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ABSTRACT

Chronic Obstructive Pulmonary Disease (COPD) is a multifactorial inflammatory disease
with Moraxella catarrhalis(Mcat) being the second bacterial causative agent after non typeable
Haemophilus influenza@THi). Among the aspects that characterize COPtqgenesis, oxidative
stress (or reactive oxygen species, ROS) is the hallmark. The most biologically relevant sources of
ROS include innate immune cells, alteration of the microbiota composition and bdosatibost
pathogens survive the action of RO®% employing intrinsic mechanisms such as detoxification of
radical species. Moreover, few bacterial pathogens exploit extrinsic resistance mechanisms to actively
suppress ROS production by eukaryotic cells. Mcat shows a higher innate level of redstance
exogenous oxidative stress compared to thenfaeting pathogens of the respiratory tract but the
underlying mechanisms are currently not well defined. We considered this to be of particular interest
and thus it became the focus of the work in thisithe

First of all, we inwestigated how McaandNTHi cope with the oxidative stress produced by
differentiatedneutrophiliclike dHL-60 cellsand primary cellsHere, we showed th&lcatinduces
ROS andneutrophil extracellular traps (NEProduction indHL-60 and primarycells to a lesser
extent compared to NTHi. It is also able to actively interfere with these responses in chemically
activated cells in a phagocytasipsoninsindependenand contactiependent manner possibly by
engaging bst immunosuppressive receptdvioreover Mcatsubverts the autophagic pathway of the
phagocytic cells and survives intracellularly. It also promotes the survival of NTHi which is otherwise
susceptible to the host antimicrobial arsenal.

The focus of thesecond part of this study is the characterization of the Mcat global
transcriptional response to oxidative stress. To this aim, we performed arSB&NAxperiment on
exponentially growing bacteria exposed to sublethal amounts@fdf CuSQ. As a consequence
of the two treatment225 and 140 differentially expressed (DE) genes were identified, respectively.
Comparing the two transcriptomes of Mcat treated wit4br CuSQ, 61 commonly regulated
genes were foundndicating a significant rad previously unknownoverlap between the two
transcriptional responsds addition to the known intrinsic resistance mechanisitier pathways
having less obvious associations to oxidative stress resistance were also captuiggehes were
subsequelyt selected because of their relevance in DE analysis and functionally characterized
through the generation of knockit (KO) mutants. Among them, deletion mutantsdadM and
MCR_0349showed the highest sensitivity t8.02, a reduced virulence in bofROS-induced
neutrophitlike cells and inGalleria mellonella in vivanodel. So far, this workrovides the most
comprehensive picture of the complex Mcat responses to the oxidative environment it normally

encounters within the infected tissues.
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1. INTRODUCTION

1.1 Moraxella catarrhalis from a commensal to established pathogen

Moraxella catarrhalis (Mcat) is a nonmotile, unencapsulated, aerobic, oxigasstive
diplococcus Granmegative human pathogé€verhaegh etl., 2015) For most of the past century,
Mcat was thought to be a harmless commensal bacterium because of its resemblance to commensal
Neisseria sppwhich are part of the normal flo(Murphy and Parameswaran, 200Bhus, despite
being often detectedn sputum culturegn previous studiedM. catarrhalis was ignoredas it was
considered a nepathogenic bacteriumindeed, in an article published in 1953, this bacterium,
previously ramed Neisseria catarrhalis wa's descri bed as an 66or
propensities are known to be slightroro n e x i (May,€l®58) Although it is able to colonize
asymptomatically, its now clear that Mcas actually a harmful opportunistic human pathogen that
represents theecond most prevalent bacterium found in sputu@hosbnicObstructivePulmonary
Disease COPD patients withexacerbatior{fPerez and Murphy, 2017, Murphy and Parameswaran,
2009)andthe third aetiological agent of otitis media in children bel8trdptococcugppneumoniae
(SP)andnontypeableHaemophilus influenza@NTHi) (Mather et al., 2019)t is also occasionally
the causative amt of sinusitis, meningitis and conjunctivifierduin et al., 2002)The species is
composed of two main lineages called RB1 and RB2/3 based on the sequence of the 16s rRNA gene
(Pingault et al., 2007Even if ®veral groups indicated that seruesistant isolates belonged to the
RB1 lineagea clear relationship between genetic lineage and disease was(&askat al., 2016)
Only later, a supragenome modelling carried out oM3tatarrhalisstrainsrevealedhat its main
virulence factors are present in strains belonging to both RB1 and RB2/3 lineages, indicating that all
isolates have equal potential to cause dis@aaeie et al., 2011)dependingon environmentaand
host factorgChoudhury and MacNee, 2017)

A growing body of evidence pointed out tHdt catarrhalis often acts as a epathogen
(Figure 1A) providing aless hostileenvironmentto the establisiment of both viral and bacterial
infections (Figure 1B)( Bar ker et al ., 2 0.1A5myriad af Atadreshas e t a
demonstratéthe reciprocal beneficiahutualismbetweenrM. catarrhalisandseveral virugssuch as
the respiratory syncytial virus (RSMpfluenza, and rhinovirus (RN)SuarezArrabal et al., 2015,
George et al., 2014Primary viral infectios modulate innate defenses facilitating Mcat colonization
and survival within the hogBrockson et al., 2012)0n the other hand, it has been shown that Mcat
downregulates crucial mediators in innate antiviral responses, favoring viral infg¢dieinsich et
al., 2016a)In the case of bacterial infections, it has been foun®Bi&0% of Mcat infections are
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associated with the presence of NTHerez ad Murphy, 2019) Furthermore, Mcat releases outer
membranevesicles (OMVs) and other secreted products, important in polymicrobial infedt®ns
OMVs, enriched withbetalactamaseenzyme and complement resistanckactors, act distally
providing a safer niche fato-infecting pathogens such as NTHi ai®&l pneumonia¢hat would
otherwise be susceptible to béatam antibioticsaand host innate immune factgfSchaar et al.,
2011, Tan et al., 2007)nterestingly,pneumococcus produces millimolar amountshgfirogen
peroxide(H20.) causing theedudion in theviability of competing bacteriauch asNTHi (Johnson
et al., 2015b, Wypych et al., 2019t not that oM. catarrhalis(Hoopman et al., 2011T herefore,
by targeting Mcat, the burden of the diseases associated with the ethfcting pathogens can be

possibly reduced.

The mlonization ofthe respiratory tradby M. catarhalis is multifactorial It requres the
cooperation betweemultiple adhesinsincluding fimbriae, pili type IV, and norfimbriae type
adhesinsmainly autotransporters and porifgigure 1C)(Blakeway et al., 2017)Some of thee
adhesins also function @silmonary extracellular matri€CM-binding proteinsapable obinding
to fibronectin(Fn), laminin and vitronectifVn). Importantly, nitial adhesion to the airway mucoid
epithelial cell lining is mediated by thateractionsof OmpCD porin with mucis (Reddy et al.,
1997) Subsequently, many other interactions can take pl&gaong them,the trimeric
autotrargportercalledUspAlexploitsits distal head domain taind to cell integrin aSbassociated
Fn andts stalk region to hava close contact witbarcinoembryonic antigerelated cellular adhesion
molecules CEACAML1 receptor(Brooks et al., 2008)Mcat maks multiple contacts with human
receptors and ECM to colonize and persist in the pulmonary airfiRagsbeck et al., 200§5u et
al., 2012)Perez and Murphy, 2018nd a schematic representation of them is reported in Figure 1C
Nevertheless, due to the lack ofiarvivo model capable ahimicking Mcatcaused diseases, some
aspects bits pathogenesis remain to be elucidafBlde most widely employeth vivo model for
evaluatng vaccine candidates for COPD is the mouse pulmonary clearance (Goaiel & al.,
2013) However,regardlesf a very high inoculum of bacteria, Mcat does not surviveaflang
time, being efficiently cleared out within 24 hours from the airways of challenged mice. The inability
to colonize limits the window in which the immune responses agiissbacteriuncan be tested
(Perez and Murphy, 20190)he chnchilla model is also usdar the otitis medidut showsthe same
drawbackgShaffer et al., 2013As a consequence, an effective vaccine capable of preventing Mcat

infections is still missingRen and Pichichero, 2016)
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Figure 1. Moraxella catarrhalis from a commensal to an established pathogen. AYercentages df/.
catarrhalis positive samples based on the number of culture and/or qPCR positive sputum sargdeddifferent
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Imagereproduced by courtesy Buture Microbiol (2012)Su et al., 2012)



1.2 Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disea§¥JPD) is a debilitating disease of adults affecting 65

million people globally. Its thethird most common cause of death in the waifier ischaemic heart

disease and strokihe top 10 causes of death (who)inffhe course of COPD is marked by

intermittent periods of worsening symptoms, called exacerbatiesponsible for the progressive
decline in lung functios(Pavord et al., 2016 his disease isharacterised by persistent airway
inflammation proteaseantiprotease imbalance anger-production of cytokinesand oxidative
radicals(Stockley et al., 2013, Jaroenpool et al., 20Bd)these responsefeterminea continuous
remodeling othesmall airwaysanddegradation oECM of the pulmonary tissues resulting in airflow
limitation, pulmonary emphysema, chronic bronchitis and fibr@gsgures 2A and 2BjChoudhury

and MacNee, 20175everalepidemiological studies havevealedhat theexcessive inflammation
andECM destructiorobserved in COPD are strongly linkedheincreased incidence of lung cancer
Additionally,t h e ¢ o mp o n e geheticostisceptibilityaquiedfor the establishmentladth

lung cancelmand COPDis similar (Houghton, 2013)Among the several identified commaeimgle
nucleotide polymorphisms (SNPshe most widespread one is hereditary deficiency otil
antitrypsin(A1AT, encoded byYSERPINAYL This proteins theinhibitor of neutrophil elastase (NE),

a proteinaseesponsible fothe degradation& | ast i n, t he Or enaledheludigandd
to recoil after inhalation (Greene et al., 20160ther candidate gene familieare proteinases,
detoxifying enzymes and inflammatory cytokir{€hitkara and Hurst, 2012pf note two candidate
genesCHRNA3and CHRNAS which encode nicotinic acetylcholine recept@ealso associated

with cigarette smoke and nicotine dependelli€apiainen et al., 2016)Therefore, also the
surrounding environmen plays a crucial role for the establishment of COPIddeed, several
mechanisms such as oxidative stress, telomere length regulation, immunosenescence and changes i
thenumber of antageing molecules are thought to be important as pathogenic mechanisms in COPD
(Choudhury and MacNee, 2017Mhis disease islsocharacterized by viral and bacterial aetiology

( D6 Anna e.tTheadcurrencedfir@s@syuring exacerbation has been estimated to be the
43%, identifyingmainly RSV, influenza, and rhinoviryand to a lesser extearainfluenza viruses,
adenovirus and coronavirus(Jafarinejad et al., 2017Yirusi bacteria coinfectionsnay exist and
bacterial exacerbation accounts for up the half of the total CMRIghoofei et al., 2020yvith
nontypeable Haemophilus influenzagNTHi), Moraxella catarrhalis (Mcat), Streptococcus
pneumonia€SP) andPseudomonas aerugino§@A) being the predominamathogengFigure 2C)
(Garcha et al., 2012, Perez avidrphy, 2019) Anotheremergingaspect we need to consider is the

differentlungs microbiota compositn of healthy peopleompared to COPLOkar from the idea of
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the lungs as sterile organs andilar to thegastrointestinal tract, an ecosystem of \@sand bacteria
populate the lungandthe microbiota composition keeps changing during stable and exacerbatio
states(Wypych et al., 2019)As quantity and functions of immune cells chaigeing dsease
microorganisms can show a different degree of pathoger{Bdagdonas et al., 2015n healthy
individuals, 88% of the microbial populatioris represented byFirmicutes Bacteroidetesand
Actinobacterigphyla, with Veillonella StreptococcusActinomycesPrevotellaandRothiabeingthe
dominant genera. I8OPD subjectghe mosjpredominant phylums Proteobacteriaaccounting for
50% of thelung microbiomewith HaemophilusandMoraxellageneracontributingfor the 25% and

3%, respectively(Haldar et al., 2020, Mayhew et al., 2018yigure 2D) Therefore,due to the
identified increase bacterial load and microbial diversity, it is now evident thatuhg imicrobiome

can play arucialrole in COPD(Yagi et al., 2021)
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Figure 2. Chronic Obstructive Pulmonary disease: histopathologial features andbacterial exacerbations.
A) Healthyindividual showingnormal airwayfeaturesandB) a patient with COPBhowing narrowedirwaysdue to the
infiltration of inflammatory cellsand mucosal hyperplasiamages reproduced by courtesy dfhe Lancet (2012)
(Decramer et al., 2012)) Bacteria associated wittlinical symptoms of exacerbatierimagereproduced by courtesy
of Vaccines (2019)Perez and Murphy, 2019D) Health (greenzones)and COPD(red zoneys microbiome.In the
cladogram, achcirclesrepresent a bacterial taXast of abbreviationsphylum (p, class (g, genus (g, family (f) and
order (9. Imagereproduced by courtesy Bespiratory Researot2020) (Haldar et al., 2020)

1.3 Neutrophil-mediated Oxidative stress: the hallmark of COPD

Among the aspects that characterize COPD pathogetiesisxidative stress is one of the
most importanhallmarks(Choudhury and MacNee, 2017, Jaroenpool et al., 201@) sources of
reactive oxygen specieRQS can be classified as both environmental and cel{Eigure 3A) The
lung, per seis far more exposed to ROS compared to other anatomica(Ghesgesh et al., 2013)
Under physiological conditionghousands ofiters of ar are inhaled every day and every breath
contairs a myriad of exogenous oxidative compounds, such as pollutants, tobacco smoke, and
allergengMarino et al., 2015)in addition to this, there ismmassiveexposure to antibiotias patients
with recurrent infectionswvhich themselves have a role in ROS producfiéen Acker and Coenye,
2017) Janed to these exogenous sources, the lung is constantly exposed to endogenous oxidants
which aremainly produed by phagocytic cells, mitochond(isturphy, 2009, Dupr&rochet et al.,

2013) bacteria themselves throughspeation and competing bacteriaas in the case of
Pneumococcus and also lactobaeilfiich are able tproducemillimolar amounts oH202 (Johnson

et al.,, 2015b, Wypych et al., 2019)nder normal conditions, there is a balance of oxidants and
antioxidantsfor the correct functionality of this anatomical sif&ydemir et al., 2019)Under
pathological conditions, such as COPD or cystic fibrosis, there is an oxidant/antioxidant imbalance
in favor d oxidants resulting in oxidative streggigure 3A)(Shuto et al., 2016, Cheresh et al., 2013)

The oxidative burst represertge ofthe most powerfuphagocyticantimicrobial weapon
(Nathan and CunninghaBussel, 2013)Among phagocytic cells, neutrophils are the most abundant
leukocytes (50%70%) and represent the first line of innate defense and effectors of adaptive
immunity (Mayadas et al., 2014Neutrophils migrate from the circulation to the sites of infection in
response to certain stimulLey et al.,, 2007) carrying out a variety of microbicidal activities
(Winterbourn et al., 2016hcluding phagocytosifROS generatiorautophagy, degranulatiosith
the releaseof antimicrobial peptides (AMP)proteasesand as a last line of defense, neutrophil
extracellular traps (NETs]DelgadeRizo et al., 2017)Neutrophis generateROS by using a
multicomponent oxidase complex named nicotinamide adenine dinucleotidphaite NADPH

oxidase complex (NOX2)and complex I, Il and Il within the mitochondrial respiratory chain
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(Glasauer and Chand@013, Dan Dunn et al., 2015,-Benna et al., 2009Jigures 3B and3C). In
severe COPD, ROS generation is markedly enhanced due to the presence of activated neutrophils
which promoteheexcessive formation of ROS and R@ated responsé€bi Stefano et al., 2004)
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Figure 3. Main sources of ROS A) Increased oxidative stress is the hallmark of COPD luegslt from both
environmental sourcepéllutants, tobacco smoke, allergens and antibiotieg) cellular sourcespliagocytic cells,
mitochondria, endogenous production and competing bact€rigdted with Biorender.co(® and C) Cellular sources:

NADPH oxidase andhitochondria B) NAPDH oxidase: in the resting state, th® membrandound subunits gp91phox

and p22phox that represent the catalytic core, are localized on cellular membranes. Four additional soluble proteins
including the Rac2 GTPase bound to itsilitory partner RheGDI and the regulatory complex (p40phox, p47phox, and
p67phox) dwell in the cytosol of resting cell s. An int
NADPH oxidase for astronger activatio. Priming induces NADPH oxidase components phosphorylation,
conformational changes and Rac2 undergoing &P exchange. As a result, Rac and cytosolic oxidase subunits
translocate to the membranes leading to ROS production. Upon NARIEHse assembly, the generated superoxide
anions can lead to the hydrogen peroxideQ#l production. HO, can be transformed intoypochlorous acid (HOCI),
hypobromous acid (HOBr) or hypothiocyanite (HOSCN) by the myeloperoxidase enzyme (MPO) or camitheact
superoxide to produce hydroxyl radicglsO H ABis reaction occurs in the presence of metals such as Fe2+ or Cu2+
(Fenton Haber Weiss reactiorgp91phox p22phox p40phox, p47phox, p67phdracGDP orGTP, RheGDI and
phosphoryl group are in lighteflow, light blue, purple, red, green, dark gray, light gray and cyan, respect@ely.
Mitochondrial ROS (mtROS) areagduced within the electron transport chain (ECT, complgk, lyellow rectangles

The process is mediated by patteznognition receptors (PRRs) such as toll like receptors (TLRs). Activation of TLR4
leads to the translocation of TNF receptor associated factor 6 (TR#E6N to mitochondria, interacting with
evolutionarily conserved signaling intermediate in Toll paths (ECSIT), and increasing ROS production. In addition,

the availability of intermediates of TCA cycle like succinate is shown to increase mtROS production by reversing the
electron transport through compléxf ETC, rise the stability of hypoxia induxte factorl HIF-1Uwhich induce the

expression of prinflammatory genes. mtROS activates a multiprotein complex calledikideceptor family, pyrin

domain containing 3 (NLRP3) inflammasome that leads to cagpasgvation resulting in increased olgines activities
(e.g,lL-1p) and an i nfl ammat ory c Bowhstredne effects of miR@ifcldde thesopedipgy r o p t
of the permeability transition pore (PTP), a higinductance inner membrane channel involved in the apoptotic response
duetot he |1 oss of mitochondrial transmembrane potential (
integrity and impair of C4 homeostasis.

1.4 Neutrophil Fc, CEACAM and Siglecreceptors: phagocytosis and ROS pathways

Both immunoactivating and immungspressive receptors are involved in ROS generation in
neutrophils.The immunoactivating receptoiscludethe formyl peptide receptors (FPR3)oll-like
receptorqTLRs) (Botos et al 2011) Triggering receptor expressed on myeloid e2li'REM-1)
(Bouchon et al., 2000Jc receptorsand membeyof the carcinoembryonic antigen (CEA) famidy
subset of the immunoglobulin (Ig) superfamily of proteirtse lastwo aforenentioned receptors are

of particular importance ioxidative burst anghagocytosigBuntru et al., 2011)



Fco receptors (FaRs) are transmembrane proteins that bind to theolRton of IgG and are
mainly involved in the recognition and phagocytosis of opsonized pathogensvfien serum
complement or immunoglobulins coat the bactdfggrciaGarcia and Rosales, 2002, Bruhns, 2012)
Three distinct pathways are generally activated during pathogen infections: the classical, the lectin
and the alternative pathwayall of which converge with the formah of the complement component
3 (C3) convertase enzymes, which cleave the C3 producing the active complement component C3b.
The binding of C3b molecules to the pathogen surface inducghégecytic celldrecognition or
stimulatecell lysisthrough the formation membraia¢tack compleXLubbers et al., 2017, Nis and
Remuzzi, 2013)Thus, the complement system is an important component of the innate immune
resporse havng the potential to modulate thatracellularbacteri® s  fthastdeterminng the
outcome of infectiosa(Merle et al., 2015)

CEACAMS (CD66d) is only expresséa humans and exclusively in neutrophils and consists
of a cytoplasmic domain encoding anmunoreceptor tyrosinbased activation moti{I TAM)
(Bonsignore et al., 2019)esuling in kinases recruitmentind downstream signalingn a process
very similar to the pathway activated by the ITAlntaining Fc recepto(8untru et al., 2012)in
both casesSrc family kinase (SFK)lependent phosphorylation of tyrosnesidues withirthe I TAM
domain activate the protein tyrosine kinase, $$krantis and Gra@wen, 2007) This leads to
activation of class | P13kKsapableo initiate ROS productiodue to its phosphorylation of Akt and
ERK, downstream of CEACAMB and FoR activation(Kulkarni et al., 2011)Syk is also important
for the RAC-GTPaseadependent assembly of polymerized actin into phagocytidikestructures
that ultimately engulf bacteriggchmitter et al., 2004)rhis occurs botin an opsoninindependent

and opsonirdependent mannefor CEACAM-3 and FoR, respectively

Inhibitory receptors play key roles in regulating aspects of the immune response mainly by
blocking activating pathways. These are usually composed of a cytoplasmic tail that contains at least
oneimmunoreceptotyrosinebased inhibitory motif (ITIM), as its dbservedn some receptors of
the CEACAM family andSiglecs(Pyz et al., 2006)CEACAM1 (also known a€D663 is expressed
by different cell type such as epithelial, endothelial, lymphaiad myeloid cell¢Prall et al., 1996)

The receptorcan recruit signaling moleculegpon activation including Src homology 2 (SH2)
domaircontaining protein tyrosephosphatases (SHE2). It has been demonstrated thatteria

can exploit ITIM inhibitory function to suppress the immune response in T cells, B cells, dendritic
cells and epithelial cell§fRowe et al., 2007, Boulton and Gt®wen, 2002) Interestingly,
interactions witltCEACAM1 confers survival signals that prevent neutrophil apoptosis, wanighit

allow the persistence dhese cells at a site of infecti¢Binger et al., 2005)



Sialic acidbinding immunoglobulirtype lectingSiglecs) are cell surface receptors belonging
to the immunoglobulin (Ig) superfamilin mammalian cells sialic acids (Sia) comprise a family of
nine-carbon ketesugars ubiquitous on mucous membranes as terminal modifications of mucin
glycoproteingHainesMenges et al., 2015Being the most prevalent monosaccharides at thé host
pathogen interfac@Prado Acosta and Lepenies, 201€veral pathogens display Sia on theiface
to pretend to act as fAsel f 0 an(@hanglare Nieeb 2014 | u di
Theneutrophilinhibitory SiglecqSiglec5 and Sigle) contain an ITIM motif in their intracellular
domain, conferring the ability to have an immumsressive role through the recruitment of the SHP
phosphatase(Macauley et al., 2014By engaging theei nhi bi t or y h urengptors ne ut
bacteriacanimpair oxidative burst and NET formatig@hang ad Nizet, 2020)as it occurs foP.
aeruginosa(Khatua et al., 2012)nterestingly, Sigled 4 with an activating ITAMmotif is nearly
identical to Siglee5 in its ligandbinding domain(Ali et al., 2014) Since neutrophils express both

Siglec14 and Sigled, there is the possibilityat these function as paired Siglec receptors to balance
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Figure 4. Main i mmunoactivating and immunosippressive receptorgresent on neutrophils surfaceThe
immunoactivatingeceptors include the formyl peptide receptors (FPRs), Toll like recdpldrs), Triggering receptor
expressed on myeloid cells(TREM-1), Fc receptors and member of the carcinoembryonic antigen (CEA) f&iailig.
acid-binding immunoglobulintype lectins(Siglecs) include the inhibitory Siglec9 and Sigleé& receptors and its
counterparactivating Sigleel4.
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1.5 Killing effects of ROS

The notion of oxidative stress has been proposed in biology only in 1985 when the chemical
concepts of oxidatiomeduction such as electron transfer, free radicals, oxygen metabolites were
merged with a biological concept of stress, first developed in 1936 by Selye in his studies of adaptive
responsegSies, 2015, Sies, 2018Four ROS can be spontaneously produced by consecutive
reduction from @ Singldé oxygen (1Q), superoxide anion (%), hydrogen peroxide (D), and
hydroxyl r (anthy, 2043) 104is@He Fedult of spHorbit coupling by energy transferot
by electron transfebut itsroles in bacteria have not been revealed. Once one electron moves to 10
O-- is generated. Ithe presence of protons, superoxide dismutases (SODs) are the enzymes that
catalyze the dismutation of20nto O, and BO»,. H202 shows the highest stabiliof any other ROS
can cross the cell membranes and diffuses more re¢&difyet al., 2019)Importantly, a wide variety
of detoxification systems have evolved for this molecule. Fanele catalases are the enzymes that
catalyze the dismutation ofB. into O; and HO, resulting in complete detoxificatighmlay, 2008)
Moreover, HO; is highly reactive toward reduced forms of the transition metaf$ &ie Cu
gener at, atypegofROSIithan extremely shohalf-life (10° sec) in solution at 37°Becker
and Skaar, 2014)ts notoriety is due to the fact that no detoxification systems exist to neutralize its
toxicity (Kim et al., 2019, Imlay, 2008)

ROS are imolved in clearing infection and resolution offlammation, limiting bacterial
growth by damaging theprotein,DNA, and lipid molecule¢Sies et al., 2017)

Arginine, lysine, prolineand threonine can be carbonyla{@tystrom, 2005) histidne can
be modified to oxehistidine (Traore et al., 2009)and cysteine and methionine residues are
particularly sensitive toxidationdue totheir electrorrich sulfur atom in their side cha{&zraty et
al., 2017) All these reactions can have deleterious effects on proteins fun@specially in iron
sulphur dehydratases and mononuclear iron proténisy, 2008) Oxidation of DNA bases can
produce several damaging byproducts. Due to lower reduction potential, electrons of guanine bases
can easily jump to electron holes in adjacent oxidized tzieals(Imlay, 2013) The resulting 8
hydroxyguame is hidglly mutagenic due to its ability to frequently mismatch with ade(tugg et
al., 2005) Additionally, ribose oxidation by ROS can induce strand breaks in bacterial( DNy,
2008) Lipid peroxidation is a universal outcome of oxidative stress in eukaryotic systems, but this
seems less likely in most bacteria as their lipids are not polyunsat(iratag, 2013) An exception

to this rule is provided by th&orrelia burgdorferi,an intracellular pathogetat canincorporate
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polyunsaturated fatty acids from the eukaryotic host, thereby being quite susceptible(@dr@s
et al., 2008)

Bacteria have developeseveral strategies tocounteractkilling by ROS, includingi)
detoxification of these radical species into less damaging byprodyctetal homeostasandiii)

DNA damage repair system$hesethree ROS tolerance ystemshave been shown to be quite
conserved in most bacterial spedigslay, 2013)andtheyc an be c¢cl assi fied as
mechanismsRegardingradical species detoxificatiom many Gramnegative bacteria, OxyR is a
master regulatathatsensethe intracellular level ED2t hr ough oxi dati on of it
Cys residue to a sulfenic acidSQH) that can then react with a second Cys, resulting in
conformational change#\s a result,OxyR can function both as a transcriptional activat@nd
repressor(Chiang andSchellhorn, 2012)Jo et al.,2015) OxyR regulon includes primarily
antioxidant defense mechanisms suah those involved in #D. detoxification (glutaredoxin,
thioredoxin, catalaseand peroxiredoxin protein familigsheme biosynthesis, Fcluster assembly

(Isc andSufoperons), DNA protection and metal uptdkalay, 2008)(Imlay, 2015) In the context

of metal haneostasisvertebrate hosts withhotdetals to curtail beterial proliferation but at the same
time, thetoxicity of metals is exploited to directly poison intracellular bactéieese areeferredto
asnutritional immunity(Becker and Skaar, 2014dihd thisaspeds discussedh more detail in section
1.7.Base excision repair (BER) and SOS response pathwadnch induces the UvrABC excision
nucleaseandthe Rec recombinational machinegre fundamental to copy with DNA damages
(Asad et al., 2000Not specific for a particular lesion, DNA glycosylases endonuclease IV and VIl
scan for helical distortions removing any disparate adducted basearntbageneratd by oxidation
(Mullins et al., 2019) Postreplication recombination is the badk strategy wherhe excision
systemsglo notrecognizehese lesionéSun et al., 2020)

Additional l vy, few bacteri al pat hogens empl
suppress ROS production in eukaryotic c@lguyen et al., 20173s in the case d?. aeruginosa
and Chlamydia trachomatisthrough a contaaiependent mechanism and the expression of
extracellular effector, respectivefyareechon et al., 2017, Rajeeve et al., 20B8pneruginoséhas
a type lll secretion system (T3SS), a molecular syrthge candirectly introdue effector proteins
into thehost cellscytoplasm(Williams McMackin et al., 2019 Among them ExoS and Exo RDP-
ribosylate Rasprevening neutrophilsmediatedclearanceADP-ribosylaed Rascanno longerbind
to PI3K thus interfering with ROS production(Sun et al., 2004)C. trachomatis an obligate
intracellular human pathogesssociated withsexually transmitted diseaséljubin-Sternak and
Mestrovic, 2014) impairs ROS generation llyesecreted proteadie activating factor (CPARhat

is responsible for the cleavagetbé immunoactivatingFPR2receptor(Rajeeve et al., 2018pther
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bacteria, such a&ranciscella tularensisand N. gonorrhoeae(not expressingOpa proteing
essentially disrupt NADH oxidase activity by not fully elucidated mechan(dhec€affrey et al.,
2010, Smirnov et al., 2014)
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Figure 5. Strategies mounted by bacteria to tackle the oxidative stress. Ajtrinsic mechanismsclude:
scavenging enzymes, metal homeostasis and DNA repair sy&gmstrinsicmechanims refer to the ability to actively
interfere with eukaryotic ROS productioas in the case dfhlamydia trachomatisThis bacteriumdampensROS
generation by secreted protedige activating factor (CPAF), which is responsible for the cleavage of FPR®je
reproduced by courtesy dfature Microbiology (2018[Rajeeve et al., 2018)

1.6 ROSrelated antimicrobial weapons: NET and autophagy

Neutrophil extracellular traps (NETS) are major contributors to chiofigenmaion and lung
tissue damage in COP@rabcanovieMusija et al., 2015, Twddell et al., 2019)NETs are rel&d
to ROS release andpresent pathway of cellular deattmat isdifferent from apoptosis and necrosis
(Fuchs et al., 2007NETs are extracellular wdkke structures composed afbackbone odfiistones
andextracellular DNA (eDNA) fiberslecorated with antimicrobial pteins such as myeloperoxidase
(MPO) andneutrophil elastase (NEFRires et al., 2016NETs generation, or NETosigllows these
sequential steps: 1) a proper stimulus activates Raf/MEK/ERK kinases pathway and increases
calcium concentration leading to the phosphorylation of gp91phox suimsponsible for NADPH
complex activatior(Hakkim et al., 2011)2) The consequeiROS generation stimula®IPO that
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in turn,triggers the activation of NE. 3) Ndegrade&-actin filamentgcytoskeletophandtranslocats
from azurophilic granuleso the nucleugMetzler et al., 2014)where itproteolytically processes
histones interfering with chromatin pacing (Papayannopoulos et al.,, 2010)) Chromatin
decondensatiois also promoted by MPO and proteairginine deiminase type 4 (PAD4) huclear
enzyme that promotes tlegrullination of histonegRohrbach et al., 2012Fitrullination converts
positively charged arginine residuesoimon-charged citrulline residues, making the overall charge
of histonedess positive Thisconversiorresults in a lower affinity for the negatiyetharged DNA,
stimulating chromatin decondensati@ireshner et al., 2012p) Subsequently, the integrity of the
nuclear membrane is lgsand the decondensed chromatin becoassociated with antimicrobial
peptides (AMP). 6) After the damage of the plasmatic membrane, DNA isagéleatof the cell as
extracellular traps. NETSs trap, neutralize and kill bactend by preventing bacterial dissemination,
these structuresoncentrate the antimicrobial efforts at sites of infectidelgadeRizo et al., 2017)
Bacteria with mutations in NEd@legrading nucleasé3uneau et al., 2016} in capsule gendgVartha

et al., 2007)are impaired in their ability to disseminate, increasing their NET trappingtro
(Papayannopoulos, 2018urprisingly, bacteria may even use NETSs to their advanidgepore
forming toxin leukotoxin GH of5. aureuss sufficient to drive NETosigMalachowa et al., 2013)
exploitedto provoke marophage killing around abscesg&hammavongsa et al., 2013imilar to
this bacteriumS. pneumoniaeanproduce a nuclease nameddA that enables this bacterium to
survive within NETs and disseminate from the upper respiratory tract to theReitgs et al., 2006)

N. gonorrhoeaenterferes with the phagosoragurophilic granules fusion and promotes NETosis
(Johnson and Criss, 2013Finally, mutants ofPorphyromonas gingivalisfor phagocytosis
promoting protease induce NETog&islyaprakash et al., 2015uggesting the ability of phagocytosis
to modulate NE®sis.In addition, microorganisms attenuate NETosis by engaging host receptors that
suppress neutrophil activation such Sislic acidbinding immunoglobulirtype lectins(Siglecs)
(Schwarz et al., 2015)By engaging the inhibitory Siglex and Sigle& human neutr op
receptors, bacteria such as grouftBeptococcuandP. aeruginosaanimpair oxidative burst and
NET formation(Carlin et al., 2009)Khatua et al., 2012)

In all cell typesautophagy is a process that maintains cellular homeostatic funtseaiag
to the degradation of the sequestered cargos, such as damaged organelles and misfolded proteins
recycling them for anabolic process@&shimori, 2004) Although the Greek wordsayuto and
phageist and f or O6sel f 6 an dtheadleoan cel hdméostasis,prefgssondl i v e |
phagocytesautophagy is also involved in the capture of invading bacteria, a process referred to as

xenophagy(Levine and Kroemer, 2008, Jo et al., 201By controlling bacterial replication,
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autophagy plays an important role in actimgtthe innate and adaptive immuniffzamark et al.,

2009) With respect to the latter, autophagy is involved in delgerertain microbial antigens to the
major histocompatibility complex MHC class Il antigpresenting molecules, leading to the
activation of CD4+ T lymphocytedevine and Deretic, 2007Five phases can be identifiedthe
autophagicprocess induction, elongation, maturation, transport to lysosomes, and degradation
(Tooze and Dikic, 2016, Choi et al., 2013) The signal inductione(g., after ROS releas@an

Dunn etal., 2015) is regulated by the serine threonine kinases AMPK (Addtt/ated kinase) and
MmTOR (mammalian target of rapamycin complex 1). Autophagic adaptors including sequestosome 1
(SQSTM1/p62), nuclear dot protein 52 kDa (NDP52), optineurin (OPTN), and neighB&Ca#{1

gene 1 (NBR1) are receptors functioning for the selective targeting of substrates to the autophagy
related family of proteingLamark et al., 2009)2 and 3)The nucleation of a cuphaped structure

called phagophore which then progressivelpngatego form a doublanembrane vesicles called
autophagosomess the hallmark of this pathway.evine and Kroemer, 2008 Autophagosomes are
formed at mitochondrizassociated endoaic reticulum (ER) membranes (MAMs), membranous
structures at the interface of HRitochondria, pivotal for processes such as mitochondrial
morphology, autophagosome fimation, inflammasome activation and apopté&ecoll et al., 2017)

Two ubiquitinlike conjugation systems aessentiafor these phaseshe autophagyelated protein

5 (ATG5) and the microtubwassociated protein light chain 3 (LO®iebisch et al., 2021% and

5) In the last two steps, autophagosomes fused with lysosomes allowing the content to be degraded
and recycledEscoll et al., 2016)Throughout the@utophagigathway including the recognition of
cargoes, autophagosonmfesmation and the fusion of these structures with lysosomes, LC3 plays a
fundamental rol@nd the increased lipidated form (called L-0Bis a moleculalautophagianarker
(Deretic et al., 2013)Numerous medically important pathogens, includsagmonella entericaare
degraded by xenophadVild et al., 2011) Nevertheless, successful intracellular pathogens may
antagonize both the signaling pathways that activate autophagy as well as the membrane trafficking
events required for lysosomal delivery and degrada#isin the case ofMycobacteum tuberculosis
(Gutierrez et al., 2004Padhi et al., 2019)n the case ofegionellapneumophilaa secreted effector

called LpSPL mimics the functions of its eukaryotic counterpart sphingtésphesphate lyase
(SPL), modulating sphingolipid levels thereby limiting autophagosome formation at MAMs and thus

thehostautophagic respongRolando et al., 2016)
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Bacteriaentrappedvithin thephagosomeare degradedia LC3-associated phagocytosight panel) Imagereproduced
by the courtesy dPathogens (2021(Riebisch et al., 2021)

1.7 Role of Copper in the oxidative stress response

Regarding metl homedasis, the six 3dlock transition metals manganese (Mn), iron (Fe),
cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn) are essential micronutrients to both hosts and
bacterial pathogensSitill, at the same time, they also represent an important antimicrobial weapon for
phagocytic cell{Diaz-Ochoa et al., 2014, Sheldon and Skaar, 2048)ong them copper appears
to play a unique role ithe context of nutritional immunitylThe concept that Cu is fundamental in
controlling infectionss not so unexpected since humans with a deficiency related to thiscakal,
Menkes disease, present higher incidences of infections, especially in th@unmgr and Moller,

2010, Jomova and Valko, 20110 phagocytic cellSCTR1 is ahigh-affinity copper importelocated

on the plama membrane mediatir@u influx into the cell while ATP7a is-B/pe ATPase, localized

in the transGolgi network, transporting Cu into the phagolysosomidlt@ngulfed bacterigwWhite

et al., 2009) The antimicrobial activities of Caremultifaceted Due to the high redox potential, Cu
catalyzes hydroxytadicals production via the Fenton and Hal&giss reactiongLadomersky and
Petris, 2015)in whichcopper (l) is oxidized in the presence of hydrogen peroxideluging copper
(1) + LOH + OHT. Bacteri al cellul ar macr omo
irreversibly be damaged by the resulting free radi@adselier et al., 2010)Another mechanism of

Cu toxicity includes the targeting oblsentexposed [FES] cluster enzymeBesold et al., 2016)
andthe outcompetiion of all other transition metals from key biosynthetic enzymes (mismetallation)
with the consequent loss of protein functigas described by the IrviAg/illiams seriesCuis a
highly competitive metal for protein bindingberman et al., 2016)ndeed, when Cu displaces, Fe
the released Fe atoms may further induce ROS gene(&t@tdon and Skaar, 2019)o cope with

this harmful effec, the transcriptnal regulator Fur helps in suppressing lowsa levels(Varghese

et al., 2007pndimportersof manganese ions are ionpant as this transition metal campplant iron

in mononuclear enzyméanjem et al., 2009) Mechanism®f copper tolerance in bacteaae quite
functionally conserved underlying the importance of copper homeostasis for bacterial virulence
(Besold et al., 2016, Samanovic et al., 2012, Ladomersky and Petris, P0d& strategies include
Cu export systems from the cytoplasm intopeeplasm or extracellular environment, sequestration
by metallothioneingnd multicopper oxidases thatnvert Cu(l) into Cu(ll) ionthatis less toxiqFu

et al., 2014)Inactivation of copper exporter genesshbeen showim vivoto reduce the virulence of
bacterial pathogens such lgcobacterium tuberculosi{Shi et al., 2014)S. pneumoniaéJohnson
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et al., 2015aandP. aeruginosgSchwan et al., 2005T hereforethese notions highlighhatcopper
plays a key role in the antimicrobial weaponry of the innate immunity to curtail bacterial infections.

A

Salmonella typhimurium Mycobacterium tuberculosis

Pseudomonas aeruginosa

Listeria monocytogenes [ W) : \_;TP7A __________
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Figure 7. Role of Copper in the oxidative stress respons¥ia the Fenton and Hab#&¥eiss reactionsopper
catalyzathe production of hydroxyl radical8) The metal intoxication mechanisms incki¢h) replacement of Fe with
Cu(l) in Fé Sclusters of cellular proteingb) ROSgeneratiorieading to oxidation of Feoordinating cysteine residues
with the consequerdf loss of function (c) mismetallationjnactivation of cellular proteingia adventitious binding by
competitive, norcognate metals such as Zrd) Cellular Mn starvation Image reproduced by the courtesy of
Biochemical Society Transactions (201Begg, 2019)B) On theleft, mechanisms of copper tolerance in bacteda.
the right,inflammatory agents such bacterialipopolysaccharid@romotethe expression of the CTR1 copper importer,
which mediatescopperinflux across the plasma membraneisTimetal is then delivered the ATP7A copper pump in
the transGolgi network by thehaperone ATOX. ATP74s thenpartialy relocaedfrom the Golgi to phagolysosomes,
filling this compartment witbactericidal coppetmage reproduced by the courtesyMetallomics(2016 (Ladomersky
and Petris, 2015)
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1.8 Galleria mellonellaas a valuable in vivo model for bacterial infections

Although insects have diverged from vertebrates approximately 500 million years ago and
lack an adaptive immune response, their innate immune response still retains remarkable similarities
with the hunan one(Browne et al., 2013)The most frequently used alternative animal models are
Drosophila melanogasterDanio rerio (zebrafish), Caenorhabditis elegangroundworm) and
Galleria nellonella (greater wax moth or honeycomb moth). As dastated by the increased
number of published articles, this latter alternative model is gaining popularity in the scientific
community. G. mellonellais a member of the Pyralidae family of the Lepitwan order that
naturally infests beehives. Four distinct life stages exist: egg, larva, pupa, an@diduyt 2018).

The insectarvae have increasingly been used as a surrogate to study miardbiionin a range

of microorganisms including Grapositive and Grammegative bacteria and fungCook and
McArthur, 2013, Firacative et al., 202@nd as a rapid model to screen novel antimicrobial drug
candidategCutuli et al., 2019)From a practical consideratio®, mellonelldarvaeare lowcost to
establish anéay to manipulate due to their large sizé3Zm long and 0.3 to 0.5 g) and syecial

lab equipment is requireddditionally, their use ithically more acceptable than that of vertebrates
and their short life cycle (8 weeks) makes them ideal fmreeningtudies. Unlike other invertebrate
models such &8. elegansaandD. melanogasteiG. mellonelldarvaecan survive at 37 °C, equivalent

to the mammalian body temperatuaowing the study of temperatugependent virulence factors
(Pereira et al., 2020Yhe immune response &. mellonellaconsists of two components: cellular
and humoral responseEhe cellular response is mediated by phagocytic cells, termed hemocytes
present in the hemolymph, which is analogous to mammalian blood. Hemocyi@soared in the
nodulationphagocytosisindencapsulation (for larger microbes, such as nematode and protozoa) of
invading agersg Phagocytosis in insects and mammals is etleto be very similar. Once
phagocytosed, pathogens are killed mainly by the oxidative burst, whpotnetedoy the NADPH
oxidase complexindeed, lmmologous proteins p47 and p67 were identifiedGn mellorella
hemocytesand it was shown th&horbol 12Myristate 13Acetate (PMA)can triggersuperoxide
production as in the case diuman neutrophilsThe humoral response involves soluble effector
molecules such aROS, AMPs, complemenlike proteins (opsonins melanin and products of
proteolytic cascades. The melanization is an essential process for the defense against microbial
pathogens. Typically, melanization begins with black spots olathal surface and, as the infection
progresses, thiarva becomes completely black and thuses (Killiny, 2018, Firacative et al., 2020,
Cutuli et al., 2019, Tsai et al., 2018 concludewax worms are used extensively as an alternative

infection model for the study bacterial pathogens sucB.gseumoniae(Cools et al., 2018)P.
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aeruginosaJeon and Yong, 2019Vlycobacterium strias (Li et al., 2018)and S. aureugli et al.,
2020) shedding light on theirulence mechanismsand new therapies famportant pathogenic
bacteria
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Table 2. The G. mellonella Health Index Scoring System.*?

Category Description Score

Complete spots  tail/line  none
activity no movement
minimal movement on stimulation
move when stimulated
move without stimulation
cocoon formation no cocoon
partial cocoon
full cocoon
melanization black larvae
black spots on brown larvae
>3 spots on beige larvae
<3 spots on beige larvae
no melanization
survival dead
alive

n

NO B WN O —-00OWN—=O

Figure 8. Galleria mellonellaas an infection model A) G. mellonellaimmune systenis composed bgomponents of

a cellular response and a humorasponse. The cellular response comprehends six typesllaf Amorg them,
plasmatocytes, granulocyteend coagulocytesre involvedin the clearance of invading agents by phagocytosis,
nodulation andencapsulationrespectively Molecular patterns associated to pathogearstrigger the phenoloxidase
pathwayto produce melanin. Melanimlong with antimicrobial peptides and opsoniasine of the components of the
humoral responsémagereproduced by the courtesy Bathogens and Diseasé8, (2020)(Pereira et al., 2020B)
According to the Health Index Score, larvae are considered forlihgirvival (dead or alive) cocoon formation3)
movement (no movement at all, or inability to right themselves, movement that is minimal or upon istmeutat
shaking of the petri dish or touching with a pipette #ipji4) melanization (how is different from the healthy creamy
clolor: > o < 3 spot orbeige larvae, or spots in brown laevand black larvgelmagereproduced by the courtesy of
Virulence (2016) (Tsai et al., 2016)
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2. AIM

The first objective of this thesis was to investigateow Mcat and NTHi cope with the
antimicrobial arsenal mounted bnutrophilic cellsby using both primary cells artde HL-60 cell
line (extrinsic resstancemechanisms). @ this purposea number of responses were considered:
adhesion andnvasion ROS evaluationNETsand the atophagic responssurvival of internalized
bacteriaand bacterial interplays in gofections

The secondaim of the research in this thesis was to expand the knowledgeabfntrinsic
resistance to exogenous oxidative streBserefore, RNASeq of exponentially growing Mcat
exposed to sublethal amounts of04or CuSQ was performedhus, providing a comprehensive
picture of Mcatglobal transcriptional responge stimuli that mimidn vitro the oxidative stres#\
subset of genesasfunctionally characterizenh terms ofsensitivity toH20», survivalin bothROS
induced neutrophilike cells andfor the first time in Mcatin G. mellonella in vivanodel.

Therefore, the thesis aimed explore the strategieghat Mcat exploitsto tackle the
antimicrobial arsenal mounted bgutrophilic cellsshalding light on its interplay with NTHi antb
provide a comprehensive picture tife Mcat global transcriptional response stimuli that mimian
vitro the oxidative stress.
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3. BACKGROUND 15T PART AND GRAPHICAL ABSTRACT

The first objectiveof this thesis was to investigate a number of responses such as adhesion
and invasion, ROS evaluation, NETs and the autophagic response and survival of intekedized
and NTHi bacteria in neutrophilsin our study, we used exponentiajyowing M. catarrhdis
BBH18 (de Vries et al., 2010gnd NTHi 658(Mayhew et al., 2018glinical isolates derived from
COPD patients, to challenge humidh-60 cell line,differentiated into neutrophllke cells (dHL-
60) or primary cellsWedemonstrated that, differently from NTHIl. catarrhalisis able to dampen
the hosdb snnate immune response by directly interfering with ROS production andrelésd
responses. The underlying mechanisms are shown to be phagocytosis and -apdepéersient but
contactdependentprobably due ttheengagement of the immunosuppressiveptors, CEACAM
1 and Sialic acibinding immunoglobulirtype lectins(Siglec5 and Sigle€9). In addition tothe
well-known interaction between the eukaryotic CEACAMeceptor and Mcat UspAl, we showed
that Mcatis able to engag8iglec5 and Siglee receptorsthrough itsporin OmpCD.Furthermore,
under ceinfection experiments, NTHi intracellular survival is greatly enhanced bprisence of

Mcat, which provides a less hostile environment for NTiHihe host cells
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4. RESULTS 1%t part

4.1 M. catarrhalisand NTHi: two different ways to interact with neutrophil -like cells

We first evaluated the interactidandthe opsonirindependent uptake ™. catarrhalisand
NTHi with differentiated neutrophiike cells (dHL-60), chemically activateth vitro by treatment
with Phorbol 12Myristate 13Acetate (PMA) knownto elicit a strong oxidative burst. Activated
dHL-60 cells were left unteted or treatedvith cytochalasin Da known inhibitor of phagocytosis,
and infected with exponentialgrowing, unopsonized Mcat or NTHi (multiplicity of infection,
MOI=50). After an incubation of 2045 and 75 minutes at 37°C, samples were fixed, permeabilized,
and then stained with bactespecific polyclonal anis e r a . By pow cytometry
percentage ohfectedcells (cytochalasin Buntreated samplesells withadheentandinternalized
bacterig or the percentage of cells with adherent bacteria (cytochalasgaizd samples: adhesion
only). From the total interactigigytochalasin Buntreated samplgswe subtracted the percentage of
adhesior{cytochalasin Btreated samples(Figures 9A and B,green bars) to calculate the percentage
of cells withphagcytosed bactda (Figures 9A and B,light blue bars)Theresultingpercentage of
uninfected cellds reported as red bafBigures 9A and B. As shown in Figure 9AM. catarrhalis
was readily internalized into dHEO cells as the percentage of cells with internalized bacteria was
18,4% at the earliest time poifthe percentage of infectedtivated neutrophiike cellsincreased
over time with the percentage of host cells witielinalized bacteria ranging from 18.3% to 43.25%
and those ofininfected cells from 38.3% to 17.5%t 20 and 75 minutes, respectively. Unlike Mcat,
during NTHi infection the percentage of nenfected cellgpased from 90% to 73.3% at 20 and 75
minutesyrespectivelylndeedpnly 3.3% of cells with internalized NTHi was recorded at 20 min-post
infection (Figure9B). This percentage slightly increased to 15.2% at 75 minipfesition indicating
a lower kinetic of internalization compared to thakbfcaarrhalis. For both bacteria, while a strong
increase in the percentages of cells with phagocytosed bacteria at 45 min compared tov@® min

recorded no differencesvere observed between 4&nd 75 minutes postfection.

These bacterial adhesion amasion phenomena on PMdctivated dHL60 cells were
visualized by transmission electron microscdpgpresentative images of electron microscopy cross
sections of umfected cells (control) and cells infected by unopsonized Mcat or NTHi at MOI of 50
for 20- and 75 minuteare reported in Figur@C. At 20 minutespost nf ect i on, gr ape |
of M. catarrhalis were presenbn the cell surface whiclexhibited membrane protrusiorfer
lamellipodig at the site of bacterial contact (black arrow). lestingly, at this earliest time point,

bacteria were found not only theearly stages of phagocytosis but als@aterones as indicated by
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the presence of bacteria surrounded by electrodense matehiadplysosomesvhite arrow). At 75
minutes,PMA-activated dHLE60 cells were packed with an increased numbeMofatarrhalis
bacteridcellswhile showingntact mitochondria and heterochromatin condensation of nutiéke

Mcat, a small portion of the dHEO cells wee found to be infected by NTHi and few bacterial cells
were found to be phagocytosed both at &@d 75 minutes postfection. Moreoverregardlesof

the presence @ small number of phagocytosed bactanare prominent eventsf apoptais such

as extensive cytoplasmvacuolizationwere observed. These observations suggest that unopsonized
M. catarrhalisis rapidly phagocytosed into neutrophide cells and accumulates intracellularly over
time interfering with the cell attempts to cledetpathogen. Converselg, low amount ofNTHi

bacterial cells remains intracellularstrongly affedng the host cell viability.
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Figure 9. Mcat and NTHi: two different ways to interact with neutrophil -like cells.(A andB) ROSinduced
dHL-60 cells werdeft untreated (total associatioon challengedwvith cytochalasin D (for bacterial adhesion). They were
infected withMcat (A) or NTHi (B) at MOl of 50 for 20, 45 and 75 minCells wee permeabilized and bacteria were
stairedfor UspA2 (rabbit polyclonal antibodies) or for whole bacteriaMoator NTHi, respectivelyBy pow cyt o me't
cells were evaluated amdportal as the percentage of bacteria positieds. Light blue barsphagocytosisGreen bars
adhesionRed barsnon infected cells(C) Transmission electron microscopyagedof uninfectedROSinducedcells
(left panel) and infected hynopsonzedMcat (top panels) or NTHi (bottom panels) at MOI 50 for 2@d 75 min. Scale
bars, 2 Om.

4.2 Mcat actively interferes with cellular ROS production while NTHi does not

We subsequently examined the possible impact of Mcat and NTHi axitthetive burst, a
pivotal weapon of innate immune cells against invading bacteria. To this purpose, we challenged
neutophil-like cells with unopsonizedcat or NTHi at MOE50 and the itracellular ROS
production was measured by flow cytometry at, 620 and 240 minutes postnfection using
CellRox fluorogenic dye. Measurements of the mean fluorescence intensities (MFI) from infected
cells, normalized by fluorescence signals of unirg@cells, are reported in Figure 10Fae reason
behind the choice of subtracting the MFI obtained in uninfected cells from infected cells is linked
with the fact that the process of phagocytosis itself leads to ROS reledseis already known that
both NTHi and Mcat elicit ROS production after internalizatidhus, he purpose of panel A of this
image is to compare the different levels of ROS generation upon Mcat and NTHi infetitions.
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unstimulated celldNTHi induced a marked increase of the oxidative burst over time (MFI from 796
to 14,994, at 60and 240 min, respectively)indeed, the MFIsecordedat the last two time points

were significantly higher compared to that bfcat (MFI from 404 to 1692, at 60and 240 min,
respectively). Next, we verified NTHi andMcatwere able ta@lamperROSproductionn chemically
activated dHL60 cells(Figures 10B and 10C)To this aim, MFI of PMAactivated uninfected cells

and Mcat or NTHi infected cells (MG50) were evaluated at 360, 90, and 120 minutes post
infection by flow cytometry using the aforementioned dye, CellRox. As shown in Figure 10B, no
reduction in ROS production was detected when cells were infected by NTHi at any of the indicated
time points. By contrast, intracellular ROS production in RMinulated dHL-60 cells was
dampened b¥catinfection over time (Figure 10Cand this was ndhe result otell death (Figure
10D). We subsequently investigdtié this suppression was also effective on the extracellular ROS
response. Therefore, we treated uninfected cells or cells infected with bacteria at different MOl (MOI
of 100, 50, 25 and 12) with PMAhe kinetics of extracellular ROS productiererecorcedevery
180second within 120 minutes using a luminoldependent chemiluminescence assaysh@vnin

Figure 10Ea peak of luminescence at 42 minutes of treatmweastobservedh uninfected dHE60

cells after PMA exposure. WhePMA-activatedcells were challenged witNlcat, the respiratory
burstwas suppresed in a MOFdependentnanner.From the above datave conclude thatunlike

NTHi, Mcat does not elicit a strongxidative response in unstimulated cells andain actively

interfere withROS generation in chemically activated dBQ cells.
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Figure 10. M. catarrhalis actively interferes with cellular ROS production while NTHi does not (A)
Unstimulated differentiated HBO cells were infected with thd. catarrhalisBBH18 or NTHi 658 at MOI 50 for at 1,
2 and 4 h.B andC) dHL60 cells were stimulated for ROS production and infected MitbatarrhalisBBH18 (B) or
NTHi 658 (C) at MOI 50(A-C) Intracellular ROS production was monitored by flow cytometry, using a fluorogenic
dye, CellRox. MFI at 633 nm from at least three independent experiments at the indicated time point after infection was
determined by flow cytometry and was the regilsubtraction from fluorescence signals of uninfected cells for the
corresponding time point. Bars represent means + SE. MFI, Mean fluorescence intensity. *p < 0.05; **p < 0.01; ***p <
0.001. D) Representative example wiability (LIVE/DEAD Fixable AquaDead Cell Stain) for RO$iduced,non
infected and Mcat infectedHL-60cells (MOI 50) at 75 minutes after infection. Summary data of the percentage of viable
cells across multiple replicate experiments) HL60 cells were stimulated for ROS productamd infected withM.
catarrhalisBBH18 at MOI 100, 50, 25 and 12. Representative experiment showing generation of chemiluminescence
measured every 3 minutes within 2 hours along with the quantification of ROS at 42 minutes from at least three
independent)X@eriments. Bars represent means = SE. RLU, relative luminescencepirits.05; **p < 0.01; ***p <
0.001 by chemiluminescence.
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4.3 Mcatlimits ROS production in a contactdependent and phagocytositidependent manner
by possibly binding immunosuppressive receptors

To better explore the mechanisms by whicMcat actively limits ROS production in
neutrophitlike cells, we investigated whether timerferencevas mediated by secretetfectorsor
requireddirect bacterial contact witthe hostcells. To this purpose, @ measured intracellular ROS
production on dHL60 cells treated with conditioned supernatantdesdted cellor cytochalasin D
Cells werefirst infected byM. catarrhalis (MOI=50), and at 42 min poshfection (time point at
which we measuredhe peak of ROS$enerationn PMA-stimulateddHL-60 cells), the resulting
supernatant was exposed to naiwgnfected PMA-activated cells. Under these conditions, no
interference witlthe oxidative response was observed (Figures lihdicatingthat the underlying
mechanism was not likely due to factoedeased in the supernatant derived frigincatarrhalis
infecting cells. Subsequently, weerified whetherbacterial internalization by the host cells was
required to enable Mcab exert its inhibitory effect. dHI60 cells were exposed to cytochalasin D
(10 pg/ml), to inhibit phagocytosis. The presence of this molecule did not alter the extent of ROS
inhibition in PMA-activated infected dHI60 cells (Figures 11B), indicating that th&cterial uptake
was not necessary to limit ROS production in défl.cells. These resu®int outthatM. catarrhalis
impairs the oxidative stress response dalls chemically activatedvith PMA with a contact
dependen{not due to the secretion of effector proteins or tojiréd phagocytosisndependent

mechanism

Once assessed bactecil contact is necessary for dampening the oxidative stress response,
the Mcat bindingo immunosuppressive receptors has bexaluaéd Seveal neutrophilinhibitory
receptorssuch as somé&iglec receptorgSiglec5 and Sigle€®) and receptors of the CEACAM
family (such as CEACAML), modulate the immune resporssaainly by blockingROSactivating
pathways(Pyz et al., 2006)To this purposeMcat was incubated or not, witB pg of each
recombinant protein: CEACAM (known interactor of the bacterium), Siglecand Sigle€
inhibitory receptorsThe engagemerdf these solubleeceptorsoy Mcatwas determired by flow
cytometry using antibodies specific to each recombipeotein As shown in Figure 11C, the M§-I
recorcedafterbacteriaincubationwith the solubleextracellular portion of theecombinanteceptos
CEACAM-1, Siglee5 and Siglee€ were statistically different from their controls (bacterial cells
the absence ofthe protein of interediut incubatedwith the corresponding antib@d). These data
point outthat in addition to CEACAML binding,Mcat is able toalsoengagedhe inhibitory Siglecs
receptors (Sigleé and Sigle®). Toexamineif Mcat specifically binds tthese human receptors to

suppressROS productionwe challenged PMAactivatecheutophil-like cells withMcat, which were
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left untreated or prencubated with each recombinahtimanreceptor. The intracellular ROS
production wasneasuredby flow cytometry al hourspostinfection using CellRox dye. As shown
in Figure 11D, when Mcat wasxposed tcCEACAML1 or Siglee5, the observeduppresion of the
intracellular ROS production by PM#timulatednfecteddHL-60 cells was only slighthabolished
Interestingly the MFIs recordedafterincubation with thenhibitory Siglec9 receptor was similar to
that recorded for the uninfected PMi&tivated cells. These datadicatethat blocking the cognate
binding Siglee9 partneravoidsthe specific bindingesponsible fothe Mcat interferencewith ROS

productionby dHL-60 cells

While therole of UspAl as an adhesin capable of binding to CEACIAM already well
describedBrooks et al., 2008)inding to Siglecss currently not well known. Among the different
adhesins fronMcat (Ren and Pichichero, 201&)mpCD is the onlputer membrane protein capable
of binding human mucingAkimana and Lafontaine, 20Q7As mucinglycoproteinsare particularly
enriched with sialic acidddainesMenges et al., 2015)ve verified the possible interactions between
this bacterial protein and human Sigeand Sigle® receptors. ThempCDgene was cloned and
expressed ikscherichia colwithout its signal peptide and then the recombinant pratagpurified
through the Higag at its Nterminus (see the list of pringused in this study Table $1Biolayer
interferometry (BLI) was used to monitor protgirotein interactionsn reattime. Protein G
functionalized fiber optic biosensors were used to capture thieagrdiuman receptor® (ug per
reaction) and as analytegie used200 nM of Mcat OmpCD antio additional proteins asontrols:
His-tag meningococcal Factor H BindirProtein(fHBP) and the Protein D (PD) from NTHi. As it
can be observed in the association phases in Figure 11E, negligible binding to the captured Siglecs
was recorded for fHBRNnd PD. Association was observed only in the case of Mcat OmpCD for both
human Sigle& and Sigle® receptors with the generation of stable complexes (see the dissociation
phases). Therefore, we decided to perform competitive experiments to validatestiliis As
previously describedMcat was incubated witl2 pg of each Sigleé or Siglee9 recombinant
receptors with or without 200 nM of OmpCD or PD @segative control for the competti
experiment)The bnding of Siglecs to the bacteria was rdeéeaby flow cytometry using antibodies
specific to each recombinant receptor.dkserved in Figure 11F, the recorded MFI obtained after
the incubation with the recombinant receptors was reduced only when OmpCD protein was added,

confirming BLI data and s suggesting a previously unknown function of this porin.
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Figure 11 M. catarrhalis limits ROS production in a contactdependent and phagocytosithdependent
manner by possibly binding immunosuppressive receptorgA) dHL-60 were infected or not by. catarrhalisBBH18
strain (MOI 50) and the resulting supernatants were presented to naiviedR@8&d cells.§) ROSinduced dHL60 cells
were preincubated with cytochalasin D (phagocytosis inhibitor) and infectedMitbatarrhalisBBH18 at MOI 50. A
and B) MFI at 633 nm from at least three independent experiments at the indicated time point after infection was
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determined by flow cytometry. Bars represent means + SE. MFI, Mean fluorescence int&)dity.c@tarrhaliswas
incubated or not (control) with 2 pg of each human recombinant protein: CEAC/lec5 and Sigled. Antibodies

raised against the recombint proteins were used for detection by flow cytometry. MFI at 535 nm from at least three
independent experiments. Bars represent means + SE. MFI, Mean fluorescence intensity. *p3) 8l06afarrhalis

was preincubated or not (control) with 200 nM e&ch human recombinant protein: CEACAM1, Sigheand Sigle€.

dHL60 cells were stimulated for ROS production and infected with Mcat (control), Mcat. CEACAML1, Mcat-Simlec
Mcat_Siglee9 at MOI of 50. MFI at 633 nm from at least three independent impets at 2 h podhfection was
determined by flow cytometry. Bars represent means + SE. MFI, Mean fluorescence intensity. **p < 0.01; ***p.< 0.001
(E) Proteinprotein interaction was revealed by BIlwo pg of Siglee5 and Sigle€d proteins were used as ligands and
capturedyia Fc-region, on the surface of the biosensorsquated with protein G and 200 nM of bacte@ahpCD, PD
andfHBP were used as analyt&he BLI results are shown as serggams, in which the plot abscissae represent time in
seconds [s] while ordinates represent the response [nm]. For each sensorgram, a blank subtraction is performed, by
subtracting the blank signal from the response measured. A summary data of with hgdndealytes with the
corresponding response [nm] is reportdd). As acompetitbn experiment M. catarrhaliswas incubated witl2 pg of

each Sigle& or Siglee9 recombinant receptors with or without 200 nM of Omp@DPD proteins. Antibodies raised
against thenuman receptorsere used for detection by flow cytometry. MFI at 535 nm from at least three independent
experiments. Bars represent means + SE. MFI, Mean fluorescence intensity. **p < 0.01.

4.4 NET geneation is differently modulated by NTHi and Mcat

As NETs play a key role in chronic inflammaion and lung tissue damagién COPD
(GrabcanovieMusija et al., 2015)the NET formationwasinvestigatedn cells infected witiMcat
or NTHi individually at MOI of 50 and intheircombination(MOI of 25, eachbacterium), for 4 hours.
As a positive control for NE®sis,dHL-60 cells were also treated with PMA and subsequdefty
uninfected or ch#ngedwith Mcat (MOI=50). Theextracellular DNA associated with NBSiswas
quantified and theseNET structureswvere visualizedy confocal and electron microscopy. For the
guantification, the supernatants of the samples eeckidel to removefree/degraded NETONA
and DNA derived fromnecroticcells After treatmentwith micrococcal nucleas¢he quantity of
extracellular DNA in the resulting supernatanesmeasuedusing PicoGreen staining/e observed
no significant differences in NESfassociated DNA ofinstimulated cells or infected byicat (MOI
50) (18.7 and 24.7 ng/ml, respectivelBy contrastdHL-60 cellschallengedvith NTHi (MOI 50)
or with PMA (positive control) resulted in hig¢vels of NET-associated DNA (66.3 and 107.1 ng/ml,
respectively) (Figure 12A).When caeinfected byMcat and NTHi unstimulated cellseleased an
intermediate amount of NEdssociated DNA (40.3 ng/mgomparedo the singleinfections with
Mcat or NTHi. Interestingly,the NETs-associated DNA of PM#Activatedneutrophitlike cells
infected byMcatwasalmostthree times lowecompared tohe positive control (35.9 ng/ml and 107.1
ng/ml, respectivelyjFigure12A). The samefindings can beretrieved from the image®f scanning
electron microscopy (Figure 12B) and confocal microscopy (DNA and myeloperoXMBS?) are
visualized in blue and green, respectively) (Figure 128)it is shownnetworks ofextracellular
fibersmade ofDNA and MPQ one ofthe antimicrobial proteinghat characterizes NET structures,

were evidentin PMA-treateddHL-60 cells.These webike extracellular microbicidal structurasere
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also clearly visible in the case NfTHi single infection bupartially rescued whethe cainfecting
Mcatwas present. From the above datee conclude thaunlike Mcat,NTHi induces more NETosis
in infectedunstimulatectells MoreoverMcat candampenNET generation in PMAactivatedcells
or NTHi-infecteddHL-60 cells
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Figure 12. NET generation is differently modulated by NTHi andM. catarrhalis dHL-60 cells were left
untreated, or either infected singly with catarrhalis(MOI 50) or NTHi (MOI 50), or with a combination of the two
bacteria (MOI 25 each). dHBO were also treated with a known inducer of NETs (PMA) and infected or noMwith
catarrhalis( MOl 50) . The reacti on WaSampked were eeatiifugedoheapetreatedeandd f o r
the amount of DNA in the supernatant was quantified using PicoGtaiming and the fluorescence was detected at 530
nm using a TECAN Infinite 200 plate reader. s DMdA at Kk
processed in triplicate teduce intrarun variability Fr om a st andard curve obtained
DNA, the ng/ml of NETFassociated DNA were determined. The resulting graph is obtained from seven independent
experiments. Bars peesent means + SE. *p < 0.@)(Samples were fixed andnalyzedby scanning electron
microscopy. C) dHL-60 cells were fixed with 4% paraformaldehyde and stained for DNA (DAPI, blue) or
myeloperoxidase (MPO, green) The stained cells weadyzedoyimmun of | uor escence microscopy

4.5 Mcat interferes with the autophagic pathway surviving intracellularly and reducing the
killing of NTHi

Next, we focused on theesponseof Mcat and NTHito the autophagic pathway. To
characterize thseresponsg PMA-activatedneutrophitlike cells were left uninfected ahallengd
with Mcat or NTHi at MOI of 50 for 40 minutes. The neinteractingbacteria were washed away
andthegrowth of extracellulandherenbacteriawvasinhibited by addig gentamicin for 20 minutes.
From this time on (1 h), samples were incubate@ &atditional hours in the presence of PMA (Figure
13A). By flow cytometry the autophagic response was monitaethese two time points (1h and
4h) by stainingdHL-60 cells forthelipidated form of thenicrotubuleassociated protein light chain
3 (LC3I), oneubiquitin-like conjugation systems esseniialthe entire autophagic pathwals it
can be observed from the MHh Figure 13B, the LC3-1l expressiorievel was 2.5fold lower in

Mcatinfected cells compared to the uninfected ones. By contrast, uninfected cellSNahit-
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infectedcells showed similagxpression levelsf LC3-II (Figure 13B). These data indicate thxtat
cansuppresshe autophagic response in ci80 cells while NTHi did not

Transmission Electron Microscopy (TEM) was performed at the time pejmtstedn Figure
13A and representative images are reggbm Figure 13C. A& can be observedt1 hpostinfection,
uninfectedPMA-activatedcells showedintact membrane angtogressive margination of chromatin
beneath the nuclear envelpmeiggeshg the presence of early stages of apoptoSigoplasmic
vacuolization and differenthangesn mitochondrial morpholog were obsened The increasen
electron densityt¢p left pamls, yellow arrow), which may correspond to mitochondrial membrane
potentialchangegPellegrini et al., 2007)s the most evidenexample Interestingly, in some cases
elongation oimitochondriawasappreciatedtop left panelwhite arrow), probablyfor maintenace
of ATP production(Gomes et al., 2011)llowing the ell survival in oxidative environments
(induced byPMA-addition). After three additional hour)e extensiveaccumulation of doubie
membraned cytoplasmiesiclescontaining organelles or cellular debrim{tom left panelyellow
star)witnes®d more prominent events of apoptosis and autophagy. At 1 krgestion, Mcat was
internalized in a single membrawacuole displayinga wellpreserved ultrastructurin the last time
point, cells were packed with highernumberof bacteria present in larger vesicles. Desfie
evident suffering stateausedoy PMA-addition,Mcat-infected and uninfected celhowed a very
similar morphologyasthe host cellglid not perceive the presence this bacterium(see middle
panels) Conversely, at 1 h pestfection by NTHi, dow numberof bacteria werphagaytosedwith
dHL-60 cells showingcondensation of internal mitochondrial cristae. In the last time @@irti-
infecteddHL-60 cellsdisplayed markedohenomenaf late stages of apoptogisottom right panel,
white arrow)and autophagosomes containing cellular debris. Thepleagaytosed NTHi were
present irdoublemembraned autophagiesiclegbottom right panel, yellowrrow), suggestinghat

neutrophitlike cells were active in the clearancetlod infectionscaused § NTHIi.

Furtherevaluation othe survival of internalizetfcat and NTHiand their interplays idHL-
60 cellswascarried out byenumeration of the coloAprming units(CFU) by dilution platingon
agar platesBy usingthe same experimental condition reported in Figure, BB3Sinduced cells
were infected witiMcat or NTHi at MOl of 50 (single infection, red and blue bars, respectively) or
co-infected with both bacteria (MQ@if 50 each bacterium, black and gray barspeetively) (Figure
13D). Thebacterialintracellular survival wasvestigaedby dividing the CFU/mtecordedat 4 hby
thatobtainedat 1 h (ratio 4 h/1 hjTable TJ. In thecase ofa single infectionMcat overcame the
antimicrobial effect of ROS, surviving over 4 h of infection. In fact, the number of bacterial cells
slightly increased (Figure 13D, red bar®n thecontrary, the viability of NTHwas dramatically

redu@d (Table T1, blue bars). In summaitie measuedratios 4 h/1 h were 1.5 and 0.2 fMcat
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and NTHi, respectively (Table TI)hese data indicate thallTHi is susceptible to ROfroduction
being efficiently killed by thesmnateimmune cellsin the ce or singleinfectiors, theMcatviability
remained unchanged (Figure 13D, blacid redbars, respectively), suggesting that NTHi had no
influence onMcat capability tointerfere withthe antimicrobial action of ROS. In fathe observed
CFU/mland the relatedatio 4 h/1 hwere similar in the two experimental conditions (single and co
infectiors). Interestingly, in the cinfection system a dramatic reductionin theviability of NTHi
was not observed (Figure 13D, gray bars). Mieaswvedratioof 4 h/1 h was 0.8 (Table T1pinting

out that the presence d¥lcat reduced the killing of NTHimediatedby chemically activated
neutrophitlike cells, thus providingn advantagef survival (ratio 4 h/1 h 0.8 and 0.2 in the end
single infectios, respectively)(Table T1).However,the strategies exploited catto survive or
evenduplicate after internalization anthe waysit may affect NTHiuptakeand itssurvivalin an

oxidativelike environmentaveto be fully elucidated.
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Figure 13. Mcatinterferes with the autophagic pathway surviving intracellularly and reducing the killing
of NTHi. ROSstimulated dHEG0 cells were noinfectedor incubated withM. catarrhalisor NTHi individually or in
their combination at MOI 50 for 40 minutes. Then non adherent bacteria were washed out and gentamicin was added for
20 minutes to inhibit growth of extracellular bacteria. From this time (1 h, control group), samples were incubated for
additional 3 hours (foratotalof 4hpY Schematic representation of the fAaut
a s s dB) @he autophagic response was monitored by flow cytometry using thdll&3a marker.The mean
fluorescence intensityMFI) at 670 nm were determined without performing gaté® resulting graph is obtained from
four independent experiments. R@&nulated dHEG0 cells were noiinfected (black bars) or incubated wil.
catarrhalis (red bars) or NTHilflue bars) Bargepresent means + SE. *p < 0.05; **p < 0.@).Transmission electron
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microscopy on uninfected RG8duced dHL6E0 cells (left panels) and infected by-opsonzed M. catarrhalisat MOI

50 (middle panels) or by nempsonzed NTHi 658 at MOI 50 (right pargl Scale bars, 500 nnDJ By using the protocol
whose schematic representation is reported in panel (A), cherricdilyated cells were infected by oM. catarrhalis

(red bars) and NTHi (blue bars) at MOI 50 (single infection), or with both the Eaéterinfection with MOI 50 each
bacterium, black and gray bar8y dilution plating onto BHI or HAE2 plates, the number of colonies obtained per
condition was calculated to plot CFU/ml and to determine the survividl @atarrhalisand NTHi, respectivg. Bars
represent means + SE. MFI, Mean fluorescence intensity. *p < 0.05; **p < 0.01; ***p < 0.001.

Table 1. Bacterial intracellular survival in dHL -60 cells.

ROSinduced dHL60 cells

1 h (CFU/ml) 4 h (CFU/ml) Ratio4 h/1h
Mcat 8.01E+06 1.24E+07 1.5
Co-infecting Mcat | 9.26E+06 1.46E+07 1.6
NTHi 4.16E+06 9.88E+05 0.2
Co-infecting NTHi | 4.49E+06 3.78E+06 0.8

Table reporting the CFU/ml obtained at 1 h and 4 h-pdsttion forM. catarrhalisand NTHi both in sigle and
co-infection. Bacterial intracellular survival was determined by dividing the CFU/ml obtained at 4 h to that recorded at 1
h (ratio 4 h/1 h).

4.6 Human opsonins increase Mcat and NTHi neutrophil uptake without affecting their ROS
response

Upon entryof bacteriainto the human hosthe exposure totnmune mediators (complement
and immunoglobulins)coas to the bacterial surfackeading to theiropsonkzation Within the
complement cascagthe binding of C3pan active complement component that is common to all the
three pathways of complement activatisfundamental fopathogen recognition by phagdicy
cells or cell lysis through the formatiofimembraneattack compleXLubbers et al., 2017, Noris and
Remuzzi, 2013)In addition tothe opsonirindependeninternalizationmediated bythe CEACAM-

3 receptor(Buntru et al., 2011)opsonizationdeterming an enhanced neutroph#cognition and
uptakeof bacterial pathogenthat aremediated by Fzreceptors (FaRs) (Theprungsirikul et al.,
2021) Moreover the generationof the IgG immune complexhas been shown tmduce ROS
production(GarciaGarcia and Rosales, 200Bence, wenvestigatedhe effecs of Mcat and NTHi
opsonization on theacterialuptake and intracellular ROgenerationn dHL-60 cells.We pooled
threehuman sera and uséitemasa source otomplement at 10% (hereafter called normal human
sera, NHS). By flow cytometry, wabsenedthat more than 90% dlfie seratreated Mcat and NTHi
bacterial populationslisplayedon their surface not only C3lbut also human immunoglobulins
(Figure 14A APG-A+), with no reductionin bacterialviability (Figure 14B). By 2 h posnfection,
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by compaing with unopsonized bacteria, opsonization significantly enhaktzed and NTHiuptake

(3.6- and 2 fold increase, respectively) byeutrophitlike cells delineating the importance of

complementfactors and immunoglobulins irenhanag internalization (Figure 1@). As it is

described above, intracellular RQBoduction was evaluatedt 2 h postinfection. Asit can be

observed in Figur@4D, opsonized Mcat stiklicitedless ROS production ianstimulated dHE60

cells compared to NTHiMoreover, opsonized Mcat activelyuppressedhis response in PMA
activateddHL-60 cells while NTHi did not (Figure 1#). Curiously, for bothopsonzed Mcat and

NTHi, the uptake by dHi60 cellsinducedlower ROS productiortcompared to their neapsonized

counterpartsOpsonirs are thugundamentafor increasing Mcat and NTHi neutroplmiternalization

while only slightly affectingther respase toROSproduction by the host cells
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FITC-A- |FITC-A+ |FITC-A+ |FITC-A-
APC-A+ |APC-A+ |APC-A- |APC-A-
Rep 1 Mcat 2,92% 0,93% 3,309 92,85%
Rep1 Mcat + 10% NHS| 2,58% 93,50% 1,38% 2,54%
Rep 1_NTHi 0,979 0,399 1,14% 97,50%
Rep 1 NTHi + 10% NHS 1,419 93,72% 1,63% 3,249
Rep 2_Mcat 2,79% 0,95% 3,57% 92,51%
Rep 2 Mcat + 10% NHS| 2,519 94,90% 0,55% 2,06%
Rep 2 NTHi 1,21% 0,34% 1,089 97,37%
Rep 2 NTHi+ 10% NHS| 2,229 94,20% 1,77% 1,80%
Rep 3_Mcat 3,059 0,869 3,119 92,98%
Rep 3 Mcat + 10% NHS| 2,51% 94,40% 1,68% 2,62%
Rep 3 _NTHI 0,89% 0,29% 1,08% 97,74%
Rep 3 NTHi+ 10% NHS| 2,519 91,90% 1,68% 3,89%
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Figure 14. Human opsonins increase Mcat and NTHineutrophil uptake without affecting their ROS
response Exponentially growing Mcat and NTHi bacteria were left unopsonized or treated with 10% of human sera,



hereafter called NHSM. catarrhalisand NTHiwere grown to mieexponential phase and then treated or not with 10%

of pooled human seraAJ] Flow cytometry was used to determine C3b and human IgG antibodies deposition on both,
unopsonized (red signal) and opsonized (blue signal), Mcat (upper panelS)THi (bottom panels). A summary data

of the percentage of bacteria binding to C3b (FITC+) and/or human 1gG (APC+) across multiple replicate experiments
was reported(B) By dilution plating onto BHI or HAE?2 plates, the number of colonies obtained per condition (w or w/o
NHS) was calculated to plot CFU/ml and to determine the survivil.afatarrhalisand NTHiupon NHS exposure
respectively. C) dHL-60 cells were challenged for 2 h with unopsonized or opsonized Mcat or NTHi abMBY

dilution plating onto BHI or HAR plates, the number of colonies obtained per condition was calculated to plot CFU/ml
and to determine the phagocytic uptakeMof catarrhalisand NTHi, respectively.[¥) Non stimulated andi PMA-
activated dHL60 cells were infected wilih. catarrhalisBBH18 (red bars) or NTHi 658 (blue) at MOl 50 and ROS
production at 2h poshfection was monitored using CellRox (intracellular ROS). MFI at 633 nm from at least three
independent experiments at the indicated time point after infection was determined loytthonetry. Bars represent
means + SE. MFI, Mean fluorescence intensity. *p < 0.05.

4.7 Mcat and NTHi behaviours in primary cells strongly reflect those observed in dHI60 cells

Lastly, we verifiedif our main findings relate tthumanpolymorphic nuclear leukocytes
(PMNSs), a more physiological condition. We challenged primary cells (Ri#vated or not) with
unopsonizedvicat or NTHi (MOI 50) and by flow cytometry we measured the intracellular ROS
production at 2 hours pestfection.Later time points were nahalyzdas PMA stronglynfluenced
thehost cellsviability. As shown in Figures 15A and 15B, NTéliciteda stronger oxidative response
in unstimulated PMNs and unlike Mcat, it was not ablenterfere withPMA chemical activation of
the host cells. Subsequentlythe survival of phagocytosd bacteria and their interplays human
PMNs wereevaluded by enumeration of CFU/mI. RGiiduced cells were infected witticat or
NTHi individually at MOI 50 (red andgray spots, respective)yor with both bacteriaeachat MOI
50 (co-infection, black andyreenspotsfor Mcat and NTHj respectively) (Figure 15CAs it is shown
in Table T2 the bacterial interplay asdetermired by dividing the CFU/ml in canfection by that
measuedin single infection (ratio co/single infection). &rsingle infectionMcat hadproved to be
successful intracellular pathogasmore Mcat bacterid cells could survive compared to NTHi. In
co-infection, the presence dficat strongly enhanced NTHi viability within chemically activated
cells, thus providing gavorablereplicativeniche for NTHi (ratioca/single infection of 3.5)Figure
15C and Table T2NET structuresvere visualizedy SEM (Figure 15D) and confocal microscopy
(DNA, MPO and adherent, ngvhagocyosed bacteriawere in blue, green and red, respectively)
(Figure 15E). Thaeutrophilextracellular traps were clearly visiidethin PMA-activated cells and
unstimulated cells infected by NTHi. la single infection, NTHi was surrounded by these
extracellular fiberdutin co-infections, NETosis was by far lower. Interestingly, a lower amount of
thesemicrobicidal structures arepresent in the case of Meatfecting ROSinducedprimary cells
compared to Mcainfecting nonstimulatedneutrophils. Moreovermore grapdike structuresof
adherent bacteriandless internalization were preseantthe latter caseFrom the above data, we

conclude thatinlike Mcat,NTHi elicitedmoreNETosis in infected cellandwasnotable to dampen
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NET generation in PMAstimulatedor NTHi-infectedPMNs Therefore, the kejindings obtained

with dHL-60 cells werevalidated using primary cellsndicating that the observed phenotgpeere

not strictly related to the used cell line.
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Table 2. Mcat and NTHi microbial interplays in primary cells

ROSinduced Primary cells, PMNs
2 h (CFU/ml)| Ratio co/single infection
Mcat 1.54E+07
Co-infecting Mcat | 1.72E+Q07 1.1
NTHi 3.13E+06
Coinfecting NTHi | 1.04E+07 3.3
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Figure 15. Mcat and NTHibehaviorsin primary cells strongly reflect those observed in dHL60 cellsPMNs
(A) unstimulated org) PMA-activated were left uninfected (white spots) or infected witiMheatarrhalisBBH18 (red
spots) or NTHi 658dreenspots) at MOl 50 and ROS production at 2 h pofgction was monitored using CellRox
(intracellular ROS). MFI at 633 nm from seven donors was determined by flow cytometry. Bars represent means + SE.
MFI, Mean fluorescence intensity. *p < 0.05. The MFI obtained for every single donor is represented byCa Bt g
were infected by onlWM. catarrhalis(red spots) or NTHidray spots) at MOI 50 (single infection), or with both the
bacteria (ceinfection with MOI 50 each bacterium, black agpréenspots respectively. By dilution plating onto BHI or
HAEZ2 plates, the number of colonies obtained per itimmdvas calculated to plot CFU/ml and to determine the microbial
interplay (ratio co/single infection) ®. catarrhalisand NTHi, respectively. Bars represent means + SE and the CFU/ml
obtained for every single donor is represented by a dpdf) (Visualization of NET structures. Samples were fixed and
analysed by scanning electron microscofy.§amples were fixed and stained for DNA (blue), myeloperoxidase (green)
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and adherent bacteria (red). Bacteria were detected by staining for UspA2 (rabbdr@blgatibodies) and for whole
bacteria foM. catarrhalisand NTHi, respectively. The stained cells were arealyby immunofluorescence microscopy.
Scale bars, 10 Om.

5. DISCUSSION EF! part

The relationship betweeBOPD anddysbiosis othe lung microbiome lasbeenreveaéd in
many studieslescriling a relevant increase M. catarrhalis (Mcat) andnontypeableH. influenzae
(NTHi) bacterial detectiomt exacerbatiorstates (Mayhew, 2018)COPD is a progressive disease
defined by neutrophilic inflammation promotng excessive ROSyenerabn and ROSrelated
responsesincluding neutrophil extracellular traps (NETs) and autophé&@lasauer and Chandel,
2013) Even thouglyrowingevidencepoints outthat thecapabilitiesof surviving these responses are
crucial bacterial virulence traits, this has not been extensiiralgstigatedin NTHi and Mcat
pathogens Here, thein vitro interactiors of NTHi and Mcat with neutrophillike cells were
investigatedWe showed that bothacteriaarephagocyosedn an opsonifindependent mannerhis
finding is in agreementvith the paper publishe by Schmitteret al. (2004) They demonstratd that
granulocyts recognize these two humaathogensn an opsonirindependent manneia bacterial
engagemenio CEACAMS3 recepto(Schmitter et al., 2004Neverthelessin our study,it has been
shownthat the percentage afinfected cells is by far higher the case oNTHi infections and few
bacterial cells arphagocytosd. By contrasticat is rapidlyinternalizedis not killed andhenumber
of internalized bacterimncreass over time. Wealsofound that both bacterigicit significant levels
of ROS compared tanstimulated cells. Our dasupportthe findings of Heinrictet al. 2016,who
gotevidence thaMcat UspAl engagement dfumanCEACAMS3 receptor induseROSgeneration
(Heinrich et al., 2016band those showing NTHiapable ofppromotingoxidative stresgEssilfie et
al., 2011)both in the lugs of BALB/c mice (King et al.,, 2015)and in a tissue culture model
(Kalograiaki et al 2016) However,in this work,we observed thdhe extent of theoxidative stress
responselicited byMcat wasfar lower than that of NTHiespite the highasptakeof Mcat by the
dHL-60 cells Additionally, as inCOPD pathogenesjsheutrophils ee definedaberrant due tthe
extremely high induction of ROS generationphagocytosisdegranulationand NET production
(Stockley et al., 2013}he oxidativeresponsavas also evaluated PMA chemicallyactivated cells.
Here, we demonstrated for the first time that these neutreitel cells fail to respond td®MA
chemical activation when infected Mcatbut not by NTHi. Therefore, contrary to other pathagen
such asS aureus(Beavers and Skaar, 2018hd in a similar way to group A Streptococcus
(Uchiyama et al., 2015Mcat actively interferes withintracellularandextracellularoxidative stress

response evewhena strong stimulus such as PM# presen Interestingly, in the presence of
44



opsonins(human antibodes and complement sourgedespite an expecteglevantincrease in
bacterial uptake, the ability of Mcat$appres®ROS response wasesered suggestinganopsonin

independenphenotypeWe also confirmedhese findingsn primary reutrophilsas unlike NTHi,

Mcat infectioninterferes withROS production inPMA-activated PMNs At the same timeno

significant ROS wasgecordd after infection ohon-stimulated PMNSs.

Therefore, an wdepthinvestigationof the mechanisms exploited bjcat to dampenROS
generationwas pursued. It washownthat the reduction of thexidative burst wasphagocytosis
independentcontactdependent and ndue to thesecretion otoxins oreffector proteins. Similarly,
it has beerlemonstratethatChlamydiainterferes withithe PMAchemical activation of neutrophils.
Neverthelessnithis casgtheChlamydiainterferencavith ROS ismediatedy thesecreted protease
like activating factor (CPAF)that can cleaw the formyl peptide receptor 2 (FPR2), an
immunoactivatinghumanreceptor(Rajeeve et al., 2018As direct contact dficat with neutrophi
like cells is required fothe downregulatiorof ROS generation, wieivestigatedhe ability ofMcat
to bind todifferent inhibitory receptors such as Sialic adthding immunoglobulirtype lectins
(Siglecs) which canmodulate oxidative stress respongBshwarz et al., 2015By engaginghe
neut r anpibitory recéptos Siglec9 and Sigle&, bacteriancluding P. aeruginosaandgroup
B Streptococcusanimpair the oxidative burst and NETesponse¢Carlin € al., 2009)(Khatua et
al., 2012) Flow cytometic experimentsevealedhatbesides CEACAML binding,Mcatcanengage
both Siglee5 and Sigle€® inhibitory receptors, highlighting these pstdive interactors leading to
theobserveduppressiortHiowever, only byblocking the cognate binding Siglgartneavoidsthe
specific bindingresponsible for the Mcaterferencewith ROSproduction by dHEE0 cells As all
the three receptors haaal TIM motif in their intracellular domain, conferring the ability to have an
immunosippressive rolewe could only speculatensome possible explanations. Similamtoat has
been described fad. gonorrhoeaeand H. pylori, the bacterial binding o€EEACAM-1 doesnot
abolish the activating signal dhe CEACAM3 ITAM portion (Sarantis and Gra@wen, 2012,
Behrens et al., 2020%iglec5 ligand-binding domains nearly identical to that @iglec14, which
in turn is characterized an activating ITAMmotif (Ali et al., 2014) Since neutrophils express both
Siglec14 and Sigle®, there is the possibility that these function as paired Siglec receptors to balance
immune response&@ctivating and repressing) response to certaicircumstance. Therefore, it
would have been ietesting to evaluate the specific contributions and the possible syrfezggh

of the three inhibitory receptors in the host cells during different tempbeas of Mcat infection.

Subsequently, we tried tdentify the Mcatinteractorsof theneutrophisinhibitory receptors.
Among the different adhesins froicat (Ren and Pichichero, 2016DmpCD protein shows

abundant surfaeexposed epitopeand high conservation among different strains. OmpCD has
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proved to be immunogenic, eliciting functional antibodies in mice and higbat dearance from

the lungs ofchallenged micéLiu et al., 2007, Becker et al., 2007, Smidt et al., 20t3lso has
adhesive properties, as it specifically binds to both human lung epithelial celisamdantly, b
mucins(Akimana and Lafontaine, 200@j different sourcessalivary, nasopharyngeal, middle ear,
and tracheobronchial muciiigernstein and Reddy, 2003s mucins are particularly enriched with
sialic acidgHainesMenges et al., 2015)he possible interactions between this bacterial protein and
human Sigle& and Sigle® receptordas beennvestigate. Resultsshowed that OmpCD could
bind Siglec immunosuppssive receptors, unravelling a preusly unknown interaction and paving

the way for better insstigations on the structural features of the binding between these human
receptors and Mcat OmpCD and the consequent signaling events.

Another immunological response that was investj&@eNET formationNETs represent a
hallmark in COPD and arassociadd withROS releas€Wright et al., 2016)NET structuredrap,
neutralize and Kill bacteria prevang theirdisseminatior{fDelgadeRizo et al., 2017)As a matter of
fact, bacterinpathogensvith mutations incapsule gene@/Nartha et al., 20079r NET-degrading
nucleasegJuneau et al., 201%re defectivein their ability to disseminateenhancingtheir NET
trappingin vitro (Papayannopoulos, 2018)sing bothqualitativeand quantitativeapproaches, we
demonstrated tha¥icat not only induces NEdsisin infected cells to aolwer extent compared to
NTHi, but it caninterferewith this response in PMActivatedcells and cells cinfected by NTHi.
The latterhas already been showmelicit a strongoxidativeburstand NETgesponsegKalograiaki
et al., 2016)King et al., 2015pand to exploitNETs for its survival in the middle e@uneau et al.,
2011) It has recently beespeculatd that NTHiusesa phasevariaion mechanisno surviveand/or
evadewithin NETs (RobledoeAvila et al., 2020)Hence it can be hypothesizatatthe predominant
phasevariation occurring in thesedNTHi strainpromotes a prominentNET responsegetermining
the significant killing of tls bacterium. Similar to NTHi, the pofferming toxin leuketoxin GH
from S. aureuss knownto drive NETosigMalachowa et al., 2013furthermore, a receirttriguing
study hasevealedhatthrough NET structureseutrophils maygooperate withmacrophages in the
clearance oinfections caused b$. aureugMonteith et al., 2021)By examiningthe aforementioned
examplesn the bacterial responst the NET formation it would be irteresting taanalyzethe role
of Mcat nucleaseandthe cooperation betweanature macrophagesnd neutrophilsrather than
isolated innate immune cells.

The last immunological response that waamineds autophagy, Aomeostatiprocess that
maintains cellular functions and is alexploited against microbes (a process referred to as
xenophagy,) (Levine and Kroemer, 2008, Jo et al., 201By controlling bacterial replication,

autophagy plays aundamentatole in activatng of bothinnate and adaptive immunifztamark et
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al., 2009) Generally, successful intracellular pathogens antagonize both the signadimigthat
activate autoplgic respons@s well as the trafficking eventecessaryor lysosomal delivery and
degradation This is the case dfl. tuberculosisthat interferes with phagolysosome biogenesis
(Gutierrez et al., 2004and whoseLprE lipoproteinimpairs theautophagicpathwayto enhance
bacterial survivalwithin macrophagegPadhi et al.,2019) By contrary, medically important
pathogensuch assalmonellaentericaare degraded by xenopha@#ild et al., 2011) Here,by the
levels of expression of the LGB marker, it is shown thatMcat interferes with the autophagic
pathway of dHL60 cells while NTHi does not. These observations were supported bdynkdés
In fact, the number oMcat bacteriaincreases over four houmst infection. In addition,the
morphologyof uninfected cells oMcatinfectedcellshas been shown to be vesinilar, indicating
that Mcat poorlyinfluencel host viability. Moreprominentphenomena of apoptosis (as apoptotic
bodies formation) werebservedn the NTHi-infectedcells despite a lownumberof internalized
bacteriaWe can hypothesize that Maatay provide itself with an intracellulaafe replicativeniche
whereautophagys inhibited,apoptosis is delayed, and phagolysosoevesled However, how Mcat
surviveswithin the host cells and antagonizés autopha@ pathwayremains to béully elucidated
We can only speculate that different strategis be exploitedby interfering with the a) signaling
pathways thainduceautophagyandb) the membrane trafficking evemnssponsibleor lysosomal
delivery or c) by directly targetiny]AMs (mitochondriaassociated endoplasmic reticulum (ER)
membranes the organellevhere autophagosomes ayeneragd (Escoll et al., 2016)indeed,we
havedemonstratethat dHL-60 cells failed talearMcatinfections suggesting mobviouscapability
to subvert and exploit the host immune responsefadititate its replicative life cycle Hence
neutrophitlike cells are a target d¥lcat infection, providing asafe replicativeniche. By contrast,
NTHi seems to be highlyusceptiblgo the antimicrobial arsenal mountedthg hostells with ROS
and likely NETosis and autophagy playingnaimportantbactericidal effect. Another interesting
observationis that, in PMAstimulatedneutrophitlike cells,Mcat provided a benefit of survival for
NTHi, favoring its persistencogithin the hostells byprotectingthe ceinfecting bacteriunirom the
oxidative burstand NE®&. Even if a unique time padirwas considered, Mcanfecting PMNs
dramaticallyreducedNTHi killing compared to a single infection (fold increase @&).3Curiousy,
all these microbial interplays resemble those occurring betiNegonorrhoeaandC. trachomatis
in the urogenital &ct in which thelatter provides a safer niche for the eafecting bacterium.
Nevertheless, the mechanisms by whvtdat reprograms thaostantimicrobial responses to survive
and enhance NTHi internalization and viabiligveto be unraveled.

Altogether,we set upanin vitro model thatmimicsthe oxidative environment that bacterial

pathogensiormally encountemwithin theinfected tissueand provided a framework tmprovethe
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understanding of howlcat and NTHicope withoxidative stres. Resultshave shownthat Mcat
impairs efficient innate immune respondssacting ondifferentdefengssuch as RO$)hagocytic
killing, NETosisandautophagy through an unknown contdependent mechanism. In-odection,
Mcat protects NTHi from the activated e u t r oegplorisés $hat may be active in the common
anatomicalniches In fact, other studies haveescribedsynergies between these tvmman
pathogens thatolonizesimilar riches such as the nasopharynx and middle (aes et al., 2020,
Yamaraka et al., 2008)nterestingly,pneumococcusanproducemillimolar amounts ohydrogen
peroxideredudng theviability of competing bacteria. This is particularly true for NTBiohnson et
al., 2015b, Wypych et al., 2018y contrastMcatwasshown to béighly resistant tohisexogenous
oxidative compoundcompared to the emfecting pathogesm S. pneumoniae@nd H. influenzae
(Pericone et al., 2000, Hoopman et al., 20&¥¥n if the underlying mechanisms are currently not
well cleaed.Moreover, Mcat outer membranesicles (OMV), enriched witbomplement resistance
factors and betalactamaseenzyme act distally favoring a safer niche for pathogens suchSas
pneumonia@ndNTHi. These bacterieolonizethe same anatomical sites amoichwould otherwise

be vulnerableto host innate immune factoesmdbetalactam antibiotic§Schaar et al., 2011, Tan et
al., 2007) To conclude,all the works done so fguoint outthat even if initially considered a
commensal, Mcat is a harmfulpathogenl Bar ker et al . , 2.0lu§ aninDd Ann
depth understanding of the strategies Maat explois to tacklethe host innate immune responses
andinterplayswith NTHi andS. pneumoniam the human host cellsuch as activated neutrophils,
evaluating how they interadb influence eachother could prompt prophylactic and therapeutic

medicalinterventiondor COPD and potentiallyother diseaseascludingacute otitis media
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6. BACKGROUND 2" PART AND GRAPHICAL ABSTRACT

The second aim of the research in this thesis was to expand the knowledge of Mcat intrinsic
resistance to exogenous oxidative stress. Therefore,-B&¢Aof exponentially growing Mcat
exposed to sublethal amounfdbO,or CuSQwas performedn both cases, we reported the highly
significant regulations of known resistance mechanisms along oflier pathways having less
obvious associations with the oxidative stress respasiseh as the glyoxylate metabolisamd
modulation of LOS and porins of the bacterial envel@memparing the two transcriptomes of Mcat
treated with HO. or CuSQ a relevant overlap existing between the two transcriptional respoases
unravelled Finally, we selected ten genesgenerateknock-out mutants that we validated in terms
of sensitivity to HO> and tested for intracellular survival ROSinduced neutrophilike cells.
Among them, the transcriptional regulateadM and MCR_0349MCR_0348operonemerged as
crucial in the responsdnterestingly, the three genes are well conserved among different strains,
suggesting their relevanéer the oxidative stress response across different Mcat isd\étesover,
Galleria mellonellahas been used as duablein vivoinfection modefor Mcat pathogenesis with
ghadM and gMCR_0349mutants showing reduced virulendéhus, we identifiechew factors as
essential in this complex response, improving our understanding of Mcat innate resistance to

oxidative stres
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7. RESULTS 29 part

7.1 ldentification of a previously unknown overlap between Mcat transcriptional responses to
H202and CuSQOy

To investigatethe global transcriptional responsé Mcat exposedo H2O. and CuSQ, sublethal
concentrations were previously determinedneasurghe maximal transcriptional response while

not affectingbacteral viability. Briefly, RNA was harvested fromexponentially growing bacteria
thatleft untreated otreated with60- or 5 mM ofH202 andCuSQ for 15 minutesrespectively. From

the MiSeq run, a highguality data setvas obtainedavith 1.53 million reads per sampl&ollowing

data processing:ompared tauntreatedVicat bacterid cells, 225 genesvere called as differentially
expressed (DH)y DeSeqas a consequencetdtO, exposurdout of a totabf 1720 predicted genes,
~13%by using aradjusted pvalue¢ 0.01).Among them 128and 97genesmerged aap-regulated
anddownregulated respectively(Figure 1&\). In the case of CuSQreatment a total of 140 DE

genes were identified, of which 11@re found to baip-regulated and 27 dowregulatel (~8%,

adjusted pvalue¢ 0.01) Figure 1&\). As it is shownby the volcano plotsHigure 1&\), the top 30
significantly DE genes upoH20. or CuSQ stimuli were similar in terms of botsignificanceand
regulation(e.g.,the primary scavengeshpCgene) Therefore we soughtto compare théwo Mcat
transcriptomeandinterestingly, from the intersection of Micat DE genesfterthe two treatments,

an overlap of 61geneswas identified Gpecifically 41as commonly upregulatedand 20down
regulatedgene$, (Figure 1@). Only the nuclease subusibcCgeneappeared to beegulated in an
opposite way in the two conditior{§igure 1®). The existenceof a vey similar transcriptional
responsemounted by tls humanpathogen upon exposure te®4 or CuSQ was revealed iy
correlating the logfold changes for commonly DE gendsdeed,a strong correlatio(Pearson R
coefficient=0.9493)was observedHgure 1®). Subsequentlywe investigatedwhether the gene
transcripts were enriched in specific biological processes. By using a hypergeometric test, among the
DE genes, few statistically enriched KEGG pathwasse identified Figure 1&). Six pathways

were enriched uporH202t r eat ment , i n order of significanc
AfBacteri al secretion systemo, AQuorum sensin
ALysine biosynt hesi sgXxpahways enrRied UpduiSQ exposypenaret 6 . T
in order ofsi gni fi cance, the foll owing: ASul fur m ¢
met aboli smo, ASelenocompound metabolismo, ARN
ANucl eoti de excision repairo.bdxyleateest mwasigalyol

revealed as KEGG-enriched pathway found in Mcat exposed to bitimuli. Nevertheless, as a high
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portion of all DE genes was not categorized in any KEGG functional pathwayperformeda
deeper analysis fahesefi u n ¢ a t e geoes by blastabgtudy of existinditerature This led to
the identification ofL3 major functional categoriemcompassing nmg biological processe@igure
16D). The most mtriguing aspecteemerging fromthe analysis ofthe 13 functional categoriesare

disclosed in thgesix following sections

1) Scavengingnd redox genes are among the most significantly regulate@mges:Approximately
half of themost significant30 DE genes upon K. exposurebelonged to scavenging and redox
enzymesSeveragenessuch aghealkyl hydroperoxide reductasebpCF, thecatalasé&atAandthe
thioredoxintrx, knownmembersf the oxyRregubn, were among the top eyggulated genes in our
analysis Neverthelessthe gene expressionf oxyRwas not affected by.O, suggestingthe
existence of translational oposttranslationahctivation, and onlglightly influencedafter CusSQ
treatmentmayberepresentinga more stressful situatiofor the bacteriumAdditionally, several
uncharacterized genes emergethis functional categoryAmong them, an operaomposed offwo
poorly characterized redox genes, a putative nitroreductt®€R (0568 and a NADPH
dehydrogenaseMCR_0569, wasfound to besignificantly upregulatedollowing H>Oztreatment

2) Mcat modulates the expression of genes associated with damages of proteins and nucleic
acids: ROS can damage proteins leading to their misfolding and altered intracetiddea(imlay,
2013) Thus,chaperonearefundamentafor protecing proteirs in their conformation and refalig
misfolded proteins. In particulaupon CuSQ@ exposurethe majority of the most significantly up
regulated genes specifically belonged to chaperones and folding catalysts, theltlaperonins
groES and groEL and the molecular chaperongpG. As ROS can also damage nucleic acids,
modulation in the expressiaf genesrelated tothe base excision repair (BER) pathwagd SOS
response pathwaywhich elicits the UvrABC excision nuclease and the Rec recombinational

machinery(Mullins et al., 2019)were observed

3) The role of copper and iron homeostasis in Mcat oxidative respons&ietal homeostasis is
anothercrucial pathway that was highly involved iH2O> and CuSQ responses. Interestingly,
MCR_1049%ncodingfor a coppertranslocating Rype ATPase emerged as significantly regulated
uponboth stimuli,underlying thefact thatcopper homeostasis importantfor Mcat resistance to
oxidative stresskurthermore, webseved high transcript levels for Fur, the global transcriptional
regulatorinvolved in maintainingiron homeostasis, and for the BatRfif2 family transcriptional
regulator MCR 0609 thatwe found to be homologue tihe NeisseriasppandE. coliiscR(Imlay,
2015) Two man categories of irorassociated genes were identified: one involved in iron transport
(tonB, exbB exbD, and efe® and the other involved in the biosynthesis of3-elustercontaining
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enzyme centerdgrpn-sulfur cluster genes, includirfgscBandiscSUA) Moreover, nany different
operons involved in iron homeostasis and sulfur metabohgens foundto be modulated, such as
the one ofchelated iron ABC transportafeAandafeB and thesulfate ABC transporter permease
protein genesysUandcysW jndicatingthat iron homeostasis is also crucialftcat oxidative stress

response.

4) Mcat exploits glyoxylate metabolism to tackle the oxidative stresdn response tdoth
treatmers, the Mcat general metabolism was alsdluenced, such asarginine andlysine
biosynthesisFurthermore, among thaostsignificantly DE genesupon bothstimuli, we observed
the isocitrate lyasaceAand the malate synthaaeeBbelonging tahe glyoxylate metabolismThis
shunt not present in all bacteriagpresentsn alternative pathway of the TCA cycle tlawersthe
production of oxidant NADH prowting the antioxidant NADPIgeneratior{Van Acker and Coenye,
2017)

5) Mcat enveloperearrangements in response to RS: Interestingly, wadentifiedthe regulation
of various genes encodindgor poring LPSLOS and peptidoglycan structuresevealing the
occurrence of envelope rearrangements, accompaniedrimdulation ofthe expression afjenes
associated witlntibiotic resistancenechanismdn particular LPS biosynthesis emerged as filhst
significantly enriched KEG&athway upon kD treatment. The upegulatedpxC gene is known
to catalyze the deacetylation of UE3FO-(acyl}GIcNAc, which is thelipid A biosynthesis
commiiment step(Wang and Quinn, 2010)Curiously, many other genes that follégxC in the
enzymaticcascade leading to LOS biosynthesis were downregulated. In this context, of note are the
downregulation of the lipid A disaccharide synthdpaB, the UDR3-O-[3-hydroxymyristoyl]
glucosamine Macyltransferase IpxD, the decanoyltransferaselpxX, the lipid A
ethanolaminephosphotransferabCR_ 1292, the rare lipoprotein A family genpA, the 3deoxy
D-manneoctulosonieacid transferasekdtA and the reductasenurB. Up-regulation of genes
putativelyassociated witlantibiotic resistance, such aspDandglmM, and downrregulation othe

outer membrane porin M3BICR_1247, were alsadentified.

6) Mcat modulation of the transcriptional and translational machineries: Finally, we reported
modulation of translation, phages, and transposases assagatesl It is alsoecordeda lower
transcript abundances wanscriptionassociated genes such as the RNA polymeraming protein
dksA the transcription elongation factgreA and thetermination factorho, indicatinga possible
formation of longer transcriptsvith regulatory roles in geneexpression In addition to the
aforementionedur andbadM,treatment wittH202 was associated with the inductioneofiumber of
regulatorssuch asthe putative stressesponsive regulatogpspG the poorly characterizedmall
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regulatory 6S RNA, the twecomponent system response regulaiorpR and the one for the

phosphate regulophoB suggesting link betweeroxidative stresandphosphate starvation

Validation of the RNA-Seq results werg@erformedby gPCR on eight selected genes
(MCR_1049, IpxC, badM, fur, iscS, katA, MCR_14Ad@MCR_0644. These werselectecamong
the highly DE genesones following both treatments andsseiated with different biological
categoriesobtainingagood correlatiorfor thelogz fold change values reported by the RISAq and
the gPCRanalysis(Pearson Rcoefficiens equal to0.73and0.64for H.0, andCuSQ, respectively
(Figure 16 and Table B). For the first timethe comparative analysisvealedhatMcat orchestrates
a joint transcriptionatesponsdo H.O. and CuSQ@ stimuli, modulatingknown genedinked with
intrinsic resistance mechanisnmand uncharacterized genes and pathwayish less obvious

involvementwith the oxidative stress response.
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CuS04 vs H202
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qPCR vs RNA-Seq
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Figure 16. Identification of an unknown overlap between HO: and CuSOQ: Mcat transcriptional
responsesRNA was extracted from at least three independent experiments in MhichtarrhalisBBH18 strain was
grown in BHI at 37°C, 185 rpm to mieixponential phase and then untreated or exposed for 15 mi®i@HCuUSQ to
a final concentration of 50 mM and rBM, respectively.A) The volcano plotcombinesthe statistical significance
(Adjusted pvalue00.01) with the magnitude of the change. Tdats on the scatter plot denote an individual geritd,
black dots indicating genes without significantly different transcript abundance between conditions, and red dots
indicating genes with significant differences in transcript abundanideds and CuSQ@-treatedM. catarrhalisBBH18
compared to untreated waterpart.B) Evaluation of the intersection 8, or CuSQ -treatedM. catarrhalis BBH18
transcriptomes showing the number of genes commonly DE afat ahowing the strong correlation between the log
fold changes of all DE genes in the two conditions, (Peardaoé&tficient=0.9493)C) The sets DE genes were tested
for enrichment in specific functional KEGG pathways, using an adjustedugs < 3%D) All DE genes were broadly
categorized accordingp H2O. or CuSQ treatments and upr downregulation within13 biological functionscell
division, chaperone and folding catalyst, DNA repair system, envelope, metabolism, metal homeostasis, oxidative/redox
genes, phage, regulators, transcription,dii&tion, transporter/outer membrane proteins, transposase and unEamhin
bar represents the number of genes and each functional category is shown with a differef) €dleqgPCR was
performed on different biological replicates of those usethi®iRNA-Seq experiments. The validation of the RiNéq
results was carried out for a subset of 8 genes, selected for their relevancamalizdts and from different functional
categories. RYPCR fold induction values was calculated using ttpef2T methal and plotted against RNSeq fold

induction values, showing a good correlation (0.72 and f@:64,0, and CuSQtreatments, respectively).
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7.2 Coexpression network analysis, relevance in DE analysis and functional categories guide
the selection of tergenes for functional characterization

From RNAseq analyses, approximately-12% of theDE geneswerenot classified in any known
major regulatory netwosdor functional pathway Todeduceheir function, a cexpression network
was built by WeiGhted Correlation Network Analysis (WGCNé&gmbining the databtainedfor
Mcat BBH18 with two other publicly availableMcat RNA-seq data seten two strains: O35E
(evaluation of the DE genes in Mcat expotedontinuous growth at 37 °“@ 26 °C cold shockand
CCRFI195ME (valuation of theepigenetically regulatedenesby phase variation of thBNA
methyltransferas&odM3) (Spaniol et al., 2013, Blakeway et al., 201Bhis has been possél
thanks tahe high percentages of nucleotides identity betvoeghaboratorystrain and the othéwo
strains(Figure 17A). From theresultingnetwork, eight modules or communities ofexpressed
genes associatenith different putative biological functions were identified (Figur@). Most of
the unknownDE genesbelonged tanodules called 2 (number of genes, n=311), 5 (n=102) and 7
(n=233). We furthemvestigatedhe ten most highly connected genpsesent irthe vicinity ofthe
first significantly DE unknown genddCR_1477, MCR_064dndMCR_034%f modules 2, 5 and
7, respectively Kigure 1TC). MCR_1477 an orthologue of the peroxidase strgesieyaaA was
highly connected to the two enzymeas€AB of the glyoxylate cycle, the cell division gefit&€\, the
translocase subungecY and the gene encoding Ghding proteintypA Nevertheless, m
homology with other bacterial geneas found forteMCR_®44andMCR_034%enes. MCR_0644
washighly connected to the Fe/S biogenesis géngthe thioredoxirtirx gene and the putative stress
responsive transcriptional regulat@spC The most interesting highly connected gerfes
MCR_0349were the acetolactate synthase large sulivBit the family integral membrane protein
MarC involved in antibiotic resistanc®CR_0873, the cytochrome c classMCR_1594, the D
isomer specific zwydroxyacid dehydrogenas®CR_0409 and apolyisoprenoiebinding protein
(ycelor MCR_0657, that has been shown to plesucial roles in respiratory electron trgmort, in

controllinggene regulation analxidative stresgSisinni et al., 2010)

Togetherwith the tiree unknown genes, sevennggulated genek&tA IpxC, cysP, afeA
theK18829 antitoxinvapBor MCR_1638badM/rrf2 family transcriptional regulator and the copper
translocating Rype ATPaseMICR_1049 were subsequently selectdde to theirsignificarce, as
commonly DEgenesas a consequence of the tatimuli (H2O. and CuSQ) or known virulence
factors (Tabler4). 1) ThekatAgene knownas amember of the@xyRregulon encoasthe enzyme
responsible fothe dismutation of D- into O; and HO, leading tahe detoxification of this typef
ROS(Imlay, 2008) 2) ThelpxC gene encodes an enzythatcatalyzes the deacetylation of UE3P
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O-(acyl}GIcNAc, the actualipid A biosynthesicommitment steffWang and Quinn, 20103 and

4) ThecysPandafeAgenes encode conserved lipoproteins repraggkmown nutritional virulence
factorsandwhose deletiosireduce thé/catinvasion of human respiratory epithelial cells. Moreover,
they have beemlemonstratedo elicit potentially protective responses in the mouse pulmonary
clearance modd€Murphy et al., 2016, Murphy et al., 201B) The putativerap gene waselected

as an interesting targleeingrecognized as a part of a toxantitoxin (TA) system and pathogenicity
islands (PAl)important forbacterial adaptation to néwinfectedniches(Demidenok et al., 2014)
Under stressful conditiongcluding oxidative stress, the labile antitoxin is degraded by either the
Clp or Lon proteases (both URegulated in our RNAseq analysis)The more stable toxin (usually
an mRNAspecific RNasepromotes a dormant stage (bacteriostasis) that allows bacteriacto
stress (persister cells formatigqiaisonneuve and Gerdes, 2014, Harms et al., 26)BadMgene
encodes an iresulfur cluster assembly regulator homaqlfugndamentafor bacterial defense against
ROS (Imlay, 2015) Interestingly, tis transcriptional regulator was present in module 2 and
connected tdhe MCR_1477unknown gene7) MCR_1049s possibly aCu'* exporer responsible

for the efflux of copper ionfrom the cytoplasm into thperiplasnic space important for copper
tolerance in bacterigLadomersky and Petris, 2015a poorly studied mechanism in Mcat
pathogenesidhe list of the ten selected genes with their relevance in DE anahgtiseir functions

(putative or not)s reported in Tabl@4.

A

B Mcat BBH18 GC Content
Mcat BBH18 GC Skew

I mca 88118 CC Skewt-)

\‘ o I Mcat B8H18 GC Skewt+
VT T,
‘“ub Ty " Wty e Mcat O35E
ot 1y e,
< syt it Y B 100% identity
& ‘\{v"‘ﬂ‘ K“y y 70% identity
: j " g, A
f > h, %

» SO% identity

o 1800 kbp x
/y,y & Wy Mcat CCRI-195ME
¥ & ]
4
~

‘;. 100% identity
70% identity

Mcat BBH18

1863286 bp

413
g
a2
V' 2

oty g o S

O s My,

™

,& ’{% 1200 kbp
7 . .L/‘.(»»,
! », Py
A"»
%

>,

58



Enriched KEGG pathways in modules
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Table T4. List of selected genes

Upregulated Relevance in DE| Function
gene analysis
Shared, top 3(
katA CuSQ, top 30| Enzyme catalyzing the dismutation of®3
H20
Shared, top 3( Enzyme catalyzing theeommitment step of lipid A
IpxC H20; biosynthesis
Lipoprotein binding sulfate ions, uptake of nutrients
cysP CuSQO-specific important for intracellular survival in epitheli
respiratory cells
H.0.-specific, top| Lipoprotein mediating the uptake of required trg
afeA 30 HO; cations, important for intracellular survival in epithel
respiratory cells
Probably part of the ToxiAntitoxin (TA) system
MCR_1638 Shared inducing a dormargtage that allows bacteria to cope w
stress
Shared, top 3(
badM CuSQ, top 30| Iron-sulfur cluster assembly regulator homolog
H202
Shared, top 1( Cu'* exporting ATPase maybe localized in the in
MCR_1049 CuSQ, top 10| membrane like@pAfrom E.coli/fSalmonella
H202
Unknown gene, orthologue of the peroxidase st
MCR_1477 Top 10 HO; protein YaaA, probably associated with ribosome
tyrosine metabolism
Shared, Top 1( Unknown gene, probably associated with peptidogly
MCR_0644 CuSQ and HO,, | biosynthesis
Unknown gene, probably associated with purine
MCR_0349 37 H,0, pyrimidine metabolisms, cofactors, lysine and penf
phosphate biosynthesis
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7.3 badM transcriptional regulator and MCR_0349unknown genes emerged as fundamental
factors for Mcat resistance to oxidative stress

Functiona characteriation ofthe ten selected genesscarried outhrough the generation
of knockout (KO) mutants(Table T). Directed gene deletion mutants bfcat BBH18 were
achiewed by allelic exchange of the geokinterestwith a kanamycin resistance cassefmong
them, deletion oMCR_1477 MCR_1049and IpxC geneswas not obtainedbecause otechnical
difficulties (MCR_1477andMCR_1049 or the loss oMcat viability (IpxC). First, thesensitivity to
hydrogen peroxidevas determinedzarly-exponentidly growing kacteria(ca. 0.5 Olgoo) were left
untreated Eigure 1&\, black lines) orexposed td1.0. (Figure 1&\, red lines). As iis shown inthe
in vitro growth curvesof the seven mutantgysP deletion negatively affecd Mcat viability,
suggesting thatysPis required forbacteral growth The remaining<O mutantsshowed wild-type
growth characteristicin the BHI medium. In the presence of.0., the deletion ofkatA and
MCR_0349enegevealed the highest sensitivity HpO- while the growth of gMCR_0644 qafeA
and gbadM mutantswasonly partiallyinfluenced Compared to the wt straimo differences were

observedor theqpv a muBant Figure 1&\).

We furtherevaluatedhe survival ofphagocytose@®BH18 wt and deletion mutant strains in
thehumanHL-60 cell linedifferentiated into neutrophlike cells(dHL-60) andchemically activated
in vitro with Phorbol 12Myristate 13Acetate (PMA)reatmentto promotea strong activation of the
oxidative burstesponseROSinduceddHL-60 cells were left uninfected oncubated with different
Mcat strains at MOlof 50 for 40 minutes. Nointeracting bacteria were washed awagnd
gentamicinantibioticwas added for 20 minutes kdl extracellular bacteria. From this time on (1 h,
red bars)anincubaton for additional 2 hoursvas carried ou¢for a total of 3 h, black bars) in the
presence of PMAFigure 18). The intracellular survival oMcat was determined by dividing the
CFU/mlrecordedat 3 hby thatobtained at 1 h (ratio 3 h/1 h), as it is shown in Tabfe Nicat wt,
qvapB gafeA and gMCR_0644strainsovercame the antimicrobiaesponsesnountedby ROS
induceddHL-60 cells surviving over 3 h poshfection. BycontrastgkatA gMCR_034%ndgbadM
mutants wereefficiently killed by thesannateimmune cells suggestinga significantly enhanced
susceptibility to ROS compared to the wt straikigQre 18). Therefore, besidethe welt
characterizetatA gene badMandMCR_034%have proved to play @ivotal role in Mcatresistance

to oxidativestress

To examineif the observed phenotypes weaetually due to thespecific gene deletions,
pWW115 plasmid was exploited to generagpadM and gMCR_0349genetically complemented

mutants.The structure of both badM and MCR_0349gene clusters are herepresentedFigure
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18C). ThebadMgeneis locatedupstream ofscSUA hscBAandfdx, analogouly to theorthologiscR
regulatorfrom NeisseriasppandE. coli (Santos et al., 2015yhe MCR_034%3eneis predicted to be
co-transcribed with theeighborgeneMCR_0348(encodingan endoribonucleasejrom whichis
space of only 10 nt.badM, MCR_034&ndMCR_0348genes weradditionaly analyzdfor their
conservation among tlH& NCBI availble Mcat strains. As it can be observed in Talfigthe three
genes are widely conservetio genetically complemengbadM and gMCR_0349mutants the
pWW?115 plasmid carryinga. 200 bpupstream region and tlgee n @dirgy sequence (CD®)ere
used In the case offMCR_0349mutant a secondcomplemenhg strainwas createdby also
including the 10 nt intergenic regioand the CDS ofthe MCR_0348neighbor gene (double
complemered). The empty plasmid was usesd a control to transform the wt straifhe resulting
four complemered strainswereinvestigatedor both resistance td>0. and intracellular survival in
ROSinduceddHL-60 cells (Figures 1® and 18E, and Table T). Importantly, growth of the
complementedpadM mutantunderoxidative stress conditigrand its survivahfter internalization
in PMA-activatedneutrophitlike cells were restored tait levels, underlying that the obtained
phenotypes weractuallythe result of theggenedeletion. Compared tthe gMCR_0349mutant,the
single complementing strattisplayed similar growth defects whexposedo H.O, andtheinability
to tackle the dHL-60 cells antimicrobial arsenal. By contrast, the double compleettistrain
showedsimilar wild-type growth phenotypesThesedatasuggest thaMCR_0349mutation is polar
on MCR_0348and the expression MCR_0348s necessary to complement the phenatyece
through genetic complementation, it has béemonstratethat the enhanceslisceptibilityto H>O2
andto killing by neutrophitlike cells werethe results obadM andMCR_0349ene deletions and
not due taunspecific effects.
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DVICR_0644 DoadM DxatA DMCR_0349
6 6= 6= 6=
44 44 4 4
2 24 2 2
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Table T5. Intracellular survival of deletion mutants in dHL -60 cells.Tablereporting the CFU/mI obtained at

1 h and 3 h posnfection. Bacterial intracellular survival was determined by dividing the CFU/ml obtained at 3 h to that

recorded at 1 h (ratio 3 h/1 h).

Strains 1h 3h ratio 3 h/ 1h
Wit 5,62E+07 6,50E+07 1.16
b adM |3,00E+07 1,32E+07 0.44
mpaf e A |248E+07 3,47E+07 1.40
v a p B |4,53E+076,70E+07 148
mk at A |3,75E+07 1,05E+07 0.28
@MC R _ 0|4,58E+07 3,97E+07 0.87
PMCR _ 0]5,67E+07 2,65E+07 0.47

63















































































































