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Abstract

Acinetobacter baumanniis an opportunistic pathogen and can cause severe disease
in immune-suppressed and/or injured patients. It isan extremedrug resistant bacterium
with the ability to form biofilms thereby significantly increasing resistance to treament.
Because of the extreme drug resistance and relatively unknown immunological profile Af
baumanniinew treatment options are needed.A. baumanniihas been reported to express a
Biofilm Associated Protein (BAP)a high molecular weight protein compaed of multiple
repeat modules and thought to be surface exposed on planktonic bacterium and
upregulated in biofilm. While it is unknown if BAP has any role imn vivoinfection of
humans, therepeatsof BAP proteinsare thought to function in intercellular adhesion to
support the mature biofilm and thus represent potential targets for immunotherapeutic
intervention. Herein my thesis is aimed at trying to verify that BAP is surface exposed,
upregulated in biofilm and to prove a role for BAP in pathogenesi as well as investigating
A. baumanniiinteractions with components of the innate immune systenin vitro.
Consensus synthetic peptides corresponding to the major internal repeats of BAP were
designed and conjugated to carrieproteins and recombinant proteins were manufactured
to correspond to the nonrepetitive N and C terminals of the proteirfor murine
immunization and assay developmentSerum from immunized mice was collected and
analyzed in ELISA and western immunoblot to determine reactivity witlplanktonic and
biofilm whole organism. Anti-serum to whole bacteria was also tested inpsonisation
assays to determine direct killing ability of serum on bacterian vitro. Anti-serum to whole
bacteria showed direct killing of the organismin vitro when in high concentrations (diluted

1/10), relative to pre-immune serum,but was less effective in lower concentrations

Xli



(diluted 1/50). Despite generating antibody reagents to multiple domains and epitopes
spanning the published BAP sequence, we were unaliteconfirm that BAP is expressed by
A. baumanniias reported by others. However, if BAP is indeed expressedAnbaumannii
our DNA and immunochemical data collectively suggest that BAPgstentially mosaic in

this pathogen.
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1 Introduction

1.1 Global importance /impact of Acinetobacter baumannii

1.1.1 Nosocomial and Community -acquired infections

Acinetobacter baumanniwas initially considered a relativelyinsignificant pathogen

>

Al AiiTi17TT1TuUu ECIT OAA O1 OEl OE Acal pampmes(60p. UAOAT x E
O1 OE1l OEA pwxmnmdO OEEO AAAOA-adiddinfedians dittrOO1 U AA
surgery and from the urinary tract of patients in the intensive care unit (ICU)but since the

p w Y Adnétobacterspecies have been found increasgly through the IQUJs of hospitals all

over the world (6, 60). In 2004 the Centers for Disease Control and Prevention stated that
Acinetobacter baumanniaccounted for approximately 80% of reported mfections (59) and

in 22009 Canadian studyAcinetobacter baumanniivas rankedas the 2Gh most common

organism identified from hospital ICUS44). This bacterium can spread egemically

among patients throughouthospitals causing various infections that are hard to treat as

most strains are highly resistant to antibiotics and are categorized as multirug resistant

(MDR) or extreme-drug resistant (XDR)(19). To this dayAcinetobacter baumannii

continues to be anescalatingproblem with outbreaks reported in North America, Europe,

China, Taiwan, Brazil, Japan, and areas as remote as the South Pacific and T86)ti Many

of these outbreaks involve strains that are increasingly mukdrug resistant and therefore

make Acinetobacter baumannia very successful nosocomial pathoge(31). Although

Acinetobacter baumanniis predominantly associated with hospitalacquired infections

these bacteria have also been shown to be involved in numerous communagquired

infections making it a dynamic and resilientbacterium (23). However, canmunity



acquired Acinetobacter baumanniinfections seem to be more prevalent in people with
higher morbidity and those living in tropical/subtropical climates as it colonizes a higher
number of people (3.8%) in these warm and humid environments comparedipeople

living in more temperate areas(0.5%) (1). Approximately 10% of severe community
acquired pneumonia and 20% of deaths from bacteraemia are attributed #cinetobacter
species in tropical northern Australia(1). Other cases of community acquired infections
have been identified in China, Taiwan, the Far East, Oceania and New Guineam@bidity
such as chronic obstructive pulmonary disease, diabetes and renal disease was common in

almost all cases as well asxcess alcohol consumption and smoking., 23).

1.1.2 War and Natural Disaster

Acinetobacterhas been responsible for infections in various scenariogn addition
to nosocomial and communityacquired infections Acinetobacterspecies have been
extremely successful in taking advantage of natural disasters and colonizing combat
inflicted wounds (13). In the aftermath of the 1999 Marmara earthquake in Turkey4% of
trauma victims were hospitalized, 18.6% of the injured had nosocomial infections and
31.2% of these infections wereAcinetobacter baumanniisolates(54). Acinetobacter
infections are found even more so in combatssociated wounds and have been
documented as earlyasthe Viethamand Gulf wars where itwas the most commonly
recovered isolate from war wounds and the second most frequent bacterium causing
bloodstream infections in the U.S marines with extremity wouns (13). It is now
commonly found colonizing wounded soldiers returning from the Iragi andAfghanistan

conflicts (13, 14). Mostwar isolatespast and presentare identified as multi-drug resistant



(MDR) and are termed war-zone community acquired pathogens both colonizing and
infecting casualties(14). During the Iraq and Afghanistan conflicts, particularly Operation
Iragi Freedom (OIF) and Operation Enduring Freedom (OEByer 29,000 United States
Military personnel were wounded in action(51, 53). Over 700 of these personnel who
sustained traumatic wounds,majority of these being orthopaedic or extremity injuries
were found to be infected with virulent Acinetobacter baumanni{50). Among the
wounded soldiers in Iraq and AfghanistanMDRAcinetobacterhas been reported to cause
deep wound infections,osteomyelitis, respiratory infections and bacteraemiamore so than
other notable Gam negative bacteria includingPseudomonas aeruginosKlebsiella
pneumoniaeand Escherichia col{(51, 84). Greater than 30% of combat related injties in
Irag and Afghanistan have resulted in osteomyelitis due to MDRcinetobacter baumannii
which has undoubtedly complicated orthopaedic blast injuries and increased morbidity
((38, 55, 84, 85) Further to this, Acinetobacter baumanniare the most common pathogens
(33%) associated with infections resulting from blast wounds anére more likely to
develop skin and soft tissuanfections (SSTI)(55). In a recent study ofinpatients admitted
to a naval hospitall4% of patients were diagnosed withAcinetobacter baumannig
associated skin and soft tissue infectiowhich exhibited cellulitis with progression towards
necrotizing infection and hemorrhagic blisters when not treated13). However,
Acinetobacterassociated SSTIs are relatively uncommon outside the military setting as
seen from a four year study which collected and analyzedenter than 1700 bacterial
isolates from Latin American medical centres and found thakcinetobacterspecies were

the cause of only 4.1% of all SST(66).



The high prevalence ofAcinetobacterinfections in military combat associated
wounds has been attributed to several potential sources: (i) the bacterium already
colonized the skin before injury, (ii) the bacterium entered the wound at the time of injury
from environmental soil contamination, or (iii) the bacterium was acquired after injury
during treatment in a field hospital or healthcare facility(65). The cause of infections could
be one or a combination of the three above sources but the true origin is not conclusive as

of yet.

Clearly Acinetobacter baumanniis anextremely important global pathogennot only
in both the clinical and community setting, but from a military perspective as wellt
deserves attention from clinicians and researchers alikeo developinnovative ideas for

new andimproved treatment options.

1.2 Acinetobacter baumannii_Microbiology and Epidemiology

1.2.1 Definition, Classification and Clinical importance

Members of the future genusAcinetobacterwere first described in 1896 byMorax
AT A ET OEA A 111 xETC UAAOO AmAT @Al EARARERADE C.
years. The namé\cinetobacterfrom the Greekakinetosi AAT ET ¢ OOT AAT A O1 11 «
proposed in 1954 and adopted in 1969, thus the genuscinetobacter havingonly one
species at the time, was born€2). Currently there are 17 named and 14 unnamed
Acinetobacterspecies classified under the family Moraxellaceae with only a few recognized
as potential pathogens. A.baumannii, one of the most frequently involved in severe
infections, are Gram negative, nonmotile, non- lactose-fermenting, oxidase negative and

catalase positivefree-living coccobacilli(29). A. baumamii is ubiquitous in the



environment and can be found in soil, wateyfoodsand can colonizehe skin, throat,
occasionally the digestive tracand most moist body area®f healthy individuals with no
detrimental effect (13, 17). In the clinical setting howeverA.baumanniican be extremely
dangerous especially to immune compromised patients such as ones undergoing
chemotherapy, surgical procedures or ones with underlying diseas€56). Beingan
opportunistic pathogen, once it comes into contact with immunosuppressed individuals it
cancaus serious nosocomial infectiongncluding severe bacteraemia, urinary traceand
catheter-related infections, pneumonia, meningtis, skin and wound infections,

osteomyelitis and many other hospital and ICtacquiredillnesses(47).

1.2.2 Risk Factors, Transmission and Control Measures

Acinetobacterinfections are occurring at highratesin both the hospital setting and
in traumatic war injuries. What makes the increasing rates even more alarming is that
many of these infections are multidrug resistant (MDR)and incredibly difficult to treat.
The exact origin andcontributing factors of infection have not beenspecifically identified
but there arevarious themes that have been propose{7). There are specific risk factors
that make a patient more susceptibléo Acinetobacterinfection which differ and overlap
for military personnel and civilians: (i) whether or not the patient has had previous
invasive procedures and or mechanical ventilation, (ii) selective pressures by antibiotics,
especially inadequate antibiotic therapy that has little ono activity againstAcinetobacter
strains which cause the mutations in antimicrobial resistance genes to be selected and
enhanced (iii) prolonged length of stay in the hospital, the patients age, underlying

pathologies or multi-system diseases, (iv) envonmental contamination issues, such as



contaminated materials, medical equipment, catheters, ventilators and mattresses and (v)
battlefield-specific wounds(2, 50, 51). Studies reveal he most common contributing
factors for acquisition are contaminated environmentalmedical surfaces, noncompliance
with infection control guidelines, exposure to invasive medical devices and procedures
(50) and prior/mis -use of broadspectrum antibiotics (22). Being intrinsically resistant to
many antibiotics, it should not be surprising that the prior useand selective pressure
created by administration of these medications would increase risk of infection and drive
the progression towards a MDR phenotyp€22). In any bacterial pathogen, dcreasing the
use of ineffective and unnecessary antibiotic treatments and thefere the selective
pressures on bacteria would have resulted in loss of mutated genes encoding for
antimicrobial resistance as expression of these genes create an unneeded metabolic

expense for bacteria(13).

Like most bacteria, in many cases the transmission &. baumanniiis quite
preventable if all individuals involved took the proper precautions.A. baumanniicanbe
carried on healthcare personnel and transmitted from hands and gowns to patients directly
or it can colonize and infect patients that come into contact with contaminated hospital
equipment (52); therefore washing of hands and proper sterilization of medical devices are
of utmost importance. To a lesser extent can spread through the air in the scales of skin
from colonized patients and in water droplets over short distance§19). Patients who
become colonized or infected can then spread the bacteria to other occupawis the ward
and contaminate their surrounding environment asA. baumanniican survive dry
conditions and live on inanimate objects for monthg19, 29). The cleaning and disinfecting

of infected patients rooms has been shown to halt outbreaks and this clearly emphasizes



the importance of enforcing strict infection control guidelinesand strategieswhich require

cooperation of all levels of healthcare personndgR9, 50).

1.3 Mechanisms of Resistance

1.3.1 Multi -drug Resistance

The clinical interest inA. baumanniihasescalated over the lasfew decades as it has
become increasingly more resistant to many classes of tiiotics designating it a multi-
drug resistant (MDR) bacterium(47, 60). MDR is defined as resistance to three or more
classes of antibiotics, however there aremergingstrains of A. baumanii that are resistant
to almost all available antimicrobial agents classifying these strains as paiug-resistant
(PDR)or extreme-drug resistant (XDR)(83). This organism is intrinsically resistant to
numerous conmonly used antibiotics including penicillin, first and second generation
cephalosporins and chloramphenicol thus the choice of appropriate theragyas always
beenlimited asA. baumanniiis inherently MDR(19, 29). Furthermore,A. baumanniihasa
remarkable capacity for acquiring mechanismsby mutational changes or acquisition of
genetic material,that confer resistance to broadspectrum betalactams, aminoglycosides,
fluoroquinolones, and tetracyclines(19, 56) and asa resultthis organismutilizes all the
major resistance mechanisms that are known in bacteria to mediate resistance to
antimicrobial agents. A. baumanniihas evenresorted to loss of its lipopolysaccharide (LPS)
to confer resistance to certain antimicrobials as was shown in a 2010 study where loss of
LPS occurs in a pamesistant isolate. This is the first report of this spontaneously occurring

in a Gram negative hcterium (48).



1.3.2 Beta-Lactamases, OMPs, PBPs and Efflux pumps

Betalactam antibiotics which inhibit bacteria by disrupting cell wall synthesiswere
the gold standard for treatingbacterial infections and still are, for the most part,the
desired course of therapy for treatment ofenericinfections (74). Unfortunately, bacteria
have evolved complex mechanisms of resistance to counteract the lethal effectbeta-
lactam antbiotics, A. baumanniibeing one of severabacteria that has taken this to
extremes(56, 57). A.baumanniican harbour every class of éta-lactamaseenzymes which
work by hydrolyzing the betalactamring of these antibiotics rendering them less effective.
Betalactamases present irA. buamanniinclude naturally encodedclass CAmpGtype
cephalosporinase and class D OXB1/69 oxacillinases as well as class A betlactamases
and extended spectrum bed-lactamases (ESBLS) such as TEM PER1, CTXM, SH\V12
and TEM116 (71). Class B or metalldbeta-lactamasessuch asthe IMP and VIMfamilies
are also prominent inA. baumanniistrains which havecaused much conern to clinicians
as thesebeta-lactamases can hydrolyze all betétactams and along with the class Deta-
lactamases can hydrolyze carbapenemsvhich wereat one time consideredhe drug of

choicefor treating A. baumanniinfections (56, 57, 71)

In addition to the many betalactamases harboured byA. baumannij it also utilizes
changes in outer membrane proteins (OMPSs) and penicillin binding proteins (PBPSs) as
resistant medcanismsagainst betalactam antibiotics (56). Altering the structure and
number of porin proteins which results in decreased permeability to antibiotics and
changes in the PBPs which preventteta-lactam action are commonin A. baumannii(33,

81). This includes reduced expression or total loss of various OMPs which can result in



resistance tothe carbapenems imipenem and meropenen(B3). PBRmediated
mechanisms of resitance include acquiring a noveless sensitive enzymemutation of an
endogenous PBRo decrease the reaction with betdactams and up regulation of PBP
expression(33, 82). Betalactam antibiotics cannot bind as effectively tahesealtered
PBPsand thus cannot inhibit the final cross lirking of the peptidoglycan layer in the

bacterial cell membrane.

The reduced accumulation of antibiotics in bacteria can be attributed to the
combination of slower diffusion due to reduced expression of OMRand increased
expression of efflux pumps which actively pump out toxic substancgmssing acrossn the
inner and outer cell membranes such as the many classes of antibiotiés baumanniiis
resistant to (56, 64, 74). Efflux pumps illustrate a unique phenomenon in drug resistance:
that is a single mechanism causing resistance against several different classes of antibiotics.
There are specific efflux pumps belonging to distct families found in various species of
bacteria and there is one in particular that is well described i\. baumannij the AdeABC
efflux pump (56, 81). The AdeABC efflux pumpelongs to the Resitance Nodulation-cell
Division (RND) family andpumps out aminoglycosides, cefotaxime, tetracyclines,
erythromycin and fluoroquinolones among other antibioticsand is also thought to confer
high level of resistance to carbapenems when overexprességll). In general the RND
family of efflux pumps is the most superior when mediating antibiotic resistance, virulence
and fitness of Gram negative bacterié64). The expression othis efflux pump is controlled
by a two-component regulatory systemcontaining a regulator @deR and a sensor &deS.

A single point mutation in theadeRor adeSgenes can cause increased expression of

AdeABC and therefore increased expulsion of antibias (19, 56, 64, 74, 78)



1.4 Treatment Options

1.4.1 Carbapenems, Colistin and Combination Therapies

The upregulation of intrinsic resistance mechanisms in comnihation with acquired
geneticelementssuch as resistancéslands, which can carry up to 52esistance genesand
its ability to survive in the environment makesA. baumanniian important superbug that
requires much attention (64, 78). Its resistance profile has made infectioa very hard to
treat and raisesOEA NOAOOEIT 1T £ xEAO8O 1T A0 AT A xEAO
utilized? Up until recently, carbapenems suclas imipenem and meropenem were
considered the last resort drug of choice for treating\. baumanniiinfections, however
carbapenem resistant strains are on the risand therefore these antibiotics are becoming
progressively less effectiveeven when used incombination therapies(78, 83). This trend
was shockingly apparent in soldiers injured in OIF and OEF such that in a two year period
starting in 2005 resistance to imipenem increased from 13% to 4% (55). Further to this,

a 2007 surveillance study revealed that resistance rates to imipenem ranged from 38% to
71%, an extreme increase from 20 years ago when imipenem resistance was virtually

unheard of (43).

Currently, drugs that show a lower percentage of resistant isolates are colistin, a
polymyxin antibiotic, and tigecycline, a glycylcycline antibiotiq78) and combination
therapies. Colistin was used in the 1970s to treat infections but due to its high toxicity,
low therapeutic index and the development of less toxitherapies it was discontinued(82).
However with antimicrobial re sistant superbugs on the rise colistirwasrevisited and has

been used in numerous studies to treat MDR. baumanniiinfections (10, 83).
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Nevertheless, similarly to carbapenem resistance, colistin resistance is also on the rise with
half the carbapenem resistant clinical strains also resistant to colistin treatmens5, 79).

For a more comprehensive review on small molecule antibiotics andl. baumannii

treatment options see Karagorgopoulos & Falagag,2008) (29); Vila & P&hon, (2011)

(77) and Wroblewska(2006) (82).

1.4.2 Antimicrobial peptides

Novel therapiesare clearly needed for treatment ofA. baumanniiinfections as this
bacterium is incredibly dynamic in terms of resistace. Researchers have been exploring
the use of antimicrobial peptides (AMPS) in their quest to find a suitable and proficient
therapy to treat MDR infections(55). These host defence peptides are a component oéth
innate immune system and are evolutionary conserved among all classes of life. They are
potential therapeutic agentsbeing similar to potent broad spectrum antibioticswhile
having increased activity on bacterial membrane disintegration as well as thebdity to
bind intracellular targets such as DnakK, inhibiting chaperonassisted protein folding(55).
It has been shownn vivothat a particular AMP, A3APQO;is able to fight MDRA. baumannii
infections at similar levels or better than imipenemeven when the peptide was
administered at much lower doseq55). Furthermore, in a recent study the activity of
fifteen different AMPs were tested with colistinsusceptible and colisin-resistant A.
baumanniistrains (78). Of the fifteen AMPs only three, cecropin PI, melittin, and
mastoparan showed activity agaist colistin-susceptible strains. Only mastoparan a
peptide toxin from wasp venomand melittin, the active component in beavzenom,showed

activity against both colistin-susceptible andcolistin-resistant strains having minimum
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inhibitory concentrations (MICs) as low as 24 mg/L while most of the other AMPs had
MICs of 1625 mg/L or higher (79). Further research andin vivostudies are needed to
determine the true mechanism of action used by these peptides and whether or not they
would be an appropriate treatment for A. baumanniinfections (79). Nevertheless they do
have potential to be antimicrobial agents for MDRA. baumanniiespeciallywhen XDR

strains arise.

1.4.3 Vaccines and Antibody Therapy

Scientists have also been looking into differerttacterial targets that would be
suitable for vaccine development toactively prevent MDRA. baumanniiinfections in
particular groups with well-defined risk factors. These groups include patients in long
term care facilities, individuals receiving mechanical ventilation and military personnel
(41). To date there are no vaccines that have been developed for this organism even
though immunization, both passive and activergpresents a highly effective strategy for
prevention in laboratory animals (13, 43, 83) Vaccines based on whole cell organisms can
stimulate an antibody response to multiple bacterial antigens and surface proteins
therefore providing protection against a broadrange of strains within A. baumannii(41).
However, immunization of humanswith whole bacteria may not be feasible as it raises
various safety concerngdue to the presence of lipopolysaccharaide (LPShus recen
studies have explored immunization with proteins from the outer membraneand outer
membrane vesicles, commonly called outer membrane complex (OMC) vacciig3, 13, 42,

43).
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Outer membrane vesicles (OMVSs) are spherical vesicles made up of outer
membrane proteins, periplasmic proteins and LPS which have been suggested to play a role
in A. baumanniipathogenesis as clinical isolates have been showngecret OMVs
containing putative virulence factors and immune modulating proteins. OMVs are also
thought to be involved with quorum sensing, gene transfer and the transport of virulence
factors making them appealing target$or developing A. baumanniivaccines(42). OMC
vaccines haveshown potential for treatment and prevention of infections caused by
Staphylococcus aureusnd Pseudomonas aeruginogd3) as they elicit polyclonal
antibodies against variousouter membrane proteins (OMPs)which have demonstrated
bactericidal activity and are able to induce protective immunity against infectiorin animal
models (43). Furthermore, preventative treatments such as tlesehave stown so much
promise that OMV vaccines havalready beendevelopedfor research and human clinical
trials for numerous Gram negative bacteria includingdelicobacter pylorj Neisseria

meningitidisand Vibrio cholerae(42).

The potential of these vaccines has been demonstrated A1 baumanniias a2011
animal study revealed that antisera produced by immunization with OMC vaccine was
successful in treating established\. baumanniiinfections, including onecaused by a XDR
isolate (43). Clearly antibodies play a role in protective immunity in experimental
infection. The polyclonal antibody response elicited byDMC and OMV vaccines is
favourable asthere is less chancef developingmutations of target epitopes compaed to
monoclonal antibody based therapies where a single epitope on a single antigen is targeted
(42, 43). Although ths study showed that mice produced antigerspecific humoral and

cellular responses when immunized with OMC, treatment with vaccine sera seemed to
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provide sufficient immunity to A. baumanniiinfection, confirming that antibodies were
critical for protection (41, 43). While the importance of a cellular response in the role of
protective immunity cannot be ruled out it is safe to say antibody based therapies and

vaccination may be alternative strategies for treatingA. baumanniinfections (20, 42).

1.5 Host Immune Response to A. baumannii_Infection

Although A. baumanniiinfections are prominent problem in both the civilian and
military hospital settings there is little known about host defence mechamsims used to
regulate infections(4). A. baumanniibacteria are able todisseminate rapidly through the
body to peripheral organs via the blood. Once bacteria reach organs such as the lungs and
spleen they replicatequickly and can develop into severe infection a8. baumanniican
adhere and invade epithelial cells internalizing in membrane bound vacuolg8). Under
normal conditions the immune system seems to be capable of effeely controlling A.
baumanniiinfection and preventing serious illnesg58). However, if the immune system is

compromised or certain components are removed infection can be extremely leth¢d8).

Certain animal studies have demonstrated the importance of neutrophils in host
defence againsiA. baumanniippneumonias and sepsis. Normally neutrophils are rapidly
shipped to the lungs at the beginning of an infection but depletion of these immune cells
prior to challenge with A. baumanniiresulted in loss of control of bacterial replication at
the site of infection and a lethal outcomé4, 58). Further studies have illustrated the
important role of toll -like receptor 4 (TLR4) and the pathogen recognition receptor CD14,
as the absence of these immune components increased the chance of pneumonia

development in murine models(4). TLR4 recognizes bacterial LPS so it is not surprising
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that A. baumanniiLPS stimulates TLR4, in turn eliciting a strong prinflammatory cytokine
response in murine cells. However, it is well known that the effectiveness of certain types
of LPS in stimulating cytokines via TLR4 can differ drastically wherpalied to human cells
compared to murine cells. Thus researchers tested the activity Af baumanniiLPS in a
human monocytic cell line and discovered thaf. baumanniiendotoxin was able to
stimulate elevated levels of both Il8and TNFy A O AT nd\a lovoas A. the/L and
1ng/mL respectively. These results are comparable to trends seen i coliinfection (20).

In addition, anin vivo murine model of A. baumanniiung infection showed release of pre
inflammatory cytokines and chemokines followed by bacterial clearance from the lungs of
infected mice. These results plainly underline the importance of inflammatory cytokines in

the control and clearing ofA. baumannii(15).

Other studies have effectively shown contrasting results in thak. baumannii
induces a poor inflammatory response in human cells. It was shown that airway epithelial
cells produce less IE6 and IL-8 when challenged withA. baumanniiin vitro compared to
other bacterial species, includingAcinetobacter junii Further investigation with human
macrophages revealed similar results; these cells produced less TFh -19p40, IL-8 and

IL-10 when challenged withA. baumanniistrains (15).

Clearly immune interactions with A.baumanniihave been underinvestigated as
there is still much to discover about the pathogenicity and virulence of this pathogen.
Additional studies are required to determine details of host defence mechanisms and the

particulars of how A. baumanniiinteracts with specific components of the immune system.

1.6 Biofilms
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1.6.1 Importance, Structure and Function

Bacterial biofilms, once thought to be a rarity, are now known to be fundamentéd
bacterial survival and a naturallifestyle of many microorganismsin both the clinical and
environmental setting (34-36, 75). Detailed studies have revealed that planktonic or free
living growth rarely exists in nature and appioximately 99% of microbes on earth form and
live within biofilms (18, 80). Biofilms can form on varpus different surfaces in the natural
environment including aquatic and soil ecosystems and aresd common inindustrial sites
such as water piping systemg¢80). What is of greater concern is the biofilms that have
been discovered in the hospital setting including ones formed not only on medical devices
such as intubdion tubes, catheters, artificial heart valves and prosthetics buiving tissues

as well (75, 80).

Bacterial biofilms are independent, highly organized communities that are
morphologically and physbplogically distinct from their planktonic counterparts. Biofilms
are aggregates of cells that are attached tosarfaceand encapsuétedin a seltproduced
hydrated matrix of polysaccharide and protein(34). Biofilm formation and development
can arise from a number of environmental cueand occurs through a series of coordinated
molecular steps: (i) reversible initial attachment of bacteia to a surface, (ii) proliferation
and accumulationof multi layer cell clusterswith progression to irreversible attachment,
(iif) development of biofilm structure in which cells are encased in exopolymeric
substances, (iv) maturation of the biofilm stucture and (v) dispersal of colonies to other

sites (Figure 1.) (39, 45, 49).
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Figure 1. Cartoon representation of the sequence of steps in biofilm formatiostarting
with primary attachment to a surface, progression to irreversible attachment, further
proliferation, maturation of multi layer cell structures and finally dispersal of freeliving
cells from the biofilm structure to colonize other sites Figure modified from (49).

Biofilms are becoming increasingly recogrzied as a considerable factor in persistent
bacterial infectionsand are a substantial component of antimicrobial resistance used by
numerous bacteria specieg72). With approximately 65% of all bacterial infections
involving biofilm formation, clinicians are encountering additional complications when
treating MDR pathogenssincebiofilms render bacteria up to 1000 times more resistant to
antimicrobials than their free-living forms (45, 75). This is especially the casaith non-
healing chronic wound infections which are most often found in biofilm form(13, 72).

Biofilms provide protection and amechanically stable environmentfor the bacteria

17



enabling them to evaddhe host immune system as well aprotecting them from
desiccation and treatment by washing such is done for wound therafit8, 46, 75)
Moreover biofilms provide close cell to cell proximity enablingmore horizontal gene
transfer and sharing of genetic elementbetween bacteria Horizontal gene transfer such
as transformation and bacterial conjugatbn is advantageous to bacteria as this allows

increased uptake and sharing of resistance genes among othmmefits (13).

1.6.2 Biofilm Resistance Mechanisms

Although biofilms add greatly to antimicrobial resistancethe mechanisms used by
non-biofilm bacteria such as target mutations, low cell permeability, efflux pumps and
modifying enzymes, do not appear tgolely confer resistance in biofilms(72). There are
however, four hbiofilm resistance mechanisms that are proposed to explain the reduced
antibiotic susceptibility of bacterial biofilms: (i) slow diffusion or lack of penetration by
antibiotics, (ii) decreased growth and altered microenvironment compared to frediving
forms, (iii) increased response to environmental stressors and (iv) the presence of
bacterial persister cells(70, 72). Several antibiotics slowly diffuse or cannot penetrate the
polysaccharidematrix which composes the outer slime layeof these multicellular
structures. These include well known drugs such as piperacillin, gentamicin, tobramycin
and ampicillin which are not able to penetrate the biofilms formed byseudomonas
aeruginosaand Klebsiela pneumonia (13, 72, 75) Biofilms have an altered
microenvironment and grow at a slower rate than fredliving bacteria. The killing capacity
of many antibiotics, such apenicillin, depends on bacterial growth or certain types of

macromolecular synthesis and therefore these drugs would have little effect where these
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processes are halted or reduced. Other antibiotics, such as aminoglycosides, are modulated
by oxygen and waild not be able to attack bacteria in anaerobic regions of biofilm
rendering them less effectivg72, 73). The stress responses that allovall bacteria to cope
with temperature changes, DNA damge starvation and other environmental challenges
may be increased in biofilmpromoting their survival and thus resistancg(69). The
community of cells within biofilm are thought to begiven greater opportunity to express
traits related to these adaptive responses as a result of slow growth rate and decreased
penetration of antibiotics (72, 75). In addition to antibiotic resistance biofilms alsoprovide
defence againsthemical disinfectants which is thought to be explained by the presence of
persister cells in the biofilm, adding to the resistance profil€70, 72). These hardy, spore
like cells arehighly protected and although they constitute a small portion of the
population, they occur in much higher frequency in biofilm communities compared to

planktonic (72).

The genetic and molecular details of theseyipothetical biofilm resistance
mechanisms are not fully known and are gradually emerging in research. However, it is
thought that the extreme resistance seen in biofilm infections is a combination of many
mechanisms which most likely differ among and beteen bacterial genera, species and
strains (34, 72, 73) Regardless of the causes and particulars of biofilm development and
resistance, they pose an extreme challengad experseto public health and human

medicine (71, 72).
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1.6.3 Extracellular Polysaccharides and GGDEF/EAL DomainProteins

Although the biofilms produced by various unrelated bacteria have differences in
their structure, all bacterial biofilms are proposed tohave several functionally conserved
components in common(36, 39). These common elements include the production of
extracellular polysaccharide matrix, regulation of extracellular components via-di-GMP,
which in turn is dependent on intracellular signalling mediated byproteins containing the

GGDEF/EAL domain, and large surface adhesion proteif&t).

Although numerous exopolysaccharides have been described bacterial biofilms,
AAT 1 61,6 liokkdN-geetylglucosamine or polysaccharide intercellular adhesin (PIA)
and poly- 1 -1,6-linked N-acetylglucosamine (PNAG) are among the most commoRIA and
PNAG are now known to be structurally and immunologicallidentical (7, 34) and from
this point on will be referred to as PIA/PNAG PIA/PNAG polysaccharides are
manufactured by four homologous proteins named IcaA, IcaD, IcaB and IcaC which are
encoded by an oganized set of genes in a single operoic@ADBQ (34). These
polysaccharides play an important role in cell to cell adherence and are also considered a
vital virulence factor that provides protection against innate hosimmunity (7). Within the
last few years there have been discoveries of related loci that are genetically and
functionally similar to the icaADBQoperon in that they encode proteins that synthesize
similar exopolysacharides (7). These loci have been described in numerous Gram
negative bacterig but one in particular, thepgaABCDoperon, is especially well known.
PgaABCD proteins produce an unbranched polysaccharide identical to PIA/PNAG which

acts as a stabilizer obiofilm formation during diverse growth conditions (7, 34).
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In Gram negative bacteria extracellular polysaccharides can be neaty polyanionic
or can contain uronic acids and ketalinked pyruvates which amplify their anionic
properties. Being anionic is advantageous as it allows increased association with divalent
cations such as calcium and magnesium, thus strengthening the binding force in developed
biofilm (34, 80). The proportion of extracellular polymeric substancesn biofilms can
range from 50-90%, but composition will often vary depending on several factors including
the type of organism, age of the biofilm, levels of oxygen and nitroggamperature, pH and
available nutrients (75, 80). Since biofilms are very dynamic they can change their
composition and adhesion abilities in response to environmental changes and theserse

surfaces they attach to(18, 34, 80)

The GGDEF/EAL domaiproteins contain approximately 180 to 240 residuesare
present in majority of bacteriaand are generally associated with signaensing and signal
transduction (27, 34). Theyare an important component of bacterial biofilms as they
mediate o 6-eydic diguanylic acid (edi-GMP) a second messenger iimtercellular
signalling, and arealso related toregulation of exopolysaccharide production both being
vital to biofilm formation (9, 63). Proteins containing a GGDEF/EAL domain control
intercellular c-di-GMP levelsvhich in turn are thought tocontrol the transition between
biofilm and planktonic states. Therefore expression and activity of GGDEF/EAL domain
proteins are regulated in response to environmental cues or stressors that wdd drive
towards a biofilm phenotype (9, 34). Decreased levels of -@i-GMP resulting from
mutations in genes encoding for GGDEF/EAL domain have been associated with diminished

exopolysaccharide production and reduced capacity tafm biofilm suggesting even
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further that c-di-GMP and GGDEF/EAL domain proteirsse acrucial componentin biofilm

formation (27).

1.6.4 Biofilm Associated Proteins (BAP) and BAP Homologues

Extracellular polysaccharides are generally portrayed as being the most
fundamental components of the biofilm matrix and biofilm formation as they are the
framework in which microbial cells aggregate. Surface proteins are alsdighly conserved
component,although since they danot form the bulk of the matrix they have been slightly
overlooked and for the most part have been linked solely to the initial attachment of cells to
a surface(35). However, extensive research and interest in characteing bacterial
biofilms has led to the finding that large surface proteins are more important than once
thought (12, 34, 36) The first member ofthis group of large surface proteins which all
sharesimilar structural and functional featureswas identified in a Staphylococcus aureus
isolate from a bovine mastitis infection and washamed BAP for Biofilm Associated Protein
(11). Since the intial discovery of the first BAP numerous other proteindiave been
describedthat exhibit homology to the BAP of. aureusn several diverse bacterial species
(Table 1) (35, 36). Proteins belonging tothe BAP family sharea distinct set of structural
featuresdistinguishing them from other biofilm related proteins. BAP and BAP
homologues: (i) are situat@ on the bacterial surface and have a signal sequence for
extracellular secretion,(ii) are excessiely large with high molecular weight, (iii) have a
core domain consisting of tandem repeatssthose number varies among different isolates
and (iv) confer on bacteria theaptitude for biofilm formation (12, 34, 39). Although

members of the BAP family share these structural and functional similarities, their primary

22



sequenceand origin can be fairly diverse(39). For instance, thdap gene from S. aureuss
encoded in a pathogenicity islandPAl) whereasbhp, a gene irS. epidermidisvhich

encodes a protein highly homologous to BAP, is not associated with a mobile element of
any kind (25). Similarly, BgpA of Salmonella enteritidisand LapA ofPseudomonas
fluorescensare not known to be linked to any PAls, but BapA &almonella typhis

contained within a PAB 7TEAO080 i1 OA EO OEAO Ox1 OAIlI AOGAA
samebap or bap-related genein completely different PAIs, such is the case with
Enterococcugaecalisand Enterococcugaecium(35). It has been suggested that PAct as
dynamic vehicles for attaining biofilm forming capabilities and reverting back to a free
living lifestyle by the process of horizontal transfer obap genes this would represent a
rapid and flexible means of evolution in bacterial pathogenesis and virulence and requires

further exploration (35, 36).

Table 1. The diverse bacterial species harbouring proteins homologous to the BAFSof
aureus Modified from (35, 36)

Protein Bacterium ~ % homology Proposed/known function
with BAP
BAP Staphylococcus aureus - Initial attachment and biofilm
formation on abiotic surfaces
Mus 20 Pseudomonas putida 29 Initial colonization
BapA Salmonella enteritidis 28 Biofilm formation and host
colonization
Bap Burkholderia cepacia 33 Late stages of biofilm formation
Espfm Enterococcus faecium 27 Eukaryotic cell adhesion
Esp Enterococcus faecalis 26 Initial attachment and biofilm
formation on abiotic surfaces
LapA Pseudomonas fluorescen: 25 Progression to irreversible
attachment to a suface
Yeel Escherichia coli 21 Non-specific adhesion
VP1443 Vibrio parahaemolyticus 20 Maturation of biofilm structure
Homology Cell to cell interaction and
BAP Acinetobacter baumanni  restricted to A-C maintenance of mature biofilm
repeat regions
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The value of these proteins has been defined within the last decade as the mysteries
of these once overlooked components of biofilm formation are gradually uncoveredk has
been determined that proteins of the BAP family are equally important as extracelar
polysaccharides in the process of biofilm formation. They have been shown to promote
adhesion to biotic(living) and abiotic (hon-living) surfaces and are pertinent components
to the bacterial infectious process as they play a role in intercellular &gsion and the
accumulation of multicellular clusters within the mature biofilm (12, 13, 34). In a study
performed by Cucarellaet al (2004) interference with the bap geneled to a decreased
accumulation of exopolysaccharides suggesting that impaired biofilm formation in BAP
mutant strains was due to reduced levels of PIA/PNAG polysaccharidgi?, 34). Bacterial
isolates habouring both the bap gene and theacaADBQoperon, which is responsible for
encoding PIA/PNAG synthesisyere good biofilm producers. Interestingly enough,
bacterial strains deficient in theicaADBQoperon, but positive forbap, were still able to
generate strong biofilms (12). Therefore, the expression of the BAP protein is sufficient to
mediate biofilm formation in the absence of exopolysaccharides, which were once thought

to be the key elements in forming biofilns (12, 34, 36)

1.7 Biofilm Formation and Regulation

Biofilm formation is a complex process that relies on thehangesand transport of
microbial cells andextracellular substancessuch as polysaccharides and protein® a
surface, followed byirreversible attachment and further proliferation into multi cell layers
(49, 80). This process relies on coordination of bacterial céd to communicate their

population behaviour through signalling molecules. These small extracellular molecules
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are released into the environment and sensed by neighbouring cells who respond to them
accordingly. Bacteria use a system termed quorum sensif@S) in conjunction with two-
component regulatory systems and transcriptional regulatorsto monitor the

concentration of these molecules andoordinate gene expressiontherefore permitting

planktonic cells to form and live in unity(21, 26).

Generally biofilm formation is regulated and maintained by bacterial Q8vhich can
be divided into two types (i) one mainly involved in intra-species communication and
produced and released by Gram negat bacteria, autoinducerl (Al-1) and (ii) one related
to inter-species interactionmainly associated with Gram positive bacteriaautoinducer-2
(AlI-2) (80). For the purpose of this paper, only the AL QS system will be Bcussed.
Quorum sensingallows necessarycell to cell communication and regulation of a specific set
of biofilm differentiation and maturation genes that are dependent on cell density for
expression; these genes are only activatemh response to variousenvironmental signals
and once thepopulation density has reached a particulathreshold (18, 26, 80). Cell to cell
communication and population density are mediated in Gram negdive bacteria by the
accumulation of Al-1 quorum sensing molecules; these moleculesalso called N-actyl
homoserine lactones (AHLs)21), are often produced as mixtures of many AHLand are an
important, highly explored class of speciespecific autoinducers (18). AHL signal
molecules are generatd by AHL synthases and act by binding transcriptional regulatory
protein receptorsthus activating/regulating gene expression in tke organism(3). Typically
in Gram negative bacterithe AHL QS system is mediated by theuxlI-type synthaseand
LuxR-type receptor protein families. LuxI-type proteins synthesize AHL moleculeswhich

diffuse in and aut of the bacterial cell membraneand interact directly with the cognate
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LuxR-type receptor proteins (3). Once a particularcell density threshold is reached,the
AHL/receptor complex binds to a specific promoter segence callediux-box which triggers
a cascade of molecular events resulting in transcription and expression of seve@§ target
genes involved in various behavioural responseg3, 18, 80) Even though there are many
similarities among the QS systems utilizing AHL signalling molecules the Ltbype
synthases and the LuxRype receptors vary considerably depending on the microorganism

(18).

Bacterial biofilms pose a significant threat to the treatment of infections caused by
pathogenic bacteria, thus it is of vital importance to understand the details behind the
mechanisms of biofilm formation. Knowledge of these mechanisms allows resehrin the
development of new strategies which could help in combating biofilm infections.
Disruption of the QSsystemsuch as blocking autoinducesynthases andcognatereceptors
and therefore inhibiting bacterial communicationis an approach many reseaters are
looking in to (21, 40). It is thought that resistance to these bacterial communication
inhibitors would not occur as rapidly compared to resistance to other forms of treatment
because he loss of the QS system does not impede bacterial growth. As a result
degradation of AHL/AI signalling molecules and inference with QS represent appealing
options for treating bacterial biofilm infections (18, 24). Further research is needed to
determine the clinical relevance of these inhibitors, and what specific targets are

appropriate for the various biofilm producing bacteria.
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1.8 A. baumannii_biofilm

1.8.1 Common Features

A. baumanniiis undoubtedly a significant nosocomial pathogen causing devastating
chronic infections in both civilian and military groups(46). Its ability to resist a wide range
of antibiotics resulting in a MDR phenotype and & capacity to survive for months on
inanimate objects could be due to the fact that this bacterium employs the use of biofilms
on abiotic and biotic surfaces(37, 45, 78). These films cause severe infection,
particularly ones associated with cathetesrelated urinary or bloodstream infections and
even shuntrelated meningitis (26, 45, 78) A. baumanniiand their biofilms have not been
investigated as thoroughly as other biofilmforming bacteria since this bacterium was
highly overlooked up until a few decades ago. However, several distinct characteristics
have been discovered that are importanin the formation, structure and maintenanceof
these bacterial biofilms.

Like many bacterial speciesA. baumanniiuses resistant mechanisms synergistically
especially when numerousstressors, such as antimicrobial therapy or environmental
pressures,are preserted to it (26, 37, 45). It has been shown thaf\. baumanniistrains
which possesshlaPER1, a gene encoding for the PERESBLhave greater cell
adhesiveness and biofilm formation than those that do not have this genetic trg26, 37).
Furthermore, the level of expression of theblaPER1 gene waspositively correlated with
the amount of biofilm formed on plastic and theability of the bacteria toadhere to human
epithelial cellsand other biotic sufaces(26, 37, 45) Thus, the functions of tke biofilm

structures formed by A. baumanniinclude its ability to resist antimicrobial treatment as
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well as otherstressesfrom the environmentsuch as limited nutrient availability and
dehydration (26).

A. baumanniibiofilms are also influenced by other factors including the
concentration of free chemical element# the surrounding environment asboth calcium
andiron levelshave been shown to affect biofilm formation(45). A. baumanniigrown in an
iron starved environment produces a significantly increased amount of biofilpdepleted
iron is considered an environmental stressor that induces a biofilm phenotyp&9).
Growth in these iron deficient conditions also results in the production of iron regulated
siderophores which may be linked to the pathogenesis of thibacterium, suggesting the
importance of iron acquisition for A. baumanniisurvival (3).

Another factor common inA. baumanniibiofilm formation is the lack of correlation
between cell adhesion and biofilm formationand the hydrophobicity/hydrophilicity of
bacterial cells(45). Hydrophobic interactions are involved in the adherence of
microorganisms to several diverse surfaces such as plastic, mammalian cells and
hydrocarbon substrates(61). In contrast to several other bacterial pathogens, such as
Neisseria meningitids, Listeria monocytgenesnd Stenotrophomonas maltophiligA.
baumanniibiofilm formation does not appear to be dependst on cell or surface
hydrophobicity / hydrophilicity as both hydrophobic and hydrophilic strains formed
various amounts of biofilm, ranging from almost nonexistent to large quantities, on both
glass and plastic surfacef5).

Further studies have demonstrated thatA. baumanniibiofilm formation is related to
histidine metabolism as proteins involved in this pathway are ugegulated in the biofilm

proteome (5). WhenA. baumanniiwas cultured with different L-amino acids it was found
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that L-His had the greatest capacity to induce biofilm formation compared to the other
amino acids including LArg, L-Asp, L-Glu, L-Val, L-Ser, and ECys. Further to this the

different conformational isomers, L-His and DHis, had oppodie effects on biofilm. EHis

was found to successfully stimulate biofilm formation while DHis seemed to block the
process all together. This very specific effect could possibly be advantageous when looking
at novel strategies to treatA. baumanniibiofilms (5).

In addition to the numerous features mentioned above, an important component
of A. baumanniibiofilm formation is the presence of gpgaABCDbperon, similar to the
icaADBQperon found in S. auerusand pga”ABCDoperon found in E.coli, which are
responsible for PIA/PNAG synthesi$7, 34). Choiet al (2009) determined that this locus is
not only present in A. baumanniibut also essential for producing PRGpolysaccharide for
this bacterium. This was clearly evident when the researchers investigated the quantity of
polysaccharide produced bypgamutants compared to wild-type strains; pga mutants were
completely unable to produce PNAG whereas witypes wereample PNAG producers.
These results confirm that thepgaABCDbperon is critical for polysaccharide production in
A. baumanniibiofilms (7).

It has been shown that severabther proteins (not discussed)are up-regulated in A.
baumanniibiofilms, each having a specific function that aids the bacteria in forming and
maintaining a strong biofilm (Table 2)(69). The level of expression and importance of
these proteins and thepreviously mentioned characteristics ofA. baumanniibiofilms may
vary between bacterial strains. However, there is one component that has been found to be

essential toA. baumanniibiofilm development on abiotic surfacesn all strains that have
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been investigaed to date and that is theesuA/BABCDEhaperoneusher pilus system(45,

75).

Table 2. Proteins significantly upregulated in A. baumanniibiofilms and proteins only
found in A. baumanniibiofilm cells. Modified from(69).

Protein Function Location

Proteins having increased expression in biofilm compared to planktonic

NAD-linked malate Essential in tricarboxylic Unknown
dehydrogenase acid cycle
Putative protein (DcaP -like) Unknown Outer membrane
Hypothetical protein Unknown Outer membrane
Outer membrane receptor Iron transport Outer membrane
protein
Nucleoside -diphosphate sugar Unknown Unknown
epimerase
Beta-lactamase PERI Resistance to extended Periplasm
spectrum betalactam
antibiotics
Exodeoxyribonuclease I Repair of DNA damage Cytoplasm

brought on by endogenous
oxidative stress

___Aminoglycoside . Resistance to Cytoplasm
AAAOUI OOAT O&FA O/ aminoglycosides
Proteins only found in biof ilm
Putative UDP-galactose 4 Catalyzes conversion of Cytoplasm
epimerase (GalE-like) UDRgalactose to UDP

glucose. Both important in
capsular polysaccharides

Phosphoribosylforminino  -5- Involved in histidine Cytoplasm
amino -imidazole carboxamide biosynthesis
ribonucleotide (ProFAR)
isomerise

1.8.2 csuA/BABCDEchaperone -usher pilus system
One of the requirements to form biofilms is the ability to migrate (most often with

flagella) to the surface where the biofilm will accumulatg75). As mentioned previoushA.
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baumanniiis taxonomically defined as normotile, lacking flagela and therefore should be
far less ableto move to sites of biofilm formation(2, 29). However, since these bacteria are
good biofilm producers, scientists were prompted to hypothesize additional mechanisms of
motility to explain this phenomenon. Research revealed a cellular component required for
biofilm formation w hich presents itself as long filaments evenly dispersed around the cell
surface. This distributed filamentous cell formation and absence of movement is indicative
of type | pili which function exclusively in adherence tabiotic surfaces(75, 77).

Extensive investigation of this cellular component was able to show that adhesion
was caused by a protein encoding six gene operon which was homologous to a chaperone
and usher secretion systen{75). This entire operon, collectively namedcsuA/BABCDE
was fully sequenced which allowed researchers to discover potential roles tie gene
products produced by the operon The first genecsuA/B, encodes for proteinssimilar to
the type | pili major subunits found in many additional Grarmnegative bacteria. The
following two genes,csuAand csuB display homology toknown minor pili subunits, while
csuCand csuDare thought to encode the chaperone and usher component$the system
respectively (75, 76). The sixth and final gene in the operorsuE codes for the putative tip
adhesin component of type | pil((26, 45, 75)andis arguably the most crucial gene in the
operon asdisruption or mutation of the csuEgene results in elimination of pili formation as
well as biofilm formation (76). The fact that interference with the pili tip adhesin
effectively abolishes biofilm formation suggests thatsuA/BABCDH&nediated pili are an
important element in the initial attachment of bacterial cells toabiotic surfaces and the

development of micromlonies within biofilm structures (76).
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Research has demonstrated that thesuA/BABCDBperon is regulated by a twe
component regulatory system which controls expression of pili assembly genes and
therefore pili biosynthesis. This regulatory system consists of a sensor kinase, BfmS, and a
response regulator, BfmR, which are encoded tyfmSand bfmRrespectively (26). For a
comprehensive review of thecsuA/BABCDEegulatory system seeGaddy &Actis, 2009 and

Tomaraset al (2008) (26, 74).

Although the cswA/BABCDEoperon is essential forA. baumanniipili assemblage
and adherence to abiotic surfaces, it has been determined that this operon is not required
for attachment to bictic surfaces(16, 26). Studies carried out by de Breigt al (2009)
concluded thatcsuEmutants, which are completely unable to form biofilms on plastic
surfaces,were very capable of adhering tdiotic surfaces such as bronchial epithelial cells,
erythrocytes and Candida albicangyeast) filaments, signifying that csuA/BABCDE
mediated pili are not necessary for attachment to biotic cell€l6, 75). Furthermore, csuk
mutant strains were able to adhere to a considerably greater number of epithelial cells than
wild -type strains suggesting there might be different types of pili expressed. Interestingly,
it was found that certain A. baumanniistrains producetwo morphologically distinct pili : (i)
long asymmetrical cell extensions that connect bacterial cells which characterize
csuA/BABCDHlependentpili and (ii) short thin pili -like structures that contactthe surface
areasaround bacterial cdls termed csuA/BABCDENndependent short pili (16). Further
studies are needed to verify the particular structural and physiological properties of these

short pili and how they relate to the pathogenesis oA. baumamii and their biofilms.

1.9 A. baumannii Biofilm Associated Protein (BAP)
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1.9.1 Discovery and Characterization

It has been well established thafA. baumanniiis capable of forming strong biofilms.
It develops multicellular structures by adhering to a abiotic or biotic surface using both
csuA/BABCDHnediated pili and csuA/BABCDENndependent short pili followed by
composdtion and secreton of exopolysaccharides encoded bthe pgaABCDbperon (7, 16,
26, 75, 76) While these components are undoubtedly important in the maintenance and
strengthening of A. baumanniibiofilm structure, the role of biofilm associated proteins
have also been sbwn to be of great importance in intercellular adhesion and accumulation
of multicellular clusters (34-36). Many bacterial species harbour these large surface
proteins (Table 1)and A.baumanniihas been found teencodea putative protein that fits
into the biofilm associated protein (BAP) family(39). Studies performed by Loehfelnet al
(2008) successfully identified and sequenced a gene whigmcodes fora BAP homologue
from a bloodstream isolateof A. baumannii Further characterization revealedhis putative
protein, like all members of the BAP familyjhas a high molecular weight, is located on the
bacterial surface, has a core domain of talem repeats and isessential forbiofilm

development and maturatian (39, 59).

Essentially, Loehfelmet al (2008) developed amonoclonal antibody (MAb)which
recognizeda high molecular band trey calledBARS 8 4AEAU CAT AOAOAA
immunizing mice with whole A. baumannii In addition transposortinsertion mutants
which were deficient in BAP surface expressiowere also manufactured Analysis of
common sequences from the flankingransposon insertion sitesof the mutants suggested

that one common gene was disrupted Assembly of the full length coding sequence of this
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disrupted gene and BLASTP analysis through the NCBI database revealed the coding
sequence was similar tdapsfrom several bacterial specie$39). Moreover, the A.
baumanniiMAD reactedto an epitope on a high molecular weight antigen when tested by
immunodot and western blot assaysind was conserved among 41% @&. baumannii
isolates obtained from a military healthcare outbreak.Flow cytometry wasthen used to
determine if the antigen recognized by the MAb was surfa@xposed it was found that the
MAD was able to bind to the surface of wildype A. baumannij but not to themutant strains
deficient in BAP surface expressio confirming that the antigen wassurface accessibleand
most likely a BAP protein(39). Furthermore, SDSPAGE analysisevealeda high molecular
weight antigen in asingle band. This band was cut andnalyzed with mass spetrometry

to identify internal peptide fragments. Six peptide fragments were identified andeachof
them were found within the translated bap open reading frameon the NCBI database.
Additional studies with the transposortinsertion mutants revealed that thesebap deficient
strains were unable to producesufficient biofilms with equal biovolume and thickness
compared to wild-type strains, suggesting an important role in maintaining the mature
biofilm (39). Together these resultsvere able toprovide adequate evidence thaA.
baumanniicontains a BAP protein that is important in biofilm formation, particularly in the
maintenance ofthe mature biofilm structur e. Based on cellular location and its
involvement with mature biofilm this protein may also be related to celicell interactions

and adhesion(26).

1.9.2 Structure and Composition
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TheA. baumannii®" | 08 Ak BAPGamifyib&dause of its high molecular weight
and the fact that it has a core of tandem repeats, among other characteristics. Phe
baumanniibap open reading frame is over 25,000 base pairs and encodes for BAP which is
approximately 854kDa, containing 8,621 amino acidsmaking it one of the largest bacterial
proteins ever described(39, 59). A. baumanniBAP is composed largely of multiple copies
of seven repeat units designated A, B, D, E, F and ®hich are flanked by a norrepetitive

jud AT AQ AT A (fgure 2y @9).AHorAhg mastipari tHede Aepeat modules
are directly in tandem having no additional amino acids between consative repeats
Repeat A consists of 5 copies with 589% amino acid homology between copies, repeat B
has 22 copies with 72100% homology, C has 21 copies with 7Z200% homology, D has 28
copies with 78-100% homology and repeat modules E, F and G havezand 3 copies with
62%, 67% and 3651% homology respectively(39). Investigation of the primary structure
of BAP revealed a large imbalance in the number of acidic and basic amino acids; acidic
amino acids outnumter the basic amino acids by 11:1 as there are 1,168 acidic and only
105 basic residues This may well explain the extremely low isoelectric point of 3 that BAP
holds which puts it among the most acidic proteins discoverethus far (39, 59). The
tandem repeat domains seem to contribute to the acidity of this protein as this area
contains predominantly negatively charged amino acids compared to the nenepeat
domains(59). Majority of the amino acids found in BAP are as follows: 1,389 threonine
residues (16% of the total), 1,176 alanine residues (14% of the total), 1,109 valine residues
(13% of the total), 984 aspartic acidresidues (11% of the total) and 18 glutamic acid
residues (2% of the total) Interestingly, there is a complete absence of cysteine the

primary structure of BAP, which isalsocommonly seenin many bacterial toxins (Jody
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Berry. Personal communication, 2011) however there is noknown explanation as to why

this is (39, 59).

Further analysis of theA. baumanniiBAP by Rahbaet al (2010) predicted which
residueshad the greatest antigenic propensitypy determining their surface accessibility. It
was found that even though repeat module D is one of the most conserved units it had the
lowest level of surface accessibility having 600 of 2,967 residues buried. Other regions
with high numbers of residues buried include repeat A5 to G3 (169 out of 921) and G3 to
the G terminal region (144 out of 405). On the other hand repeat regions AA4 and B4
C21 tandemly arranged repeats have many more exposed residusmsd therefore have the

highest potential to be antigeniq59).

Analysis using threedimensional structure prediction revealed that epeat modules
A-D appear tofold into a sevenstranded betasandwich similar to proteins associated with
the HYR domain of the immunoglobulidike fold superfamily (39, 59). Even though HYR
contains two conserved cysteine residues which are absent in BAP, théDAepeat sections
contain conserved DTTP and VTATDAAGN amino acid sequena®gch are indicative of
the HYR domain. This domain was first descrdal in eukaryotic proteins involved in
cellular adhesionsuggestingthat the repeats of BAP may play a role in intercellular

adhesion and support of the mature biofilm structureg(39).

The putative biofilm associated protein of A. baumanniihas several distinct
characteristics that set it apart from other proteins related to biofilm formation. Its
enormous size, acidic nature and core of successive repeat modules makargmarkable

protein, worthy of future research. The repeat modules of BARvarrant further
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investigation as they representgreat potential targets forimmunotherapeutic intervention
of A. baumanniibiofilm infections due to their proposed functionand involvement in

mature biofilm.
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Figure 2. Simplified cartoon representatiordepicting the linear structure of the BAP ofA.
baumannii. Note thelarge core domainconsisting of tandem repeatmodulesA-G. Picture
modified from (39).

1.10 Summary/Statement of Objectives and Hypotheses

With the exception of the two studies performed by Loehfelnet al (2008) (39), and
Rahbaret al (2010) (59) very little research has been done on the Biofilm Associated
Protein (BAP) ofAcinetobacter baumannii especially in terms of using this protein as an

immunotherapeutic target. SinceA. baumanniihas such an extremantibiotic resistance
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profile and produces strong biofilms which increase the severity of infections by enhancing
resistance,it has been a major issue for clinicians, civilian patients and military personnel
worldwide. It deserves much attention from researchers to discover novel and superior
therapies than those currently on the market today. Ideal treatments include those wdh
are extremely resilient and potentsince A. baumanniiis inherently impervious to many
antibiotics, can easily acquire resistance genes from other sources and employs all
bacterial mechanisms of resistance. Antibody based vaccines against outer memiga
proteins have been investigatedor use as future therapiedor infections; however

antibody therapies which would target biofilm proteins and biofilm formation have not

been explored forA. baumannii

This project was initiated to evaluate the effect®f polyclonal antibodies (PAbs)
produced to specific domains, particularly the repeat modules and nerepetitive N and C
terminals, of the Biofilm Associated Protein oAcinetobacter baumanniand to determine if
these antibodies correlated with biologicé effects of biofilm formation or structure.
Furthermore, antibodies produced to wholeA. baumanniiand how these antibodies affect
live bacteriaand interact with components of the innate immune system for purposes of
investigating its immunological profile were investigated We hypothesize that
antibodies produced to specific domains of BAP will bind to BAP onthe surface of
whole bacteria if this protein is surface accessible. Furthermore, if they bind they
will interfere with BAP function altering bi  ofilm growth . The antibodies raised to
whole A. baumannii will have inhibitory effects on bacterial growth in conjunction
with specific components of the innate immune system such as macrophage cells and

complement. This work describes the development opolyclonal antibodies againstwhole
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organism as well aspecific domains ofA. baumanniiBAPand the screening assaysisedto

determine the efficacyof theseantibodies.

2 Materials and Methods

2.1 General Rationale of Methods

There are certainproblemsthat are inevitably encountered when working with a
protein that is as largeas BAP.Due to its considerable siz¢25,863 bp) it would prove very
difficult to amplify and clone the entireprotein and therefore challengingto createan
effective immunogenic product. It is much easier to work with BAP individed segments
and as a consequence only certain regiongere targetedand usedfor immunogen
production. The repetitive structure of BAP made simple PCR cloning problematic and thus
oligopeptides weredesigned and synthesized to correspond tchke core containing tandem
repeats AGand were usedfor murine immunization in hopes of raising antibodies to these
domains. Recombinant protein antigens corresponding tohie non-repetitive N and C
terminal regions of the protein were usedfor murine immunization and antibody
development These unique terminal regionsvere also used for primer desigrfor PCR

screening of bacterial strainsfor the presence of full length BAP

2.2 BAP Target, Bacterial Strains and Culture Conditions

2.2.1 bap gene sequence

Loehfelmet al (2008) (39) successfully identified and sequenced bap homologue
present in A. baumannii Thebaplocus was designated a specific nucleotide sequence

accession number and was deposited intthe GenBank sequence database which is a
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collection of all publicly available DNA sequences provided by the National Centre for
Biotechnology Information (NCBI). The NCBI GenBank sequence database was searched
for identity using the A. baumannii bapaccession number, which was published in the work
of Loehfelmet al (2008), and resulted in access to the full nucleotide sequenceliHp as

well as the full protein sequence.Each repeat and section of BAP was separated in the

database to allow easy viewig of each individual protein sequence.
2.2.2 BAP N and C Erminus Primer Design

Oligonucleotideprimers were designed using the first 500 base pair (bpfragment
of the 25,863 bpbap open reading frame which comprised the N terminusf BARS 4 EA
end of this region was used for the forward prime(BapNtermF) AT A OEA 08 A&l
primer (BapNtermR) (Table 3). Oligonucleotideprimers were purchased from Applied

Biosystems (Foster City, CA. USA).

Oligonucleotideprimers were designedfrom the last 1,216 bpfragment of the bap
open reading frame which is situated directly after the G3 repeatfThe first 31 bp
succeeding this repeat wre used & the forward primer (F-Bap-C) and the last 31 bp of the
entire bap open reading frameformed the reverse primer (R-Bap-C) (Table 3).

Oligonucleotide primers were purchased from Sigma&ldrich (Oakville, ON. CA).
2.2.3 A. baumannii Strains and Culture Conditions

My work included a total of 18A. baumanniistrains. All A. baumanniistrains were
generoudy provided by past or present collaborators of the Molecular Immunology Lab of

Cangene Corporationsave one which was purchased from American Type Culture
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Collection (ATCC) Strains labelledB0063658U, B0091943U and BO008996U were
collected in the ICU oburn unit of the Hamilton General Hospital and weragraciously
provided by Dr. Gerry Wright of McMaster University. Straingbelled Swab 4 and Swab 5
were collected from the general surgery ward of the University of Alberta Hospital and the
general ICUof the Montreal General Hospital respectively Swab 4 and Swab 5 were
graciously provided by Dr. George Zhanel of the University of Manitoba (Health Sciences
Centre, Winnipeg, Manitoba).Strains labelled B1B11 andB13 were provided by Dr. Gerry
Pier of Harvard University and did not come with any supplementary information. The
ATCC BAAL605 strain wascultured in ATCC laboratorieManassas, VA. USAfter it was
isolated from awounded soldier returning from Afghanistanwho was sent to Sunnybrook

Healh Sciences Centre, Ontario, Canada.

All A. baumanniistrains were cultured from previously prepared glycerol stocksby
inoculating tryptic soy broth (TSB)or Luria Bertani (LB) broth (Fisher) with a sterile loop
and growing cultures at37°C in a shakingncubator (New Brunswick C24)set at 200 rpm.
Unless otherwise indicatedall bacteria cultures were grown in pure mediain the absence

of aselective agent.

2.3 ldentification of BAP positive A. baumannii_Strains

2.3.1 Bacterial Screening z PCR Amplification of BAP N Terminal

All bacterial strains were PCR screened using BAPt@&tminal forward and reverse
primers. All strains screening positive for the Nerminal of BAP were then PCR screened
using BAP Germinal primers. This was used as a method tolentify strains with both

ends of BAP.
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Template DNA from all B bacterial cultures was purified using a DNeasy blood and
tissue kit (Qaigen) designed fopurification of total DNA from Gram negative bacteria
Template DNA was quantified using a NanoDreff000 Spectrophotometer (Thermo
Scientific). All PCR reactions were performed in thin walled PCR tubeBisherBrand) in a
total volume of 50 ul containinglul each of20uM Nterm forward and reverse primers, 25ul
Platinum® blue superMix (Invitrogen) (contains: recombinantTaq DNA polymerase,
Platinum® anti-Taq DNA polymerase antibody, Mg++, dNTPs, glycerol, and blue tracking
dye), 18ul ofnuclease free watefAmbion) and 5pl of template DNA.Negative controls
were prepared by adding water in place of temple DNA. Thermal cycling was performed
using a MJ Research PTZD0 Thermocycler(GMI) or an Eppendorf Mastercycler PCR
machine Eppendorf) consisting of 1 cycle at 94°C for 2 min, followed by 30 cycles of 94°C
for 30 sec, 55°Gor 1 min and 72°C for 1 minsucceeded by 72°C for 10 min and 4°C until

tubes were removed.

2.3.2 Bacterial screening- PCR Amplification of BAP C Terminal

All PCR reactions were carried out using similar procedure as described above
except Expand High Fidelity PLUS PCR systé¢Rode) replacedPlatinum® blue superMix.
This Taqproduces a higher yield of amplified productand was more suitable for Germinal
amplification. Reactions were performed in thin walled PCR tubes in a total volume of 50ul
containing 10pl of Expand HiFi PLS reaction buffer, 1ul of PCR grade nucleotide mix, 0.5yl
of Expand HiFi PLUS enzyme blend, 5ul each of 20uM C terahforward and reverse
primers, 5ul template DNA and 23.5ul nuclease free wateNegative controls were

prepared by adding water in placeof template DNA. Thermal cycling was performed using
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a MJ Research PF200 Thermocycler or an Eppedorf Mastercycler PCR machine

consisting of 1 cycle at 94°C for 2 min followed by 10 cycles of 94°C for 30 sec, 55°C for 30
sec, and 72°C for 1 min; this wafollowed by 25 cycles 084°C for 30 sec, 55°C for 30 sec
and 72°C for 1 min +10 sec* (incubation time increaskby 10 sec with every cycle)and 1

cycle of 72°C for 7 min and 4°C until tubes were removed.

2.3.3 PCR Analysis

Approximately 20ul of eachsample wasloadedonto a1.5% Agarose gel containing
5% ethidium bromide (Fisher) in 1X TAE buffer (BieRad). A low mass DNA ladder was
prepared by mixing 1ul of 1000r 1000 bp ladder (New England Biolabs), 1ul of 6x loading
dye (New England Biolabs) andpl of water and wasthen loadedinto the first well of the
gel. Samples wereelectrophoresedfor approx 1hr at 100 Vusing a Bio-Rad PbwerPacHigh
Current system The gelwas visualized under UV light in aan Alpha Innotech multi image
light cabinet and analyzed using the FluorChem® HD imaging system with AlphaEase

image analysis software.

2.4 Immunogen Design z Development of Peptide Antigen

2.4.1 Peptide Design

Synthetic oligo-peptides were designedto correspond to consensusepeat regions
of the BAPprotein. Since the protein sequences of each repeat are separated on the NCBI
database it was possible to generate a consensus of each repeat mod#éii protein
sequences from each individual repeat module (i.A1-A5, B:B22 etc) were inserted into

separate protein files of MacVector 10 software. Clustal alignment wagerformed on each
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module to generate a consensushich peptides could be designed fromPeptides were
purchased from United Biochemical Research IntSeattle WA. USA (See gppendix | for

repeat alignments.
2.4.2 Preparation of Peptides

A small volume (0.5ml) of water was added to each peptide to determine if they
readily dissolved in water. Water soluble peptidesvere dissolved in a calculatedrolume of
nuclease free water (Ambion) dependent on peptide mass, to produce 10mg/ml stocks.
Water insoluble peptides were dissolved in DMS(Bigma)to make 10mg/ml stocks.

Peptide stocks werestored at-80°C in 200pl aliquots
2.4.3 Peptide Conjugation to KLH and BSA Carrier Proteins

Peptides alone are not able to elicit a sufficient immune response due to their small
size and thus must be conjugated to specific carrier proteins to yield more effective
immunogens. Peptides were conjugated to mcKLH and BSA, for immunizatigurposes
and assay analysigespectively, using an Imject® Maleimide Activated Immunogen
ConuCAOEIT +EO j OEAOAAQ AAAIT OA Brefy: Péeparett AT OEAAOOC
peptides were thawed on ice while ae vial each of lyophilized mcKLH and BS&arrier
proteins were reconstituted with nuclease free water by gently pipetting In
microcentrifuge tubes (Fisherbrand) (two per conjugation) 200ul of 20mg/ml peptide, 200
Ml of reconstituted carrier protein and 200ul of conjugation buffer were mixed together and
incubated for 2 hrs at room temperature. Purification of conjugates was performedy

desalting. Thepeptide-carrier mixture was loaded onto desalting columns and allowed to

flow through with any conjugated peptidecarrier remaining trapped in the column.
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Conjucated peptides werethen eluted with 8-10 aliquots of 0.5ml purification buffer, each
fraction was collected in a separate tube. Fractions were measured with a Biad Smart
Spec Plus Spectrophotometer at an absorbance of 280 nondetermine which fractions
contained sufficient amount of conjugates. Fractions with a concentration of 0.5ug/rat
higher were kept and pooledfor further analysis. Anythingwith a concentration less than

0.5pg/ml was discarded.
2.4.4 BCA Analysis of Pooled Peptide Conjugates

Total protein concentration of the peptide/KLH/BSA conjugates was determined
OOET ¢ A "#! 0071 OAET ! OOAU +EO j 0OEAOQWchkter AAAT OA
plates, used for the assay, wereead and analyzedat 562nm using BioTek Synergy 2olate
reader and GenSsoftware. Peptide/KLH and peptide/BSA conjugates werdabelled with
appropriate name and concentration and stored at20°C in 200ul aliquotsuntil required

for immunization.

2.5 Immunogen Design _z Development of Recombinant Proteins

2.5.1 Production of DNA Fragmentsz PCR Anplification of BAP N and C Terminal

N and C terninal fragments were amplified fromA. baumanniistrains which were
positive for both BAP N and C teriinals. Two reactions per strain were prepared.PCR

reactions were performed and analyzed ager sections2.3.2and 2.3.3.

@ Expand High Fidelity.P’'S PCR system (Roche) was used for amplification of both N and C terminal
fragments as it gives a higher yield of amplified product and was suitable for this particular set of
experiments.
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2.5.2 PCR Fragment Isolation and Purification

PCR amplifiedBAP N and @erminal fragments of approximately 500 and 1200 base
pairs respectively were excised from the agarose gel usirggsterile scalpel Feather). Gel
slices were weighed using a Mettler Toledo weigh scale amNA waspurified using a
1EANOGEAE" ' Al w@OOAAOEIT +EO j1EACAT q AAAT OAE
purified DNA was quantified using a NanoDrof000 Spectrophotometer (Thermo

Scientific), labelled and stored at20°C
2.5.3 Ligation of PCR product into pET SUMOVector

Extracted DNA was ligated into a pET SUMO vector using thee A | D EpET A
SUMO Expression System (Invitroggn This expression system uses a small ubiquititike
modifier (SUMO) that is designed to facilitate cloning of PCR products for expression,
purification and generation of recombinant proteins inE. coli The pET SUMO vector
includes) O1 B OiDA-thiogalpctopyranoside(IPTG) inducible expression, an Nerminal
polyhistidine tag for detection and purification of recombinant fusion proteins, a TA
Cloning® site for effective cloning ofTag-amplified PCR praucts and a kanamycin
resistance gene for selection ifE. coli# EAT PET T A P%4 35-/ 001 OAET %

User Manual, 2004)

Ligation reactions were performedin microcentrifuge tubes in a total volume of
10pl using a 1:1or 1:3 vector:insert ratio containing 0.5ul to 1ul extracted DNA (as per
i ATOEAAOOOAOGEO OOCCAOOEI T qh mpAETSUMD wean® | ECAQOE

sterile water to total 9ul and 1ul T4 DNA Ligase (all supplied within the pET SUMO
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ExpressionKit). Tubes were placed ira Thermostat Plus heat block (Eppendorf) set to

15°Cand left to incubate overnight.
2.5.4 Transformation of Ligation Product

The ligation product from above was then transformed intdOne Shot® MachiT1
chemically competentE. colicells (Invitrogen) as per commercial instructions. The Macht
T1E. colistrain is modified from wild-type ATCC #9637 strain and provides a host for
stable propagation and maintenance recombinant plasmids # EAi PET T A DP%4 35-/
Protein Expression System User Manual, 2004Briefly, each transformation reaction was
performed using the following procedure: 2ul of each ligation reaction was added to a vial
of MachXT1 chemically competent cells and mixed gently. Cells were placed on ice for 15
min and then heat shocked for 30 sec ia 42°C Isotemp 205 water bath and then put back
on ice. 250ul ofSuper Optimal broth with Catabolite repressionS.O.Cmedium
(Invitrogen) was added to the cellafter which vials were capped tightly and placed in a
37°C shaking incubatorNew Brunswick C24)set at 200 rpm for 1 hour. Cells were then
centrifuged at 13,000 rpm for 2-5 min using an Eppendorf microcentrifuge the
supernatant was discarded and cell pellets were resuspended in 50ul of S.0.C medium. The
full 50ul of each transformation reacton was plated out on prewarmed L.B agar plates
containing 100pg/ml kanamycin (Teknova) Plates were placed in a 37°C incubator
(Binder) and left to grow overnight. The following day 10 colonies from each plate were
picked and restreaked on L.B agar @tes containing 100ug/ml kanamycin and incubated

at room temperature.
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2.5.5 Analysis of Transformants by Colony PCR Amplification

Even though each transformation reaction produced numerous colonies suggesting
that the ligation and transformation reactions were successful, it was important to confirm
the presence of the BAP N and C temal insertsin the SUMO vectarcollectively called

recombinant fusion proteins.

Template DNA was prepared in the following mannerEach restreaked colony
was givena unique label to allow individual identification. Next, 30ul of sterile water was
added tothe samenumber of 600ul microcentrifuge tubes which were labelled to match
the individual colonies. A small portion okachre-streaked colory wastransferred to the
appropriate tube and swirledvigorously in the water to dislodge the bacteria. Tubes were
placed in a Thermostat Plus heat block (Eppendorf) set to 94°C for 10 min to burst tke
coli cells and release the plasmid DNA into the water. Samples weéhen cooled on ice for
5 min and centrifuged at 13,000 rpm for 10 min to pellet théE. colicells, leaving the
plasmid DNA in the supernatant.Then,10ul of the supernatant was removed and added to
a corresponding thinwalled PCR tubeo act as template DNA. The remaining procedure
and analysisof the colony PCR reactions were performed as per sections 2.3.1 and 2.3.3
with the following exceptions: 38ul of Platinum® blue superMix (Invitrogen) was added to

the PCR tube$ut no water.

2.5.6 Extraction and Purification of Plasmid DNA

Transformant colonies which screened positive for BAP N and C temmal inserts
were then cultured for subsequent plasmid DNA extraction and purificatiofior sequencing

purposes. The pET SUMO vector is a lowopy number plasmidand therefore a larger
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guantity of bacterial culture wasrequired to obtain enough plasmid DNA for further

analyses.

Small analytical wltures were prepared byscraping a small portion ofthe re-
streaked colories and inoculating a correspondingpOml BD Falcon tube (Fisher)
containing 15ml of L.B brothand 50pg/ml Kanamycin (Sigma)as a selective agent.

Cultures were grown overnight at 37°C in a shaking incubator set to 200 rpm.

Plasmid DNA was extracted and purified from overnight bacterial culturessing a
1EAPOADP” 3PET -ETEDPOAD +EO j1EACAT q AAAT OAET C
and purified plasmid DNA was quantified using a NanoDref000 Spectrophobmeter and

stored at-20°Cfor further use.

Glycerol stocks were prepared from the ovenight culture for long term storage of
samples containing BAP N and C teimal inserts. Two 10% glycerol stocks per sample
were prepared by aliquoting 333ul of sterile 30% glycerol to an appropriate number of
labelled cryogenic vials (Nalgene) followed lg 667ul of overnight culture. Stocks were

mixed thoroughly by vortexing and immediately stored at80°C.
2.5.7 Sequencing Analysis

Plasmid DNA was sent for sequencing to confirm that the BAP N and C tarat
inserts were in the correct orientation and n frame with the N-terminal peptide 6xHistag
of the SUMO vector.Plasmid DNA was sequenced using the SUMO Forward and T7 Reverse
sequencing primers(Table 3)included in the pET SUMO Protein Expression Kit

(Invitrogen). Sequencing samples were preparedy mixing 25ng/pl of plasmid DNA in
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sterile water to total 100ul. 3uM primer stocks were prepared by addindl.2ul of 100uM

primers to 38.2ul of sterile water to total 40 pl. Plasmid DNA samples and primers were
sent to Beckman Coulter Genomics in Danve@MA, USA for analysis.Sample submission
requirements were set by Beckman Coulter Genomic&equence data was analyzeasing

DNASTAR Lasergene sbftware.

Table 3. Primer sequences. BAP N and C témad fragment primers as well as SUMO
forward and reverse primer sequences are seen below.

Primer Sequence 5’ -3’
BapNtermF ATGCCTGAGATACAAATTATTGCCAAGGATAATC
BapNtermR AGGTGCTGAAGAATCATCATTAC
F-Bap-C ACAGCAGATCCTTGGGCAGATGCTACACTTC
R-Bap-C TTAGAAAATGATTTGACCATTGTTGATCAAG
SUMO Forward AGATTCTTGTACGACGGTATTAG
T7 Reverse CTAGTTATTGCTCAGCGGTGG

2.5.8 Recombinant Protein Expression z Transformation into BL21(DE3) Cells

The ChampiorA pET SUMO Protein Expression System controls expression of
heterologous genes irE. coliby utilizing elements from bacteriophage T7. BL(DE3) One
Shot® E. colicells (Invitrogen) are designed for expression of genes regulated by the T7
promoter and therefore provide a suitable host for expressiorof the pET SUMO constructs

(ChampioriA pET SUMO Protein Expression System User Manual, 2004)
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The plasmid sequences confirmed to havBAP N and C ternmal inserts in the
correct orientation within the SUMO vecto were used for expression studies.Pure
plasmid DNA was transformed into BL(DE3gellsusing the following procedure: BL(DE3)
cells were thawed on ice and.Ong of plasmid DNA in a 5pl volume was added to each vial
of cells and stirred gently with a pipéte tip. Cells were incubated on ice for 30 min, heat
shocked for 30 sec in a 42°C Isotemp 205 water baémd immediatelytransferred back to
ice where 250pul of S.0.C medium was added to each vial. Tubes were capped tighihed
on their sidesand incubated in a37°C shaking incubator set to 200 rpm for 1 hour.
Transformation reactions werethen added to 15ml BD Faclon tubes (Fisher) containing
10ml of L.B broth with 50ug/ml kanamycinand grown overnight in a 37°C shaking

incubator set to 200 rpm.

2.5.9 Pilot Expression

A pilot expression was performed which allowed us to determine the optimal
conditions for expression d the BAP N and C termal fusion proteins. The pilot expression

was done on a time course by taking time points of induced anohinduced cultures.

The pilot expression for each BL(DE3) transformation reaction was performed by
inoculating 10ml of fresh L.B broth containing 50ug/ml kanamycin with 500ul oBL(DE3)
overnight culture from the previous section New cultures were inculated at 37°C with
200 rpm shaking for 2 hours until the Optical Density (OD) measured at 600nm was
approximately 0.4-0.6 (mid-log phase). Measurements were taken after 2 hours with a Bio
Rad Smart Spec Plus spectrophotometer to confirthe OD600 values wee within the

appropriate range. The 10ml cultures were then split into two 5ml cultures. Expression
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was induced in ae of the 5ml culturesby adding) O1 B OIiDR-thiogalpctopyranoside
(IPTQ (Sigm3 to a final concentration of ImM. This resulted itwo cultures per sample;
one induced (IPTG+) and one uninduced (IPF A 500pul aliquot was removed from each
culture, dispensed in a microcentrifuge tubend centrifuged at 13,000 rpmfor 1 min to
pellet bacteria. The supernatant was discarded and celkllets were frozenat -20°Cuntil
required for further experiments. These were considered zero time pointsCultureswere
placed back in a 37°C shaking incubator and removed once every hour for 5 hotodotal
six time points (t =0-5). For each timgoint 500ul aliquots were removed and processed

as above.
2.5.10 SDSPAGEAnalysis of Pilot Expression

The frozen cell pellets from eachitme point of the pilot expression werelysed and
subsequentlyanalyzed bysodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS

PAGE) to determine the optimal incubation time for expression.

Bacterial cell lysisto liberate soluble and insoluble protein factionsvas achieved
using BugBustef® Protein Extraction Reagent Master Mix (Novagen)caording to the
mixed with a cocktail of the following protease inhibitors: 1uM Leupeptin, 1pug/ml
Pepstatin A andlmM phenylmethylsulfonyl fluoride (PMSF) (All from Sigma) Small
volumes d both soluble and insoluble cell lysatssampleswere mixed with equal volumes
of 4xSDS sample buffer (EMD Biosciencesl.ysate/buffer mixtures were placed ina heat
block (Eppendorf Thermostat Plus)set to 85°C for 3 min in preparation for SD®AGE

analysis.
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SDSPAGE analysis was performed usingiaX Cell Sure Lock MinCell apparatus
1XMOPS SDS running buffed{luted from 20x MOPS running bufferand NUPAGE®
Bis/Tris 4-12% Precast gelgAll from Invitrogen). The X Cell Sure Lock MirCell apparatus
wAO AOOAI A1 AA AAAT OAET ¢ O OEA | @preda®igdsOOO0OA OGS O
were removed from the storage poucles, comts were gently removed from the wells and
gelswererinsed with distilled water. The gel cassettes were inserted into the buffer
chamber and locked into the apparatus with the gel tension lever. The apparatus was filled
with 1XxMOPS SDS running buffer in preparation for sample loadind.Opl of Precision Plus
Protein All Blue Standards molecular marker (BieRad) was dispensed into th first well of
each gejthen 20ul of the prepared lysate samplesvere dispensed into the nine remaining
wells of the NUPAGE gelSamples were electrophorese@t room temperature for
approximately 1 hour at 200 V using a Consort, E844 power suppl¥zelswere removed
from cassettes and placed in plastic containerdrotein staining was accomplished using a
Colloidal Blue Stain Kit (Invitrogen) byshakingeach gelat 60 rpmin afixing solution
containing 20ml distilled water, 25ml methanol (Fisher) and Dml acetic acid (Fisher) for
10 min at room temperature. This was followed byshaking the gels in ataining solution
containing 27.5ml distilled water, 10ml methanol and 10ml Stainer A (included in kit) for
10 min; then adding 2.5ml of Stainer B (also @m kit). Gels were stained overnight with
shaking using a New Brunswick Excella E5 platform shaker set to 60 rpr@elimageswere

visualized and captured using Alpha View Fluorchem Q SA system software, version 3.2.2.0

(Cell Biosciences Inc.).
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2.5.11 Expression Scale up of Target Recombinant Fusion Proteins

Individual plasmids encodingN and Cterminal fusion proteins were chosen for

expression scale up and purification based on the results of the pilot expression analysis.

Expression was scaled upy growing and inducing a 50ml bacterial culture using
the same protocol as described in section 2.5.8 with the following exceptions: 50ml of L.B
broth containing 50pg/ml kanamycin was inoculated with 1ml of transformation culture.
Cultures were grown at37°C with shaking at 225 rpm for 23 hours until the Optical
Density (OD) measured at 600nm was approximately 0.5. Expression was induced by
adding IPTG to a final concentration of 1mM to the 50ml cultures and incubating them at
37°C with shakingfor 4 hours as determined by the pilot expressionCells were harvested
by centrifuging at 3000xg for 10 min at 4°C using a Beckman Coultéwanti 3301 floor

centrifuge. Cells were stored at80°C until required for purification.

2.5.12 SDSPAGE and Westernlmmunob lot Detection of Recombinant Fusion

Proteins

Bacterial cell lysate was preparedising BugBuster® Protein Extraction Reagent
Master Mixand analyzedby SDSPAGEas per section 2.5.1Q@0 confirm that the scaled up
expressionof N and C ternmal protein fragmentswas successful Remaining lysate was
stored at-20°C. Expression of the N/C terninal-SUMO fusion proteins was also confirmed
by westernimmunoblot analysisaccording to standard procedures Concurrently a second
set of the samples were ranwa SDSPAGE gel anthen transferred to a nitrocellulose
membrane (Bio-Rad). Transfer was accomplished byelectrophoresis in an X Cell Sure Lock

Mini-Cell transfer apparatus filled with 1x Transfer buffer (diluted fromNuPAGE20x
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Transfer buffer (Invitro gen)) at 40 V for 1 hour. Thetransfer membrane was blocked in
5% skim milk powder (SMP) (BieRad) diluted in 1xTBY (diluted from 10x TBS (BicRad))
and 0.1% Tween 20 (MP Biomedical)vernight at 4°C. Sincethe SUMOsystem createsan
N-terminal polyhistidine (6xHis) tag (see appendix Il for SUMO layoutpletection of
proteins was achieved by probing the membrangvith an anti-HisGHRP antibody
(Invitrogen) diluted 1:5000 in 1XTBSTfor 1 hour. In between steps the membrane was
washed with 1XTBST threetimes for 5 min each.The membrane was developed usingn
Enhanced ChemiluminescenceHCL) Western Blotting Substratekit (Pierce) according to
OEA 1 A1 O£AA 00 O Méentbane kviage vz Aidhaitetl aha captured with

Alpha View Fluorchem Q SA sysm software, version 3.2.2.0 (Cell Biosciences Inc.).
2.5.13 Purification of Recombinant Fusion Proteins

Lysate samples containing recombinant fusion proteins/ere purified using
00T "TTAA OOOEAZAZEAAOEIT 3UOOAI )1 OEOOI CAT q AAA
N terminal recombinant proteins were purified under native conditions and Germinal
recombinant proteins were purified under hybrid conditonsusET ¢ 00T " T4 AA T EAEA
All purification flow through, wash and eluted fractions from the columns were analyzed by
SDSPAGE analysis as per section 2.5.10 to determinvhich fractions contained purified
recombinant proteins. Fractions containing purified protein were pooled fofurther
analysis Westernimmunoblot analysis as per section 2.5.12 was performed to detect and
confirm the presence of purified protein in tie pooled samples.Total protein

concentration of purified samples was determined using a BCA Protein Assay Kit (Pierce)
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AAAT OAET ¢ OiF 1 AT OEAAAOOOAOG0O EI OOOOAOEIT O8

using a BioTek Synergy 2 plate reader and Genbfsvare

2.5.14 Generation of Native protein

Native protein was generated by cleaving the ferminal peptide containing the

6xHis tag and SUMO protein using SUMO protease (Invitrogen) according to the

ET OOOOAOQETT O & 01 A ET OE Kxpredsidn Spskein Usar mBridst. 3 5 - /

Native protein was purified as per section 2.5.13 and analyzed by SIPBGE as per section

2.5.10.
2.5.15 Buffer Exchange of Purified Proteins

Purified native andN/C terminal-SUMOfusion proteins were buffer exchangednto
PBS and concentrated using a Centriprep Centrifugal Filter Device (Millipore) with an
Ultracel® 10 kDa cutoff membrane. Centriprep devices were spun at 2500 x g for 30 min

at 4°C in a Beckman Coulter Allegra X12R floor centrifuge.

Total protein concertration of buffer exchangedsamples was determined using a
"#1 001 OAET ! OOAU +EO j 0EAOAAQ AAAT OAET ¢ Ol
read and analyzedat 562nmusing a BioTek Synergy 2 plate reader an@en5software.

Purified proteins were stored at -20°Cuntil required for immunization .
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2.6 Preparation of Whole Bacteria Antigen

2.6.1 Planktonic A. baumannii Cultures

Planktonic cultures of BAP positive strainswere prepared by streaking out glycerol
stocks on L.B agar plateéTeknova) and incubating them overnight at 37°C. Single colonies
were picked with a sterile loop and used to inoculate 20ml of sterile L.B broth media.

Cultures were grown as described in sectiof.2.3.

2.6.2 Biofilm A. baumannii Cultures

Bacterial biofilms were grown in a device manufactured in house consisting of
600ml| beakers, omniwrap autoclave papeand 15ml BD Falcon tubegFigure 3).
Construction ofeachbiofilm device and biofilm growth was accomplished as follows:
Autoclave paper wasplacedon the top ofa 600ml glassbeaker as to cover the entire open
surfaceand taped tightly around the beaker with autoclave tape. Usimngscalpel, star
shaped openingsvere made on the top of the paper to allow insertion of & plastic tubes.
Tubes were inserted into tke holes and covered with another layer of autoclave paper
which was secured tightly with more autoclave tape. The apparatus was autoclaved on
gravity cycle for approximately 1 haur and placed immediately in a sterile biosafety cabinet
(BSC). Inthe BSthe top cover of autoclave paper and one tube were removed from the
device and placed on the sterile surfaceNext,340ml of sterile 50% L.B broth (diluted in
sterile distilled water to produce media with decreased nutrient content to induce biofilm
formation) was added to the beaker through the opening left by removal of one of the

tubes. The media was then inoculated with 10ml of culture previously prepared as per
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section 2.6.1. Devices were placed in a 37°C incubataith 80-90 rpm slow shakingfor 2-5

days to allow biofilm growth on the outer surface othe plastic tubes.

Omniwrap (Autoclave Paper)

15ml Falcon Tubes (x7)

350ml Sterile Media
Innoculated With Culture

Biofilm forms on outer
surface of the Falcon tubes,
to be harvested by scraping
after 5 days

Figure 3. Cartoon representation of in house manufactured biofilm device.

Tubes were inspected for growth orday 2 and biofilm was only harvested if growth
was sufficient, othemwise devices were left to incubate. Biofilm was harvested in a sterile
"3# AU AAOAEOI T U OAiIT OGET ¢ AAAE OOAAR xAOEET C
Buffered Saline (PBS[Sigmg and scraping off biofilm with a sterile cell scrape(VWR)

into tubes cantaining 20ml fresh sterile PBS
2.6.3 Concentration and BCA Analysis of Bacterial Cultures

Planktonic cultures prepared as in section 2.6.1 were centrifuged at 3000g to
pellet bacteria. L.B broth supernatant was discarded and bacteria were resuspermtli@ an
equal volume of sterile PBS. This step was not necessary for the biofilm bacteria as it was
already in PBS. Both planktonic and biofilm stocks were concentrategpproximately 10

times using aCentriprep Centrifugal Filter Devices (Millipore)wit h an Ultracel® 10 kDa
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cut-off membraneaccordingO1 | AT O A£A A OO O A Cedtapref deic@sverd peni 1 O

at 2500 x g for 30 min at 4°C in a Beckman Coulter Allegra X12R floor centrifuge

Concentrated bacteria samples were then analyzed by BCA tetermine total
protein concentration OOET ¢ A " #! 0071 OAET ' OOAU +EO j 0EAOQ!
instructions. BCA plates were read and analyzeat 562nmusing a BioTek Synergy 2 plate
reader andGenbsoftware. Planktonic and biofilm stocks were #iquoted and stored at-

80°C.
2.6.4 Chemical Inactivation of A. baumannii

Chemical inactivation ofplanktonic and biofilm bacteria was performed by adding
5% protocol 1:10 dilution buffered formalin (Fisher) to bacterial stocks and incubating
overnight at room temperature on a rotating wheel to ensure good mixing. Béeria were
washed 3 times by centrifuging at 2500 rpm for 25 mipdiscarding supernatant and
resuspending in fresh PB$o remove the formalin. Approximately 20ul of each inactivated
samplewas spread on L.B agar plates and incubated at 37°C overnight to check for growth.
A control plate was also prepared witi20ul of live bacteria and incubated at 37°C
overnight. Plates were inspected and compared to the control to ensure formalin
inactivation was successful. Inactivated samples were stored &0°C until required for

immunization.
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2.7 PAb Development

2.7.1 Immunization with Peptide Antigens

University of Manitoba 6z 8 week old female Balb/c nice were immunizedwith
peptide/KLH conjugatesthroughout a 90 day period consisting of a first immunization on
day zero followed by a series of boosters on days 28, 48, 63 andb7Each peptide group
contained 4 mice resulting in a total of 20 mice for peptide immunizationAll
immunizations were administered subcutaneously (S.Clising 1 c.c syringes and 23 gauge
needles (BD). On day zero nice were administered100ul of a10ug doseof peptide antigen
and PB39n a 1:1 dilution of Complete& O A O T djuaat (CFA)(Brenntag Biosecto). The
following boosterscontained the same dose as the first immunization angere givenin a
pdp AEI OOEIT xEOE )1 AT | @lednadBiogeOtd)@ithahé O ! AEOOAI
exception of the final booster or final push,which was given as a 5ug dose in 50ulrstight
PBS Final boosters were administered by thantraperitoneal (I.P) route. All

immunizations were performed in accordance with Canadian Council of Animal Care

(CCAC) guidelines.
2.7.2 Immunization with Recombinant Proteins

University of Manitoba 6z 8 week old female Balb/c micevere immunized with
recombinant proteins using an accelerated immunization schedule consisting of a first

immunization on day zero followed by a booster on day 14 and 28The N and C terminal

® Dependent on antibody titres determined by ELISA analysisadftieeds

¢ Dependent on antibody titres determined by ELISA analysis of trial bleeds
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SUMO anadhative C termnal protein groups contained 2 micesachresulting in a total of6
mice for recombinant protein immunization. All immunizations were administered
intraperitonealy (I.P) using 1 c.c syringes and 23 gauge needls (BD). The first

immunization and subsequentboosters were given as 2jg doses in 100pf prepared
recombinant protein antigen and CpG adjuvaniinvivoGen) in PBS containing 30% v/v
Emulsigen(MVP Technologies) The final push was given I.P as a 2jug dose in 50pl straight
PBS.All immunizations were performed in accordance with Canadian Council of Animal

Care (CCAC) guidelines.

2.7.3 Immunization with Whole Bacteria z Production of Control Antibody

Control antibody was produced by immunizing mice with whole inactivated
planktonic and biofilm A. baimannii as per section 2.7.1 with the exception that 10ug doses
were given in 50ul rather than 100ul. The first immunization was given in a 1:1 dilution
with IFA instead of CFA as the antigen was whole bacteria strong immunogenand CFA is
only usedfor antigenssuspected to be weakly immunogenicPlanktonic and biofilm
groups contained 4 mice each resulting in a total of 8 mice for whole bacteria
immunization. All immunizations were performed in accordance with Canadian Council of

Animal Care (CCAQuidelines.
2.7.4 Mice Euthanasia and Serum collection

-EAA xAOA AOOEAT EUAA o AAUO PIi OO0 £ET Al bpOO
adjuvant and 7 days post final push if they were immunized with Cp&mulsigen adjuvant.

Euthanasia was carried out iy anaesthetizing the mice and performing cardiac puncture

for blood collection until death of the animal Cervical dislocation was done as a secondary
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and precautionarymeasure to ensure mice were deallefore bagging them.A certified
animal technicianperformed all anaesthetizing procedures, ardiac punctures and

euthanasia

Blood obtained from the cardiac punctures was dispensed ito serum separator
tubes (BD) and centrifuged at 13,000 rpmfor 1 min. Serum was collected and aliquoted

into microcentri fuge tubes and stored at20°C.

2.8 PAb Efficacy Assays

2.8.1 ELISA Reactivity of Hyperimmune Serum

All Enzyme-linked immunosorbent assay (ELISAs) were performed in maxiSorp 96-
well flat bottom plates NUNQA) AT A xAOA 1T £ OEA OET AEOAAS OUDPA
amount of antigen (Ag)neededfor the first coatwas calculated depending on the number
of plates and amount ofAg per well. The amount ofAg per well varied depending on the
type of Agbeing coated(peptide, recombinant protein or whole bacteria). A calculated
amount of Agwas added to PBS (for peptide and recombinant proteins) ararbonate-
bicarbonate (for whole bacteria)(Sigma)coating buffer and 60ul was added to each well
using a mulichannel pipette. The plate was incubated at 4°C overnight allowing thfeg to
BioTek ELx405 plate washer (i) The plates were blocked with 60pul of blocking buffer
consisting of 5% SMP in PBS and incubated at 37°C for 1 hour. Plates were washed as
above. (iii) Primary antibody was prepared by diluing mouseanti-serum or naive serum
(negative control) in dilution buffer consistingof 2.5% SMP in PBS50ul of primary

antibody at a starting dilution of 1:100 was added to the first row The remaining 7 rows
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were coated with 60ul of serially diluted antibody; resulting in 2-fold diluted antibody in
each subsequent row Plates were incubated at 37°C for 1 hour and washed as above. (iv)
Then 60pl of a 1:2000 dilution ofgoat anttmouse IgGHRP(Southern Biotech)in 2.5% SMP
dilution buffer was added toeach wellas a secondary antibody Plateswvere incubated at
37°C for 1 hour and washed as above. (\Blates werethen coated with 60ulof ¢ h-gziho-
bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) substratd Roche and incubated at
room temperature to produce a color change Plates were inspected for color change at 15
30 and 60 min. Colour development was measured at 405nmasing a BioTek Synergy 2

plate reader andGen5software.
2.8.2 Western Immunob lot Reactivity Assays

All western immunoblot assays were performed as described in section 2.5.12 with
the following exceptions: All samples were prepared as 15l loads df-5ug of Agand 5ul of
4x NuPAGE® LDS sample buffer (Invitrogen) diluted in a calculated volume of PBS
(dependent on volume ofAg). Samples were heated at 70°C for 10 min in a heat block and
the total 15ul was loaded onto NUPSE® Bis/Tris 4-12% precast gels. Samples were run
using the SDSPAGE protocol as per section 2.5.10When testing peptide and recombinant
protein anti-serum reactivity with whole bacteria, 5ug of bacteria Ag wasoaded onto
NuPAGE® Novex 8% Tris-Acetate gelsand ran with 1x Tris-Acetate SDS running buffer
(diluted from 20 x NuPAGE® TrisAcetate SDS running buffer) (both from Invitrogen).

Gels were eletrophoresed at150 V for 1.52 hours and transfer took place for 1.5 hours at

¢ lower cross linked gelsere used as thegllow larger proteinsuch as BA® run througheasier than
the higher 412% cross linked gels.
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40 V. In all cases mouse antserum was used as a primary antibody probe at a dilution of
1/250 in half strength blocking buffer (2.5% SMP in 1 x TBSBnd goat antimouse IgG
HRP diluted 1:6000in 1 x TBSTwas used as the secondary antibody prolse All remaining

steps were the sameas described in section 2.5.12.

2.9 In Vitro _Assays

2.9.1 Preparation of Bacterial Stocks and CFU/ml Calcu lation s

Bacterial stock10ml A. baumanii cultures were prepared as per section 2.6.1 and
centrifuged at 3000 xg to pellet bacteria. L.B supernatant was discarded and bacteria
pellets were reswspended in 10ml sterile PBS. Tebbml BD Falcon tubes were filled with
9ml of PBS.10-fold serially dilutions were performed in PBSto produce bacterial dilutions
ranging from 10! to 1010, 100l of each dilution was spread o TSB plates (bioMerieux)
which colonies were too numerous to count in which case they were labelled TNTC and set
aside. The dilution plate with approximately 50-150 colonies was chosen to calculate
colony forming units per ml (CFU/ml). The original bacteria/PBS culturewas aliquoted,

labelled with calculated CFU/ml and stored at80°C.

¢ Suitable dilutions foanti-serum primary antibody and the secondary antibody were determined from
a set of preliminary westerrmmunablot experiments performed previously. Various amounts of
antigen and dilutions of antibody were tested together to determine optimal dilutfonpre-immune
(negative control) conditions, positive control conditions and to ensure no background noise occurred
from secondary antibody probing.
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2.9.2 Complement Dependent Assays

Complement assays were performedn MaxiSorp96- well flat bottom plates with
each samplean in triplicate. Each sampléhad a total volume of 60ul consisting of: 10ul of
A. baumanniibacteria at a concentration of 10/ ml, various dilutions of whole A. baumanni
anti-serum or naive mouse serum (negative control) 10pl rabbit complement(Cedarlane)
or 10ul DMEM 10ul of DMEM + 0.6% FB&nd DMEMto total 60ul (dependent on antibody

volume).

A. baumanniistocks were diluted to 10 and incubated with serum,DMEM and
DMEM+0.6% FB$n thefirst row of wells for 10-15 min at 37°C In this time lyophilized
rabbit complement was reconstituted with 0.5ml cold sterile MiliQ® water and 0.5ml
DMEM and filter sterilized using &33mm millex GV0.22umfilter unit (Millipore) and 1ml
syringe BD).C I D1 AT AT O xAO AAAAA -OAT (ORI il RATGO A AKEAC T $A(
xAO AAAAA O1 OAIAHI B AdskhipEx@ierd gehtli mixed by tapping
the corner of the plateand incubated at 37°C for 1 hour.Next, 40ul of sterie PBS was
added to each well bringing the volume to 100ul and diluting bacteria further to 1@ml. In
the next 4 rows 90ul of PBS was added the wells and 10-fold serial dilutions were
performed to dilute bacteria even further. Then,50ul of the 13 and 10* dilutions were
plated on TSB plates for bacteriology and incubated overnight at 37°Colonies were
counted and CFU/miwere calculated foreach sample to determine iA. baumanniiwas
susceptible to complement and whether wholéA. baumanniianti-serum activity was

complement dependent.
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2.9.3 Growth and Maintenance of J774A.1 Macrophage Cell Line

Murine macrophage cell lineJ774A.1 (ATCC) were grown from a previously
prepared Master stock (1.0x10 cells/ml) fin sterile T75 cn? Corning® rectangular cell
AOI OOOA &l AGEO | QEOEAOQ OOEI C $01 ARAAT 50 -1 AE
Fetal Bovine Serum (FBS) (Wisent) and 10mMt+(2-hydroxyethyl) -1-
piperazineethanesulfonic acidHEPES) Sigmg at 37°C with 5% CQ. Cultureswere
passagedevery 3days and harvested at a density of 2.0xI@ells/ml on the day

macrophage assays were performed
2.9.4 Macrophage Opsonization Assay s

All macrophage assays were performed in MaxiSorp 9@vell flat bottom plates with
each sample ran in triplicate.Each sample had a total volume o60ul consisting of: 10pl of
A. baumanniibacteria at a concentration of 16/ml, various dilutions of whole A. baumannii
anti-serum or naive mouse serum (negative control), 10ul of J774A.1 cedisa
concentration of 2.0x107 cells/ml or 10ul of DMEM and PBS to 50ul (dependent on

antibody volume).

Bacteriawere incubated with serum and PB3n the first row of wells forl5 min at
37°C8 *xxt1! 8p AAI T O xAOA +AAAOA PEIA CAKI BAIT A0 $ARBE
added to samples desigh OARA DOT PEACAS 8 3AI PI A0 xAOA CAT Ol
plate and incubated at 37°C for 3 hourafter which macrophage cells were lysed with 50ul

of 0.2% Triton®-X100 (Sigmg. Then, 90ul of PBS was added to wells of the next 5 rows

" J774A.1 Master and Token stocks previously cultured and froze down by Research Technician Yvonne
Kindiak of the Molecular Immunology Lab, Cangene Corporation
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and 10-fold serial dilutions were performed to dilute bacteria. 50ul of the 16and 1(°
dilutions were plated on TSB plates for bacteriology and incubated overnight at 37°C.
Colonies were counted and CFU/ml were calculated for each sampéedetermine if A.

baumanniiwas susceptible to macrophage opsonization.

3 Results

3.1 Identification of BAP Positive Strains - BAP N and C Brminus Amplification

Molecular screening was performed on all 1&. baumanniistrains in order to
determine which strains contained thebap gene and therefore which strains to use for
further experimentation and antibody development against whole organisnTable 4). The
bap gene is much too largé€25,863bp) to PCRamplify as attempts were made but proved
unsuccessful (data not shown) Therefore the Nterminal and Cterminal fragments were
amplified using BAP N and C terminal oligonucleotide primers (Table &) identify BAP
positive strains. Srains which screened positive for the Nerminus of BAPincluded Swab
4, Swab 5 and B‘B11, B13. Eidence of this could beseen clearly on agarose gels as bright
bands appeared around the 500 base pair mark which is the approximate size of the N
terminal fragment (Figure 4A). These strainavere then screened for the Germinus of
BAP, howeveranalysisrevealed thatthis fragment could only be amplified in bacterial
strains Swab 4 and Swab 5, but not the other straires seen by the two very prominent
bands around the 1200 base pair markFigure 4B). Therefore, all further experimentation

was performedusing strains Swab 4 and Swab 5.
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Table4. Strain 1.D and details for the 18 isolatesf Acinetobacter baumannithat were
screened for the BAP protein. All supplementary information was supplied by Dr. Zhanel
and Dr. GWright. No information wassupplied for strains B1-B11, B13.

Strainl.D  Collection Location Collection Source Ageof Gender
Date Site patient of
patient
B0063658U Nov5,2007  Hamilton General ICU Endotracheal  Unknown M
Hospital tube Aspirate
B0091943U Jul24,2006  Hamilton General ICU Rectalswab  Unknown M
Hospital
B0008996U Jan 21,2007  HamiltonGeneral  BurnTrama Blood - Central  Unknown M
Hospital Unit line
Swab4 Jan2,2007  Uof Alberta Hospital General Urine 40 M
Surgery
Swab5 Aprl5, Montreal General General Blood 72 F
2007 Hospital Unspecified
ICU
BAA-1605  Jun30,2006 Health Sciences Unknown Wound Unknown Unknown
Centre, Ont.
B1-B11,B13  Unknown Unknown Unknown Unknown Unknown Unknown
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(A)

1-B0063658U X

(B)

1200 bp

2-B0091943U X
3-B0008996U X
4-Swab 4 YES
5-Swab 5 YES
6- BAA-1605 X
B1 YES
B2 YES
B3 YES
B4 YES
B5 YES
B6 YES
B7 YES
B8 YES
B9 YES
B10 YES
B11 YES
B13 YES

*7 - Negative control

1-B1 X

2-B2 X

3-B3 X

4-B4 X

5-B5 X

6-B6 X

7-B7 X

8-B8 X

9-B9 X

10- B10 X
11-B11 X
12-B13 X
13-Swab 4 YES ﬁ
14-Swab 5 YES R

#15 - Negative control

Figure 4. Ethidium bromide stained agarose gel showin@CR amplification of BAP N
terminus (A) and Cterminus fragments (B) to identify BAP positive strains Since Swab 4
and Swab 5 screened posite for both the N and Germinals they were used forall futher
experiments.




3.2 Generation of Peptide Antigens

3.2.1 Repeat Consensus and Peptides

The tandem repeats present in the core of BAP made it possibledesign consensus
synthetic peptides. Thesewere designed for repeat modules A, B, C, D and G, but not E and
F(Table5)8 SETAA OEA uvdé OAAOEIT T &£ OEA DPOI OAET E/
AOO OEA 06 OAAGEAdG hakdry feEdiGsHigu@ 2)lwhich%re less

conservech xA OET OCEO EO 1 AAAOOAOU O AAOECT A PAE

repeats. Module G was chosen as it is the most conserved of the thrités most likely that

one or several of these repeat modules are exposed to solvent.

Table5. Peptide consensus and designPeptides A, B, C, D, and G were manufactured and
purchased from United Biochemical Research Inc. Seattle WA. UE4steine residues were
added to the amino terminus of each peptidéor easy conjugationasthe BAP protein asa
whole does not contain anyof these amino acids

Repeat Module Peptide Consensus/Design
A NH,-C-ADADKTIDAKVTFTDAAGN-COOH
B NH,-C-APNAPVLDPINATDPVSGT-COOH
C NH,-C-NNGDGTWTLADNTL P-COOH
D NH,-C-(NYTVTAADLANGYITA-COOH
G NH,-C-GQVDQFTYTLTDPVT G-COOH

70



3.2.2 Conjugation, Total Protein Concentration and Immunization

The small size othe synthetic peptides render them less than effective
immunogens therefore conjugation of the peptides to larger molec@sis a necessary step
to produce an effective immunogerand anti-peptide antibodies. The peptides alonare
unable to elicit asufficient immune response from the mice but when conjugated tgood
carrier proteins such asKeyhole Limpet hemocyanin (KLH)a norn-heme protein found in
arthropods and mollusces, theyrove quite adequate. Peptides A, B, C, D and G were all
conjugated to KLH foimmunization purposes and BSA foexperimental assays
Conjugates were purified and fractions were quantified using spectrophotometer to
determine which to pool and which to discard. BCA analysis was was used to determine
total protein concentration of pooled fractionswhich was then used inimmunization

calculations.

For each peptide a group of 4 mice were immunizedAll groups responded well to
immunization with peptide/KLH conjugates as none of the mice showed argetrimental
side effects throughout the immunization period.Immune response and antibody
production was verified by testing antibody serum against pefide antigen in ELISA (Figure
5). Serum from each group was tested again200ng of the caresponding peptide/BSA
antigenin ELISA Results revealed an exceptional antibody titre respons®mpared tothe

negative control which wasnaive pre-immune serum tested against each peptide antigen.
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Homologous Immunogenicity of Peptides
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4
3.5 A \ PepB
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Figure 5 ELISA assay on serum IgG of peptide immunogeresting the effcacy of
peptide/KLH conjugates Peptide anti-serum IgGtitre against200ng/well peptide/BSA
antigen compared to naive preimmune serumlgGtitre . Peptide antiserum was also
tested for reactivity against whole bacteria(section 3.6).

3.3 Generation of Recombinant Proteins

3.3.1 N and C Terminal PCR Productand Ligation into SUMO vector

In addition to making antibody reagentsto the repeat modules of BAP, we also
wanted to produce antibodies to the norrepetitive N and C terminalregions. In order to
produce recombinant proteinsthe cDNA encoding theN and C termiral fragmentshad to
be ligatedinto the pET SUM@xpressionvector (refer to section 2.5.3 for information on
pET SUMOgand thusDNA fragments of both had to be amplifiednd purified. Fragments
from A. baumanniistrains Swab 4 and Swab 5 were used for production of recombinant
proteins as they werethe only two strains toscreen positive for both regions of BAP. Two

samples of each strain were pFpared foragarose geklectrophoresisusing BAP N and C
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terminal oligonucleotide primers (Table 3)to generate a PCR produdbr cloning and

expression(Figure 6).

Swab 4 Swab 5

Nterm

500 bp .'.. "..

Cterm

1200 bp

Figure 6. Ethidium bromide stained agarose gel showind®CR amplification of BAP N and C
terminal fragments for ligation. Two PCR reactions per BAP positive strain (Swab 4 (S4)
and Swab 5 (S5)) were prepared with both N and C terimal primers to ensure there would
be sufficient DNA for gel extraction. Bright, prominent bands were visible around the 500
and 1200 bp mark; the approximate sizes dhe N and C terninals respectively. DNA bands
were excised from agarose gels and purified for subsequent ligation into ti®2JMO vector.

Purified N and C terninal DNA was then ligated into the pET SUMO vector which has
a TA cloning site for effective cloning ofag-amplified PCR products (Refer to ppendix Il

for vector map and sequence containing TA cloning site).
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3.3.2 Colony PCR Amplification of Successful Mach-1-T1 Transformants

Following the ligation the plasmids weretransformed into Mach-1-T1 CompetentE.
coli cells (refer to section 2.5.4 for information on Machl1-T1 cells). Transformations were
grown on L.B agaplates containing 100ug/ml kanamycinas the pET SUMO vector contains
a kanamycin resistance gene for selection ia. coli TenN terminal colonies and 20 C
terminal colonies were analyzed byolony PCRamplification to determine if N and C
terminal inserts were present in the vector (Figure7A, B. The Nterminal insert was
present in all transformants of Svab 4 and Swab 5 except sample Swaltblony #4 as seen
by the bright, prominent bands around the 500 base pair mark of the molecular marker
and absence of a band in lane 10 (Figure 7A)The C terminal insert was present in 11 of
the 20 chosen colonies an@ were chosen for further analysis based on brightness and

general appearance of ta DNA bands in the original gel (Figure 7B).
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(A) (B)

N term Colony PCR Cterm ColonyPCR

1 2 34 5 67 8 91 11

Swab 4
colonies

1200 bp

500 bp ceweww wew w

Swab 5
colonies

Swab4 Swab 5
colonies colonies 100k

Figure 7. Ethidium bromide stained agarose gel showingaiony PCR amplification ofN
terminal (A) and C terminal (B)transformants. Colony PCR using designed &hd C

terminal oligonucleotide primers confirming the presence of BAP Mdnd Cterminal inserts

in the SUMO vectar (A)N terminal insert was present in9 of the 10 chosen Swab 4 (S4)
and Swab 5 (S5) coloniesLanes t11 are as follows: (1) S4 colony #1, (2) S4 #2, (34 #3,
(4) S4 #4, (5) S4 #5, (6) negative control, (7) S5 #1, (8) S5 #2, (9) S5 #3, (10) S5 #4, (11)
S5#5. All 9 samples were used for further analysi¢B) C terminal insert was present in

11 of the 20 colonies and 8 were chosen for further analys(boxes). Top gel, lanes 111

are as follows: (1) S4 1:1#1, (2) S4 1:1#2, (3) S4 1:1#3, (4) S4 1:1#4, (5) S4 1:1#5, (6)
negative control, (7) S4 1:3#1, (8) S4 1:3#2, (9) S4 1:3#3 (10) S4 1:3#4, (11) S4 1:3#5.
Swab 5 samples are seen on the bottom geldare labelled similarly. The 8 samples
chosen for further analysis were: S4 1:1 colonies #2 and 3, S4 1:3 colonies #2 and 5, S5 1:1
colonies #1 and 5 and S5 1:3 colonies #1 and 4. These bands are visible around the 1200
base par mark of the molecularmarker. (1:1 and 1:3 represent the vector:insert ratio).

3.3.3 Plasmid DNA and Sequence Analysis

The 9 N termnal colonies and 8 C terrmal colonies were restreaked to be used in
further analysis. Plasmid DNAfrom the colonieswas extracted,purified and quantified
before it was sent to Beckman Coulter Genomics for sequence analydisio sequence
reactions per sample were performed; one forward reaction using SUMO forward primer

and one reverse reaction using T7 reverse primgiSee table 3 for pimer sequences)
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Initial sequence analysis revealed good data for all sample$/hen analyzing
sequence reactions Beckman Coulter genomics usephredscore to assign the quality of
each peak and therefore a pass or fail to each reaction. Phied base calling computer
program for identifying nucleobases fromDNA sequence tracest reads DNA sequence
files and analyzes the paksaround each base andssigrs a qualityO 0 EOAA OAT OA S
identified base. In the case of our sequence data each reamti required a score of phred20
quality or higher to pass meaning that the accuracy of the basdentification had to be

99% or higher (http://www.phrap.com/phred/#qualityscores ).

All forward reactions passedhaving a phred20 quality or higher, however only one
reverse reaction passed with the others failing. Reverse reactions were-sequenced in
another attempt which was successful as all reactions passed the second time. Analysis of
the sequence data using DNASTAR Lasergene 8 software revealed that the 8plasmids
containing the C terminaland 6 of the 9plasmids containing the N terminalhad inserts in
the correct orientation. BLAST analysis of these samples through the NCBI database
revealed high sequence homology witicinetobacter baumannigenomes andA.
baumanniibap genes on the databaseFurthermore, the sequences athe N and C
terminals showed vay few variations between strains Swab 4 and Swab §See ppendix

[l for sequence analysis an8LAST results.
3.3.4 Expression of N and Cterm inal Recombinant Proteins

All N and C ternnal samples which hadcorrect inserts within the vector were used
for preliminary pilot expression studies. Plasmid DNA from 8 samples were transformed

into BL21(DE3)E. colicells, grown overnight and thenused to inoculate fresh culture
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which was incubated until bacteria reached midog phase and had an O.D measurement of
approximately 0.4 - 0.6 or higher at 600nm The 8 cultures weresplit in two and protein
expression wasinduced by adding 1ImMIPTGto one of the cultures while the otherwas

kept as the original. Next,500ul aliquots were removed once every hour for 5 hoursrom
both induced and uninduced culturesand centrifuged to pellet bacteria. Proteins were
liberated from bacterial cell pellets ushg BugBuster® reagent which replaces mechanical
methods such as sonication by gently perforating the bacterial cell wall to release soluble
and insoluble fractions of proteins. Soluble and insoluble lysate samples were analyzed by
SDSPAGE to determine with fraction target proteins were present in and the optimal

conditions for expression(Figure 8).

The N terminal of BAPhas an original molecular weight of approximately19.6kDa
andthe C terminal has anapproximate weight of 44.6kDa. However, gpression of target
proteins with the N-terminal peptide containing the 6xHis tag ad SUMO fusion protein
resulted in anincrease in size of thefragments by approximately 13kDa. Therefore,
recombinant N and C terninal fusion proteins were seen on gels as appramately 33
and57kDa bands respectively Initially two of the N terminal samples(S4 #1 and #2 and
the two C terminal ( S5 1:1 #1 and S5 1:3 ##pilot expression samples were analyzed
Results revealed that the N ternmal fragment wasexclusivelyin the soluble protein
fraction as seen by the increasing intensity dhe bands just underthe 37kDa markin the
0011 OAT A CAl 08 AT A IOKARE OEKEOE 1 OHATREC tddil OO | RECO
was mostly in the insoluble protein fractionas seen ly increasing intensity of bands just

abovethe 50kDa mark,but could also be seen slightly in soluble fraction§Figure 8B).
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The remaining soluble lysateof the N terminal BAP fragmensampleswere analyzed and
confirmed that protein was in fact present inthe soluble fraction (data not shown).
Observation of each time point band revealed that-8 hours of growth was appropriate for
optimal expression. The final time point (t=5) of the uninduced culture(IPTG-) for all

samples wasanalyzed concurently f or comparison purposes

(A) (B)

N term $4 #1 Soluble ~ NtermS4#1Insoluble Cterm S5 1:1#1 Insoluble CtermS5 1:1#1soluble

37kDa

S5 1:3 #4 soluble

=

N term S4 #3 soluble N tennSQ #3lnsoluble

37k0a

Figure 8 Colloidal Coomassie stained SD8-12% polyacrylamide gelsof the preliminary
pilot expression of recombinant proteinsin SUMO ector. Analysis revealedN terminal
samples S4#1 and #2 (Aare in the soluble protein fraction(left) seen by the increasing
intensity of bandsaround the 37kDa mark (boxes).The two C termnal samples S5 1:1#1
and S5 1:3 #4 B) can be seen in the insaible fraction (left) by the increasing bands around
the 50kDa mark (Boxes). This increase in intensity of bands is evidence of induced
expression of target proteins over time. Lanes-B represent time points thrs-5hrs of the
induced culture (IPTG+). Théast lane labelled 5(IPTG) is time point 5 of the uninduced
culture. The smaller size of these bands compared to the others is further proof that target
proteins were expressed by IPTG.
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Next, one representative N and C terminal fusion protein werarbitrarily chosen for
expression scale up based on the results of the pilot expression analysis. Only one sample
from each recombinant protein was scaled up as only one was needed for subsequent
purification and immunization and results of sequence analysisuggested there was little
difference between samples and strains, therefore expressing all samples would be
redundant. Expression of N terminal S5#2 and C terminal S51:1 #1 was scaled up to a
50ml culture and grown for 4 hours as determined from the pot expression. SDFPAGE
analysis ofN terminal soluble lysate and C ternmal insoluble and soluble lysate was
performed which confirmed the success of the scale up as seen by large protein bantls
appropriate molecular weights (Figure 9\). Concurrentlywestern immunoblot analysis
was performed to detect recombinant proteinsvia 6xHis tagusing anti-HisGHRP
antibodies (Figure 9B) to further confirm expression. Results confirmed that the N
terminal BAP fragment is expressed in the soluble fraction andhé C terminal BAP

fragment is expressed in the insoluble fraction.
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(A) (B)

SDS-PAGE Gel Western Blot
L/ =HA YA LA L .Y

NS5#2 CS51:1#1 CS511#1
N S5#2 CS511#1 CS511#1

Soluble Soluble Insoluble

Soluble Soluble Insoluble

i 11

i

S0kDa iy
37kDa s W —

Figure9. Scaled up expressioof recombinant proteins. Colloidal Coomassie stained SDS
4-12% polyacrylamide gel (A) and westernmmunoblot (B) demonstrating success of
scaled up expression and detection of recombinant proteinsontaining 6xHis tagby anti-
HisGHRP antibodies Majority ofthe C terminal protein can be seen in the insoluble
fraction and thus was used in all further experiments while soluble fractions were
discarded.

3.3.5 Puirification of N and C term inal Recombinant Proteins

Bacterial lysate containing recombinant proteins from the scaled up expression was
then purified usingthA 0 OT " T T AA 0 O O BNiEeeliodudi gurificatob @ HedN 8
terminal sample was perfof AA 01 AAO O1 AOE OAdeterhindd oBOET T O AO |
soluble and we wanted to preserve protein activity. However, since the C teimal was
insoluble butweOOET I x AT OAA O DOAOAOOGA DPOIT OAET AAOQOEOD
conditions as per commercial instructions Therefore C ternmal was prepared and bound
in the column as an insoluble protein but was washed and eluted using buffers typically
used fa soluble proteins. N terminal columns were washed 4 times and protein was eluted

in ten 1ml fractions whereas C ternmal columns were washed 8 times, but protein was

eluted and collected in the same mannerAll wash and eluted fractions fom N and C
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terminal recombinant protein purification s were analyzed by SDFAGHFigure 10A, B
and fractions containing purified protein were pooled as determined by resultsSample
flow through was also analyzed to confirm that protein was no longer in the flow thragh
but bound and eluted from the column.As seen in figurelOA all N terminal eluted
fractions contained purified protein with fractions 2 and 3 containing the most significant
amount, nonetheless all fractions were pooled. C teimal fractions 1-4 contained the
majority of purified protein (Figure 10B) however, protein was present in all fractions and

thus all fractions were pooled as well

(A)

N term S5 #2 Purification

F4 F5 F6 F7 F8 F9 F10 C-FT

FT W1 W2 W3 W4 F1 F2 F3

FT = Flow Through
W= Wash
F = Fraction (Eluted)
C-FT = C term Flow

Through

(B)

Figure 10. Purification of recombinant proteins. Colloidal Coomassie stained SD8-12%
polyacrylamide gels of N termnal (A) and C ternminal (B) recombinant protein purification.
Purified protein is seen in eluted fractions and not the flow through or wash fractions.
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