: merge; side: side view of biofilm thickness.
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Figure 5-6. Post-acquisition analyses of fluorescent images of the S. mutans biofilms
treated with HMNQ and/or rhamnolipid

Post-acquisition analyses were performed using COMSTAT 2.0. S. mutans biofilms treated
with water, 200 pg/mL rhamnolipid, 300 puM HMNQ, or a combination of 200 pg/mL
rhamnolipid with 300 uM HMNQ were compared in (A) biofilm biomass, (B) dead cell
ratio, (C) average thickness, and (D) roughness coefficient. Roughness coefficients of the
biofilms were calculated with COMSTAT 2.0 as an indication of biofilm healthiness and
integrity. The results were analyzed using unpaired two-sample t-test. (* p < 0.05, ** p <

0.01, *%% < 0.0001)
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Figure 5-7. Effects of HMNQ and rhamnolipid on NFxB activation in a macrophage
cells line

NF«B reporter macrophage cells (1.25 x 10°) were treated with increased concentrations
of (A) HMNQ, or (B) rhamnolipid for 0 (left) or 2 (right) hours before stimulating with
heat-killed MRSA (10° CFUs). After incubation for 18 hours, supernatant was collected
from each treatment and diluted 1:10 with QUANTI-Blue reagent. After 6-hour incubation
at 37°C, SEAP levels were detected as an indication of NFxB activation using a

spectrophotometer at 620 nm. Control: culture medium alone.
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Figure 5-8
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Figure 5-8. Histological analysis of uninfected wounds treated with HMNQ and
rhamnolipid

Mice post wounding surgery were given increased doses of a combination of HMNQ and
rhamnolipid daily for three days before sacrificed. Wound tissues treated with (A) PBS, or
(B, C) a mixture of HMNQ and rhamnolipid were excised and cut into 10-pum-thick

cryostat sections before H&E staining. Left: 4 x, middle: 20 x, right: 40 x magnification.



Luminescence

t 300

- 250

100
50

Counts

Color Scale
Min = 31
Max = 307

Luminescence

l_

40

Counts

Color Scale
Min = 31
Max =95

180



181

Figure 5-9. The bactericidal activity of HMNQ and rhamnolipid against
bioluminescent CA-MRSA imaged with IVIS

A fresh culture of bioluminescent CA-MRSA was streaked heavily onto an agar plate, and
10 uL of rhamnolipid (1.28 mg/mL), a mixture of HMNQ (2 mM) and rhamnolipid (1.28
mg/mL), gentamicin (1 mg/mL), or PBS were applied. The plate was incubated at room

temperature for up to 72 hours and imaged with IVIS at 0 (A) and 72 (B) hours.
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Figure 5-10. Evaluation of the antimicrobial efficacy and wound healing capacity of
HMNQ and rhamnolipid with a murine wound infection model

Mice post wounding surgery were infected with 10> CFUs of bioluminescent CA-MRSA
and treated with a mixture of HMNQ (2 mM) and rhamnolipid (1.28 mg/mL) compared to
rhamnolipid (1.28 mg/mL) alone. (A) Radiance plots of mouse wound bed as an indication
of bacterial burdens. (B) CFU counting from wound tissues collected after euthanasia. (C)
Daily mean group weights. (D) Wound area measurements at day 4 compared to PBS

treated wounds in a previous experiment. (n = 3 for each treatment)
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CHAPTER 6: Conclusion

In this work, we showed that B. thailandensis OMVs purified with either
equilibrium density-gradient ultracentrifugation or size exclusion chromatography
exhibited antimicrobial activity. Ultracentrifugation-purified OMVs inhibited the growth
of A. baumannii, MDR A. baumannii, S. aureus, MRSA, S. mutans, C. albicans, and C.
neoformans in planktonic cultures. In addition, our results indicated that B. thailandensis
OMVs have the ability to disrupt pre-formed biofilms of A. baumannii, E. faecalis, S.
aureus, and S. mutans. This antibiofilm activity was further examined against MRSA and
S. mutans biofilms with more robust characterization. We showed that OMVs potently
reduced the biomass, biofilm integrity, and cell viability of bacterial biofilms in a dose-
dependent manner. Additionally, we observed a synergistic effect between B. thailandensis
OMVs and gentamicin against S. mutans biofilms. In future studies, B. thailandensis
OMVs should be evaluated against polymicrobial biofilms as well as fungal biofilms.

In deciphering the antimicrobial activity of B. thailandensis OMVs, we discovered
that they contain not only peptidoglycan hydrolases but also HMNQ and long-chain
rhamnolipid. HMNQ at a concentration of 100 uM inhibited the growth of A. baumannii,
MDR A. baumannii, E. coli, S. aureus, MRSA, S. mutans, C. albicans, and C. neoformans,
whereas rhamnolipid showed broader spectrum at 64 pug/mL working against these
microorganisms as well as K. pneumoniae and carbapenem-resistant K. pneumoniae. Both
HMNQ and rhamnolipid showed antibiofilm activity against MRSA and S. mutans.
However, when applied together on pre-formed biofilms, we did not observe synergistic

effects with the two molecules. Furthermore, there were no synergistic effects between
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HMNQ and other antibiotics including ampicillin, gentamicin, rifampin, bacitracin, against
any of the pathogens tested (data not shown).

Our preliminary in vitro experiment implied that HMNQ could modulate innate
immune responses by inducing NFxB activation in macrophages, which influences
neutrophil recruitment. Previous studies showed that innate immune defense especially
neutrophil invasion is crucial for S. aureus control during infections?*%237, The roles of
HMNQ and rhamnolipid on innate immunity could be further characterized in vivo with
immunohistochemical analysis and flow cytometry. When applied on infected wounds,
HMNQ and rhamnolipid failed to reduce the bacterial burden compared to rhamnolipid
alone according to luminescence data. However, wound tissue from the mixture-treated
mice contained significantly less bacteria compared to wounds from rhamnolipid-treated
mice. Thus, alternative models could be explored to better characterized the efficacy of
HMNQ and rhamnolipid on topical infections. In addition, the rate of wound healing as
well as collagen secretion, as an indication of scar tissue formation, should be monitored
during the treatment.

To our knowledge, this is the first demonstration that HMNQ and rhamnolipid are
secreted through OMVs by B. thailandensis. A recent study showed that the production of
rhamnolipids in B. thailandensis is regulated by quorum sensing''¢. Interestingly, HMNQ
has been shown to play a key role in the quorum sensing of Burkholderia species'®. It will
be interesting to investigate the correlation between the regulation and production of the
two molecules and their secretion in OMVs. Considering its relationship to PQS, the roles
of HMNQ in OMV production should be investigated in the future. In the current work,

we also observed the presence of HAQ derivatives other than HMNQ within B.
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thailandensis OMVs (data not shown). The roles of these derivatives during interspecies
interactions and their relationship with OMVs remain unknown.

Here, we only characterized B. thailandensis OMVs derived from cultures grown
in a nutrient-rich media. Future studies could evaluate the antimicrobial and antibiofilm
activities of OMVs secreted by bacteria grown in non-conventional growth media, which
influences cargo packaging and secretion'?*. In addition, the identification of HMNQ and
rhamnolipid was determined by their activities against MRSA in a nutrient-rich
environment, which doesn’t necessarily mimic the environments in nature or during human
infection. To tackle this problem, fractions from B. thailandensis OMVs could be screened
against various pathogens grown in various conditions. Nevertheless, our findings indicate
that B. thailandensis secretes antimicrobial OMVs that may impart a survival advantage
by eliminating competition. In addition, with the mounting crisis of antimicrobial
resistance, new therapeutic strategies with distinct mechanisms of action against MDR and
biofilm-forming species are urgently needed to treat chronic and life-threatening infections.
Bacterial OM Vs may represent an untapped resource of novel therapeutics effective against
biofilm-forming and multidrug-resistant organisms. OMV-derived compounds from
Burkholderia or other soil bacteria could be further developed into new antibacterial
agents. Modifications of the natural compounds using computational biology and structure-
activity relationship studies could lead to novel antimicrobial products for clinical use or

agricultural applications.
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