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OVERVIEW AND SUMMARY OF THE THESIS

Moraxella catarrhalis is a gram-negative diplococcus which exclusively colonizes the human
nasopharynx exerting a dual function as a commensal inhabitant as well as a pathogen of
the upper respiratory tract. Next to Streptococcus pneumoniae and Haemophilus influenzae,
M. catarrhalis is the third major cause of acute otitis media (AOM) in young children.
Furthermore it causes 10% of all bacterial exacerbations in patients with chronic obstructive
pulmonary disease (COPD). Since the introduction of the pneumococcal conjugate vaccine
PCV7, a shift in the pharyngeal colonization and the species causing AOM, from S.
pneumoniae to M. catarrhalis and H. Influenzae could be observed. The recognition of M.
catarrhalis as a pathogen and the increasing infection rates focused research endeavors
towards the development of a vaccine and the investigation oft he still poorly understood

host-pathogen interactions.

AIM 1
The outer membrane protein M35 is a highly conserved porin of type 1 strains of M.
catarrhalis. It was previously shown that M35 is involved in the uptake of essential nutrients

required for bacterial growth and for nasal colonization in mice.

The first aim of this thesis focused on the:

(i) Characterization of the M35 phenotype regarding functionality and putative virulence
factors
(i) Determination of the potential of M35 as a vaccine candidate

(iii) Analysis of the degree of M35 conservation in type 2/3 strains
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The experiments were performed with three different wild-type strains and their respective
isogenic m35 mutants of the M. catarrhalis 16S rRNA type 1 subpopulation, namely O35E,
300 and 415. All examined strains were indistinguishable with respect to the phenotypes of
autoagglutination, serum resistance, iron acquisition from human lactoferrin, adherence to
and invasion of respiratory tract epithelial cells as well as pro-inflammatory stimulation of
human monocytes (chapter 3.1). To determine whether M35 is detected as an antigen by
the human host immune system and thus of potential value as a vaccine candidate,
immunoblot analyses were performed. Results revealed the presence of anti-M35 IgA in the
human saliva from various healthy donors (chapter 3.1). A high degree of conservation of
M35 had previously been described for M. catarrhalis type 1 strains, only. DNA sequencing
of m35 from the phylogenetic subpopulation type 2/3 strain 287 revealed 94.2% and 92.8%
identity on the DNA and amino acid levels, respectively, in comparison with type 1 strains
(chapter 3.1). For investigating M35 being involved in the uptake of antimicrobial agents, the
wild type strains O35E, 300 and 415, respectively, and their m35 knockout mutants were
tested by examining their antimicrobial susceptibilities to 15 different agents by E-tests®.
Differences in the Minimum Inhibitory Concentration (MIC) between wild-type and mutant
strains were found for eight antibiotics, whereas the biggest differences could be observed
for ampicillin and amoxicillin. A statistically significant 2.5 to 2.9-fold MIC increase (p<0.03) in
the m35 mutants compared to their respective wild type strains (chapter 3.1) was found.
Screening of 52 middle ear isolates concerning the presence or absence of m35 resulted in
positive PCR products for all tested strains. The analysis of m35 mRNA expression after
amoxicillin treatment by real time PCR, showed an 24-85% down regulation compared to the
respective amoxicillin-free controls in all three strains tested (chapter 3.2). Also, the
immunoblot analysis of protein concentrations revealed lower M35 expression after growth in

presence of amoxicillin than in its absence (chapter 3.2). The investigation of M35 involved
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in further stress responses resulted in porin down regulation induced by the growth at 26°C

and 42°C, at hyperosmolar stress as well as at conditions of iron restriction (chapter 3.2).

In conclusion, a potential new resistance mechanism against aminopenicillins in M.
catarrhalis was established, which could affect amoxicillin therapy in a clinically relevant
manner. Furthermore, the results indicate a major role of M35 in general stress responses of
M. catarrhalis. The presence of IgA antibodies in healthy human donors indicates that M35 is
expressed in vivo and recognized as a mucosal antigen by the human host. However, further
analyses have to be performed to identify immunoreactive epitopes and in elucidating
differences in the m35 sequence of the type 2/3 strains, before M35 can be considered as a

potential vaccine candidate.

AlM 2

M. catarrhalis consists of two different phylogenetic subpopulations discernible by the
sequence of their 16S rRNA subunit: The phylogenetically more recent - 5 million years old -
type 1 lineage and the older — 50 million years old - type 2/3 lineage. Type 1 strains are
associated with virulence factors such as the ability to adhere to and invade human epithelial
cells, complement resistance, natural competence, as well as adaptation abilities to changing
environmental conditions in the host. In contrast, the type 2/3 subpopulation is generally
serum sensitive, typically lacks the expression of proteins important for type 1 virulence
traits, and presents the smaller proportion of clinical isolates compared to type 1 strains.
Therefore, type 2/3 strains are regarded as the 'less virulent' lineage and research thus far

mainly focused on genetic analyses.
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The second project investigated in detail:

(i) Putative type 2/3 virulence traits with regard to their ability to invade human epithelial
cells as well as their pro-inflammatory activity
(i) The influence of cold shock treatment on type 2/3 strains with respect to adhesion

and invasion respectively their protein expression

The investigation of different type 2/3 strains resulted in significantly greater invasion ratios
into Chang conjunctival cells, A549 lung cells, Hep-2 laryngeal and Detroit 562 pharyngeal
cells compared to type 1 strains (chapter 3.3). Intracellular type 2/3 bacteria could be
identified by electron microscopy (chapter 3.3). To determine the host cell structures
involved in the process of invasion of type 2/3 strains compared to type 1 strains, 'invasion-
inhibition-experiments' into Detroit 562 cells were performed. Results indicated that the same
host cell structures were involved — actin but no clathrin polymerization — in invasion for both
lineages (chapter 3.3). Long-term experiments to investigate the fate of the invaded bacteria
showed no long-time persistence, but indicated that bacteria evaded the intracellular space
and proliferated extracellularly (chapter 3.3). Analysis of the pro-inflammatory stimuli exerted
by the type 2/3 lineage resulted in an IL-8, IL-6, MCP-1 and VEGF response, respectively,
but not in IL-18 or TNFa release of Detroit 562 cells. These findings were consistent with

type 1 bacteria (chapter 3.3).

In summary, the significantly greater invasion ability of type 2/3 strains compared with type 1
strains as well as the comparable pro-inflammatory stimulation demonstrate putative novel
virulence factors of the previously considered ‘non virulent’ lineage. These findings, together
with their still largely unknown outer membrane surface structures and functions, warrant

further investigations of this phylogenetically old M. catarrhalis subpopulation.
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1. GENERAL INTRODUCTION

1.1 Moraxella catarrhalis

Moraxella catarrhalis, a gram-negative aerobic diplococcus, is an important and common
human respiratory tract pathogen whose clinical significance was unnoticed for the most of
the past century [1-3]. It was long regarded as a harmless upper respiratory tract commensal
organism until new diagnostic methods helped to identify and recognize it as being involved
in upper respiratory tract infections [3-5]. M. catarrhalis, previously known as Branhamella
catarrhalis or Neisseria catarrhalis, consists of two different phylogentic subpopulations
differing in their 16S rRNA subunit. Type 1 is the phylogenetically more recent subpopulation
exisiting around 5 million years. In contrast, to the 16S type 2/3 subpopulation, which is the
older lineage (approximately 50 million years), type 1 isolates are generally associated with
virulence factors such as complement resistance, the ability to adhere to and invade human
epithelial cells, biofilm formation, natural competence for DNA transformation and cold shock
response. Type 2/3 isolates are mainly complement sensitive, lack natural competence,
poorly adhere to human epithelial cells in vitro and appear less virulent because of reduced
or absent expression of virulence-associated outer membrane proteins (OMP) [6-11]. The
mentioned long branch distances between the seroresistant and serosensitive lineages
suggest that they have been genetically separated for a relatively long time period, possibly
because of geography or different hosts [11]. It is been discussed that the serosensitve
subpopulation originally evolved in a separate mammalian species whereas the seroresistant
M. catarrhalis evolved as an exclusively human pathogen. Nevertheless, both lineages
colonize the human host and the same niche, possibly resulting in a “gene flow” between the
subpopulations and the exchange of housekeeping genes and therefore specific adaptation

of 16S type 2/3 genes to humans. The two phylogenetic lineages also differ in their
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frequency among clinical isolates from diseased people. More than 50% of the isolates are
from the seroresistant 16S rRNA type 1 and just 14% from the serosensitive 16S rRNA type

2/3 subpopulation [11].

1.1.1 Clinical significance of infections caused by Moraxella catarrhalis

The recognition of M. catarrhalis as a respiratory tract pathogen led to a comprehensive
analysis of the microbiology, epidemiology, pathogenesis, genetics and host response within
the last two decades. The two most common infectious diseases caused by M. catarrhalis
are acute otitis media (AOM) and exacerbations of chronic obstructive pulmonary disease
(COPD). Clinical studies show that M. catarrhalis causes 15%-20% of AOM in young children
up to three years of age (figure 1) [12-18] as well as 10% of bacterial exacerbations of COPD
[19]. In addition, ~20% of bacterial sinusitis, and rare cases of bacteraemia, pneumonia and

other invasive infections are caused by M. catarrhalis [3].

1.1.2 Moraxella catarrhalis and otitis media

Acute otitis media is the most common bacterial infectious disease in childhood and the most
common reason why children receive antibiotics. Up to 80% of children have at least one
episode of acute middle ear infection, 30% suffer three episodes or even more [20]. M.
catarrhalis is the third major pathogen causing bacterial AOM next to Streptococcus

pneumoniae and nontypeable Haemophilus influenzae (figure 1) [3].
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FIGURE 1

Bacterial causes of otitis media. Results presented of 8 studies published from 1992 to 2006.[12-
18]. Bars represent the percentage of middle ear fluid samples that were positive by culture. The black
portions of the bars represent Moraxella catarrhalis, the white portions represent nontypeable
Haemophilus influenzae and the gray portions represent Streptococcus pneumoniae. Figure adapted

from Murphy et al 2009 [3].

The pathogenesis of otitis media involves migration of bacterial pathogens from the
nasopharynx to the middle ear. Therefore nasopharyngeal colonization patterns are
important determinants. New nasopharyngeal colonization studies recently show that since
the introduction of the pneumococcal conjugate vaccine PCV7 colonization by M. catarrhalis
and M. catarrhalis-caused infections increased by about 40% and 18%, respectively (figure

2) [21].
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Children who come down with more than four episodes of acute otitis media or at least eight
months of middle ear effusion in one year are defined as otitis prone [22]. These children run
the risk of suffering permanent hearing loss, with the result of delays in speech and language
development as well as cognitive skills [23]. PCR (polymerase chain reaction) analyses of
samples isolated from children with otitis media with effusion identified bacterial DNA from H.
influenzae, M. catarrhalis or S. pneumoniae in up to 80% of cases [24-27]. Furthermore, M.
catarrhalis DNA was detected in larger proportions in cases of otitis media with effusion than
of acute otitis media. This could be explained by the ability of M. catarrhalis to form biofilms,
which are increasingly recognized as playing an important role in recurrent otitis media and

otitis media with effusion [24-28].
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FIGURE 2

Nasopharyngeal colonization with the three main bacterial causes (S. pneumoniae, H. influenzae and
M. catarrhalis) of otitis media at the time of AOM proportional to the vaccine status. Children may be
colonized with >1 type of bacteria. The numbers above each bar indicate the total number of cases in

each group. Figure adapted from Revai et al. 2006 [21].
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1.1.3 Moraxella catarrhalis and COPD

COPD - chronic obstructive pulmonary disease is often accompanied by exacerbations —
intermittent worsening of symptoms — such as increased sputum production, sputum
purulence and dyspnoea. Estimations indicate that one-half of exacerbations are caused by
bacterial infections [29], predominantly by H. influenzae, but also by M. catarrhalis and S.
pneumoniae. Studies suggest that M. catarrhalis is an important cause of exacerbations of
COPD [30-32] evidenced by: (a) the presence of M. catarrhalis in lower airways detected by
bronchoscopy [31, 33-35]; (b) the acquisition of new strains during exacerbation [36, 37]; (c)
the development of strain specific protection [37]; (d) new systemic and/or mucosal antibody
responses [37-41], and (e) an increased airway inflammation in M. catarrhalis culture positive

exacerbation [42, 43].

1.1.4 Antimicrobial chemotherapy and resistance development

Antimicrobial chemotherapy of otitis media, is the most frequent reason for antibiotic
prescriptions in the United States [23, 44-47], based on a therapeutic benefit of about 10-
25% [48], the prevention of prolonged periods of decreased hearing secondary to middle ear
effusion, and the prevention of suppurative complications resulting from contiguous spread of
infection, e.g., mastoiditis [49].

Standard or high dose amoxicillin is still the recommended therapeutic standard in Europe as
well as in the USA [47, 50, 51]. The routine use of antibiotics in the otitis media therapy
implies an enormous selective pressure on the upper respiratory flora, resulting in an
increase of treatment failures — related on B-lactamase producing or otherwise drug resistant

isolates [47]. Especially the spread of antimicrobial resistant isolates of M. catarrhalis



General introduction

increased dramatically over the last decades. Over 95% of all clinical isolates of M.
catarrhalis are penicillin resistant - producing either BRO-1 or BRO-2 B-lactamase [3, 52-55].
Additionally, resistance to cefaclor and cefuroxime has recently been reported. Eighty % of

the tested M. catarrhalis isolates from the UK and Ireland showed resistance to cefaclor and

5% to cefuroxime [56].
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1.2 Moraxella catarrhalis outer membrane porin M35

The outer membrane protein M35 of M. catarrhalis was first described in 2005 by Easton et
al. [57]. M35 is a highly conserved protein in M. catarrhalis 16S rRNA type 1 strains. Protein
structure analysis demonstrated high homology to classic gram-negative porins, such as
OMP C from Escherichia coli and OMP K36 from Klebsiella pneumoniae [57]. Porins are
water-filled open channels that span the outer membrane of gram-negative bacteria,
chloroplasts and mitochondria, which allow the passive penetration of hydrophilic molecules
[68-60]. For gram-negative bacteria different porin types have been characterized and could
be classified according to their specific activity, their functional structure and their regulation
and expression [58-62]. The predicted structure of M35 consists of 8 surface loops and 16
antiparallel B-sheets (figure 3) [57]. It forms wide water-filled channels with a single-channel
conductance of about 1.25 nS and display some selectivity for cations compared to anions

[63].

FIGURE 3

Three-dimensional alignment of the M35 amino

acid sequence with OMP K36 from Klebsiella
pneumoniae. Red indicates residues that are identical
between the two proteins, blue represents similar amino
acids, and grey represents non identity. Figure adapted

from Eastona et al. 2005 [57].

Further analysis show that M35 is involved in the uptake of the essential nutrient glutamic
acid, but not aspartic acid, glycine, sucrose, or glucose, and indicates an essential function in

the survival and colonization of the nasopharynx in mice [63].
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1.3 Porins in antimicrobial resistance mechanisms

Antimicrobial resistance of bacteria is an alarming global development with a continuous
increase of multidrug resistant strains [64]. The routine but often unnecessary or non-specific
use of antibiotics leads to a tremendous selective pressure on the bacteria resulting in the
development of complex survival strategies. There are three main strategies bacteria
developed for antimicrobial resistance: (a) the membrane barrier which limits the intracellular
access of a drug, (b) the production of detoxifying enzymes which degrade or modify an
antibiotic, and (c) the target protection barrier which affects the target recognition and

therefore the antimicrobial activity [65].

Limiting the intracellular access of an antimicrobial agent by the outer membrane or cell wall
of the bacteria can be achieved either by active efflux pumps, which transport the substance
out of the periplasm or by inhibiting the influx of the drug. The influx into the bacterial cell is
mainly controlled by porins. Therefore, it is not astonishing that one of the main resistance
mechanisms is based on the regulation of of porin expression. There are four known
alterations in porin expression (figure 4): (i) Decreased expression of the wild type porin, (ii)
normal expression of a restricted porin, (iii) normal expression of a mutated porin, mostly
based on a point mutation (iv) and normal expression of a wild type porin with a channel
blocker [62, 66]. Those altered expressions can be induced after contact with the antibiotic
and may be reversible (e.g., decreased expression or porin exchange), or irreversible (e.g.,
mutated porins). These findings highlight the efficiency of the bacterial adaptive response.
Limiting the internal accumulation of antibiotics provides time for the development of

additional resistance mechanisms such as the target modification or drug inactivation.
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channel blocker

FIGURE 4

Antimicrobial resistance mechanisms associated with alterations in porin expression. The blue
circles represent the antibiotic molecule. The turquoise cylinders represent the porin subunits. The
thickness of the straight arrows reflects the level of penetration through the channel. The curved
arrows reflect the uptake failure of the substance by an decreased expression of the porin (light
turquoise), an exchange in the porin type (restricted porin; smaller cylinders), the expression of a
mutated porin (structural changes indicated by red triangles) which affects the function of the porin

and the normal synthesis of the porin but with pore blocking molecules (indicated by red circles).
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1.4 Pathogenesis

The characteristics of a pathogen which distinguishes it from harmless or commensal
bacteria is the ability to escape the host defence and lead to an infection of the host.
Therefore five main steps must be achieved by the bacteria: (a) adherence to and
colonization of the host surface (b) the invasion into the host tissue (c) successful
proliferation inside the host (d) escape or resistance against the host immune defense (e)

and the injury of the host.

Since the recognition of M. catarrhalis as a pathogen and the growing interest in developing
a vaccine, extensive research has been performed to investigate this species regarding (i)
its virulence mechanisms, (ii) its outer membrane compounds to identify potential vaccine

candidates and (iii) its infection cycle.

1.4.1 Colonization of the respiratory tract

The colonization of the respiratory tract by M. catarrhalis is highly dependent on the host’s
age but also on health, genetic background of the population, socio-economic conditions and
seasonal variations. The rate of colonization in adults is very low (1%-5%), whereas
colonization rates in children vary between 80% and 100% [67-69]. Colonization starts early
in the first months of life and seems to be highest in the first two years. Thereafter, it
decreases to less than 10% in older children and adults [67-70]. This obvious relationship
between decreased colonization rate and increased age correlates with the development of

the systemic humoral immunity against M. catarrhalis [71-74].
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1.4.2 Virulence factors

Table 1 shows all investigated components involved in the pathogenesis of M. catarrhalis as
well as their phenotypic characterisation known to date. Five main virulence mechanisms
could be identified: Bacterial attachment, invasion, nutrient acquisition, interactions with the

host immune system and biofilm production.

1.4.2.1 Bacterial attachment

Bacterial colonization is initiated by the adhesion to the host’s mucosal surface by binding to
surface receptors or extracellular components. Adhesion of M. catarrhalis is by now well
investigated and appears as a multifactorial event mediated by several adhesin molecules.
The outer membrane proteins (OMP) UspA1, UspA2, UspA2H, Hag/MID, OMP CD, McaP
and the lipooligosaccharide LOS could be identified as contributing to bacterial attachment to
different cell types [75]. The highly conserved UspA proteins — the most extensively studied
OMPs of M. catarrhalis - are able to bind to the extracellular matrix proteins fibronectin [76],
laminin [77], vitronectin [78] as well as to the carcinoembryonic antigen-related cell adhesion
molecule-1 (CEACAM-1) [79]. Another well investigated and also highly conserved OMP is
the adhesin Hag/MID (also called immunoglobulin D-binding protein). Hag is a member of an
autotransporter family called oligomeric coiled coil adhesins (Oca), and thus related to the
OMP YadA from Yersinia enterocolitica and the adhesin Hia of H. influenza [80, 81]. It could
be shown that Hag is able to bind to type Il alveolar epithelial cells and middle ear epithelial

cells [80, 82, 83].
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Component MW (kDa) 16SrRNA type Function Reference
UspAl 88 Type 1 Adhesion
Binding to Chang, Hep-2, A549 and specific [76-79, 84-86]
interaction with CEACAM1;
Binding to fibronectin/a5p1-integrin, laminin;
Invasion
Binding to fibronectin/a5p1-integrin [87]
Biofilm formation [88]
Induction of IL-8 release in human [89, 90]
epithelial cells
Binding to CEACAM-1 [91]
Type 2 23-36% carry the gene but no or less [6, 11,92, 93]
expression
UspA2 62 Type 1 Adhesion
Binding to fibronectin/a5p1-integrin and [77]
laminin
Serum resistance [78, 94]
Vitronectin- and C3-binding
IL-8 production [90]
activation of protein kinase C
Type 2 All strains carry the gene but there is no [6]
serum resistance associated with UspA2
UspA2H 92 Type 1 Adhesion
Binding to Chang; 'hybrid' of UspA1 and [85]
UspA2
[95]
Biofilm formation
Type 2 Unknown
Hag/MID 200 Type 1 Adhesion
Binding to A549 and human middle aer [80, 82, 83,
epithelial cells 95]
Autoagglutination and Biofilm formation
Involved in auto- and haemagglutination;
[88, 96]
IgD-binding
High affinity to human IgD; B cell mitogenic;
[97-99]
Type 2 Gene is absent in almost all isolates (17 of [93]

18)
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OMP CD 46 Type 1 Adhesion [100, 101]
Binding to A549 and middle ear mucin
[100]
Serum resistance
Carry gene for RFLP type |
Type 2 Carry gene for RFLP type I [93]
McaP 62 Type 1 Adhesion
Binding to Chang and A549 [102]
Type 2 Unknown
LOS 10 Type 1 Adhesion
Binding to Chang and HelLa [103]
Serum resistance [104]
Invasion [105]

Induction of pro-inflammatory cytokine [87]

release and ICAM-1 expression [106]
Type 2 Carry no LOS B gene [93]
CopB 81 Type 1 Serum resistance [107]

Nutrient acquisition
Iron acquisition from human lactoferrin and [108]
transferrin;

Carry genes for CopB RFLP type l/llland I1I.  [93]

Type 2 Carry genes for CopB RFLP type 0 and IV [93]
OMP E 50 Type 1 Serum resistance [109]
Type 2 Unknown
LbpA, LbpB 110, 100 Type 1 Nutrient acquisition
Iron extraction from human lactoferrin [110, 111]
Type 2 Unknown
TbhpA, TbpB 110, 75-80 Type 1 Nutrient acquisition
Iron extraction from human transferrin [112, 113]
Type 2 Unknown
M35 76 Type 1 Nutrient acquisition
Porin involved in the uptake of glutamic acid [57, 63]
Nasopharyngeal colonization in mice [63]

Type 2 Unknown
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MhuA 107 Type 1 Nutrient acquisition
Haemoglobin-utilization protein [114]
Type 2 Unknown
HumA Type 1 Nutrient acquisition
Hemin-uptake [115]
Type 2 Unknown
OMP J1/2 19 and 16 Type 1 Unknown [116]
Type 2 Unknown
OMP Gla/b 29 and 28 Type 1 G1a: putative copper-binding lipoprotein [117]
Type 2 Unknown
OlIpA 24 Type 1 Homologies to Neisseria Opa protein [118]
adhesins
Type 2 Unknown

Chang, human conjunctival epithelial cells; HEp-2, human pharyngeal epithelial cells; A549, lung
epithelial cells; HeLa; human epithelia carcinoma cell line; CEACAM1, carcinoembryonic antigen-
related cell adhesion molecule 1; C3, third component of complement; full names of OMPs will be
found in the list of abbreviations.

1.4.2.2 Invasion

After the successful colonization of the host surface by adhesion, the second step leading to
invasive infection is to invade the host cell and break through the physical barrier of the host
defence. It could be previously shown that the preciously considered ‘obligate’ extracellular
pathogen M. catarrhalis is also able to invade human epithelial cells in vitro (figure 5) [87,
119] and in vivo (resected tonsils and adenoids) [120]. Studies indicate that invasion is an
active process of both the bacteria and the host cell [90], and that the bacterial outer
membrane components UspA1 and LOS are involved in this process [87]. The invasion

mechanism itself is not yet fully understood. Slevogt et al. [119] demonstrated that
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microfilaments, Rhotype GTPase and phosphoinositide 3-kinase (PI3K) -dependent
contractile mechanisms are involved in the invasion of A549 and BEAS-2B cells, whereas
Spaniol et al. found clathrin polymerization as well as actin polymerization involved in the

invasion of Chang conjunctival cells [87].

"
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FIGURE 5

Invasion of M. catarrhalis in pulmonary epithelial BEAS-2B and A549 cells. Transmission
electron micrographs (TEMs) demonstrating cross-sections of the epithelial cell monolayer showing
lamellipodia enclosing M. catarrhalis in a macropinocytotic ingestion. (A) The black arrow show
intracellular bacteria surrounded by a vacuole in BEAS-2B cells. (B) Encapsulated intracellular M.

catarrhalis (black arrows) in A549 cells. Adapted from Slevogt et al. Cell Microbiol 2007 [119].

1.4.2.3 Nutrient acquisition

Nutrient acquisition is a further key element in the infection of the host. Devoid of it,
successful proliferation would not be possible. M. catarrhalis needs special environmental
conditions and the presence of specific nutrients. A essential nutrient for many

bacteriological processes is iron. Elementary iron is not freely available inside the host but
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complexed with haemoglobin, heme, transferrin or lactoferrin. Therefore, special receptors
and mechanisms are required and indeed seven OMPs could be identified, which are
involved in the iron acquisition by M. catarrhalis so far. These include CopB, which is
involved in the iron acquisition from lactoferrin and transferrin [108], the lactoferrin-binding
proteins A and B (LbpA and LpbB) [110, 111], the transferrin-binding protein A and B (TbpA
and TbpB) [112], the haemoglobin utilization protein MhuAb [114] and the heme utilization

protein HumA [115].

1.4.2.4 Interactions with the host immune response

The innate and adaptive immune response system protects the host against invading
pathogens with a complex network of tissue, cells and molecules working together to

eradicate the intruder.

Evasion of the complement

Complement resistance is one of the major virulence factors of M. catarrhalis. The maijority of
type 1 strains are serum resistant and several OMPs have been reported to be involved in
this survival strategy: UspA2, UspA2H OMP CD, LOS, CopB and OMP E [78, 94] [100, 104,
105, 109]. The main components are UspA2 and UspA2H which interfere with the classical
and the alternative complement pathways by binding, respectively, to the complement
inhibitor C4 binding protein (C4bp) and neutralizing C3 [78, 94]. It could also been shown
that M. catarrhalis is able to inhibit the direct formation of the membrane attack complex by

vitronectin binding [78].
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Immune response to M. catarrhalis

Activation of the innate immune response via specific and nonspecific immune cells generally
leads to the production and release of pro-inflammatory cytokines resulting in a further
activation and attraction of secondary immune cells. Several studies could identify different
outer membrane components of M. catarrhalis and also mechanisms involved in the
induction of pro-inflammatory cytokine release by human respiratory epithelium and
monocytes. Slevogt et al. demonstrated the induction of interleukin-8 (IL-8) release by the
UspA2-dependent activation of protein kinase C through the nuclear factor (NF-kB) signalling
pathway [90] in pulmonary epithelial cells. Also, the UspA1 adhesin is involved in the
induction of pro-inflammatory IL-8 production in respiratory epthelium [89, 90]. This effect is
mainly dependent on the interaction of UspA1 with the toll-like receptor TLR2 [90, 119].
Interestingly, it was found that this IL-8 induction is inhibited by an - also UspA1-dependent -
interaction with CEACAM-1 [90] representing a new strategy of pathogen evasion.
Additionally, also the M. catarrhalis lipooligossaccharide LOS could be identified as an
inductor of the pro-inflammatory cytokine production and ICAM-1 expression on human
monocytes. This activation processes via toll like receptor 4 (TLR4) and the CD14-dependent

pathway [106].

IgD-binding and B-cell activation

It could be shown that M. catarrhalis is able to bind IgD via the IgD-binding molecule
MID/Hag [97-99] resulting in the activation of B-cells in a thymus-independent manner —
independently without physical T-cell help [99]. B-cell superantigens induce a strong
proliferative response of B-cells and enable the bacterium to circumvent the adaptive
immune system and enhance its virulence. Basically, superantigens are known from several
gram-positive bacteria — such as protein A of Staphylococcus aureus (SpA) [121] — but are

quite rare among gram-negative bacteria. In addition to M. catarrhalis, superantigens are
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currently only known in H. influenzae [122] and Yersinia pseudotuberculosis [123]. MID,
which is present in a large number of isolates, is able to bind both soluble and membrane
bound IgD. The B-cell activation is initiated by a nonimmune cross-linking of the IgD constant
heavy chain region 1 and leads to an upregulation of different B-cell surface molecules and,
importantly, induces no apoptosis in the B-cells [124]. However, IgD binding alone is
obviously not enough to induce a strong proliferative response, but Jendholm et al. [125]

found a particular TLR9 activation parallel to the IgD signaling.

1.4.2.5 Biofilm production

Biofilm production is a very effective strategy of bacteria to colonize and also persist in the
host. It enables the bacteria to protect themselves from the host's immune system but also
from antimicrobial substances. Additionally, the existence of biofilms supports the exchange
and uptake of DNA. Simultaneously, biofilm production displays a big problem not only in
surgery, but also in chronic diseases such as chronic middle ear infections [28]. Just a few
studies have been performed in vitro to demonstrate that M. catarrhalis is able to produce

biofilms in whose formation UspA1, UspA2H and MID are involved [88, 95].

1.4.2.6 Cold shock response and its effect on the virulence

During colonization and infection of the host, bacteria are continuously confronted with
changing environmental conditions, such as altered pH values, osmolarity, nutrition depletion
or varying temperatures. Therefore, the bacteria developed special strategies to adapt to

these variable conditions - the so-called stress responses. The best investigated stress
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response of M. catarrhalis is the cold shock response — induced after a temperature shift of
about 10°C — occurring in vivo after breathing cold air [126]. This cold shock response results
mainly in the transcriptional regulation of the expression of different proteins, which are
important for the survival under the new conditions, but also in the upregulation of OMP
involved in virulence mechanisms e.g. in adhesion. It could be shown that the adhesin
UspA1 is upregulated after growth at 26°C compared to 37°C [127] resulting in a significantly
higher adhesion ratio of the cold shock-treated bacteria to the human host epithelium as well

as a higher induction of IL-8 release by respiratory cells [89].

1.4.3 Virulence factors of the ‘non-virulent’ lineage

As it becomes also apparent from table 1, the information about the 16S rRNA type 2/3 is
exceptional scant. Apart from some information about genes - known from type 1 — and their
expression status, no further information is available. It could be shown that the UspA1
adhesin - which is present in 87% to 99% of the serum resistant lineage — is carried only by
23% to 36% of type 2/3 strains, and not all of them express it [6, 11, 92, 93]. These findings
would explain the poor capacity to adhere to epithelial cells of serum sensitive isolates [6].
Interestingly, there were no differences found in the respective proportions carrying a UspA2
gene [6], although the UspA2 protein is one of the main proteins in type 1 strains and
associated to serum resistance. A possible explanation would be that type 2/3 strains
express low levels of UspA2, i.e., below the functionally relevant threshold. Also, the gene for
the multifunctional Hag/MID protein was found to be absent in almost all isolates of the 16S
rRNA tpye 2/3 subpopulation [93]. The outer membrane proteins CopB and OmpCD are also
associated to serum resistance and found in all type 1 isolates [6]. Studies utilizing restriction

fragment length polymorphism (RFLP) analysis are able to classify CopB as well as OmpCD
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into different subgroups. CopB can be distinguished into the types 0, I/llLlIl and IV, and
OmpCD in type | and Il. Investigations regarding differences between type 1 and type 2/3
now demonstrated that CopB types l/lll and Il were almost exclusively related to the
complement resistant lineage whereas types 0 and IV were mostly associated with the
complement sensitive population [93]. Similarly, results for OmpCD demonstrated that RFLP
type | was associated with 16S rRNA type 1 and RFLP type Il with 16S rRNA type 2/3 [93].
Finally LOS B — one of three LOS serotypes (A, B and C) - was also found exclusively in 16S

rRNA type 1 isolates [93].
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2. AIMS OF THE THESIS

The increasing incidence of acute otitis media (AOM) infections caused by Moraxella
catarrhalis intensified the research focused on the identification of possible vaccine
candidates. Furthermore, objectives of previous studies were mainly the still poorly
understood pathogenesis and virulence of the bacterium. Recent data elucidated that M.
catarrhalis consists of two different phylogenetic subpopulations — the 16S rRNA type 1 and
type 2/3 lineages. Previous investigations of M. catarrhalis mainly focused on the 16S rRNA

type 1 lineage.

2.1Aim1

Outer membrane components serving as immunogens (i.e., potential vaccine candidates)
should be recognized by the host immune system and should be highly conserved within all
strains of a given species. M35, a highly conserved porin of 16S type 1 is virtually completely
conserved among type 1 strains and may thus qualify as a potential vaccine candidate, even
though immunodominant epitopes are yet to be identified. In detail the following questions

should be addressed within the first part:

(i) Characterization of the M35 phenotype regarding functionality and putative
virulence factors
(i) Determination of the potential of M35 as a possible vaccine candidate

(iii) Analysis of the degree of M35 conservation in type 2/3 strains
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2.2 Aim 2

The two phylogenetic subpopulations of M. catarrhalis differ in their 16S rRNA subunit and in
the time range of their phylogenetic development. Serum sensitivity was recognized as
mainly attributed to type 2/3 isolates, which, furthermore, lack the carriage or expression of —
for the virulence genes or proteins important to type 1 strains. As previous focus of research
on the serum sensitive lineage is limited mainly on genotypic investigations, the second part

of the thesis consists of:

(i The determination of putative type 2/3 virulence traits with regard to their ability to
invade human epithelial cells as well as their pro-inflammatory activity
(i) The investigation of the influence of cold shock treatment of type 2/3 strains with

respect to adhesion and invasion respectively their protein expression
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Abstract

Background: The outer membrane protein M35 is a conserved porin of type | strains of the
respiratory pathogen Moraxella catarrhalis. It was previously shown that M35 is involved in the
uptake of essential nutrients required for bacterial growth and for nasal colonization in mice. The
aim of this study was (i) to characterize the potential roles of M35 in the host-pathogen interactions
considering the known multifunctionality of porins and (i) to characterize the degree of

conservation in the phylogenetic older subpopulation (type 2) of M. catarrhalis.

Results: Isogenic m35 mutants of the type | strains O35E, 300 and 415 were tested for their
antimicrobial susceptibility against |5 different agents. Differences in the MIC (Minimum Inhibitory
Concentration) between wild-type and mutant strains were found for eight antibiotics. For
ampicillin and amoxicillin, we observed a statistically significant 2.5 to 2.9-fold MIC increase (p <
0.03) in the m35 mutants. Immunoblot analysis demonstrated that human saliva contains anti-M35
IgA. Wild-type strains and their respective m35 mutants were indistinguishable with respect to the
phenotypes of autoagglutination, serum resistance, iron acquisition from human lactoferrin,
adherence to and invasion of respiratory tract epithelial cells, and proinflammatory stimulation of
human monocytes. DNA sequencing of m35 from the phylogenetic subpopulation type 2 strain 287
revealed 94.2% and 92.8% identity on the DNA and amino acid levels, respectively, in comparison

with type | strains.

Conclusion: The increase in MIC for ampicillin and amoxicillin, respectively, in the M35-deficient
mutants indicates that this porin affects the outer membrane permeability for aminopenicillins in a
clinically relevant manner. The presence of IgA antibodies in healthy human donors indicates that
M35 is expressed in vivo and recognized as a mucosal antigen by the human host. However,
immunoblot analysis of human saliva suggests the possibility of antigenic variation of
immunoreactive epitopes, which warrants further analysis before M35 can be considered a

potential vaccine candidate.
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Background

Moraxella catarrhalis is an exclusively human, mucosal res-
piratory tract commensal and pathogen causing between
5% [1] and 20% of cases of acute otitis media in children
[2] across all regions of the world. The recent introduction
of routine infant immunization with pneumococcal con-
jugate vaccines has - in some studies [3] - led to a substan-
tial increase in otitis media caused by M. catarrhalis [3]. It
is thus a major cause of the most common bacterial infec-
tion in children requiring medical attention. M. catarrhalis
also triggers approximately 10% acute exacerbations of
chronic obstructive pulmonary disease (COPD) in adults

[4]

In our attempts to identify cold shock regulated outer
membrane proteins (OMP) of M. catarrhalis [5] we inves-
tigated a recently described OMP called M35. We found
no evidence of cold shock regulation, but the construction
of an isogenic mutant lacking the expression of a currently
incompletely described OMP of M. catarrhalis provided us
with the opportunity to conduct a phenotypic analysis of
the function of M35. Meanwhile, in an elegant series of
experiments, Easton and co-workers [6] demonstrated
that M35 is a typical Gram-negative OM porin, which also
is essential for short-term nasal colonization of mice.
Importantly, porins of Gram-negative bacteria not only
assure bacterial homeostasis by acting as transport chan-
nels, but are also known to afford virulence mechanisms
such as adhesion, invasion [7-11], and pro-inflammatory
stimulation. [11-17]. In addition, porins are often
involved in antimicrobial resistance [18-26]. Porins of M.
catarrhalis have received little attention in the scientific lit-
erature. Gotho et al. described the permeability for beta-
lactam antibiotics across the OM of M. catarrhalis suggest-
ing that porins may be involved [27]. Lafontaine et al
investigated the porin-like OMP CD, which acts as an
adhesin on lung cells [7]. Thus, M35 is currently the only
well characterized porin of M. catarrhalis [6,28].

The aims of the present study were (i) to provide an over-
view of phenotypic differences between the strains O35E,
300 and 415 and their respective isogenic m35 mutants,
(ii) to investigate whether M35 is a human mucosal anti-

Table |: Bacterial strains used in this study
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gen and thus a potential vaccine candidate, (iii) to evalu-
ate the role of M35 in the susceptibility of M. catarrhalis to
various classes of antimicrobial agents, and (iv) to provide
the DNA sequence m35 of strain 287, which is a represent-
ative of the phylogenetically older major lineage (type 2)
of M. catarrhalis [29].

Methods

Bacterial strains and culture conditions

The M. catarrhalis strains and their isogenic m35 mutants
used in this study are listed in Table 1. All strains were cul-
tured at 37°C and 150-200 rpm in brain heart infusion
(BHI) broth (Difco, Detroit, MI) or on BHI agar plates in
an atmosphere containing 5% CO,. Media were supple-
mented with kanamycin (20 pg/ml) for culturing of the
mutants. To investigate growth under different osmotic
conditions, strains were cultured in BHI broth overnight
at 37°C and 150 rpm. One ml of overnight culture was
diluted 1:100 in fresh BHI supplemented with 0.25 M, 0.5
M or 1.0 M NacCl, respectively, and incubated at 37°C and
150 rpm. During cultivation to the stationary phase cell
density was measured at OD,,. The effect of exposure to
different acidic environments was measured by growing
bacteria in BHI broth overnight, harvesting and resus-
pending them in 20 mM Na,HPO,/NaH,PO,, 1 mM
MgCl,, 25 mM L-arginine adjusted to pH 4.0, pH 5.0, pH
6.0, or pH 7.0, respectively. Suspensions were incubated
for 2 h and 4 h, respectively, at 37°C, and the number of
viable bacteria was quantified by plating of serial dilu-
tions. Iron utilization experiments were performed by a
disk feeding assay applying 5 pl of iron-saturated human
lactoferrin (10 mg/ml) to sterile filter disks [30]. BHI agar
plates were previously iron depleted by adding deferox-
amine mesylate (Desferal, Novartis, Basel, Switzerland) to
a final concentration of 30 uM and incubated at 4°C over-
night before use. Escherichia coli DH5a was grown on
Luria-Bertani (LB) agar plates or in LB broth.

DNA methods

Plasmids were isolated using the Wizard Plus SV Miniprep
DNA purification system (Promega Corp., Madison, Wis.)
DH5a was transformed as described previously [31].
Restriction enzymes were purchased from New England

Strain Description

Source or reference

M. catarrhalis O35E middle ear isolate [65]
M. catarrhalis O35E.m35 isogenic mutant strain, kanR this study
M. catarrhalis 300 nasopharyngeal isolate from child [35]
M. catarrhalis 300.m35E isogenic mutant strain, kanR this study
M. catarrhalis 415 nasopharyngeal isolate from child [35]
M. catarrhalis 415.m35 isogenic mutant strain, kanR this study
M. catarrhalis 287 nasopharyngeal isolate from child [35]
Escherichial coli DH50 Host strain for plasmid constructs [66]
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Biolabs, Inc., Beverly, MA. Electrocompetent M. catarrhalis
was prepared and DNA was electroporated as described
[32]. DNA sequencing was performed by using an ABI
PRISM 310 genetic analyzer (PE Biosystems, Rotkreuz,
Switzerland) with the Big Dye Terminator cycle sequenc-
ing ready reaction kit (PE Biosystems, Rotkreuz, Switzer-
land). Sequences were analyzed with the Lasergene
software (DNASTAR Inc., Madison, WI). For sequencing
of m35 of strain 287, DNA was amplified using the prim-
ers m35B5 (5-TCGATACCAGAACACTACCTAAGC-3'),
m35F2 (5' -GTCTGAGGGCAAGGTAGGCG-3'), m35RMJ1
(5" -CGTAGCAGTITITCATCTCACCAC 3'), m35F3 (5'-
CITGCTCTAGCAACCGCAG-3'), m35R3 (5'-GCAAGAC-
CTAGGTAAGTATC-3') and m35FMJ4 (5'-TGCGTGCAT-
GGGTCGTGA-3").

Construction of the isogenic mutants O35E.m35, 300.m35
and 415.m35

Part of the m35 gene of the strains O35E, 300 and 415,
respectively, was amplified using forward primer m35F3
(5'-CTTGCTCTAGCAACCGCAG-3') and reverse primer
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m35B5 (5'-TCGATACCAGAACACTACCTAAGC-3'). PCR
products were ligated into the BamHI restriction site of
PGEM-T-Easy pUC4K (Promega, Madison, USA). The
kanamycin cassette was ligated into the Awrll restriction
site of the m35 insert. The resulting construct, Am35:kan,
was used for electroporation of the competent strains
O35E, 300 and 415, respectively. Transformants were
selected on BHI agar plates containing 20 pg/ml of kan-
amycin. Insertional inactivation of m35 was confirmed by
PCR analysis, sequencing, Southern blot analysis (data
not shown) and immunoblotting (figure 1).

Preparation of OMP

OMP were prepared by the EDTA buffer method as
described [33]. Bacteria were harvested from a stationary
phase culture, resuspended in EDTA buffer (0.05 M
Na,HPO,, 0.15 M NaCl, 0.01 M EDTA, ph 7.4), homoge-
nized and incubated at 55°C at 300 rpm for 1 h. Cells and
cell debris were eliminated by centrifugation at 10,000 x
g for 15 min at 4°C. Finally, OMP were collected by ultra-
centrifugation at 100.00 x g for 2 hat 4°C.
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(A) SDS PAGE of M. catarrhalis OMP of the strains O35E, 300 and 415 together with their respective m35
knock-out mutants. Black triangles show the position of the M35 protein band at 36 kDa. White triangles show the position
of the 40 kDa protein. The spectra display the intensity of each protein band determined by the AlphaEaseFC® software. Light
lines show the wild-type strain, dark lines show the respective M35 mutant strains. (B) Western Blot analysis for human sali-
vary IgA against M35 of the strains O35E, 300 and 415 from seven healthy donors. The isogenic m35 mutants were included as

negative controls.
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2D-Gel electrophoresis and MALDI-TOF

Analysis of M35 and other OMP spots of strain O35E was
performed a described previously [34], except for the pre-
cipitation of the OMP, which was omitted.

SDS-PAGE gel electrophoresis and immunoblot for
detection of human anti-M35 IgA

Samples were resolved by SDS-PAGE using a 7.5% poly-
acrylamide gel. Band intensity was quantified using the
AlphaFaseFC® program from Inotech, Inc. Antibody detec-
tion was performed by Western blot analysis. Proteins
were transferred to polyvinylidene difluoride (PVDF)
membranes (Immobilon-P; Millipore Corp., Bedford,
MA). IgA binding was detected using human saliva sam-
ples as primary antibody source and goat anti-human IgA,
respectively, labeled with horseradish peroxidase
(SIGMA) as secondary antibody. Super Signal West Pico
Chemiluminescent Substrate (Pierce Chemical Co., Rock-
ford, IL) was used for detection of antibody binding.
Unstimulated human saliva was collected from healthy
volunteers using Salivette sponges® (Sarstedt, Niimbrecht,
Germany), centrifuged for 5 minutes at 2000 rpm and
stored at -20° C. All volunteers were laboratory researchers
and provided oral informed consent. Sampling of saliva
from healthy volunteers was approved by the local ethics
committee.

Antimicrobial resistance testing

The minimum inhibitory concentrations (MIC) of peni-
cillin, ampicillin, amoxicillin, amoxicillin-clavulanate,
cefuroxime, ceftriaxone, imipenem, meropenem, erythro-
mycin, doxycycline, gentamicin, vancomycin, cipro-
floxacin, levofloxacin, and moxifloxacin were determined
by E-test® (AB Biodisk, Sweden) according to the manufac-
turer's instructions.

Autoagglutination and serum bactericidal assay
Overnight cultures were resuspended in PBS and adjusted
to an ODy,, of 2.0 in glass tubes. OD, of the superna-
tants were determined after 15 and 60 minutes, respec-
tively. Serum bactericidal assay were performed as
previously reported [35].

Human cell lines and growth conditions

Chang conjunctival cells and A549 lung cells were main-
tained in Eagle's minimal essential medium (Invitrogen,
Basel, Switzerland) supplemented with 10% of heat-inac-
tivated fetal calf serum, 100 units/ml penicillin, 100 pg/
ml streptomycin, and 2 mM L-glutamine at 37°C in 5%
CO,. The THP-1 human monocytic cell line was main-
tained in RPMI 1640 (Lonza, Basel, Switzerland) supple-
mented with 2 mM L-glutamine, 10% heat-inactivated
fetal calf serum, 0.05 mM B-mercaptoethanol, 10 mM
HEPES, 100 units/ml penicillin and 100 pg/ml streptomy-
cinat 37°C in 5% CO,.

http://www.biomedcentral.com/1471-2180/9/188

Adherence and Invasion assay

The ability of M. catarrhalis to adhere to and invade
human epithelial cells in vitro was measured as described
previously [36]. Adherence and invasion was assessed on
both Chang conjunctival cells and A549 lung cells as
described [36,37]. Each strain was analyzed in triplicate in
each experiment.

Proinflammatory activity of M35 on human monocytes
The pro-inflammatory potential of M. catarrhalis OMP
was described previously [38]. To investigate if M35 is an
important mediator of proinflammatory cytokine release
on the bacterial cell surface, THP-1 cells (1 x 10%/ml) were
stimulated with different concentrations (1 x 105/ml, 1 x
10¢/ml, or 1 x 107/ml) of heat inactivated strain O35E or
the O35E.m35 mutant and incubated for 18 h at 37°C
and 5% CO,. After incubation, cells were centrifuged for
2 min at 11,800 x g and supernatants were stored at -
80°C. Cytokines were measured using the R&D Systems
DY208 for human CXCL8/IL-8 and R&D Systems DY210
for human TNFo/TNFSF1A (R&D, Minneapolis, USA),
respectively.

Statistical analysis

Comparison of several test series was evaluated by analy-
sis of variance (ANOVA). The significance of differences
between treatment and control groups was determined
using the two-tailed t-test. P < 0.05 was considered as sta-
tistically significant. Each value represents the mean + one
standard deviation of at least three independent experi-
ments performed in triplicate.

Results

In vitro growth of m35 mutants

Standard growth curves of the three wild-type/mutant
pairs in BHI broth revealed no difference in growth veloc-
ity measured as broth density at OD,, (data not shown).
Because porins are frequently involved in stress responses
of bacteria against changes in osmolarity or pH [39-41],
we investigated the wild-type/mutant pairs with respect to
growth at various osmotic (supplementation of BHI with
0.25, 0.5 and 1 M NaCl) and acidic (pH 4-7) conditions
(figure 2). Again, wild-type strains and their respective
mutants behaved identically.

M35 knockout is not associated with upregulation of a 40
kDa OMP

Easton et al. [6] described the upregulation of a 40 kDa
protein in one of their isogenic m35 mutants. In order to
confirm this observation, we compared Coomassie-blue
stained OMP profiles of our three strains with their respec-
tive m35 mutants, but failed to detect any discernible
upregulation of other OMP as determined by measuring
protein band intensities (figure 1A). Thus, removal of
M35 does not appear to affect the OMP composition
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Figure 2

Growth of M. catarrhalis O35E and its isogenic m35 mutant under acidic (A) and osmotic (B) stress. (A) The
effect of exposure to different acidic conditions was measured by growing bacteria in BHI adjusted to pH 4.0, pH 5.0, pH 6.0,
or pH 7.0, respectively. Suspensions were incubated for 2 h and 4 h, respectively, and the number of viable bacteria was quan-
tified by plating on BHI agar plates. (B) Different osmotic conditions were investigated by culturing bacteria in BHI supple-
mented with 0.25 M, 0.5 M or 1.0 M NaCl. During cultivation to the stationary phase bacterial density was measured at OD,.
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when bacteria are grown in BHI. Taken together, the data
presented thus far indicate that M35 is not essential for
growth in vitro and that its removal from the OM does not
otherwise affect the OMP composition.

M35 is expressed in vivo

The human mucosal antibody response to OM compo-
nents of M. catarrhalis has been described in detail [42-
45], but M35 has never been paid specific attention. In
order to search for human antibodies against M35, OMP
of the strains O35E, 300, 415 and their isogenic mutants
were resolved by SDS-PAGE, transferred to PVDF mem-
branes, and incubated with human saliva for detection of
IgA. Western Blot analysis for anti-M35 IgA with 7 differ-
ent donors resulted in antibody signals to all three strains
with the strains 300 and 415 displaying broader immuno-
genicity than O35E (figure 1B). Four of seven donor saliva
contained anti-M35 IgA against strain 300 and 415,
respectively. One donor displayed anti-M35 IgA for all
three strains. OMP of the m35 mutants were used as neg-
ative controls (figure 1B). These data suggest that M.
catarrhalis expresses M35 in vivo and that the mucosa-asso-
ciated lymphoid tissue recognizes M35 as an antigen.

Aminopenicillin susceptibility is mediated by M35

One of the major bacterial strategies for drug resistance is
barrier protection, which limits the intracellular access of
antimicrobial agents [18]. The influx of large, charged
molecules is controlled by porins, which allow passive
penetration of hydrophilic molecules of several classes of
antibiotics [19-21]. Thus, porin-mediated OM permeabil-
ity is expected to affect susceptibility to antimicrobial
agents [18,22]. To investigate this, E-tests were performed
with the mutants O35E.m35, 300.m35, 415.m35 and their
respective wild-type parent strains. There were no differ-
ences in MIC for penicillin G, ceftriaxone, meropenem,
erythromycin, doxycycline, gentamicin, and vancomycin
between wild-type and mutant strains, respectively. For
quinolones (ciprofloxacin, levofloxacin and moxi-
floxacin), cefuroxime and imipenem there was a minor,
but consistent ~1.4-fold increase in the MIC of the
mutants (data not shown). For ampicillin and amoxicil-
lin, however, there was a statistically significant increase
in the MIC of the mutants (2.5 to 2.9-fold) in comparison
with their respective wild-types (figure 3A/B) (p = 0.003-
0.023). Interestingly, at an approximately 10-fold lower
level, this was also found for amoxicillin-clavulanate (fig-
ure 3C).

Expression of M35 and putative virulence traits of M.
catarrhalis

The capacity to autoagglutinate is mediated by hemagglu-
tinin (also called Moraxella IgD-binding protein) [46], but
some hemagglutinin knock-out mutants still autoaggluti-
nate (unpublished data). Thus, we investigated whether

http://www.biomedcentral.com/1471-2180/9/188

the absence of M35 affected autoagglutination, but failed
to identify any difference between strain O35E and
O35E.m35 (data not shown). Similarly, resistance of M.
catarrhalis to human complement, which is associated
with disease-causing isolates [47-49] and which requires
expression of several OMP [37,50-52], was not impaired
by the lack of M35 (data not shown). Growth of M.
catarrhalis in vivo is dependent on the ability to acquire
iron from the human host by retrieving Fe3+ from iron-
containing host proteins by a number of specific binding
and uptake systems [30,53-59]. Because of its abundance
on mucosal surfaces, we chose to investigate the ability of
the m35 mutant to use iron bound to human lactoferrin
using a standard disk feeding assay on iron depleted BHI
agar plates [30]. The experiment resulted in no differences
in growth between the three m35 mutants and their
respective wild-type parents (data not shown).

Adherence and invasion of the m35 mutant

The abilities of a pathogen to adhere to and invade epithe-
lial host cells, respectively, are major virulence factors.
Adhesins and invasins usually are OMP [5,36,60,61],
some of which also act as porins [7-11]. To investigate if
M35 mediates adherence and invasion assays were per-
formed on Chang conjunctival cells as well as on A549
lung cells. Adherence of the O35E.m35 mutant was as effi-
cient as that of its wild-type parent strain (figures 4A/B).
Similarly, no differences were found for the capacity to
invade these cell types (figures 4C/D) in gentamicin pro-
tection assays.

Proinflammatory activity of M35 on human monocytes
Proinflammatory activity is typically induced by OMP,
lipopolysaccharide or lipoteichoic acids. Porins have also
been described to induce proinflammatory cascades by
activating innate immune receptors mediating the expres-
sion of several chemokines and cytokines [11-17]. We
investigated M35 with regard to its proinflammatory
effect on human monocytes. THP-1 cells were stimulated
with strain O35E or its O35E.m35 mutant overnight and
cytokine release in the supernatant was measured by
determining the concentrations of IL-8 and TNFa by
ELISA. There was no difference in the release of IL-8 and
TNFa, respectively, between wild-type and mutant (data
not shown).

M35 sequence analysis of type 2 strain 287

M35 is nearly 100% conserved among type 1 strains of M.
catarrhalis [28]. To determine if this is also true for the
other major phylogenetic subpopulations of M. catarrha-
lis, m35 of type 2 strain 287 was sequenced and analyzed
by bioinformatics. In comparison with type 1 strain
O35E, there was a divergence of 5.8% at the DNA level
consisting mainly of point mutations (figure 5). Unex-
pectedly, these DNA mutations lead to an even greater
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E-tests of the strains O35E, 300 and 415 and their respective isogenic m35 mutants with ampicillin (A), amoxi-
cillin (B) and amocixillin-clavulanate (C). Bacteria were cultured on agar plates together with E-test strips overnight. Bars
show the minimum inhibitory concentration (MIC) for each antibiotic. Data are presented as means £ | SD (n = 3). * p < 0.05

for wild-type vs. respective mutant.
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Adherence to Chang conjunctival cells (A) and A549 lung cells (B) and invasion into Chang cells (C) and A549
cells (D) by M. catarrhalis O35E and its isogenic knock-out mutant O35E. m35. The cells were infected and, after 30
min for adherence and 3 h for invasion, total cell-associated bacteria or intracellular bacteria, respectively, were quantitated by
dilution plating. Data are represented as means + | SD (n = 3) of at least three separate experiments.

divergence of 6.1% at the amino acid sequence level (fig-
ure 6). This corresponds to a substantial number of mis-
sense mutations.

Discussion

Porins are essential components of the gram-negative
outer membrane and contribute to nutrient transport,
antimicrobial resistance, response to osmostress and
other processes, which are essential for bacterial homeos-
tasis. M35 is the first functionally characterized OM porin
of M. catarrhalis [28] and as of today all isolates examined
carry a highly conserved m35 gene on their chromosome.
This may indicate that strains not expressing M35 are not
viable in vivo, but the only evidence in support of this
hypothesis is the observation that a m35 mutant was una-
ble to colonize the nasal mucosa of mice [6], which are
not a natural host species for M. catarrhalis.

Our observation that healthy humans have mucosal 1gA
directed against M35 indicates that this protein is

expressed in vivo. However, the fact that some salivary
samples did not recognize all three M35 proteins tested
suggests that either (i) antigenic variation occurs at immu-
noreactive, surface exposed epitopes, or (ii) it is a weak
antigen and some individuals lose or never acquire anti-
M35 IgA, or (iii) some isolates lack expression of M35 in
vivo. If the latter were the case, screening of large collec-
tions of clinical M. catarrhalis isolates should identify
strains either lacking a m35 gene or isolates carrying silent
genes. The answer to this question is of clinical relevance,
because our data indicate that the absence of M35 is a pre-
viously unknown mechanism of aminopenicillin resist-
ance in M. catarrhalis. This effect could occur in vivo by
alterations in porin expression to prevent antibiotic
influx, which is a well known mechanism of resistance in
other pathogens [18,22], and which often is associated
with the expression of degradative enzymes to confer high
level resistance [23,24]. The specificity of M35 for ami-
nopenicillins could be explained by an effect Bezrukov et
al described for OmpF of E. coli. They found that the
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61 T SRIGFKGSEALNANTDVVYQLEYXKIDTIDA A 035E.p
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99 DRGDNFKSRDTYLGLAHKQYGTLLAGRTILTT O35E.p
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121, IDDSVDFASEIL PG NNVADIGPTFNAPRANIN O035E.p
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151 AFAYVSPEYNGAQFLGMYAFDSDTDEKGGTLA 287.pr
18] X DD QFGVGATYSTGP NAGATY YTIHYGDDSH O035E.p
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241 QKASPLSEGKVGDKKE[PTLIVSGEMEKTATZP O35E.p
241 Q KASPLSEGKVGDEKKESTLIVSGEMEKTATTP 287.pr
271 WTAYGOQATLIKNVAGNDGDESVGVGIGGE KTY O035E.p
27 WTAYGQATLIKNVAGEIDGDESVGVGIGGEKY 287.pr
301 AFNABITGHVYTGYVNSEREKNYVEKYEGS SNE]J§ 035E.p
301l AFNQAATGHVYTGYVNSEREKNVEKYEGSNERA A 287.pr
331 HN AEKDTKFDGYK[ESGFGIGAGLETYKTF O35E.p.
331 HQN-HKDTI{FDGYKNSGFGIGAGLEYKF 287 .pm

Figure 6

Deduced M35 amino acid sequence of type | strain O35E compared with type 2 strain 287. The red squares indi-

cate diverse amino acids between the two strains.

nature and position of specific charges on both the antibi-
otic molecule and the porin play a major role in these
interactions [25,26]. Strong binding to the pore correlates
with high diffusion rates whereas weak binding is associ-
ated with reduced diffusion. As of today, the only known
mechanism of aminopenicillin resistance in M. catarrhalis
is the expression of one of three chromosomally encoded
BRO betalactamases, which are detectable in greater than
90% of clinical isolates [62] and explain the fact that the

MIC for amoxicillin-clavulanate in our experiments was at
least 10-fold lower than the MIC for amoxicillin. This
finding indicates that clavulanate penetrates the OM by
ways other than M35. It also demonstrates that, in the
presence of clavulanate, the reduced amount of ami-
nopenicillins still penetrating the OM in m35 mutants suf-
fices to inhibit growth. Thus, it appears that clavulanate
inhibits essentially all betalactamase activity available and
that naturally occurring isolates lacking M35 would not
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currently pose a substantial therapeutic problem in
patients treated with betalactamase-resistant betalactams.
However, standard dose or high dose amoxicillin still is
the therapeutic standard for antimicrobial therapy of
acute otitis media. Based on our data (figure 3), currently
accepted  pharmakinetic/pharmcodynamic  (PK/PD)
breakpoints for resistance against standard dose (> 1.0 pg/
ml) or high dose amoxicillin (= 8 pg/ml), respectively,
[63] thus predict that isolates lacking functional M35 may
display clinically relevant aminopenicillin resistance. This
is particularly relevant for the treatment of acute otitis
media. Drug concentrations reached in the middle ear
cavity are low in comparison with serum concentrations
[64] and treatment failure is typically caused by insuffi-
cient drug concentrations in the middle ear fluid [64]. The
list of betalactam antibiotics tested in this study is not
exhaustive and it is conceivable that other drugs may also
be affected by m35 mutations. Thus, further studies are
needed to explore the potential impact of m35 mutants on
antimicrobial treatment failures.

Multiple phenotypic tests that we carried out with three
wild-type/mutant pairs failed to uncover an additional
functions attributable to M35. None of these results is par-
ticularly surprising. The strength of these "negative" data
lies precisely in the fact that we did not study one, but
three different isolates and their respective mutants,
which, taken together, provide firm evidence that M35 is
not involved these various phenotypes in vitro. The analy-
sis of three different wild-type/mutant pairs also lead to
the conclusion that knocking-out m35 does not necessar-
ily upregulate expression of a 40 kDa OMP as stated by
Easton et al (figure 1A). Because these authors used a dif-
ferent strain, it is conceivable that they observed a strain-
specific phenomenon, which does not represent the entire
species. Finally, we sequenced m35 of a strain belonging
to the phylogenetically old, second subpopulation of M.
catarrhalis [29], which differs from the younger subpopu-
lation by a considerably larger genetic diversity [29].
Indeed, we found a substantial number of sequence devi-
ations, which, interestingly, were even greater at the
amino acid level than at the DNA level. It is thus conceiv-
able that type 2 strains exhibit functional and/or antigenic
differences with respect to M35, which warrant further
investigation.

Conclusion

The significant increases in MIC for ampicillin and amox-
icillin of the m35 mutants indicate that the OM porin M35
is involved in the uptake of aminopenicillins. This is a
previously unknown mechanism of resistance in M.
catarrhalis. It remains to be elucidated whether naturally
occurring, disease causing strains of M. catarrhalis devoid
of functional M35 exist, and whether they may contribute
to clinical treatment failure. The fact that normal human

http://www.biomedcentral.com/1471-2180/9/188

saliva contains anti-IgA indicates that M35 is expressed in
vivo, but that antigenic variation may be greater than pre-
viously appreciated. Thus, further studies are needed
before M35 can be considered a potential vaccine candi-
date against M. catarrhalis.
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Objectives: The outer membrane protein M35 of Moraxella catarrhalis is an antigenically conserved porin.
Knocking out M35 significantly increases the MICs of aminopenicillins. The aim of this study was to determine
the biological mechanism of this potentially new antimicrobial resistance mechanism of M. catarrhalis and the
behaviour of M35 in general stress situations.

Methods: PCR using m35-specific primers was used to detect the m35 gene in clinical isolates. The m35 mRNA
expression of strains 300, O35E and 415 after exposure to amoxicillin and different stress conditions was
measured by real-time PCR and normalized in relation to their 16S rRNA expression. The expression of M35
protein was analysed by SDS-PAGE and western blotting.

Results: Screening of 52 middle ear isolates resulted in positive PCR products for all tested strains. The analysis of
m35 MRNA expression after amoxicillin treatment showed 24%-85% down-regulation compared with the res-
pective amoxicillin-free controls in all three strains tested. Also, analysis of protein concentrations revealed lower
M35 expression after growth with amoxicillin. Investigation of M35 during general stress responses showed
down-regulation of the porin with growth at 26°C and 42°C, under hyperosmolar stress and under iron restriction.

Conclusions: The reduced expression of M35 after aminopenicillin exposure indicates a novel resistance mechanism
against aminopenicillins in M. catarrhalis, which may be relevant in vivo. The differences in expression after different

stress treatments demonstrate that M35 is involved in general stress responses.

Keywords: acute otitis media, amoxicillin, antimicrobial susceptibility, stress response

Introduction

Moraxella catarrhalis is a Gram-negative diplococcus and an
exclusively human pathogen, mainly involved in exacerbations
of chronic obstructive pulmonary diseases (COPD) in adults and
acute otitis media in young children.”> The proportion of
cases of acute otitis media caused by M. catarrhalis varies
between 5% and 20%, with recent studies showing an increase
of M. catarrhalis-caused otitis media since the introduction of
routine infant immunization with pneumococcal conjugate
vaccine.?”*®’ Acute otitis media treated with standard or high-
dose amoxicillin is still the recommended therapeutic standard in
Europe as well as in the USA.8 ! Treatment failures after the use
of amoxicillin are documented in different studies and are
usually related to infections with B-lactamase-producing
strains of Haemophilus influenzae or M. catarrhalis or a

drug-resistant strain of Streptococcus pneumoniae.”**~*> More
than 90% of M. catarrhalis isolated worldwide are resistant to
penicillin and until now the only known resistance mechanism
has been the production of one of two bro B-lactamases
(BRO-1 and BRO-2).>'°"'% We previously demonstrated that
M. catarrhalis strains lacking the outer membrane protein
(OMP) M35 display an MIC of aminopenicillins up to 3-fold
higher in comparison with their respective wild-types, indicating
that M35 is involved in the susceptibility of the organism to these
antimicrobials.”® M35 is a highly conserved porin in type 1 strains
of M. catarrhalis; it is involved in nutrient uptake, appears essen-
tial for nasal colonization in mice and results in a mucosal
immune response manifested as specific IgA in human
saliva.?~2% Porins are water-filled open channels in the outer
membrane of bacteria and allow the passive penetration of
hydrophilic molecules. They can be differentiated by their activity

© The Author 2010. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.
org/licenses/by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work
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(non-specific or specific), their functional structure and their
regulation and expression pattern.”> 2’ By their function as
passive transport channels they are not only involved in the
uptake of nutrients but also of drugs such as antimicrobials.?”-?®
Therefore it is not surprising that one of the main antimicrobial
resistance strategies of bacteria is altered porin expression to
limit intracellular access of antibiotics. In particular, antimicrobial
resistance to B-lactam antibiotics is often described as a combi-
nation of the production of B-lactamases and altered porin
expression, which appears to be highly efficient.?’ 3’ Not only
antimicrobials, however, induce alterations in porin expression,
but also general stressors, such as nutrient deprivation, tempera-
ture changes, osmolarity, pH changes and iron depletion.*®*?
The major aim of this study was to determine the mechanism
by which M35 is involved in the susceptibility to aminopenicillins.
Secondarily, we observed M35 expression in response to general
bacterial stress factors.

Materials and methods

Bacterial strains and culture conditions

The M. catarrhalis strains and their isogenic m35 mutants used in this
study are listed in Table 1. All strains were cultured at 37°C and 150-
200 rpm in brain heart infusion (BHI) broth (Difco, Detroit, MI, USA) or
on BHI agar plates in an atmosphere containing 5% CO,. Media were sup-
plemented with kanamycin (20 mg/L) for culturing of the mutants.
Escherichia coli DH5« was grown on Luria-Bertani (LB) agar plates or in
LB broth. For analysis of the effects of amoxicillin, bacteria were cultured
in BHI broth to an optical density (600 nm) (ODggo) of 0.18. Afterwards,
60 mg/L amoxicillin  (Sigma-Aldrich,  Steinheim, Germany) was
added and bacteria were cultured for an additional 4 h. To quantify
viable M. catarrhalis at various amoxicillin concentrations, bacteria were
cultured at different concentrations (0, 6, 18, 60 mg/L) of the antibiotic
for 4 h, and both the ODggp and cfu were determined at different time-
points (Figure 1). For temperature experiments, bacteria were cultured
to an ODggp of 0.3 before exposing them to 26°C, 42°C or 37°C, for 3 h.
M35 expression under hyperosmolar stress and iron depletion conditions
was analysed by adding 0.5 mol/L NaCl or 50 uM desferioxamine to the
BHI medium at a culture density (ODggo) of 0.3.

DNA methods

Plasmids were isolated using the Wizard Plus SV Miniprep DNA purifi-
cation system (Promega, Madison, WI, USA). E. coli DH5« was trans-
formed as described previously.*® Restriction enzymes were purchased

from New England Biolabs (Beverly, MA, USA). Electrocompetent M. catar-
rhalis was prepared and DNA was electroporated as described.** DNA
sequencing was performed using an ABI Prism 310 Genetic Analyzer
(PE Biosystems, Rotkreuz, Switzerland) with the BigDye Terminator Cycle
Sequencing Ready Reaction Kit (PE Biosystems). M. catarrhalis strains
1-52 (middle ear isolates provided by Prof. Ron Dagan, Beer-Sheva,
Israel) were analysed for the presence of m35 by PCR using forward
primer M35F3  (5'-CTTGCTCTAGCAACCGCAG-3’) and reverse primer
M35_R_MJ1 (5'-CGTAGCAGTTTTCATCTCACCAC-3') and visualized by 1%
agarose gel electrophoresis.

B-Lactamase production testing and bro gene typing

Isolates were investigated for B-lactamase production by the nitrocefin
disc test (BD, Basel, Switzerland). B-Lactamase BRO typing was per-
formed by sequencing the putative promoter region of the bro gene,
described elsewhere, which shows clear sequence differences between
BRO-1 and BRO-2.'° DNA sequencing was performed using an ABI
Prism 310 Genetic Analyzer (PE Biosystems) with the BigDye Terminator
Cycle Sequencing Ready Reaction Kit (PE Biosystems). Sequences were
analysed with Lasergene software (DNASTAR, Madison, WI, USA). To
sequence the relevant bro gene region, DNA was amplified using the
primers bro F MJ (5-TATCGCACCCCGTAGGACAA-3') and bro R MJ
(5'-GTAAGGAATTGGTTTTGCGGTATC-3').

RNA methods

RNA for m35 mRNA expression analysis was isolated and used for cDNA
synthesis as described elsewhere.*> Quantitative real-time PCR was per-
formed in triplicate for both target (m35) and normalizer [16S ribosomal
RNA (rRNA)] genes. No-template controls and reverse transcriptase-
negative controls were included in each run. Primers and probes for
m35 were purchased from Applied Biosystems (Rotkreuz, Switzerland).
The forward primer was M35ANYF (5'-GCCTTTGCTTATGTATCACCTGAGT-3'),
the reverse primer was M35ANYR (5'-GCATTGATAGGGCCTGTGCTA-3') and
the TagMan probe was 5'-(FAM)CACCCACACCAAACTG(TAMRA)-3'. Primers
and probes for 16S rRNA were used as described elsewhere.*>*® Relative
quantification of gene expression was performed using the comparative
threshold method. The ratios obtained after normalization were
expressed as fold changes compared with untreated samples.

Preparation of OMPs

OMPs were prepared by the EDTA buffer method as described.*’ Bacteria
were harvested after amoxicillin or cold shock treatment, respectively, as
described, resuspended in EDTA buffer (0.05M Na,HPO,, 0.15M NaCl,
0.01 M EDTA, pH 7.4), homogenized and incubated at 55°C at 300 rpm

Table 1. M. catarrhalis strains and their isogenic m35 mutants used in this study

B-Lactamase

Strain Description MIC (mg/L)%° production BRO type Reference or source
Isolates 1-52 middle ear isolates from children with acute otitis media not done not done not done Beer-Sheva, Israel
035k parent strain; middle ear isolate 3 + BRO-1 71

035E.m35 isogenic m35 mutant; kanamycin resistant 6 + BRO-1 this study

300 parent strain; nasopharyngeal isolate 6 + BRO-1 72,73

300.m35 isogenic m35 mutant; kanamycin resistant 16 + BRO-1 this study

415 parent strain; nasopharyngeal isolate 2 + BRO-1 72,73

415.m35 isogenic m35 mutant; kanamycin resistant 6 + BRO-1 this study

DH5a (E. coli) host strain for plasmid constructs not done not done not done 74
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Figure 1. Time-kill curves of strain 300 for different amoxicillin concentrations (0, 3, 6, 18 and 60 mg/L). (a) ODego. (b) cfu/plate.

for 1 h. Cells and cell debris were eliminated by centrifugation at 10000 g
for 15 min at 4°C. Finally, OMPs were collected by ultracentrifugation at
100000 g for 2 h at 4°C.

SDS-PAGE and immunoblot

Samples were resolved by SDS-PAGE using a 10% polyacrylamide gel. To
compare protein expression between treated and untreated samples, the
protein concentration loaded on the SDS-PAGE was always 1 mg/L. Band
intensity was quantified using the AlphaEaseFC program (Inotech, San
Leandro, CA, USA). Antibody detection was performed by western blot
analysis as described elsewhere.?® Proteins were transferred to polyviny-
lidene difluoride membranes (Immobilon-P; Millipore, Bedford, MA, USA).
IgA binding was detected using human saliva samples as the primary
antibody source and goat anti-human IgA labelled with horseradish per-
oxidase (Sigma) as the secondary antibody. SuperSignal West Pico Che-
miluminescent Substrate (Pierce Chemical, Rockford, IL, USA) was used
for detection of antibody binding. Unstimulated human saliva was col-
lected from healthy volunteers using Salivette sponges (Sarstedt, Nim-
brecht, Germany), centrifuged for 5 min at 2000 rpm and stored at
—20°C. All volunteers were laboratory researchers and provided oral
informed consent. Sampling of saliva from healthy volunteers was
approved by the local ethics committee. OMPs of m35 knockout
mutants were used as negative controls for their respective wild-type
strains. Construction of the isogenic mutants O35E.m35, 300.m35 and
415.m35 has been described elsewhere.?°

Results

PCR analysis of 52 clinical isolates

Our previous findings of increased amoxicillin MIC for m35 knock-
out mutants compared with their respective wild-type parent
strains prompted us to investigate the possibility of naturally
occurring clinical middle ear isolates lacking an m35 gene.”®
We studied 52 middle ear isolates obtained from Prof. Ron
Dagan (Beer-Sheva, Israel). PCR resulted in positive products for
all 52 strains.

Down-regulation of m35 mRNA expression after
amoxicillin treatment

Reduced membrane permeability—one of the main strategies
used by bacteria for protection against antibiotics—is generally

regulated by altered porin expression.?”*® Consequently, we
investigated the m35 mRNA expression of strains 300, O35E
and 415 during amoxicillin treatment by quantitative real-time
PCR. The breakpoint of bactericidal amoxicillin concentration
was evaluated by a time-kill curve assay and was found to
be at 60 mg/L (Figure 1), which correlates with the MIC for
the wild-type strain 300 depending on the inoculum, which is
more than 10 times higher in this experimental setting than
in antimicrobial resistance testing using Etests.’® Growth
curves with 60 mg/L amoxicillin demonstrated that this concen-
tration seems not to be completely bactericidal but inhibits
growth for a period of ~4 h before proliferation resumes (data
not shown). Compared with bacteria grown without amoxicillin,
strain 300 grown with 60 mg/L amoxicillin showed a decrease
of 854+2% in its m35 mRNA expression (Figure 2). Strain
O35E demonstrated a similar effect, i.e. 73.7+24% down-
regulation of m35 mRNA after amoxicillin treatment (data not
shown). In strain 415, down-regulation was only 24 +9%. We
also observed down-regulation of m35 mRNA transcription in
strain 300 after treatment with a subinhibitory concentration
of amoxicillin (15 mg/L). This effect, however, was less pro-
nounced (33+5.6%) than with an amoxicillin concentration at
the MIC (data not shown).

1.2+
0.8

0.4

m35 expression relative to
16S rRNA expression

0.0-

Omg/L

60mg/L

Figure 2. Down-regulation of m35 mRNA expression during amoxicillin
treatment. Quantitative real-time PCR was performed after 4h of
incubation with and without 60 mg/L amoxicillin. Up- or down-regulation
was normalized to 16S rRNA. The graph shows one of three
representative experiments done in triplicate. Data are presented as
means+1 SD (n=3).
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M35 protein expression is also affected by amoxicillin

To determine that a reduction of mRNA copy number translates
into less M35 protein in the outer membrane, OMPs from bac-
teria grown with and without amoxicillin were isolated and
protein expression was analysed by SDS-PAGE and western
blotting. Strain 300 (Figure 3) as well as strains O35E and 415
(data not shown) expressed less M35 protein both on the SDS
gel (Figure 3) and in western blot analysis (Figure 3). These
data demonstrate that M. catarrhalis senses the presence of
amoxicillin in the medium and subsequently down-regulates
M35 porin expression.

B-Lactamase production and BRO typing

The investigation of the B-lactamase production of all three
strains and its m35 knockout mutants showed that all strains
produced B-lactamases. The sequences of the putative promoter
region of the bro gene were identical to those published by
Bootsma et al.'® and identified all our strains as BRO-1
B-lactamase producers.

Cold shock induces down-regulation of m35 mRNA

Porins involved in antimicrobial resistance have often been
described to take part in general stress responses.>®~*% One of
the best known stress responses of M. catarrhalis is the cold
shock response, which alters the expression of specific OMPs
after exposure to 26°C.*>“8 In the course of our further studies,
and emphasizing that the expression of M35 appeared to be par-
ticularly stress-sensitive, we thus investigated the response of
m35 induced by general stress stimuli such as cold shock

(a)

300+amoxicillin
300.m35

[ M35

|
'

300-amoxicillin " l l 300-amoxicillin

300+amoxicillin |
300.m35

M35

treatment. Indeed, all three strains—O35E, 300 and 415—
showed an effect reminiscent of amoxicillin exposure in that
expression was down-regulated after growth at 26°C in compari-
son with 37°C. Strains O35E (Figure 4), 300 and 415 demon-
strated down-regulation of 764+4%, 57.64+3% (data not
shown) and 52.2 4+-19%, respectively.

M35 protein expression is involved in the cold shock
response

To prove that down-regulation induced by cold shock is not only
a transcriptional event, OMPs from cold shock- and non-cold
shock-treated bacteria were isolated and analysed by
SDS-PAGE and western blotting. Indeed, M35 protein expression
was clearly down-regulated in strain O35E (Figure 5) as well as
in strains 300 and 415 (data not shown).

m35 mRNA expression is affected by general stress
conditions

Cold shock is not the only stress condition that affects M. catarrha-
lis. Amongst others, heat shock, altered osmolarity and iron
depletion occur in their mucosal habitat. Thus, we analysed m35
MRNA expression under these conditions. The analysis revealed
m35 down-regulation after growth at 42°C (66 4+29%), as well
as in response to hyperosmolar stress (86+14%) and iron
depletion (56.3 +22%) (Figure 6). Taken together, these data indi-
cate that the level of m35 is influenced by various environmental
variables, which may consequently affect susceptibility to amino-
penicillins in the mucosal habitat of the respiratory tract.

(b) : r\ i
37 [l M( ﬂ ,\” /
e WLL;“’M,&J Vel
25
300 - amoxicillin
LN | §
37
300+ amoxicillin
25 I !

Figure 3. SDS-PAGE (a) and western blot (c) of M. catarrhalis OMPs (1 mg/L) from strain 300 after growth with and without 60 mg/L amoxicillin
together with its respective m35 knockout mutant as the negative control. The rectangle shows the position of the M35 protein band at 36 kDa.
(b) The spectra display the intensity of each SDS-PAGE protein band from strain 300 grown without amoxicillin and with 60 mg/L amoxicillin

proportional to the total protein intensity.
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Figure 4. Down-regulation of m35 mRNA expression after cold shock
exposure. Quantitative real-time PCR was performed after 3h of
incubation at 26°C or 37°C. Up- or down-regulation was normalized to
16S rRNA. The graph shows one of three representative experiments
done in triplicate. Data are presented as means+1 SD (n=3).

Discussion

Antimicrobial resistance is based on three major strategies:
detoxifying enzymes to degrade or modify antibiotics; target pro-
tection to impair target recognition and thus antimicrobial
activity; and the membrane barrier to limit intracellular access
of antimicrobials.*® For M. catarrhalis, until now just one of
these three strategies has been described—the production of
two different chromosomal B-lactamases.'® More than 95% of
clinical isolates are resistant to penicillin and it was shown
recently that 80% of all strains tested in the UK and Ireland
were resistant to cefaclor and 5% to cefuroxime.*®>°~>* Drug
resistance to B-lactam antibiotics is often associated with a
second major resistance strategy—reduced outer membrane
permeability.?>?274955 Reduced membrane permeability can
be the result of altered porin expression or the presence of a
mutated porin,?3:26 284955

Our analysis of 52 clinical middle ear isolates using PCR ampli-
fication with conserved primers failed to identify strains lacking
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an m35 gene on their chromosome. This finding corroborates
previous data indicating that m35 is a highly conserved porin
gene and indicates that in vitro aminopenicillin susceptibility
must be mediated by means other than lack of porin
expression.’! Easton et al.?! demonstrated that M35 is structu-
rally homologous to classical Gram-negative porins, such as
OmpC from E. coli and OmpK36 (OmpC homologue) from
Klebsiella pneumoniae. Both porin types are involved in antimi-
crobial resistance mechanisms and are described in detail else-
where.?”?® Several investigators have shown altered porin
expression during antibiotic therapy, resulting in specific
antimicrobial resistances, dependent on the ability of the
bacteria to produce B-lactamase, their general porin compo-
sition and the antimicrobial substance they are confronted
with,?7~29:33:3%36,37.5657 ur findings of the down-regulation of
M35 expression at the transcriptional level as well as at the
protein level in all three B-lactamase-producing strains tested,
together with our previous observations of the significantly
higher aminopenicillin MICs for the M35 knockout mutants, indi-
cate that we have found a potentially novel resistance mechan-
ism against aminopenicillins in M. catarrhalis.’® The MICs of
ampicillin and amoxicillin for the M35 knockout strains were up
to 3-fold greater than for their respective wild-type strains,
and even amoxicillin/clavulanate displayed the same effect.”®
The mechanism seems to be similar to those described for
K. pneumoniae OmpK36 and Omp36 porin (OmpC homologue)
from Enterobacter aerogenes.?”-?833:3437:56:56-62 pown-requlation
of OmpK36 leads, depending on which B-lactamase the isolate is
producing, to resistance to oxyimino and zwitterionic cephalo-
sporins or carbapenems.’® % In E. aerogenes, loss of Omp36
leads mainly to imipenem resistance.”® This demonstrates an
additional analogy to our findings. The specificity for aminopeni-
cillins—which are also zwitterionic molecules—is reminiscent of
the physical characteristics of OmpK36 and Omp36.°>°* Never-
theless, the differences between the down-regulation of M35

035E 37°C
25 W
37 AR S

035E 26°C

Figure 5. SDS-PAGE (a) and western blot (c) of M. catarrhalis OMPs (1 mg/L) from strain O35E after growth at 26°C compared with 37°C together with
its respective m35 knockout mutant as the negative control. The rectangle shows the position of the M35 protein band at 36 kDa. (b) The spectra
display the intensity of each SDS-PAGE protein band from strain 300 grown at 26°C and 37°C proportional to the whole protein intensity.
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Figure 6. Down-regulation of m35 mRNA expression after heat shock
treatment, osmostress and iron depletion. Quantitative real-time
PCR was performed after 3 h of incubation at 42°C, the addition of
0.5mol/L NaCl or the addition of 50 uM desferioxamine. Up- or
down-regulation was normalized to 16S rRNA. The graph shows one of
three representative experiments done in triplicate. Data are presented
as means+1 SD (n=3).

after amoxicillin treatment between strain O35E and 415 with
the same MICs for wild-type and mutants, respectively, indicate
that there must be a regulation mechanism whose complexity
exceeds B-lactamase production and protein down-regulation.”®

The bacterial stress response is based on a complex network
of regulatory systems—a cascade of alterations in gene
expression and protein activity that favour survival under
extreme and rapidly changing conditions.?>**> Porins, especially
those involved in antimicrobial resistance, such as those of the
OmpF and OmpC-like porin families, are often reported to be
associated with general stress responses.“’~*? Cold shock as
well as heat shock responses are well known mechanisms and
have been researched intensively in E. coli and Bacillus
subtilis.**##*%%7 We have shown previously that the cold
shock response is obviously an important mechanism for
M. catarrhalis as an adaptation and survival mechanism in the
nasopharyngeal habitat, but also regarding its virulence and
colonization abilities.*>“#%® Begic and Worobec** showed that
temperature is also a predominant effector of expression regu-
lation of OmpF and OmpC in Serratia marcescens. This organism
is a PB-lactam-resistant Gram-negative bacterium, whose
porins—OmpF and OmpC—show high similarities to those of
E. coliand are also involved in B-lactam resistance by decreasing
outer membrane permeability.*®“#¢%79 By analysing the regu-
lation of these porins, these authors showed that OmpfF is
up-regulated and OmpC is down-regulated after growth at
28°C, but the opposite way round after growth at 42°C.“> The
same effect of OmpC regulation, comparable to our findings in
M35 after cold shock treatment (Figures 4 and 5), has been
described in E. coli several times.*°~*? M35 down-regulation
after exposure to 42°C has not been described until now. The
general effect described in all Gram-negative bacteria is
up-regulation of the OmpC-like protein after heat shock treat-
ment, whereas OmpF is down-regulated. However, antagonistic
regulation of OmpF and OmpC is apparently not the general
mechanism in all E. coli strains.“%“? Allen et al.* observed down-
regulation of both OmpF and OmpC after cold shock treatment in

E. coli 0157:H7. Certainly, the physiological basis for porin requ-
lation under temperature stress conditions is still unclear and
needs further investigation. Likewise, our findings concerning
the down-regulation of M35 under high osmolarity conditions
need further scrutiny. Generally, the OmpC-like porin is down-
regulated at low osmolarities and up-requlated at high osmolar-
ity conditions—similar to our findings under temperature stress
conditions.*®*? However, it is currently not known whether
M. catarrhalis possesses an OmpF-like porin acting as an M35
antagonist. It is conceivable that M. catarrhalis expresses only
the OmpC-like porin M35 comparable to K. pneumoniae strains
expressing extended-spectrum B-lactamase (ESBL). These
ESBL-expressing strains produce only the OmpC-like porin
OmpK36.2“°8 This could explain—together with the high speci-
ficity of molecule transport—why the role of M35 in stress
response regulation is clearly different from that of OmpC-like
porins associated with an antagonist. The expression of an
OmpC-like porin in response to iron depletion has, to our knowl-
edge, also never been described before, but substantiates the
notion that the regulation of M35 is an important mechanism
allowing the survival of M. catarrhalis under changing environ-
mental conditions.

In summary, we describe here a new antimicrobial resistance
mechanism in M. catarrhalis against aminopenicillins, which
obviously could lead to significantly higher MICs that would
affect the use of amoxicillin in the therapy of acute otitis
media caused by M. catarrhalis in a critical manner.?® To verify
these findings in vivo and clarify its clinical relevance regarding
amoxicillin therapy of acute otitis media caused by M. catarrhalis,
further analyses will be needed. In particular, it will be necessary
to elucidate whether down-regulation of M35 during treatment
may contribute to treatment failure caused by isolates that
have been shown to be susceptible in vitro.

Acknowledgements

Professor George Syrogiannopoulos (Larissa, Greece) provided the
nasopharyngeal M. catarrhalis isolates 300 and 415.

Funding

This work was supported by the Swiss National Science Foundation (SNF)
grants 3100A0-102246 and 3100A0-116053 (to C. A.).

Transparency declarations

None to declare.

References

1 Murphy TF, Brauer AL, Grant BJ et al. Moraxella catarrhalis in chronic
obstructive pulmonary disease: burden of disease and immune
response. Am J Respir Crit Care Med 2005; 172: 195-9.

2 Murphy TF, Parameswaran GI. Moraxella catarrhalis, a human
respiratory tract pathogen. Clin Infect Dis 2009; 49: 124-31.
3 Marchant CD. Spectrum of disease due to Branhamella catarrhalis in

children with particular reference to acute otitis media. Am J Med
1990; 88: 155-9S.

6 of 8

0102 ‘T Jaqwiaidas uo zreldiyng ayiolqigsyolaiagqyoed e 610 speuinolpiogxo-oel//:dny woly papeojumod


http://jac.oxfordjournals.org

Down-regulation of porin M35 in M. catarrhalis

JAC

4 Palmu A, Herva E, Savolainen H et al. Association of clinical signs and
symptoms with bacterial findings in acute otitis media. Clin Infect Dis
2004; 38: 234-42.

5 Verduin CM, Hol C, Fleer A et al. Moraxella catarrhalis: from emerging to
established pathogen. Clin Microbiol Rev 2002; 15: 125-44.

6 Eskola J, Kilpi T, Palmu A et al. Efficacy of a pneumococcal conjugate
vaccine against acute otitis media. N Engl J Med 2001; 344: 403-9.

7 Revai K, McCormick DP, Patel J et al. Effect of pneumococcal conjugate
vaccine on nasopharyngeal bacterial colonization during acute otitis
media. Pediatrics 2006; 117: 1823-9.

8 UpToDateOnline. Acute Otitis Media in Children: Treatment. 2010; 17.3.
http:/www.utdol.com/online/content/topic.do?topicKey=pedi_id/10593&
selectedTitle=5%7E150&source=search _result (9 June 2010, date last
accessed).

9 Gilbert DN, Moellering RC Jr, Eliopoulos GM et al. The Sanford Guide to
Antimicrobial Therapy 2009. Sperryville, USA: Antimicrobial Therapy, Inc.
2009; 212.

10 Dowell SF, Butler JC, Giebink GS et al. Acute otitis media:
management and surveillance in an era of pneumococcal resistance—
a report from the Drug-resistant Streptococcus pneumoniae Therapeutic
Working Group. Pediatr Infect Dis J 1999; 18: 1-9.

11 Pelton SI, Leibovitz E. Recent advances in otitis media. Pediatr Infect
Dis J 2009; 28: S133-7.

12 Al-Shawwa BA, Wegner D. Trimethoprim-sulfamethoxazole plus
topical antibiotics as therapy for acute otitis media with otorrhea
caused by community-acquired methicillin-resistant Staphylococcus
aureus in children. Arch Otolaryngol Head Neck Surg 2005; 131: 782 -4.

13 Santos F, Mankarious LA, Eavey RD. Methicillin-resistant
Staphylococcus aureus: pediatric otitis. Arch Otolaryngol Head Neck Surg
2000; 126: 1383-5.

14 Pichichero ME, Casey JR. Emergence of a multiresistant serotype 19A
pneumococcal strain not included in the 7-valent conjugate vaccine as
an otopathogen in children. JAMA 2007; 298: 1772-8.

15 Leibovitz E, Broides A, Greenberg D et al. Current management of
pediatric acute otitis media. Expert Rev Anti Infect Ther 2010; 8: 151-61.

16 Khan MA, Northwood JB, Levy F et al. bro B-lactamase and antibiotic
resistances in a global cross-sectional study of Moraxella catarrhalis from
children and adults. J Antimicrob Chemother 2010; 65: 91-7.

17 Wallace RJ, Steingrube VA, Nash DR et al. BRO B-lactamases of
Branhamella catarrhalis and Moraxella subgenus Moraxella, including
evidence for chromosomal B-lactamase transfer by conjugation in
B. catarrhalis, M. nonliquefaciens, and M. lacunata. Antimicrob Agents
Chemotherapy 1989; 33: 1845-54.

18 Eliasson I, Kamme C, Prellner K. B-Lactamase production in the upper
respiratory tract flora. Eur J Clin Microbiol 1986; 5: 507-12.

19 Bootsma HJ, van Dijk H, Verhoef J et al. Molecular characterization of
the BRO B-lactamase of Moraxella (Branhamella) catarrhalis. Antimicrob
Agents Chemother 1996; 40: 966-72.

20 Jetter M, Heiniger N, Spaniol V et al. Outer membrane porin M35 of
Moraxella catarrhalis mediates susceptibility to aminopenicillins. BMC
Microbiol 2009; 9: 188.

21 Easton DM, Smith A, Gallego SG et al. Characterization of a novel porin
protein  from Moraxella catarrhalis and identification of an
immunodominant surface loop. J Bacteriol 2005; 187: 6528-35.

22 Easton DM, Maier E, Benz R et al. Moraxella catarrhalis M35 is a general
porin that is important for growth under nutrient-limiting conditions and
in the nasopharynges of mice. J Bacteriol 2008; 190: 7994-8002.

23 Nikaido H. Molecular basis of bacterial outer membrane permeability
revisited. Microbiol Mol Biol Rev 2003; 67: 593-656.

24 Delcour AH. Solute uptake through general porins. Front Biosci 2003;
8: d1055-71.

25 Schulz GE. The structure of bacterial outer membrane proteins.
Biochim Biophys Acta 2002; 1565: 308-17.

26 Pages JM. [Bacterial porin and antibiotic susceptibility]. Med Sci (Paris)
2004; 20: 346-51.

27 Pages JM, James CE, Winterhalter M. The porin and the permeating
antibiotic: a selective diffusion barrier in Gram-negative bacteria. Nat
Rev Microbiol 2008; 6: 893-903.

28 Delcour AH. Outer membrane permeability and antibiotic resistance.
Biochim Biophys Acta 2009; 1794: 808-16.

29 Hernandez-Alles S, Conejo M, Pascual A et al. Relationship between
outer membrane alterations and susceptibility to antimicrobial agents
in isogenic strains of Klebsiella pneumoniae. J Antimicrob Chemother
2000; 46: 273-7.

30 Jacoby GA, Mills DM, Chow N. Role of B-lactamases and porins in
resistance to ertapenem and other B-lactams in Klebsiella pneumoniae.
Antimicrob Agents Chemother 2004; 48: 3203 -6.

31 Martinez-Martinez L, Pascual A, Conejo Mdel C et al. Energy-dependent
accumulation of norfloxacin and porin expression in clinical isolates
of Klebsiella pneumoniae and relationship to extended-spectrum
B-lactamase production. Antimicrob Agents Chemother 2002; 46:3926-32.

32 Bornet C, Saint N, Fetnaci L et al. Omp35, a new Enterobacter
aerogenes porin involved in selective susceptibility to cephalosporins.
Antimicrob Agents Chemother 2004; 48: 2153 -8.

33 Charrel RN, Pages JM, De Micco P et al. Prevalence of outer membrane
porin alteration in B-lactam-antibiotic-resistant Enterobacter aerogenes.
Antimicrob Agents Chemother 1996; 40: 2854-8.

34 Domenech-Sanchez A, Martinez-Martinez L, Hernandez-Alles S et al.
Role of Klebsiella pneumoniage OmpK35 porin in antimicrobial
resistance. Antimicrob Agents Chemother 2003; 47: 3332-5.

35 Raja SB, Murali MR, Devaraj SN. Differential expression of ompC and
ompF in multidrug-resistant Shigella dysenteriae and Shigella flexneri by
aqueous extract of Aegle marmelos, altering its susceptibility toward
B-lactam antibiotics. Diagn Microbiol Infect Dis 2008; 61: 321-8.

36 Crowley B, Benedi VJ, Domenech-Sanchez A. Expression of SHV-2
B-lactamase and of reduced amounts of OmpK36 porin in Klebsiella
pneumoniae results in increased resistance to cephalosporins and
carbapenems. Antimicrob Agents Chemother 2002; 46: 3679-82.

37 Lee K, Yong D, Choi YS et al. Reduced imipenem susceptibility in
Klebsiella pneumoniae clinical isolates with plasmid-mediated CMY-2
and DHA-1 B-lactamases co-mediated by porin loss. Int J Antimicrob
Agents 2007; 29: 201-6.

38 Hutsul JA, Worobec E. Molecular characterization of the Serratia
marcescens OmpF porin, and analysis of S. marcescens OmpF and
OmpC osmoregulation. Microbiology 1997; 143: 2797-806.

39 Giuliodori AM, Gualerzi CO, Soto S et al. Review on bacterial stress
topics. Ann N Y Acad Sci 2007; 1113: 95-104.

40 Pratt LA, Hsing W, Gibson KE et al. From acids to osmZ: multiple
factors influence synthesis of the OmpF and OmpC porins in Escherichia
coli. Mol Microbiol 1996; 20: 911-7.

41 Allen KJ, Lepp D, McKellar RC et al. Examination of stress and virulence
gene expression in Escherichia coli 0157:H7 using targeted microarray
analysis. Foodborne Pathog Dis 2008; 5: 437 -47.

42 Begic S, Worobec EA. Regulation of Serratia marcescens ompF and
ompC porin genes in response to osmotic stress, salicylate,
temperature and pH. Microbiology 2006; 152: 485-91.

43 Hanahan D. Studies on transformation of Escherichia coli with
plasmids. J Mol Biol 1983; 166: 557-80.

7 of 8

0102 ‘T Jaqwiaidas uo zreldiyng ayiolqigsyolaiagqyoed e 610 speuinolpiogxo-oel//:dny woly papeojumod


http://www.utdol.com/online/content/topic.do?topicKey=pedi_id/10593&amp;selectedTitle=5%7E150&amp;source=search_result
http://www.utdol.com/online/content/topic.do?topicKey=pedi_id/10593&amp;selectedTitle=5%7E150&amp;source=search_result
http://www.utdol.com/online/content/topic.do?topicKey=pedi_id/10593&amp;selectedTitle=5%7E150&amp;source=search_result
http://www.utdol.com/online/content/topic.do?topicKey=pedi_id/10593&amp;selectedTitle=5%7E150&amp;source=search_result
http://jac.oxfordjournals.org

Jetter et al.

44 Helminen ME, Maciver I, Paris M et al. A mutation affecting expression
of a major outer membrane protein of Moraxella catarrhalis alters serum
resistance and survival in vivo. J Infect Dis 1993; 168: 1194-201.

45 Heiniger N, Troller R, Meier PS et al. Cold shock response of the UspAl
outer membrane adhesin of Moraxella catarrhalis. Infect Immun 2005;
73: 8247-55.

46 Heiniger N, Spaniol V, Troller R et al. A reservoir of Moraxella catarrhalis
in human pharyngeal lymphoid tissue. J Infect Dis 2007; 196: 1080-7.

47 Murphy TF, Loeb MR. Isolation of the outer membrane of Branhamella
catarrhalis. Microb Pathog 1989; 6: 159-74.

48 Spaniol V, Troller R, Aebi C. Physiologic cold shock increases adherence
of Moraxella catarrhalis to and secretion of interleukin 8 in human upper
respiratory tract epithelial cells. J Infect Dis 2009; 200: 1593-601.

49 Davin-Regli A, Bolla JM, James CE et al. Membrane permeability and
regulation of drug ‘influx and efflux’ in enterobacterial pathogens. Curr
Drug Targets 2008; 9: 750-9.

50 Malmvall BE, Brorsson JE, Johnsson J. In vitro sensitivity to penicillin V
and B-lactamase production of Branhamella catarrhalis. J Antimicrob
Chemother 1977; 3: 374-5.

51 Sader HS, Jones RN, Dowzicky MJ et al. Antimicrobial activity of
tigecycline tested against nosocomial bacterial pathogens from
patients hospitalized in the intensive care unit. Diagn Microbiol Infect
Dis 2005; 52: 203-8.

52 Johnson DM, Sader HS, Fritsche TR et al. Susceptibility trends of
Haemophilus influenzae and Moraxella catarrhalis against orally
administered antimicrobial agents: five-year report from the SENTRY
Antimicrobial Surveillance Program. Diagn Microbiol Infect Dis 2003; 47:
373-6.

53 Deshpande LM, Sader HS, Fritsche TR et al. Contemporary prevalence
of BRO B-lactamases in Moraxella catarrhalis: report from the SENTRY
antimicrobial surveillance program (North America, 1997 to 2004).
J Clin Microbiol 2006; &44: 3775-7.

54 Morrissey I, Maher K, Williams L et al. Non-susceptibility trends among
Haemophilus  influenzae  and  Moraxella  catarrhalis ~ from
community-acquired respiratory tract infections in the UK and Ireland,
1999-2007. J Antimicrob Chemother 2008; 62(Suppl 2): ii97-103.

55 Nikaido H. Outer membrane barrier as a mechanism of antimicrobial
resistance. Antimicrob Agents Chemother 1989; 33: 1831-6.

56 Bornet C, Davin-Regli A, Bosi C et al. Imipenem resistance of
Enterobacter aerogenes mediated by outer membrane permeability.
J Clin Microbiol 2000; 38: 1048-52.

57 Thiolas A, Bornet C, Davin-Regli A et al. Resistance to imipenem,
cefepime, and cefpirome associated with mutation in Omp36
osmoporin of Enterobacter aerogenes. Biochem Biophys Res Commun
2004; 317: 851-6.

58 Hernandez-Alles S, Alberti S, Alvarez D et al. Porin expression in clinical
isolates of Klebsiella pneumoniae. Microbiology 1999; 145: 673-9.

59 Martinez-Martinez L, Hernandez-Alles S, Alberti S et al. In vivo
selection of porin-deficient mutants of Klebsiella pneumoniae with
increased  resistance  to  cefoxitin  and  expanded-spectrum-
cephalosporins. Antimicrob Agents Chemother 1996; 40: 342 -8.

60 Martinez-Martinez L, Pascual A, Hernandez-Alles S et al. Roles of
B-lactamases and porins in activities of carbapenems and
cephalosporins  against  Klebsiella pneumoniae. Antimicrob Agents
Chemother 1999; 43: 1669-73.

61 Bradford PA, Urban C, Mariano N et al. Imipenem resistance in
Klebsiella pneumoniae is associated with the combination of ACT-1, a
plasmid-mediated AmpC B-lactamase, and the loss of an outer
membrane protein. Antimicrob Agents Chemother 1997; 41: 563-9.

62 Ardanuy C, Linares J, Dominguez MA et al. Outer membrane profiles
of clonally related Klebsiella pneumoniae isolates from clinical samples
and activities of cephalosporins and carbapenems. Antimicrob Agents
Chemother 1998; 42: 1636-40.

63 Danelon C, Nestorovich EM, Winterhalter M et al. Interaction of
zwitterionic  penicillins  with the OmpF channel facilitates their
translocation. Biophys J 2006; 90: 1617-27.

64 Nestorovich EM, Danelon C, Winterhalter M et al. Designed to
penetrate: time-resolved interaction of single antibiotic molecules with
bacterial pores. Proc Natl Acad Sci USA 2002; 99: 9789 -94.

65 Hengge-Aronis R. Recent insights into the general stress response
regulatory network in Escherichia coli. J Mol Microbiol Biotechnol 2002;
4: 341-6.

66 Weber MH, Marahiel MA. Bacterial cold shock responses. Sci Prog
2003; 86: 9-75.

67 Anderson KL, Roberts C, Disz T et al. Characterization of the
Staphylococcus aureus heat shock, cold shock, stringent, and SOS
responses and their effects on log-phase mRNA turnover. J Bacteriol
2006; 188: 6739-56.

68 Rouadi P, Baroody FM, Abbott D et al. A technique to measure the
ability of the human nose to warm and humidify air. J Appl Physiol
1999; 87: 400-6.

69 Gutmann L, Williamson R, Moreau N et al. Cross-resistance to nalidixic
acid, trimethoprim, and chloramphenicol associated with alterations in
outer membrane proteins of Klebsiella, Enterobacter, and Serratia.
J Infect Dis 1985; 151: 501-7.

70 Sanders CC, Sanders WE Jr. B-Lactam resistance in gram-negative
bacteria: global trends and clinical impact. Clin Infect Dis 1992; 15:
824-39.

71 Helminen ME, Maciver I, Latimer JL et al. A major outer membrane
protein of Moraxella catarrhalis is a target for antibodies that enhance
pulmonary clearance of the pathogen in an animal model. Infect
Immun 1993; 61: 2003-10.

72 Stutzmann Meier P, Heiniger N, Troller R et al. Salivary antibodies
directed against outer membrane proteins of Moraxella catarrhalis in
healthy adults. Infect Immun 2003; 71: 6793-8.

73 Meier PS, Troller R, Heiniger N et al. Moraxella catarrhalis strains with
reduced expression of the UspA outer membrane proteins belong to a
distinct subpopulation. Vaccine 2005; 23: 2000-8.

74 Sambrook J, Fritsch E, Maniatis T. Molecular Cloning: a Laboratory

Manual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press,
1989.

8 of 8

0102 ‘T Jaqwiaidas uo zreldiyng ayiolqigsyolaiagqyoed e 610 speuinolpiogxo-oel//:dny woly papeojumod


http://jac.oxfordjournals.org

Thesis results

3.3 Virulence factors of Moraxella catarrhalis 16S rRNA type 2/3 strains

Marion Jetter’, Violeta Spaniol', Rolf Troller', Marianne Geiser?, Christoph Aebi'>*

Manuscript submitted to the Journal of Bacteriology, October 2010.

Institute for Infectious Diseases, University of Bern, CH-3010 Bern, Switzerland;
IInstitute  of Anatomy, University of  Bern, CH-3010 Bern, Switzerland

*Department of Pediatrics, University of Bern, Inselspital, CH-3010 Bern, Switzerland;

*Corresponding author. Christoph Aebi, MD, Professor of Pediatrics and Infectious Diseases,
Institute for Infectious Diseases, University of Bern, CH-3010 Bern, Switzerland. Phone +41-

31-632-9487; Fax +41-31-632-9484; mail: christoph.aebi@insel.ch




Thesis results

ABSTRACT

Objectives: The gram-negative human pathogen Moraxella catarrhalis consists of
two different phylogenetic subpopulations discernible by their 16S rRNA sequence. Type 1 —
the more recent population - is associated with serum resistance and typical virulence factors
such as the ability to adhere and invade human epithelial cells. The type 2/3 subpopulation is
the phylogenetically older, generally serum sensitive and is regarded as the less virulent
lineage of M. catarrhalis. Until now, research mainly focused on the genotypic analysis of the
type 2/3 subpopulation. The aim of this study was to investigate this lineage regarding its
ability to invade human epithelial cells as well as its pro-inflammatory potential.

Results: Comparative investigation of the ability to invade into four different human
epithelial cell lines demonstrated a significantly greater invasion ratio of type 2/3 strains
compared to type 1 strains. Type 2/3 bacteria were identified intracellularly by electron
microscopy. The host cell structures involved in invasion appear to be the same for both
lineages. Long-term experiments failed to demonstrate long-time persistence but indicated
externalization of primarily intracellular bacteria over time and extracellular proliferation.
Testing the pro-inflammatory activity of type 2/3 on Detroit 652 nasopharygeal cells resulted
in an IL-8, IL-6, MCP-1 and VEGF response, but no IL-1B or TNFa release.

Conclusion: The significantly greater invasion ability of type 2/3 strains compared
with type 1 strains as well as the comparable pro-inflammatory activity suggest the presence
of unknown virulence factors in the ‘non virulent’ lineage and warrant further investigation

into its pathogenic potential.
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INTRODUCTION

Moraxella catarrhalis - a gram-negative diplococcus — is an exclusively human
pathogen and the third major cause for bacterial acute otitis media (AOM) in young children
up to three years of age, as well as a major cause of bacterial exacerbations in adult patients
with chronic obstructive pulmonary disease (COPD) (19).

Phylogenetically, M. catarrhalis consists of two different subpopulations, which differ
in their 16S rRNA subunit (2, 12, 24, 32, 34). Type 1 is generally considered the more
virulent population (6, 14, 20, 34). Type 1 strains display typical virulence factors such as
complement resistance, the ability to adhere to and invade human epithelial cells, biofilm
formation, cold shock response, and the interaction with both the innate and the adaptive
immune system (6, 14, 20, 25-28, 30, 34). Also, the number of type 1 isolates associated
with clinical symptoms and infectious diseases appears to be higher than that of the type 2/3
strains (6). The latter subpopulation, in contrast, has not until now been phenotypically
characterized in detail. Type 2/3 has been described as the phylogenetically older
population, being estimated to have evolved about 50 million years ago, while the type 1
subpopulation is considered substantially younger (5 million years) (34). Type 2/3 bacteria
generally are complement sensitive, lack natural competence, and poorly adhere to human
epithelial cells in vitro (2). Genomic and proteomic analysis show that they lack putative type
1 virulence factors such as the multifunctional hemagglutinin (hag), also known as Moraxella
IgD binding protein (MID) or failed to express outer membrane proteins (OMP) such as
UspA1, which is an adhesin and invasin, or UspA2, which is essential for complement
resistance (2, 6, 33, 34). Also, CopB and OmpCD, show differences in RFLP analysis
between 16S rRNA type 1 and type 2/3 strains(33). Further, LOS type B - also an important
invasin and proinflammatory agent - was found exclusively in type 1 isolates (6, 33).

Moreover, the fact that type 2/3 strains are far less commonly isolated from diseased patients
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than type 1 strains, supports the notion that the former constitute the less virulent
subpopulation (6, 34).

The aim of this study was to investigate representative isolates from the type 2/3
subpopulation regarding the expression of established virulence factors such as the ability to
invade human host cells, their pro inflammatory activity on human epithelial cells as well as

their cold shock response.

METHODS

Bacterial strains and culture conditions. The M. catarrhalis strains used in this
study are listed in Table 1. All strains were cultured at 37°C and 150-200 rpm in brain heart
infusion (BHI) broth (Difco, Becton Dickinson, Franklin Lakes, USA) or on BHI agar plates in
an atmosphere containing 5% CO,. Media were supplemented with kanamycin (20 pg/ml) for
culturing the green fluorescent protein (GFP) mutants. To investigate growth under cold
shock conditions, strains were cultured in BHI broth at 37°C and 150 rpm to an ODgg = 0.3
and exposed subsequently to growth for 3h at 37°C or 26°C, respectively. During cultivation
to the stationary phase cell density was measured at ODgg. Escherichia coli DH5a was
grown on Luria-Bertani (LB) agar plates or in LB broth.

DNA methods. Plasmids were isolated using the Wizard Plus SV Miniprep DNA
purification system (Promega Corp., Madison, USA) DH5a was transformed as described
previously (11). Restriction enzymes were purchased from New England Biolabs, Inc.,
Beverly, MA. Electrocompetent M. catarrhalis was prepared and DNA was electroporated as
described (16).

M. catarrhalis GFP construction. In the first step the plasmid pGFP mut 3.1
(Clontech Labs., Mountain View, USA) was digested with Pstl and Hindlll to isolate the GFP
gene fragment and integrate it into the plasmid pBluescript Il KS+ (pBs Il KS+). Secondly,

pBluescript Il KS+ as well as the M. catarrhalis plasmid pEMCJHO04 (kindly provided by J. P.
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Hays, Rotterdam, Netherlands) were digested with BamHI| and Sall overnight at 37°C.
Digested pEMCJHO04 and the GFP gene fragment were ligated with T4 ligase and
transformed into E. coli DH5a. Therefore, 10ul of the ligation reaction was incubated with 100
Ml of competent E. coli DH5a for 30min on ice, 2min at 42°C and 1h at 37°C in 1ml LB
medium. Afterwards bacteria were plated out and incubated at 37°C and 5% CO,. Positive
GFP bacteria were selected by LB agar plates containing 20 ug/ml kanamycin, and immune
fluorescence microscopy. After overexpression by E. coli, plasmids were isolated and
transformed into M. catarrhalis by electroporation with 1.25kV/cm and 1h incubation at 37°C
in 1ml BHI medium, before plating out on agar plates and incubation at 37°C and 5% CO..
Positive GFP M. catarrhalis colonies were selected on 20 ug/ml kanamycin BHI agar plates,
by immune fluorescence microscopy, and plasmid digest with BamHI and Sall. All enzymes
were purchased from New England BioLabs (Bioconcept, Allschwil, Switzerland).

Human cell lines and growth conditions. Chang conjunctival cells, A549 lung cells
and Hep-2 laryngeal cells were maintained in Eagle’s minimal essential medium (Invitrogen,
San Diego, USA) supplemented with 10% of heat-inactivated fetal calf serum (FCS), 100
U/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine at 37°C in 5% CO,. Detroit
562 pharyngeal cells were maintained in Eagle minimal essential medium (Invitrogen),

supplemented with 10% of heat-inactivated fetal calf serum (FCS), 2 mmol/L L - glutamine, 1

mmol/L sodium pyruvate (Sigma, St. Louis, USA), 1% nonessential amino acids (Sigma),
100 U/mL penicillin, and 100 pg/mL streptomycin at 37°C in 5% CO..

Adherence and Invasion assay. The ability of M. catarrhalis type 2/3 strains to
adhere to and invade human epithelial cells in vitro was measured as described previously
(29). Adherence and invasion was assessed on Chang conjunctival cells, A549 lung cells,
Hep-2 laryngeal cells and Detroit 562 pharyngeal cells as described (1, 29). Invasion
blocking experiments were performed as described previously (29). Briefly, Detroit 562

pharyngeal cells were treated with cytochalasin D (Sigma) — to determinate the role of the
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actin cytoskeleton — and sucrose (Sigma) to study the involvement of clathrin pits in the
internalization process of the bacteria (29). Each strain was analyzed in triplicate in each
experiment.

Persistence and evasion testing. To investigate whether internalized bacteria
persist within the cells and/or evade over time, long time experiments were performed. For
determination of intracellular persistence, Detroit 562 pharyngeal cells were infected as
described above, incubated for 3h, treated with 200 ug/ml of gentamicin for 2h and cells were
cultivated for an additional 19h and 43h, respectively, with 20 pg/ml gentamicin in the
medium to ascertain that we detected intracellular bacteria only, i.e., those initially inoculated
for 3h. Samples were plated out after trypsinisation and lysis as described in the invasion
experiment to count the number of bacterial colonies per well. To investigate how long
intracellular bacteria remained viable, cells were infected and treated as described for the
previous experiment. After 2h of high dose gentamicin (200 ug/ml) cells were cultivated with
20 pg/ml gentamicin for additional 10 hours. Every 2 h samples were plated out to quantify
the intracellular bacteria. Evasion experiments were performed as decribed for the
persistence experiments but without low-dose gentamicin (20 mg/l) for the long-term
cultivation of 19 h and 43 h, respectively. Before plating out the bacteria, the samples were
treated again with 200 pg/ml gentamicin to kill all extracellular bacteria. To quantify
extracellular bacteria in the supernatant, the supernatant was plated out at every time point
before and after gentamicin treatment.

Long time experiments with GFP bacteria and immune fluorescence microscopy.
Experiments were performed as described above for the evasion experiments but with the
type 2/3 GFP mutant strain 287.GFP. Detroit 562 pharyngeal cells were seeded out in lab-tek
chamber slides (8 wells, TPX, Nunc, Thermo Fisher Scientific, Waltham, USA). After 3h, 24h
and 48h of infection, the cells were washed 3 times with PBS, fixed with 4%

paraformaldehyde for 10 min at room temperature and washed again 3 times with PBS. Actin
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was labeled with rhodamine phalloidine (Invitrogen), nuclei were stained with DAPI (Sigma).
Antibodies were diluted in Tris-buffered saline that contained 0.25% of bovine serum albumin
(Sigma). After additional washing steps, samples were embedded into mowiol (Calbiochem,
Darmstadt, Germany) and analysed by immune fluorescence microscopy. Pictures for
quantification of bacteria were chosen by systematic random sampling and counted out by
the Photo-Capt Software (Vilber Lourmart., Marne-la-Vallée, France).

Preparation of OMP. OMP were prepared by the EDTA buffer method as described
(18). Bacteria were harvested from a stationary phase culture, resuspended in EDTA buffer
(0.05 M NayHPO,, 0.15 M NaCl, 0.01 M EDTA, ph 7.4), homogenized and incubated at 55°C
at 300 rpm for 1 h. Cells and cell debris were eliminated by centrifugation at 10,000 x g for 15
min at 4°C. Finally, OMP were collected by ultracentrifugation at 100.00 x g for 2 h at 4°C.

SDS-PAGE gel electrophoresis and Western Blot. Samples were resolved by SDS-
PAGE using a 7.5% polyacrylamide gel. Band intensity was quantified using the
AlphaEaseFC® program from Alphalnotech, Inc (Cell Biosciences, Santa Clara, USA).
Antibody detection was performed by Western blot analysis. Proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Immobilon-P; Millipore Corp., Billerica, USA).
IgA binding was detected using human saliva samples as primary antibody source and goat
anti-human IgA, respectively, labeled with horseradish peroxidase (Sigma) as secondary
antibody. Super Signal West Pico Chemiluminescent Substrate (Pierce Chemical Co,
Thermo Fisher Scientific) was used for detection of antibody binding.

2D-Gel electrophoresis. Analysis of the OMP expression of the type 2 strain 287 at
26°C compared to 37°C was performed as described previously (24), except for the
precipitation of the OMP, which was omitted.

Electron microscopy. To visualize invasion and intracellular location of bacteria,
infected cells were investigated by transmission electron microscopy (TEM). Cells grown to

confluency on microporous filter inserts (0.4um pore size, BD Falcon, Allschwil, Switzerland)
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in 12-multiwell plates were chemically fixed with buffered 2.5% glutaraldehyde (Agar
Scientific Ltd.; Essex, UK), 1.0% osmium tetroxide (Oxkem Ltd.; Reading, UK) and 0.5%
uranyl acetate (Fluka Chemie GmbH, Sigma-Aldrich, Buchs, Switzerland), dehydrated in a
graded series of ethanol, and embedded in Epon resin (Fluka) according to standard
protocols (9). From the embedded cell inserts, ultrathin sections of 60 nm thickness were cut,
transferred onto Formvar-coated 200-mesh copper grids (0.4 % Formvar, Ted Pella Inc.
USA) and post-stained with uranyl acetate and lead citrate (Ultrostain; Laurylab, Saint-Fons,
France) (9).

Proinflammatory activity of type 2 bacteria compared to type 1 bacteria on
human epithelial cells. The proinflammatory potential of M. catarrhalis type 1 strains was
described previously (25-28, 30). To investigate the proinflammatory cytokine induction by
type 2/3 strains, Detroit 562 pharyngeal cells (3x10°/ml) were stimulated by different
concentrations (3x10%ml, 3x10%ml, or 3x10"/ml) of heat inactivated type 2/3 strain 287 or
heat-inactivated type 1 strain O35E and incubated for 18h at 37°C and 5% CO,. After
incubation, cells were centrifuged for 2 min at 11,800 x g and supernatants were stored at -
80°C. Cytokines were measured by the Bio-Plex 200 System (BioRad, Reinach, Switzerland)
using the MILLIPLEX MAP Kit, Human Cytokine/Chemokine 96-Well Plate Assay (Millipore).

Statistical analysis. The significance of differences between treatment and control
groups was determined using the two-tailed t-test. P < 0.05 was considered as statistically
significant. Each value represents the mean = one standard deviation of at least three

independent experiments performed in triplicate.

RESULTS
Type 2/3 strains invade epithelial cells significantly better than type 1 strains.
The ability of M. catarrhalis type 1 strains to invade human epithelial cells has been

described both in vitro and in vivo (13, 27, 29). Our aim was to investigate the ability of type
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2/3 strains to invade various epithelial host cell types in comparison to type 1 strains. Type
2/3 strain 287 demonstrates significantly greater invasion into Chang, A549, Hep2, and
Detroit cells, compared to type 1 strain O35E (figure 1). Type 2/3 strain 458 invades similarly,
albeit somewhat less efficient than strain 287. We found similar results for other type 2/3
strains (22 and 482) compared with the type 1 strains O35E and 610 tested with the cell
types Chang and Detroit 562 (data not shown).

Type 2/3 strain 287 invades epithelia as shown by electron microscopy. To
demonstrate that type 2/3 strain 287 truly invades Detroit 562 cells, electron microscope
pictures were made by TEM. Both type 2/3 strain 287 and type 1 strain O35E were identified
intracellularly, as well as the process of invasion of the bacteria into Detroit cells (figure 2).
Intracellular bacteria were directly surrounded by cytoplasm without any vacuole.
Furthermore internalized bacteria could be observed as single cells rather than as diplococci.
Also it appeared that more type 2/3 penetrated the epithelial cells than type 1 strain O35E.

Cell structures involved in type 2/3 and type 1 invasion, respectively are similar.
Structures and mechanisms involved in invasion of M. catarrhalis are described for various
cell types (27, 29). Microfilaments, Rhotype GTPases and phosphoinositide 3-kinase (PI3K)
as well as clathrin and actin could be identified as contributing in the active process of
internalization of M. catarrhalis into host cells. (25, 29). Figure 3 shows the inhibition of
invasion of type 2/3 strain 287 (B) compared to type 1 strain O35E (A) into Detroit 562 cells
by sucrose and cytochalasin D. Both strains were significantly inhibited in their invasion by
cytochalasin D at 1pg/ml, 5 ug/ml and 10 ug/ml whereas sucrose did not affect invasion in
any tested concentration. Strain 287 was more efficiently inhibited by cytochalasin D (92.6%
using 1 ug/ml) than strain O35E (40.3% inhibition).

Lack of intracellular long time persistence. To determine the fate of intracellular
bacteria after invasion and how they persist in the cells over time, persistence tests were

performed and bacteria were plated out after 24h and 48h of cultivation after infection in the
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presence of a constant concentration of 20 ug/ml gentamicin in the medium. Neither after 24
h nor after 48 h could any living bacteria be detected (data not shown).

Evasion of intracellular bacteria over time and extracellular proliferation.
The results of the persistence testing clearly indicate that intracellular bacteria do not remain
viable for 24 h or longer. Long-term experiments without antibiotics in the supernatant should
indicate, whether bacteria are able to escape epithelial cells and proliferate extracellularly. In
fact, there is a continuous increase in extracellular bacteria after both 24h as well as 48h
although all extracellular bacteria were killed by 200 ug/ml of gentamicin after 3h hours of
infection (figure 4). Investigations of invasion still revealed intracellular bacteria after 24h and
48h, the numbers were much smaller than after 3h of infection (figure 4). Counting of
intracellular bacteria every two hours after 2h of 200ug/ml of gentamicin treatment
demonstrated both a time-dependent decrease of intracellular bacteria and a time-dependant
increase of extracellular bacteria (data not shown).

Confirmation of bacterial evasion over time using GFP labelling.
To visualize extracellular proliferation after 2h of high-dose gentamicin exposure aimed at the
killing of all extracellular bacteria, long-term experiments with strain 287.GFP and Detroit 562
cells were performed. Analysis by immune fluorescence microscopy revealed a duplication of
the approximate bacterial count after 24h and 48h, respectively, compared with the time
point at the end of the 3h of infection period (figure 5 and 6).

Type 2/3 strain 287 induces proinflammatory responses similar to type 1 strain
O35E. The induction of proinflammatory cytokine release and the subsequent initiation of
inflammation has been described repeatedly for type 1 strains (7, 25, 26, 30). Type 2/3
strains, however, have not previously been investigated. Thus, we evaluated the
proinflammatory potential of type 2/3 strain 287 on Detroit 562 cells in comparison with the
type 1 strain O35E. The human cytokines interleukin-8 (IL-8), interleukin-13 (IL-18), tumor

necrose factor a (TNFa), interleukin-10 (IL-10), interferon-y (IFNy), interleukin 6 (IL-6),
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monocyte chemotactic protein-1 (MCP-1), vascular endothelial growth factor (VEGF),
fibroblast growth factor-2 (FGF-2), and granulocyte macrophage colony-stimulating factor
(GM-CSF) were measured by a microsphere based multiplex assay. There was no cytokine
release for FGF-2, GM-CSF, IFNy, IL-1B, IL-10 and TNFa at all (data not shown). IL-6, IL-8,
MCP-1 and VEGEF release was induced by both bacterial strains in a MOI-dependent manner
(figure 7). Both types were similar in the extent of their induction and pattern of
proinflammatory activation.

Adherence and invasion of type 2/3 strain 287 is not affected by cold shock
treatment. As previously described, cold shock induces increased adherence and
interleukin-8 release to and of human epithelial cells, respectively, induced by type 1 strains
(14, 30). To investigate whether type 2/3 strains display a similar cold shock response after
growth at 26°C compared to 37°C, adhesion and invasion assays were performed. However,
neither adhesion nor invasion ratios were affected by cold shock treatment in a significant
manner for the tested type 2/3 strain 287.

Protein expression is not significantly altered after growth at 26°C compared to
37°C. Bacterial stress responses are generally reflected by up- or down-regulation of specific
proteins such as OMP (10, 14, 30). Such regulatory changes were also observed in type 1
strains after cold shock exposure, both on the RNA and the protein level (14, 30). The
investigation of protein expression by type 2/3 strain 287 at 26°C compared to 37°C,

however, revealed no significant differences in 2D-Gel analysis of OMP (data not shown).

DISCUSSION

The ability to invade host cells enables a pathogen to escape the hosts’ immune
system and break through its physical barrier — two of the hosts’ main lines of defence.
These aspects turn the process of invasion into an important survival strategy for the

pathogen and a potentially detrimental virulence factor for its host.
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Moraxella catarrhalis is a primary extracellular bacterium and type 1 strains show a
nearly 100% ability to adhere and therefore colonize human host cells. Recently, however, it
could be demonstrated that M. catarrhalis has — both in vitro and in vivo (resected tonsils and
adenoids) — the additional capacity to invade human epithelial cells (13, 27, 29). Also, a
number of potential mechanisms involved in the internalization of M. catarrhalis have been
identified. Slevogt et al. demonstrated that microfilaments, Rho type GTPases, and
phosphoinositide 3-kinase (PI3K) - dependent contractile mechanisms are involved for the
invasion into BEAS-2B bronchial epithelial cells and A549 cells. Spaniol et al. observed that
clathrin as well as actin polymerization is involved in the invasion into Chang conjunctival
cells (27, 29). In addition, specific bacterial outer membrane structures could be identified.
Loss of the major adhesin UspA1, as well as the lack of LOS affected not only adherence but
also invasion (29).

Our findings that type 2/3 strains appear to have a greater capacity to invade host
cells than type 1 strain sheds a new light on this seemingly less virulent subpopulation. This
is an unexpected finding if we consider that type 2/3 strains do not express known invasins
that mediate both adherence and invasion of type 1 strains. Thus, mechanisms other than
those identified in the latter may mediate adhesion and invasion by type 2/3 strains. Our data
indicate that adhesion ratios - after 30 min of infection - in the strains 287 and 458,
respectively, are approximately 30%, but nevertheless their association after 3h of infection
seems to be the same or even greater than that of type 1 strains. On the other hand,
invasion inhibition experiments show that the involved host cell structures may be the same
for type 1 and type 2/3 strains, respectively. For both types, invasion into Detroit cells was
inhibited in a dose dependant manner by cytochalasin D, which inhibits actin polymerization,
whereas sucrose, which would indicate the presence of clathrin-coated pits did not prevent
invasion. As previously shown for type 1 strains, these data also suggest that the involved

internalization mechanisms are host cell specific, as has been shown by Slevogt et al. and
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Spaniol et al., who differed in their findings concerning the involvement of clathrin
polymerization (27, 29). Slevogt et al. failed to identify any involvement of clathrin
polymerization for A549 and BEAS-2B cells — exactly as we did with Detroit 562 cells —
whereas Spaniol et al. identified both clathrin as well as actin polymerization is being
involved in bacterial internalization into Chang cells (27, 29). These findings were
corroborated by electron microscopy, which showed more intracellular type 2/3 bacteria than
type 1 bacteria and - on the other hand — visualized an internalization process which clearly
differed from what has been demonstrated by Slevogt et al.. Interestingly, in this respect our
electron microscopy data were indistinguishable for the two different bacterial subpopulations
(27). For Detroit cells there was no clear macropinocytosis-like mechanism visible neither for
type 1 strain O35E nor for type 2/3 strain 287.

The results of our long-term experiments regarding the fate of intracellular bacteria
after invasion led us to the conclusion that there is no intracellular persistence of M.
catarrhalis — neither for type 1 strains (data not published) nor for type 2/3 strains. The
experiments indicate that bacteria obviously evade the host cells over time and proliferate
extracellularly. LDH cytotoxicity tests show an increase of LDH release in infected cells over
time (data not published), which indicates the decay of cells, presumably caused by infection.
If they are able to establish a cycle of re-infection, this will need to be further investigated, but
it would indeed represent a common mechanism for serum sensitive bacteria to escape the
complement system and survive intracellularly (5). This would also challenge the concept
that less clinical isolates of type 2/3 circulate among humans compared to type 1 strains (6,
34). Typically, clinical isolates are obtained by swab sampling, which detects pathogens on
the epithelial surface rather than intra- or subepithelial bacteria.

As of today no data regarding the proinflammatory potential of type 2/3 strains have
been published. One could postulate that because of their lack in UspA1 expression, type 2/3

strains induce less epithelial inflammation than type 1 strains. In contrast, the results of our
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cytokine profile demonstrate that type 2/3 strain 287 induces a very similar cytokine release
in Detroit 562 cells when compared with type 1 strain O35E. Not only the same amounts of
IL-8, IL-6, MCP-1 and VEGEF, but also the same types of cytokines were induced. Both types
show no IL-1B production, which was also observed by Fink et al. for A549 cells, and also
other respiratory bacterial pathogens display this type of cytokine profile (3, 4, 7, 8). These
findings indicate that M. catarrhalis type 2/3 has different stimulating structures than those
known of type 1, and show the same high virulence state regarding their proinflammatory
activity.

The M. catarrhalis type 1 subpopulation is able to react on a temperature downshift of
approximately 10°C — which could occur in the nasopharynx in vivo after breathing cold air —
with a so-called cold shock response (14, 21, 22, 30). Thereby, the expression of various
proteins is up- or downregulated, such as the OMP UspA1 - an important adhesin and
invasin as well as a proinflammatory stimulus for human epithelial cells (30). UspA1 is
strongly upregulated after exposure to 26°C and this leads to a significantly greater adhesion
and proinflammatory activity — which indicates that M. catarrhalis could increase its virulence
after exposure to cold air (30). Our findings for M. catarrhalis type 2/3 strains, however,
indicate that they show no cold shock response. We saw no significant differences for the
phenotypes of adhesion or invasion, as well as no significant differences in protein
expression using 2D gel electrophoresis. These results could be possibly explained by the
fact that type 2/3 strains overall are not well adapted to the extracellular life. They are less
able to adhere, typically are complement sensitive but show excellent invasion abilities. It is
conceivable that type 2/3 strains display a different survival and colonisation strategy
compared to type 1 strains and, as one possible consequence, do not need cold shock
adaptation.

In summary, here we demonstrate previously undescribed, putative M. catarrhalis

type 2/3 virulence mechanisms. The ability to invade human epithelial cells in a significantly
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greater extent than type 1 strains as well as their comparable proinflammatory activity on
human epithelial cells characterize a new picture of this so called non virulent subpopulation.
Also, their ability to associate to the epithelium, together with their still largely unknown outer

membrane structures and functions warrant further investigations of type 2/3 strains.
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FIGURE LEGENDS

Figure 1

Invasion ratio (proportion of the inoculum) of type 1 strain O35E, type 2/3 strain 287 and type
2/3 strain 458 into Chang conjunctival cells (A), A549 lung cells (B), Hep-2 laryngeal (C) and
Detroit 562 pharyngeal cells (D). Data are represented as means + 1 SD (n=3) of at least

three separate experiments. * p < 0.05 for strain O35E vs. strain 287 respectively strain 458.

Figure 2

Transmission electron micrographs of M. catarrhalis type 2/3 strain 287 (A-E) and type 1
strain O35E (F-H), respectively, in human Detroit 562 pharyngeal cells. Black arrows indicate
extracellular respectively to the cell surface attached bacteria. White arrows indicate
intracellular bacteria. Pictures B, D and E show the internalization process of the extracellular

bacteria to the intracellular.

Figure 3

Inhibition of the invasion into Detroit 562 pharyngeal cells of type 1 strain O35E (A) and type
2/3 strain 287 (B) by Sucrose (0.05M, 0.1M, 0.2M) and cytochalasin D (0.5 pg/ml, 1 pg/ml, 5
pag/ml, 10 yg/ml). Data are represented as means + 1 SD (n=3) of at least three separate
experiments. * p < 0.05 for inhibitor free controls (co) vs. the respective inhibitor

concentrations.

Figure 4
(A) Intracellular bacteria (cfu/well) at 3 h, 24 h and 48 h after infection of Detroit 562
pharyngeal cells. All samples were treated with 200 pg/ml gentamicin after the first 3 h and

additionally after 24 h respectively 48 h of infection to kill all extracellular bacteria. (B)
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Extracellular bacteria in the supernatant (cfu /well) after 3 h, 24 h and 48 h of Detroit 562
pharyngeal cell infection before and after 2 h of 200ug/ml gentamicin treatment. Data are

represented as means x* 1 SD (n=9) of at least three separate experiments.

Figure 5

Over time evasion and proliferation of M. catarrhalis strain 287.GFP (green) after 3 h (A),
after 24 h (B) and 48 h (C) of infection. Actin is labelled with rhodamine phalloidine (red) and
the nucleus with DAPI (blue). (D) Intracellular bacteria (yellow) after 48h from above and the

side view in- and onto the cell.

Figure 6

GFP bacteria strain 287 (bacteria / 0.61mm?) after 3 h, 24 h and 48 h of infection. All
samples were treated with 200 pg/ml gentamicin after the first 3 h of infection to kill all
extracellular bacteria. Data are represented as means + 1 SD (n=18) of at least three

separate experiments. * p < 0.05 for 3h vs. 24 h respectively 48 h.

Figure 7

Cytokine profile of Detroit 562 pharyngeal cells induced by type 1 strain O35E and type 2/3
strain 287. Cytokine release (pg/ml) of human IL-6 (A), IL-8 (B), MCP-1 (C) and VEGF (D)
after 18 h of incubation. Data are represented as means = 1 SD (n=9) of at least three

separate experiments.
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Table 1

Strains used in this study.
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Strain

Description

Source or reference

M. catarrhalis O35E

M. catarrhalis 610

M. catarrhalis 287

M. catarrhalis 22

M. catarrhalis 458

M. catarrhalis 482

M. catarrhalis 287.GFP

Escherichial coli DH5a

Type 1 strain;

Type 1 strain;

isolate

Type 2 strain;

isolate

Type 2 strain;

isolate

Type 3 strain;

isolate

Type 3 strain;

isolate

Type 2 strain;

isolate

middle ear isolate (15)
nasopharyngeal
(17, 31)
nasopharyngeal
(17, 31)
nasopharyngeal
(17, 31)
nasopharyngeal
(17, 31)
nasopharyngeal
(17, 31)
nasopharyngeal
this study

Host strain for plasmid constructs (23)
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4. DISCUSSION AND OUTLOOK

Approximately 80% of all children below three years of age undergo at least one acute otitis
media, which is one of the main reasons for antimicrobial prescriptions in children. With a
fraction of 15-20% and a continuously increasing prevalence M. catarrhalis is the third major
bacterial pathogen causing AOM. This thesis provides new insights into antimicrobial
defence strategies of M. catarrhalis against aminopenicillins and characterizes new virulence

factors of the M. catarrhalis 16S rRNA type 2/3 lineage.

AIM1
The high degree of DNA sequence conservation of M35 in M. catarrhalis 16S rRNA type 1
strains [57] renders this outer membrane porin a potential vaccine candidate. It is also an

attractive OMP for additional phenotypic analyses including potential functions in virulence.

In their capacity as passive transport channels, porins of gram-negative bacteria are - in
addition to nutrient uptake - also in the absorption of selected antimicrobial substances [62,
66]. However, porins are not only involved in the uptake but also in limiting antibiotic access
to the bacterial cell. By altering their porin expression or functionality, bacteria create a
physiological barrier for drugs. Therefore, bacterial porins hold an important position in
antimicrobial resistance mechanisms [62, 66]. For example, resistance against pB—lactam
antibiotics often consists of a highly efficient combination of the production of detoxifying
enzymes — B-lactamases — and an altered porin expression. OmpC from Escherichia coli,
OmpK36 of Klebsiella pneumoniae and Omp36 (an OmpC homologue) from Enterobacter
aerogenes, porins which show a high structural homology to M35 [57], exhibit a B-lactam-
antimicrobial treatment-induced down-regulation in their porin expression [62, 66, 128-137].

Our findings of significantly higher minimum inhibitory concentrations (MIC) in all tested m35
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knock out mutants indicate the involvement of M35 in the uptake and susceptibility to
aminopenicillins. The down-regulation of the porin on both the transcriptional as well as the
translational level after amoxicillin treatment would display a common regulation mechanism
of porin-associated antimicrobial resistance. To our knowledge this is the first study
investigating a porin involved in antimicrobial resistance of M. catarrhalis. The only currently
known resistance mechanism for M. catarrhalis has been the production of two different [3-
lactamases, BRO1 and BRO2 [3, 52]. If our in vitro findings affect the still recommended
amoxicillin therapy of AOM patients in vivo, further investigations are needed. In particular,
experimental settings would have to be created to study the possibility that M. catarrhalis
become resistant to amoxicillin during therapy because of M35 down-regulation induced by

the latter.

Porins such as OmpC and OmpK36 could be shown as responding with a stress response
not only to antimicrobial treatment, but also to environmental variables such as altered
osmolarities, temperature or pH [138-141]. The down-regulation of M35 after cold and heat
shock treatment, respectively , growth at enhanced osmolarity and iron depleted conditions
indicates a major role of M35 in general stress responses of M. catarrhalis. Whether M.
catarrhalis has an antagonist to M35, which is upregulated in case of M35 down-regulation
comparable to the situation in E. coli or K. pneumoniae [140-142] still requires further

analysis.

The high degree of genetic conservation of M35 in type 1 strains [57] predestinates this porin
as a possible vaccine candidate. The detection of human IgA antibodies by immunoblot
analysis indicates that M35 is expressed in vivo and recognized as a mucosal antigen.
However, the results suggest the possibility of antigenic variation of the immunoreactive

epitopes and challenge the usefulness as a vaccine candidate. The differences between the
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m35 sequence of the type 2/3 strains versus type 1 strains are in line with this issue and
demand additional studies. Analyzing the type 2/3 M35 protein regarding structure and
function as well as the anti-M35-antibody response appears essential. Overall the porin
should be analysed by searching for highly conserved epitopes, which induce bactericidal

IgG antibodies.

AlM 2

Since M. catarrhalis consists of the two phylogenetic lineages which differ not only in their
16S rRNA subunit but apparently also in their degree of virulence [6, 8, 9, 11, 93, 143]
research mainly focused on the more virulent 16S rRNA type 1 subpopulation. Information
about the type 2/3 lineage was limited largely to genetic information on individual genes or
their expression, and was compared to those, who play a role in type 1 virulence [144].
Phenotypically, the dominant difference is serum sensitivity, which can be found for almost
all type 2/3 strains tested [6, 9, 93]. Their inability to adhere to epithelial cells is a somewhat
less distinctive feature [6]. Nevertheless clinical isolates of M. catarrhalis type 2/3 strains are

clearly represented, albeit in a lower proportion than type 1 strains. [11].

Our findings of significantly higher invasion ratios of type 2/3 compared to type 1 strains,
together with the observation that intracellular bacteria escape into the extracellular space for
replication, open new perspectives regarding the potential degree of virulence of this serum
sensitive lineage. Greater invasion ability could protect bacteria against host clearance and
may explain the low proportion of clinical type 2/3 isolates obtained by swab sampling on the
mucosal surface. Previous studies identified internalized M. catarrhalis in the lamina propria
of human lymphoid tissue in vivo [120]. It remains to be analysed whether this

epithelial/subepithelial niche is a preferred habitat of type 2/3 strains, and whether the
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complement sensitive strains show a greater ability to invade adenoids and tonsils than the

complement resistant lineage.

Internalization of typically extracellular bacteria could be shown in several studies of gram-
positive as well as gram-negative bacteria [145-150]. Different internalization pathways could
be identified [145, 151-153]. For M. catarrhalis, our findings of the inhibition experiments and
our analysis of the TEM images indicate a internalization mechanism, which differs from
macropinocytosis as described by Slevogt et al. [119]. Thus, cellular invasion by M.
catarrhalis requires further investigation. In particular additional studies will have to address
whether the mechanism of internalization is cell type-specific and what molecular pathways
underly each mechanism identified. Furthermore, adhesins specific for type 2/3 should be
identified. Preliminary data indicate that type 2/3 strains are indeed able to associate with

epithelial cells, but ligands and receptors are currently unknown.

The degree of virulence pertaining to interactions with the host immune system could be
defined by an organism’s ability to escape the immune system, but also by its pro-
inflammatory activity. The serum sensitive lineage of M. catarrhalis induces the same
cytokine profile as well as the same magnitude of cytokine release in comparison with the
serum resistant lineage. These findings suggest that both pathogens are recognized with the
same intensity by the host cells and therefore are similarly virulent. On the other hand,
results indicate that the type 2/3 lineage has different stimulating structures than those

known from type.

Epidemiologically it would be interesting to perform 16S rRNA type colonization studies in
healthy but also diseased children and adults. Such an endeavour could supplement studies

by Verhaegh et al. who compared isolates cultured from adults with those from children and
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identified a drift from LOS serotype A to serotype B and a reduced incidence of uspA2 as
well as a downregulation of Hag, all of which were regarded as adaptations in order to
evade the human immune response [93]. These findings are similar to the characteristics

found in type 2/3.

M. catarrhalis 16S rRNS type 2/3 strains are poorly investigated and are - due to their
differences to type 1 - regarded as the less virulent. The results of this work give first insights
into the pathogenesis of this serum sensitive lineage and question the assumption of
reduced virulence. However, our data also unveiled a number of further questions, which
await detailed analysis. Above all, the still largely unknown outer membrane surface

structures and their functions require further investigations.
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