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Abstract

Burkholderiacenocepacias an opportunistic pathogertapable of establishing infection
and causing disease i@ystic Fibrosis (CF) patients and other immunocompromised
individuals.Theintrinsic resistance to several classesaatibiotics the large panelof
virulence factors andability to adapt tovariousenvironmentsfacilitate B. cenocepaai
colonization and persistencie their hosts. The B. cenocepaciarsenal of virulence
factorsis wide and diversified and includpecializegurface exposegroteins Among
those, Trimeric Autotransporter Adhesins (TAAspresenta unique class ofproteins
known to playrelevantroles in pathogenicityThe general objective of this thesis is to
gain an indepth knowledge regarding the early stepBofcenocepacthost interaction,
particularly elucidating the roles played by TAAs in that prodéss results allowed the
functional characterization of twd®. cenocepacid AAs¢ BcaC and BCAM2418. Both
were found to be multifunctional proteins and important players during the badteria
adhesion to cells anéxtracellular matrixcomponents. The expression of those TAA
genesprovedto be under finetuned regulation.ocaCwas negatively regulated by a
neighbor histidine kinaserhile BCAM241&xpression increased upon initial contact of
bacterium with the host cellEliminationof O-glycansboth from mucins and surface of
bronchial epithelial cells was found timrned BCAM2418gene expression ofand
impaired bacterial adherenceTheuse ofan anti-BCAM241&ntibodycauseda marked
reduction in the adhesion oB. cenocepacida bronchial cells and mucinand an
inhibition of in vivo virulence. Usingglycan microarrays, host glycan epitopes for
BCAM2418 were predicted amlrkholderiaspecies were found to interact in different
ways wth distinct classes of @dssociated carbohydrate moietieg-inally, B.
cenocepaciaranscriptional modulation and adaptation to the host upon the initial
contacts was assessed using giant plasma membrane vef@idVsas aceltlike
alternative RNAsequencing analysemonstrated that the early physical interactions
between bacter and GPMVscaused a shift in the transcription of genes related to
central metabokm, transport systems, and virulence traitacluding many associated
with the adhesion phenomen®verall, the work suppostthe importance of the early

contacts betweerbacteria and host cell as@ucialstep for B. cenocepacianfection



andopened new insights regarding the bacterial adaptation that take place in the early

stages of infection.

Key words: Burkholderia cenocepagciaPathogenicity, Virulencdactors, Trimeric

autotransporter adhesins, Hosell interaction



Resumo

Burkholderia cenocepac@aum patogénico oportunista capaz de estabelecer infecéo e
causar doenca em pacientes com Fibrose Cistica (FC) e outros ioslividu
imunocomprometidos. A resisténcia intrinseca a varias classes de antibioticastoa
painel de fatores de viruléncia e apacidade de adaptacdo a diferentes ambientes,
facilitam a colonizacdo e persisténcia Becenocepaciao hospedeiro. O arsenal de
fatores de viruléncia d8. cenocepacig amplo e diversificado e inclui proteinas de
superficie altamente especializadastrié estas, Adesinas Triméricas Autotransportadas
(ATAs) representam uma classe Unica de proteinas que sdo conhecidas por
desempenharpapéis importantes na patogenicidade. O objetivo geral desta tese é
aprofundar o conhecimento relativo aos passos iniai@sinteracdoB. cenocepacia
hospedeiro, elucidando em particular os papéis desempenhados por ATAs nesse
processo. Os resultados permitiram uma caracterizacao funcional de duas ABAs de
cenocepacia BcaC e BCAM2418. Ambas demonstraram ser proteinagunalbnais

e importantes intervenientes durante a adeséo bacteriana a células e componentes da
matriz extracelular. A expressao desses ATAs genes provou estar sobre uma regulacéo
estrita. bcaCdemonstrou ser regulado negativamente por uma histidina cindsaha
enquanto que a expressdo dCAM2418umentou durante os contactos inicias da
bactéria com a célula hospedeira. A eliminacdo dgi€anos tanto de mucinas como da
superficie de células do epitélio bronquial provou diminuir a expressdo do gene
BCM2418e inviabilizar a adeséo bacteriana. O uso de um anticorpeBwiM2418
causou uma demarcada reducdo na adesa@deenocepacia células do brénquio e
mucinas e a inibicdo de viruléndia viva Usandomicroarraysde glicanos, epitopos
glicosilados do hospedeiro foram identificadoxomo alvos de interagdo com
BCAM2418¢ espécies do génemBurkholderiademonstraram interagir de diferentes
formas com variadas classes de carboidratos associados a FC. Por fim, a modulacao
transcricional e adaptacédo d& cenocepaciam consequéncia dos primeiros contactos
com o hospedeiro foi analisada com recurso aiowdas gigantes de membrana
plasmatica(VGMPs) como alternativa celular. Sequenciacdo de RNA indicouogue

primeiros contactosfisios entre bactéria & GMPs causam uma mudanca na transcrigdo



de genes relacionados com o metabolismo central, sistemas de transporte e
caracteristicas de viruléncgiancluindo muitas associadas com o fenémeno de adeséo
Em suma, o trabalho desenvolvido nesta tese suporta aitapciadas interacoes
iniciais entre bactéria e a célula hospedeira como passo fundamental para a infecéo de
B. cenocepacijae trouxe novos conhecimentos relativos a adaptacdo bacteriana quer

ocorre nos estadios iniciais de infecao.

Palavras chave: Burkholderia cenocepagid’atogenicidade Fatores de viruléncia,

Adesinas triméricas autotransportadadsteracdo com célula hospedair

Vi
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|.  INTRODUCTION

Reviewpaper

Pimenta AlFialho AMNew nsights into the pathogenesis Blrkholderia cenocepacia
special emphasis orrimeric autotransporter adhesins as primary mediators of
attachment (in preparation)



l.1 Members of the genuBurkholderia multiple lifestyles

Burkholderia cenocepaciselong toBurkholderiagenus with more than 140 species and

candidatespecies|psn.dsmz.de/genus/burkholdenaBurkholderiagenus is a group of

Gramnegative -proteobacteria described as obligate aerobic reporeforming bacilli

that could be found in distinct ecaoyical niches and adopt different life cycles, revealing
their highly versatile metabolism and genetic diversitylahenthiralingam and
Vandamme, 2005; Company, et al. 20D8wis and Torres, 201&5ome of its members

are known to be problematic plant pathogens, while others have developed beneficial
interactions with their plant hosts and proven to bring beneficial ecological effects like
a better water management, protection against fungal infecs, and improved
nitrogen fixation (Coenye and Vandamme, 20G8mpany, et al. 2008). Other species
have demonstrated to be very efficient biocontrol (biopesticides) and bioremediation
agents that degrade toxic mamade compounds including groundwater luants that

are found in pesticides and herbicides (Mahenthiralingam, et al. 2005;
Mahenthiralingam, et al. 2008). NeverthelesBurkholderia isolates have been
increasingly identified as important human pathogens that cause persistent, hard to
treat, chonic infections. In this scenarioBurkholderia mallei Burkholderia
pseudomallei primary pathogens for humans and animals, and bacteria belonging to
Burkholderiacepaciacomplex (Bcc), opportunistic human pathogens, Buekholderia
cenocepaciaare esgcially critical (Drevinek and Mahenthiralingam, 2010; Lewis and

Torres, 2016).

First identified a$seudomonas cepadmthe 1950 by W. H. Burkholdd, cepaciavas
known for being a plant pathogen widely isolated from the biosphere (Burkholder,
1950). P. cepaciasolates were initially classified as closely related pseudomonads,
given their phenotypic diversity. However, in 1992, several species, incRdogpacia

were transferred from thé®>seudomonagenus to the new genuBurkholderiebased on

new molecular taxonomic analysis like 16S rRNA sequences angDDIR/omology
values (Yabuuchi, et al. 1992; Mahenthiralingam and Vandamme, 2005). In the late

1990s, Vandamme and colleagues divided cepaciastrains into five groups of


https://lpsn.dsmz.de/genus/burkholderia

phenotypically simdr isolates called genomovars\) (Vandamme, et al. 1997). In the
following years four new genomovars have been described, but with the improvement
in identification tests, all of them have been formally named as species. More recently,
differences in c¢hical outcomes, transmissibility, pathogenic or beneficial behavior
towards plantsand presence, or absence of genes led to new taxonomic studies and
new evaluation of theB. cepacidike bacteria (Coenye, et al. 2Q0Mlahenthiralingam

and Vandamme, 2005These studies identified novBurkholderiaspecies that were
normally misidentified a8. cepaciasuch a3. cenocepaciéCoenye, et al. 2001). The
new closely related species were collectively referredBascepaciacomplex (Bcc)
species, sharing aidh level of 16S rDNA (980%), andrecA (94¢95%) sequence
identity and moderate degrees of whelgenome DNADNA hybridization (360%)
(Mahenthiralingam and Vandamme, 2005). All of Bcc species have been isolated from
environmental and human clinical sources. They are common contaminants of cosmetic
and pharmaceutical solions, water supplies, sterile medical solutions, and disposable
hospital equipment leading to serious nosocomial infections. Lately, Bcc bacteria have
emerged as extremely problematic opportunistic human pathogens in patients with
cystic fibrosis(CF)and chronic granulomatous disease, and immunocompromised
individuals, with an increasing number of infections (Coenye and Vandamme, 2003,
Mahenthiralingam, et al. 2005). Nowadays, Bcc includes at least 22 closely related

species (Estradde Los Santos, et &018).

I.1.1 Cystic Fibrosi®tiology and pathophysiology of the disease

CF is the most common autosomal recessive disorder am@agcasians. It is an
incurable, chronic diseasehich causes severe damages to respiratory tract. There are
about 100000 worldwide cases and approximately 1000 new cases added each year. CF
affects children and young adults worldwide, with a life expectasfayid-30s due to
chronic lung infections that are associated with high mortality (Klimova, et al. 2017,
Rafeeq and Mrad, 2017).



CF is a disease caused by mutationghenCF transmembrane conductance regulator
gene (cftr) that encodes for a transmembrane chloride channel of low conductance
(Roussel and Lamblin, 2003; Kreda, et al. 2012). MalfunctdnSFTR cause an
imbalance of electrolytes like-@hdNa" across the epithelium: CF respiratory cells have
defective chloride exort and elevated sodium impo(Figure 1.1)This imbalance causes

the migration of water from the airway surface liquid to the epithelial cells resulting in
a dehydrated and highly viscous mucus secretions in the lungs. The increased mucus
thickness andriscosity facilitate the acquisition and persistence of bacterial infections
(Figure 1.1YLamblin, et al. 20QXKreda, et al. 2012/enkatakrishnan et al, 2014). The
composition of normal mucusontainsa mixture of 98% water and 2% solids (mostly
mucins- heavily Glinked glycosylated proteinsin CF lungs this balance is altered with

a reduction in the amount of water to approximately 90% and a rise in the mucin content
to 3-9%. The increased mucin concentration creates a more static mucus and an
impared mucociliary clearance, that instead of acting as a protective barrier, starts to

harbor bacteria enhancing infection and inflammation (Ridley and Thornton, 2018).

Chronic bacterial colonization and exacerbations of lung infections are the major cause
of morbidity and mortality in CF patients. Some studieswnthat besides physiological
changes across the lung epithelium, CF patients present different glydosytaairway
mucins. Nevertheless, the exact differences between the glycosylatiomucirs,
tissues, and cell ihealthy and Clungs and the direct contribution of CFTR malfunction
are still unclear (Lamblin, et al. 200&¢hulz, et al. 2007 Furthermore, the Gking
alterations in the mucidinked glycas seems to pranote and facilitate the interaction

of respiratory pathogens with the host cells (Venkatakrishnan et al. 2014; McClean and
Callaghan2017).
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Pseudomonas aeruginosa Staphylococcus aureus Haemophilus influenzae
Stenotrophomonas maltophiligdchromobacter sppand members of the Bcc are the
most common isolated species from the lungs of CF patients (HigBygGibson, et al.
2003). Despitd>. aeruginoséeing the most prevalent bacteria causing chronic CF lung
infection, Bcc species are the most problemabasidering treatment and eradication
(LiPuma, 2010). Moreover, Bcc strains are transmissible by social contact and extremely
difficult to eradicate due to their intrinsically high resistance to antibiotics (Scoffone, et
al. 2017). The poor prognoses angdthrisk of death after lung transplantation resulting
from Bcc infections in CF patients cause the discard of potential recipients from the lung

transplant list (Olland, et al. 2011).

[.1.2 Burkholderia cenocepacia lessons from a versatileopportunistic human

pathogen

Among Bcc bacteridB. cenocepaciehas proven to be one of the most challenging
opportunistic pathogens causing persistent, hard to treat, chronic infections in CF
patients. In those individualdd. cenocepaciaan cause severe respiratory infections
that lead to a rapid deterioration ofuhg function associated with necrotizing
pneumonia, bacteremia and sepsis that frequently results in death. In past decades,
several research groups dedicated their efforts to study this bacterium and its impact in
the many stages dhfection. The capacitto adapt to different environments and host
niches, the intrinsic resistance to several classes of drugs and its arsenal of virulence

factorsfacilitatesB. cenocepacieolonization and persistence inside the host.

[.1.2.1B. cenocepacigenomes

Up to date approximately 20@B. cenocepaci@genomes have been examined and
sequences (Burkholderia genome database, Winsor, et al. 2808)f them containing
three large chromosomal replicons, codifying more than 7000 genes, and ranging from

6 to 9 Mb Mahenthiralingam et al. 2005). J2315, the type straiotenocepaciand



a member of theepidemicET12 lineage, was the first one to have its genome sequenced
and available (Holden, et.&009).The genome consists of three circular chromosomes
of approximately 3870, 3217 and 0.876 Mb, and a plasmid (pBC2315) of 92.7 Kb, all of
them characterized for having a high percentage of GC content ranging from 62.8% to
67.3%. Among all genomic elemeriss,cenocepacid2315 has 7281 annotated genes,
including 74 tRNA and 18 rRNAd¢lden, et al 2009. B. cenocepacid2315 plasmid
comprises several types of insertion sequen¢&yand large genomic islands that
facilitate the dissemination of genes between genetically divergent bacteria, promoting
genomic plagtity and bacterial adaptability (Holdest al. 2009).Genome sequence
analysis revealed th&. cenocepacid2315 possessed 22 different types of IS, 4 of which
in more than 5 copies per genome. The transposition activity of mobile elements in
bacteria is enhanced in response to several stress conditions like high temperature,
starvation and oxidative stress mi@ated by toxic reactive oxygen species common
during CF infection. This mechanism may represent a form of rapied$ated

evolution thatB. cenocepacimight carry out during infectiori)revinek et al. 2010).

[.1.22 Global epidemiology of infectionsaused byB. cenocepacia

B. cenocepacis the most dominant Bcc spesiisolated from CF patients across the
world. B. cenocepacialone account for more than 30% of all Bcc infections in the CF
population and comprise most of the epidemic strains described so far (Lipuma, 2010).
B. cenocepaci&F infections have one of the poorest prognoses among Bcc species,
normally associated whita high risk of developing fatal cepacia syndrome. LikeBise,
cenocepacianfections might occur in immunocompetent individuals, like HIV or cancer
patients that present acute bronchitis afot pneumonia (Mann, et al. 2010Yloreover,

an increasing numdr of bacteremia cases caused by Bcc among@erhospitalized
patients have been reported (Bressler, et al. 2007). The accumulating reports of
nosocomial outbreaks caused By cenocepaciked to the recognition of these bacteria

as emergent nosocomial geogens among noi€F patients, in particular among

oncology patients (Mann et al., 2010).



UsingrecA gene sequence analysiB, cenocepacigformer Bcc genomovar lll) was
subdivided into four phylogenetic clusters, 1lIA to IlID, being IlIA and IlIB the mos
represented groups among clinically relevant isolates (Drevinek and Mahenthiralingam,
2010). ThreeB. cenocepaciapidemic strains have been responsible for considerable
morbidity and mortality in the CF community in the past years. The lineag2 ET
(EdnburghToronto epidemic Electrophoretic Type 12 clpriBA subgroupincludes
strains responsible foB. cenocepaci@&pidemic outbreaks that caused devastating
infections in the CF population in Canada, and Europe (Mahenthiralingam, et al. 2005).
Opposie to ET12, PHDC (PhiladelpHiastrict of Columbia clone) and Midwest strains
that are dominant clones in the USA are part of the subgroup IlIB (Coenye and LiPuma,
2002; Speert, et al. 2002n past years, the prevalence Bf cenocepacia CF patients
worldwide have been variable. Albeit the constant high incidencB.afenocepacia
several European CF populatior8, multivorans(genomovar Il) is rising to the
proportion B. cenocepaciand is currently the most prevalent in USA and Canada
(Baldwin,et al. 2008 Scoffone, et al. 2017). Nowadays, it is acknowledged the rapid
evolution that Burkholderia species demonstrate under stress conditions during
infections orin vitro, resulting of the occurrence of mutations that could accumulate in
clonal lineages. Moreover, CF patients infected with similar Bcc species (genotypically)
can manifest different outcomes as a result of distinct virulence traits that could be

developed during infection (Sass, et al. 2011; Hassan, et al. 2019a; Hassan, et al. 2019b).

The progression oB. cenocepacianfection depends on both host and strain and
exploits a variable array of virulence factors. A comprehensive descriptioB. of
cenocepaciairulence is explored in the next subchapter, which highlights in destai

main mechanismthat B. cenocepaciases to prevail in the human host.



|.2 Burkholderia cenocepacia challenges of hospathogen crosstalk

[.2.1 Characterizing the dynamics underlyirg. cenocepacianfections: review and

update

B. cenocepacihasthe capacity to adapt to a great range of environments, including the
human body. The ability to cause damage to the host is what differentiate commensal
from pathogenic bacteria (Duell, et al. 2016). This damage allows the pathogen to
colonize and spreatb new locations in the host and could be the result of a series of
events.B. cenocepacipossess a complex network of tools from surface structures to
secreted toxins or enzymes that allow it to adhere to host cells and grow in-extra
intracellular nches(Valvano, et aR005). The process Bf cenocepacihost-adaptation
might continue over time, throughout chronic colonization (Saldias and Valvano, 2009).
The phenotypic modifications attained during the establishment of an infection allow
pathogens to manage new environmental pressures such as inflammatorgnesg
nutrient deficiency, antimicrobial therapies, and variations in osmolarity, pH or in the
levels of oxygen (Cullen and McClean, 20&gractions betweerB.cenocepaciand

the lung epithelium are very versatile and are mediated by a wide rang@wénce
factors. All three B. cenocepaciahromosomes and plasmighcodeproteins required

for bacterial survival, including proteins involved in regulatory, transport and metabolic
functions.Virulence determinants are often neassential to the pathoge mediate the
direct contact with the host and are crucial for the pathogenesi8.afenocepacialhe

first steps of pathogeimost interaction are penetration of the mucosal layer and the
following adhesion to th&aostwhere manymoleculeshave been repded as targets for

B. cenocepacid he following stage iB. cenocepacipathogenesis is the invasion of the
lung cells and translocation across the respiratory epithelium (McClean and Callaghan,
2009).



[.2.2 Adherenceof B. cenocepaci#o host cells

Bacteria have developed an abundance of mechanisms to engage host cells and facilitate
colonization by subverting their cellular signaling netwoBeterial surface displays a

vast range of highly specialized surface bound and secreted molebalesain facilitate
adherence and aid the colonization of the h@Btgure 1.2) Adhesion not only allows
bacteria to stick to host cell surfaces creating a stable environment for growth, but it
also causes physiological alterations needed for the adaptatio the host. These
changes can affect bacterial metabolism, and regulation of virulence factors that lead

the infection.

In the airways of healthy individuals, a mucus layer protects the epithelial cells from
airborne pathogens by trapping and mechaitiicaeliminating them by mucociliary
clearance (Venkatakrishnan et al. 2014). In CF lungs, the increased mucus viscosity and
impaired mucociliary clearance enable the entrapmenBotenocepaciand facilitate

its access to the epithelial surface and fietladhesion (McClean and Callaghan, 2009
Venkatakrishnanet al. 2014).B. cenocepacigan adhere to the host cells through
specific interactios between bacterial surface moleculesd host membrane protein

and glycolipid receptors, but also secretory ems and extracellular matrix proteins
(McClean and Callaghan, 2009; Saldias and Valvano, 2009). To date, the cable pili (Cbl),
their associated adhesin (AdhA) and trimeric autotransporter adh¢$iv8sjBcaA and

BcaB, formdy BCAM0224 and 0223) are the only wddicumented adhesins in Bcc
species (Goldberg, et al. 2011; Mibmens and Fialho, 2011; Milomens and Fialho,
2012). Nevertheless, other structures like flagella, outer membrane proteins (Omp) or
lipoproteins have bee reported to mediateB. cenocepaciattachment towards the

host cell(Figure 1.2 Tomich, et al. 20Q2VicClean et al. 2016Dennehy, et al. 2017).

The cable pili, a specific fimbria expresseB.icenocepacistrains of ET12lineage and

its associatd 22-kDa adhesin AdhA have been shown to be important players in the
adherence to mucin and cytokeratin 13 in epithelial cells (Sajjan, et al. 2000a; Saijan, et
al. 2000k Urban, et al. 2005)They arealso required for the invasion of respiratory

epithelium causing cytotoxicity and inducing grdlammatory responsgby stimulating
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IL-8 production (Urban, et al. 200&o0ldberg, et al. 2008). Only a subset of Bcc isolates
producesboth cable piliand AdhA. cenocepacigolates that expressed the cabldys
phenotype shown to be able to bind to secretory mucins and lung explants from CF
patients (Saijan, et al. 2000a; Sajjan, et al. 2002), while the epithelial cell receptor for
AdhA was identified as cytokeratin 13, a protein that is enriched in CF &aithells
(Saijan, et al. 2000b). Despite the combined expression of AdhA and Cbl pili be required
for optimal binding to cytokeratin 138B. cenocepacistrains which did not show Cbl pili

on their surface maintained the capacity of interaction (Urban et al. 2005).
Transcriptomic studies demonstrated the downregulation of the Cbl pilus gene cluster
during growth in CF sputum, suggesting that the complete cable pilus structure may not
be as important adhesive component as initially assumed (Drevinek)]. €2008).
However,adhAgene was activated in sputum suggesting that in the absence of cable
pilus expression AdhA adhesin may be incorporated onto dtherenocepaciaurface
components (Drevinek, et al. 2008). More recently, studies indicateBhaénocepacia
strains also bind to a second epithelial receptdmMF receptor 1 (TNFR1). Nevertheless,
this interaction did not seem to require AdhA adhesin, but is pagbiponsible for
stimulating a robust H8 production from CF airway epithelial cells through the

activation of TNFRdelated signaling pathway (Sajjan, et al. 2008).

More recently, BcaA (BCAM0224), a trimeric autotransporter adhesin (TéA)H.
cenocepaia, was found to interact with TNFR1 on the surface of epithelial cells, being
able to regulate components of the TNF signaling pathway and to induce a significant
production of the preinflammatory cytokine, H8 (MikHomens, et al. 204). This was

the first study to demonstrate that a TAA could be involved in the induction of
inflammatory response during. cenocepaciamfections (MitHomens, et al. 207). In

past yearsB. cenocepacidAAs have been studied and identified as multifunctional
proteins with major roles inB. cenocepaci&irulence Mil-Homens, et al. 201Qyiil-
Homens, et al. 2014; MHlomens, et al. 2012)Besides its role as inducer of
inflammation, BcaA functions have been associated with adherence to extracellular
matrix components (ECMIjke collagertype |, whichenabk the bacteriato associag

with target eukaryotic host celldt alsomediates bacterial adhesion to and invasion of

cultured human bronchial epithelial celgd seems to be required for the over8ll
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cenocepaciavirulence (MitHomens, et al. 2010EHKiratChate] et al. 2013;Mil-
Homens, et al. 2004 Like BcaA, the role played by BcaB (BCAM0223) during the initial
steps ofB. cenocepacimfection was also characterizellli{-Homens, et al. 20)2BcaB
mutant showed a significant reduction in adherence to bronchial epithelial cells and
vitronectin, an ECM component, when compared to the parental strain, revealing BcaB
importance inB. cenocepacipathogenesisHowever despite BcaB requirement rfo
maximal adherence dB. cenocepacijat was not necessary for invasion of respiratory

cells Mil-Homens, et al. 2012

B. cenocepacitiagellumis known for making bacteria motile, but also serves as adhesin
and facilitate host cells invasiomd@mich et al. 2002). Furthermord3. cenocepacig56

2 mutants that lacked flagella showed a 40% reduction of mice mortality, after 3 days of
infection (Urban, et al. 2004). In additid®, cenocepacitlagellin was shown tmstigate

a hostsignaling cascade thugh interaction with thesurface exposetbll-like receptor

5 (TLR5)which initiates an innate immune respon8eK N2 dz3 K b C¢ . -8 OG0 A I (A
secretion(Urban, et al. 2004)The synthesis and assembly of the flagella requires the
articulation of many elements. IB. cenocepacid2315, genes that codify for proteins
involved in the flagella structure are distributed within five clusters on chromosome 1
and as two individual ges found on chromosome 2 and 3 (Drevinek and
Mahenthiralingam, 2010). Moreover, their expression seems to undergo specific
regulation during the aurse of infection. Kalferstova, et §2015)showedthat bacterial
isolates from patients with cepacia sydne condition present a nemotile phenotype

as consequence of a reduced expression of flagellar genes. Those results seem to
indicate that during chronic infectionB. cenocepacidoses its motility (flagellar
structure) resulting in a poor prognosis ftine occurrence of cepacia syndrome
(Kalferstova, at al. 2015). In a different study, the downregulation of flagedisociated
genes using a rat chronic respiratory infection model suggests that the expression of
those genes is not required in an estabéd infection (O'Grady and Sokol, 2011).
However, upregulation of flagellar genes has been reporte. inenocepacigrowing

in CF sputum, which may reveal its importance during the first stages of infection
(Drevinek,et al. 2008).
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Figurel.2 ¢ Major adhesion factors oB. cenocepacialhe scheme represents bacterial adhesive molecules and their interactions with the host cells. Cable
pili and AdhA adhesin (blue spheres), that binds to cytokeratin 13 (CK13), are represented. iH&geNim to interact with Tollike receptor (TLR5) and
mediate inflammatory response. BcaA and BcaB TAAs are also characterized. BcaA binds to TNF receptby r€8hifthon the surface of host cells and

to extracellular matrix components (ECM), likélagentype |. BcaB mediate8. cenocepaciadhesion to host cells through an unknown cellular receptor.
BcaB also adhere to vitronectin, an ECM component.
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[.2.3 Strategies and mechanisms used By cenocepaci@o entry and surwal inside

host cells

Despitebeingpredominantly extracellulai3. cenocepaciaan survive intracellularly in
free-living amoebae, phagocytesqurine and human macrophages in culturand
respiratory epithelial cells (Valvano, 2Q16Ganesh, et al2020. B. cenocepaciaan
survive intracellularly with minimal or no replication aamctumulaten an acidic vacuole
(Lamothe et al. 2007 RosalesReyes, et al. 2030Survival and persistence within host
cells facilitate bacterial escape from microbididevents and play a key role in

pathogenesis (Valvano, et al. 2Q@&bert, et al. 2016

The capacity oB. cenocepacito invade epithelial cells vitro seems to correlate with

their capacity to infectn viva In situlocalization ofB.cenocepacian sections of lungs
recovered from CF patients indicated their presence between bronchial epithelial cells.
The obtained result suggested that bacteria can be highly invasive, migrating from the
airways across the epithelium to invade the deepissues and capillaries initiating
septicemia (Saijan, et al. 200Bacteriaisolates were also found to transmigrate across
squamous epithelial cell cultures, causing moderate to severe epithelial damage (Saijan,
et al. 2002). Several mechanisms Bf cenocepaciahost cell invasion have been
proposed, but the ability to enter and survive inside epithelial cells seems to be strain
dependent Galdiasand Valvano, 2009B. cenocepaciaan engage a set of different
strategies to enter the epithelium andifferent routes of internalization could be
achieved depending on the type and localization of the cellular receptor involved. Some
strains can form biofilms on the apical cell surface, causing the disruption of the
glycocalyx and rearrangements of theinacytoskeleton which causes the destruction

of the epithelial cell. While others can penetrate the epithelium between cells

(paracytosis) causing limited damage (Figure E8hyab et al. 2002).

The internalization oB. cenocepaciato epithelial cdls occurs via a membradmund
vacuole through a process involving actin rearrangements. After internalization,
bacteria either escape into the cytoplasm, or modify bactenataining vacuoles to

impair normal endocytic pathway and prevent fusion withsdgomes, allowing

14



trafficking to the endoplasmic reticulum to replicate (Saijan, et al. 2006; Saldias and
Valvano, 2009). The mechanism usedbgenocepacia subvert the normal endocytic

pathway in epithelial cells is still unknown. Nevertheless, tbgquirement of live

o OGSNAI aSSya (G2 0SS SaaSyidA followtheichssicab KSI G m
endocytic pathway (Saijan, et al. 2006). Also, the expression of secretion systems,
namely type Il (T3SS) and IV (T4SS), contribute to thevaluand replication oB.

cenocepaciain eukaryotic cells. Mutations in either systems appear to mistarget
intracellularB. cenocepacito a lysosomal degradative pathway causing a decrease in

the intracellular bacterial survival rate (Valvano, et al. 2005; Saijan, et al. 2008; Saldias

and Valvano, 2009).

Macrophages form the first line of defense against infection in the respiratoxy.tra
Albeit they are programed to ingest and kill foreign pathogeBscenocepaci@an
survive with minimal or no replication within murine and human macrophagesvo

and in vitro (Lamothe, et al. 2007; Saijan, et al. 2008; Walpole, et al. 2@0).
cerocepaciamacrophage internalization was found to occur through the induction of
micropinocytosis. Upon contact with macrophag®s, cenocepaciaeems to induce
membrane rearrangements via T3SS, contributing to macrophage entry and
macropinosomdike compatment formation RosalesReyes, et al. 2018Engulfed
bacteria have the capacity to redirect host cell intracellular traffic.cenocepacia
containing vacuoles (BcCVs) exhibit a significant delay in fusion with lysosomes and fail
to acidify their lumenmaintaining a luminal pH around 6.4 (Figure 1.3) (Lamothe, et al.
2007; Valvano, 2015). The unsuccessful acidification of BcCVs is thought to be a
consequence of the delay on the recruitment of a phagosomal vacuolar ATPase
(Valvano, 2015RosalesReyes, etl. 202(. Also, a delay on the normal assembly of a
functional NADPH oxidase complex y6on the BcCVs membrane was observed and
seems to be responsible for the reduction of superoxide production (Keith, et al. 2009).
The overcome of oxidative damage an ability that contributes to the intracellular
survival ofB. cenocepacialnside vacuolar structures, this ability requires bacterial
adaptation to different environments, with the modulation of expression of specific
genes, such as membrane transpod or enzymes (Saldias and Valvano, 2009).

Alternative sigma factors RpoN or RpoE, stress response regulators, were found to be
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involved inB. cenocepacisurvival inside macrophages and though to be involved in the
bacterial adaptation to oxidative stresconditions (Flannagan and Valvano, 2008;
Saldias, et al. 2008). Recent work has demonstrated that the inability of bacteria
containing vacuoles to fuse with lysosomes could be linked to the capaciB. of
cenocepaciao impair the recruitment of GTPasesyajor regulators of phagosome
maturation (Figure 1.3) (Huynh, et al. 2010; Aubert, et al. 2015; Walpole, et al. 2020). In
addition to the delayed BcCV maturation, the inactivation of GTPases recruitmént by
cenocepacideads to the overtake of the hosell actin cytoskeleton. The absence of
functional GTPases, result in the accumulation of projections of filamentous actin
nearby BcCVs membranes which appear to be responsible for the delayed maturation
of the vacuolar structuresAubert, et al. 2016Walpole, et al. 2020). The inactivation of
GTPases y. cenocepaciaas found to be mediated by type VI secretion system (T6SS)
effector protein TecA (Valvano, 2015; Aubert, et al. 2@hert, et al. 2016Walpole,

et al. 2020). The T6SS also prevehts rrecruitment of soluble subunits of the NADH
oxidase complex to the membrane of BcCVs, is required to induce cell death in infected
cells and contributes to the overall survival capacity Bf cenocepacianside
macrophagegValvano, 2015Aubert, et al.2016). IntracellularB. cenocepaciaan also
induce macrophage pyroptosia highly inflammatory form of programmed cell death
through the secretion of a bacterial deamidasdiich ultimately leads t®. cenocepacia
release(Figure I.3)Aubert, et al. P16;Gomes, et al. 2018RosalesReyes, et al. 2030
Macrophageslespitebeing acritical site forB. cenocepacieeplication inside the host
could actas a platform for the transition from intracellul&. cenocepacito acute pro

inflammatory infection(Mesureur, et al. 2017; Gomes, et al. 2018)

Several studies haymintedto the fact that altered trafficking and acidification of BcCVs
was greatly amlified in CFTHRlefective macrophages, when compared to normal ones
(Lamothe and Valvang 2008 Assani, et al. 2037 Sme evidence indicates that
malfunctioning CFTR leads to defective autophagy which might alter the capacity of
macrophages to cleantracellular bacterial(amotheand Valvang 2008;Lucianj et al.
2011). In this scenario, a defective CFTR enhancesBtheenocepaciaediated
maturation defect of BcCVs, revealing a possible synergic effect in downregulating

autophagy. Furthermore, Asani et al. (2017) demonstrated CF macrophages have

16



defective oxidative responses due to a decreased phosphorylation of NADPH oxidase
components(Assani, et al. 2037 The decreased oxidative burst was found to be
enhanced by the presence of intracellulBr cenocepaciaThese results could be
involved in the basis 0B. cenocepaciancreased persistence within CF patients
compared to healthy individuald.dmotheand Valvang 2008; Saldias and Valvano,
2009;Assani, et al. 2007

The interaction betweerB. cenocepaciand other cells involved in the host immune
system have been suggested. Neutrophils are an important member of the innate
immune response against pathogenic bacteria in the lungs. Upon infection, neutrophils
are recruted and engaged in bacterial phagocytosis. Bacteria were then destroyed by a
combination of oxidative and neoxidative processes. In CF lungs, neutrophils are
responsible for the inflammatory process with a constant neutrophilic infiltration
(Sandias an®falvano, 2009)B. cenocepaciaxopolysaccharide seems to interfere with

the human neutrophils by constraining chemotaxis and scavenging reactive oxygen
species (ROS) productioBylund et al. 2006). Moreover, neutrophils exposed Bo
cenocepaciaisolates revealed an increased apoptosis and necrosis levels, which
compromises the clearance of bacteria from the lurBdnd et al. 2005). Neutroptsl
necrosis also cause the release of their toxic contents which are ingested by
macrophage and lead to the release of elevated levels of proinflammatory cytokines
triggering persistent inflammation and tissue destruction in infected CF lungs (Saldias
and Valvano, 2009). Dendritic cells are essential in regulating immune response, they
captureand process foreign antigens and then present them on their surface to the cells
of the innate immune system. Dendritic cells were found to bind and engulf
cenocepaciavhich induces the release of proinflammatory cytokines. In additin,
cenocepaciaeems to interfere with the normal function of dendritic cells by inducing

necrosis (Figure 1.3) (Saldias and Valvano, 2009).
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Figure 1.3¢ Proposed model oB. cenocepacianteractions with epithelial and immune cells from CF airwaygacteaia adhere to receptors on the apical
surface of lung epithelial cells and proceed to transepithelial migration either by intracellular invasion or by paratratslacation (paracytosisB.
cenocepaciaan also form biofilms on the surface of the epithelium. The effects of intracellular bacteria in macrophages, neutrdpihéisdaitic cells are
represented. In most cases, the engulfmenBofcenocepacikeads to host cell death and consequent relea¢he bacteria to the extracellular space, that
may cause bacterial persistence and an extended inflammatory response that damages the host tissue. In macrophagefsateyididdive the capacity

to redirect host cell trafficB. cenocepactaontainng phagosome exhibits a significant delayed maturatie816 BcCV43( cenocepaciaontaining vacuoles)

fail to acidifytheir lumen, maintaining a pH around 6. BcCV#usion with lysosomes is inhibit. The possibility that during this process the metrape the
vacuole (dashed lines) and live in the cytosol is not clearly established. T&SSearfocepacialays an important role in intracellular survival inside
macrophages. T6SS effectors, like TecA, are injected into the cytosol where thethaffectruitment of GTPases and components of the NADPH oxidase to
the membrane of the phagosome. TecA induces filamentous actin polymerization around the phagosome membranes. The formledterdinelay

phagosomes maturation and prevent their fusioritwlysosomes
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[.2.4 B. cenocepaciadaptation to host lung during chronic infections

The process of chronic colonization is based on the ability of bacteria to adagtroeer
being able to adjust themselves &mvironmental pressures, eafecting species, and
antimicrobial therapies. These adaptations can occur due to inflammatory responses,
hypoxia, nutrient deficiency or antibioscand cause phenotypic and genotypic
alterations in bacterial pathogens, thanclude metabolic shifts, morphological
alterations, biofilm formation and maotility, antimicrobial resistance and host immune
system evasion and modulation (Mira, et al. 20XGanesanand Sajjan 2012;
Kalferstovaet al. 2015Cullen et al. 2018Hassanet al. 2019b).

During chronic infectiorB. cenocepaciauffers a clonal expansion, as the result of
mutations and selective pressures occurring in the CF lung environment. Multiple
phenotypic variants emerge from the clonal population and become eskeddlis the

LJ- G A Sy (i Cautinhd eNas. PR 1. Diferging populations can exist simultaneously
in the same host for several years. Diversification can be driven by multiple adaptive
mutations, sometimes in the same target, that occur in parallel &adlitates
persistence of thebacterial community during changes in environmental conditions
(Lieberman et al. 2014). Hypermutation has also been associated Ritbenocepacia
persistence in CF patients. Hypermutable bacteria normally present defects in the DNA
repair system leading to an increased rate of spontaneous mutations that play a key role
in the evolution of the pathogen. Martina et §2014)demonstrated the prevalece of

B. cenocepaciaypermutators amonghronically infected CF patientBata revealed

that 76.5% of theB. cenocepaciaypermutators were defective imutSand/or mutL,
genes that encode proteins involved in mismatch repair, and that theypasgively

selected in CF chronic lung infectidiMartina, et al. 2014)

Moreover, alterations in genomic and proteomic expression in the course of infection
were found to occur irB. cenocepacisolates (Madeira, et al. 2011; Mira et al. 2011,

h QDNJ R& ,ROLRKalfeisthvadt al. 2015Cullen, et al. 201)8Aside from that,
processes oDNAmethylation also seem to contributéo the epigenetic egulaion of

gene expression causing alteration imiofilm formation, cell aggregation, andnotility
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(Vandenbusscheet al. 2020).Madeira, et al. (2011) found that proteins of the
functional categories of energy metabolisnranslation, iron uptake, nucleotide
synthesis angbrotein folding and stabilization were more abundantiB.cenocepacia
clonal variant (isolated during persistent infectipmjompared tothe first isolate
recovered suggesting an increased protein synthesis, DNA repair activity, iron uptake
capacity and stress resistancé&he level of proteins related with peptioglycan
membrane lipids and lipopolysaccharidesynthesis were also found to be different in
the two clonal variant§Madeira, et al. 2011). Concerning the comparison of genetic
expression of the same sequentBl cenocepaciaolates, Mira, et al(2011) showed

that almost 1000 genes were found to be differently expressed in the two clonal
variants. Induced genes included those involved in translation, iron uptake, efflux of
drugs and adhesion to epithelial cells and mucins. Moreover, changes inssipref
genes involved in adaptation to nutriendnd oxygeHdimited environments of the CF
lung were suggested to be central features in #iecenocepaci&ranscriptional shift
during longterm colonization (Mira, et al. 2011). A different study assdsfiee
adaptationof B. cenocepacito the host environmentusinga rat chronic respiratory
infecton modeld6 h QDNJ Ré YR {212t HAMMO ®nVtrg Sy O2 YL
genes associated with flagellar motility aRtp type pilus formationvere fourd to be
down-regulatedin viva On the other hand, genes encoding for T4SS, and proteins
involved in osmotic stress, adaptation and intracellular survival, nutrient transpsrt,
well as those encoding outer membrane protewere significantly inducedh vivo
OhQDN} R& YR {21 2f 3 Kalferstomaletdal.(20&5)cghipared zAh® NP | NNJ-
transcriptomes of differenB. cenocepacisolatesg from the bloodstream of infected

CF patients at the time of cepacia syndrome and from the sputum, recovered months
prior. The blood isolates revealed induced expression of virulence genes involved in T3SS
and bacterial exopolysaccharide cepaxiavhile genes encoding for flagellar proteins
were found to be downregulated when compared to the sputum isolates. The loss of
motility was observed in most of the isolates recovered form patients with cepacia
syndrome, indicating that a nonmotile phengig could represent a wamg sign for the
development of fatal cepacia syndrome in CF patients infected RBitkenocepacia
(Kalferstovaet al. 2015)Despite therepression othe expression of genes involved in

flagella production and in chemotaxis dugi chronic infectionssome reports have
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pointed out to their upregulation during rapid growth in sputuirased medium (Sass,
et al. 2011; Kumar and Cardona, 201®his repressiormay reflect a short-term
response oB. cenocepacito early growth during infection, where flagella and motility
might act as important virulence determinants (Tomich, et al. 2002). Moreover, Kumar
and Cardona (2016) suggested that it is likely that flagellin and flagéilaoture may
play a role in thénitial stages of colonization in response to the nutritional environment
of the CF lung (Kumar and Cardona, 20I6gnutritional conditions of the CF lungere
proven toinduce expression of multiple flagella on the cell surfat®. cenocepacia
increasing bacteria motility and facilitating the spread and developmentBof
cenocepaciahronic infection (Kumar and Cardona, 20Mdre recently the growth in
low-iron conditions and th@noxicpersistenceof B. cenocepacifas gaining importance
as a mehanism of adaptatioriSass, et al. 2013; Cullen, et al. 2088ss and Coenye,
2020. Studies indicate that bacterial growth under low oxygen conditions lead to the
regulation of a specific group of geneshe Ixa (low oxygenractivated)locus, that are
predicted to be involved irmetabolism,transport, electron transfer and regulation
(Sas, et al. 2013; Cullen, et al. 201Bjoteins encodedy Ixa locus genes were also
found to be upregulatedduring chronic infection, highlightindné involvement of the
Ixa locusin the adaptationof B. cenocepaciduringin vivocolonization of thenypoxic
CF lung(Cullen, et al. 2018)Likewise, conditions of iron starvation, commonly
encountered inside the CF hogrovento act as astimulusfor central metabolism and
oxidative stress regulation iB cenocepacigSassand Coaye, 2020. Suchrestrictions
might lead to the involvement of small RNAs as mediatorsesponse in orderto

maintain iron homeostasis under conditions of iron starvaiiass and Coenye, 2020

Proteomic and transcriptomic alteration Bicenocepaciauring long term colonization
could also be a result of intricated regulatory systems tatsense and respond to the
surrounding environment. An important molecularethod to perceive and transdte
specific signals isquorum sensing (QS)Alisado, et al. 2018)QS is a cetell
communication system known to coordinate population densigpendent changes in
behavior, involving the production of and response to diffusible or secreted sjguals
as N-acyl homoserine lactones (AHL) amts2-dodecenoic acidalso known as

Burkholderiadiffusible signal factor (BDSE)S can coordinate interactions both within
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a species and between species in the context of bacterial sociabtggdo, et alk018)

In B. cenocepacijaseveral QS systems have been identified and shown to modulate
virulence functiondike toxin, protease, lipase and siderophore production, as well as
swarming phenotype and biofilm formatid®ubramoni and Sokol, 2012¢chmid, etl.
2017; Yang, et al. 201 Jeveral studies have supported the hypothesis of a role for QS
during B. cenocepaciahronic infection Evidences of AHLs detected in sputum and
respiratory secretions from CF patients chronically colonizeB.lmenocepaciand the
overexpression of functional QS geniedong term isolates support such assumption
(Mira, et al. 2011McKeon, et al. 2011)The use of QS by bacterial populations to
communicate and coordinate behaviors during host colonization contribute for the
success of pathogenic bacteria during infect{@bisado, et al. 2018)n the case 0B.
cenocepacia such interactions coordinatéhe expression of specific virulence
associated genes that ultimately result in phenotypic adaptaticugeh as enhanced
invasion capacity and antibiotic resistandeatimpacts disease progressi¢@ubramoni
and Sokol, 2012Ganesh, et al. 2020BesidesQS, other processes of interaction
between B. cenocepaciand other species of bacter@during longterm CF infections
has also been reportedNelp and Bomberger, 2020)n order to outcompete other
species of caolonizing pathogend3. cenocepacihad toadapt and establiskpecific
antibacterial mechanismgPerault, et al. 2020 Among thoseB. cenocepacid 6SS
seems to play an important role in interbactenmkdation. T6SS mediate the injection
of toxic effector proteins inside bacterial competitors, making thelWg more
susceptible tdB. cenocepacimfection and the nutrients more available for growth and

colonization(Spiewak, et al. 2019; Perault, et al. 2020)

B. cenocepaciadaptation during longerm colonization contributeo the occurrence

of physiologic and phenotypic alterations. The cell wall morpholody. @enocepacia
appears to suffer consistent and progressive alterations during the course of chronic
infection. From the common rod shapB, cenocepaciaeems to change over time its
height and shape reaching a morphology closerctici (Hassan, et al. 2019b).
Concering adhesionB. cenocepacisolates obtained in the initial stages of infection
seems to adhere better when compared to a clonal variant isolated during persistent

infection. This reduction in the ability to adhemould be correlated to variations oféh
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lipopolysaccharide (LPS) structure at level of thenfigen (OAgjHassan, et al. 2019a).

B. cenocepacjaunlike other members of Bcc complex, shown to have the tendency to
lose the OAg along chronic infection, which seems to increase with the duraftion
infection. Moreover, it is suggested that the loss or modifications of the OAg could be
critical during theB. cenocepacimfection process, particularly during adhesion and to

overcome host defense mechanisms (Hassan, et al 2019a; 2019b).

Biofilm formation during infection has been associated with the capacityBof
cenocepaciapersist in patients with CHB. cenocepaciabiofiims are a matrix of
extracellular polymeric molecules composed of DNA, polysaccharides, and prateens
decreasedintibiotic diffusion, nutrient availability and metabolic changes inside biofilm
matrix could lead to the development of antibiotic resistan€ar@ahey et al. 2007
Scoffone, et al. 2017Van Aker et al(2013)demonstrated thaB. cenocepacibiofilms
contain tolerant persister cells thare able to survive to ROS aade often more
tolerant to antimicrobials than planktonic ce{dan Ackeret al. 2013). Furthermord.
cenocepacidiofiims appear to be enhanced in the presence of neutrophils, drtyba
due to the incorporation of cellular debris into the biofilm structure. Mature biofilms
also induce neutrophil necrosis and mask bacteria from being recognized by the host
cells affecting the production and secretion of8IL(Murphy and Caraher 2015).
Moreover, the formation oB. cenocepacieicrocolonies seems to allow the bacterial
persistence in the apical mucus layer of airway epithelial cell cultures, improving cell

invasion and extensive cell damag@gafesarand Sajjan 2012).

B. cenocepaciais intrinsically resistant to several classes of antibiotics such as
polymyxins, cephalosporinaminoglycosides and mostlactams, and can develdp

vivo resistance to essentially all classes of antimicrobial dr{geevinek and
Mahenthiralngam 201Q Scoffone, et al. 280). Antibiotic resistance is a wd&lhown
feature of chronically colonizing pathogens specially those associated with CF infections.
Bacteria acquire and utilize mechanisms of enzymatic inactivatohmodification( -
lactamases, aminoglycosidaactivating enzymes), alteration of drug targets, cell wall
impermeability porinsand active effluypumps (Cullen and McClean, 2015; Scoffone, et
al. 2017 Chiarelli, et al. 2020During longerm infection, resistance mechanisms could

be altered and modulated as result of exposure to different antimicrobial compounds.
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Bcc bacteria could develop different patterns of antimicrobial resistance depending on
the environmental conditns. Bacterial strains isolatddom CHungs were found to
present a higher degree of antibiotic resistance than the ones isolated fromQfon
patients. This may be directly related ®. cenocepacian vivo adaptation to the
elevated concentrations of awlinistered antibiotic overtime, since eaiB; cenocepacia
clonal isolates were found to be more susceptible to the most classes of antimicrobial

agents (Zhou, et al. 2007; Coutinho, et al. 2(M&Avoy, et al. 2020

B. cenocepacidas the capacity to $vert the innate immune system stimulating
disproportionate preinflammatory cytokine release. The interactionBfcenocepacia
with innate immune receptors such as TLRs or TNFR1 was addressed above. The
bacterial interaction with such kind of receptossaxpected to be beneficial to the host

as it prompts preinflammatory responses and the recruitment of neutrophils to the site
of infection. However, interaction of bacteria with cytokine receptors may increase in a
disproportional way the host immune ngense which can lead to damage in the lungs
often observed in infected AEngs Yandivier et al. 2009Ganesarand Sajjan 2012).
SeveralB. cenocepaciaroducts like LPS, flagella, pili and adhesins were found to be
recognized by both epithelial and ialmatory cells and stimulate a pioflammatory
response (Urban, et al. 2008ajjan et al. 2008; MiHomens, et al. 2017klagella from

B. cenocepaci&562 was shown to stimulate chemokine and cytokine responses both
in vitroandin vivoby interacting with TLR5 (Urban et al., 200Mbre recently, it was
found that B. cenocepacidlagella not only modulated the host piiaflammatory
response but could also be associated with immune system evddanuszkiewigzet

al. (2014)identified a flagellinglycosylationsystem inB. cenocepaciand showedthe
contribution of glycosylatedflagellin toevasion ofhuman innate immune responses
(Hanuszkiewiczt al. 2014). Nowglycosylated flagellin was more pinaflammatory than

its glycosylated fon, also glycosylation was associated with reduced efficacy of TLR5
stimulation and consequent signal transduction. The obtained results led the authors to
suggest that the presence of glycans may alter the flagellin recognition by TLR5, reducing
B. cenocpaciarecognition by the innate immune system facilitating its persistence in
the human lungsHanuszkiewiczet al. 2014). MiHomens et al(2014)demonstrated

the role of TAA BcaA in tlie cenocepaciavasion othe human innate immune system,
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by providing resistance against thgerum bactericidal activity via the complement
classical pathwayMil-Homens, et al. 2014). The mechanism by which BcaA affect the
classical complement pathway is still unknown, but it saggested thatecruitment or
mimicking ofcomplement regulators/inhibitors and the modulation or inhibition of
complement proteins by direct interactiort®uld take place. BcaA promotes adhesion
of B. cenocepacitowards vitronectin, an inhibitor of theomplement cascade. This
ability to bind vitronectin could be used . cenocepaci@o inhibit complement
mediated attack or as a bacterial camouflage with nonimmunogenic proteins to Belay

cenocepaciaecognition by the human immune system (Mibmensget al. 2014).

The progression dB. cenocepaciafection requires a series of stages that involves a
close interconnection between bacteria and host. Since the early stages of adherence to
adaptation to long term colonizatio®. cenocepaciases an armory of mechanisms and
virulence factors. Among them, trimeriautotransporter adhesins (TAAs) are crucial
players in several processes of pathogenesis acting as multifunctional proteins. In the
following subchapter the main features of this class of proteins are reviewed and a

detailed description of someell-studied TAAs was achieved.
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1.3 Trimeric autotransporter adhesins more than bacterial surface

appendages

Trimeric autotransporter dhesing(TAAsare membersof the autotransporter proteins
family - one of the largest groups of extracellular proteins widely spread in Gram
negative bacteria. They are designated autotransporter due to the type V secretion
system(T5SSyised as translocation mechanism that appety be independent of any
source of energyHendersonet al. 2004). Autotransporteproteins have a common
organization with a @ S NJY Abyrtelftranslocator domain,reextracellular passenger
domain and an Ni SNX A y I £ Zar@lyfundtiohs as & Porei by which the N
terminal domain passes through during the biogenesis process, remaining covalently
attached to the @erminal part of theprotein (Benz and Schmidt, 20). TAAs have a
typical trimeric surface modular architecture with at€@minal anchor and a variable
extracellular set of fibelike stalk and globulalike head regions. While the membrane
anchor domain is the defining feature of this group of proteihghly conserved
between all the TAA members, head and stalk organization is adaptable and vary among
TAAs Cotter, SG | f @ wH n n etlal 2011% ¥4dRyérsirjaadhesin A) from
Yersinia enteroliticand Yersinia pseudotuberculosgsthe prototype of this family of
proteins (Koretke et al. 2006). The sizes of TAAs can vary between 340 residues
(putative TAA fromFusobacterium nucleatuniDesvauxet al. 2005)and 5035 residues
(Bartonella tribocorumBadA) (Kaiseet al. 2011). Thie lengthscoud differ between

speciesnr evenbetween different strains (Szczesny and Lupas, 2008).

Normally, the head and stalk domains appear in a repetitive and modular way and could
be distinguished from several related types. Within this modular arrangemenhehd
mediated the binding to the host and the stalk hurls the head from the membrane,
enhancing the distance between the binding domains and the bacterial surface. Also,
this repetitive fashion could help the occurrence of recombination events that naaly le

to environmental adaptation phenomena or selective evolutiiuinke et al. 2006;
Bassleret al. 2015). TAAs play a wide range of satevirulence and bind to Ergeset

of moleculessuch as host cell receptotsSCMcomponents or ever other TAAs. They can
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also interfere with the host cell immune response through the inhibition of some
pathways of complement or antibodglated ones (Klinget al. 2009; Stones and

Krachler, 2015).

[.3.1 Structuralorganization

In the past years, as several TAA crystal structures have been solved, it became possible
to relate assembly with function and create a more accurate knowledge of these trimeric
proteins. Until now onlgonformations of protein fragments have been solved, sagh

YadA PDB 1P9HNummelin et al, 2004), BadA0OB 3D9)XSzczesnyet al. 2008) AtaA
(Acinetobacter sp.) (PDB 3WP8Koiwai, et al. 2016)and BpaA BRurkholderia
pseudomallei (PDB 3LAAEdwards et al. 2010) headstructures EibD E. col) (PDB
2XQH, Leo, et al. 2011AtaA (PDB 3WPO, PDB 3WPA, PDB 3WPR, Koiwai, et al. 2016)
and YadA (PDB 3H7X, Alvarez, et al. 2010) partial stalk domainsjadmmaphilus
influenzag (PDB 1S7M, Yeo, et al. 2004; PDB 3EMI, Meng, et al. 2008) and SadA
(Salmonella eterica) (PDB 2YO2, 2YNZ, 2YO3, Hartmann, et al. 2012) neck domains; and
YadA (PDB 2LME, Shahid, et al. 2015) and Hia (PDB 2GR7, Meng, et al. 2006) membrane

anchor domains.

TAAs are usually large proteins with an extracellular region of considerable glonen
Their length can vary up to #0ld from the smaller TAA to the larger one (Figu®
(Bassler et al. 2015). This variatiomould be a result of the intricate modular
organization of the passenger region with a repetitive array of consistent d@mai
surrounded byextended sequences with arrangements of lower complexity, typically
organized in coilegoil structures (Szczesny and Lupas, 2B@8sleret al. 2015) (Figure

I.4). These segments of the passenger domain could inclusigraficant amount of
short amino acid motifs repetitions with unknown function or structure (Szczesny and

Lupas, 2008Mil-Homenset al. 2010Camposet al. 2013).
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Figurel.4. Schematic representation of the modular organization of several TAAgifterent
Gramnegative species. The protein and the species of origin are represented. The domain
composition was determined using the daTAA t@icontinued in 2017)Szczesny and Lupas,
2008). The illustrations are to scale (based on sequence leddti)AAs contain a signal peptide

(SP), passenger domain and anchor domain. Thaleaiain organization in passenger domain
varies among TAAs. The TAAs length are largely variable among species. Also, homologous
proteins also shown a significant size atidn between them (BadA frorB. henseala®r B.
tribocorum). The TAA repetitive and modular features are notorious.

The trimeric @ SNX A y I £ NBEhke? sffucttirg iNd¥ié outer membrane. This
0l NNBt A& O2shéefs and idzs Bighlstabk and heatitrypsin and SDS
resistant (Roggenkampet al. 2003 Koretke et al 2006; Lehyet al. 2010).Each
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Y2Y2YSNI F2N¥a& kYT IAELIRFRLEIStTREASERE indetact with the

other two monomers siddy-side to build the hydrophilic membrane pore with
approximately 20 A idiameter (Menget al. 2006)After the trimerization the helices

form a wiled-coil structure capable to stabilize the homotrimer and to block the
entrance of the pore (Koretket al 2006). Mblecular dynamicsimulations studies on

GKS (NIXyat20l 02N R2YIl Ay 2 elixed ib a keyeteny G KI 0
for the siability and integrity of the trimer, and their elimination from the protein causes
NELINSASY Gl GAGS O2yF2NXNIf FfGSNITGAZ2Yya 2y (K
barrel or loss ofsymmetry (Holdbrook, et al. 2013). Th®anslocator domain of

individual monomers has ~780 residues in length and it seems to be sufficient for the
translocation of the passenger domain into the bacterial external surface (Swtala

2004; Mikulaet al. 2012). Also, the oligomerizatioh the three chaingould be diven

by the translocation domain, and so the folding and transport are inherent to the anchor
domain. The @erminal trimerization seems to be a necessary step for the passenger
R2YI Ay (NI} yaft 2 Obatliehpdrg (Méngetld. armgMikildebal. 2012).

The stalk structures have the simplestangementand their length could vary greatly
between different TAA(Szczesny and Lupas, 2008). fibeus stalk domain function

as spacer projecting the head domains from the bacterial surface and is usually
constituted by coileetoil sequences that may fluctuate periodically from both {eft
handed and rightanded structures (Lupas and Gruber, 2008outevelis and
222t Faz2y zZ Henathd01l). Ehee ptakch@Hlykepetitive containing several
copies ofconservedsequence motifs. In order to increase stalk flexibility or rigidity, it is
thought that the coiledcoil sequences may be surrounddxry specific motifs or
minidomains formed by an elongatdthirpin (Leg et al. 2011; Bassleet al. 2015).
These motifs are largely spread in TAAs, they may (i) increase the rigidity of the stalk,
since they are denser than nearby stalk segments; or (ii) increase the flexibility releasing

the tension triggered by superhelical stélkns (Bassleret al. 2015.

The YadA passenger domain with 23 nm represent the simplest model of the
extracellular extension of trimeric adhesins with only one stalk domain and one head
domain (YadAike domain (Ylhead)) in the-tdrminal region (El Tahir and Skurnik,

2001). In moe complex TAAs, head and stalk domains could alter setreras until
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reaching theanchor (Bassleet al. 2015) (Figurk4). The globulatike head domains are
known to mediate the interactions between TAA and other molecules potentiating
functions lile agglutination, binding to host protein€ECM proteins or host cell
receptors) or even resistance to the immusgstem (Nummelipet al. 2004; Conners

et al. 2008; Biedzk&arek et al. 2008; Lecet al. 2010; Kaiseet al. 2012; Singtet al.

2014). ead domain is the most widely distributed in TAAS, but there arers¢wother
domains with analogous topology such as GIN domains, tryptophan ring domains
(TrpRing), FXG domains, and GANG domains, that can be presempetitive fashion

in the passeger domain of trimeric adhesins (Menet al. 2006; Bassleet al. 2015;

Singh et al. 2015). The head domains could be not only repetitive in structure but also
ina Slj dzZSy OS , ét alg2a11)2 Budo|skuctural differences between head and

stalk danains the connection among these two segments must occur through the
LINSASYyOS 2F || O2yaSNWUSR O2yySOG2N) 2NJ aySO1 ¢
the stalk. Neck domains are the most conserved segment among TAAs sharing the same

architecturevaryingfrom 19 to 22residues (Hoiczylet al. 2000; Bassleet al. 2015).

[.3.2Biogenesig; type Vcsecretion system

Secretion systems in Granegative bacteria have been numbered from | to VI (Green
and Mecsas, 2016). Tmeore well-known difference between type Va(totransporter
system) and the other secretion systems is its apparent simpli€itge V secretion
system (T5SP is subdivided in Va (autotransporter systemclassical monomeric
autotransporter proteins), Vb (twpartner secretion system TPS) and Vc (trimeric
autotransporter system(Leqget al. 2012Green and Mecsas, 20L61ore recently, type

Vd (patatinlike passenger domains), Véniimin/invasinLJ: G Kg | & 0 K yAR S& 0 & LIS
secretion systems have been reported (Figure (L®p, et al. 2015; Casasanta, et al.
2017; Coppens, et al. 2018ernstein,2019. Proteins thatare exported by thse
systens share commorbiogenesis mechanisms (Sg&hway) and structural features
like the presence of @ignalpeptide that promotes translocation across the inner

membrane, an extracellular passenger domain, and a domain that anchors the protein
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to the outer membrane normally forminga 6 I NNB f (KostakidijizCli 20085
Bernstein,2019. Type V secretion is a process that occur in two major steptie(
signal peptidecontaining protein chaimare guided to the ECmachinery in the inner
membrane; (ii) tle trimeric anchor is formed at the outer membrane and the passenger
domains are translocated, folded and processed in order to acquire the final
conformation at the external face of thieacteria (Figure 1.5XDautin and Bernstein,
2007, Leq et al. 2012).For TAAs three copies of the protein chain are requfcedhe
translocation, the trimerization of the-@rminal anchor domain is mandatory for the
ongoing secretiorprocess (Cotteret al. 2006 Mikula, et al. 2012. TAA passenger
domains remained cov@ly G f & | ( (| GRCBoR aftér BecrétiéhS Givien the
trimeric nature of TAAs, they must develop a specific strategy to deal with the physical
and mechanical restrictions of multimerization and simultaneous transport and folding
of the trimeric passengyr domains (Hodak and Jac@ubuisson, 20075everal models
have been predicted in order to explain this procdssa and Bernstein, 2009; Leyton

et al.2012;Sikdar, et al. 201Ryo0, et al. 2020

Considered the hairpin model, the unfolded protein passes the inner membrane in a
SE@ependent manner, the @ S NJY Abérref is folded into the outer membrane

while the passenger domain remains unfolded in the periplasm with the help of
chaperonesto B @Sy i YA&aATFT2ft RAY3 | yR LIN2 dO&RIfise A0 RS
formed the passenger domain forms a hairpin that is inserted into the membrane pore.

¢CKS NBadG 2F GKS LRfeELISLIWARS OKLF Aybakeh GKSy |
using as drivinfprce the free energy gained by folding the passenger domain on the cell
surface(Henderson, et al. 2004; Barnard, et al. 2007; Leo, et al. 2012; Fan, et al. 2016).

One of the restraints associated with this model is related with timeeline of

trimerization of the passenger domain. It is thought that the assembly of the passenger

R2YlI Aya Ydzad KIF LISy 2yt e -bafeh o) sindk Stallydr 2 al 3S
folded trimeric passenger domains will be enabled to fit in the already formed

Y S Y 6 NJ-ghéhneli And so, it is critical that the extracellular domain remains

unfolded in the periplasm and during the passage through the outer membrane (Hodak

and JacoDubuisson, 2000Hagan, et al. 2010). In this step several scenarios could take

place: the passnger domain could begin to be extruded with a hairpin loop formation,
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with the Gterminal end of the passenger domain being secreted first; or, in the other
hand, the Nterminal end of the passenger domain may be the first part to be
externalized withoutthe necessity of formation of intermediate structures. In both
cases and considered the simultaneously of the three domains translocation, the pore
must have a diameter large enough to accommodate up to six unfolded protein chains
(considered the hairpinobps) or three unfolded passenger domains, respectively

6 _2a12641A3 Si I fBansein@®T ClIys Si Ffd nHnmc

A differentmodel suggests the need for accessory proteiisKk S . | Y arélL)t SE 61
assembly machinery), to assist the translocafiSikdar, et al. 2019)n Gramnegative
bacteria, the 200 kDa Bam complex is well known for its role in folding and insertion of
Ompa -barrel in the outer membrane (Sauri, et al. 2009; Lehr, et al. 2010). Bam complex
is a heterooligomer formed by BamA (&mp, BamB, BamC, BamD and BamE
(lipoproteins)(Figure 1.5\Han, et al2016). Although the webtudied interference of

Bam in Mnps and classical autotransporter biogenesis, the role in TAA assembly and
translocation is still poorly understood (Sauri, et al. 2009; leva and Bernstein, 2009; Leo,
et al. 2012;Ryoo0, et al. 2020 Bam assistance during TAA biogenesis could occur by
providing a channel for the migration of the passenger domain, ohélping the
stabilization of the trimeric pore (Han, et al. 2016). It could also interfere with tte C
N-terminal translocation of the passenger domain (Leo, et al. 2012). The translocation
across the outer membrane through the trimeric autotransporter pathwayld be
divided in a series of sequential steps (Sidkar, et al. 2019). First, the three polypeptides
a0 NHzO G dzNB &  GbrrelidonTald Nk inid Fars asymmetrical trimer in the
periplasm; then the partially assembled anchor domain is directed to the Bam complex
which facilitates its insertion into the outer membrane. Subsequently, translocation
200dzNBE GKNRdAzZAK | Ke@oNAR OKI Yafr8 domFreald SR 0 &
BamA barel (Figure 1.5). This proposal could clarify how TAA passenger domains, that
contain tertiary structure, could fit, and be secreted by the constricted pore created by
the anchor domair{Sauri, et al. 2012Jranslocation is then rapidly guided by thediol

of the passenger domains since the formation of a cedeill structure in the
extracellular space drives the rapid secretion of the remaining trimer. After the
O2YLJX SGS G NI ybarfelpad clode afid dissosides from BamA (Sidkat, et

33



alHnMdpT YAS&at A y-Barrel ®ihainrdm@nsioundiothe® Bamkc@nplex

until all three passenger domains are fully secreted and the resolution of the hairpin
structures is completed (Sidkat, et al. 2019; Ryoo, et al. 2020). This model pryposi
defiesthesei NI} ya L2 NI SNJ | aLISO0 2F GKS {(®dm8 +0 aScC
domain catalyzes the secretion of tlecevalently linked passenger domasuggesting

that the Bam complex plays at least an indirect role in the secrgtiones (Fan, et al.

2016;Bernstein, 2@9; Sidkar, et al. 2019; Kiesslin, et al. 2020).

Apart from SEC machinery and the Bam complex,nvolvement of the translocation

and assembly module (TAM) in the correct folding of TAé\s have also besnggested
(Kiessling, et al. 2020). TAM complex comprises a 6@kfipacalled TamA, that possess
three domains projected into the periplasm, which interact with-gfninal domain of
TamB, an innemembrane anchored protei(Heinz, et al. 2015Pue to thelack of ATP

in the periplasm and an electrochemical gradient at the outer membraisegenerally

I 3adzYSR GKFG GKS GNIyatz20F0A2y 2F (GKS ¢! 1 ¢
ongoing folding. Nevertheless, TAM assistance during the passdogiains secretion
could be a possible solution for this energy problem since TAM complex crosses the
periplasmic space and might act as a bridge between the inner and the outer
membranes of the cell (Kiessling, et al. 203@)krig et al.(2012)shown that TamA and
TamB could form a heteroligomer translocation machinery with BamA that can use
autotransporters polypeptides as reaction substrat8glkrig et al. 2012). This creates

a new point on the Bamsomplex translocation model, introducing antemhative
pathway in which TAM and BAM could act together. Moreover, in the absence of TamA,
interactions between TamB and BamA were established in some bacterial species,
indicating that the role of TamA in the translocation process could be replacedr B
(Figure 1.5)Stubenrauch, et al. 201&iessling, et al. 2020
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Figure 15 - Topology models of the different type V secretion systenis) Proteins intype V (andtypefVA { S0 aSONBGA2Y LI GKgl &a 02\
domainandaS E i NI OS¢t f dzf F NJ LI 84Sy 3aSNI R2YIFAYyd ¢KS i o6FNNBf YR LI &SyBHSH) RREE A
the extracellular component are separate polypeptides. In the type Vc pathway both domains are formed throaghethmbly of three identical subunits.

The passenger domain is located at the N terminal of the protein in the type Va, Vb, Vc, and Vd pathways, but it igfieu@dextninal in the type Ve. In

the type Mike pathway the extracellular domainisin 2lbJ G KIF G O2yySOita GKS FANRBRG G2 i AGNrYRa 2F (K
(B) Schematic outline of TAAs translocation through inner membrane and outer membrane ofn€gative bacteria. TamB domains interact with one of

the POTRAamains of TamA, forming a bridge between both outer and inner membranes. The role of Tam complex during TAA transistdapooriy

understood. TAAs are transped through the inner membrane into the periplasm as monomers by SEC machinery. lariphlagm, chaperons (purple

a0 NHzOGdzNBavo OG G2 YFIAYyOdlrAy GKS dzyF2ft RSR adl S 27F coutermafrbaree YwBexgitdindg KS LI
G2 . FY! YR . LY. ® . 20K I dzi2 G NJ y adoigoNiatiNITrangldeationlinYolvesithe @rdgiddsifeimaverheNtsf passengery’ 2 L
domain segments through the channel. In the end of the translocation process, the passenger hairpin is completed reslved. Tid I NNB € R2Yl AY
released from the Bam complex

36



1.3.3 Trimericautotransporter adhesins distribution in Gramnegativebacteria

TAAsaré | NHSt & RAAX Nhyostb&ctriathyt cduld infecteverahosts

such ashumansor plants(Figure 1.6) The sequences of these proteins are also found in
bacteriophages and virulengdasmids (Linkeet al. 2006; Szczesmand Lupas, 2008
Nevertheless, in recent years, more distantly related TAAs have lieduendiscovered

in new bacterial clades such as Verrucomicrobia, Bacteroidetes, Synergistetes,
Fusobacteria and Firmicutes (Negativic)tédsoretke et al. 2006; Bassleet al. 2019.
Furthermore, TAAs are also found in unicellul@yanobacteria and in marine
metagenome sequences (not assigned phylogenetigatly(Basslert al. 2015)Kim et

al. (2006) have shown that the phylogenetic relations of TAAs mimic at some level the
phylogeny of the species in which these proteins are represented. In that sense and
given their existence in phages genomes, TAA encoding genes may have satéredd
transferencewithin closely relatedspecies (Kim, et al. 2006). $ome species, like in
Burkholderiasp., there can be detected the presence of several TAA paralogues. This
occurrence could be consequence of gene duplication events. In the btmat,
sequence similarity dmsnot directly imply similar protein sizes. Increases and decreases
in consistent residues repeats in passenger domains are mainly responsible for size
variations observed in closely homologues or even betweamalogues Nlil-Homens

and Fialho, 2011Camposet al. 2013). This phenomena may be the result of repeat
duplication of a genetic element that could be potentiated by environmental adaptation
or by an attempt to raise the virulence features (immune escape, e.g.) ofl#ss of
adhesinsRiesset al.2004 Meng, et al. 2006 Balder et al. 2010Atack et al. 2015).
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obtained from daTAA databagéiscontinued in 201 4Szczesny and Lupas, 2008). The tree was
based on Muscle multiple alignment and drawn with the MEGA7: Molecular Evolutionary
Genetics Analysis software using a neighjoaring test with bootstraps (500 replicates) (Kumar,

et al. 20B).
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There are a quite large number of TAAs across a widely representative number of
genera. The phylogenetic relation among these exemplars is presented in the phylogenic
tree on Figurel.6. It is possible to notice the presence of three miagtustersthat
representmostlyh-> -3i | -gréteobacterig respectivelyIn the majority of the cases,
TAAs from the sameladesare closely located. Yet, it is noteworthy that some proteins
seem to be independent from each other, revealing a posdgiiiferent origin TAA

from Fusobacteria appear to be clustered neariproteobacterial AA sequences, while
representatives of Cyanobacteria TA®eem to be dispersed among all three major

clusters (Fjurel.6).

1.3.4 Roles inbacterial virulence

As told above TAAs signature function is their adhesion capacity. As could be expected
as an attemptof bacteria toadapt to different environmental condition§,AAs could

not only adhere to biotic structures but also to nming materials such as glass
plastic (Ishikawget al. 2014). Idiving systems, TAAs could mediate attachment to host
cell receptors or interactions between bacteria that lead to autoaggregation or biofilm
formation ¢ important features in bacterial virulencgHenderson and Natara?001

Khalil et al. 202Q(Figurel.7). There are evidences that support the recognition of these
proteins as key players in bacterial infection, colonization, invasion, attachment to ECM
molecules host tissues and cellular surface binding and dissatiain (Mil-Homens and
Fialho, 2012Keller, et al. 2015;Muhlenkamp et al. 20T7). Also, TAAs potentiate the
infectious phenotype of pathogenic Gramegative bacteria by promoting the escape of
host defenses, either by serumsistance or resisting to phagytosigKirjavainenet al.

2008; Schindleret al. 2012). Thautoaggregation and biofilm formation promoted by
TAAs interaction with themselves create another mechanism of immune system escape

(Spahich and St Geme, 20Khali| et al. 202 (Figurel.7).
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Figure 17 - Schematic representation of the virulence fations associated with TAASAAs
can play a wide range of radn bacterial virulence and bind to a representative set of
molecules, such as host cell receptors, components of5@&lor ever other TAAs. They can
also interfere with the host cell immunesponse through the inhibition of some pathways of
complement or antibodyelated ones

The passenger domain seems to be the most active structure, mediating the majority of
TAA associated functions, specifically with the presence of a network of repetitive head
domains and stalks. Nevertheless, in some cases, like DsrA protélaeofiophilus
ducreyj translocator domain and the-&rminal passenger domain could be able to act

as an effector structure with adhesiyeroperties (Leducet al. 2009). Thebinding
activity of TAAs seems to be associated with specifiditnensional characteristicas

well as with amino acid sequences in this binding structures. In some cases, a simple
amino acid alteration could alter the affinity of a bindidgmain (El Tahiret al. 2000

Yeqet al. 2004, Cotteret al. 2005b; Cotteyet al. 200§. The number obinding domains

is not a constant feature of TAAs, different TAAs could have different sets of binding
sites that could vary greatly. Hia and Hsf have 2 and 3 binding domains that have distinct
affinities (Radinet al. 2009Singhet al. 2014). Whereasther TAAs can have more than

20 bindingsiteswith affinity for the same molecule, like the ECM component, collagen
(Daigneault and L&009). Ina more extensive way, the trimeric formula of TAAs seems

to be essential for their adherence properties. Theruption or the unbalance between
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the three passenger domains causes the unfolding of the extracellular part of the protein

and abolish the adhesion functions DAAs (Cotteret al. 2006).

It is known that TAAs can adheiedifferent cellular receptors, depending on the type
of hostpathogen interaction. Hia, from the respiratory ttgeathogenH. influenzae
adheresto respiratory epithelial cells, while YadA of enteropathogéfecsiniaspecies
bindsto the intestinalmucasa (Singhet al. 2014; Drechslddake et al. 2016) Sudies
about the binding mechanisms &. cenocepacid AA BcaA to respiratory epithelium
reveal that TAA can bind to collagen, recognize specific celiedaptors,and form
hydrophobic interaction tht could act as a string capable of reisigtto high forces.
Both connections are made by low binding affinity that might endorse epithelial
colonization (EKiratChate] et al. 2013. Sudies about BcaA show the interaction of
this adhesin with TNFR1dhat last causes the overproduction of the proinflammatory
cytokine IE8 which leads to a severe inflammation state. This unnatural state of
inflammation adversely affeshost cell survival and tissue integrity providing the means
for bacterial epithelim translocation and invasion of mucosa profoundegions (MH
Homenset al. 20T). LikewiseYadA induces a host proinfienatory state in response

to Y. enteroliticeh Y FSOG A2y ® | I R!' Ay (i SNI Biséceyonig A G K 1 ™
epithelial cells that seems to cause the activation of.NF G NI} YA ONR LG A2y T
process might implicate the involvement of small GTPases andkiiAges (Schmjet

al. 2004)In B.pseudomalleiit was identified a TAA (BimA) capable of binding actin and
promote the polymerization of the actin flamentous and consequently the movement
of the bacteria within and between hosells (Stevenst al. 2005; Lazar Adleet al.
2011). BimAhas a passenger domain with a repetitive set of head domains with still
unknown function, and two characterized motifs that shown to be elemental for binding

and polymerization of acti(Sitthidet, et al. 2011).

Despite adhesion propertiehost seum resistance is one of the major transversal
functions of TAAs. This ability can be performed by different means, ifrbibition of
complement pathways to interfere with the membrane attack complex (MAC) (Lambris
et al. 2008). The trimeric stability essential for these interactions. Some TA¥Yssl
developed the ability of binding complement inhibitors such as C4b binding protein

(C4BP) or factor H that prevent the activation of inflammatory effector components and

41



the final complement complex. YadAcegpable of directly recruit individual partners of
complement cascade, like C3b or iC3b, without the need of additional serum factors.
The binding of YadA to these molecules strategically attract large amounts of factor H
causing the limitation of termifdaomplement complex formation and allow the survival

of Y. enterolitica (Schindley et al. 2012). The bacterial camouflage with nen
immunogenic proteins such as vitronectin is another strategy to evade the host immune
system. The vitronectin act as a ddiéor the TAA immunogenic epitopes contributing

to serum resistancélLeduc et al. 2009; Mi#Homens et al. 2014. The vitronectin
dependent serum resistance is a proficiency executed by different TAAs, such as Hsf
(Hallstrom et al. 2006), BcaA (Milomens, et al. 2014) or UspA2 (Attjeet al. 2006).
Also, vitronectin has been associated to the negative regulation of MAC formation by
inhibit C5lLC7 complex formation and C9 polymerization (Atal. 2006; Hallstrom

et al. 2006). The presence of trimeric adhesins on the surface aftata improve not

only their pathogenigotential with the enhancement of a virulent phenotypetkalso

the defenses of the bacterial cell to the host immune system attack during infection

Thenext section willdiscussthe acquire knowledge of someell-studied TAAsrom

different bacterial pathogens.

1.3.5 Yersiniaspp. YadA

YadA has a lollipefike structure with a TAA typicatt€rminal translocator domain, a
single Nterminal head domain and a coilenbil stalk linked by a connectdrigke, et al.
2006).The head domain is connected to the anchor domain by a-tightied supercaoll
stalk Koretke, et al. 2006 The structure of YadA anchor domain was solved by-solid

state nuclear magnetieesonance (Shahid, et al. 2015

YadA is an imptant virulence factor expressed by the enteropathogeiviersinia
speciesY. enteroliticaand Y. pseudotuberculosifKoretke, et al. 2006)Y. enterolitica

can cause a variety of diseases in humans from diarrhea to septicemia, it colonizes the
intestinal mucosa,and the expression of YadA is crucial for the development of the
infection €l Tahir and Skurnik, 20011t seems that the dissemination and intestinal
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invasion ofY. enteroliticaoccurs via mononuclear phagocytes subsets, which promote
pathogen translocation to the mesenteric lymph nodes and spl&rdhslerHake, et

al. 2016. YadA is known for its capacity of adhesion to collagen, vitronectin, fibronectin,
laminin, host cells $ OS LJG 2 NBE Y S-Rtkdrinl éhdRto éther Yadi copies
promoting bacterial agglutination. By inhibiting the complement cascade, YadA also
confers serum resistance 1. enteroliticalHeise and Dersch, 2006; Kirjavainen, et al.

2008; Biedzk&arek, et B 2008 Schutz, et al. 2010)

YadA coding gene is located on the virulence plasmid pYV which expression is activated
by a temperature sensitive regulator (3€). The plasmid existin the pathogenic
species ofYersiniaand encodes, besides YadA, a tyipeee secretion system (T3SS) and
effector proteins (Yersinia outer proteisYops)(Cornelis, et al. 198%Kdberle, et al.

2009 Muhlenkamp, et al. 2017BancerZisiel, et al. 2018 The production of YadA
seems to be stimulated by the RNA chaperone . Hifg-dependent action at a
transcriptional, postranscriptional and postranslationallevels seems to be involved

in the control of the number of YadA copies present on the surface of the bacteria in
different environmentgKakoschke, et al. 201BancerzKisiel, et al. 2018;eibiger, et

al. 2019. Recently, OmpR was identified as a ngasAregulator, being responsible for

repricing itsexpressiorin specificenvironments Nieckarz, et al. 2016).

The YadAibronectini M AY U SANARY o62dzy R 2y (KS adz2NFI OS
for YersiniaYops entrance into the cells through T388i¢e andDersch, 2006; Keller,

at al. 2015). YadA can indirectly bind to a wide set of host celpreceBS 8 A RS & | ™
integrins YadA anA y (i S NJ Giitegéink o KadukeYops injection. The presence of

i nntegrin on fibroblasts membrane is essential to trigger the injection of Yops but the
LINE a S y @rflegribstcouldalso be required as a synemidner (eo and Skurnik,

2011 Keller, et al. 2016 New results have been achieved in order to fully eretand

the requirements for Yops injection and the interference of YadA, cellular receptors and
ECM molecules. It was found that besides fibroblasts and epithelial Xebsiterolitica

target cells from the immune system for Yapgection (Koberleet al. 2009; Deuschle,

et al. 2015 DrechslefHake, et al2016).The data demonstrated that YadA is essential

for Yop injection into leukocytes. The injection of Yops into leukocytes is crucial for

Yersiniammune resistance since their action inside thest cell cause alterations of
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signal transduction processes affecting thest immune responses (Trllzsch, et al.

2007; Koberle, et al. 2009

Moreover, YadA expressionon Yersiniasurface modulates the immune system
complement cascade contributing foratterial serum resistancelhe lytic terminal
complement complex is blocked by thea@ling of serum complement factor H and C4BP
to YadA. The factor H and C4BP form a shield around the outer membrane and prevent
the deposition of C3b opsonin and C9 compdemnfactor, inhibiting the formation of
membrane attack complexes and thdling of the bacteria Kirjavainen, et al. 2008;
BiedzkaSarek, et al. 200&;eibiger, et al. 2009 C4BP is the major negative regulator of
the classical and the lectin pathwayktbe complement. C4BFadA binding prevents
C4bmedited opsonizatiorand also leads to a reduction of C3b accumulation on the
bacterial surface (Blom, 2002; Kirjavaineet al. 2008. Furthermore, YadA seems to
mediate immune invasion by binding vitronatthat acts as a negative regulator of
terminal complement complex by inhibiting the lytic pore formati@athlenkamp, et

al. 2017). Thé&l-terminal region of YadA &soresponsible for enhancing red blood cells
hemagglutinationautoagglutination and biofilm formatiorBacterial atoagglutination

and formation of dense microcolonies mediated by YadA expression could contribute to
a phagocytosis resistance phenotydel Tahir and Skurni2001; Heise and Dersch,
2006;Freund, et al2009.

[.3.6 Hia and Hsf fronHaemiphilusinfluenzae

Haemophilus influenzadas two homologous TAAsHia Haemophilus influenzae
adhesin) and HstHaemophilussurface fibril). Hsf is found among all typeable strains,
while Hia is present only inon-encapsulated strains dfi. influenzagSt Geme and
Cutter, 2000; Cotter, et al. 2005b; Watson, et al. 2@8&man, et al. 2018Hia and Hsf
proteinsshare 81% odimilarity and 72% oidentity (Meng, et al. 2008Both TAAs have
analogous architecture with the highest homology aNd CGterminal ends. The main
difference between Hsf and Hia is the dimension of the passenger dokvdina set of

extra head domaingand neck structures, Hsf is typical extended in comparisadio
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(Cotter, et al. 2005bMeng, et al. 2008 Hsf has a unique structure among TAAs, its
oddly long passenger domain is not a straight fiblkee structure but rather a folded and
twisted protein (Singh, et al. 2015As Hsf is expressed in capsulated straingdof
influenzag the extra length of Hsf passenger domain is a necessity that allows the

protein to extend itself past the polysaccharidapsule (Cotter, et al. 2005b).

Hia and Hsf passger domaiis possess two binding domains (BD) with an acidic pocket
requiredfor adherence to epithelial cells. Given trimerization, each BD contains three
potential sites for interaction with host receptors, allowing the interaction with different
parts of the receptor or even with independent receptmolecules (Yeo, et al. 2004
Cotter, et al. 2005b; Cotter, et al. 2008adin, et al. 2009). BChd 2 are in opposite
parts of the passenger domains abdth contributeto H. influenzaeadhesion to the
surface of epithelial celldt is likely that both BDs might participaia a hvalent
interaction, increasing avidity and stabilizing bacterial adherence to host cells. A stable
binding between pathogen and host cathay beespecially important in the upper
respiratory tract, where bacteria are vulnerable to clearancentycociliaryaction
(Laarmann, et al. 2002; Osman, et al. 2018; Atack, et al. 2020). BD1 is located closer to
the Gterminal domain of Hia and Hsf and has proven to have a stronger affinity towards
host cell receptors than BD2 (Laarmann, et al. 2002). Differenttaffiare a reflecion

of alterations in amino acid configurations the acidic pockets, the variation of an
aspartic acid in BD1 to a glutamine in BD2 diminish the affinity of the lastYaw ét

al. 2004).n Hsf the sequence between HsfBD1 and HsfisM2ree timedongerthan

the sequence between HiaBD1 and HiaBD2 whichpeayit the interaction oHsfBD2

with cellular hostreceptors (Cotter, et al. 2005b). The passenger domain of Hsf still
includes a third BD regiog HsfBD3. This binding domain se® to not influence the
bacterial adhesion to epithelial cells once it does not contain the common BD acidic
pocket. The presence of HsfBD3 between HsfBD1 and HsfBD2 could be required to allow
Hsf stabilization or to mediate adhesion (Cotter, et al. 200%heproposed mode of
action of Hia and Hsf BD1 and BB®ards host cell moleculeomprises two sequential
steps The initial interaction is played by BD2, which is located at tkerminal
extremity of the passenger domain and is responsiblethe goproximation ofthe

bacterial tothe host cellBD2 is then replaced by BD1, giverhitgher affinitytowards
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host cell ligands. The switch between BDs causes conformal alterationsrihgthe
bacteria closer to the host ceknhancing the attachmento the epithelial cell layer
(Radin, et al. 20Q9Spahich and St. Geme, 201Recently, Atack et al. (2020)
demonstrated that Hia is a lectin with high specificity for host glycans. Through BD1, Hia
mediates high affinity interaction betweeHl. influenzaeand sialic acid structures
(Neu5Aeh H -Jactosamire) present on the membranes of human cells (Atack, et al.
2020). Moreover, detailed results revealed that HiaBD1 and BD2 can interact with

distinct ligands on the surface of host cells (Atackle2020).

Several studies have disclosed the interaction between Hsf and the ECM component
vitronectin mediated by both BD1 and BR2allstrom, et al. 20065ingh, et al. 2014). It
was proposed that vitronectimteraction act as an input tbl. influerzaeadhesion and
internalization into host cells. Evidenceseem to support anadapted adhesion
mechanism by which BD2 binds to vitronedii:ia connection between the epithelia
integrins and the pathogen. The BD1 may act as a second vitronectin birtdinglsind
directly with a cellular receptoinstead (Hallstrom, et al. 200&ingh, et al. 2014).
Moreover, \tronectin is also a key player in different processes of host immune
responses. lis the major regulator of theeomplementmembrane attack compx
(MAC) whichs formed on the surface of the pathogen and causes the disruption of the
cell membraneit is also an inhibitor of the terminal lytic pathway of the complement
system (Singh, et al. 201Riesbeck, 2020 Singh et al (2014) demonstratedathHsf
bound to vitronectin protectsH. influenzaefrom serummediated host immune

responses, preventing the formation of MAC (Singh, et al. 2Rie$beck, 2020

1.3.7 Burkholderiaspp. trimeric autotransporter adhesins

[.3.7.1 Burkholderia pseudomallei the diverse roles oftrimeric autotransporter

adhesins

B. pseudomalleis found in water and soilsvorldwide andis the causative agent of
melioidosis,a febrile illness with acute and chronic disease stdted could affect
several organwith a mortality rate of up to 4% (Inglis and Sagripanti, 2006; Wiersinga
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et al. 2012). Som8. pseudomallestrains can express a considerable number of TAA
coding @nes¢ B. pseudomalleK96243 and 1026b contain genes for nine putative
trimeric adhesinsl(@azar Adler et al. 2011; Campos, et al. 2013). rlineber of TAAs
expressed on a particular strain seems to be directly related with its virpletential.
(Lazar Adler, et al. 2015).B. pseudomalleiadhere and invade epithelial cells,
macrophagdike cells and can survive and proliferate for prolonged periods within
phagocyticcells (Kespichayawattapet al. 2004 Wiersinga et al. 200@Muangsombut,

et al. 2008. Once inside the hosB. pseudomalletan induce actin polymerization by
the action of the TAA BimA located ategpole of the bacteriaThe control of host actin
allows the propulsion of the bacteria inside the cell and can indbeeterial spread
across the infected tissuthrough the fusion of adjacent host cell membranes. The
survival inside the hostan also be used . pseudomalleasa mechanism of innate
and humoral immune systemscape (Stevens, et al. 2005; Galyov, et al. 20p0etval.
2020. BimAhas a similar YadA-t€rminal and a set of head domains with a similar
sequence and structure to those found in actin modulatprgteins (Stevens, et al.
2005 Galyov, et al. 2010). Thexistence of a 13 residseaepeat on the passeger
domain of BimA seems to be essential for the recruitment of bacterial or cellular factors
and for the intracellular dissemination but not for acpnlymerization (Sitthidet, et al.
2011).The action of BimA inside the host cell cause the formatiaglmigations of the
cellular membrane that allow the spread 8f pseudomallefrom celtto-cell while
evading immunelefenses (Stevens, et al. 2008)e cellular ubiquitous scaffold protein
Ras GTPasmctivatinglike protein acts as a functional playegréating the organization
and length of the actin filamentous formed BymA (Jitprasutwit, et al. 2016). The high
immunogenicity of BIimA raisattention for its use as a diagnostic tqg@uwannasaen,

et al. 2011 azar Adleret al. 201).

Alongside BimAhere are several characterized TAAs that play a rok pseudomallei
virulence. Some of the most studied include: BoaA, BoaB that act as adhesins and can
mediate replication inside macrophagige cells; BpaC that contributes to serum
resistance and IFA required for biofilm formationand overall bacteriavirulence
(Balder, et al. 201Q;azar Adler, et aP013 Lazar Adler, et al. 2015chnetterle, et al.

2017 Yip, et al. 202D
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The mode of action of BpaC is still unknown but could be due to interactions with
different complement pathways such as the classical or lgthways Besides serum
survival BpaC was also associated with intracellular bacteria survival in phagogigic
(Lazar Adler, et al. 2018oaA and BoaB are very much similar (63.1% identical in 1026b
strain), they share the samet€minal domain and numerous serisieeh SLST regions
across the passenger domain. The SLST short motifs are frequently a pdrtiogeo
repeats formed by ~10 to 20 residues that occupy a large part of the BoaA and BoaB
passenger domains. These repetitions do not have any specific secondary structure or
defined function and are not usual in other species out8dekholderiagenus(Balder,

et al. 2010; Campos, et al. 2013). The number of these repetitions acropagkenger
domain is directly related to the size variation of the protein. The addition or loss of
these sequences can be used as a mechanism to regulate the lendtb passenger
domain. Also, the high serine content could be related with glycosylation potential of
BoaA andoaB (Campos, et al. 20X3haze, et al. 2014). Considerihg functional and
sequence similarities between both proteins, Balder et al. (2016ydpte that the
expression of BoaA and BoaB could be a result of gene duplication, since their coding
genes are present in chromosome 1 and 2, respectively,baadBis preceded by an
invertase and a transposase. The eliminatiorbofAand boaBsignificantly decrease

the ability ofB. pseudomallgnutants to grow inside murine macrophages, although the
mechanism involved is not knowyet (Balder, et al. 2010). The biofillarmation
capacity revealed b¥s. pseudomalleseems to be related with the expressi BbfA.
LazarAdler et al. (2013) shown results that tAi8Ainfluences the initial adhesion &.
pseudomalleto abiotic surfaces, microcolony formation, and biofilm maturatibazar
Adler, et al. 2013)The abilityof B. pseudomalleio form biofilms is important for
bacterial persistence in the environment and inside the host, which might enhance its

infectiouspotential (Nandi, et al. 2010).

1.3.7.2 Burkholderia cenocepacianultifunctional trimeric autotransporter adhesins

The epidemic strainB. cenocepacial2315 contains seven TAA encoding genes
distributed across the chromosomes 2 and 3. BcaA (BCAM0224) was considered as a

multifunctional virulence facto(Mil-Homens and Fialho, 2011).is composed of 953
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amino acids andontains a Yad#ike Gterminal domain, an extended-i¢rminal signal
sequence and a passengdomain that includes several domains: Hep Hag, HIM,
collagenbinding domains and tandem repeats (Mibmens, et al. 2010). Its encoding
gene is founded exclugly inEF12 B. cenocepaciatrains (MilHomens, et al. 2010).
Alongside with other two TAA encoding ger(psaBand bcaQ, bcaAis locatedin a
cluster with a twecomponent system, which may regulate their expressigpairticular
conditions and modulatghe virulenceassociated features oB. cenocepaciaMil-
Homens, et al. 2010Mil-Homens et al. (2010) observed that the expressiohaatAis
enhanced under conditions that tend to mimic the environment in CF lungs such as high
osmolarity, oxygen limitedonditions, and oxidativetress Bhatt and Weingart, 2008
Mil-Homens, et al2010). Using Galleria mellonelldarvae as infection model, Mil
Homens et al. (2010) shown evidences that the eliminatiobcafAcauses a significant
reduction in virulence, in comparison 8. cenocepaciwild-type strain(Mil-Homens,

et al. 2010) BcaA has been associated with a skwioulencerelated functions like
biofilm formation, motility, evasion of host immune system, bacterial adhesion and
invasion of epithelial cells, binding to ECM components such as vitronectin and collagen
type |, and binding to cellular receptdNFR1 (M-Homens, et al. 2010; KliratChatel,

et al. 2013; MiHomens, et al. 2014; MHlomens, et al. 201).

Singlemolecule atomic force microscopy studies unraveled the binding mechanisms of
BcaA and demonstrated its binding propertietarge binding strentlp, low affinity,
multi-specificity, and spring elasticity. This multifunctional adhesin undertake both
homophilic and heterophilic low affinity interactions with a range of different targets
(EFKiratChatel, et al. 2013). Bc@An also recognize specifeceptors on pneumocytes
membrane that might promoteB. cenocepaciadhesion to host cells. Bcadllagen
heterophilic and Bcaf8caA homophilic boursdseem to be a result of low affinity
interactions that might allow epithelium colonization andB. cenoceacia
autoaggregationrespectively (EKiratChatel, et al. 2013Mutation of bcaAleads to

the impairment of swarming motility that seems to contribute for the abolishment of
biofilm formation (MitHomens, et al. 2014). Sinflagella motility is esserdl for the

first step of biofilm formation both characteristics can be conjugated and so, BcaA may
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be an important asset for different stages of biofilm formation am@intenance

(Verstraeten, et al. 2008; Milomens, et al. 2014).

The capacity oB. cengepaciato escape host immune systeseems to involv&caA as

well. The mechanisms by which BcaA mediates immune resistance is still poorly
understood, but MHHomens et al. (2014) shown evidences that BcaA mutant was serum
sensitive and that classical cplament pathway is the main killing mechanism involved.
BcaA could use its vitronectin binding capacity in order to inhibit complemredated
attack or to form a shield oB. cenocepaciaurface with noAmmunogenic molecules
(Mil-Homens, et al. 2014)[hs protection may camouflage the highly immunogenic
trimeric adhesins and keep them away from the immune system recognition and
targeting (MitHomens, et al. 2014Mil-Homens et al. (204) revealed the first evidence

that a TAA could inducemoinflamatory response in pulmonary epithelial cells through
TNFR1 binding. TNFR1, a receptor for tumor necrosis factoro-¢t b & ¢A RSt &
distributed on the respiratory epithelium is also the receptor for BcaA -higjhity
interaction with bronchial ephelial cells Baud and Karin, 2001; Milomens, et al.
2017). In a normal process of infection, TNF A & LINE Rikez®iedencad § y
bacterial pathogen is sensddy the binding toTNFR1 on cellular membrane. This
interaction leads to a signalingesporse that ultimately leads toan inflammatory
responseandIL-8 cytokine production andelease(Baud and Karin, 2001). Eeabated

IL-8 production caused bB. cenocepacimfection could compromises tissue integrity
and be a new pathway for pathogen peraion and survival inside host tissu@&aza,

et al. 2011; Ganesan and Sajjan, 2012:Hdimens, et al. 201).

BcaB (BCAM0223) encoding gene is found immediately downstreboaAflocated in

the B. cenocepacidAA clusterbcaBencodes for a TAA with 160@esidues that contains

an anchor domain with homology to thet€minal translocator domain of YadA and
eight noncontiguous coiledoil clusters of HIM motif repeats and five clusters of Hep
Hag motif repeats. HIM and Heéfag are short repeat motifs cononly found in
bacterial hemagglutinins and invasins @Abmens and Fialho, 2012). The disruption of
bcaBin B. cenocepaciaaused a significant decrease in hemagglutination, adhesion to

cells, and bacterial virulence. Moreover, like BcaA, BcaB is aldwadvn the process
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of B. cenocepaciadherence to vitronectin and serum resistance (Mdmens, et al.

2013).

1.3.8 Trimeric autotransporter adhesinsfor biomedicalapplications

Thehighly immunogenic repetitive organizati@i TAAsmake theseproteinsa useful

tool in immune protection and a potential vaccine candiddigibay et al. 2020)
Several studies haveointed outthat neutralization of TA/ost cell interaction can
attenuate the course of infection. Therefore, the use of TAAs as vaccine ingredients
could be an important strategy to impair infection evolution, since they show to be
immunogenic antigens both in mobanimals and natural host&Cutter, et al. 2002;
Comanducci, et al. 2002; Weynants, et al. 2007; Durant, et al., Fd@¢o, et al. 2014).
Theuse of TAAs as a component of a vaccine was achieved with the applicatladAf
from Neisseria meningitidesin a multifactorial vaccine approved by European
MedicinesAgency (Malito, et al. 2014Fomponents of the vaccine target the interaction

of the TAA NadA with its ligand, the human receptor 1@Xguori, et al. 2018). Alsa
vaccine produced with UspA2AA fromMoraxellacatarrhalis proved to successfully
protect patients with chronic obstructive pulmonary against gpeableM. catarrhalis

(Van Damme, et al. 2019)osidering the biogenesis mechanism of autotransporter
proteins, the TAA secretion sgsh can also be used as an autodisplay in vaccine design
(Jose, 2006Jong, et al. 2014 Type Vc secretion system can be an important tool for
construction of recombinant multimeric vaccines. This mechanism can promote the
formation and exposure of trimeric forms of antigens becoming a form of increase
vaccine immunogenicity since multimeriforms of proteins have stronger
immunogenicity than monomeriones (Jose 200@aker, et al. 2010). Moreover, the
differential expression of TAA genes during infection could their detection into a
diseaseassociated molecular biomarker method foadnosigMil-Homens and Fialho,
2011; Fagnocchi, et al. 2013)ikewise, he structural conservation of trimeric
autotransporter domainsnake TAA®f particular interestto be used as target for an

anti-adhesion therapy. By preventing bacteria adhesiothicells of an infected host,
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anti-adhesion treatments make pathogens more susceptible to physiesrance

(Kiessling, et al. 2020).

1.3.9 Conclusion anduture perspectives

¢! 1a OFy 0S8 O2yaNwrReS N[ByRA FikES  20FhegafiveidiiciedaS y A O D N
as they can promote an expanded set of virulenelated functions, from adhesion to

actin polymerization oescape to host immune system. The highly immunogenic profile

of TAAs makes them useful in immune protectenmd as potential vaccine candidates

apart of the potential value as disease biomarker on diagnostic €Qal. 2015).

In past years there were achieved severdestones in TAAs investigation. Newdies
about their biogenesis and secretion mechanisms, functional and structural features
revealed new functions and mechanisms in the infection process which helped to
position TAAs as important tools of pathogenicity and potential targets to subvert
bacterial ifections. Nevertheless, knowledge about the regulation mechanisms
involved in the expression of these proteins is still poorly established. In the future it will
be important to understand the means by which TAA encoding genes are regulated in
response tospecific environmerg and how it may control the virulence of the
pathogenic bacteria inside the host. Furthermore, a more profound understanding of
the details of TAA secretion as well as the host molecules that can promote bacterial

adhesion is necessary

52



|.4. Thesis aims and outline

The ability oB. cenocepacitb cause disease and persist inside the host remains one of

the most problematic threats for CF patients. This pathogen iskmeNvn for its large

set of virulence factors capable to promote an aggressive infection that, in many cases,
leads to a pate®a RSFGK® ¢KS Of 2 4 B. cenoceadlad@ tfiey SOU A 2 Y
host has also been well documented and seems to be essential for baeiaatation

during host colonization.

This thesis will be focused on the first step8otenocepactaost cell nteraction, with

a special emphasis on a specific clasB.oftenocepaciairulence factorg TAAs The
mechanism of bacterial adhesion is the culmination of a set of caffset interactions

that require both host cell and bacterium. Some of these psses involve the
recognition and binding of bacterial receptors to host ligands and the consequent

adaptation to such contacts.

TAAs have been classified as multifunctional proteins ¢batdtake action inthe early
stages of Bcc infectioB. cenocepacid2315 genome encodssven different TAAs and
some of them have been previously described and characterizedHdflens and
Fialho, 2011; MiHomens and Fialho, 2012; MHomens, et al. 2014). This work aimed
to achieve an indepth knowledgeof two new B. cenocepacid2315 TAAs, regarding
their main functions, mechanisms of regulation and hosit interaction during the early
stages of infection. Moreover, the identification of hastll ligands foB. cenocepacia
attachment and the bacterial transcriptional shift iresponse to such physical
interactions were also major goals of this workeflefore, specific aims were pursued
in the past four years order toaccomplish the overall purpose of this thesis. The work

developed so far will be presented and organizedixnmain chapters:

Chapter lis a detailed literature overview concerning Bcc diversity and clinical
importance; andB. cenocepaciateraction with the host, detailing the mechanisms
involved in adherence, survival inside the host and adaptation. Tdte sef art ofTAAs

and their biological traits is also perused.
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Chapter licovers the penotypic characterization of AAdefectivebcaCmutant of B.
cenocepaciaAlso, the relation betweethe histidine kinase BCAM02:8d a putative

regulatory network tageting the expression of bcaC is approached.

Chapter lllcomprises the study dhe transcription ofTAA encoding genes duririy
cenocepacidost cell contact In particular, the patterns oBCAM2418TAA gene
expression are detailed reported amctracellular components of host membraaee

assessed as possible sigrfalsthe differential expression of the TAA geBREAM2418

Chapter IVaddresseghe inhibitory effects of an antibody produced against tBe
cenocepacid AA BCAM2418he antiBCAM218 antibodyinhibits bacterial adhesion,
confers protection to infection and enables identification of host glycans as adhesin

targets

Chapter Vdescribes the profile oB. cenocepacigene expressiomuring the early
contacts with the surface of the BBtcell. Giant plasma membrane vesicles were
produced from bronchial epithelial cells and used asstamulus to assess the
transcriptomic shift oB. cenocepaciafter host membrane sensinghe obtained results

are presented in detail in this chapter.

Chapter Vliprovides a unified discussion of all the results presented in this work, with a
special highlight on the improvement that these outcomes may bring to the actual

scientific state of art.

Finally, a complete list of publications and communicatisrgovided.
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PHENOTYPIC CHARACTERIZATION OF TRIMERIC
AUTOTRANSPORTER ADHBEERECTIMMEACMUTANT
OFBURKHOLDERIA CENOCEPARASTALK
TOWARDS THE HISTIDINE KINASE BCAMO0218

Journal paper

Pimenta Al, MiHomens D, Pinto SN, Fialho ARhenotypic characterization of trimeric
autotransporter adhesirdefectivebcaCmutant of Burkholderia cenocepaciarosstalk
towards the histidine kinase BCAMO2Microbes Infect2020;S1286457920)30096
4. doi:10.1016/j.micinf.2020.05.018
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[1.1 Abstract

Burkholderia cenocepacia a virulent species belonging to tlBairkholderia cepacia
complex (Bcc) andne of the most problematic agents of chronic lung infection in cystic
fibrosis patientsB.cenocepacigpossesses a large panel of virulence traits that include
trimeric autotransporter adhesins (TAAs). Suymtoteins are obligatehomotrimers
anchored in the outer membrane. They are players in the adhesvwemts that occur
between bacteria and ibtic/abiotic surfaces. In this study, we constructed two
insertionatmutants for TAAcaCandhistidine kinase (HKBCAMO021&enes, which are
clustered together within the B. cenocepaci&k562 TAA cluster. ThécaCmutant
affected B. cenocepaciadhesionto extracellular matrix proteins and red blood cells
hemagglutination. BcaC contribudgo enhancingB. cenocepaci&562 adhesion to
bronchial epithelial cells. The expressiorbofCaffected biofilm formation negatively.
Due to aBCAMO218lisruption, thebcaCexpression increasksignificantly, indicating
that they are functionally linked. The overexpressiomciCin the BCAM0218nutant
backgroundrescual at least part of the BcaC functions. Altolget, these findings
reveakdthe multifunctionality of Bca@s a noveB. cenocepaciK562 virulence factor
and postulatel the involvement of a sensor HBCAMO0218) in the control of this TAA

gene

[1.2 Introduction

Burkholderia cepacieomplex (Bcc) bacteria are respirat@ggthogens ircysticfibrosis

(CF) and immunocompromised patientey utilize a panel of virulence factors that

cause chronicdnflammation and disease. Complications of such acute respiratory
infections are severeral can result in permanent and fatal damafe2 (G KS f dzy 3&
airways. Among the twentjwo species of Bcc knowo cause disease in CF patients,
Burkholderia cenocepacia one ofthe most virulent(Mahenthiralingam et al. 2005

Depoorter, et al. 2016) B. @nocepaciais naturally resistant toseveral classes of

antibiotics and possesses a broad set of virulefestures that contribute to its
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enhanced pathogenicitfDrevinekandMahenthiralingam 2010;Rhodesand Schweizer
2017) B. cenocepaciaanalso adat to different environments by usinglaroad set of

regulatory mechanismullenandMcclean 2015)

One of the virulence factors found in Bcc bacteria belongs toctaes of trimeric
autotransporter adhesins (TAA&Mil-Homens and Fialho, 2011)hese proteinsare
members of the Type V secretion system (T5SS; subtgpand have been emerging as
important virulence factors ilsramnegativebacteria(Cotter, et al. 2005; Koretke, et
al. 2006; Rahbar, et al. 2019)AAs are obligate homotrimenroteins anchored in the
outer membrane of bacterial cells. Thet&€minal anchor domain, conserved among
TAAs, is composed oftemeric i -barrel that allows the extrusion of the passenger
domain via a type V protein secretion pathway. ThtehNninal extracllular passenger
domain is composed of the neck, stalk, amehd regions that could vary in number,
organization, anccomplexity amonglrAAs(Cotter, et al. 2005Bassler, et al. 2015)
Besides mediating host cell adhesidhey proved to be involved in nmy other
virulence traits, suchas biofilm formation, serum resistance, hemagglutination and
invasionof hostcells(Zhang, et al. 2004;azar Adler, et al. 2018}KiratChatel , et al.
2013; MitHomens, et al. 2017)

The genome oB. cenocepacial2315 contains seven TA&Acoding genes distributed
across the chromosome 2bdaA bcaB bcaGC BCAM11l1l5and BCAM2418 and 3
(BCAS023&8ndBCAS033%Mil-Homens and Fialho, 2011; MiomensandFialho, 2012;
Mil-Homens, et al. 2014Among thosethree form part of a gene cluster (TARuster)
consisting of eleven genes encoding two hypothetipabteins 8CAM0216and
BCAMO021Y, two hybrid histidine kinase$HK) BCAM0218and BCAMO022Y, three
response regulators (RRBCAM0221 BCAM0222 and BCAMO0228 one outer
membraneprotein BCAMO022p and three TAAsEaA bcaBand bcaG (Figire 11.1A)
(Mil-Homens and Fialho, 2012JAA encoding genebcaA and bcaB have been
characterized irdetail, and their relevance in the virulence ®f cenocegaciadisclosed
(Mil-Homens and Fialho, 20;lPazar Adler, et al. 2018}KiratChatel, et al. 2013; Mil
Homens, et al. 2014However, a deeper understanding of teucture/function of the
adjacent subset of HKs and RRs is neelllieCarthy et al(2010 demonstrated that the
HK BCAM0227 and itegnate RR BCAM0228 are part of a-teonponent system (TCS)
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that enablesB. cenocepacito sensecis2-dodecenoic acid (BDSF)gaorum-sensing
signal molecule involved in the expressionvalulence factors, other than the ones

existing in the TAAluster(Mccarthy, et al. 2010)

Besides the two TCSs found at the TAA cluster, the genorBe @énocepacid2315
encodes at least 26 otheFCSgWinsor, et al. 2008Schaefers, 2030Atypical TCS is
composed by a HK and a.RRe external stimulare sensed by the HK, which in turn
phosphorylate the regulatory domain of the RR, changing its iihAngaffinity (Stock,
et al. 2000 West and Stock, 2001n pastyears efforts have been made ¢tharacterize
new TCSs and their importance in Bcc bactehigsiology anghathogenesigAubert, et
al. 2008 Merry, et al. 2015)Oxygenand quorumsensingsystems are some of the most
studied TCSs in Bcc species. Thdhgir precise functional network is still not entirely
understood, BccTCSs are proven to be linked to regulation of bacterial pathogenic
fitness like biofilm formation, motility, adherencand virulence indifferent models
(Merry, et al. 2015; Aubert, etl. 2008; Schaefers, et al. 2017; Cui, et al. 28tBaefers
2020).

In the present studywe aimed to disclosure the role dicaCTAA(previously named
BCAMO0219 in B. cenocepaci&562 virulence.For that, we constructed d&caC
insertional mutant inB. cenocepaci&562 and evaluated various virulencelated
traits. Our findingsndicated that bcaCencodes for a large multifunctional TAA thatdha
hemagglutination activity and simultaneousias required for bacteriaextracelluar
matrix (ECM) adhesion and maximal hosit adherence. Also, we characterized the role
of the neighborBCAM0218HK encoding gene, suggesting thatvdsa critical player
that negatively controls the expression of theaCTAA gene. Taketogether, the
findings of this work represeatl a step forward for eetter characterization of the

subset ofB. cenocepaci@iAAencodinggenes.
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Figure 11.1Bioinformatic analysis of BcaC and impactlfaCinactivation on the expression

of the neighboring geneBCAM0220 (A) Organization of theB. cenocepaci&562 region
surrounding thebcaCgene, previously denominated TAA cluster. The region includes eleven
genes encoding two hypothetical proteins (HYBLCAMO0216BCAMO21Y, two hybrid histidine
kinases (HK)BCAMO0218and BCAMO022Y, three response regulators (RRBQAMO0221
BCAMO0222andBCAMO0228 one outer membrane protein (OmpACAM022Pand the three
TAAslicaA bcaB andbcaQ. TheB.cenocepaci&562 bcaOnutant was obtained by insertional
mutagenesis of a trimethoprim resistance cassette, as indicated ifighee. (B) Expression of
BCAMO022@ene determined in wilkdype andbcaGnegative mutant backgrounds. Transcription
levelsof B. cenocepaci&562 BCAM022Qvere obtained by gRIPCR. Results were normalized
to the expression of the housekeepismAgene. Expression levels are represented as relative
values in comparison to the expression levels in standard LB growth. All thes reifrom
three independent experiments; bars indicate 0. Schematic illustration of the domain
organization of BcaC protein fronB. cenocepaciaK562 using daTAA program
(http:/ftoolkit.tuebingen.mpg.de/datad (Szczesny and Lupas, 2008)e proteincomprises the
typical membraneanchor domain of TAAs at thet@minal, several Yadlike head domains
and stalk and connector domair(®) Predicted structure of the BcaC TAPhe 3D structure of
each BcaC predicted domain was modeled using Phyre2 web portal
(http://www.sbg.bio.ic.ac.uk/phyrep (Kelley, et al. 2015). Usinthe Pfam database
(http://pfam.sanger.ac.uk/), numerous Hdpag repats, and hemagglutinin domains (HIM)
were found. The structural features of the YadA collagerling domain superfamily were
identified as well using InterPro online toblktps://www.ebi.ac.uk/interpro/).
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[1.3 Material and Methods

[1.3.1 Bacterial strais and growth conditions

B. cenocepacidlinical isolate K5@ (clonally related td@. cenocepacid2315 strain) was
used. Bacteria were cultured iruriaBertani (LB) broth at 37C with orbital agitation at
250 rpm. When appropriate, the medium wasupplemented with 150 mg/lof
ampicillin, 200 mg/mL of chloramphenicol (fér colj, 150 mg/Lof trimethoprim, 600
mg/mL of kanamycin (fd8. cenocepacii56 2 mutants), or 100 mg/L chloramphenicol
(for the B. cenocepacienutant complementation). For furional studies, the parental
and mutant B. cenocepaciatrains were grown in 2dvell plates, at 37Cwith orbital
agitation at 70 rpm, for 17 h under conditions of limitedygen supply in LB broth
supplemented with 300 mM NaCl ardd mM HO,. The limitel oxygen supply was
achieved by growingultures in incubation jars containing an atmosphere generator for

microaerophilic conditions.

11.3.2 Cell lines and cell culture

Two human bronchial epithelial cell lines were use8iHBE14ecells(healthy bronchial
cells) and CFBE4Iaells (Clirway)(Cozenset al. 1994Brusciaet al. 2002)Cellsvere
maintained in fibronectircollagencoated flasks in minimum essential medium with
9 I NX S(MEM) supplemnented with 10% fetal bovine serudr92 g/L tglutamine,
and penicillinstreptomycin (100 U/mL) in a humidifietmosphere at 37C with 5%
CQ.

[1.3.3 Bioinformatic analysis of BcaC and BCAM0218

BcaC and BCAMO0218 protein and DNA sequences wereftakeBurkholderiggenome
onlinedatabase www.burkholderiacom(Winsor, et al. 2008)The studyf the modular
organization of the specifbomains of BcaC was performed through the online database
Domain  annotation  of trimeric  autotransporter adhesins  (daTAA)

(http:/Ntoolkit.tuebingen.mpg.de/dataa/browsg (Szczesny and Lupas, 2008he 3D
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structure of each BcaC predicted domawas modeled using Phyre&eb portal
(http://www.sbg.bio.ic.ac.uk/phyrep(Kelley et al. 2015)specific motifsvere searched
using Pfam database(http://pfam.sanger.ac.uk/) and InterPro online tool
(https://www.ebi.ac.uk/interpro/). BCAM0218 domains were analyzed using SMART
algorithm (Letunic and Bork, 2018pandthe transmembrane helices were predicted
using TMHMMserver v.2.0 (http://www.cbs.dtuk/services/TMHMMY/). Specifiactive
residues were scanned using Motif Scan (https://myhits.isbsib.clicgmotif_scan)

and ScanProsite tool (https://prosite.expasy.org/scanprd¥ifde Castro, et al. 2006)

11.3.4 Construction obcaC and BCAM021&egativeB. cenocepaci&562 mutants

A 1620bp fragment of thebcaCgene (941714 bp) and a 1694p fragment of the
BCAMO218ene (7722466 bp) fronB. cenocepacig562 were amplified by PCR, using
the primers:fr219F1 (RCGGGGTACCAATGGTTCGCTGACGRPaENG219R1 (R
CCCAAGCTTGTCCTTCAACTGACCGAGEGITCAA fr218F1 (R
GGGGTACCGACGGGCAGAAGCATTTGAJQGACT and fr218R1 (®
CCCAAGCTTATGTTCAGGTCGGTCARQAEIGzh contain a Hindll and a Kpri
restriction sites. The PCIRroducedfragments were digested and cloned into pDrive
(Qiagen) togenerate pD0219 and pD0218, respectively. The trimethopesnstance
cassette (Tp) was excised from pUgand cloned intthe pD0219 and pD0218 via the
uniqueSpH restriction siteyesulting in pD0218_Tp and pD0218_Tp, respectively. These
plasmids were transformed into B. cenocepaciaK562 by electroporation.
Transformants were selected on LB agar supplementgth kanamycin and
trimethoprim for 48 h at 37°C Todistinguish between singland doublecrossover
mutants, trimethoprim-resistant colonies were screened by replica platifay
kanamycin sensitivity. The candidate insertion mutants weréher characterized by
using genespecific primers, 218F2 @ECATCCGCCATCTCTBQGMd 218R2 G
TCATCGCTTCATCACCGATGBQTad fr219F1 and fr219RThe nonpolarity of
bcaC:Tp andBCAMO0218Tp mutants wereconfirmed by RPCR. To do that, we
measured the  expression levels of BCAMO0220 (RT_0220Fw &
CCGCAACGTGATGAACTARQEaid RT_0220Rv@&CCTTCGGAGACGAARAN
BCAMO0216 (RT_0216Fw @& CGACGCCTCGTATCAAGACANd RT_0216Rv5Q
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GAGAACTGTCGGCCAARONCC and BCAMO0217 (RT_0217Fw (€]
GTCCATTCACACGAGTCTXICand RT_0217Rv GECGTINTCCATCTGTGE&A
respectively in théocaC:Tp andBCAMO0218Tp mutants.

[1.3.5 Complementation of thd3. cenocepaci&562 BCAM0218Tp mutant

The coding sequence of tRCAMO021&ene fromB. cenocepaci&562 was amplified
by PCR, using th@imers 218F3 @ CATCGCTTCATCACCGATGTGPEAG 218R3
(5BRTACGGGTAGGCGGTAGARhich contain &Ndd andXbd restrictionsites.This
DNA fragment was digested and cloned into plaspiidil77(Gomes et al. 2018pefore
transformation intoE. coliDH® and selectionwith chloramphenicol. The resulting
plasmid, pN0218, was introducento the BCAM0218Tp mutant by electroporation,

beingreplicative inBurkholderia

11.3.6. Bacterial adherence tBCMproteins

Bacterial adherence t&CM proteins wastested, as described before, with some
modifications(Mil-Homens, et al. 2010Briefly, 96well polystyrene microplates were
coated with 10 mg/mL laminirfibronectin, and collagen types | and IV (in phosphate
bufferedsaline (PBS)) and placed atG overnight. The wells weneashed twice with
PBS and saturated with a 2% (w/v) bovine sealimimin (BSA) solution for 1 h at room
temperature. Cultures oB. cenocepaci&562, bcaC:Tp andBCAM0218Tp mutants,
BCAMO0218Tp pN0218 (complementation) alRCAMO0218TppIN117 (control) (initial
ODx400.2) were grown for 17 h at 3€, 70 rpm, under the above established conditions.
Equal amount$200 mL) of a bacterial suspension of 50° CFU/mL were added the
ECMcoatedwells. After incubation for 2 h at 3C, unboundbacteria were removed,
and adherent bacteria were washed twiagth PBS. The wells were then treated with
200 mL of a 0.5% (v/fyiton %100 solution to desorb the bound bacteria. Plates were
incubated for 2 h at room temperature under orbital agitatiderial dilutions of the
bacterial suspensions were prepared in RBS8 plated on LB agar plates. Results are
expressed as a ratio of theild-type (wt) and corrected with the initial bacteridbse
applied.Results are manvalues of at least 5 repeats from 3 independerperiments.
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[1.3.7. Biofilm formation assay

Parental and mutanB. cenocepaci&562 strains (initial Ok 0.2) were grown for 17

h at 37°C 70 rpm, under the abovestablisted conditions (sectionl.3.1). The cultures
were diluted inLB to an ORoof 0.05 and 20QwL of the cell suspensions wareculated
into wells of a 96évell polystyrene microplate ({bottom). Plates were statically
incubated at 37Cfor 4 h, the supernatantemoved (unbound bacteria), and each well
was washednce with PBS. Fresh LB media was added, and the platesste¢ically
incubated at 37Cfor 24 and 48 h. For biofilm quantificatiothe culture medium and
non-adherent bacteria wereemoved, and wells were rinsed twice with PBS. The
biofilms werefixed with 200uL of cold methanol and incubated for 15 min @om
temperature. The methanol was removed, and the platese dried at 37C. Adherent
bacteria were stained with 200Lof al1% (w/v) crystal violet solution for 20 min at room
temperature. After three gentle rinses with deionized water, the dye was solubilized
with 95% ethanol for 15 min at room temperature unaebital agitaton. Measurement

of the solution absorbance waerformed at 595 nm using a microplate reader. Results

are medianvalues of at least 5 repeats from 3 independent experiments.

[1.3.8. Hemagglutination assay

Fresh blood ABO blood typesfom healthyhuman donors was collected armgently
mixed with 3.8% of sodium citrate in a final ratio of 9:1.efual amount of Alsever
solution (2.05% dextrose; 0.8% sodiwirate, 0.055% citric acid, and 0.42% sodium
chloride) was addedand the resulting suspensiovas immediately mixed. Red blood
cells were separated by centrifugation at 3000 rpm for 10 filme supernatant was
removed, and the red blood cells wenashed three times with five volumes of PBS, pH
7.4, andcentrifuged at 3000 rpm for 10 min. A sus@n of red blooctells with 50%
hematocrit was prepared in PBS and kept ifChefore use.Parental and mutanB.
cenocepaci&562 strains (initial OB00.2) were grown for 17 h at 3T, 70 rpm, under
the aboveestablishedconditions. Cells werkarvested by centrifugatiorwashed twice
with PBS pH 7.4, and resuspended in PBS to an@f00. The cells were serially diluted
(dilution factor of each transfetz) and placed (3QaL) in 96well plates (U bottom). To
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each well, arequal volume of redlood cells (2%v/v) in PBS) was added. Thkates

were mixed gently and incubated for 1 h at room temperatd®8S solution was used
as a negative control. Each assay consietatiree to five replicates. Hemagglutination
was detected byisual inspegon of the suspension with a direct comparison to the

negative control.

11.3.9. Adhesion to human bronchial epithelial cells

Adhesion assays were carried out on AOR 16HBE14@nd CFCFBE4l1-obronchial
epithelial cells as describguleviously(Mil-Homens and Fialho, 201Zells werseeded

in polystyrene 24well plates one day beforénfection at 5x 10° cells/well in
supplemented medium. Then, theell monolayers were washed with PBS and
maintained in MEMmedium without supplements. Parental and mutdhtcenocepacia
K562 strains were used to infect host cells at a multiplicitynééction (MOI) of 50:1.
The infected monolayers were incubated3at°Cin 5% C@for 30 min to allow bacterial
adherence. Cells wengashed three times with PBS and lysed with lysis buffer (10 mM
EDTA, 0.25% Tritor2¥0) for 30 min at room temperature. Tlaelhered bacteria were
quantified by plating serial dilutions of theell lysaés. Results are expressed as

percentage of adhesion relatively the initial bacterial load added to the cells.

[1.3.10. Confocal laser scanning microscopy assays

Confocal laser scanning microscopy assays were perfornmeésusly describeMil-
Homers and Fialho, 2012Briefly, bacteria were stained by pINZ8asmid, which
encodes DsRed, a red fluorescemtotein (Vergunst et al. 2010) Plasmidwas
introduced into B. cenocepaciak562, bcaC:Tp and BCAMO0218Tp mutants by
electroporation. Bacteria strains weigrown in supplemented LB broth as described
above. After 17 h ofrowth, bacteria weresollected, harvested by centugation and
washed with PBS. Adhesion assays were performed as explalmmde, but glass
coverslps were placed into 24dvell plates andcoated with a 0.1% (w/v) polilysine
solution (Sigma) before celeeding. After 30 minf adhesion, cells were washed three
times with PBS and fixed with 4% paraformaldehyde during 30 minroaim
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temperature. Samg@s were washed to eliminate any tracesparaformaldehyde and
incubated with a membrane dye AlexaFI&®3 conjugate WGA (ThermoFisher) (1:200
dilution inPBS), during 1 h in the absence of light. Cells were washedwiticEBS and
incubated with Hoechis33342 Solution (Thermbisher) for nuclei staining (1:2000
dilution, in PBS) during 15 mat, room temperature and in the dark. Then the coverslips
were mounted in Vectashield (Vector Laboratories). All samples wgaenined on a
Leica TCS SP5 (LeicacrbBystems CMS GmbHJannheim, Germany) inverted
microscope (model DMI600@)ith a 63X water (1-Aumericataperture) apochromatic

objective.

11.3.11. Total RNA isolation

Total RNA was isolated froB cenocepacig562 grown in 24well plates, at 37Cwith

orbital agitation at 70 rpm, and under thaonditions described above (sectidin3.1).

Harvestedcells weretreated with RNAprotect Bacteria Reagent (Qiagen) following the
YIydzZFlI OGdzZNENRa AyadNHzOGA2yad . | Iis iR | f ea
lysozyme and proteinase K. Total RNA was puriiech the bacterial lysate using

RNeasy mini kit (Qiagen), accordingKS Y I ydzFl Ol dzZNBENRA& LINR (2
contamination with genomi®NA, RNA was treated with RNdsse DNA digestion kit

(Qiagen)in column during the purification process, for 1 h at room temperatukéer

the RNA isolation, a second DNase treatment pexrsormed overnight at 37C using 1

pL DNase (2.7 Kunitz unitsy 1.5ug of RNA, followed by inactivation for 5 min at°€5

accading 12 G KS YIydzFlFI OGdzNENRA Ay ailNHz@dsA 2y ad ¢

estimated using a UV spectrophotometer.

11.3.12. Reverse transcription PCR

For RTIPCR total RNA was converted to cDNA and then analitie®ower SYBR Green
Master Mix (Applied Biosystems), usimgimers to amplifyBCAM02160216_Fw 8
CGACGCCTCGTATCAAGATGA 5 HABAGAAC GTCGGCCAASHICBCAMO217
(0217_Fw BGTCCATTCACACGAGTCITICT n HACEQRTWIICOATCTGTEBA
BCAM0218 (0218_Fw BCGGCGATCTGAAGGTIGOA 0218 Rv e
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AGCGCTAGTGCTTCGATRYSAbcaC (bcaC_Fw @GICTCGGGTACGCGATIGRd

bcaC_Rv @GIGTTATACAGCTGAAACGACCTBIMNCBCAM0220 (0220_Fw B
CCGCAACGTGATGAACTAGTT N HQEQAAT WG GAGACGAABPMdsigAgene

(used as an internal controljsigA FW5QGCCGATGCGTTTCG@TATT aAd! ywd p
GCGTGACGTCGAACTGQTAIl samples were analyzed in triplicate, and #émsount

of MRNA detected normalized to cont@igAmRNA valueskRelative gene expression

was calculated by using ttke CTmethod (Livak and Schmittgen, 2001)

11.3.13. Statistical analysis

Data are expressed as mean medianvalues of a minimum of three independent
experiments = standardleviation (D). Statistical analysiwas carried out ¥ using
GraphPad Prism6 software. Relato@mparisons were made between corrected values
with ANOVAtest for significance. A P value of <0.05 was considered statistically

significant.

1.4 Results

[1.4.1. Bioinformatic analysis of BcaC and impacbo&Gnactivation on the expression
of the neighboring gene BCAM0220

bcaCgene is situated in the TAA cluster and arranged ibiastronic unit with
BCAM02200mpA. Immediately upstream i®cated the BGAM0218 gene, which
encodes for a sensor HK that, along with RR{BCAM0225hnd BCAM0222) may form
a two-component regulatory systerFigire 11.1A (Mil-Homens and Fialho, 2011; Mil
Homens and Fialho, 2012B. cenocepaciaK562 bcaC mutant was obtained by
insertional mutagenesis with a trimethoprim resistancassette, as indicated in the
Figuire 111A. To confirm thatbcaCinactivation did not causd a polar effect, the
expression of the neighbdBCAM022@yene was studied. RFCR assays using MR

isolated either from theB. cenocepaci&562 wild type and fronthe bcaGnegative
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mutant showed an identical amount of BCAMO022Xpression, thereby confirming the

lack of polarity (Figre 11.1B).

The 8862bp bcaCgene fromB. cenocepacii562 encodes @rotein with 2953 residues
previously described as BAA(Mil-Homens and Fialho, 20)11lts headstalk-anchor
domain organization and the presence of tRA&A signature @rminal anchor was
confirmed by using thelaTAA web program (httpibolkit. tuebingen.mpg.de/dataa)
(Szczesny and Lupas, 20@B)aire 11.1C). The 3D structure of each BcaC predicted
domain wasmodeled using Phyre2 web portal (http://www.sbg.bio.ic.ac.uk/phyre2)
(Kelley et al. 2015)confirmingthe typical four beta strads structure othe monomeric
membrane anchor and the presence of five atwelve YadAike head and stalk
domains, respectively. In kige I1.1D,we showed the top 3D models for each of these
BcaC domains. Thstalk domainswere primarily composed of alp helices and
connectingloops. In contrast, the Yadike heads appe&d as layers oparallel beta
sheets. Using Pfam database (http://pfam.sanger.ac.uk/), the presence of fifteen
Hep_Hag (Pfam PF05658), and eighteihl (Pfam PF05662) motifassociated with
bacterial hemagglutininand invasins, was also scanned and identified alwitly the
extracellular domains of BcaC. The structural featurébeTAAYadA collagebinding
domain super family were identified as well using InterPro onlinetool
(https://lwww.ebi.ac.uk/interpro/). Both Hep_Hag motifs and collaggnding domains
appeaedto beassociated with the head domains identified by daTAA, whilerAdkifs

seenedto mostly coelocalize with the predicted stalk domaifBigure 11.1C).

[1.4.2. Effect of thebcaCOmutation on B. cenocepaci&562 adherence to ECM proteins

and biofilm formation

We assesd the capacity ofB. cenocepacid&562 bcaC:Tp mutantto adhere to
immobilized human ECM molecules such as fibronelaminin, collagen type | and 1V
(Figure 11.2A). After 2 h of contactadherent bacteria were quantified by Ciplating
assay. The obtainedata indicatel that the mutation of BcaC causka decrease irB.

cenocepaciadhesion to fibronectin, laminin, and collageanid V.

67



The fitness for biofilm formation was also determined for thmutant strain and

compared toB. cenocepaci&562 wt strain (Figire 11.2B). Biofilm quantification was

performed by measuringrystal violet absorbance after 24 h and 48 h of static

incubation.Results showed a significant increase in biofilm formation iratheence of

a functional BcaC TAA (P < 0.0001).
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Figure 11.2.Effect of thebcaCmutation on adherence toECMproteins, biofilm formation,
hemagglutination, and oradherence of cultured bronchial epithelial cell§A) Adherence of

wt B. cenocepaci&k562 (black bars) andcaC:Tp mutant (gray bars) to ECM proteins
(fibronectin, laminin, and collagen type | and 1V). All the results are from three independent
experimers; bars indicate SD (*P < 0.05; **P < 0.(R) Static biofilm formation in polystyrene
microtiter plates bywt B. cenocepaciK562 (black bars) andcaC:Tp mutant (gray bars) at 24
and 48 h. Biofilm growth was quantified by the solubilization of afyabletstained cells with
ethanol. Thewnt and the mutant strain after the 24 and 48 h grew identically. All the results are
from three independent experiments; bars indicate SD (***P < 0.00@ Hemagglutination
ability of thewt B. cenocepaci&562 and bcaC:Tp mutant, using 2% human red blood cells.
Values above the hemagglutination images indicate OD of the bacterial suspension added to the
red blood cells. PBS was used as a negative coiiphdherence to 16HBE14on-CF) and
CFBE410(CF) eithelial cell lines bypcaC:Tp mutant (gray bars) expressed as percentage of
adhesion relatively to the initial bacterial load added to the cbltsaCnegative mutant adhered

less efficiently than thevt strain (*P < 0.05).
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11.4.3. The impact obcaCmutation on human red bloodcells hemagglutination and

on adhesion to host cells

Hemagglutination activity was described as ondotenocepacigirulence traits, and

its association with otheB. cenocepacidAA was alreadyerified (Mil-Homens and
Fialho, 2012) In silico analysis of BcaC revealedthe presence of several
hemagglutination associatedotifs (HepHag and HIM) organized across the passenger
domain (Figire 11.1C). To assess the influence of BcaCBincenocepaciak562
hemagglutination, the activity of thecaC:Tp mutant was testedlhe hemagglutination
assay was performed with 2% (v/v) of reldbod cells and with four crescent inoculum
concentrations (OBo 5, 2.5, 1.25 and 0.62). PBS was used as a negative control. Wild
type K562 caused hemagglutination atl dacterial densities testetvhile none was
seen with BcaC mutant (fige 11.2C). This indicatethat BcaC plagd a role in the
hemagglutination activity of this straiand that such capacitwasindependent of the

blood type.

Aiming to determine the role of BcaC on host cell adhesion, lwman bronchial
epithelial cell lines (16HBEl4and CFBE41pwere used, and a CHhased assay
detected celadherent bacteriaB. cenocepaci&562 bcaC:Tp mutant adheral with

less efficiencyo both cell lines when compared to the wt strain (Figll.2D)

[1.4.4 Insertional inactivation of BCAM0218 enhances the expression of the trimeric

autotransporter genebcaC

TheBCAMO0218ene fromB.cenocepaci&562 encodes for a hybrid HK whose function
is still poorly understood. Its location in thB. cenocepacisgenome has been
determined as part of the TAA cluster (approximatelykBAn chromosome 2) alongside
with a set of virulencaassociatedyenegMil-Homens and Fialho, 20.1¥il-Homens and
Fialho, 2012) The BCAMO218nsertional mutant was constructed and used as a
background to assess the expression of the upstrdamaCgene (Figure 11.3A). A
comparison obcaCexpression in the wt straimersusthe BCAM021&1egative mutant
showed that the level of the trimeric adhesigeneexpressiorwasmuch higher in the

mutant strain (Figure 11.3B). This feature and the lack of polar effecBC#M0218
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Figure Il.3Insertional inactivation of BCAM021&A) Organization of thé. cenocepacii562

TAA cluster The B. cenocepaciaK562 BCAMO0218mutant was obtained by insertional
mutagenesis of a trimethoprim resistance cassette, as indicated in the fi@)réxpression of
BCAMO0216BCAMO217and bcaCTAA coding gene determined it and BCAM021&hegative
mutant backgrounds. Transcription levelgere obtained by qRPCR from parental and
BCAMO0218Tp mutant strains were grown under limited oxygen supply in LB broth
supplemented with NaCl and.®&. Results were normalized to the expression of the
housekeepingigAgene. Expression levels are repeated as relative values in comparison to
the expression levels in standard LB growth. All the results are from three independent
experiments; bars indicate SD (****P < 0.0001).

[1.4.5. Bioinformatic analysis of the hybrid histidine kinase BCAM0218

The 333-bp BCAM021&ene fromB. cenocepaciK562 encodes a protein with 1010
amino acids that is a member of the hybrid histidine kinase family. Sequence analysis
using SMART(Letunic and Bork, 2018gveakd the presence of a histidine kinase
phosphoacceptor domain (residues 5290), a histidinekinaselike ATPase (residues

637-751), a CheYke receiver domain (residues 7880) and a @erminal histidine
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phosphotransfer domain (residues 92600) (Figure 11.4A). The BCAMO21&hhinal
includes the sensory input domain, whialas predicted to lave two transmembrane
segments embedded within the inner membrane and a large loop located in the
periplasm (Figure 11.4B). Using thed¥minal sequence of BCAMO0Z2b372 (periplasmic
sensory domain) as a query, we searched®BYBLASTAltschul et al.1997)for related
proteins. BCAM0218 homologs in the NCBI datakase only found in other members

of the Burkholderialesorder, with 90.720.9% amino acids sequence identities. The

function of this hybrid sensor kinassas not reported for any of the BQwW0218

homologs.
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Figure Il.4Bioinformatic analysis of theAdKBCAMO0218(A) Domain architecture of BCAM0218
revealing the existence of a histidine kinase phosphoacceptor dofnesidues525590), a
histidine kinasdike ATPase (residues 6331), a CheYke receiver domain (residues 7880)
and a @&erminal histidine phosphotinsfer domain(residues 906.000). Important residues
H535, D819, and H940 are marked with asterisks within rectan@gBredicted topology of
BCAMO0218, which has two predicttdnsmembrane segments in the inner membrane and a
large loop in the peripkm.

11.4.6. Disruption oBCAMO021&ene complements, at least in part, the phenotypes of
the bcaCmutant

The above RIPCR results shad that with a not functionalHK BCAMO0218, an

overexpression obcaCwasobserved. Thus, we proceeded to ask whether sochC
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overexpression suppresdehe TAA mutant phenotypes. As shesvn Fguresll.5 and

1.6, we demonstrated that in three of the four phenotypic traits studied the
overexpression dbcaCn the B. cenocepciaK56 2 BCAM0218Tp mutant background
altered the fitness of the bacteri&uch overexpression caused an increased in ECM and
cell adhesion when compared to theaC: Tp mutant strain and the restoration of the
hemagglutination activity that was abshied inbcaCmutant strain. Moreover, the
inactivity of BCAM0218 HK seedto not only be able to restore the wt phenotype but
evento surpasghis threshold. This trait was particularly evident for host cell adhesion
(Figure 11.6). As shown in Fige 11.6A and B, th8CAMO021&$egative mutant adhered to
host bronchial epithelial cells much more efficiently than the and bcaGnegative
strains. Analysis of the stained cells by confocal immunofluorescence microscopy
confirmedthis result. Moreover, th8CAMO021&8omplementation irtransrestored the

wt phenotype and displad an expression pattern fobcaCto a level comparable to
that of the wt stain (Figire 11.6C). Overallthese analyses reveal that when functional,

BCAMO0218 HK negatively regulatiee expression of the TAA encoding gdreaC

Fibronectin Laminin Collagen type-I Collagen type-IV

ECM Adhesion ratio

Biofilm
24h Formation

J
& &
PO N
<« v < e@
L LN
oF T
¢ &
Q(,r e(,’“ 2% (v/v) red blood cells

N
S

Figure 11.5.Effects of theBCAM0218mutation on adherence toECMproteins (A), biofilm
formation (B) and hemagglutination (CComplementation of the mutant was achieved using
pIN177#BCAMO0218(pN0218) plasmid and the empty plasmid (pIN117) as a control. The
overexpression adbcaCin the B. cenocepacik562 BCAM0218Tp mutant background (Fige

11.3) causes pronounced effects on phenotype, thereby permitting the functional analysis of
BcaC. All the results are from three independent experiments, bars indicate SD (*P < 0.05; **P
< 0.01; **P < 0.001; ****P < 0.0001).
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FHgure 11.6.BCAMO0218nutation affectsB. cenocepaci&562 adherence to host cellfluorescence confocal microscopy imageB.ofenocepaci&562,
bcaC:Tp andBCAMO0218Tp mutant strains adhering to 16HBE14@) and CFBE4ilaronchialepithelial cells B). Eukaryotic cell plasma membranes and
nuclei were labeled with AlexaFluor 688GA (redand Hoechst 33342 (blue) fluorophores, respectively. Bacteria were labeled with DsRed (represented in
green). Adherence to 16HBE14md CFBE4epithelial cells byB. cenocepacik562, bcaC.Tp andBCAMO0218Tp mutant strains is expressed as percentage

of adhesion relatively to the initial bacterial load added to the cells. Complementatibe afiutant was achieved using pIN:BZAM0218pN0218) pasmid

and the empty plasmid (pIN117) as a control. All the results are from three independent experimenisdizate SD (*P < 0.05; **P < 0.01; **P < 0.001).

(O Expression obcaCTAA coding genes determined in, BCAM0218nutant andBCAMO021&ompkmented straindackground. Transcription levels were
obtained by qRPCR from bacteria growth under limited oxygen supply in LB broth supplemented with NaGiCan&é$ults werenormalized to the
expression of the housekeepisggAgene. Expression lelgare represented as relative values in comparison to the expression levels in standard LB growth.
Allthe results are from three independent experiments; bars indicate SD (****P < 0.0001).
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[1.5 Discussion

B.cenocepacias known for its vastly set of virulent traits that,nmost cases, seems to
be regulated in response to specific environmeradterations (Sousa et al. 2017)
Among those, a variable set of adhegenes have been annotated, and some conédn
through experimentalalidation(Saldiaset al. 2009McClean et al. 2009Mil-Homens
and Fialho, 20LIDennehy et al. 2016)O\erall, they play crucial roles in tlearly steps
of bacterial infection and are subject to regulation riesponse to environmental
changegSheets and St Geme, 20 ieira, et al. 2017; Pimenta, et al. 2@20n this
work, we continued the characterization of th&. cenocepacia&562 TAAcluster
previous describedMil-Homens and Fialho, 2@). We focused on the characterization
of aB. cenocepacii562 strain with an insertional mutation in tHecaCgene encoding
the third trimeric autotransporter adhesin dhe cluster. Unfortunately, despite many
efforts, we failed to clong¢he entire bcaCgene,and hence we were unable to perform
the mutant complementation analysis. However, we analyzed dhae immediately
upstream BCAMO0218 which encodes a hybrithK that is likelyat least partly
responsible for rescue the phenotymlefects caused by thecaCdeficiency. In order to
further discard a possible effect of the trimethoprim resistance cassettghmm

phenotypes observed, RACR assays were performed (iFggll.1Band11.3B).

AbcaCmutant strain was created, and the related phenotypeslyzel (Figire 112). To
uncover the relevance of thBCAM02181Kcoding gene as a putative modulator of the
BcaC activity, BCAMO0218nutant strain was constructed, and its phenotypic variations
evaluated. The results showed an interference of BCAM@21Be expression of the
bcaCgene. The absence of a functional ¢¢iised a significant increase in theaCgene
expression, indicatingn inhibitory role for BCAM0218 towards BcaC uiEdl.3).
Moreover, the overexpression obcaCin the BCAMO0218nutant backgroundrescuel

some of the phenotypes thatere associated with the Bca@nctions (Figre 115).

Concerning adherence to immobilized ECM, bBeaCnegative mutant adherel less
efficiently to all tested matrixes whenompared to the wt.In silicoanalysis of the

passenger domain ddcaC, highligled the presence of nine putative collagdé&mding
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domains, indicating this TAA as a putative collagenling protein (Figure 11.1C).
Collagen is the most abundant proteinnmammalianECM, being widely distributed in
lung tissues(Shoulders and Raing®8009) It hasbeen reportedas an important ligand
for hostpathogen interactioncolonization, andpersistence(Liy, et al. 2018)Various
bacterial TAAs werereviously deschied as collageiinding proteins, being able to
enhance bacterial adherence to host tissues and improvingstiwgival capacity and

overall virulence of théacteria(Singh et al. 2016Daigneault and Lo, 2009

Despite the reduced capacity tadhere to ECM proteins, thbcaGmutant had an
enhanced ability to form a biofilm. It seed that the presence of BcaBCAM0218
mutant) adversely affeed the establishment of biofilm on a hydrophobic polystyrene
surface(Figure 11.2B). Under the experinmgal conditions used, we could noetect a

direct association of thbcaCexpression and biofilm formation.

Biofilm formation was substantially increased in theaCmutant compared to the wt
(Figure 11.2B). However, in th8CAMO0218Tp mutantbackground, which activatethe
overexpressiomf bcaG the biofilm formation capacitwasstill greaterthan that of the
wt (Figure 11.5B). Thus, it appeadthat, at leastunder the experimental conditions used,
BcaCwas required in theearly stages of @gherence, but in late stages of biofilm
settlement, its presencavasnot needed or even inhibitoryWe hypothesized thathe
large size of the BcaC (2953 residues) could be inconvenietitdfanature and more
compact biofilm structure, being onlyecessay for the establishment of the early

adhesion steps.

Hemagglutination is one of the many features associated WAAs role in virulence of
Gramnegativebacteria(Pearson, et al. 200Mil-Homens and Fialho, 2014n silico
analysis andexperimental validation reveatl the importance of Bcador the
hemagglutinatiorpositive phenotype oB. cenocepaci&562 (Figiresll.2 andll.5). The
presence of Hep_ Hag motifs (eightepredicted) in the head domains of BcaC (Fég
[1.1C) may indicat¢hat there are multiple sites for immune recognition, and thereby
may represent an interesting target for vaccine developmdfinhally, we assessed the
effect of thebcaCandBCAMO218nutationson host cell adhesion. Results indicate that
bcaC:Tp mutant impaired cell adhesion. On the other hamchCoverexpressioriin the

BCAMO0218Tp mutant background) causedaignificant increase in bacterial adherence
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to host cells, which iswuch higher tha that of the wtB. cenocepaci&562 (Figire I1.6).

B. cenocepacipossess a large set of different molecules that geediate adhesion to
hostcell (McClean and Callaghan, 201R)s reasonable to postulate thélhe absence

of a TAA in the extracellulasurface ofB. cenocepaciavas not enough to cause a
profound functional impact in theverall bacterial adhesion capacity. Nevertheless, the
rise in aspecific TAA transcript seed to be enough to improve the adherence

capacities oB. cenocepaciK562 in more than 10 times.

Overal] our results indicatd that the TAAbcaCand the predictedHK BCAMO021®&ere
functionally linked. Moreover, a disruption of thdK BCAMO0218ene ha a direct
impact onbcaCexpression, therebyevealing its phenotyig associated features. The
silicoanalysis oBCAMO0218 prediet that this protein is a hybridHKasit contained a
histidine phosphotransfer domain, an ATP binddignain, and an internal aspartate
containing receiver domaifigire 11.4). Furthermorethe presence of two closely linked
responseregulators (RR)BCAM022land BCAMO022p within the TAA cluste(Figire
[I.1A) raise the question as to whether these two RRs are cognate partners. Various
studies have shown that twoomponentsystems (TCS) (sensor HKs and their cognate
RRs) are linked witlthe regulation of the adherence events during the bacterial
infection process. Tis is the case of the AH&IR and Agr@grAlociof Staphylococcus
aureus(Fournier and Hooper, 2000; Choudhaet al. 2018) the PhoQ/PhoHocusof
Salmonella entericaerovar Typhimurium(Lambert and Smith, 2008he BvgABvgS
locusof Bordetellapertussis(Herroy, et al. 2009and the FixiFixJdocusof Burkholderia
dolosa(Schaeferset al. 2017)For these TCSs, the inmttmuliare diverse and involve
quorum sensing (Agr&grA), osmosensing (PhoQ/PhoP), and oxyggaising (FixEixJ).

For theHK BCAMO0218 used in this worldisclosure the role abcaCTAA, it remains to

be elucidated the&ehemical or environmental nature tie stimuliperceived. Moreover,

it is not known whether the TCS involving HK BCAM0218daetstly or indirectly on
bcaC gene transcription. Research is underway our laboratory focusing on

understanding the mechanisnog action of the HK BCAM0218.

In sum, we performed the functional analysis of a Tuant of B. cenocepacik562,
whichwasdefective in onel{caG ofthe three TAA genes found in the TAA cluster. The

phenotypicanalysis of this mutant revead that BcaC hdmultiple virulenceassociated
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functions. Interestingly, we also reported for the fitstne, that the HK BCAM0218
negatvely modulates BcaC functiond/e believe that the TAA cluster composed of
three multifunctionaltrimeric autotransporter adhesins is linked to a TCS system (HK
BCAMO0218; RR BCAMO0221 and BCAMO0222) that integrates and coordimates

multiples roles of TAAduring the infectiorprocess oB. cenocepacia

Data availability statement

All data are provided in full in the results section of tthapter.

Acknowledgments

This work was supported by the Portuguese Science and Techrfadogglation (FCT)
BIOTECnico Ph.D. program grant PD/BD/116940/2016. FCT also providésgast
research grants for IMil-Homens (SFRH/BPD/91831/2012). Funding received by iBB e
Institute for Bioengineering and Biosciences from FCT (UID/BIO/04565/2020) and
Programa Opecional Regional de Lisboa 20@oject N. 007317) is acknowledged.
We thank Dieter GruenerRacific Medical Center Research Institute, San Francisco, CA,
for providing us with the 16HBE14and CFBE41cell lines. We alsacknowledge John
LiPuma fromhe University of Michigan, whiandly provided a Burkholderia strain. We
also thank Annette Vergunfiom INSERM, Universitde Montpellier, France, for kindly
provided plasmids pIN29 and pIN177.

Declaration of Competing Interest

The authors have no coidt of interest to declare.

77



78



. BURKHOLDERIA CENOCEPBEIA CONTACT
CONTROLS THE TRANSCRIPTION ACTIVITY OF THE
TRIMERIC AUTOTRANSPORTER ADHESIN
BCAM24185ENE

Journal paper

Pimenta Al, MiHomens D, Fialho AMBurkholderia cenocepaclaost cell contact
controls the transcription activity of the trimeric autotransporter adheBIiGAM2418

gene.MicrobiologyOpen 2020;94):€998. doi:10.1002/mbo3.998

79



[11.1 Abstract

Cellto-cell aearly contact between pathogens and their host cells is requiredtter
establishment of many infections. Among various surface factors produceddigria
that allow an organism to become established in a host, the class of adeaipsmary
determinant.Burkholderia cenocepacadheres to the respiratorgpithelium of cystic
fibrosis patients and causes chronic inflammation and diseé@skto-cell contacts are
promoted by various kinds of adhesins, including trimexutotransprter adhesins
(TAAs). We observed that among the 7 TAA genes foutiteiB. cenocepaci&562
genome, two of them BCAM2418nd BCAS0236expressd higher levels of mRNA
following physical contact with host cells. Further analysisealed that theB.
cenocepaci&k562 BCAM2418ene showed an orgoff switch afteran initial colonization
period, exhibied a strong expression dependent on the host tghle, and enhanagits
function on cell adhesion. Furthermore, our analysis revedtetl adhesion to mucin
coated surfaces dramatically increadhe expression levelsf BCAM2418Abrogation
of mucin QOglycans tured BCAM2418gene expression ofind impaied bacterial
adherence. Overall, our findings suggEsthat glycosylatecextracellularcomponents
of hos membrane might be a binding site f@. cenocepaciand a signal for the

differential expression of the TAA geBEAM2418

[11.2 Introduction

Bacterial initial contact to host cells has been defined as a crsigplin the overall
host¢pathogen interaction process (Pizai@erddand Cossart, 2006). During the early
stages of infection, the ability of bacteria to sense environmental changes and physical
barriers of the host makes the more prone to alter and adaptheir metabolism,
regulation, and virulence (Stoneand Krachler, 2016)Bacteria could perceive this
surface sensing through chemical signatsmechanical forces (Coxt al. 2018).
Althoughpoorly understood, it has been described that the sense and adheraite

bacteria to the host could lead to a prompt transcriptionodulation of a panel of
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virulenceassociated genes, adhesin®lecules, surface antigens, and toxiKsuisalet
al. 2013 Alsharif,et al.2015; Katsowicfet al. 2017)These physiological alterationan
result in a more robust bacterishdhesion that thereby favors colonization and

persistence in théost cell [, et al. 2012Kansalet al. 2013; StoneandKrachler, 2016).

Burkholderia cenocepacia a human contaetlependent pathogenibacterium known
for its capacity of adherence and intrinsic interactwith the host, causing severe and
persistent opportunistic lungnfection in cystic fibrosis (CF) patienBSh{arini,et al.
2006 Baldwin et al. 2007). In CF airways, tliypersecretion of mucus (containing
water, ions, mucins, and othemacromolecules) contributes to the formation of a
viscoelastic materiathat facilitates bacterial adhesion and impairs host immune
responsegqXia, et al. 2005 Mullen, et al. 2010, Colomh et al. 2014). Besides this cell
surroundingmaterial, airway epithelial cells contain membraaechored mucinghat
represent a group of highly -@lycosylated transmembranglycoproteins (MUC1,
MUC4, and MUC16 as the most regentative). These membrantethered
glycoproteins have signaling functioasd serve as a protective barrier against invading
pathogens Kim, 2012Cullen.et al.2017; DhaandMcauley,2019). In contrast to that,

in some bacteria, it has beeatescribedthe use of the mucin carbohydrate moieties as
receptors for host cell infection, followed by the modulation of virulence genes
expressionNavabj et al. 2012 Ohnecket al. 2018)B. cenocepaciasesvery complex
machinery for primary adherenceith host cells in whictfew adhesion factors or
appendages have been describ&hfjan.et al. 2000; Saldiagt al. 2009 Mil-Homens
andFialho, 2011Dennehyet al. 2016; McClegrt al. 2016). Amonthose, the subclass
of trimeric autotransporter adasins (TAAs) (Linkef al. 2006) deserves particular

attention.

TAAs form a large and diverse group of outer membrane proteidsly distributed in
Gramnegative bacteria. They belong tesabfamily of autotransporter proteins and are
secreted to the owtr surface of the bacteria via the type Vc secretion system. These
proteins have a typical trimeric surface modular architecture, composédhree
identical monomers, with a-@rminal anchor and a variablextracellular set of fiber
composed of stalk anglobularlike headregions. While the membrane anchor domain

is the defining featureof this class of proteins, highly conservaohongall the TAA
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members,head and stalk organization is adaptable and vary among [@oAr, et al.

HAnpT _ eéetall2@ g Bayskeret al.2015).

B. cenocepacid2315 possess 7 TA&Acoding genes distributeldetween chromosome
2 (bcaA bcaB, bcaCl115 and2418 and 3 BCAS023@and 0335 (Mi-Homensand
Fialho, 2011, 2012; Milomenset al.2014). They have been implicatedthe binding
to a considerable set of molecules, such as hemdt receptors, components of the
extracellular matrix or even othefrAAs (EKiratChatel,et al. 2013; MitHomens et al.
2017). Resultshowed that TAAs are involved in several viruleassociated features,
such as biofilm formation, evasion to host immune systemotility, invasion of host
cells, hemagglutination, and induction imfflammation (MitHomensand Fialho,2011,
2012; MitHomenset al.2014, 207).

In this work, we aimed to uncover the relevanceBfcenocepacidAAs in the early
stages of infection. In particular, our findingsseakd the transcriptional alteration of
BCAM2418gene induced bythe physical contact of the bacterium with bronchial
epithelial cells. Moreover, we found that overexpression dBCAM2418gene
contributed to the bacterial cell adhesion to host cells améas dependent on
recognition of Glinked glycans &m the host cell membrane®verall, this study not
only definal the behavior of the TAAs durirthe step of bacterial adhesion but also

provided insights aiming to determinpotential targets for therapeutic proposals.

[11.3 Material and Methods

[11.3.1 Bacterial growth conditions

TheB. cenocepacielinical isolate K58 is clonally related to the referenatrain J2315
(Holden et al. 2009) and was kindly provided Byof. J. J. LiPuma (University of
Michigan, USA). Bacteria were routinelytured in LurigBertani (LB) broth (NZYTech),
at 37°Cwith orbital agitation (250 rpm).
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111.3.2 Human cell lines and cell culture conditions

Two human bronchial epithelial cell lines were used: 16HBE@&dbline, which is
healthy lung celle&xpressing a functional CF transmembrammductance regulator,

and CFBE41agell line, whichis homozygous for the delta F508 mutation corresponding

to a CRairway. Both immortalized cell lines were kindly provided by@uenert and
coworkers Cozenset al. 1994 Brusciaet al.2002).Cells were routinely maintained in
fibronectin/collagentype-I-coatedflasks in Minimum Essential Medium with Earle's salt
(MEM) (GibcoThermoFisher) supplemented with 10% fetal bovine serum ([EBS82a),

0.292 ¢g/L tglutamine (SigmaAldrich) and Penicillin/Streptomycin 100 WnjGibco,
ThermoFisher)Human lung carcinoma cell line A549 (ATCC@GMGCh x 0 | YR KdzYl vy
cervix adenocarcinoma cell line HeLa (ATCC&®H@QL ¢ SNB DalbERcs'y A Y
Modified Eagle Medium (DMEM) (@b, ThermoFisheigupplemented with the same
components as described abovéhe four cell lines were incubated at 3 in a

humidified atmospheravith 5% CQ

[11.3.3 Quantitative assessment of TAAs genes expression upon host cell contact

The transcript levels of TAAs encoding gelmesA bcaB, bcaCl115 2418 BCAS0236
and 0335 were determined by quantitativaeattime PCRRFPCR)gRFPCR was
performed with the 7500 RTPC&/stem (Applied Biosystems) according to the
Y |y dzF | (piodrels. NidaDRNA was isolated from adherBntcenocepaci&562
cells (30 min incubation) to the four human cell lines described aligaeterial lysis was
achieved by enzymatic lysis with lysozyme anoteinase K (Qiagen). Total RNA was
purified from abacterial lysateusing RNeasy mini kit (Qiagen), according to the
manufacturer's protocolTo avoid contamination with genomic DNA, RNA was treated
with RNasdree DNAse digestion kit (Qiagen) in a column during ghefication
process, for 1 h abom temperature. To remove the DNAntamination from isolated
RNA, overnight DNase (L for 1.5 ug of RNA) treatment was performed at 3T
followed by inactivation fob min at 65°C The total RNA concentration was estimated

using a U\spectrophotomeer (ND1000 UWis, NanoDrop Technologies).
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ForgRFPCR experiments, total RNA was converted to cDi#Ag TagMan kit (Applied
Biosystems) and then analyzed witRower SYBR Green master mix (Applied
Biosystems), using primets amplify TAAencoding genesnd sigA gene (used as an
internal control; Tabldll.1). All samples were analyzed in triplicate, and dngount of

MRNA detected normalized to contralgA mRNA valuesRelative quantification of

genes expression was calculated by usng& S pn/ ¢ Y SQuadfSéhRittgén] A @1 |
2001).

Table IIl.1¢ List of RTPCR primers used in this study

Gene Primer Sequence
SaA Forward p -GCCGATGCGTTTCGTIAT
g Reverse p-GCGTGACGTCGAACT@QIT
Forward DCTCGGGTACGCGATYGAC
bcaC BCAMO021D P
Reverse p OGTTATACAGCTGAAACGACCTHIAacG
Forward p -GCAATCGGCCGGAACTL
bcaB BCAM0228
Reverse p -OCGTCTATGCCTCGGTGCAT
Forward p DCACGAGGCGAATTGT@ARAC
bcaA BCAMO22%
Reverse p -GAGACGTTCACGACATCCRIATrC
Forward p OTGCCGCAGGCGTAI QT
BCAM1115
Reverse p-QCTTCAGCACCCAE TG
Forward p -QGCCAATACCTTCGTICQA
BCAM2418
Reverse p -QGGGATAGGCATTGGTGIDG
Forward p BACGTGAATCAGCTGAATGQG
BCAS0236
Reverse p-GGTCTGCTGGATCTaQT
Forward OGACGTAGCTGCCGTaQIT
BCAS0335 rwat P
Reverse p-ATTTCGTCGACCGCGGHAAC

[11.3.4 Bacterial adhesion to epithelial cells

Adhesion experiments were carried out on 16HBE1@&#BE4190A549, and Hela cell
lines as described previously (Mibmensand Fialho, 2012), with some modifications.
Cells were seeded in polystyremécroplates one day before infection at 1 xtells/mL
in asupplemented medium. The cells wenéected with a multiplicity of infectio(MOI)

of 50:1. After infection, plates were centrifuged at 700fag 5 min. The infected
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monolayers were incubated for different tinperiods (15min, 30min, 2 h, 3 h, and5 h

min) at 37°C in an atmosphere contang 5% C@ After incubation, each well was
washed three timesvith PBS. For adhesion determination, the host cells were lysed by
incubation with lysis buffer (10 mM EDTA, 0.25% TriteékD® for 30 min at room
temperature. The adhered bacteria were qudietd byplating serial dilutions of the cell
lysates. Results are expressed as a percenté#gadhesion relatively to the initial
bacterial dose applied. Fdurther expression assays, the supernatant containing the
non-adherentbacteria was recovered, dreach well was washed three times wiRBS.
Cells and adherent bacteria were harvested by scratching and furéiseispension in
PBS. All the samples were centrifuged, suspenide@®NAprotect Bacteria Reagent

(Qiagen), and centrifuged again. Tieeoveredpellets were stoed (i Iy n

[11.3.5 Extracellular digestion of surfaeexposed host cell membrane components

16HBE14ecells were seeded 1 day before infection at 1 &cHlis/mL. Before infection
experiment, cellular monolayers were washed ttimaes with HBS (HEPES buffer saline)
and incubated with different digestivenzymes: pronase E (Sighhd RNA OKTL o0 ®MH
in HBS), trypsid DA 6 02 = ¢ K S NI 2LGVHBKJS NI, OglydosigaseXNkew Y
England BioLabs; 2,500 U/well), and PNGase F (New England Bigh@®&j/well) for

6 h in PBS (pH 7.4t 37 °C C® incubator. The supernatants witthe resulting
enzymatieproduced cellular fragments were recoveradd inoculated with 5 x 10
CFU/mL oB. cenocepaci&562. The samplewere incubated for 30 min at 37C. The
concentrations of all thenzymes were optimized to guarantee the cellular and bacterial
viability throughout the assay. HBS and serfree MEM wereused as controlsThe
treated cellular monolayers were washed three times with HB8,1 nof serumfree
MEM was added to each well. The cells wiefected with a MOI of 50:1. After infection,
plates were centrifugedt 700 g for 5 min. The infected molayers were incubated for
30 minat 37°C in an atmosphere containing 5%CAjter incubation, thesupernatant
containing the noradherent bacteria was recovered, ardch well was washed three
times with PBS. Cells and adherent bactereae harvestedoy scratching and further

resuspension in PBS. All tlsamples were centrifuged, suspended in RNAprotect
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Bacteria Reagern{Qiagen), and centrifuged again. The recovered pellets weredtdr

L80°C

111.3.6 Adherence to mucins

Bacterialadherence to mucins (mucin from the porcine stomach, typddlnd sialic
acid 0.5941.5%, Sigmaldrich) was tested as described befavith some modifications
(Tomichand Mohr, 2003). Briefly, polystyrenmicroplates were coated with 1 mg/im
mucins (inPBS) and placed at°@, overnight. Extracellular matrix proteins fibronectin
and collagen type 8 SNB dza SR I a O 2Vi-Goderis &t al®e10). Thed k Y
wells were washed twice with PBS and saturated with a 2% (w/v) begnuen albumin
(BSAXNZYTech) solution for 1 h at room temperatufée wells were washed twice
with PBS. Approximately 5 x"XDFU/mlwas added to each coated well. The plates were
incubated 15, 30 min, 3, or 5 h at 37Cand washed 3 times with sterile PBS to remove
unbound bacteria. The muchsoated plates were also subjected to-glycosidase
treatment, as described previously. Adhesion to treated and untreatedincoated

wells was performed during 2 h at 3@

For adhesion determination, the wells were treated wittb% (v/v) Triton X100
solution to desorb the bound bacteria. Plates wereubated for 2 h at room
temperature under orbital agitation. Onleundred microliters of the content of each
well were removed, dilutedh PBS, and plated on LB agar plates. Reatdtexpressed
as apercentage of adhesion relatively to the initial bacterial dose apphedl.further
expression assays, the wells were scratched, and the reldasetgria suspended in
PBS. The samples were centrifugeslispended in RNAprotect BacterReagent
(Qiagen), and centrifugeagain. The recovered pellets were stdi- i &y n

[11.3.7 Statistical analysis

All experiments were performed in a minimum of three independeplicates. Relative
comparisons were made between correctealues with ANOVA test for significance. A

Pvalue <0.05 was considerestatistically significant.
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[11.4 Results

[11.4.1 B. cenocepaci&k562 TAAs transcripts are produced at different levels after

bacterial adhesion to bronchial epithelial cells

We started this work by analyzing the expression profiléhef 7 TAA genes in response
to host cell contact (30 min). Thus, werformed guantitative reatime PCR from RNA
samples obtainedafter B. cenocepaciadhesion to 16HBE14aells. Theresults of
Figure 1111 showed a differential expression pattern for all the TARRNAS. The
expression datavere represented in comparison with tHeasal TAA mMRNAS expression
obtained from cells that were not subjected contact with the host cells. The contact
with bronchial epithelialcells causeddifferent responses in the TAéncodinggenes
suggesting a differentiated roléor TAAs. Based on the S@St a 2F G KSANI 4N
expression, TAA genegere divided intotwo groups. The first one with considerably
higher levels of expressioffrom 100 to more than 406fold) included bcaG 2418and
BCASO0236A second group with lower expression values indlilozaA bcaB 1115 and
BCAS033BCAM241&nd 1115mRNAsverethe ones with higher and lower values of
expression, respectivelgpanning a difference of approximately 400x betwédleam.
BCAM2418&nd BCAS0236vere the only genes that preseatl significantlydifferent
levels of expression when compared to basal coinfiP< 0.001 and P9.0001; Figure
[11.1). Based on the increased expressiotheke two genes, we postuladex prominent
role of their implicatingproteins in the process of bacterial adhesion to host cells.
Therefore we decided to pursue this study haracterizing thd8CAM241&ene,the

one that has the higher shift in expression levels.
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Figure Ill.1Expression profile of TAA coding genes after adhesion to bronchial epithelial cells.
Transcription levels of the B. cenocepacid&562 TAA coding genes were obtained by R

after 30 min of adhesion to 16HBE14®lls. Results were normalized to the expression of the
housekeepingigAgene. Expression levels are represented as relative values in comparison to
the expression levs in standard LB growth. All the results are from three independent
experiments, and bars indicate SD. Expressi@C#M241&ndBCAS023#8 significantly higher
when compared to standard LB growtl*(P< 0.001;**** P<(0.0001).

111.4.2BCAM2418ransaiptional levels after adhesion are reliant on the nature of host

cells

To determine whetherBCAM2418expression after cellular contaavas a direct
response to a specific type of cell, we anatyBLCAM241&xpression patterns after
adhesion to a set diuman cell linesFigurelll.2A represented the results obtained for
BCAM241&xpressionafter adhesion to HelLa, A549, 16HBE14md CFBE4iaell
lines.It wasnotorious the difference in the levels BCAM2418nRNA afteadhesion to
different cells. Theontact with human bronchial epitheliaklls, either from a CF or a
functional airwayinducedan increase in this gene expression. Adhesion to lung or cervix

cell linesdid not lead to any alteration in the expression levels.

The expression @CAM2418vas also evaluated in neaxdherentbacteria, meaning the
bacteria recovered in the supernataafter the adhesion assays. The obtained data
(Figurelll.2A) indicated that nonadherent bacteria ha lower levels ofBCAM2418

MRNAwhen compared to adherent bacteria. These differensese especiallyevident
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after adhesion to bronchial epithelial celBCAM2418&xpressionwas induced after
bacterial contact with the cellulasurface once the noeadherent bacteria dl not show

the same transcriptional response.

In parallel with the determination dCAM2418ene expressiorthe adhesion capacity

to different host cell lines was alsssessed (Figutd.2B). The resultsvere expressed

in percentage ohdhesion relatively to the initldbacterial load added to the cell§he
results indicatd that adhesion to A549 and Hela cell limessinferior when compared

to adhesion to the bronchial epithelial céties. Bacterial cell adhesion assays to plastic
were performed asa negative contl. These results folloed the same trendof the
expression ones, with variations on adhesion percentagespled to the type of cells
used in the assay. Overall data indightdhat B. cenocepaci&562 had a higher
adhesion capacityoward bronchial epitlelial cells (norCF and CF) than to othipes

of cells.

111.4.3BCAM2418jene expression profile during the early stages of infection

To follow the levels oBCAM2418&xpression after adhesion tb6HBE14eocell line
(approximately 406old mRNAexpression)ywe evaluatel the transcription of this gene
at early and later timepoints of cellular contact (from 15 min to 5 h). The results
representedin Figurelll.3 showed a timeline pattern ofBCAM2418xpressionthat
reachal a peak after 30 min ofdhesion. The sameidinot occur in the recovered nen
adherent bacteria (not shown). Thexpression of this TAA gebeganto increase soon
after the first contact with the host cell (t = 15 min), starting to decreafter the
adhesion process takgrlace (t = 2 h). Moreoveafter 5 h of cellular contact, the levels

of BCAM241&xpressiorwere lower than the ones obtained after the initial 15 min.
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Figurelll.2. BCAM2418transcriptional levels after adhesion to human epithelial cell§d)
Transcripional levels of theB. cenocepaci&k562 BCAM241&oding gene were obtained by
gRTFPCR after adhesion to four lines of human epithelial cells: 16HBEiréochial, norRCF),
CFBE4Xqbronchial, CF), A549 (lung), and HelLa (celkfressiomesults were also analyzed
in nonadherent bacteriasamples. Results were normalized to the expression of the
housekeepingigA gene. Expression levels are represented as relative valugsmparison to
the expression levels in standard LB growth. All teeults are from three independent
experiments, and bars indica®D. Expression &CAM241&fter adhesion to 16HBE14and
CFBEA4Zaocell linesare significantly higher when compared to standard gBwth. (**** P <
0.0001). B) Adherence to 16HBE140CBE41e, A549, and HelLa cell linexpressed as a
percentage of adhesion relatively the initial bacterial load added to the cells. Adherence to
A549 and HelLa cell lines was significantly lower when compared to adherenietho
16HBE140and CFBE41ael lines (P < 0.05). Adherence to plastic was used as negative
control.
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Figure 111.3 BCAM2418ranscriptional levels over different times of host cellular contact.
Transcription levels dCAM241&0ding gene were obtained by (fRCR aftedifferent times
of adhesion to 16HBE14oell liner 15, 30 min, 2, 3, and 5 Results were normalized to the
expression of the housekeepisggAgene. Expression levels are represented as relative values
in comparison to the expression levels in standaBldrowth. Allthe resultsare from three
independent experiments, and bars indic&8®. Expression 8CAM241&fter 30 min and 2 h
of adhesion tol6HBE14ocells is significantly higher when compared to standaidgrowth.
(**** P<0.0001; *P<0.01)

90



[11.4.4 Enzymatic treatment of the host cell surface before adhesion cause a decrease
in BCAM2418ranscripts

To evaluate the requirement of a native cellular surface astimulusto induce
BCAM2418&xpression, we procead with the enzymatictreatment of the host cell
surface before the cellulaadhesion. As shown in Figutg4A, the treatment with
proteases(pronase E or trypsin) or-@nd Nglycosidases before the adhesiement
causel a significant reduction iBCAM241&xpression in conmgrison with untreated
16HBE14ecells. Thistshaving strategy based on limited proteolytic digestiofi host
surface components (proteins and carbohydrates) correlaigh a significant decrease
(at least two times lower) BCAM241&anscripts(Figuredll 4A). In line with these data,
we observed thaitncubation ofB. cenocepaciaells with the supernatants containing
the surface released components impadbn theBCAM2418ene transcriptior{Figure
[11.4A). Interestingly apart fromN-glycosidaséreated cells, the values oBCAM2418
expression after bacterial incubatiavith those supernatantgverehigher than the ones
obtainedafter the adhesion to the respective treated cellular monolay€igurelll 4A).
These results raiskthe possibility that the carbohydratbinding proteins or other
glycoconjugates found on theost cell surface may serve as the recognition signals that
directly or indirectly control the rate ofBCAM2418expression. Moreoverthe
BCAM241&xpression profile laserved seerad to be finelytuned according to the
glycosidase enzymatic pretreatmentthie cells. Thus, we hypothesize that ladt not
N-glycans magerve as a host cell signal to enhance B@@AM2418ene expressiorAs

a complementary approach, we thalso assessed theate of B. cenocepaci&562
adhesion to enzyméreated cells. Ashowed in Figurelll 4B, although slightly reduced
when compared tauntreated ones, the proteolytic digestion of host cell membrane

constituents did not seem taffect cell adhesion significantly.
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Figure 11l.4.BCAM2418transcript levels andB. cenocepaciaadhesion after enzymatic
treatment of the host cell surface before adhesiofd) Transcription levels @. cenocepacia
K562 BCAM2418coding gene were obtaed by gqRIPCR after adhesion to untreated
16HBE14ocell line, HBS pronase, trypsin, Oglycosidase and Nglycosidasdreated cells.
Expression results were also analyzed in bacteria incubated with the supernatant containing the
enzymatically produad fragments of the treated cellular surface. Results were normalized to
the expression of the housekeepisigAgene. Expression levels are represented as relative
values in comparison to the expression levels in standard LB growth. All the resultsrare fro
three independent experiments; bars indicate SD. Expressi®@CaiM241&fter adhesion to
untreated 16HBE14aells and to HBS control is significantly higher when compared to standard
LB growth. (****P <0.0001). BCAM2418ranscription levels after bacterial incubation with
pronase, trypsin, and -@Qlycosidase produced supernatant are significantly higher when
compared to standard LB growth (****P3:0001). B) Adherence to 16HBE14cell line, HBS
pronase, trypsin, Oglycosidase and Nglycosidaséreated cells expressed as a percentage of
adhesion relatively to the initial bacterial load added to the cells. All the results are from three
independent experiments, and bars indicate SD. Adherence to treated cells wsigm@cantly
different in comparison to untreated ones*®<0.01; *** P <0.001; **** P < 0.000)

[11.4.5 Adhesion properties andBCAM2418expressionbased comparison ofB.

cenocepaci&k562 to mucins and extracellular matrix proteins

Since one of the primary-glycosylateetype proteinsof mucus isnucin, we tested the
adherence capacity d8. cenocepaci&562 to mucins and the impact oBCAM2418
gene expression profilefwo extracellular matki (ECM) proteins, namely fibronectin

andcollagentype |, were used as controls. As shown in Figur®A, the B. cenocepacia
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Adhesion (%)

K562 exhibited significantly higher binding to muciken compared to ECM preins.
After 3 and 5 h of mucicontact, the rate of adhesion reacti@pproximately 20 and
50%,respectively. In contrast, the percentages of adhesion to the pfitinswere
like the ones obtained with the BSA control and relativadgstant in all the aldesion
times assessed. Interestingly, w&kso observed that the effect of high cell adhesion on
a mucin layewasdirectly linked with the levels dBCAM2418ranscripts. Thedata
indicated that the expression levels of this TAA gene significantyeasel over time.
The longer the bacteria contact wittnucins, the higher the amount dCAM2418
transcripts produced(Figure 1115B). Taken together, the results described above
reveakd that B. cenocepaci&562 could sense the environment through promotireg

specific interaction with mucins which thereby triggdrthe expression of the

BCAM2418ene.
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Figure IIl.5.B. cenocepaciaadherence to mucins andBCAM2418transcript levels over
different times of contact.(A) Adherence ofB. cenocepaci&562 to BSA (control), collagen

type |, fibronectin, and mucins during defining timelinek5, 30 min, 2, 3, and 5 h. Results are
expressed as the percentage of adhesion relatively to the initial bacterial load added to the cells
BSA was used as a negative control of the assay. All the results are from three independent
experiments, and bars indicate SD. The binding capacity to mucins increases over time. The
adhesion percentage to mucins is significantly higher aftér &hd 5h of contact (****P <
0.0001). B) BCAM2418ranscript levels after adherence to mucins in a defined timeline.
Transcription levels d3. cenocepacid562 BCAM241&oding gene were obtained by iRCR

after adhesion to mucin coatings during 15, 30 min, 2, 3, and 5 h. Results were normalized to
the of the housekeepingigA gene. Expression levels are represented as relative values in
comparison to the expression ldgein standard LB growth. All the results are from three
independent experiments, and bars indicate SD. ExpressiB&AM241&fter 2, 3, and 5 h of
mucin adhesion is significantly higher when compared to standard LB growfx @01, **** P
<0.0001)
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[11.4.6. Enzymatic deglycosylation of mucins is linked to the ablationB&AM2418

expression and a significant reduction of bacterial adhesion

By placingB. cenocepaci&562 cells in contact with a mucin layer, we observed a
significant overexpression of tBCAM2418eneand enhancement of the bacterial
adhesion. To further investigate thifinding, we proceed with the enzymatic
deglycosylation of mucins withn Oglyasidase. As such, we inteedlto discriminate

if the bacterial celburface recognitionwasexerted through the binding to the protein
itself, their O-linked glycan cores, or both. As shown in Figui®A, after theenzymatic
deglycosylation of mucinshe BCAM2418ene expressiowas abolished. However, the
incubation ofB. cenocepaci&562 cellswith the supernatant containing the 4inked
glycans released fronmucins significantly enhandethe mRNA expression of
BCAM2418Moreover, we also found thathe pretreatment of mucins with theD-
glycosidase enzymeould effectively reduce bacterial adhesidfiigurelll.6B). Taken
together, these results indicatethat B. cenocepaci&k562 bound to mucins by
mediating recognition to the @lycans attachedio the external mucin surface.
Furthermore, such recognitiowas mediated, at least in part, via activation of the

trimeric autotransporter adhesin genBCAM2418

[11.5 Discussion

B. cenocepaci@pidemic strains of the ET2 lineage are reported thhave 7 TAA
encoding genesMil-Homens et al. 201Q Mil-Homensand Fialho, 2011). MiHomens
and colleagues unveil the multifunctionfainctions of twoB. cenocepaci&562 TAAs
(BcaA and Bc®) clustered together in chromosome 2 (Midomensand Fialho, 2011,
2012; MitHomens et al. 2014, 207). The existence of these surfaggoteins
contributes to the overall pathogenicity of this bacterigimil-HomensandFialho, 2012;
Mil-Homenset al. 2014). It iknownthat TAAs can mediate host cell adherence through
different types ofinteractions. These contacts vary from ngpecific events to highly
specific bindings between adhesins and host receptors (@fielal. 2013). Therefore,

TAAs are critical players in definibgcterial tropism to particular host tissue and are
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determinants ofthe early stages of infection (Thanassi, 2011). We startedatbik by
assessing the expression levels of the 7-€A¢oding genes afte30 min of adherence
to host bronchial cells (Figut#.1). TAA gena®vealed a different pattern of expression,
which may indicate differeraptitudes of bacterial adhesion. Amottypse,BCAM2418
was theTAA gene with the highest expression after contact with 16HBEHRs. Little
is known about BCAM2418 function fBr cenocepacipathogenicity;in silicoanalyses
revealed BCAM2418 as a protein withique features, like its lerlg, its structural
polymorphism and its extensiv&erinerich repetitive motifs (MitHomensand Fialho,

2011).
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Figure 111.6.BCAM2418transcript levels andB. cenocepaciaadhesion after enzymatic
treatment of the mucincoated surfaces before adhesionA) Transcription levels oB.
cenocepaciakb62 BCAM2418coding gene were obtained by ¢iRCR after adhesion to
untreated mucincoated wells, HB&nd Oglycosidasdreated mucincoated wells. Expression
results were also analyzed in bacteria incubated with the supernatant containing the
enzymatically produced fragments of the treated surface. Results were normalized to the
expression of the housekeepisggAgene. Expressiolevels are represented as relative values

in comparison to the expression levels in standard LB growth. All the results are from three
independent experiments; bars indicate SD. ExpressiolB@AM2418after adhesion to
untreated mucincoated wells and HBSontrol is significantly higher when compared to
standard LB growth. (***P <0.0001).BCAM2418ranscription levels after bacterial incubation
with O-glycosidase produced supernatant are significantly higher when compared to standard
LB growth (****P < 0.0001). B) Adherence to muckecoated wells, HBSand Oglycosidase
treated wells expressed as a percentage of adhesion relatively to the initial bacterial load added
to the cells. All the results are from three independent experiments, and bars indi€ate S
Adherence to treated mucins was significantly different in comparison to untreated oRes (*
0.05).
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To begin to address the cell specifiafyBCAM241&ene response, we compared the
bacterial adhesion in a panef four cell linesinterestingly, from both bronchial cells
tested, 16HBE140o (non-CF) and CFBE41¢CF), the contact with th@on-CF ones
triggered a notable increase iBCAM241&xpressionThese results folload the same
trend that the performed adhesiomassays, in whickhe higher adhesion ratesere
achieved after contaawith the nonCF cells (Figuld.2). Itwaspossible that, ateastin
vitro and under the experimental conditions used, RGF cells were preferentially
recognized byB. cenocepaci&562 whencomparel to the other studied human cell
lines, including the Cgells. Also, direct contact with the host cethslikely a need for
BCAM2418verexpression oncéhe nonadherent bacteria @l not show increased
levels o BCAM2418ranscription.BCAM241&xpresson appeaed not to be prompted
by any component of theetained supernatant that may content cellular products and
secreted molecules. This fact enhasd the assumption thatwas the physical
recognition of a cellular target component By cenocepacithat led to the increased
expressiorof this TAA mRNAhis hypothesisvasreinforced by previous studies that
point out the interaction ofB. cenocepaciand other Bcc species with eatellular
molecules of airway cell lines as an essential set poimtfe€tion Pacelloet al.2016

Mil-Homenset al.2017).

The host cell proximityvasa requirement to stimulateahe BCAM2418ranscription.
BCAM241&xpression followd a differentialexpression pattern that varcgewith the
time of cellularcontact (Figurdll.3). The highest level of expression was obtaiaédr
30 min ofB. cenocepacida6HBE14oadhesion. Th@resence of BCAM2418 TAA on the
surface of the bacteria coulplay anessential role in the initial steps of infectiofhe
variationin adhesin genes expression after a particigamuluswas mostly linked to
their function and requirement to play a particular rate pathogenesisSheetsand St
Geme, 2011Berne et al.2015). Unfortunately, despite many efforts, we faitedbtain
a BCAM2418nutant, and hence, we were unable to perform thautant phenotypic

analysis and determine the impact of this ggreduct.

Previous studies shown the specificity of Bcc speciegaaact with lung epithelial cells
(Sajjan,et al. 2004 McCleanand Callaghan, 2009). In this scenario, we aimed to

disclosure the cellular component that is recognized Baycenocepaci&562 and
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prompted an overexpression oBCAM2418gene. It is known that protein or
glycoconjugateéhost receptorsmediate binding of Bcc species to the airway epithelium
through bacterial surface components such as flagella, pili, andpilois adhesins
(Urban, et al. 2005 McCleanand Callaghan, 2009revinekand Mahenthiralingam,
2010). In this work, d6HBE14ecellular monolayer was enzymatically altered using
either proteases (trypsin or pronase E) or glycosidase®(®Hinked).The cell surface
dshaving significantly reducel the BCAM2418ranscriptionin adherentB. cenocepacia
K562 but dd not affect thebacterial adhesion (Figurél.4). Moreover, the bacterial
incubation with the resulting supernatant fraction restadethe signaling and
subsequentBCAM?248 overexpression. It besne clear therequirement of a physical
contact with a protein/Glinked glycoproteircomponent of the host cell surface to turn
on the BCAM241&xpression. These findings led us to hypothesize thaimbrane
anchoredO-glycosylated mucins may act as a host cell receptoBfamenocepacid56
2that directly or indirectly lad to the overexpressioaf the BCAM2418ene. To further
validate this finding, we evaluatduhcterial adhesion anBCAM241&ere expression
on a mucincoating surface; ECGlgbated plates were used as control. Te#ect of
mucins, but not the ECM proteins, on bacterial adhesam further BCAM2418
overexpressiowas noteworthyand increasd over time (Figurdll.5). In this scenao,

we were interested in investigatinfthe adhesion properties and tHeRCAM241&ene
expressiomresponse to mucin exposure are dictated by thgl@cangresent inmucins

or instead by the core protein itself. For themeperiments, deglycosylated muasiwere
used to corroborate thamucinassociated glycans play a crucial role in the activation of

the BCAM241&enewith possible implications in bacterial adhesigfigurelll.6).

In the context of CF disease, it is established Bsgudomonaaeruginosaand various

Bcc species use secretory mucins to adhiredung epithelial cells (McCleaand
Callaghan, 2009). Moreovanucin glycan domains can serve as releasable decoys to
prevent infection (Lindén et al. 2009 Lillehoj et al. 2019). Paradoxicallypther
pathogens havédeen described to use transmembranaicins toenter the host cells.
This is the case of variol&lmonella entericgerovars,Staphylococcus aureuand
Helicobacter pylowhere the mucin glycanich domains semas receptors for infection
(Vesterlund,et al. 2006 Navabj et al. 2012,Gipson et al.2014; Huanget al. 2016; Lj
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et al. 2019). Howevemntil recently, the structure elucidation of the mucin glycan
moietiesand their bacteriatounterparts involved in the binding events remains difficult
to determine. Taken together, our preseimidings suggesid that membranetethered
glycosylated mucingxposed on the surface of lung epithelial cells may represent a
group of receptors mediatig the primary association &. cenocepaci&562 with host
cells. We also hypotheside that the TAABCAM2418, among other putative adhesive

factors, operates t@romote the initial contact of the bacteria in the infection process.

Comparative DNA sequee analysis 0BCAM2418jenes (structurabnd promoter
regions) of varioudB. cenocepaciasolates revealedhat their lengths greatly vary
according to the number of repetitivelements. These data supped the hypothesis
that the BCAM2418jene may be diect to phase and antigenic variation during
disease.Phase variation permits the on/off switch in expression, while antigenic
variation leaddo the alteration in the amino acid sequenceeftracellular regions of
the protein to prevent recognition byhe hostimmune system (Poolest al. 2013).
Previous studies have reveal#oe alteration in TAAs expression in define infection
linked conditionsand environments $Sheetsand St Geme, 2011Lu et al. 2013).
Haemophilugryptic genospecies Cha TAA was found to vapeiside repeat number
gradually during the infection time cours&heets and St. Geme found that the
expansion of Cha aminacid tandem repeats caused a decrease in Cha binding
capability;and also, thathis expansion and contraction of the Cha neck matigld, in
theory, balance the bacteria necessity to colonize withrieed to disperse in the host
or evade the immune system (Sheet$,al. 2008; Sheetand St Geme, 2011)n silico
analyses of BCAM28 reveatd the presence of an extensive numbef amino acid
repeats that vary in size but seems to maintain SIoST signature (Milomensand
Fialho, 2011). The overexpression BEAM2418might be a mechanism to induce
variation in the numbeof these rgpeat motifs. This antigenic variation could, in turn,
play asimilar role to the one reported for Cha TAA. Nevertheless, we caildule out
the alteration iInBCAM241&xpression as a result of an/off switch. Furthermore, the
serine and threonine emehment ofthese repetitions may be related to putative- O
linked glycosylationf BCAM2418 extracellular domair&hpuandWu, 2009 Iwashkiw,

et al.2013). Glinked glycosylation systenmave been described in bacterial systems in
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the past years, particularigmong pathogenic bacterid/ik et al. 2009 Hanuszkiewigz
et al. 2014). The glycosylation of bacterial proteins is usually relateartace and outer
membrane proteins. Their suganrichment washown to be linked to adhesive and
invasive capadisand protectiveammunity SzymanskandWren, 2005Lu,et al.2015).
Thus, integratedn silicoand experimental results could bring new insighegarding
BCAM2418 importance as ansestial virulence factoand asa new key player in the

earlier steps oB. cenocepacimfection.

In summary, we first profiled the expression of the 7 viruleassociated trimeric
autotransporter adhesin (TAA) genes fr@@ncenocepaci&562 during theearly stage

of bacteriaghost cell interaction.Among those, we found thaBCAM2418gene
expressiorshows an onoff switch and a finguned control in response totame frame

and a particular host cell environment. We also fotimak physical contact betwen the
bacterium and the host cell is required to trigger the expression oBGAM2418 AA
with the consequent increase of bacterial adhesion. Finally, we hypothe#ietdhe
glycosylated extracellular domain of transmembrane muaimght be cell surface
receptors used b¥. cenocepacid-urtherresearch using mucibhased technologies will
contribute to advanceur understanding of the mechanisms underlying the early stages

of the bacteriahost crosstalk.
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V.1 Abstract

Trimeric Autotransporter Adhess (TAA) found in Gramegative bacteria play a key
role in virulence. This is the case Bfirkholderiacepaciacomplex (Bcc), a group of
related bacteria able to cause infections in patients with cystic fibrdsisse bacteria
use TAAs, among other viemce factors, to bindo host protein receptors and their
carbohydrate ligandsBlocking such contacts an attractive approach to inhibit Bcc
infections.In this studyusing an antibody produced against the TAA BCAM2418

the epidemic strairBurkholderia cenocepackb62, we were able to uncover its roles
as an adhesin anthe type of host glycan structures that serve as recognition targets.
Theneutralization of BCM2418 was found to cause a reduction in the adhesion of the
bacteria to bronchial cells and mucins. Moreoviaryivostudiesshowedthat the antt
BCAM2418 antibody exerted an inhibitory effélctring infection inGalleriamellonella
Finally, inferred byglycan arrays, we were able to predict for the first time, host glycan
epitopesfora TAA. We shoed that BCAM2418favored binding to 3'sialyt3-
fucosyllactose, histblood group A,h-(1,2)}linked Fuecontaining structures, Lewis
structures and GM1 gangiaes. Additionally, the glycan microarrays demonstrated
similar specificities dBurkholderia species for their most intensely binding

carbohydrates.

V.2 Introduction

Members of the denominateBurkholderia cepacieomplex (Bcc; group of 22 species),
cancausesevere infections in humans and animals (Scoffehal. 2017). Among those,
Burkholderia cenocepaceand Burkholderia multivoranare particularly dangerous for
cystic fibrosis (CF) patients (Scoffpee al. 2017). They are highly adapted to the
respiratory tract, show intrinsic resistance to commonly used antibiotics, and elicit an
unusual chronic inflammation (Mahenthiralingamt, al. 2008). In some cases, these

infections progress to a necrotizing pneunwnand ageneralized sepsis (cepacia
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syndrome) ahenthiralingamet al. 2008 Scoffonget al. 2020). Based on such factors,
therapeutic options againsBurkholderiaspecies are limitetb few agents and new
drugs and alternative therapies are urgentlyeded. One potential solution forward is

through the use of antadhesion therapies.

B. cenocepacias known to have a complex network of surface proteins with adhesion
properties for host molecules. Such group of proteins (adhesins) is needed for thk initi
recognition and binding to host cell molecules including extracellular matrix (ECM)
components and mucins (Sajjat,al.2000; Saldiagt al.2009; MitHomensandFialho,
2011; Dennehyet al. 2016;Pimenta,et al. 2020a;Pimenta,et al. 2020b). Amondhe
adhesins, the trimeric autotransporter adhesins (TAAS) represent a target protein model
for anti-adhesion therapies. TAAs are represented across Bcc species and are known as
key virulence factors (MHomens andFialho, 20112012 Mil-Homenset al. 2014; MH
Homenset al. 20T). TAAs are cell surface proteins secreted to the outer membrane by
the type Vc secretion system. They have a modular architecture withesin@nal
anchor and a variable extracellular set of fitke stalkand globulafike head regions.

The Germinal anchor is highly conserved whereas the head and stalk regions of the

passenger domain vary among TAAs (CodealH n np T _ étall2@lda | A Z

The B. cenocepacial2315 genome encodes for seven TAAdribiged between
chromosome 2 and 3 (MHlomensand Fialho, 2011; 2012; Milomens et al. 2014,
Pimentg et al. 2020b). BCAM2418 is one of the largest TAAs, comprising 2775 amino
acids and exhibiting a high proportion sérine residues consensus motifistdbuted
across its extracellular passenger domain {Nbimensand Fialho, 2011). Weecently
described thathe expression oBCAM2418equires physical contact between bacteria
and epithelial host cells and displays a fineed control during time ands particularly
relevant in the early stages of infection (Pimerggal. 2020a). Moreover, we found that
the surface exposed heastalk domains of BCAM2418 mediates bacterial binding-to O
linked glycans conjugated twost celtsurface mucins (Pimentat al. 2020a). Thus, the
actions of theB. cenocepaci8 CAM2418 TAA represent a paradigm for how adhesins

are key players at the bacterlzost cell interface.

Host glycans represent a large set of ligands for bacterial binding in several tissues, being

important in hostbacteria crosgalk during infection Taylor,et al.2018) Glycarbased
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microarrays have become a powerful technique for glybarling analysis, supporting

the screening of bacterial interactions with specific carbohydrate structufkzsriery,

et al.2015;Martinez, et al. 2020). Glycan microarrays can be tailored to carry relevant
structures or patterngroviding highthroughput information on proteircarbohydrate
interactions using a small amount of sampl&e(ssnerget al. 2014; 2019Martinez, et

al. 2020).The identification of carbohydrate ligands for a range of proteins, toxins and
whole bacteria have been performed in past years for several species and specific
proteins likeBurkholderidectins Audfray, et al. 2012Deng et al. 2014 Day; et al. 2015;

De Oliveiraet al. 2017 Sykorovaet al.2020).

The purpose of this study was to assess the inhibitory effects of an antibody produced
against the TAA BCAM2418 from the epidemic stBainenocepacig562. In vitroand

in vivo results revealed that the antibody exhibited specific responses. Moreover,
following interrogation of a glycan microarray with fluorescently labeBewkholderia
species, it was possible to infer the interactions of bacteria with their glycan Bgand
Overall, this work reveat the importance of BCAM2418 as a mediator of Hostteria

crosstalk during infection, and may direct future vaccine development.

V.3 Material and Methods

IV.3.1 Bacterial growth conditions

B. cenocepacialinical isolates K58 and J2315 were provided by Prof. J. J. LiPuma,
University of MichiganB. contaminandST408 and. multivoransVC13401 clinical
isolates were previously describe@dutinhq et al.2015;Silva et al. 2016)Escherichia
coliBL21DE3was a purchased strain (Invitrogen). Bacteria were routinely cultured in

LurigBertani (LB) broth, at 3TCwith orbital agitation (250 rpm).
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IV.3.2 Human bronchial cell line and cell culture

16HBE140 bronchial epithelial cells were immortalized and characterized by Dr.
Gruenert and caworkers (Cozent al. 1994) and kindly provided. Cells were routinely
maintained in fibronectin/vitrogen coated flasks in Minimum Essential Medium with
9 | NIsalt (MEM) (Gibco, ThermoFisher) supplemented with 10% fetal bovine serum
(FBS) (Lonza), 0.292 gHglutamine (Sigm&ldrich) and penicillin/streptomycin 100
U/mL (Gibco, ThermoFisher) in a humidified atmosphere aC3vith 5% CQ@

IVV.3.3 Productiorand purification of a BCAM2418 fragment

A fragment oBCAM2418ene, encoding 135 amino acids (aa) of the passenger domain
(aa 100 to 234), was amplified usiBgcenocepacii562 genomic DNA as template and
LINRA Y S N& CNl / | e&CBGEAT G GCGGGEETBTAACTCQA VA=
CNl /! aHnK@GQCAKGCHINATTGCAGTTGGCOGIV > O2y Ay Ay 3s
Ndd andHindllI restriction sites (underlined) and a stop codon (bold). The fragmvas

cloned into pWH844 plasmid with a 6xHis tag at itéefhinus and the resulting
construction was introduced by electroporation inkb coliBL2XDE3. To overexpress

the BCAM24180234fragment, cells were incubated overnight in LB medium at@7

with 150 mg/L of ampicillin and cultured, at an initial optical density at 640 nma4(DD

of 0.1, in LB medium with ampicillin. The cells were grown until aa00B and induced

with IPTG (SigmaAldrich) at a final concentration &5 mM for 6 h at 30°C, 250 rpm.

Cells were harvested by centrifugation at 8,000 rpm for 10 min°@ahd resuspended

in buffer A (20 mM sodium phosphate, 500 mM NaCl, 20 mM imidazole, pH 7.8).

Cells were disrupted by sonication and the purification steps were performed by
histidine affinity chromatography, using HisTrap FF columns (GE Healthcare). Briefly,
disrupted cells were centrifuged for 30 min, at 12,000 rpm arftC4the pellet was
resuspended in a solution of 0.1% Tritot100 and the suspension was centrifuged in
the same conditions. The resulting pellet was resuspended in a solution of 8 M urea, 2.5
mM DTT, in buffer A, and incubated for 1 h at room temperature with mild agitation.
The sample was centrifuged at 12,000 rpm for 30 min, the supernatant was collected,

and the concentration of urea was adjusted to 6 M. The sample was then loaded into a
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1 ml HisTrap FF column (GE Healthcare) equilibrated with buffer A with 6 M of urea, in

'y 1Ye¢! LIzZNAFASNI 48adGSYs F2tt2gAy3a aKS Yl yd
was reduced by a continuous gradient (from 6 M to 1 M) over 60 column volumes and a

flow rate of 0.5 mL/min. BCAM24i8234Hisfragment elution was achieved with a

continuous imidazole gradient (from 20 to 500 mM) in the same buffer (buffer A, 1 M

urea)

IV.3.4Generation of an antBCAM2418 antibody

After purification, endotoxins and pyrogens frdi colhost strain were removed from

the elution fractionsusingl mL DetoxtiDSt v 9y R20G2EAY wSY2@Ay3
Scientific) following theY I y dzF I O instedeBoNsD &inally, BCAM24b8234His
fragment was concentrated by centrifugation &@with Amicon Ultra centrifugal filters
(Millipore) with a molecular mass cutoff of 3 kDa. BCAMZ24k8iis fragment
concentration wasestimated ushg a UV spectrophotometer (NIDOO UWis,
NanoDrop Technologies, USA). The purity of the fragment was analyzed by 15%
acrylamide sodium dodecylolyacrylamide gel electrophoresis (SBSGE). Polyclonal
antibodies against BCAM2418 were produced by goahumzation (Sigen) with
recombinantBCAM241&yo23s1isfragment. The resulting immunized serum was then
purified by affinity chromatography (Sicgen), and the resulting purified BG#AM2418

antibody was used in all experiments.

IV.3.5Bacterial membrane extracts

Bacterial cultures ofB. cenocepaci&562, B. cenocepeia J2315,B. multivorans
VC13401B. contaminan$ST408 andt. colBL2tDE3 were grown overnight in 200 mL

of LB broth, as mentioned above. After growth, bacteria were harvested by
centrifugation at 9,000 rpm at ZCfor 10 min. Bacterial pellets weresespended in 50

mM TrisHCL (pH 7.4) buffer, containing a protease inhibitor mixture (Roche), 1 mM
phenylmethylsulfonyl fluoride (PMSF) (Sigma), 50 ug/mL DNase (Qiagen), and 50 pg/mL
RNase (Sigma). The bacterial suspension was sonicated in ice. Celvdsinésnoved

by centrifugation at 10,000 rpm for 15 min at °€, and the supernatant was
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ultracentrifuged at 24,000 rpm for 1 h at AT The final pellet containing total
membranes was resuspended in 50 mM -H{SI (pH 7.4) buffer, containingpeotease
inhibitor mixture (Roche) and 1 mM PMSF (Sigma). The total protein quantification was

performed by using a Bradford protein assay kit {Baxl Laboratories).

IV.3.6lmmunoprecipitation and confirmation of BCAM2418 TAA

Bacterial membrane extractwere used for immunoprecipitation of BCAM2418 TAA.

Briefly, 150 pg of membrane proteins were mixed with 50 pg-BatAM2418 antibody

and incubated overnight at 8 ¢ KSy > wmnn x[ tASNOSx t NRGS
Scientific) were added and the mix was ibhated for 2 h at room temperature with mild

agitation. Four rinses with 500 pL of immunoprecipitation buffer (25 mMH@S 150

mM NaCl, pH 7.4) were performed, the sample was then centrifuged and the resulting

pellet containing the protein G beads arttetprecipitated BCAM2418 was resuspended

in 50 pL of sample buffer (Laemmli buffer with 5% (vAVyRercaptoethanol and 5%

(v/v) bromophenol blue), boiled for 10 min and separated by 6%F5AEE.

For western blot analysis, proteins were transferred onttratellulose membranes
using a TransBlot Turbo transfer system {Bawl). Membranes were blocked with 5%
(w/v) nonfat dry milk in phosphatéduffered saline (PBS) containing 0.5% (v/v) Tween
20 (PBY) (blocking solution) for 1 h at room temperature. Bled membranes were
then incubated with purified artBCAM2418 antibody (1:2,000 dilution in blocking
solution) overnight at #C washed three times for 5 min each wash with HB&d
incubated with secondaryantibody rabbit anti-goat conjugated to horseradish
peroxidase (1:2,000 dilution in PBY (Santa Cruz), for 1 h at rodgemperature.
Membranes were washed 5 times with PB&nd proteins were detected by the
addition of ECL 1 (2.5 mM luminol, 400 gMoumaric acid, 10nM Tris-HCI pH 8.6)
and ECL 2 (0.15%®4, 100 mMTris-HCI pH 8.6) reagents as a substrate and the

chemiluminescence captured by Fusion Solo (Viber Lourmat) equipment.
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IV.3.7Adhesion of epithelial cells

Adhesion experiments were carried out d®HBE14e bronchial cells as described
previously (MHHomensand Fialho, 2012), with some modifications. Cells were seeded

in polystyrene 24 well microplates 1 day prior to infection at 1 X délls/mL in
supplemented medium. Bacterial strains were grown as described above. The cells were
infected with a multiplicity of infection (MOI) of 50:1. After infection, plates were
centrifuged at 700 x g for 5 min. The infected monolayers were inculfategD min at

37°C in an atmosphere containing 5% Gter incubation each well was washed three
times with PBS. For adhesion determination the host cells were lysed by incubation with
lysis buffer (10 mM EDTA, 0.25% TritethOR) for 30 min at room teperature. The

adhered bacteria were quantified by plating serial dilutions of the cell lysates.

The ability of the antibody (anBCAM2418) to inhibit adhesion to epithelial cells was
also assessed. Bacterial suspensions were incubated withB@#M2418 gat
polyclonal antibody (0.01 to 0.5 mg/mL) for 90 min at room temperature. Samples were
washed once with PBS and used to infect cell monolayers as described above. Results
were expressed as a percentage of adhesion relatively to the initial bacterial dose
applied. All the experiments were repeated at least three times and the mean of three

experiments reported.

IV.3.8Adherence to mucin

Bacterial adherence to mucin (mucin from porcine stomach, type Ill, Siddnzh) was
tested as described before witbome modifications (Pimenjat al. 2020a). Briefly,
polystyrene 24 well microplates were coated with 1 mg/mL mucins (in PBS) and placed
at 4 °Covernight. The ECM proteins fibronectin and collagen type | were also used (10
pg/mL) to coat microplates (MHomens et al. 2010). The wells were washed with PBS
and saturated with a 2% (w/v) bovine serum albumin (BSA) solution for 1 h at room
temperature and washed twice with PBS. Approximately 5’xCFJ of bacteria were
added to each coated well. The numbdr@FUs was calculated based on the load of
bacteria used in the adhesion assays described above. The plates were incubated for 3

h at 37°Cand washed three times with PBS to remove unbound bacteria. For adhesion
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determination the wells were treated with 0.5% (v/v) Tritori®0 in PBS to desorb the
bound bacteria. Plates were incubated for 2 h at room temperature under orbital
agitation. Onenundred microliters of the content of each well were removed, diluted in
PBS and plated on LB agar plates. The adherence inhibition H3@ANM2418 antibody

was also assessed as described above. Control plates were performed to evaluate the
effect of Tribn X100 on the viability of the differenBurkholderiastrains. Results are
expressed as a percentage of adhesion relatively to the initial bacterial dose applied. All
the experiments were repeated at least three times and results reported as the mean of

three experiments.

IV.3.9Galleria mellonellakilling assay

Galleria mellonell&illing assays were performed as described bef@eefand Dennis,

2008; MitHomensand Fialho, 2012) with some modifications. Bacterial cultures were
grown as previously deribed. The Oda of the bacterial cultures was measured and

the appropriate volume of cells was collected, centrifugaad washed with PBS. The
activity of antiBCAM2418 antibody to prevent bacterial virulence was also analyzed.
Bacterial suspensions (1 x’XDFU) were incubated with 0.05 mg/mL of sB€AM2418

90 min at roomtemperature. Tenfold dilutions were performed obtain 1 x 18 B.
cenocepaciak562 CFU, 1 x #(B. cenocepacid2315 CFU, 0.5 x 1B. multivorans
VC13401 CFU, 1. contaminandST408 CFU and 1 x’1®. coliBL21DE3 CFU per
injection. Those concentrations were optimized to guarantee a survivalsttable for

killing assays and were confirmed by inoculating serial dilutions on LB agar plates. A
micrometer was used to control the volume of a disposable hypodermic migiage,

and a 5>L aliguot of each bacterial dilution was injected into thevéeeviathe hindmost

left proleg, which had been previously surface sanitized with 70% (v/v) ethanol. For each
condition, 10 larvae were used and as a condrekt of larvae was injected with an anti
BCAM2418 antibody suspension in PBS (0.05 mg/mLowiail injection, larvae were
placed in petri dishes and stored in the dark at 37°C. Larval survival was followed over a
period of 3 days at 24 h intervals, and caterpillars were considered dead when they
displayed no movement in response to touch. Kagléeier survival curves were plotted

using results from three independent experiments, and differences in survival rates
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were calculated by using a log rank (MarBalx) statistical testAll analyses were

performed with GraphPad Prism, version 8.0.1, softwar

IV.3.10Fluorescent labeling of bacteria

Bacteria cultured overnight in LB broth at 3Zand 180 rpm were collected, washed
three times in lowsalt Trisbuffered saline (TBS) (20 mM HHEI, 100 mM NaCl, 1mM
Cadl, 1 mM MgC}, pH 7.4), and resuspended to an éd»f 1.0 in TBS. All staining
procedures were carried out in the dark and labelbedteria were subsequently kept in
the dark. Bacteria were labelled with 7.5 pMugkholderiastrains) or 10 pME. coli
BL21DE3) fluorescent dye SYTO 82® (Invitrogen) for 1 h°anv@th gentle continuous
rotation (180 rpm) Kilcoyne et al. 2014;Flannery, et al. 2020). The cells were then
washed five times in TBS to remove excess staining and were resuspended teogn OD
of 2.0 in TBS with 0.05% Tween 20 (TRS

IV.3.11Construction of neoglycoconjugate microarrays and interrogation bacterial

binding

Neoglycoconjugate (NGC) microarrays were printed essentially as previously described
(Singh et al. 2018;Flannery et al. 2020). The microarrays were printed in 8 replicate
subarrays per microarray slide consisting of 52 different NQ@k glycoproteins
(probes) in replicates of 6 probes per subarray (Supplementary Tiatd). All
subsequent procedures were carried out in the dark. Microarrays were incubated with
fluorescently labelled bacteria diluted 1:2 in TBSIising an 8 well gaskslide and
incubation cassette system (Agilent Technologies) atGwith gentle rotation in the

dark. Labelled bacterial suspensions were alsc-ipcabated separately with anti
BCAM2418 antibody and a rabbit ambuse IgG antibody (692, Sigma) at &nal
concentration of 0.25 mg/mL for each antibody for 90 min at room temperature and
included in separate subarrays on the same microarray slide (i.e. the same experiment).
The slides were washed three times with TB&nd once in TBS. The microarragsev

dried by centrifugation and were scanned immediately using the 532 nm las®r in
G2505Bmicroarrayscanner (Agilent) (90% laser powerrs resolution).
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Separate subarrays were also incubated with &@AM2418 antibody (0.25 mg/mL)
andanti-mouse IgG antibody (0.25 mg/mL) as control, and detected with fluoreseence
labelled secondary antibodies amoat (S€020, Santa Cruz) and andbbit
(SAB4600164, Sigma) (1:1,000 dilution in-TBSespectively. Twstep incubations
were carried at in triplicate. After incubation, washing and drying, microarray slides
were scanned immediatelyS{ngh et al. 2018). As additional controls, microarray
incubations with fluorescenckbelled secondary antibodies agoat and antrabbit
(1:1,000 dilutbon in TBY) were also performedBinding intensities (RFU) from
incubations with antBCAM2418 and anthouse IgG antibodies alone were considered
as controls and were subtracted from the intensities from bactand-BCAM2418 and
bacteriaanti-mouse I§ antibodies binding to presented glycans, respectivéhe
experiments were performed on three separate occasions or alternatively in just one

slide, three separate times.

IV.3.12Microarray data extraction, and analysis

Fluorescence intensity data wastracted from .tif files using GenePix Pro v.5.1 software
(Molecular Devices) and a proprietary *.gal file using adaptive diameter180%6)
circular alignment based on 230 um features and exported to Excel (v.2010, Microsoft,
Redmond, WA, USA) as a téd, where subsequent data processing and analysis was
performed Kilcoyne et al. 2014; Flannery et al. 2020). Local background was
subtracted, and background corrected median feature intensity (F532mesh@2 or
F633mediarB633) was used for each feat intensity value. The median of six replicate
features per subarray was handled as a single data point for graphical and statistical
analysis. Data were normalized to the mean for three replicate microarray slides
subarray by subarray using subarrayalointensity mean. Binding data was presented

as a bar graph of mean intensity with an error bar of one standard deviation (SD) of
three experimental replicates or in cases of one experiment as a bar graph of median
intensity of the six technical replicaaeObtained data scaled to a fluorescence intensity
maximum of 7,000 relative fluorescence units (RFU) was subjected to unsupervised
clustering with complete linkage and Euclidean distance using Hierarchical Clustering

Explorer v3.0 (HCE 3.0, Universityaryland).
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IV.3.13Statistical analysis

All experiments were performed in a minimum of three independent replicates. Relative
comparisons were done between corrected values with ANOVA test for significance. A

P-value < 0.05 was considered statisticaly 3y A FA Ol yid® C2NJ YA ONER I NJ
multiple comparisons test was used to estimate statistical significance between two

different conditions, with @&-value of <0.05 considered significant

V.4 Results

IV.4.1 Generation, purification and Western blot analysis of the anBCAM2418
antibody

The antiTAA antibody was generated in serum of goats usiBy eenocepaci&562
BCAM2418 MNerminal 135 residuetong fragment, located in the extracellular TAA
passenger domain. Despite being atated for B. cenocepacid2315, BCAM2418 TAA
ortholog inB. cenocepacié562 share a very similar amino acid sequence (Fiuid).
Thus, in order to facilitate interpretation, K&TAA protein will be referred to by the

same annotation (BCAM2418)time course of this work.

Nevertheless, it was interesting to notice that twl. cenocepacid&562 genome
sequences were found to be available on GenbaBk:cenocepaci&562Valvano
(NZ_ALJA00000000.2) artl cenocepaciastrain K562 (NZ_LAUA00000000.1). A
comparative sequence analysis between both genomes Bnaenocepacial2315
indicated the presence of large differences betw&DAM241&omolog sequences. In

the first sequence two ORFs are predicted in this region instead of omkeadarge
deletion is present in the middle of the sequenceBEAM241&rtholog gene. While

the second genome sequence indicates an identical protein sequence to J2315
BCAM2418. Preliminary tests were performed to assess the features &GAd12418
sequence in our K5& laboratory strain and the presence of a unique ORF was

confirmed, indicating a similar organization to J2315 BCAM2418 TAA.
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A BCAM2418 1d% Cov% Length mw NCBI RefSeq

| | [ ] TJc  BeenokS62 - : 789aa  261k0a  WP_1543177031
| | [ ] () c Beenos3t5  995%  100%  2775aa  260kDa  WP_DI2493580.1
| 5 T0)C BnubiVC30f 505% 2% 1283aa  120kDa  WP_039216785.1
EI I:l } .| G BcontIST408 5091% 28% 1428 aa 135kDa L. Moreira personal
l communication
BCAM2448. 2 4%
VAGCNSSGNNNLAATAYGAFAQVTGTGGTATGFLSSAA-LWGTSAGLESTASGAGSTALGFGATANALNSVAIG-GAAGNGT TPLSYANSTIASGAGAVAIGSNAT -KGAQSAA---~----- SDGIAIGGQSSVASAAT -=----==--=== SGIAVGR BcenoK56-2
VAGCNSSGNNNLAATAYGAFAQVTGTGGTATGFLSSAA-LWBTSAGLESTASGAGSTALGFGATANALNSVAIG-GAAGNGT TPLSYANSTIASGAGAVAIGSNAT-KGAQSAA--------- SDGIAIGGQSSVASAAT------nvc-nnn SGIAVGR BoenoJ2315 100%
IAIGANVTASGVNGTAVGIFSQATGQAATAIGTSASAGGLNSAALIGPGAKAAGSSSSALGSFANSVSAGSVAVGAATAGTTSTS-DTHNVAIGPGAFASGGAGAATHGSGOSVAIGDSASASALQATALGGNATASAQDAFAAGAGANATQQBATALGT Bmuli VC13401 53%
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FigurelV.1l. BCAM2418 homologs and@/estern blot analysis of the arfBCAM2418 antibody
Blastp analysis of BCAMEBl homologous proteinsA). Sequence identity (Id) and alignment
coverage (Cov) are represented in percentage. Length, molecular weight (MW) and NCBI
reference sequence (RefSeq) are also referred for all proteins. Multiple alignment between
BCAM2418234fragment and BCAM2418 homologs is represented; residues painted in green
are conserved among the protein sequences. Denatured Western blot of BCAW24i.8
fragment B) and immunoprecipitated membrane extracts®f cenocepaciéBceno) K5&, B.
cenocepacigBceno) J2313. multivorangBmulti) VC13401B. comtaminangBcont) IST408
andE. col(Ecoli) BL21DE8)( probed with a polyclonal antibody specific for BCAM2418.

Aside fromB. cenocepaci&562 and J2315 BCAM2418 prote, two homologous
sequences were also identified B1 multivoransvC13401 an®. contaminangST408

and their representation is found on FiguM1A. Despite their differences in size and
homology along the sequence, all proteins share a conserteth@nal anchor domain,

that is the TAAs defining feature. The shortening of VC13401 and IST408 proteins seems
to coincide with the seringich repetitive motifsenriched sequence distinctive &.

cenocepaci8CAM2418 passenger domain (FigivaA).

The puified BCAM241&0234nisfragment (13 kDa) verified the workirgdficiency of the
anti-BCAM2418 antibody (Figuré.1B). The membrane proteins Bf cenocepacid56
2, J2315B. multivoransVC13401B. contaminandST408 and. coliBL21DE3 were
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isolated and Western blotting confirmed the recognition of the native homologous
proteins by the antibody, which were absenthn coliBL2XDE3 extracts as expected
(FigureIV1C). Regardin®. cenocepaciatrains, the lowemmass product, wh an
estimate molecular mass of >245 kDa, could represent BCAM2418 monomers which are
supposed to have a molecular mass of approximately 260 kDa. The product detected at
very high molecular mass might be due to trimeric forms characteristic of TAAs (Mil
Homens,et al. 2014) that were not fully reduced or might reflect the aggregation of
BCAM2418 molecules in the sample (Figiv&C). Concernin@. multivoransand B.
contaminansstrains, the detected products are in concordance with the estimated
molecula mass of BCAM2418 homolog proteqis21 and 135 kDa, respectively (Figure
IV1A andiV1C).

IV.4.2Anti-BCAM2418 antibody inhibit8. cenocepaci&562 adhesion to mucins and

host cells

In previous work (Piment&t al. 2020a), the expressionBCAM2418 AA genshowed

to be timemodulated in response to specific host infecticrlated conditions. The
increase iINRBCAM2418ranscript levels upon physical contact of the bacteria with the
host cell surface and mucitoated surfaces raised questions regarding its role during
cell adhesionFimenta et al. 2020a). We therefore evaluatethe ability of the anti
BCAM2418 antibody to inhibit adhesionB®fcenocepacik562 to bronchial epithelial
cells.B. cenocepacitost-cell adhesion decreased with the applied doses of antibody
(FigurelV2A) andindicated that an antBCAM2418 concentration of 0.05 mg/mL was
enough to reduceB. cenocepaci&562 adhesion to bronchial epithelial cells by
approximately 46%R<0.01). Apre-incubation with a maximum concentration of 0.5
mg/mL of antibody caused an 88% bacterial adhesion reduckor0(0001) (Figure
IV2A).
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Figure IV.2Anti-BCAM2418 antibody reducds. cenocepaci&562 adhesion to hostells and
protein coatings. Adherence oB. cenocepacii562 to bronchial epithelial cell line 16HBE140

(A) and mucins, fibronectin, and collagen tyb@). AnttBCAM2418 treated and untreated
bacteria were tested. ABBCAM241&ntibody doses ranged from 0.01 mg/mL to 0.5 mg/mL.
Results were expressed as percentage of adhesion relatively to the initial bacterial load added
to the cells. Bars represent the mean of three independent experiments and error bars indicate
SD.(** P<0.0L; *** P<0.001; ****P<0.0001).

We also examined the impact of the a@CAM2418 antibody on the proficiency Bf
cenocepaciak562 to adhere to mucins andECM protein coatings (Figul®/'2B).
Different concentrations of arMBCAM2418 (0.125 mg/mL to 0.5 mg/mL) tested
indicated a dosa@lependent reduction in bacterial adherence. The most relevant
decrease was observed for bacterial adherence to mucin, in which bacteria pre
incubation with a0.25 mg/mL antBCAM2418 solution caused a 75% decline in the
adhesion potential of theB. cenocepacigP <0.001). Moreover, when an antibody
concentration of 0.5 mg/mL was used, a 96% reduction of baeteuein adherence
was observedP <0.0001). Bactestantibody preincubation also led to a consistent
decrease in bacterial adhesion to fibronectin and collagen-tygmatedsurfaces (Figure
IV2B).
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IV.4.3Anti-BCAM2418 antibody decreases hestll adhesion of different Bcc strains

To assess the specity of anttBCAM2418 antibody in the inhibition of hestll
adhesion, fourBccclinical isolatesR. cenocepaci&562 and J2315B. multivorans

VC13401 an®. contaminan$ST408) an&. colBL21DE3 were testecFigurelV.3).

Bacteriaantibody preincubation was performed with 0.05 mg/mL aaCAM2418 and
adhesion to hostells was done with a MOI of 50:1. The action of-8@AM2418 was
more efficient for B. cenocepaciatrains (K5& and J2315) causing a decrease in
bacterialadhesion of 45.% @<0.0001) and 43.8%°k0.01), respectively (Figuhe3).
The presence of anBCAM2418 reduced bacterial adhesion by 17(P%).0001) foB.
multivoransVC13401. FoB. contaminandST408 andt. coliBL21DE3, the reductions

were of 12.1 and 6.5%, respectively.

25+ 17.9% Il Bceno K56-2
- I Bceno J2315
20
X 1 wwes =1 Bmulti VC13401
S 154 [ Bcont IST408
w
< B ccoli BL21-DE3
T 10+
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FigurelV.3. Anti-BCAM2418 antibody decreases hestll adhesion ofBurkholderiaspecies.
Adherence inhibition oB. cenocepacii562, B. cenocepacid2315B. multivorand/C13401B.
contaminandST408 andt. colBL21DE3 towards bronchial epithelial cell line 16HBEbdier
treatment with antitBCAM2418 antibody (0.05 mg/mL). Results were expressed as percentage
of adhesion relatively to the initial bacterial load added to the c8ltesented results are the

mean of three independent experiments, error bars indicate SD. €<&B1; **** P <0.0001).
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IV.4.4 Anti-BCAM2418 antibody affords full protectioto the larvae Galleria

mellonellaagainstB. cenocepaci&562 infection

To further analyze the specificity of afBCAM2418 antibody against different
Burkholderiastrains, virulence assays using the insect mdsgleria mellonellavere
performed. Bacterial strains were precubated with a 0.05 mg/mL aABGAM2418
suspension prior to injection. The neutralizatiorBofcenocepacig562 BCAM2418 TAA
led to an inhibition of the bacterial killing ability (Figuke4A). The bacteriantibody
pre-incubation was enough to obtain 100% of larvae survival over 8.ddws, in the
presence of the ariBCAM?2418 antibodyB. cenocepaci&562 developed an avirulent
behavior. Regardin@®. cenocepacid2315, the presence of arBICAM2418 reduced
larva killing by the bacteria. Nevertheless, in comparisoB.teéenocepaci&562 the
survival increase caused by J2315 strairipoetbated with antibody was not significant
(FigurelV4B). When compared to untreated bacteria, the percentage of larvae survival
after injection with neutralized K58 and J2315 strains increased 3®.2% and 4.3%,
respectively P<0.001 and®<0.05) (FiguréV4A andlV4B). Regarding the other tested
Burkholderiastrains andE. coli,pre-incubation with aniBCAM2418 prior to injection
caused no alterations in the killing capacity of the bactertaernv compared with
untreated ones (Figur®/4C,IV4D andlV4E).
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FigurelV 4. Ant-tBCAM2418 antibody protects the larva@alleria mellonellaagainstbacterial
infection. KaplanMeier graphs ofs. mellonellasurvival after injection witlB. cenocepacii56

2 (A), B. cenocepacid2315 B), B. multivoransvC13401@), B. contaminan$ST408[)) andE.
coliBL21DE3 E). AntiBCAM2418 treated (0.05 mg/mL) and untreated bacteria were tested.
Uninfectedlarvae injected with a solution of PBS with aBBR€AM2418 (0.05 mg/mL) were used

as control. Results represent the mean of three independent determinations for 10 animals per
treatment. (ns norsignificant; P<0.05; ****P<0.0001).

IV.4.5Anti-BCAM2418 anbody on glycan microarrays: glycan ligands Burkholderia

adhesion to host cells

We investigated whether the anBCAM2418 antibody coulaffect the accessibilityof

the Burkholderiaspecies to host glycans usimgrbohydrate microarraysBacteria,
either preincubated or not with antBCAM2418 antibody, were exposed to 52
glycosylated molecules for 1 h on the microarray surface (FigvE. Differences
between treated and untreated bacteria were considered relevant (represented as red
bars, FiguréV 6) when [untreated/aniBCAM?2418 treated bacteria] ratio was <0.6; and

[anti-mouse IgG treated bacteria/arBCAM2418 treated bacteria] ratio was >1.1.
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While statistical analysis indicates the robustness of the obtained result, ratio
calcultion indicates the biological relevance of the aB€AM2418 binding inhibition.

In case of normalized negative RFU values, the result was consideretetesmined
(nd). Overall, the results preseattin clearly indicated that the anBCAM2418 antibody
pre-incubation led to a diminished interaction betwe&urkholderiaspecies (through
BCAM2418 or its orthologs) and the tested glycans (FitMfeand Supplementary
TablesIV.S2 IV.S3 and IV.H4These resultarere much more relevant among the tws.
cerocepaciastrains (K5& and J3215), and indeed gained significance forX36

contrast,very minor changewere observed in th&. colBL21DES.

B. cenocepaciak562 pretreated with the aniBCAM2418 antibody demonstrated
reduced binding to 32 out othe 52 glycosylated molecules tested (Supplementary
Tables IVS2 IV.S3 and IV.584Among those, the arBCAM2418 decreadebinding to
3'sialyt3-fucosyllactose (Neu5Au2,3)Gakb (1,4)}Fuch(1,3)}Glc)but not to 3~ and

c -Qalyllactose (Neu5At(2,3)}Gali (1,4)Glc).Therefore, the internal -(1,3}linked Fuc

on 3'sialyd3-fucosyllactose may bé&ey to BCAM24léediated binding. We also
observed a significant decreased bindinghisto-blood group A (BGABSA) but not to
histo-blood group B (BGBHSA) in the presence of the-BOAM2418 antibody,
indicating a preference for BCAM2418 for termihdinked GalNAc (group A) ovér
linked Gal (group B) and potentially a tolerance faternal "-(1,2}linked Fuc (H
antigen) Additionally,the anttBCAM2418 antibody alsaffectedthe binding to other
galactosyl epitopes, supporting the indicatsgecificity oBCAM2418 foonly terminal
h-linked Gal residuess@at (1,3)Gab (1,4)GIcNAc; Gal (1,3)Gal; and G4l (1,2)Gal).

An identical pattern was observed for termingk(1,2}linked Fuecontaining structures
(lacto-N-fucopentaose | and lactbl-difucohexaose |, respectively, cMGCslacto-N-
fucopentaose -BSA and lactdl-difucohexaose-BSA andindicating that BCAM2418
mediated binding to the blood group B structure pedily depended on the termin&l-
linkedGal as well as the-(1,2}linked Fuc. Another highly relevant group encompassed
oligosaccharides containirigewis structures, modified with or without sialgnd sulfe
groups. However, we observed two exceptionse thacterial binding to 6(S{i>at

i (1,3}Fuch(1,4)}GIcNAc and 3(SiBab (1,4)}[Fuch(1,3)}GIcNAc was quite low or
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no binding was seen for all tested conditions. Finally, binding to the GM1 gangliosides,

GML1 and asiakisM1, was also reduced by aslBCAM418 antibody (Figurl/ 6).

The binding intensity data for the 52 glycans were subjected to hierarchical clustering

and generated two major clusters (I and Il) (plus a small cluster (IlI) with outliers) (Figure
IV.7). Cluster | included the glycans inieththe preincubation ofB. cenocepacii562

with anti-BCAM?2418 antibody significantly decreased binding. This may be indicative of

the typeof glycans recognized by the BCAM2418 adhesin. The glycans included were
the histo-blood groups (A, B and H; on the NGCs BGABSA, BGBHSA and H2ES8Ag, the L
structures (a, b, x and y; on the NGCs LeaBSA, LebBSA, LexBSA and LeyHSA) and other
relevant glycoconjugates such as asi@l1l ganglioside (on the NGC aGM1HSA).
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Figure IV5. Schematic representation of the protocol used fdanterrogation of NGC
microarrays for bacterial binding.Representative presentation of NGC structures on
microarrays to profile bacterial interactiomkifty-two different structures were printed onto
Nexerion® slide H microarray slides in 6 replicates, with 8 identical subarrays per slide. Bacteria
cultured overnight were internally labelled with fluorescent dye SYTO 82®. Labelled bacterial
suspensions were also piecubated with aniBCAM2418 antibodsnd a rabbit antmouse 1gG
antibody at a final concentration of 0.25 mg/mL, for 90 min at reeemperature. Microarrays

were incubated with fluorescently labelled bacteria for 1 h at’@¥vith gentle rotation in the

dark. The slides were scanned using the 532 nm laser in a microarray scanner. Microarrays were
also incubated only with anBCAM2418 antibody and astiouse IgG antibody as a control. As
complementary controls, microarray incations with antiBCAM2418 antibody, with a rabbit
anti-mouse IgG antibody and with fluorescedebelled secondary antibodies aigoat and
anti-rabbit were performed. Fluorescence intensity data was extracted using GenePix Pro v.5.1
software and local bekground was subtracted.
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FigurelV.6. Antr-BCAM2418 antibody treatment altereBurkholderiabinding to specific host
glycans.Bacteria, prencubated or not withanti-BCAM2418 antibody (0.25 mg/mlyere
incubated with different glycans on a carbahgite microarrayB. cenocepaciéBceno) K5,

B. cenocepacigBceno) J2318. multivorangBmulti) VC1340B. comtaminangBcont) IST408

and E. coli(Ecoli) BL21DE3 were tested. Binding intensities (RFU) from incubations with anti
BCAM2418 and anthouse IgG antibodies alone were considered as controls and were
subtracted from the intensities from bacteranti-BCAM2418 and bacteranti-mouse IgG
antibodies binding to presented glycans, respectively. In cases of resulting negative RFU
(fluorescence intensity) after subtraction of negative controls, the result was considered non
determined (nd). RFU values resulting from the binding of untreated asated labeled
bacteria are represented by grey and black bars, respectively. Differences between treated and
untreated bacteria were considered relevant (represented as red bars) when [untreated/anti
BCAM2418 treated bacteria] ratio was <0.6; and fambuse IgG treated bacteria/anti
BCAM2418 treated bacteria] ratio was >IThe median of six replicate features per subarray
was handled as a single data point for graphical and statistical analysis. Data were normalized to
the mean for three replicate microay slides subarray by subarray using subarray total
intensity mean. Binding data was presented as a bar graph of mean intensity with an error bar
of one standard deviation of three experimental replicatg$ <0.05; **<0.01; ***P<0.001;

*0x P <0.000). While statistical analysis indicates the robustness of the obtained result, ratio
calculation indicates the biological relevance of the &@AM2418 binding inhibition.

IV.4.6Probing live bacterieglycan interactions using glycan microarrays: carbdhgte

specificity ofBurkholderiaspecies

We next investigated the carbohydralending specificities dB. cenocepacijaB.
multivorans VC13401 andB. contaminansiST408 using carbohydrate microarrays.
Fluorescence intensities varied between the four strains/specieBuokholderiabut
were generally higher foB. cenocepaci&562, indicating a stronger interaction with
the printed glycans(Figure IV8).Overall, he most intensely binding ligands for
Burkholderisspecies included the glycoproteihscrystallin (1 -C) and asialofetuin, blood
group A (on NGBGABSAK Lewis b (on NGC LewisBBA), lactéN-tetraose (on NGC
lacto-N-tetraose APDHSA) and the gangliosides(GM1 and asiaksM1
pentasaccharides (on NGCs GML1 or agiditasacchariddPDHSA). In contrast, the
low-affinity ligands included the glycoproteins RNase B and invertase and LacNAc and
Lewis x (on NGCs LacN2®A and LewisBSA, respectivelyt. colBL21-DE3 showed a
more outlier behavior concerning its interaction ability towards the tested

glycoconjugates.
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FigurelV.7. Hierarchically clustered heatmap &urkholderiaNGC binding profilesHeat maps with dendrograms of hierarchical clustering generated using
HCE 3.0Fifty-two glycans were subjected to hierarchical clustering and generated two major clusters (I and Il) (plus a small cluditeo(itliiers).Mean
values of three techiil replicates plotted and scaled to a maximum intensity of 7,000 RFU. Color indicates fluorescence intensities asilthéatiegpw
intensity depicted as blue, medium intensity in white and high intensity in Aadi-BCAM2418 treated (0.25 mg/mLhdh untreated bacteria were
represented.
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