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Zusammenfassung________________________________________________________________

Zusammenfassung
Streptococcus

pneumoniae

(Pneumokokken)

sind

Gram-positive

kokkoide

kommensale Bakterien des oberen Atemweges des Menschen. Trotz der
Verfügbarkeit von Impfungstoffen und Antibiotika sind Pneumokokken seit ihrer
Entdeckung und Isolierung bis heute ein wichtiges bakterielles Pathogen für den
Menschen. Weltweit stehen Pneumokoken als Ursache für verschiedene leichte
Erkrankungen

wie

Mittelohr-

oder

Nebenhöhlenentzündung,

aber

auch

für

lebensbedrohliche Krankheiten wie die ambulant erworbene Lungenentzündung
(CAP), Hirnhautentzündung und Sepsis mit an vorderster Front.
S. pneumoniae stellt ein extrazelluläres bakterielles Pathogen dar. Die
Pathogenese erfordert eine Anheftung der Bakterien an die Wirtzellen und ein
Durchqueren zellulärer Barrieren oder die Aufnahme durch Wirtszellen. Diese
Mechanismen gehen mit der Fähigkeit zur Vervielfältigung und dem Vermögen, der
Immunantwort des Wirtes zu entgehen, einher. Um eine Infektion zu etablieren
müssen die Mikroorganismen Zugang zum vaskulären System des Körpers
bekommen. Pneumokokken lagern sich mit Hilfe ihrer Virulenzfaktoren an Wirtzellen
an. Ein wichtiger Virulenzfaktor von essentieller Bedeutung für die Anheftung der
Pneumokokken an ihre Wirtszellen und die Umgehung des Immunsystems durch
Manipulation des Komplementsystems des Wirtes repräsentiert das „PneumokokkenSurface Protein C“ (PspC). Dieses zählt zu der Klasse der Cholinbindungsproteine,
interagiert

in

humanspezifischer

Art

und

Weise

mit

dem

polymeren

Immunglobulinrezeptor (hpIgR) des respiratorischen Wirtsepithels und vermittelt so
die Anheftung an und Internalisierung in die Wirtszellen. Weiterhin ist PspC in der
Lage durch Rekrutierung des Komplementregulatorproteins Faktor H

(FH) zur

Bakterienoberfläche die Anheftung an Wirtsepithel- und Endothelzellen zu fördern.
Darüber hinaus können FH-umhüllte Pneumokokken besser dem Komplement- und
Immunsystem des Wirtes entgehen. FH ist ein Komplementregulator der flüssigen
Phase des alternativen Weges der Komplementaktivierung und besteht aus 20
Domänen, den sogenannten short consensus repeats (SCR).
Um den FH-vermittelten Anheftungs- und Aufnahmemechanismus der
Pneumokokken in Epithelzellen oder in menschliche polymorph kernige Leukozyten
(PMN) zu untersuchen, wurden Glukosaminoglykane (Dermatansulfat und Heparin)
als kompetitive Inhibitoren in Infektionsexperimenten verwendet. Es zeigte sich, dass
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Glukosaminoglykane diese Prozesse signifikant mindern konnten. Des Weiteren
konnten die short consensus repeats des Factor H Moleküls, die die Anheftung der
Pneumokokken an die Wirtszellen fördern, mit Hilfe von Antikörpern, die gegen
spezifische Regionen von FH gerichtet sind, identifiziert werden. Die Ergebnisse
offenbaren, dass die Heparinbinderegion SCR19-20 von FH den Kontakt zwischen
Pneumokokken-gebundenem FH und der Wirtszelloberfläche herstellt. Außerdem
deutet diese Studie darauf hin, dass FH über einen zellulären Rezeptor, auf
humanen PMNs bekannt als Integrin CR3, als Adhäsionsmolekül agiert. Dazu wurde
die

Bindung

von

FH-beladenen

Pneumokokken

an

das

Integrin

CR3

durchflusszytometrisch gemessen und festgestellt, dass FH-besetzte Pneumokokken
eine signifikant erhöhte Assoziation mit PMNs zeigten. Diese Interaktion konnte mit
anti-CR3-Antikörpern und dem CR3-Liganden Pra1 aus Candida albicans gehemmt
werden. Diese Ergebnisse verdeutlichen, dass Factor H die Pneumokokken-Invasion
in Epithelzellen oder in menschliche polymorph kernige Leukozyten (PMN) über
einen zweistufigen Prozess fördert. Der erste Kontakt findet zwischen den
Glukosaminoglykanen

der

Wirtszelloberfläche

und

dem

FH

auf

der

Pneumokokkenoberfläche statt, gefolgt von einem Integrin-vermittelten zweiten
Schritt, der zur Aufnahme der Bakterien führt (Kapitel 2).
Ein

weiteres

Ziel

dieser

Studie

war

die

Aufklärung

der

Endozytosemechanismen bei der Aufnahme der Pneumokokken in die Wirtszellen,
ihr intrazelluläres Schicksal und die Pathogen-induzierten Signaltransduktion in den
Wirtszellen, einschließlich der Kalzium-vermittelten Signaltransduktion während der
PspC-pIgR-vermittelten Infektion der Wirtszellen mit Pneumokokken. Eine kürzlich
veröffentlichte Studie deutet auf eine Aktivierung und Kooperation zwischen Cdc42,
einer GTPase der Rho-Familie, der Phosphoinositol-3-Phosphat-Kinase (PI3-Kinase)
und der Proteinkinase B (Akt) beim Eindringen der Bakterien hin. Um das Mitwirken
von Proteintyrosinkinasen (PTKs) und Mitogen-aktivierten Proteinkinasen (MAPK) bei
einer

Pneumokokkeninfektion

via

PspC

zu

untersuchen,

wurden

Zellkulturexperimente in Anwesenheit von pharmakologischen Inhibitoren und
genetischer

Interferenz

durchgeführt.

Diese

Experimente

zeigten,

dass

pharmakologische Inhibition von Src, ERK1/2 und JNK bzw. die genetische Störung
der Src und FAK-Funktionen zu einer signifikanten Reduktion der pIgR-vermittelten
Pneumokokken-Invasion

führen.

Diese

Daten

belegen

die

Bedeutung

der

Koordination zwischen Src PTKs, ERK1/2 und JNK bei der Signalweiterleitung
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während

der

PspC-pIgR-vermittelten

Aufnahme

von

Pneumokokken

durch

Wirtszellen (Kapitel 3).
Kalziumsignale und die intrazelluläre Konzentration von Kalzium spielen eine
wichtige Rolle bei der Infektion von eukaryotischen Wirtszellen durch verschiedene
Bakterienarten. Der Einfluß der Kalziumkonzentration in der Wirtszelle auf die PspChpIgR-vermittelte Internalisierung der Pneumokokken wurde in dieser Studie
untersucht, in dem die Konzentration des intrazellulären Kalziums ([Ca 2+]i) in
Epithelzellen in der Gegenwart von Pneumokokken gemessen wurde. Die
Messungen weisen darauf hin, dass Kalzium in die Zellen strömt und dass dieser
Kalziumeinstrom PspC-hpIgR-spezifisch ist, da pspC-defiziente Pneumokokken kein
Kalzium mobilisieren konnten. Die Erhöhung des [Ca 2+]i war abhängig von der
Phospholipase C, da eine Vorbehandlung der Zellen mit einem Phospholipase Cspezifischen Inhibitor die Erhöhung der Kalziumkonzentration verhinderte. Außerdem
wurde die Rolle des [Ca2+]i während der Pneumokokkeninternalisierung in epitheliale
Zellkulturzellen durch die Verwendung spezifischer pharmakologischer Inhibitoren
und Kalziumchelatoren im Infektionsexperiment nachgewiesen. Die Ergebnisse
verdeutlichten, dass erhöhte Kalziumkonzentrationen in den Wirtzellen die
Internalisierung von Pneumokokken verminderten, während eine Erniedrigung der
[Ca2+]i die Aufnahme förderte. Daher könnte es sich bei der Mobilisierung von [Ca2+]i
aus intrazellulären Depots um einen Schutzmechanismus der Wirtszellen handeln
(Chapter 4).
Diese Arbeit veranschaulicht weiterhin, dass Dynamin, Clathrin und Caveolin
eine Schlüsselrolle während der PspC-hpIgR-vermittelten Endozytose spielen.
Durch die Verwendung spezifischer pharmakologischer Inhibitoren oder genetischer
Interferenz gegen Dynamin, Clathrin und Caveolin konnte die Aufnahme von
Pneumokokken in Infektionsexperimenten mit Epithelzellen signifikant unterbunden
werden. Mit Hilfe der konfokalen Mikroskopie wurde gezeigt, dass Pneumokokken
mit Clathrin kolokalisieren und dass sie in späteren Stadien der Infektion in frühe,
späte und Recycling-Endosomen geleitet werden, sichtbar an der Kolokalisation der
Pneumokokken mit endosomalen Markern wie Rab5, Rab7 und Lamp1. Um einen
weiteren Einblick in den PspC-hpIgR-vermittelten Aufnahmemechanismus zu
erhalten, wurde ein chimäres PspC generiert und heterolog auf der Oberfläche von
Lactococcus lactis exprimiert. Immunfluoreszenzfärbungen, Immunblots und die
Analyse in der Durchflusszytometrie bewiesen die Expression von PspC auf der
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Bakterienoberfläche von L. lactis. Die PspC-hpIgR-Spezifität dieser Endozytose
wurde dadurch bestätigt, dass rekombinante Laktokokken mit PspC auf ihrer
Oberfläche nun in der Lage waren, sich an hpIgR-exprimierende Epithelzellen
anzulagern und in diese einzudringen, während PspC-defiziente Laktokokken dies
nicht konnten. Nur PspC-exprimierende Laktokokken wurden, ähnlich wie S.
pneumoniae, mit Hilfe von konfokaler Mikroskopie in frühen, späten und RecyclingEndosomen nachgewiesen (Kapitel 5 und 6).
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Summary
Streptococcus pneumoniae (pneumococci) are Gram-positive cocci and commensals
of the human upper respiratory tract. Despite the availability of vaccines and
antibiotics pneumococci remain an extremely important human bacterial pathogen
since their discovery and isolation. Worldwide, S. pneumoniae are the leading cause
of several minor but also lethal diseases such as otitis media, sinusitis, communityacquired pneumonia (CAP), meningitis and septicemia.
S. pneumoniae is an extracellular bacterial pathogen and pathogenesis
requires adherence to host cells and dissemination through cellular barriers or uptake
by host cells accompanied with the pathogens ability to multiply and to evade host
defense mechanisms. The microorganisms have to gain access to vascular parts of
the body where it can manifest infection. Pneumococci adhere to host cells mediated
by their virulence determinants. The Pneumococcal surface protein C (PspC) is an
important virulence factor which has a crucial role in pneumococcal adhesion to host
cells and immune evasion by manipulating the host complement system. PspC,
belonging to the class of choline-binding proteins, interacts in a human specific
manner with the polymeric immunoglobulin receptor (hpIgR) of host respiratory
epithelial cells thereby and mediating bacterial adherence and internalization into
host cells. PspC further interacts with the complement regulatory protein factor H
(FH). FH recruited to the pneumococcal surface via PspC promotes adhesion to host
epithelial and endothelial cells. Furthermore, factor H-coated pneumococci evade the
host complement and immune attack. Factor H is a fluid phase regulator of the
alternative complement pathway and FH has 20 domains referred to as short
consensus repeats (SCR).
To elucidate the pneumococcal adherence and uptake mechanism via factor H
glycosaminoglycans (dermatan sulfate and heparin) were employed as competitive
inhibitors in infection experiments with epithelial cells or human polymorphonuclear
leukocytes (PMNs). Glycosaminoglycans significantly inhibited the FH mediated
pneumococcal adherence and subsequent invasion to host epithelial cells.
Furthermore, the short consensus repeats of FH which promotes the adhesion of
pneumococci to host cells were identified by blocking experiments with domain
mapped antibodies for specific regions of FH. The results revealed that the heparin
binding region SCR 19-20 of FH mediates the contact between pneumococcal bound
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factor H and host epithelial cell surface. Moreover, this study indicates that FH acts
as adhesion molecule via cellular receptors recognized as integrin CR3 on human
PMNs. Binding of Factor H loaded pneumococci to integrins CR3 was assessed by
flow cytometry. Pneumococci coated with Factor H showed a significantly increased
association with PMNs. This interaction was blocked by anti-CR3 antibodies and
Pra1, a Candida albicans antigen which has the capacity to block the CR3 ligand.
Taken together these results demonstrate that Factor H promotes pneumococcal
uptake via two-step process. The first contact is mediated by glycosaminoglycans on
the surface of human cells with Factor H-coated pneumococci followed by integrin
mediated pneumococcal uptake (Chapter 2).
This project further aims to study mechanisms of pneumococcal endocytosis
by host cells, their intracellular fate, and the pathogen induced host cell signal
transduction cascades including the calcium signaling upon pneumococcal infection
of host cells via the PspC-hpIgR interaction. A recent study indicated that bacterial
entry process via the PspC-pIgR-interaction is dependent on the cooperation and
activation of Rho family GTPase Cdc42, PI3 kinase, and Akt. To assess now the role
of protein tyrosine kinases (PTKs) during pneumococcal infection via PspC, cell
culture infections were performed in presence of pharmacological inhibitors of PTKs
and MAPKs or by employing genetic interference techniques. Blocking the function of
Src or ER1/2 and JNK and genetic-knock down of Src and FAK reduced significantly
internalization of pneumococci. These data indicated the importance of a coordinated
signaling between Src PTKs, ERK1/2, and JNK during PspC-pIgR-mediated uptake
of pneumococci by host epithelial cells (Chapter 3).
Calcium signaling and its intracellular concentrations have a critical role in
several bacterial species infections of eukaryotic host cells. The impact of host cells
intracellular calcium concentrations on pneumococcal PspC-hpIgR mediated
internalization was studied. Intracellular calcium measurement of epithelial cells
performed in the presence of pneumococci suggested a calcium influx in host
epithelial cells and importantly this calcium influx was PspC- hpIgR specific as pspCdeficient pneumococci were unable to mediate calcium mobilization in host cells. The
increase in intracellular calcium [Ca2+]i was dependent on phospholipase C as
pretreatment of cells with a phospholipase C-specific inhibitor abolished the increase
in [Ca2+]i. Furthermore, role of host intracellular calcium concentrations during
pneumococcal

internalization

was

demonstrated
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pharmacological inhibitors and calcium chelators in epithelial cell culture infection
assays. The results revealed that elevated host cells calcium concentrations
diminished pneumococcal internalization while lower calcium concentration in host
epithelial cells promoted pneumococcal uptake. As a consequence the mobilization
of [Ca2+]i from intracellular stores may constitute a defense response of host cells
(Chapter 4).
This study further demonstrates that dynamin, clathrin and caveolin play a key
role during pneumococcal endocytosis into host cells via PspC-hpIgR. The use of
specific pharmacological inhibitors or genetic interference approaches against
dynamin, clathrin and caveolin in epithelial cell culture infection assays significantly
blocked pneumococcal uptake. Furthermore, confocal microscopy revealed that
pneumococci co-localize with clathrin. At later stages of the infection the pathogen is
sorted to early, late and recycling endosomes as indicated by co-localization of
pneumococci with endosomal markers such as Rab5, Rab4, Rab 7, and Lamp1. In
order to get further insights into PspC-hpIgR mediated uptake mechanisms, a
chimeric PspC was constructed and expressed heterologously on the surface of
Lactococcus lactis. Immunofluorescence staining, immunoblot and flow cytometric
analysis of L. lactis confirmed the expression of PspC on the bacterial surface.
Moreover the ability of recombinant lactococci expressing PspC to adhere to and to
invade pIgR-expressing epithelial cells confirmed the functional activity of PspC when
exposed on the lactococcal surface. PspC expressing lactococci confirmed the
specificity of PspC-hpIgR mediated endocytosis in host epithelial cells as PspC
deficient lactococci were not taken up by these host cells. Confocal microscopic
analysis demonstrated that only PspC expressing lactococci were sorted to early, late
and recycling endosomes, similar to the intracellular fate of S. pneumoniae (Chapter
5 and 6).
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Chapter 1
Streptococcus pneumoniae and its virulence factors
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Streptococcus pneumoniae, virulence determinants
and pathogenesis
Streptococcus pneumoniae (pneumococcus) is a leading causative agent of serious
infections in children and adults around the globe. Pneumococci synthesize a variety
of virulence factors such as the polysaccharide capsule, the cell wall and numerous
proteinaceous factors that may play a role in the disease process in human
(Bergmann and Hammerschmidt, 2006; Cartwright, 2002; Hammerschmidt, 2006;
Kadioglu et al., 2008; Mitchell et al., 1997). Moreover, to date 94 pneumococcal
serotypes are known (Henrichsen, 1995; Park et al., 2007) and most of these
serotypes differ in prevalence, virulence, and drug resistance (Brueggemann et al.,
2003). However, only the ten most common pneumococcal serotypes account for
approximately 60-70 percent of invasive disease worldwide (Robinson et al., 2001).
Due to the new protein-based vaccines such as the heptavalent PCV7 a serotype
replacement was initiated which is thought to change the prevalence of virulence
potential of clinical isolates and serotypes.
1.1.

Streptococcus pneumoniae

S. pneumoniae are Gram-positive, bile-soluble, α-hemolytic, aerotolerant members of
the genus Streptococcus. Pneumococci are common commensals of the human
nasopharynx known to be facultative pathogens. S. pneumoniae is responsible for a
high burden of disease and can infect the ear, lungs, brain and blood stream which
causes life-threatening infections such as pneumonia, meningitis, bacteremia, otitis
media and sinusitis (Cartwright, 2002; Schuchat et al., 1997). Pneumococcal
infections are most common in infants, toddlers, smokers, and the elderly people
(Garenne et al., 1992; Leowski, 1986; Paradiso, 2011). In addition, people with
certain health problems such as immune deficiencies, sickle cell disease or
spleenectomy are at high risk to acquire invasive pneumococcal disease. In 1879,
U.S. Army physician George Sternberg and the French chemist Louis Pasteur
isolated pneumococci simultaneously and named as pneumococcus for its role as an
etiologic agent of pneumonia (Nobbs et al., 2009). The microorganism was termed
Diplococcus pneumoniae from 1920 onwards because of its characteristic
appearance in Gram-stained sputum and renamed Streptococcus pneumoniae in
1974.
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1.2.

Epidemiology and prevention of pneumococcal disease

1.2.1. Epidemiology and surveillance studies
Pneumococcal pneumonia is highest in children < 2 years of age and in people >65
years of age (Chen et al., 2011b; Garcia-Leoni et al., 1992). After Haemophilus
influenzae type b and Neisseria meningitidis, pneumococci are the most frequent
cause of bacterial meningitis and otitis media in children (Dagan et al., 1994; Musher,
1992). S. pneumoniae is also the most important etiological agent of communityacquired pneumonia and bacterial meningitis in adults. In spite of the medication with
antibiotics the morbidity and mortality of pneumococcal disease remains high
(Kupronis et al., 2003). For example, the mortality of pneumococcal bacteremia in
young children during the years 1995-2001 remained between 10%-40% in
developing countries (Harboe et al., 2009; Kupronis et al., 2003). A recent study
conducted in Denmark indicated that age and co-morbidities influence human
survival during pneumococcal infections (Harboe et al., 2009). Mortality rates in three
ages groups were as follows: age 65 years or more 24%, 5–65 years 14%, and less
than 5 years accounted <3% (Harboe et al., 2009). Higher mortality rates in young
children in developing countries (10–40%) were most likely due to poor healthcare
facilities, co-infections and malnutrition (Harboe et al., 2009). The distribution of
serotypes varies significantly between adults and children. Only a few serotypes are
responsible for the major proportion of pneumococcal infections in children. For
instance, pneumococcal serotypes included in the heptavalent vaccine PCV7 caused
more than 12% of all infections in children and serotypes included in vaccine PCV10
were responsible for 51% of the disease burden (Munoz-Almagro et al., 2011;
O'Brien et al., 2009). Pneumococcal serotypes prevalence, antibiotic resistance and
geographical distribution vary among the Europe, United States and Asian countries
(O'Brien et al., 2009). Pneumococcal disease caused 1.8 million deaths in children
aged between 1-59 months during one calendar year (O'Brien et al., 2009). The
annual incidence of invasive pneumococcal disease (IPD) in developed countries is
11–17 per 100,000 people. In the United States, pneumococci cause 125,000 cases
of pneumonia that require hospitalization annually (Low, 2005).
1.2.2. Antibiotic resistance of pneumococci
Pneumococci remained sensitive to penicillin, with minimum inhibitory concentrations
about 0.02 µg per mL, for many decades. However, the non-ethical and widespread
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use of antibiotics resulted in the emergence of resistance against penicillin in S.
pneumoniae. In vitro pneumococcal antibiotic resistance was described as a clinical
problem in 1967 with moderate antibiotic resistance (Hansman and Andrews, 1967).
However, highly antibiotic resistant pneumococcal isolates from Spain, South Africa,
Eastern Europe and some parts of America were reported in 1977 (Low, 2005).
Global surveillance studies indicated that pneumococci have evolved resistance
against β-lactam (Felmingham et al., 2007), macrolides (van der Linden et al., 2007),
erythromycin (Borg et al., 2009) and quinolones (Jenkins, 2008; Linares et al., 2010).
The increase in pneumococcal resistance to penicillin and other antibiotics has been
elucidated in all different parts and countries of the world where the consumption and
misuse of antibiotics is a serious problem. Pneumococcal non-susceptibility to
penicillin increased in 1992 to 2001 from 7.7% to 35.8%, 5.6% to 20.4% and 24.9%
to 30.2% in France, USA and Spain respectively. However, in Germany, UK, and
Italy, the resistance rates remained below 5% during 1992 to 2001(Felmingham et
al., 2005). Previously, pneumococcal manifested multiple drug resistance (MDR) had
been described (Schreiber and Jacobs, 1995). Since 1995, pneumococcal infections
caused by MDR have become one of the major threats of human health. To
overcome these problems two dimensional strategies were adopted. First the
introduction of the heptavalent pneumococcal conjugate vaccine (PCV7) in 2000 and
secondly reduced antibiotic use policy. These two provisions significantly declined
the pneumococcal infections and drug resistance. However, an increase in the
incidence of pneumococcal infections caused by non-PCV7 serotypes, especially
multi-resistant serotype 19A pneumococci, has been observed in many countries
over the last 7 years (Linares et al., 2010).
1.2.3. Vaccines against Streptococcus pneumoniae
Human vaccination with whole killed pneumococci was attempted during the
beginning of last century, but was not successful. This technique was soon aborted
due to the usage of large amounts of inocula which caused the adverse side effect
such as severe allergic reactions (AlonsoDeVelasco et al., 1995). In the 1930s, after
the development of pneumococcal serotyping, purified capsular polysaccharides (PS)
from

selected

serotypes

demonstrated

their

immunogenicity

against

the

pneumococcal infections in animal models. After successful trials, licensing of
hexavalent pneumococcal PS vaccine was approved in 1946. In 1970 new studies
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were started to develop improved pneumococcal PS-based vaccines (Smit et al.,
1977) and in 1977, a 14-valent vaccine was licensed. In 1983, based on the serotype
distribution and cross-reactivity between various serotypes, a 23-valent vaccine
(PPSV23; Pneumovax®) became available (Bruyn and van Furth, 1991; Lee, 1987).
Pneumococcal PS elicits long-lasting antibodies and protection in healthy adults
against pneumococcal disease. However, pneumococcal polysaccharide vaccines
are poorly immunogenic in high risk groups such as the immunocompromised
persons, children and elderly people (Bruyn and van Furth, 1991; Musher, 1992).
Therefore, the development of a new generation of pneumococcal vaccines was
required to protect humans which are susceptible to pneumococcal infections. To
improve

the

immunogenicity

of

CPS

antigens,

pneumococcal

capsular

polysaccharides (CPS) of seven pediatric and most prevalent serotypes were
conjugated with a protein carrier, the non-toxic variant of the diphtheria toxin (known
as CRM197). This pneumococcal conjugated vaccine (PCV) was primarily developed
for children under the age of two years, who fail to mount an adequate response to
the 23-valent adult vaccine. The use of the current pneumococcal 7-valent conjugate
vaccine (PCV 7) (PrevnarTM, Wyeth, USA) is recommended e.g. by the STIKO
(ständige Impfkommission) of the Robert Koch-Institute. The PCV7 contains the
seven most common serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F) responsible for
infections in children and was licensed in the US and recommended for routine use in
infants in 2000. The PCV7 vaccine has significantly reduced the rates of invasive
pneumococcal disease (Kellner et al., 2005; Poehling et al., 2006). The reduction of
pneumococcal disease was observed among all age groups, including the high risk
group population such as immunocompromised and older individuals Although, the
PCV7 vaccine has reduced pneumococcal diseases in children however, it was still
lacking other pneumococcal types which can also cause serious infections in children
and adult (Kaplan et al., 2004; Munoz-Almagro et al., 2008). In 2010, a 13-valent
pneumococcal conjugate vaccine (PCV) (PrevnarTM, Wyeth, USA) was licensed. The
PCV13 vaccine has replaced the PCV7 vaccine in the infant schedule. PCV13 aims
to protect against additional six serotypes (1, 3, 5, 6A, 7F, 19A and 23F) including the
seven serotypes included in PCV7, all conjugated to CRM197. This vaccine received
EMA (European Medicines Agency) approval in 2009 (Kieninger et al., 2010). In
addition a non-typable Haemophilus influenzae protein D conjugate (PCV10 or PHiDCV; GSK Biologicals, Rixensart, Belgium) vaccine was developed and approved from
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the EMA in March 2009. The PCV10 contains, in addition to the PCV7 serotypes, the
PS of serotypes 1, 5, and 7F. The protein D was selected due to its potential to
provide protection against H. influenza infections such as acute otitis media (Janson
et al., 1999; Vesikari et al., 2009) However, in addition to the capsule-based vaccines
other strategies have been explored to develop vaccines such as the use of
pneumococcal surface proteins (PSPs) as antigens for ‘universal’ pneumococcal
vaccines (Bogaert et al., 2004; Giefing et al., 2008; Siber, 1994). These include
proteins that are either released or exposed on the pneumococcal surface. For
example it has been demonstrated that antibodies against pneumolysin, autolysin
and neuraminidase have a protective role against pneumococcal sepsis when
animals were immunized with the toxin, surface exposed protein, or combinations of
these proteins (Adamou et al., 2001; Bogaert et al., 2004; Glover et al., 2008; Lock et
al., 1992; Lock et al., 1988).

1.3.

Pneumococcal surface components

Capsular polysaccharide, the cytoplasmic phospholipid bilayer, and peptidoglycan
(murein) layer constitute the major surface components of pneumococci. The cell wall
is composed of a triple-layered peptidoglycan, which anchors the cell wall
polysaccharide (CWPS), capsular polysaccharide and proteins (AlonsoDeVelasco et
al., 1995; Sorensen et al., 1990). The major and thicker layer is the capsule,
regulating the pneumococcal interior in exponentially growing phase (Skov Sorensen
et al., 1988). The cell wall polysaccharide is common to all serotypes, with the
exception of non-typable pneumococci, while the chemical structure of the capsular
PS is pneumococcal serotype is specific. The pneumococcal capsule and its cell wall
play important roles in virulence of this microorganism (Tai, 2006).

1.4

Pneumococcal virulence factors

1.4.1. The pneumococcal capsular polysaccharide
Pneumococci are encased by a capsular polysaccharide (CPS) and they are
distinguished by chemical differences in their capsular polysaccharides (Henrichsen,
1995) . The importance of the capsule in pneumococcal virulence is known since
decades. CPS is the most important virulence determinant of pneumococci protecting
the bacterium against complement-mediated phagocytosis and bacterial killing by
neutrophil extracellular traps (AlonsoDeVelasco et al., 1995; Goebel, 1939; Hyams
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et al., 2010; Kadioglu et al., 2008; Smit et al., 1977; Snippe et al., 1983; Wartha et
al., 2007). Only encapsulated pneumococci have been isolated from clinical materials
such as blood (Avery and Dubos, 1931; Briles et al., 1992a) and non-encapsulated
pneumococci are unable to cause disease in animal models, which illustrates the
importance of capsule in pneumococcal virulence (Avery et al., 1944; Morona et al.,
2004; Morona et al., 2006).

Figure 1

Schematic model of the pneumococcal virulence factors. Important pneumococcal
virulence factors include: the capsule, the cell wall, choline-binding proteins,
pneumococcal surface proteins A and C (PspA and PspC), the LPXTG-anchored
neuraminidase proteins, hyaluronate lyase (Hyl), pneumococcal adhesion and
virulence A (PavA), enolase (Eno), pneumolysin, autolysin A (LytA), and the metalbinding proteins pneumococcal surface antigen A (PsaA), pneumococcal iron
acquisition A (PiaA) and pneumococcal iron uptake A (PiuA).

Removal of the capsule significantly impairs the virulence of the pneumococci
as compared to its parent strain and pneumococcal virulence also depends on the
capsular type (Kelly et al., 1994). On the contrary, pneumococci with only 20% of
capsular material colonized as effectively as wild-type and remained highly virulent in
a murine model of infection, although wild-type pneumococci have an advantage in
bacterial colonization compared to pneumococci with a capsular knockdown (Magee
and Yother, 2001). Pneumococcal capsule itself is not toxic and its virulence mainly
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depends on protection against complement-mediated opsonophagocytosis (Fine,
1975). The capsular thickness is irrelevant but the biochemical structure of the
capsular PS determines the virulence capacity of pneumococci (Knecht et al., 1970).
The phenotypic variation and expression of the CPS in the initial phase of
pneumococcal infections to host cells have also been reported to play an important
role (Hammerschmidt et al., 2005).
Importantly, differences in CPS have a major role on pneumococcal virulence
(Austrian, 1981). Pneumococci undergo reversible opacity phase variation resulting
in transparent and opaque colonies. The transparent phenotype produces lower
amounts of CPS and is more efficient to colonize the mucosal surface of the
nasopharynx, while the opaque phenotype is more virulent in systemic infections
(Kim and Weiser, 1998; Weiser, 1998; Weiser et al., 1994).

1.4.2. The pneumococcal cell wall
The important structural components of pneumococcal cell wall are peptidoglycan,
teichoic acid, (TA), lipoteichoic acid, (LTA), choline binding proteins and LPxTGanchored proteins as shown in figure 2 (Bergmann and Hammerschmidt, 2006;
Kadioglu et al., 2008; Mosser and Tomasz, 1970; Tomasz, 1967). Peptidoglycan is
linked by stem peptides to form a complex three dimensional structure and about half
of the cell wall mass is composed of peptidoglycan. The other pneumococcal cell wall
structure LTA, also referred to as pneumococcal Forssman antigen, is composed of
chain structures and identical repeats. TA and LTA are composed of extended
repeats of carbohydrates and differ only in their attachment to pneumococcal cell
surface. In contrast to capsular polysaccharides, cell wall polysaccharide (PS) can
cause pneumococcal infections such as pneumonia, otitis media and meningitis in
animal models similar to those infections caused by intact pneumococci (Carlsen et
al., 1992; Tuomanen et al., 1985; Tuomanen et al., 1987). Such virulence
consequences of cell wall PS may be due to the induction of cytokines and activation
of the complement system (Geelen et al., 1993; Heumann et al., 1994). Interestingly,
this inflammation resembled the inflammation caused by intact pneumococci but
seems to be more efficient. Consequently, antibiotics inducing lysis of pneumococci
during invasive diseases boost pro-inflammatory reactions. Furthermore, purified cell
walls are a stronger stimulus compared to endotoxin
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interleukin-1 and tumor necrosis factor in host cells is monitored (Riesenfeld-Orn et
al., 1989).

Figure 2

Schematic model of the pneumococcal outer cell wall and surface-exposed proteins.
Lipoteichoic acid (LTA), teichoic acid (TA) phosphorylcholine (PCho) and cholinebinding proteins (CBPs) (Bergmann and Hammerschmidt, 2006).

Moreover, nonencapsulated pneumococcal cell walls are capable to promote
pneumococcal adherence to human endothelial cells and on late stages of
pneumococcal infections they have a cytopathic effect on host cells (Geelen et al.,
1993). Several studies demonstrated that anti- phosphorylcholine antibodies or antiCWPS protect animals against pneumococcal challenge (Briles et al., 1981; Briles et
al., 1992b; Briles et al., 1989; Kenny et al., 1994; Nicoletti et al., 1993).

1.4.3. Pneumococcal proteins
Bacterial virulence factors and host susceptibility are the major determinants for
bacterial infections. Often these proteins are involved in direct interactions with host
tissues or protect the pathogens against host defense mechanisms. Pneumococci
are not an exception in this regard. Earlier in the 1970s, the capsule was considered
as the primary virulence factor of pneumococci. However, later on several studies
suggested that also a numerous number of pneumococcal proteins including
pneumococcal

hyaluronate

lyase

(Lopez

et

al.,

1992),

pneumolysin,

two

neuraminidases (NanA and NanB), the major autolysin (LytA), pneumococcal surface
protein A and C (PspA and PspC) and pneumococcal surface antigen A (PsaA)

16

Chapter 1_______________________________________________________________________

(Feldman et al., 1991; Lock et al., 1988; Lopez et al., 1992; McDaniel et al., 1991;
Sampson et al., 1994) have also an important role in pneumococcal pathogenesis
and could be used as a potential candidates for a protein-based vaccine against
pneumococci. Pneumolysin is an intracellular protein of pneumococci while the
surface exposed pneumococcal proteins are classified as LPxTG anchored proteins,
lipoproteins, non-classical proteins and choline-binding proteins, which are discussed
in detail below.

The intracellular toxin Pneumolysin
Pneumolysin (Ply) is a pneumococcal cytotoxin contributing to the early pathogenesis
of invasive pneumococcal pneumonia by facilitating intrapulmonary bacterial growth
and invasion into the blood (Rubins et al., 1996). Pneumolysin is a 53-kDa protein,
belongs to the family of thiol-activated toxins (Boulnois, 1992) and is conserved
among all clinical isolates of the pneumococci (Paton et al., 1993; Paton et al., 1986;
Paton et al., 1983). Ply has several distinct functions and a variety of toxic effects on
several cell types, especially in the early stages of pneumococcal infections. At lower
concentrations, pneumolysin is cytotoxic to epithelial cells and inhibits the beating of
cilia in respiratory epithelia cells (Rayner et al., 1995). Pneumolysin breaks the
integrity of bronchial epithelial monolayers by disrupting their tight junctions from the
upper respiratory tract and from the alveoli (Duane et al., 1993; Rayner et al., 1995;
Steinfort et al., 1989). Pneumolysin facilitates the dissemination of pneumococcal
infections by reducing the ciliary bronchial cells ability to clear the mucus. Moreover,
Ply causes alveolar edema, hemorrhage in alveolar epithelial cells and pulmonary
endothelial cells and also stimulates the production of cytokines by monocytes during
pneumococcal infection (Hirst et al., 2004). It has been shown that immunization with
pneumolysin prolongs the mice survival after challenge with different pneumococcal
strains (Alexander et al., 1994; Lock et al., 1988; Paton et al., 1983) and that
pneumolysin mutants are less virulent compared to their parental strain. In an acute
pneumonia mouse model, pneumolysin was shown to be essential for pneumococcal
survival in the respiratory tract. A critical role of pneumolysin for pneumococcal
dissemination from the lungs into blood stream has been demonstrated convincingly.
In case of pneumolysin knock-down, higher doses of pneumococci can be tolerated
in blood without disease symptoms in experimental mouse model (Benton et al.,
1995; Kadioglu et al., 2000; Kadioglu et al., 2002; Orihuela et al., 2004). In contrast,
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pneumolysin in pneumococcal meningitis was reported to have a limited role
(Friedland et al., 1995), however subsequent studies reported pneumolysin as key
virulence factor in pneumococcal meningitis along with pneumococcal-induced
deafness in meningitis and brain ependyma (Hirst et al., 2004; Wellmer et al., 2002;
Winter et al., 1996). These virulence and cytopathic effects of pneumolysin are
crucial for colonization of pneumococci in host. Therefore, Ply is considered as an
important virulence factor of pneumococci.

Sortase-anchored pneumococcal surface proteins
Pneumococcal genome sequence analysis indicated the presence of 17 putative
LPXTG-anchored proteins, although it may vary from strain to strain (Tettelin et al.,
2001). The role of sortase-anchored surface proteins possessing LPxTG anchorage
motif in the C-terminal part of the proteins in pneumococcal virulence has been
investigated for the neuraminidase, IgA1-protease, PrtA, hyaluronidase and HtrA.
The enzyme neuraminidase is conserved in all pneumococcal strains and
represents a virulence factor of S. pneumoniae (Kelly and Greiff, 1970).
Neuraminidase cleaves sialic acid from host cell surface glycans such as mucin,
glycolipids and glycoproteins, which probably cause damage to host cell glycans and
ultimately to host cells (King et al., 2004). This property of neuraminidase causes
changes in the glycosylation patterns of the host cell, which may expose host surface
receptors for possible interaction with pneumococci, resulting in increased adhesion
of the pathogen (Krivan et al., 1988). Pneumococci encode three neuraminidases:
NanA, NanB and NanC. NanA and NanB are almost conserved in all strains while
only 50% pneumococcal strains harbor NanC (Pettigrew et al., 2006).
IgA1-protease is zinc metalloprotease produced by pneumococci along with
other three zinc metalloproteases named as ZmpB, ZmpC and ZmpD.

These

proteases are anchored to the pneumococcal cell wall by an N-terminal LPxTG motif.
The IgA1-protease is conserved in all pneumococcal strains and demonstrated
significant role in pneumococcal lung infections, bacteremia and adherence of
pneumococci to host cells (Polissi et al., 1998; Weiser et al., 2003).
PrtA is a major pneumococcal cell wall-associated serine protease. Recently,
it has been suggested that prtA knockout strains lost their ability to degrade
apolactoferrin and were relatively resistance to killing by apolactoferrin (Mirza et al.,
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2011). PrtA was shown to be important for pneumococcal virulence in a mouse
peritoneal challenge model (Bethe et al., 2001).
HtrA (high-temperature requirement A) is a heat shock-induced serine
protease (Gasc et al., 1998) and is regulated by the CiaRH two-component system in
pneumococci (Mascher et al., 2003; Sebert et al., 2002). HtrA has been suggested to
play a crucial role in pneumococcal colonization, pneumonia and bacteremia models
of infection (Ibrahim et al., 2004; Sebert et al., 2002).
Hyaluronate lyase (hyaluronidase; Hyl) facilitates pneumococcal penetration
into host cells by hydrolyzing the hyaluronan of the extracellular matrix (Berry et al.,
1994). The pneumococci deficient in hyaluronate lyase demonstrated significant
reduced virulence compared to its parent strain in animal infection model (Berry and
Paton, 2000; Chapuy-Regaud et al., 2003).

Pneumococcal surface exposed lipoproteins
Bacterial lipoproteins perform several functions such as signal transduction,
adhesion, nutrient uptake, colonization, invasion, evasion of host defence and
immunomodulation (Alloing et al., 1994; Jenkinson, 1994; Kovacs-Simon et al., 2011;
Sutcliffe and Russell, 1995). PsaA, PpmA, SlrA, PiaA and PiuA have been suggested
to play role in pneumococcal virulence.
Pneumococcal surface antigen A (PsaA) is a 35-kDa protein and was
initially identified as a 37-kDa antigen (Russell et al., 1990). The physiological
functions of PsaA are mostly deduced from the studies which are driven by the
results of sequence homology analysis. The psaA gene is transcribed as part of a
polycistronic message, psaBCA, which encodes proteins that share identities with a
membrane permease, ATPase, and substrate binding protein of ATP binding
cassette (ABC) transporters (Novak et al., 1998). PsaA is involved in the transport of
Mn2+ and Zn2+ into the cytoplasm of pneumococci (Dintilhac et al., 1997; McAllister et
al., 2004) and plays an essential role in the transport of Mn2+ into the cytoplasm of
pneumococci (Dintilhac et al., 1997) as psaA-knockdown compared to wild-type
pneumococci had a disadvantage in growth.

Previous studies have also provided

evidence that psaA-mutant were non-virulent in a mouse model (Berry and Paton,
1996) and PsaA educe protective properties in mouse challenged by pneumococci
(Talkington et al., 1996). Another proposed function of PsaA is still a matter of
debate. Initially, PsaA protein was viewed as a potential S. pneumoniae adhesin
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because it shares amino acid sequence identity with streptococcal adhesion proteins
such as FimA of S. parasanguins and SsaB of S. sanguis and S. gordonii (Sampson
et al., 1994). Several studies have reported that PsaA immunization reduces the
nasopharyngeal colonization of challenged pneumococcal cells and S. pneumoniae
psaA mutants fail to bind tissue cultured pneumocytes and endothelial cells,
suggesting that PsaA is required for the adherence of pneumococcal cells (Briles et
al., 2000; Romero-Steiner et al., 2003). On the contrary, other studies showed that
psaB and psaC mutants with normal PsaA are also deficient in adherence to host
cells (Johnston et al., 2004). It is possible that the lack of adhesion function in psaAmutant might be a pleiotropic effect of Mn2+ transport (Tai, 2006). Moreover, several
studies have also reported another important function of PspA demonstrating its role
in pneumococcal protection against host complement system (Yother and White,
1994). Moreover, E-cadherin, the cell-cell junction lipoprotein has been identified as
putative receptor on human nasopharyngeal epithelial cells for PsaA. Adherence
inhibition experiments demonstrated the specificity of PsaA-E-cadherin binding in
transparent strains of pneumococcal serotypes 4, 14, and 19A, but no interaction of
pneumococci with E-cadherin in opaque strains was observed (Anderton et al., 2007;
Rajam et al., 2008). These results indicate that PsaA plays a critical role during
pneumococcal nasopharyngeal colonization and carriage.
The pneumococcal iron uptake A (PiuA) and pneumococcal iron
acquisition A (PiaA) are iron uptake ABC transporters. PiaA and PiuA seem to be
important for pneumococcal virulence (Brown et al., 2001). The Putative proteinase
maturation protein A (PpmA) and streptococcal lipoprotein rotamase A (SlrA) belong
to the family of chaperones, the peptidyl-prolyl cis/trans isomerases and these two
surface exposed lipoproteins are conserved in pneumococci. SlrA has been shown to
contribute to pneumococcal colonization but not to invasiveness and was suggested
to play role in the first stage of pneumococcal infections such as colonization of the
upper airways, most likely by modulating the biological functions of the important
virulence proteins (Hermans et al., 2006). The deficiency of PpmA in strain D39
manifest increased survival rate of mice and both lipoproteins have been shown to be
immunogenic (Adrian et al., 2004; Overweg et al., 2000).

Pneumococcal moonlighting proteins
The surface of Gram positive bacteria and in particular S. pneumoniae is decorated
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by number of proteins such as PavA, GAPDH and enolase which lack a signal
peptide or membrane anchor such as the LPXTG motif (Chhatwal, 2002). These
pneumococcal proteins are grouped as non-classical proteins (Bergmann and
Hammerschmidt, 2006; Hammerschmidt, 2006). Pneumococcal adherence and
virulence factor A (PavA) is localized on the pneumococcal outer cell surface and
has been suggested to serve as a pneumococcal adhesin for fibronectin (Holmes et
al., 2001). The pavA knock- down was massively impaired in pneumococcal
adherence to epithelial and endothelial cells and pneumococcal virulence in a mouse
sepsis model as well (Holmes et al., 2001; Pracht et al., 2005). Moreover, PavA has
been suggested to protect pneumococci against recognition and actin cytoskeletondependent phagocytosis and killing by innate immune cells indicating that PavA is
essential for pneumococci to escape phagocytosis and for the optimal induction of
immune response in dendritic cells (Noske et al., 2009).
The

glyceraldehydes-3-phosphate

dehydrogenase

(GAPDH)

and

α-enolase were identified as plasminogen (PLG) binding proteins of pneumococci.
Both enzymes are located in the cytoplasm as well as on pneumococcal cell surface
as demonstrated by immmunogold electron microscopy (Bergmann et al., 2001;
Bergmann et al., 2004). The plasminogin binding features of pneumococci via the
enolase and GAPDH have a vital role in extracellular matrix degradation, dissolution
of fibrin and pneumococcal transmigration in host cells (Bergmann et al., 2005).

Choline-binding proteins
Several Gram-positive bacteria including pneumococci display surface proteins by
anchoring them covalently to the cell wall using the sortase and LPxTG-motifs of the
proteins as the key players. In addition to these the pneumococcal surface is
decorated with non-covalently attached proteins named choline-binding proteins
(CBPs). These CBPs are noncovalently bound to the phosphorylcholine (PCho) of
the cell wall (Hammerschmidt et al., 1997; McDaniel et al., 1994; Novak et al., 1998;
Yother and Briles, 1992). Some common attributes of the CBPs is a carboxy-terminal
domain which contains three to ten choline binding repeats, also referred to as the
choline-binding domain CBD (Garcia et al., 1998).The family of CBPs consists of 1316 different proteins and the number of produced CBPs depends on the
pneumococcal strain. CBPs are highly homologous in their C-terminal parts whereas
the N-terminal parts are non homologous and display the biological function. These
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so called CBPs includes several important molecules such as for example, the
pneumococcal surface protein A (PspA), the pneumococcal surface protein C (also
described initially as CbpA or SpsA) and four cell wall hydrolases. The cell wall
hydrolases are the major autolysin LytA, the autolysins LytB, LytC and the Pce
phosphorylcholine esterase (also designated CbpE).
LytA cleaves the amide bond between N-acetylmuramic acid and the first
amino acid of the stem peptide, L-alanine, of pneumococcal peptidoglycan. A lytAmutant does not lyse in stationary phase (Tomasz et al., 1988) and lytA-mutants are
less virulent in mouse infection models. Lysis of pneumococci in the stationary
phase, participation in cell wall growth and daughter cell separation are some key
roles of LytA. Furthermore, LytA is the cause of bile solubility and this enzyme has
been proposed as one of the best ways to diagnose pneumococci. Deoxycholic acid,
which is one of the bile components, activates the autolysin so that the bacteria lyse
upon bile addition. Some bile resistant pneumococcal strains do exist, containing
variants of the autolysin (Obregon et al., 2002).
LytB is also responsible for pneumococcal cell separation during growth and
its inactivation leads to the formation of pneumococcal long chains (Garcia et al.,
1999).
LytC has been reported to work as an autolysin during the stationary phase at
30°C (Lopez et al., 2000). This may have implications on pneumococcal colonization
in human nasopharynx, since the temperature is usually lower in nasopharynx then
the normal body temperature of 37°C.
Pneumococcal surface protein A (PspA) was first identified by McDaniel in
1984, by using monoclonal antibodies (mAb) produced by lymph node cells of mice
immunized with non-encapsulated pneumococci (McDaniel et al., 1984). So far PspA
is detected on surface of almost all pneumococcal strains with variable molecular
sizes ranging from 67 to 99 kDa (Hollingshead et al., 2000; Jedrzejas, 2001;
Waltman et al., 1990). PspA encompasses five domains: a signal peptide, a α-helical
charged domain which has a clade-defining region, a proline-rich region, a cholinebinding domain and a C-terminal domain (Hollingshead et al., 2000). The
pneumococcal surface protein A is classified into three different families and this
classification is based on nucleotide and amino acid identity. Each family of PspA is
subdivided into different clades: family 1 has two clades (clade 1 and 2), family 2 of
PspA comprises three clades (clades 3, 4 and 5), and PspA family 3 is composed of
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only one clade (clade 6) (Hollingshead et al., 2000). It has been extensively reported
that distribution of PspA family and clade are independent of serotype and origin of
the isolates, but highly associated with genotype.
Pneumococcal surface protein A plays a critical role in virulence by interfering
with complement deposition on the pneumococcal surface (Ren et al., 2003) and
ultimately and impedes the clearance of pneumococci from blood stream as has
been demonstrated in mouse model (McDaniel et al., 1984). It has been
hypothesized that PspA could be an ideal vaccine candidate as it may eliminate the
carrier state along with protection against invasive disease (Ren et al., 2003; Vela
Coral et al., 2001).Further studies have reported that during invasive infections PspA
must be attached to the pneumococcal surface to restrain complement deposition
and strains with mutations are as avirulent as those pneumococcal strains without
PspA (Ren et al., 2003). PspA may have a different role in nasal carriage. A possible
explanation for the role of PspA in carriage is suggested by its ability to bind
lactoferrin (Hakansson et al., 2001; Hammerschmidt et al., 1999). Lactoferrin (LFN) is
an important component of the innate immunity through its sequestration of iron,
bactericidal activity, and immune modulatory activity. Lactoferrin prevail mostly in
mucosal secretions, where the level of free extracellular iron (10 −18 M) is not
adequate for bacterial growth. The lactoferrin iron-sequestering role provides a
mechanism of resistance to bacterial infections by prevention of colonization of the
host by pathogens. Pneumococcal interaction with human lactoferrin was confirmed
by

binding

assay

performed

with

purified

PspA

and

human

lactoferrin

(Hammerschmidt et al., 1999).
Moreover, internal sequence analysis of the purified receptors by affinity
chromatography revealed that one of the S. pneumoniae proteins was homologous to
pneumococcal surface protein A (PspA). PspA has been reported to protect
pneumococci against bactericidal effect of apolactoferrin (iron-depleted form of
lactoferrin) and pneumococci pre-incubated with PspA antibody were more prone to
killing by apolactoferrin (ALF), indicating that expression of PspA protects
pneumococci against the bactericidal effect of apolactoferrin (Shaper et al., 2004). In
contrast, knockout mutations in genes encoding PspC or PcpA did not affect killing by
ALF. It has been shown that PspA did not have to be attached to the bacterial
surface to inhibit killing, as the soluble recombinant N-terminal half of PspA could
prevent killing by both ALF and LFN. Moreover, a 11-amino-acid fragment of PspA
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was sufficient to significantly reduce the pneumococcal killing by LFN. These findings
suggested that the binding of ALF to PspA probably blocks the active site(s) of ALF
that is responsible for pneumococcal killing (Shaper et al., 2004).
The phosphorylcholine esterase (Pce) is critical for pneumococcal
adherence and colonization. Pneumococcal pce knockout strains showed a change
in colony appearance, reduced colonization in an infant rat model and these mutants
were attenuated in pneumococcal adherence to nasopharyngeal epithelial cells
(Gosink et al., 2000; Vollmer and Tomasz, 2001). All these results point to the
essential role of Pce as a virulence determinant for pneumococcal adherence.
Pneumococcal surface protein C
The pneumococcal surface protein C (PspC), also referred to CbpA and SpsA,
(Hammerschmidt et al., 1997; Iannelli et al., 2002) is a multifunctional, major member
of CBPs and contributes to virulence and pathogenesis of pneumococci (Rosenow et
al., 1997). Although PspC proteins are polymorphic, they share a common
organization which includes a 37 amino acid long signal peptide, mature N-terminal
domain, choline binding repeats and a proline rich domain. The N-terminal domain is
responsible for several biological functions of PspC. To date 11 different subtypes of
PspC proteins have been identified and divided into two subgroups on the basis of
their different anchorage in the bacterial cell wall. PspC proteins of both subgroups
have a leader peptide and an N-terminal domain, followed by one or two repetitive
sequences (termed R1 and R2) and a proline rich sequence. The classical PspC
proteins (subtypes 1-6) belong to the choline-binding proteins and placed in
subgroup 1 (Iannelli et al., 2002). The C-terminal CBD attaches the classical PspC
proteins non-covalently to cell wall via an interaction with phosphorylcholine of
lipoteichoic and teichoic acids. The PspC-like proteins (subtypes 7-11) are placed in
subgroup 2. These atypical PspC proteins are anchored in a sortase dependent
manner to the peptidoglycan of the cell wall via their LPxTG motif (Hammerschmidt et
al., 1997; Iannelli et al., 2002; Luo et al., 2005). Pneumococcal surface protein C was
originally named as secretory pneumococcal surface protein A (SpsA) for its function
to bind the secretory component of secretory IgA or polymeric immunoglobulin
receptor (pIgR), which is responsible for transports sIgA. The binding domains in the
bacterial adhesin and the host receptors have been identified and the interactions
have been characterized on the molecular level. The binding domain for sIgA and
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secretory component (SC) was mapped to a hexapeptide motif YRNYPT in the R2
domain of PspC protein (Elm et al., 2004; Hammerschmidt et al., 2000). Importantly,
only one SC-binding motif, either R1 or R2, is sufficient for PspC to interact with the
secretory component (Elm et al., 2004; Luo et al., 2005). PspC also interacts with
complement component C3 (Cheng et al., 2000; Smith and Hostetter, 2000) and has
been demonstrated to interact specifically with the complement regulator Factor H
(Dave et al., 2004; Doherty and McMahon, 2009; Hammerschmidt et al., 2007).
To date, key functions attributed to PspC include binding of the free SC or SC
as part of the secretory IgA (SIgA) and polymeric immunoglobulin receptors (pIgR)
respectively (Elm et al., 2004; Hammerschmidt et al., 1997; Zhang et al., 2000). The
pspC-knockout has a significantly reduced nasopharyngeal colonization and less
binding to epithelial cells compared with the wild type (Cheng et al., 2000; Dave et
al., 2004; Rosenow et al., 1997). Several studies indicated that PspC promotes
pneumococcal adherence to and subsequent invasion into human epithelial cells by
interacting with the secretory component of pIgR (Elm et al., 2004; Hammerschmidt
et al., 1997; Zhang et al., 2000).

Figure 3

Structural model of PspC and its host receptors polymeric Ig receptor and factor H
(Hammerschmidt, 2006).

The PspC interacts in a human-specific manner with SC or sIgA and fails to interact
with SC or SIgA derived from animals like bovine, canine, equine, guinea pig,
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hamster, rabbit, rat and mouse (Elm et al., 2004; Hammerschmidt et al., 2000). Only
MDCK cells expressing human-pIgR but not rabbit-pIgR showed enhanced
pneumococcal invasion in MDCK cells only expressing human-pIgR but not in case
of rabbit-pIgR (Zhang et al., 2000).
Moreover, studies have demonstrated that PspC interacts with the SC via the
ectodomains D3 and D4 of the human-pIgR (hpIgR) (Elm et al., 2004; Lu et al.,
2003). Recently, it has been demonstrated that small GTPase members Cdc42,
phosphatidylinositol 3-kinase (PI3K) and Akt have a critical role during pneumococcal
invasion of host epithelial cells via PspC-hpIgR interaction (Agarwal and
Hammerschmidt, 2009). Functional inactivation of Rho (A/B/C), Rac1, and Cdc42 by
bacterial protein toxins or pharmacological inhibitors revealed that inactivation of
Cdc42 but not RhoA and Rac1 inhibited the PspC-hpIgR-mediated pneumococcal
internalization in host cells. Moreover, role of host cells actin cytoskeleton during
pneumococcal internalization was assessed by employing specific pharmacological
inhibitors. The results revealed that inhibitors against actin cytoskeleton significantly
blocked pneumococcal invasion in two types of host epithelial cells indicating the
essential role of cytoskeleton during PspC-pIgR mediated internalization.
The unique interaction of PspC with the polymeric immunoglobulin receptor
and the impact on pneumococcal colonization
To protect the mucosal surface from invading pathogens and maintain homeostasis,
the human body developed an exquisite acquired immune system, referred to as the
mucosal immune system, in which epithelial cells and lymphocytes function
cooperatively. The main players in this immune system are the polymeric
immunoglobulins (pIgs) such as IgM and IgA and Igs accumulate in the lamina
propria by the secretions of antibody plasma cells (Asano and Komiyama, 2011;
Lamm, 1997; Mestecky and Russell, 1997). In order to exert a protective function, Igs
are transported to the luminal side, across epithelial cells, and released into the
lumen. This process is called transcytosis and is mediated by the transmembrane
glycoprotein polymeric immunoglobulin receptor (pIgR) (Mostov, 1994). One of the
most remarkable attributes of the lamina propria is the infiltration of the IgA isotype
secreted by plasma cells. In most of the cases dimeric IgA (dIgA) is secreted by
these cells. Neutralization of harmful antigens and their products is one of the most
important features of the dIgA exportation. Polymeric immunoglobulin receptor is
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required to transcytose dIgA and this transcytosis enables the dIgA to perform its
protective effects. On the basolateral side of cells pIgR captures the dIgA by forming
pIgR-dIgA complex and transports the complex to the apical surface of epithelial cells
(Mostov, 1994). The transported dIgA-pIgR complex is exposed on the apical surface
of epithelial cells and released by proteolytic cleavage. Consequently, the released
pIgR-dIgA complex, secretory IgA (sIgA), is composed of the ectodomains of the
pIgR and dIgA. SIgA acts as the first line of defence on mucosal surfaces against
inhaled or ingested pathogens including viruses, parasite, bacteria, and their toxins
(Fubara and Freter, 1973; Lamm, 1997). SIgA has an inhibitory effect on invasion
and colonization of pathogens into mucosal surfaces by interfering with their motility
and by competing with pathogens for adhesion sites on the apical surface of the
epithelial cells (Williams and Gibbons, 1972). However, pneumococci have
developed strategies to exploit pIgR for their adherence to and invasion into the
epithelium (Elm et al., 2004; Zhang et al., 2000). The experiments demonstrated that
interaction of pneumococcal surface protein C and human pIgR but not rabbit pIgR
enhanced pneumococcal invasion in host cells. Moreover, PspC has been shown to
interact only with human sIgA and secretory component (SC) but not with sIgA and
SC derived from different species such as bovine, equine, canine, hamster, rabbit,
rat, mouse and guinea pig (Hammerschmidt et al., 2000). Under in vivo conditions,
binding of PspC to free sIgA is able to inhibit pneumococcal adhesion to and
internalization into host cells and the recruitment of sIgA via PspC may also confer
pneumococci protection against the immune defence on mucosal surface (Elm et al.,
2004; Hammerschmidt et al., 2000).
The transcytosis of pIgA under the stimulation of pIgR and the initiation
of signal transduction pathways has been well documented for rat (Luton et al., 1998)
and rabbit receptors (Song et al., 1994). This study further elaborates the signal
transduction pathways and pneumococcal infections mediated by the PspC-hpIgR
interaction on epithelial cells.
Consequences of Factor H binding to S. pneumoniae via PspC and PspC-like
proteins
The human complement factor H is a complement control protein and belongs to the
family of the regulators of complement activation. The human factor H protein family
consists of seven structurally and immunologically related members and include the
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factor H-like protein 1(FHL-1) and five factor H-related proteins, namely FHR-1, -2, 3, -4 and -5 (Jozsi and Zipfel, 2008). All the members of the factor H protein family
are mostly synthesized in the liver and these secreted proteins are composed of
short consensus repeats (SCR) or complement control protein (CCP) module. The
members of this family differ in the numbers of SCRs, however, the individual SCR
domains show a high degree homology to each other, thus explaining the common
functions of the members of this protein family (Agarwal, 2008). Factor H is a human
plasma circulating glycoprotein with molecular weight of 155 kDa and was first
identified by Nilsson and Müller-Eberhard during 1965. The concentration of factor H
in human sera varies between 150 and 750 mg/L. Factor H plays a critical role to
regulate the alternative pathway of the complement system, directing the
complement system towards pathogens and ensuring that it does not damage host
tissue. Factor H protects self cells from complement activation but not bacteria or
viruses. During this process factor H binds to glycosaminoglycans (GAGs) which are
located only on host cells and are missing on the surface of pathogens cell surfaces.
Factor H is a single polypeptide chain protein and encompasses 20
complement control protein (CCP) modules (Ripoche et al., 1988). The four SCR
domains (SCRs 1–4) at the N-terminal part of factor H display complement regulatory
activity by facilitating the decay of the C3 convertase and acting as a cofactor for
factor I (Rodriguez de Cordoba et al., 2004). The C-terminus of the FH protein (SCRs
18–20) mediates surface binding (Oppermann et al., 2006). The C-terminal part
includes binding sites for C3b, C3d, cell surface glycosaminoglycans, heparin, and
microbial virulence factors (Jozsi and Zipfel, 2008). Attached to the surface of host
cells and membranes, such as the glomerular basement membrane, factor H inhibits
complement activation (Jozsi et al., 2007). Several studies have adopted different
strategies, involving the use of monoclonal antibodies, enzymatic digestion and
deletion or point mutagenesis, to identify and characterize the functional domains in
the factor H molecule. The C-terminal part of factor H has three C3b-binding sites,
namely in SCR1-4, SCR12-14 and SCR19-20, respectively (Jokiranta et al., 1996;
Kuhn et al., 1995; Prodinger et al., 1998). Similarly, three binding sites for heparin
and sialic acid have been identified in SCR7, SCR13 and SCR19-20 (Blackmore et
al., 1998; Pangburn et al., 1991; Ram et al., 1998). In addition to C3b and
polyanions-binding sites, there are other domains in factor H that have been shown
to interact with microorganisms or with plasma proteins (Rodriguez de Cordoba et al.,
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2004). Previously, it has been shown that factor H binds to the C-reactive protein
(CRP), which may help to inhibit the CRP-dependent alternative pathway activation
induced by damaged tissue (Mold et al., 1984). Studies employing the structural
analyses of factor H have revealed the presence of positively charged amino acids
clusters in SCR7 and SCR19-20 that are most likely involved in the interaction with
C3b, heparin and CRP (Giannakis et al., 2003). On the contrary, factor H binds
directly to several microorganisms and parasites where it is thought to down-regulate
complement alternative pathway activation (Diaz et al., 1997; Kraiczy and Wurzner,
2006). In this regard several pathogens have evolved strategies to decorate their
surfaces with proteins which imitate binding characteristics of host surface proteins
enabling them to recruit Factor H and/or FHL-1 for complement and immune evasion
(Lambris et al., 2008). Streptococcus pneumoniae recruits Factor H via PspC to
escape from host complement attack (Dave et al., 2004; Hammerschmidt, 2006;
Hammerschmidt et al., 2007; Janulczyk et al., 2000; Jarva et al., 2004). Factor H
interacts with the PspC via two contact sites, which are localized to SCR8-11 and
SCR19-20. This interaction is involved in pneumococcal survival by inhibiting
complement mediated pneumococcal lysis and promotes bacterial adherence to and
invasion into host cells (Hammerschmidt et al., 2007). Factor H-PspC binding sites
have been elucidated by deletion mutants of PspC fragments and factor H binding
site of PspC is suggested within the amino acid residues 38–158 of the N-terminus.
Taken together, these data demonstrate that factor H plays a critical role in
pneumococcal survival by immune evasion of host cells and promotes pneumococcal
adherence and subsequent invasion to host cells.
1.5.

Endocytosis and pathogens strategies

Endocytosis is the specialized mechanism of eukaryotic cells by which they take up
different molecules to their cytosolic compartment such as proteins to maintain the
cytoplasmic homeostasis. Endocytosis is usually subdivided into the four pathways,
namely, pinocytosis, phagocytosis, clathrin and caveolin dependent and clathrin and
caveolin independent endocytosis. Pinocytosis is mostly used for uptake of fluids
from surroundings and occurs at ruffled regions of the cell membrane. In case of
pinocytosis cell membrane invaginations form a pocket, which subsequently pinches
off into the cell to form a vesicle. These vesicles further fuse with endosomes and
lysosomes (Falcone et al., 2006). Another type of endocytosis is known as
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phagocytosis which mostly occurs in specialized cells like neutrophils, macrophages
or dendritic cells (Veiga and Cossart, 2006). During this process cells engulf larger
molecules like microorganisms and cell debris. Caveolin mediated endocytosis is the
second most common reported endocytic pathway and many but not all cells possess
this peculiar feature. This type of endocytosis is mediated by the cholesterol-binding
protein caveolin. Caveolin forms flask shape invaginations which resemble with
caves and therefore named as caveolae. Caveolae are abundant in type I
pneumocytes, adipocytes, smooth muscle, fibroblasts and endothelial cells (Parton
and Simons, 2007). The fourth type of endocytosis is the clathrin-mediated
endocytosis which is one of the best studied pathways. Clathrin mediated uptake of
antigens is facilitated by a cytosolic protein termed clathrin. Clathrin forms small
vesicles on plasma membranes. Almost all cells have clathrin-coated vesicles
(CCVs), which further lead to formation of clathrin-coated pits. These CCVs are able
to capture extracellular molecules and transport them into the cellular compartments
of the cell. The clathrin and caveolin independent endocytosis has been reported but
is still not fully understood (Conner and Schmid, 2003).
Several pathogens including bacteria, fungi and viruses have been reported to
hijack the endocytic machinery to reside in the intracellular niche for multiplication
and invasion to neighboring cells (Veiga and Cossart, 2006). To date several
pathogenic microorganisms like Ebola virus, HCV, African swine fever virus, bovine
papilloma

virus,

Candida

albicans,

Chlamydia

trachomatis,

uropathogenic

Escherichia coli, Campylobacter jejuni, Pseudomonas aeruginosa, Shigella flexneri,
Salmonella typhimurium and FimH expressing E. coli and Listeria monocytogenes
have been reported to usurp the host endocytic pathway(s) (Lin and Guttman, 2010).
Listeria monocytogenes was the prototype of bacterial pathogens demonstrated to
hijack the clathrin dependent endocytic machinery to be internalized by host cells.
Host cells with reduced levels of clathrin and dynamin were infected less efficiently by
L. monocytogenes indicating the importance of clathrin during the infection process
(Pizarro-Cerda et al., 2010; Veiga and Cossart, 2005). However, a recent study has
demonstrated that the pore-forming toxin Listeriolysin O (LLO) is critical for efficient
entry of L. monocytogenes and mediates only dynamin dependent uptake of L.
monocytogenes into human hepatocytes. The results further demonstrated that LLObeads were internalized into hepatocytes in a dynamin-dependent and clathrin-
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independent manner (Vadia et al., 2011) indicating the necessity of dynamin but not
clathrin for LLO internalization in host cells.
Knockdown of clathrin and dynamin by genetic interference approaches or
dynamin activity by cellular treatment with its specific inhibitor dynasore (Macia et al.,
2006) inhibited significantly

the invasin-integrin-mediated entry of E. coli and S.

aureus in host cells (Veiga et al., 2007). Uropathogenic E. coli (UPEC) invade human
bladder cells with the bacterial adhesin FimH which stimulates the cellular receptor
uroplakin-1a. The UPEC invasion process also requires not only clathrin, dynamin,
and the primary clathrin adaptor AP-2, but also other clathrin adaptors including
Numb, ARH, and Dab2, as demonstrated by employing genetic interference
technique (Eto et al., 2008). S. aureus has been suggested as model bacteria to
adopt zippering mechanism by exploiting clathrin to invade non-phagocytic cells
(Veiga et al., 2007). Dynamin and clathrin have been shown to colocalize with S.
aureus and genetic interference with clathrin and dynamin in host epithelial cells
caused 5-fold decrease in S. aureus internalization into adherent host epithelial HeLa
cells (Veiga et al., 2007).
Group A Streptococci (GAS) induce their entry through host cell caveolae.
Experiments performed with confocal and electron microscopical techniques clearly
demonstrated that fibronectin-binding protein SfbI of GAS recruit and trigger the
formation of caveolae (Rohde et al., 2003). Clathrin and dynamin were shown to be
important for the internalization of GAS. Results depicted that inhibition of clathrin or
dynamin function by chemical inhibitors or by genetic interference significantly
inhibited GAS internalization to host cells (Logsdon et al., 2011). However, the
cholesterol-binding cytolysin streptolysin O (SLO) appears to inhibit GAS
internalization by human keratinocytes and interfered with the trafficking of
internalized GAS to lysosomes for efficient killing. SLO was suggested to interfere
with GAS internalization through perturbation of the keratinocytes cell membrane and
disruption of a clathrin-dependent uptake pathway (Hakansson et al., 2005; Logsdon
et al., 2011).
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Figure 4

Distinct cellular mechanisms of endocytosis. Eukaryotic cells can internalize variety of
molecules from their surface by numerous endocytic pathways. A cargo molecule can
be endocytosed by phagocytosis, clathrin-dependent, caveolin-dependent or clathrin
and caveolin-independent mechanisms.

The role of caveolin compared to clathrin for pathogen entry was less studies
previously. However, recent work has started to provide new insights into
endocytosis by caveolae. Pseudomonas aeruginosa, Chlamydia trachomatis,
Salmonella typhimirium, Escherichia coli, Listeria monocytogenes, Campylobacter
jejuni, Shigella flexneri interact with caveolin for infectious entry into host cells (Zaas
et al., 2009). FimH-expressing strains of E. coli have been shown to infect
macrophages and mast cells (Baorto et al., 1997; Shin et al., 2000). E. coli evade the
immune system by interaction of FimH molecules with the GPI-anchored protein,
CD48, on the host cell membrane and causing receptor clustering and enclosure of
the bacterium in a tight-fitting caveolin-positive cell-surface-derived membrane
compartment which displays all the characteristics of caveolar membranes.
Moreover, caveolae-disrupting and -usurping agents specifically blocked E. coli entry
into bone marrow derived mast cells and markers of caveolae were actively recruited
to sites of bacterial entry, clearly indicating the involvement of caveolae in bacterial
entry (Shin et al., 2000). C. trachomatis serovar K has been reported to enter
epithelial cells and mouse macrophage via caveolin dependent endocytic
mechanism. Cholesterol chelating drugs like filipin and nystatin that specifically
disrupt caveolae formation significantly impaired entry of C. trachomatis serovar K.
These results demonstrate that caveolin facilitates entry of pathogens into host cells.
However, recently it has been shown that caveolin inhibits the entry of S.aureus into
host cells. Fibroblast cells derived from caveolin-1 (Cav1−/−) deficient mice were used
in infection experiments. S. aureus and other Fn-binding pathogens significantly
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enhanced internalization into Cav1−/− fibroblasts compared to wild-type fibroblasts
was observed (Hoffmann et al., 2010). Similar results have been reported by other
studies, indicating a negative regulatory role of caveolin for endocytotic processes
(Damm et al., 2005; Pelkmans et al., 2001). These findings suggest that caveolin-1
impairs rather than promotes uptake of particular cholesterol and sphingolipid-rich
membrane microdomains and associated components.
A previous study indicated that the endocytosis of pneumococci requires not only
platelet-activating factor receptor (rPAF) but also β-arrestin 1 (Radin et al., 2005).
Moreover, results illustrated that pneumococci were endocytosed via clathrin-coated
vesicles and about half of pneumococci were captured by lysosomes through Rab5
to Rab7 marked endosomes. Some pneumococci were recycled to the apical surface
by recycling endosome marked with Rab11 (Radin et al., 2005). Taken together,
these studies indicate the importance of endocytosis (especially clathrin and
caveolin) function for the internalization of pathogens into host cells.
1.6.

Host-bacteria signaling

To maintain homeostasis, tissue repair, development and immunity, cells have to
correctly and efficiently respond to stimuli in their microenvironment via several
signaling cascades (Kramer, 2010). Dysfunction during processing of received
information may lead to several diseases like cancer (Khusial et al., 2010),
autoimmunity, and diabetes. The major events governed by specific signaling in
eukaryotic cells include, cell division and differentiation, intra-cellular protein
trafficking, cell cycle control, environmental sensing, infection and immunity.
Pathogens have evolved host immune evading strategies to achieve a successful
infection (Ham et al., 2011). Several bacteria interact with host membranes and
trigger a wide range of cellular processes during the course of infection. The bacterial
pathogens can cause modification to the dynamics between the plasma membrane
and the actin cytoskeleton and hijacking of the membrane-associated pathways
involved in vesicle trafficking (Ham et al., 2011; Wilson et al., 2002). These
manipulations facilitate the entry and replication of pathogens by preventing its
phagocytosis and degradation (Ham et al., 2011). Bacterial invasion into nonprofessional phagocytic host cells is mediated via two different mechanisms, namely
zipper

and

trigger

mechanisms

(Cossart

and

Sansonetti,

2004).

Yersinia

enterocolitica and Listeria monocytogenes using the zipper mechanism express
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surface proteins that bind receptors on the host cell membrane, subsequently
inducing the host signaling cascades to internalize the bacterium. Shigella flexneri
and S. typhimurium adopt a trigger mechanism by employing the type three secretion
system (T3SS) to deliver proteins across the host plasma membrane (Blocker et al.,
1999; Cossart and Sansonetti, 2004; Kubori et al., 1998; Schroeder and Hilbi, 2008).
These delivered proteins directly interact with the cytoplasmic components that
regulate actin dynamics. After internalization, the bacterium can either form an
intracellular

vacuole

to

replicate

(such

as

S. typhimurium,

Mycobacterium

tuberculosis and Legionella pneumophila) or escape to the cytosol (as is the case for
S. flexneri and L. monocytogenes) (Ham et al., 2011). S. flexneri has been reported
to alter the host actin dynamics by disruption of phosphoinositide (PI) homeostasis on
host plasma membrane by its effector known as inositol phosphate phosphatase
(IpgD). IpgD hydrolyses phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) to
produce PtdIns5P (Niebuhr et al., 2002). PtdIns (4,5)P2 has regulatory role in the
adhesion of the actin cytoskeleton to the cell cortex (Raucher et al., 2000). The
hydrolysis of PtdIns(4,5)P2 by IpgD decreases the sharing force of the plasma
membrane to PtdIns(4,5)P2-binding cytoskeletal-anchoring proteins. The removal of
PtdIns(4,5)P2

by IpgD leads to the extension of membrane and bubble-like cell

protrusions (Charras and Paluch, 2008). These results demonstrated the pathogenic
abilities of S. flexneri to manipulate host cell cytoskeleton for their efficient entry.
Vibrio parahaemolyticus employs similar molecular mechanism. Its T3SS effector is
known as VPA0450 (Broberg et al., 2010). VPA0450 contains catalytic motifs from
inositol polyphosphate 5-phosphatases, which allows it to actively hydrolyse
PtdIns(4,5)P2 at the membrane surface. Although IpgD and VPA0450 facilitate
bacterial internalization by the same molecular mechanism by hydrolyzing the
PtdIns(4,5)P2. The blebbing that is induced by VPA0450 has been shown to
accelerate host cell lysis (Charras and Paluch, 2008). Another strategy adopted by
bacterial pathogens is to alter the GTPase signaling and endosomal trafficking of
host cells. Proteins which hydrolyse GTP to GDP are known as GTPases or G
proteins (Kleuss et al., 1994). These GTPases are involved in actin dynamics, vesicle
trafficking, phagocytosis, cell growth and cell differentiation in the eukaryotic cell
(Pfeffer and Aivazian, 2004; Wennerberg et al., 2005). GTPases are divided into two
classes: the heterotrimeric G proteins and the small monomeric GTPases (Ham et
al., 2011). The Ras superfamily of small GTPases is involved in a diverse range of
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cellular processes and consists of several subfamilies, including the RaB, Rho, ADPribosylation factor (Arf), Ran and Ras families (Wennerberg et al., 2005). S.
typhimurium and L. pneumophila have been reported to regulate Rab GTPases
(Brumell and Scidmore, 2007). SopE, a T3SS effector from S. typhimurium promotes
fusion of the SCV with early endosomes and prevents its fusion with the lysosomes.
S. typhimurium also manipulates Rho-family GTPases using the effectors SopE and
SptP. SopE acts as a guanine nucleotide exchange factor (GEF) for Cdc42 and
Rac1, whereas SptP acts as a GAP for Cdc42 and Rac1 (Fu and Galan, 1999). SopE
facilitate entry of the pathogen by inducing actin rearrangement and membrane
ruffling on the cell surface and formation of SCVs. Later on, SptP disrupts these
actin filaments to restore actin organization in the cell. Rho GTPases also play a
crucial role in host cells invasion of several other pathogens such as Mycobacterium
avium, Pseudomonas areuginosa, Shigella flexneri, Campylobacter jejuni and
Salmonella enteric. Rho GTPases act as switch in protein kinase cascades, resulting
in activation of JNK and p38 kinase. These GTPases play an important role during
integrin signaling, transcriptional activation, endocytosis, apoptosis and cell
proliferation. Moreover, Rho family GTPases are involved in regulation of rabbit-pIgRdimeric IgA transcytosis across mucosal epithelium (Bishop and Hall, 2000; Rojas et
al., 2001). Pneumococcal efficient invasion to host epithelial cells require small Rho
GTPases (Agarwal and Hammerschmidt, 2009). Besides PI metabolism, PI3-kinase
has significant role in several bacterial pathogenesis and these pathogens require
PI3-kinase activity during host cell invasion (Agarwal, 2008). Recently our research
group has also demonstrated the important role of PI3-kinase/Akt pathway during
vitronectin- mediated pneumococcal invasion of host epithelial cells. Experiments
performed in presence of specific inhibitors against PI3-kinase and Akt illustrated that
vitronectin–αvβ3-integrin-mediated invasion of pneumococci was significantly reduced
(Bergmann et al., 2009).In addition, protein tyrosine kinases (PTKs) have critical role
in bacterial pathogenesis. Especially the Src family of PTKs and mitogen–activated
protein kinases (MAPKs) play a significant role during Helicobacter pylori,
Staphylococcus

aureus,

Listeria

monocytogenes

and

Neisseria

meningitidis

infections (Agerer et al., 2003; Hoffmann et al., 2001; Kwok et al., 2007; Sousa et al.,
2007).
This study further deciphered the role of Src family of protein-tyrosine kinases,
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ERK, and c-Jun N-terminal kinase during PspC-hpIgR mediated pneumococcal
invasion into host epithelial cells.
1.7.

Bacterial mediated host cell calcium influx

Recent advances in cell biology have revealed that the divalent cation calcium
([Ca2+]) has a critical role in host cell signal transduction and that intracellular calcium
concentrations play a critical role in chemotaxis, membrane fluidity, cytoskeletal
rearrangements and many other important cell functions as well (Tsien, 1989) .
Epithelial cells maintain low intracellular Ca2+ concentrations during normal
physiological conditions and any increase in the extracellular or intracellular calcium
concentration in response to stimuli propagates the differentiation of the cells and
induces the activation of several signaling pathways (Pillai and Bikle, 1991). Specific
channels and calcium pumps in the plasma membrane regulate cytosolic Ca2+ levels
in eukaryotic cells. Mainly, Ca2+ influx into non-excitable cells is triggered via storeoperated Ca2+ entry channel(s) (SOCC), which may be stimulated after depletion of
Ca2+ from intracellular stores (Berridge et al., 2000). Calcium stores depletion
induced by receptor-mediated activation of phosphatidylinositol 4,5-bisphosphate
(PIP2) hydrolysis further led to generation of inositol 1,4,5-trisphosphate (IP3) and
finally release of Ca2+ via the inositol trisphosphate receptor (IP3R). The refilling of
intracellular Ca2+ stores takes place by the sarcoendoplasmic Ca2+ pump (SERCA)
after inactivation of SOCC (Putney, 1986). SOCC inactivation occurs when the
internal Ca2+ store(s) is refilled, primarily by uptake of Ca2+ into the store(s) using the
sarcoendoplasmic Ca2+ pump. Intracellular release of Ca2+ is mediated by its
intracellular calcium stores like the endoplasmic reticulum (ER) and mitochondria.
Calcium released from intracellular stores is very fast and occurs in milliseconds.
Intracellular calcium influx in host cells in response to bacterial stimulus has been
studied (Bierne et al., 2000; Noris and Remuzzi, 2005; Ruschkowski et al., 1992) and
this [Ca2+]i influx is suggested to play a role in uptake of bacteria. For example S.
typhimurium mediated [Ca2+]i influx

in human intestinal INT 407 cells from the

medium, up to 1 μM after 30 min of infection time (Pace et al., 1993). L.
monocytogenes and C. jejuni increased cytosolic [Ca2+]i in host cells from
intracellular stores (Bierne et al., 2000; Hu et al., 2005) and this calcium release
enhanced the invasion of C. jejuni into intestinal cells (Hu et al., 2005). Moreover,
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bacterial toxins like hemolysin A (Hla) of S. aureus induced an increase in the
cytosolic concentration of free calcium ions in host cells (Eichstaedt et al., 2009).
However, the effect of pneumococcal adherence to eukaryotic cells on calcium
regulation and the effect of the [Ca2+]i host cells on pneumococcal internalization was
not addressed yet. This study demonstrates the pathway of [Ca2+]i release from
epithelial cells during host cell infections with pneumococci via the PspC-hpIgR
mechanism by employing several specific inhibitors. Moreover, this thesis also
elucidates the role of host intracellular calcium concentration on uptake of
pneumococci via PspC- hpIgR mechanism by host epithelial cells.
1.8.

Expression of virulence factors in Lactococcus lactis

Lactococcus lactis is a Gram-positive bacterium growing in pairs and short chains.
Lactococci are non-motile bacteria and cannot produce spores, are used extensively
in the food industry in production of cheese and buttermilk and have been widely
used in biotechnology as expression system for large-scale production of
heterologous proteins. Various expression vectors are available for the production
and expression of different bacterial and eukaryotic proteins in L. lactis (Mills et al.,
2006). For example, Listeriolysin O and internalin A of L. monocytogenes, fibronectin
binding protein A and clumping factor A of S. aureus and the H. pylori ureB gene
were expressed successfully in L. lactis (Bahey-El-Din et al., 2008; Chen et al.,
2011a; Innocentin et al., 2009; Que et al., 2000). For example, ureB gene of H. pylori
was expressed in nisin-controlled expression vectors using L. lactis NZ3900 as host.
Western blot analysis demonstrated that the UreB protein was expressed in the
transformed L. lactis with favorable immunoreactivity and with yield of 12.9 µg/mLof
UreB protein. These results suggest that the lactococci-derived vaccines could be
promising candidates as alternative vaccine strategies for preventing H. pylori
infection (Chen et al., 2011a). Recently, Lactobacillus casei expressing PspC protein
were employed in experiments and results demonstrated that nasal or sublingual
immunization of mice with L. casei expressing PspC influences colonization of the
nasopharynx by pneumococci. A significant decrease in pneumococcal recovery from
the nasopharynx was indicated in animals immunized with L. casei-PspC.
Furthermore, immunized animals with the lowest pneumococci colonization levels
showed higher IgA concentrations indicating that L. casei-PspC immunization of mice
has a boosting impact on their immune system which resulted in a decrease in
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pneumococcal colonization (de Lucia Hernani et al., 2011). However, comprehensive
studies are required to elucidate the use of lactococci for expression of different
virulence factors derived from pneumococci to estimate their role in pneumococcal
colonization, single transduction and to understand the mechanism of endocytosis.
1.9.

Aims of the thesis

The overall aim of the study was to unravel the interaction between pneumococcal
surface protein C (PspC) and the human polymeric immunoglobulin receptor (hpIgR)
during infection of S. pneumoniae with host epithelial cells. Within this broad theme,
the study had the following specific objectives to elucidate the mechanisms of
pneumococcal endocytosis in host epithelial cells and to elucidate the role of host
intracellular calcium levels on pneumococcal internalization and the calcium influx
induced by pneumococci in host epithelial cells. In addition, the host cell signaling
cascades induced by pneumococci and the receptor of complement regulator factor
H mediated pneumococcal adherence and uptake by host cells were studied.
Furthermore, heterologous expression of PspC in non-pathogenic lactococci had to
be established as model to study the pathogenic effects of PspC.
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Streptococcus pneumoniae (pneumococci) colonize as harmless commensals the mucosal epithelium of the human upper
respiratory tract. However, pneumococci are also harmful pathogens causing severe infections in humans that are
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associated with high mortality rates and death. In addition to
their ability to cause severe local infections such as otitis media
and sinusitis, pneumococci cause life-threatening invasive diseases, including community-acquired pneumonia, sepsis, and
meningitis (1– 4). Pneumococci have evolved several strategies
to adhere to host cells and to evade the host complement and
immune attack, both representing prerequisites for pneumococci to disseminate into the lungs and bloodstream or to survive in various host niches. The key bacterial players are virulence determinants that are, with the exception of the toxin
pneumolysin, displayed on the pneumococcal cell wall (3, 5, 6).
To avoid complement-mediated bacterial lysis, pneumococci
recruit, similar to other pathogens, the central complement
regulators Factor H and C4b-binding protein (7, 8). The major
Factor H-binding protein of Streptococcus pneumoniae is the
choline-binding protein PspC (pneumococcal surface protein
C), which represents a polymorphic surface protein and is
termed Hic (factor H-binding inhibitor of complement) in
another subset of strains (9 –15). The C-terminal choline-binding domain of PspC anchors the protein noncovalently to the
phosphorylcholine of the cell wall, whereas the PspC-like Hic
(PspC11.4) is covalently anchored to the peptidoglycan of
pneumococci after transpeptidase cleavage of the LPXTG motif
(16). Both PspC and Hic share in their N-terminal regions a
binding domain for the human complement inhibitor Factor H
(12, 17, 18). The classical PspC was initially identified as an
adhesin mediating adherence to host cells via hexameric motifs
located in repeated domains of PspC. These repeats, referred to
as R domains, are only present in the classical PspC proteins
and interact in a human-specific manner with the ectodomain
of the polymeric immunoglobulin receptor (pIgR)3 of mucosal
epithelial cells (9, 19 –21). As PspC interacts via two different
epitopes with Factor H and the ectodomain of pIgR, this adhesin is able to execute both functions in parallel when displayed
on the pneumococcal cell surface (10, 17).
Factor H, which consists of 20 domains referred to as short
consensus repeats (SCR), is a single chain plasma glycoprotein
and an important fluid-phase regulator of the alternative com3

The abbreviations used are: pIgR, polymeric immunoglobulin receptor;
PI3K, phosphatidylinositol 3-kinase; SCR, short consensus repeat; mAb,
monoclonal antibody; DMEM, Dulbecco’s modified Eagle’s medium; FBS,
fetal bovine serum; PBS, phosphate-buffered saline; FITC, fluorescein isothiocyanate; DS, dermatan sulfate; CHO, Chinese hamster ovary.
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Streptococcus pneumoniae, a human pathogen, recruits complement regulator factor H to its bacterial cell surface. The bacterial PspC protein binds Factor H via short consensus repeats
(SCR) 8 –11 and SCR19 –20. In this study, we define how bacterially bound Factor H promotes pneumococcal adherence to
and uptake by epithelial cells or human polymorphonuclear leukocytes (PMNs) via a two-step process. First, pneumococcal
adherence to epithelial cells was significantly reduced by heparin and dermatan sulfate. However, none of the glycosaminoglycans affected binding of Factor H to pneumococci. Adherence of
pneumococci to human epithelial cells was inhibited by monoclonal antibodies recognizing SCR19 –20 of Factor H suggesting
that the C-terminal glycosaminoglycan-binding region of Factor H mediates the contact between pneumococci and human
cells. Blocking of the integrin CR3 receptor, i.e. CD11b and
CD18, of PMNs or CR3-expressing epithelial cells reduced significantly the interaction of pneumococci with both cell types.
Similarly, an additional CR3 ligand, Pra1, derived from Candida
albicans, blocked the interaction of pneumococci with PMNs.
Strikingly, Pra1 inhibited also pneumococcal uptake by lung
epithelial cells but not adherence. In addition, invasion of Factor
H-coated pneumococci required the dynamics of host-cell actin
microfilaments and was affected by inhibitors of protein-tyrosine kinases and phosphatidylinositol 3-kinase. In conclusion,
pneumococcal entry into host cells via Factor H is based on a
two-step mechanism. The first and initial contact of Factor
H-coated pneumococci is mediated by glycosaminoglycans
expressed on the surface of human cells, and the second step,
pneumococcal uptake, is integrin-mediated and depends on
host signaling molecules such as phosphatidylinositol 3-kinase.
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EXPERIMENTAL PROCEDURES
Cultivation of Pneumococci—S. pneumoniae (NCTC10319,
serotype 35A, PspC3.3) were cultured on blood agar plates
(Oxoid, Wesel, Germany) at 37 °C and 5% CO2 or in ToddHewitt broth (Roth, Karlsruhe, Germany) supplemented with
0.5% yeast extract (THY) to a density of 5 ⫻ 108 colony-forming
units ml⫺1 (A600 of ⬃0.5). Binding of Factor H to pneumococci
is a general phenomenon, and previous data showed that
NCTC10319 can be used to demonstrate the effects (17).
NCTC10319 is a low encapsulated, pneumolysin-positive
strain and a model strain for in vitro cell culture infection studies (17, 38, 39). Cytolytic effects due to pneumolysin are avoided
in infections up to 3 h as described earlier (40).
Cell Lines and Culture Conditions—Cultivation of host cell
lines was performed as described previously (17). Briefly,
human A549 cells (lung alveolar epithelial cells, type II pneu-

mocytes; ATCC CCL-185) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamine, penicillin G (100 units
ml⫺1), and streptomycin (0.1 mg ml⫺1) (all from PAA, Germany) at 37 °C and 5% CO2. A549 cells synthesize heparan sulfate, dermatan sulfate, or chondroitin sulfates but not the polymeric Ig receptor (19, 41). CHO-K1 wild-type cells (ATCC
CCL-61, a hamster fibroblast cell line) and stably transfected
CHO-CD11b/CD18 (CHO-K1 were stably transfected with cDNA
for full-length human integrin complement receptor CR3
(CD11b/CD18)) (42) were cultivated in Ham’s F-12 medium
(Invitrogen) supplemented with 10% FBS and 2 mM glutamine
(PAA). The medium for CHO-CR3 medium was further supplemented with 1 mg ml⫺1 of the antibiotic G418.
Factor H, Antibodies, and Other Reagents—Human Factor H
and polyclonal anti-factor H antibodies were purchased from
Calbiochem; mouse anti human CD11b antibodies and mouse
anti-human CD18 antibodies were purchased from Invitrogen,
and monoclonal mouse IgG1 and IgG2 isotype control antibodies were purchased from Ancell (Loerrach, Germany). Purification of rabbit polyclonal anti-pneumococcal IgG (19) was performed by protein A-Sepharose 4B affinity chromatography.
Monoclonal antibodies (mAbs) M14, CO2, and C18 employed
in blocking experiments were previously mapped to the middle
region (M14), SCR19 (CO2), and SCR19 –20 (C18), respectively
(43, 44). Dermatan sulfate and FITC-heparin were purchased
from ICN and Invitrogen, respectively, and heparin and heparinase III were purchased from Sigma. Candida albicans pHregulated antigen 1 (Pra1) was expressed as described previously (45, 46). Cytochalasin D was purchased from MP
Biomedicals; nocodazole was obtained from Sigma, and wortmannin, genistein, NSC23766, as well as Y276322 were
obtained from Calbiochem. Secramine A, a specific inhibitor of
Cdc42, was a kind gift of Tomas Kirchhausen, Immune Disease
Institute, Harvard Medical School, Boston, and used as
described previously (47– 49). Clostridium difficile toxins
TcdB10463 were kindly provided by Klaus Aktorius and
Gudula Schmidt, Institute of Experimental and Clinical Pharmacology and Toxicology, University of Freiburg, Germany
(50). The amounts of inhibitors used in this study are not toxic
to pneumococci and A549 cells as reported recently (38, 47).
Pneumococcal Host Cell Adherence and Invasion Assay—
Pneumococcal host cell adherence and invasion assays were
performed as described previously (17). Briefly, A549 cells were
seeded at a density of 2.5 ⫻ 104 in plain medium either on
24-well tissue culture plates (Greiner, Germany) or on glass
coverslips (diameter, 12 mm) when assayed by immunofluorescence and cultivated for 48 h. Confluent monolayers were
washed thoroughly and infected for 3 h with pneumococci in
500 l of Dulbecco’s minimal essential medium/HEPES
(DMEM/HEPES; PAA) supplemented with 1% FBS at 37 °C
using a multiplicity of infection of 50 bacteria per cell. The role
of human Factor H for adherence was analyzed by incubating
(1 ⫻ 107) pneumococci for 20 min with 2 g of Factor H in a
total volume of 100 l of DMEM/HEPES with 1% FBS at 37 °C
prior to host cell infections, and the infection assays were carried out in a total volume of 500 l after adding the preincubated bacteria, without washing off the unbound Factor H.
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plement pathway (22). Factor H regulates the alternative pathway of complement activation in the fluid phase as well as on
host cellular surfaces. Factor H binds to and inactivates C3b in
fluid phase; however, Factor H can also bind to eukaryotic cells
(23). Factor H surface binding is mediated by the host cellular
surface, and molecules such as sialic acids, sulfated polysaccharides (heparins), or glycosaminoglycans. Factor H simultaneously binds both polyanionic surface molecules and surfacebound C3b molecule (24 –26).
Factor H has three different C3b- and polyanion-binding
sites, which are located in SCR1– 4, SCR12–14, and SCR19 –20
for C3b and SCR7, SCR13, and SCR19 –20 for heparin, respectively (27–31). Factor H also binds dermatan sulfate (DS),
which is a sulfated glycosaminoglycan and constituent of various proteoglycans that are present on eukaryotic cell surfaces
and in the extracellular matrix (32–35). Moreover, Factor H
and Factor H-like protein 1 (FHL-1), which is encoded by an
alternatively spliced transcript and consists of the first seven
SCR, bind via an RGD sequence in SCR4 to host cells (36). The
integrin CR3, also referred to as CD11b/CD18 or ␣M/␤2, of
human polymorphonuclear leukocytes (PMNs) was identified
as the cellular receptor recognizing Factor H (37).
We have previously demonstrated that Factor H binds to the
pneumococcal PspC via two regions that are localized in
SCR8 –11 and SCR19 –20 of Factor H (17). In addition, we indicated that pneumococcal-bound Factor H promotes bacterial
adhesion and facilitates uptake thereby increasing the numbers
of intracellular pneumococci. Although the function of Factor
H as a bridging molecule is intriguing, the host cellular receptor(s) and induced signal cascades have not yet been addressed.
In this study, we explored the molecular mechanisms that facilitate ingestion of pneumococci by epithelial cells via the Factor
H mechanism. We suggest a two-step mechanism for Factor
H-mediated pneumococcal invasion into host cells. First, Factor H binds to pneumococci, and bound Factor H is oriented in
a way that it can interact with polyanionic molecules on the
surface of host cells. This facilitates pneumococcal adhesion,
and second, pneumococci exploit a Factor H-integrin complex
for invasion into epithelial cells. This invasion process via Factor H requires the dynamics of the actin cytoskeleton and
kinase activities of signal transduction molecules.

Chapter 2_______________________________________________________________________
Mechanisms of Factor H-mediated Pneumococcal Invasion
(events) were analyzed for fluorescence using log scale amplifications. The mean fluorescence intensity multiplied by the percentage of PMNs in complex with fluorescent-labeled bacteria
was recorded as a measure for binding activity.
Flow Cytometric Analysis of Pneumococcal Association with
PMNs—Human PMNs were isolated from peripheral blood of
healthy volunteers (Department of Transfusion Medicine, University of Greifswald; oral informed consent was obtained) as
described previously (39). Briefly, 1 ⫻ 105 PMNs were incubated for 30 min in 100 l of PBS, 1% FBS with 1 ⫻ 106 pneumococci pretreated with or without Factor H. Following bacterial incubations, PMNs were washed once with ice-cold PBS,
0.5% FBS by centrifugation at 280 ⫻ g for 5 min. The PMNs
were then resuspended in 1:100 dilution of rabbit polyclonal
anti-pneumococcal IgG and then kept on ice for 30 min. The
suspension was washed once with ice-cold PBS, 0.5% FBS and
incubated with Alexa Fluor 488-conjugated anti-rabbit Ig antibody (Invitrogen) for 30 min on ice. Finally, PMNs were fixed
with 200 l of PBS, 0.5% FBS, 1% paraformaldehyde. Binding of
bacteria (PMN-pneumococci associates) was assessed by flow
cytometry using a FACSCanto flow cytometer (BD Biosciences). The geometric mean fluorescence intensity multiplied with the percentage of gated labeled cells was recorded as
a measure for pneumococcal binding and uptake.
Statistical Analysis—The binding experiments and infection
experiments were performed at least three times, each in duplicate, and the data were expressed as mean ⫾ S.D. Differences in
adherence or invasion were analyzed by the two-tailed
unpaired Student’s t test. In all analyses, a p value of ⬍0.05 was
considered statistically significant.

RESULTS
Epithelial Cell Surface Glycosaminoglycans Promote Factor
H-mediated Adherence of Pneumococci—As Factor H binds
heparin and DS, we investigated the role of the glycosaminoglycans heparin and DS on Factor H-mediated adherence of pneumococci to human lung epithelial cells A549. Competitive inhibition experiments were performed in the presence of soluble
heparin (50 units/ml), DS (100 g/ml), or after pretreatment of
epithelial cells with heparinase III. Heparin and also DS inhibited Factor H-mediated pneumococcal adherence to A549 cells
significantly, although the basal level of adherence in the
absence of Factor H was not altered by these two inhibitors (Fig.
1A). In contrast, treatment of the lung epithelial cells with heparinase III, which specifically cleaves heparin sulfate without
affecting the low molecular weight heparins, did not affect Factor H-mediated pneumococcal adherence (Fig. 1A). Immunofluorescence microscopy of adherent pneumococci confirmed
the inhibitory effect of heparin and DS (Fig. 1B).
Binding of Pneumococcus-bound Factor H to Glycosaminoglycans Interferes with Bacterial Invasion into Epithelial
Cells—In addition to impairing pneumococcal adherence,
both heparin and DS significantly reduced Factor H-initiated
pneumococcal invasion into epithelial cells (Fig. 1, C and D).
Again, treatment of epithelial cells with heparinase III had, similar to adherence, no effect on pneumococcal invasion (Fig. 1D).
These data imply that heparin and DS interfered with Factor
H-mediated pneumococcal invasion into epithelial cells. How-
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Post-infection cells were washed three times with PBS to
remove unbound bacteria. The total number of adherent and
invasive bacteria was monitored after detachment and lysis of
cells with saponin (1% w/v) and plating the bacteria on blood
agar. The number of viable intracellular bacteria was quantified
by employing the antibiotic protection assay (40). Briefly, epithelial cells were infected with pneumococci (multiplicity of
infection of 50), and thereafter, the infected and washed host
cells were incubated for 1 h with DMEM/HEPES containing
100 g ml⫺1 gentamicin and 100 units ml⫺1 penicillin G at
37 °C and 5% CO2 to kill extracellular and nonadherent pneumococci. Invasive and viable pneumococci were recovered
from the intracellular compartments of the host cells by a saponin-mediated host cell lysis (1.0% w/v), and the total number of
invasive pneumococci was monitored after plating sample aliquots on blood agar plates, followed by colony formation and
enumeration. In inhibition experiments, infection assays were
carried out in the presence of soluble heparin, dermatan sulfate,
and antibodies or after pretreatment of host cells with 10 milliunits ml⫺1 heparinase III or with various pharmacological
inhibitors as described recently (38, 47). The cells were pretreated for 3 h with heparinase III, which cleaves heparan sulfate but does not cleave unfractionated heparin or low molecular weight heparins. Thereafter, the cells were thoroughly
washed prior to bacterial infections as described recently (39).
Each experiment was repeated at least three times, and results
were expressed as mean ⫾ S.D.
Fluorescence Microscopy—Pneumococci attached to host
epithelial cells were stained using a polyclonal pneumococcal
antibodies (IgG) in combination with a secondary goat antirabbit IgG coupled with Alexa Fluor 488 (green) or Alexa Fluor
568 (red) (MoBiTec) (47). Post-infection nonspecific binding
sites were blocked with 10% FBS, and before incubating the
cells with pneumococcal antibodies (1:100), the infected cell
layer was thoroughly washed with PBS. Bound antibodies were
detected with an Alexa Fluor-labeled goat anti-rabbit Ig conjugate (MoBiTec, Göttingen, Germany). The glass coverslips
were embedded “upside down” in Mowiol, sealed with nail polish, and stored at 4 °C. A confocal laser scanning microscope
(Leica TCS SP5 AOBS) and the appropriate CLSM software
(LAS AF SP5) were used for the image acquisition.
Flow Cytometric Analysis of Factor H Binding to Pneumococci—
Binding of Factor H to viable pneumococci was measured using
flow cytometry. Bacteria (1 ⫻ 107), cultivated in THY, were
incubated in 100 l of PBS with Factor H in the absence or
presence of heparin, which was used as competitor. The suspensions were incubated at 37 °C, and after 30 min the bacteria
were washed three times. Factor H bound to pneumococci was
then detected by incubating the washed bacteria for 30 min at
37 °C with anti-Factor H antibodies followed by a FITC-conjugated anti-goat Ig antibody (MoBiTec) resulting in fluorescent
bacteria. Finally, bacteria were washed, and the fluorescence
intensity was analyzed by flow cytometry using a FACSCanto
(BD Biosciences). FITC-labeled heparin was used to examine
binding of heparin to pneumococci or to Factor H-coated
pneumococci. Bacteria were detected using log-forward and
log-side scatter dot plot, and a gating region was set to exclude
debris and larger aggregates of bacteria. 10,000 bacteria
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adherence to A549 epithelial cells
compared with bacterial adherence
in the absence of competitors but
presence of Factor H (Fig. 2A). In
contrast, mAb M14, which binds to
the middle region of Factor H,
showed no effect (Fig. 2A). None of
the three mAbs, however, affected
the basal level of pneumococcal
adherence in the absence of Factor
H. Similar to adherence, the C-terminal binding mAbs CO2 and C18
reduced Factor H-mediated pneumococcal invasion into epithelial
cells (Fig. 2B). In conclusion, the
heparin-binding site at the C terminus of Factor H, namely
SCR19 –20, mediates the contact
between pneumococcus-bound
Factor H and the surface of epithelial cells. By blocking the C-terminal domain of Factor H attached to
pneumococci, Factor H-mediated
bacterial adherence to human epithelial cells is reduced. Consequently, pneumococcal ingestion
by epithelial cells is also reduced
to basal levels.
Acquisition of Factor H by Pneumococci Is Not Influenced by Soluble
Heparin—The effect of heparin on
the interaction between pneumococci and Factor H was analyzed in
competitive binding experiments to
elucidate whether heparin comFIGURE 1. Glycosaminoglycans inhibit Factor H-mediated pneumococcal adhesion to human lung epi- petes with Factor H for binding to
thelial cells. A, adherence of pneumococci via Factor H to lung epithelial A549 cells in the absence (control) or the bacteria. Binding of FITC-lathe presence of heparin (50 units/ml), dermatan sulfate (100 g/ml), or after pretreatment with heparinase III beled heparin was investigated to
(10 milliunits/ml) was estimated by quantifying the colony-forming units (cfu) per well obtained from plating
onto blood agar plates. The infection assays were conducted with or without (none) pretreatment of pneumo- untreated and Factor H-pretreated
cocci with Factor H. *, p ⬍ 0.02. B, immunofluorescence microscopy of Factor H-mediated pneumococcal pneumococci, respectively. The
adhesion after treatment of host cells with glycosaminoglycans or heparinase III. Adherent bacteria appear
green/yellow (Alexa Fluor 488/568), and intracellular bacteria were stained red (Alexa Fluor 568). C and D, flow cytometric analyses showed no
pneumococcal invasion into epithelial cells via Factor H is diminished in the presence of glycosaminoglycans. binding of FITC-heparin to the surPneumococcal invasion was determined after conducting infection assays in the absence (control) or presence face of untreated pneumococci,
of glycosaminoglycans by employing the antibiotic protection assay. *, p ⬍ 0.001 relative to infections carried
whereas FITC-heparin bound to
out with Factor H but in the absence of inhibitor; ns, not significant.
Factor H-pretreated and conseever, this effect is not directly linked with invasion as the degree quently Factor H-coated pneumococci (Fig. 3A). Importantly,
of reduction is the consequence of the diminished ability of Factor H acquisition by pneumococci was not affected by heppneumococci to adhere to epithelial cells when glycosamino- arin (Fig. 3B). However, when Factor H is bound to the pneumococcal cell surface, heparin binding is enhanced as it binds to
glycans were added to the infection assays.
SCR19 –20 of Pneumococcal-bound Factor H Mediates the the accessible heparin-binding sites of Factor H (Fig. 3A). In
Contact with Host Epithelial Cells—To identify the region or conclusion, the presence of heparin did not interfere with
SCR of Factor H that mediates pneumococcal attachment to pneumococcal acquisition of Factor H but blocks the C-termithe surface of eukaryotic cells, domain mapped mAbs for spe- nal heparin-binding site of Factor H, which is involved in Factor
cific regions of Factor H were used as blocking antibodies. The H-mediated adherence.
Factor H Promotes Pneumococcal Binding to PMNs via IntemAbs CO2 and C18 employed as competitors bind within the C
terminus of Factor H to SCR19 and SCR19 –20, respectively grin CR3—Binding of Factor H by pneumococci resulted in
(43, 44). The presence of CO2 and C18 caused 42 and 85%, reduced complement activation on the pneumococcal surface
respectively, reduction of Factor H-mediated pneumococcal and diminished complement-mediated opsonophagocytosis (8,
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13, 14). As Factor H binds to the integrin CR3 of PMNs (37), we
assessed whether CR3 acts as a receptor on PMNs and thereby
promotes adhesion of Factor H-coated pneumococci. Pretreatment of pneumococci with Factor H resulted in increased association of pneumococci with PMNs as determined by flow
cytometry (Fig. 4). However, mAbs that block specifically
CD11b and CD18, respectively, and also the CR3 ligand Pra1
(pH-regulated antigen 1) of Candida albicans (45) abolished
binding of Factor H-coated pneumococci to human PMNs (Fig.
4). In contrast, the corresponding isotype control antibodies
IgG1 and IgG2, respectively, showed no effect (data not shown).
These data suggest that integrin CR3 of PMNs recognizes Factor H-coated pneumococci and that Factor H bound to pneumococci promotes pneumococcal binding to PMNs.
CR3 Facilitates Factor H-mediated Pneumococcal Invasion
into Eukaryotic Cells—To assess the role of CR3 as host cell
receptor facilitating ingestion of Factor H-coated pneumococci
by epithelial cells, CHO cells expressing human CR3 (42) were
infected with Factor H-coated pneumococci; thereafter, bacterial invasion was assayed and compared with wild-type CHO
cells lacking the CR3 receptor. Invasion of Factor H-coated

4

S. Luo and P. F. Zipfel, manuscript in preparation.

23490 JOURNAL OF BIOLOGICAL CHEMISTRY

VOLUME 285 • NUMBER 30 • JULY 23, 2010

60

Downloaded from www.jbc.org at UNIVERSITY GREIFSWALD, on December 8, 2011

FIGURE 2. C-terminal SCR19 –20 of Factor H is the key co-factor in Factor
H-mediated pneumococcal adherence to and invasion into host cells.
A, adherence of Factor H-coated pneumococci to A549 cells was determined
in the presence of mAbs M14, CO2, or C18 (each 2 g ml⫺1 per well) or
absence of a mAb (control). The antibodies bind to the middle region (M14),
SCR19 (CO2), or SCR19 –20 (C18) of Factor H. Results are shown as relative
adherence of Factor H-bound pneumococci compared with untreated pneumococci. *, p ⬍ 0.02; ns, not significant. B, invasion and intracellular survival of
Factor H-coated pneumococci in the presence of monoclonal antibodies
M14, CO2, or C18 (each 2 g ml⫺1) were determined by the antibiotic protection assay. Results show the relative invasion of pneumococci into A549 cells
compared with Factor H-treated bacteria and in the absence (control) of
monoclonal antibodies. *, p ⬍ 0.02; ns, not significant.

pneumococci into CR3-expressing CHO cells was ⬎2-fold
increased compared with untreated pneumococci. However,
invasion of Factor H-coated pneumococci into wild-type
CHO-K1 cells that lack CR3 was also increased but at a relatively low level, and the Factor H effect in wild-type CHO cells
was statistically not significant (Fig. 5A). Adherence of pneumococci to CR3-expressing and wild-type CHO cells was similar as visualized by immunofluorescence microscopy (data not
shown). However, adherence of pneumococci to CHO-CR3
cells via Factor H was significantly decreased when blocking
antibodies to the subunits of CR3, namely CD11b and CD18,
respectively, or Pra1 was used as a competitive inhibitor in the
infections (data not shown).
Factor H facilitates pneumococcal invasion into human lung
epithelial cells A549 and also into CHO-K1 wild-type cells,
although the latter at relatively low levels (Figs. 2 and 5). Consequently, we assumed the existence of an additional receptor
on epithelial cells that may contribute to Factor H-mediated
pneumococcal uptake by these host cells. Moreover, A549 lung
epithelial cells are not known to express the CR3 receptor (51).
Therefore, the fungal Pra1 protein, which is a CR3 ligand and
which, however, binds also to non-CR3-expressing endothelial
cells,4 was used as a competitor to investigate whether Pra1 can
also inhibit infections of Factor H-coated pneumococci to A549
cells. Pra1 did not affect Factor H-mediated pneumococcal
adhesion to A549 epithelial cells (Fig. 6, A and B). However,
Pra1 inhibited pneumococcal invasion of lung epithelial cells
via the Factor H mechanism by ⬃45% (Fig. 6C). Taken together,
pneumococcal adherence via Factor H is mediated by heparin
and DS, and bacterial invasion into host cells is receptor-mediated. Moreover, Factor H-mediated invasion can be blocked
efficiently by the integrin-ligand Pra1.
Actin Cytoskeleton Dynamics Are Essential for Factor H-mediated Pneumococcal Internalization by Epithelial Cells—The
impact of the actin cytoskeleton and microtubules on pneumococcal internalization by host cells via bacterially bound Factor
H was investigated by employing the pharmacological inhibitors cytochalasin D and nocodazole. Cytochalasin D, which
inhibits actin polymerization, inhibited significantly Factor
H-mediated pneumococcal invasion into A549 cells indicating
the important role of the actin dynamics for pneumococcal
uptake (Fig. 7A). In contrast, inhibition of microtubule polymerization by nocodazole did not affect internalization of Factor
H-coated pneumococci by host cells (Fig. 7B).
Factor H-mediated Pneumococcal Invasion Relies on ProteinTyrosine Kinase and PI3K Activities—Protein-tyrosine kinases,
PI3K, and the activities of the small GTPases of Rho family are
essential for uptake of various pathogenic bacteria by host cells.
Phosphatidylinositol 3-kinase activity is critical for the invasion
of host cells by pathogenic bacteria such as Listeria monocytogenes, Helicobacter pylori, and Escherichia coli (52–54). In addition, the small GTPase RhoA has been demonstrated to be
important for uptake of Mycobacterium avium and Pseudomonas aeruginosa (55, 56), whereas Rac1 and Cdc42 play a crucial
role in host cell invasion of Salmonella enterica, Shigella flex-
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DISCUSSION
The complement system is part of
the host innate immune system and
pivotal for the host defense mechanisms. To establish an infection, the
pathogen has to overcome this first
line of immune defense. Hence,
pathogens have evolved various efficient immune evasion strategies
FIGURE 3. Effect of heparin on Factor H recruitment by pneumococci. A, binding of FITC-heparin (2 g) to to counteract host complement
pneumococci or to Factor H-pretreated pneumococci was determined by flow cytometry. The histogram attacks (61– 65). A strategy that
shows the log fluorescence intensity (FITC-A) on the x axis, and the y axis shows the number of events. B, binding of heparin-pretreated Factor H to pneumococci. The effect of heparin on pneumococcal recruitment of has attracted particular interest is
Factor H was analyzed by flow cytometry after preincubation of 2 g of purified Factor H with the indicated the ability of pathogenic microoramounts of heparin per reaction. Bacterial bound Factor H was determined by flow cytometry, and results were
ganisms to acquire fluid phase solexpressed as mean fluorescence intensity multiplied with the percentage of FITC-labeled bacteria. The graph
shows a representative experiment. The results are also represented as histograms, where the x axis represents uble complement regulators to
fluorescence of pneumococcus-associated Factor H, in the absence (w/o) or presence of 50 units of heparin, on their surface. Factor H, a fluid
a log10 scale, and the y axis represents the number of events.
phase regulator of the alternative
complement pathway, is a central
neri, and Campylobacter jejuni (57–59). Finally, Rho family host protein that is acquired by pathogens and attached to the
GTPases RhoA, Rac1, and Cdc42 are required for efficient inva- pathogen surface it aids in immune evasion and avoids complement-mediated killing. Pneumococci, serious pathogenic bacsion of HeLa cells by group B streptococci (60).
To explore the role of protein-tyrosine kinases and PI3K for teria causing life-threatening infections in humans, recruit Facingestion of Factor H-coated pneumococci by epithelial cells, tor H to their surface (9 –15). Recently, we demonstrated that
bacterial invasion into A549 cells was determined in the pres- Factor H bound to pneumococci via an interaction with PspC
ence of protein-tyrosine kinase inhibitors genistein or PI3K- increased in a cell type unspecific manner bacterial attachment
specific inhibitor wortmannin. The results revealed that both to and invasion into host cells (17). Here, we demonstrate that
inhibitors blocked Factor H-mediated pneumococcal internal- Factor H-promoted pneumococcal invasion is at least a twoization in a dose-dependent manner (Fig. 8, A and B). To eluci- step process that requires a concerted action of host epithelial
date the role of small GTPases (RhoA, Rac1, and Cdc42), C. cell surface glycosaminoglycans, integrin receptors, as well as
difficile toxin B TcdB10463, which glucosylates and inactivates host cell-signaling molecules of different pathways. Moreover,
the Rho family of small GTPases Rho (A/B/C), Rac1, and the interaction of bacterial bound Factor H with glycosaminCdc42, was employed. In addition, Y27632, a specific Rho-as- oglycans and integrins suggests a critical role for the C terminus
sociated protein kinase inhibitor, NSC23766, a specific Rac1 of the protein, i.e. SCR19 –20, as well as the RGD-containing
inhibitor, or secramine A, which is a potent inhibitor of Cdc42 SCR4 of Factor H that may interact with the integrins for the
activation, were also used. Pretreatment of A549 cells with infectious process (Fig. 9).
Factor H is an abundant human plasma protein that binds to
TcdB10463 did not affect Factor H-mediated pneumococcal
uptake by host cells (Fig. 8C). Similarly, treatment of the host the surface of host cells and other self-surface moieties via reccells with Y27632 or NSC23766 did not affect pneumococ- ognition of polyanionic components such as glycosaminoglyJULY 23, 2010 • VOLUME 285 • NUMBER 30
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cal invasion (Fig. 8D). Although
secramine A pretreatment of A549
cells resulted in significant reduction in Factor H-initiated pneumococcal invasion, a similar level
of reduction was also observed for
Factor H untreated pneumococci
(Fig. 8D), suggesting that Cdc42 is
not involved in pneumococcal
invasion via Factor H. The concentration of the inhibitors used
did not affect the increase in Factor H-mediated pneumococcal
adherence (data not shown).
Taken together, the data indicated
the essential roles of host cell protein-tyrosine kinases and PI3Ks
for invasion of Factor H-coated
pneumococci.
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FIGURE 5. Integrin CR3 (CD11b/CD18) promotes invasion of Factor
H-coated pneumococci into epithelial cells. Invasion and intracellular survival of pneumococci in CHO-WT (CHO-K1 cells) and CHO-CR3 cells were
determined by the antibiotic protection assay. The results are shown relative
to infections conducted with untreated pneumococci. *, p ⬍ 0.05; **, p ⬍ 0.01;
ns, not significant.

cans and sialic acids (24, 26). The cell surface of the used A549
lung epithelial cells is decorated with polyanionic components
such as heparan sulfate, dermatan sulfate, or chondroitin sulfate (41). The impact of host cell glycosaminoglycans for adherence of Factor H-coated pneumococci was demonstrated in
inhibition experiments with heparin or dermatan sulfate as
competitors. Both glycosaminoglycans significantly reduced
adherence and also invasion of Factor H-coated pneumococci
into human epithelial cells, whereas treatment of host cells with
heparinase III, an enzyme that cleaves exclusively heparan sulfate on cell surfaces, showed no inhibitory effect. This is in
contrast to pneumococcal adherence via human thrombospondin-1, which was significantly reduced by host cell treatment with heparinase III (39). Taken together, these data point
to a critical role of the heparin/glycosaminoglycan-binding
sites within the Factor H molecule. In addition, the competitive
binding assays demonstrated that heparin did not compete
with Factor H for binding to pneumococci, whereas it can interact with Factor H attached to the pneumococcal surface. These
results seem not to be in agreement with the in vitro effect of
heparin to block Factor H binding to PspC protein as shown by
surface plasmon resonance studies (17). However, the assays

FIGURE 6. Factor H-mediated pneumococcal internalization by epithelial
cells is inhibited by the integrin-binding protein Pra1. A, pneumococcal
adherence to A549 cells was determined in the absence (control) or presence
of integrin CR3 ligand Pra1 (2 g ml⫺1). The infection assays were conducted
with or without (none) pretreatment of pneumococci with Factor H. *, p ⬍
0.03; ns, not significant, relative to infections conducted in the absence of
Factor H. B, immunofluorescence microscopy of pneumococcal adherence
via Factor H to A549 cells in the absence (control) or presence of Pra1. C, invasion and intracellular survival of pneumococci in A549 cells were monitored
in the absence (control) or the presence of Pra1 (2 g ml⫺1) by the antibiotic
protection assay. The results are shown relative to infections conducted in the
absence of Pra1 and Factor H. *, p ⬍ 0.02.

conducted here represent a closer in vivo scenario. Under physiological conditions, the SCR8 –11 of Factor H, which acts as
the major binding region for PspC and lacks a heparin-binding
site, represent the binding region required for recruitment of
Factor H to the pneumococcal surface. The major heparin/glycosaminoglycan-binding site of Factor H is located in the C
terminus, in SCR19 –20, and mediates binding of Factor H to
endothelial cells (43, 66, 67). This region is also pivotal and
makes the first contact of pneumococci to host cells as only
mAbs, which bind to this particular region, block Factor H-mediated bacterial adherence to host cells. In contrast, mAbs that
bind to the middle region of Factor H had no effect.
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FIGURE 4. Factor H promotes pneumococcal binding to PMNs via integrin
CR3. Pneumococci were incubated with PMNs for 30 min, in the absence
(control) or presence of anti-CD11b (2 g), anti-CD18 (2 g), or integrin CR3
(CD11b/CD18) ligand Pra1 (2 g). Pneumococcal binding to PMNs was investigated in the absence (none) or presence of bacteria-bound Factor H by flow
cytometry. The results were calculated (mean fluorescence intensity ⫻ percentage of gated positive events), and the data show the relative binding
ratios compared with Factor H untreated pneumococci. *, p ⬍ 0.02.
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FIGURE 7. Factor H-mediated pneumococcal ingestion by epithelial cells
requires actin cytoskeleton dynamics. A and B, pneumococcal invasion
into A549 was determined in the presence of cytochalasin D (A) or nocodazole (B) by the antibiotic protection assay as described previously (47). Pneumococcal invasion indicates the relative number of intracellular bacteria (Factor H pretreated or untreated (none)) in the presence of an inhibitor
compared with pneumococcal invasion in the absence of an inhibitor. *, p ⬍
0.05; **, p ⬍ 0.001; ns, not significant.

Factor H is also an adhesion molecule for human PMNs, and
the integrin CR3 was identified as its cellular receptor on PMNs
(37). Moreover, adherence of PMNs to immobilized glycosaminoglycans such as heparin and chondroitin was enhanced in the
presence of Factor H, suggesting that in this scenario Factor H
promotes adhesion of PMNs to tissues (37). Therefore, we
investigated the effect of Factor H on pneumococcal attachment to PMNs and aimed to identify the receptor(s) engaged by
pneumococcus-bound Factor H. Apparently, Factor H-enhanced attachment of pneumococci to PMNs and CR3 was
identified as a cellular receptor required for augmented bacterial attachment and probably also for enhanced phagocytosis.
Inhibition experiments conducted with mAbs blocking each
subunit of the dimeric CR3 receptor (i.e. anti-CD11b and antiCD18) and also the fungal CR3-ligand Pra1 of C. albicans (45)
confirmed an essential role of this cellular receptor for attachment of Factor H-coated pneumococci. Infection assays performed with CHO cells expressing CR3 further demonstrated
that this integrin can also act as a cellular receptor facilitating
Factor H-dependent invasion of pneumococci into epithelial
cells. Moreover, pneumococcus-bound Factor H promoted
bacterial invasion into A549 cells, and this effect was dramatically blocked by Pra1. Strikingly, Pra1 had no inhibitory effect
on the increased adherence of Factor H-coated pneumococci to
lung epithelial cells, whereas a significant reduction was
observed when using CHO-CR3 cells (data now shown). These
results suggested that host cells use a different repertoire of

FIGURE 8. Protein-tyrosine kinase activities and PI3K but not small Rho
family GTPases are essential for Factor H-mediated pneumococcal
ingestion by epithelial cells. The number of invasive pneumococci was
determined in the presence of genistein (A), which is a phosphotyrosine
kinase inhibitor, PI3K inhibitor wortmannin (B), C. difficile toxin B, TcdB10463
(30 ng ml⫺1) (C), or specific individual inhibitors of Rho family GTPases such as
Y27632 (50 M), Rac1 inhibitor NSC23766 (50 M), or Cdc42 inhibitor secramine A (10 M) (D) by employing the antibiotic protection assay. Shown is the
relative invasion of Factor H pretreated or untreated (none) pneumococci in
the presence of an inhibitor compared with pneumococcal invasion in the
absence of an inhibitor. *, p ⬍ 0.05; ns, not significant, relative to infections in
the presence of Factor H but absence of inhibitors.

Factor H receptors and also that the Pra1 protein interacts with
several distinct receptors expressed on the surface of human
cells that allow Factor H-mediated uptake of pneumococci by
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host cells. Similar to adhesive glycoproteins such as fibronectin,
the Factor H molecule contains in SCR4 an Arg-Gly-Asp
sequence. These tripeptides bind to different integrin receptors
as has been shown for fibronectin, for example (68). Factor H
binding to CR3 and its likely interaction via Arg-Gly-Asp to an
additional integrin receptor suggest that integrin(s) acts as
receptors and mediators of Factor H-promoted pneumococcal
and bacterial invasion. This hypothesis is strengthened by the
fact that the Pra1 protein binds directly to CR3 and also to an
additional cellular receptor as Pra1 inhibited Factor H-mediated invasion of pneumococci into A549 cells.
This study demonstrates the importance and the impact of
host cell cytoskeleton and signaling molecules for the Factor
H-mediated bacterial internalization into eukaryotic cells. This
Factor H mechanism requires the dynamics of the actin
cytoskeleton but not microtubules, and this effect is in contrast
to PspC-pIgR-mediated pneumococcal internalization into
human cells as shown recently (47). Cytochalasin D significantly inhibited Factor H-mediated pneumococcal invasion
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Streptococcus pneumoniae (pneumococci) are encapsulated
Gram-positive human pathogens colonizing the nasopharynx.
Pneumococci can remain asymptomatic without causing any
clinical symptoms but may also, depending on the strain and
host susceptibility, spread from the nasopharynx into the middle ear or lower respiratory tract and cause severe middle ear or
lung infections. Moreover, pneumococci can also gain access to
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the bloodstream after breaching the epithelial barrier and cause
life-threatening invasive pneumococcal diseases such as septicemia and bacterial meningitis (1). Pneumococci produce a
wide variety of virulence factors that are thought to contribute
to its pathogenesis (2, 3). These bacterial factors, which are
adapted successfully to different host niches, are involved either
predominantly in nasopharyngeal colonization or transmigration of host tissue barriers and immune evasion (4, 5).
Pneumococcal adherence to host cells is facilitated by serum
or extracellular matrix proteins such as complement factor H,
human thrombospondin-1, and vitronectin, which were shown
to act as molecular bridges linking the pathogen with its host
cell (6 – 8). In addition, pneumococci produce adhesins, which
interact directly with cellular receptors and consequently, these
interactions promote bacterial adherence to and invasion into
host cells (4, 9). The major adhesin of S. pneumoniae, the pneumococcal surface protein C (PspC)4 (also designated as CbpA
or SpsA) represents a multifunctional surface-exposed cholinebinding protein and plays an important role in invasion and
pathogenesis of this versatile pathogen. The functions attributed to PspC include a direct and human-specific interaction
with the free secretory component (SC), SC as part of the apically transported human polymeric immunoglobulin receptor
(pIgR), or SC as part of secretory IgA (SIgA) (10). One or two
hexapeptide motifs in the amino-terminal part of the PspC protein are critical for binding to human-specific amino acids in
the immunoglobulin-like ectodomains D3 and D4 of pIgR (10 –
12). Within the host, the physiological role of pIgR is the transport of immunoglobulins (IgA and IgM) across the mucosal
epithelial barriers from the basolateral to apical surface (13–
15). The pIgR-dIgA or polymeric IgA (pIgA) complex, which is
endocytosed and translocated via vesicular transport, is proteolytically cleaved off at the apical surface of epithelial cells. This
results in release of free SC or SIgA. Alternatively, unloaded
pIgR is recycled and can be transported on a retrograde pathway from apical to basal (13–18). Strikingly, pneumococci can

4

The abbreviations used are: PspC, pneumococcal surface protein C; pIgR,
polymeric immunoglobulin receptor; SC, secretory component; FAK, focal
adhesion kinase; JNK, c-Jun N-terminal kinase; PTKs, protein-tyrosine
kinases; DMSO, dimethyl sulfoxide; MDCK, Madin-Darby canine kidney
cells; shFAK, short hairpin FAK.
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Streptococcus pneumoniae are commensals of the human
nasopharynx with the capacity to invade mucosal respiratory
cells. PspC, a pneumococcal surface protein, interacts with the
human polymeric immunoglobulin receptor (pIgR) to promote
bacterial adherence to and invasion into epithelial cells. Internalization of pneumococci requires the coordinated action of
actin cytoskeleton rearrangements and the retrograde machinery of pIgR. Here, we demonstrate the involvement of Src protein-tyrosine kinases (PTKs), focal adhesion kinase (FAK),
extracellular signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK) but not p38 mitogen-activated protein kinases
(MAPK) in pneumococcal invasion via pIgR. Pharmacological
inhibitors of PTKs and MAPKs and genetic interference with
Src PTK and FAK functions caused a significant reduction of
pIgR-mediated pneumococcal invasion but did not influence
bacterial adhesion to host cells. Furthermore, pneumococcal
ingestion by host cells induces activation of ERK1/2 and JNK. In
agreement with activated JNK, its target molecule and DNAbinding protein c-Jun was phosphorylated. We also show that
functionally active Src PTK is essential for activation of ERK1/2
upon pneumococcal infections. In conclusion, these data illustrate the importance of a coordinated signaling between Src
PTKs, ERK1/2, and JNK during PspC-pIgR-mediated uptake of
pneumococci by host epithelial cells.
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EXPERIMENTAL PROCEDURES
Bacterial Strains and Culture Conditions—S. pneumoniae
(NCTC10319; serotype 35A) or NCTC10319 transformed with
plasmid pMV158 (22) and expressing GFP were cultured in
Todd-Hewitt broth (Oxoid, Basingstoke, UK) supplemented
with 0.5% yeast extract (THY) to mid-log phase or grown on
blood agar plates (Oxoid).
Cell Culture, Infection Experiments, and Inhibitor Studies—
Madin-Darby canine kidney (ATCC CCL-34) epithelial cells
stably transfected with the hpIgR cDNA in pCB6 (MDCKhpIgR) (23) and the pIgR-expressing human lung epithelial cell
line Calu-3 (ATCC HTB-55) were cultured in Eagle’s minimum
essential medium supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine, penicillin G (100 IU ml⫺1), and streptomycin (100 g ml⫺1) (all from PAA) at 37 °C under 5% CO2.
The medium for Calu-3 cells was further supplemented with 1
mM sodium pyruvate and 0.1 mM non-essential amino acids
(PAA).
Epithelial cells were seeded on glass coverslips (diameter 12
mm) or directly in wells of a 24-well plate (Cellstar, Greiner,
Germany). 5 ⫻ 104 cells per well were cultivated to cell monolayers with ⬃2 ⫻ 105 cells per well. Prior to infection with
pneumococci the cells were washed three times with Dulbecco’s modified Eagle’s medium containing HEPES (DMEMHEPES, PAA Laboratories, Coelbe, Germany) supplemented
with 1.0% FBS. Host cells were infected as described using a
multiplicity of infection of 50 bacteria per host cell (20). To
enhance the numbers of adherent bacteria in our signaling
studies a centrifugation step at 120 ⫻ g was conducted for 3
min. Infections were carried out for 1 h at 37 °C and 5.0% CO2.
To remove unbound bacteria from the supernatant of the infection experiment, host cells were thoroughly washed with
DMEM-HEPES. The infection dose (colony forming units) per
infection and cell culture well was controlled by serial plating of

pneumococci on blood agar plates. Pharmacological inhibitors
used here to study the impact of PTKs on pneumococcal invasion were solved in DMSO and host cells were preincubated for
1 h at 37 °C with PD98059 or for 30 min with one of the other
inhibitors prior to host cell infection. The infection assays were
performed in the presence of the inhibitors. To evaluate the
effect of DMSO, control experiments were performed in which
the host cells were incubated with DMSO alone and infected as
indicated. Our results revealed no effect of DMSO alone on
bacterial and host cell viability, and pneumococcal adherence
as determined by immunofluorescence microscopy (data not
shown).
Reagents and Antibodies—Genistein, PP2, PD98059,
LY294002, RGD peptide, RGE peptide, and JNK inhibitor II
were purchased from Calbiochem (Calbiochem). Cytochalasin
D was purchased from MP Biomedicals. The inhibitors were
reconstituted in DMSO and stored according to the manufacturer’s instructions. Secramine A, a specific inhibitor of Cdc42,
was kindly provided by Tom Kirchhausen, Immune Disease
Institute, Harvard Medical School, Boston, MA (24), and used
as described (20). The following antibodies were used: mouseanti Csk, anti-FAK (both from BD Biosciences), goat antiGAPDH (Abnova via Biozol, Eching, Germany), rabbit antiphospho-ERK1/2 (Thr202/Tyr204), rabbit anti-phospho-JNK,
rabbit anti-phospho-c-Jun (all from Cell Signaling Technology), rabbit anti-ERK1/2, anti-JNK, anti-Src (all from Santa
Cruz Biotechnology), HRP-conjugated goat anti-rabbit (Dako,
Hamburg, Germany), and HRP-conjugated anti-mouse IgG
(Jackson Laboratories).
Transfection Experiments—Expression constructs encoding
kinase-inactive c-Src (Src K297M), Csk WT, and kinase-inactive Csk (Csk K222M) were employed (25, 26). MDCK-hpIgR
cells were transfected using Lipofectamine LTX reagent
(Invitrogen) according to the manufacturer’s instructions.
Uptake of pneumococci by transiently transfected MDCKhpIgR was evaluated by infecting the host cells for 1 h with S.
pneumoniae serotype 35A.
shRNA Construction and Cloning—Recombinant lentiviral
particles were generated using the systems developed by the
groups of Trono (27) and Van Parijs (28). The plasmids used
(pLL3.7, pMD2.G, and psPAX2) were obtained from Addgene
and maintained in Escherichia coli STBL4 (Invitrogen). Using
the algorithm AAGN18TT we identified sequences that could
silence expression of FAK. According to this prediction, two
complementary primers were synthesized: sh-hFAK sense, 5⬘TGCTGATTGGAGTCATCACAGATTCAAGAGATCTGTGATGACTCCAATCAGCTTTTTTC-3⬘ and sh-hFAK anti,
5⬘-TCGAGAAAAAAGCTGATTGGAGTCATCACAGATCTCTTGAATCTGTGATGACTCCAATCAGCA-3⬘. Furthermore, a scrambled control shRNA was generated with
sh-scrambled sense, 5⬘-TGTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGACTTTTTTC-3⬘
and sh-scrambled anti, 5⬘-TCGAGAAAAAAGTCTCCGAACGTGTCACGTTCTCTTGAAACGTGACACGTTCGGAGACA-3⬘. The primers were annealed and cloned into the XhoI
and HpaI sites of pLL3.7 generating pLL3.7-shFAK and
pLL3.7-sh scrambled. The correct insertion of the shRNA cassette was verified by sequencing.
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adopt this retrograde transport machinery of pIgR and after
PspC-mediated binding to pIgR, pneumococci are ingested and
transcytosed through mucosal epithelial cells (11, 19).
Recently we demonstrated that pneumococcal invasion of
host epithelial cells via PspC-hpIgR interaction requires the
small GTPase member Cdc42, phosphatidylinositol 3-kinase
(PI3K) and Akt activity (20). Under physiological conditions
and bacteria-free settings binding of polymeric IgA to pIgR at
the basolateral surface of the cells was shown to cause transient
activation of protein-tyrosine kinase (PTK) activity. Moreover,
inhibitors of the Src family of PTKs inhibited pIgA-mediated
stimulation of pIgR transcytosis (21). However, it is currently
unknown whether PTKs are involved in pIgR-mediated endocytosis of pneumococci.
Here, we have assessed the role of PTKs and downstream
signaling molecules during PspC-hpIgR-mediated pneumococcal invasion into host cells. We demonstrate that the Src
family PTKs and FAK are important for pIgR-initiated pneumococcal internalization by host cells. In addition, we show
that ERK1/2 activation depends on functionally active Src
PTKs. Taken together, our data indicate that PspC-pIgR-mediated invasion of pneumococci requires the coordinated signaling of Src PTKs, FAK, ERK1/2, and JNK.
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FIGURE 1. Host protein-tyrosine kinase activity is required for PspChpIgR-mediated invasion of pneumococci into MDCK-hpIgR and Calu-3
cells. A and B, invasion and intracellular survival of the bacteria in MDCKhpIgR and Calu-3 cells was monitored in the absence (Ctrl) or presence of the
broad spectrum protein-tyrosine kinase inhibitor genistein (50 M) or Src
family of tyrosine kinase inhibitor PP2 (5 M) by a antibiotic protection assay.
Pneumococcal invasion in the absence of the inhibitors was set to 100%. *,
p ⬍ 0.001 relative to infections carried out in the absence of inhibitor. C and D,
pneumococcal adherence to MDCK-hpIgR and Calu-3 cells was determined in
the absence (Ctrl) or presence of genistein or PP2. Adherence of S. pneumoniae in the absence of an inhibitor was set to 100%.

and reprobed or aliquots of lysates from different time points
were analyzed with antibodies specific for the non-phosphorylated form of the protein.
Statistical Evaluation—The infection experiments were performed at least three times, each in duplicate and the data were
expressed as mean ⫾ S.D. Differences in adherence and internalization of pneumococci were analyzed by the two-tailed
unpaired Student’s t test. In all analyzes, p values of ⬍0.05 were
considered statistically significant.

RESULTS
PspC-hpIgR-mediated Pneumococcal Invasion Relies on Host
Protein-tyrosine Kinase Activities—PTKs and especially members of the Src family of PTKs are implicated in the uptake of
pathogenic bacteria by host cells. A role of Src PTKs for invasion of Staphylococcus aureus, Listeria monocytogenes, Helicobacter pylori, or Neisseria meningitidis and the pathogenic fungus Paracoccidioides brasiliensis has been reported (25,
30 –33). To assess the role of PTKs and Src family PTKs for
pIgR-mediated ingestion of pneumococci by human pIgR-expressing MDCK (MDCK-hpIgR) or Calu-3 cells, we determined pneumococcal internalization in the presence of the
general PTK inhibitor genistein. The results revealed a significant reduction of intracellular pneumococci recovered from
the infected host cells (Fig. 1, A and B). Similar, treatment of
host cells with PP2, a specific Src PTK inhibitor, significantly
reduced PspC-pIgR-mediated pneumococcal internalization
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Lentiviral Production, Titration, and in Vitro Application—
Lentiviral particles were produced, concentrated, and titrated
as described previously (29). For in vitro transduction of epithelial cells a multiplicity of infection of 50 infectious particles per
cell was used and the GFP-positive cells were sorted using a BD
FACSAria (BD Biosciences).
Antibiotic Protection Assays—To quantify the total number
of ingested pneumococci after infecting the host cells, antibiotic protection assays were performed as described (20). Briefly,
epithelial cells were infected with pneumococci (multiplicity of
infection of 50) and thereafter, the infected and washed host
cells were incubated for 1 h with DMEM-HEPES containing
100 g ml⫺1 of gentamicin and 100 units ml⫺1 of penicillin G at
37 °C and 5.0% CO2 to kill extracellular and non-adherent
pneumococci. Invasive and viable pneumococci were recovered
from the intracellular compartments of the host cells by a saponin-mediated host cell lysis (1.0% w/v) and the total number of
invasive pneumococci was monitored after plating sample aliquots on blood agar plates, followed by colony formation and
enumeration. Each experiment was repeated at least three
times and results were expressed as mean ⫾ S.D.
Fluorescence Staining and Microscopy—To determine the
number of adherent bacteria per host cell, infected host cells
were fixed on glass coverslips (diameter, 12 mm) with 3.0%
paraformaldehyde. The immunofluorescence staining of pneumococci attached to the host cells and in some case also the
differentiation between extracellular and intracellular bacteria
was carried out as described recently (8). Briefly, extra- and
intracellular pneumococci were stained using a polyclonal antipneumococcal antiserum and secondary goat anti-rabbit IgG
coupled to Alexa 488 (green) or Alexa 568 (red) (Invitrogen). To
visualize phosphorylated ERK, pIgR-expressing epithelial cells
were infected with GFP-expressing pneumococci (NCTC
10319 transformed with plasmid pMV158) (22), and stained
post-infection with rabbit anti-phospho-ERK1/2 (Thr202/
Tyr204) and secondary goat anti-rabbit IgG coupled to Alexa
568 (red). The nucleus was stained blue with Hoechst 33258
dye. The samples were viewed with a confocal laser scanning
microscope (Zeiss LSM-510Meta) and the appropriate software (LSM-510) was used for image acquisition. Each bar in the
images represents 10 m.
Cell Lysis and Western Blotting—Host cells were washed at
the indicated time points post-infection with ice-cold PBS and
lysed with lysis buffer (10 mM Tris, 100 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 2 mM, Na3VO4, 0.1%
SDS, 1.0% Triton X-100, 10% glycerol, 0.5% deoxycholate) containing a complete protease inhibitor mixture tablet (Roche).
The amount of protein in the samples was determined using the
Bradford protein quantification method (Sigma) and equal
amounts of protein lysates were separated by SDS-PAGE. After
protein transfer using a semi-dry blotting apparatus (Bio-Rad)
membranes were blocked with 5% skim milk (Roth) prior to
incubations with specific antibodies at 4 °C overnight. Membranes were washed and incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. Following
washing, antibody binding was detected using enhanced
chemiluminescence (ECL, Amersham Biosciences). To confirm equal protein amounts in each sample, blots were stripped
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by epithelial cells (Fig. 1, A and B). However, no significant
differences were observed for pneumococcal adherence to
inhibitor-treated eukaryotic cells, when the number of attached
pneumococci was compared with those attached to untreated
host cells (Fig. 1, C and D). These result suggested that PTKs,
especially Src family kinases, are involved in pneumococcal
uptake by epithelial cells.
Functionally Active Src Kinase Is Critical for pIgR-mediated
Pneumococcal Internalization—To investigate whether Src
PTK activity is involved in pIgR-mediated internalization
of pneumococci, a genetic interference approach was exploited.
Plasmids encoding wild-type C-terminal Src kinase (Csk WT),
which is a negative regulator of Src protein-tyrosine kinase, and
a kinase-inactive form of Csk (Csk K222M) were transiently
transfected into host epithelial cells (25, 26). Expression of wildtype Csk inhibits Src protein-tyrosine kinase activity and hence
Src kinase-dependent cellular signaling events are impeded
(34). Antibiotic protection assays 1 h post-infection demonstrated a significant reduction of pneumococcal ingestion by
host cells over-expressing Csk WT compared with control
transfected cells (Fig. 2, A and C). In contrast, transient expression of kinase-inactive Csk K222M in pIgR-expressing host
cells was not associated with changes in bacterial invasion (Fig.
2, A and C). Hence, these results are in agreement with the data
obtained with pharmacological inhibitors and support the
hypothesis that Src kinase activity is required during pneumococcal uptake by mucosal epithelial cells. To corroborate these
data, a kinase-inactive form of Src (Src K297M) was transiently
overexpressed in human pIgR-expressing MDCK cells. Again, a
significant reduction of pneumococcal internalization was

FIGURE 3. FAK is required for efficient PspC-hpIgR-mediated invasion by
pneumococci. A, Calu-3 epithelial cells expressing hpIgR were transduced
with shFAK or scrambled shRNA and infected with S. pneumoniae. Uptake of
bacteria was determined by the antibiotic protection assays. Pneumococcal
invasion of non-transfected cells was set to 100%. *, p ⬍ 0.05 relative to infections carried out in non-transfected cells. B, immunoblot analysis of FAK
expression in control (Ctrl), scrambled shRNA, or FAK shRNA-transduced
Calu-3 epithelial cells. C, invasion and intracellular survival of the pneumococci in MDCK-hpIgR and Calu-3 cells was monitored in the absence (none) or
presence of RGE or RGD peptides (5, 10, and 20 M) by the antibiotic protection assay. Pneumococcal invasion in the absence of the peptides was set to
100%.

observed, confirming the critical role of Src kinase activity for
pneumococcal host cell invasion via the PspC-hpIgR interaction at the host cellular surface (Fig. 2, B and C).
Focal Adhesion Kinase (FAK) Is Involved in pIgR-mediated
Uptake of Pneumococci—Focal adhesion kinase plays an important role in the regulation of various cellular processes and
moreover, FAK activity is required for invasion of host cells by
extracellular and intracellular pathogens such as S. aureus,
Group A streptococci, E. coli, Shigella flexneri, and Chlamydia
pneumoniae (35– 40). To investigate whether FAK is also
involved in pIgR-mediated uptake of pneumococci, FAK
expression was knocked down in hpIgR-expressing Calu-3 cells
by RNA interference using short hairpin RNA (shRNA)
directed against FAK (shFAK). Antibiotic protection assays
indicated a significant decrease (45%) in the number of internalized pneumococci as compared with scrambled shRNAtransfected or non-transfected Calu-3 cells (Fig. 3A), demonstrating the contribution of FAK to pneumococcal uptake via
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FIGURE 2. Src family kinase function promotes PspC-hpIgR-mediated
invasion by pneumococci. A, MDCK-hpIgR cells were transfected with constructs encoding wild-type C-terminal Src kinase (Csk wt) or a kinase-inactive
form of Csk (Csk K222M). Transiently transfected host cells were infected with
S. pneumoniae and the number of invasive bacteria was determined by the
antibiotic protection assay. Pneumococcal invasion of non-transfected cells
(Ctrl) was set to 100%. *, p ⬍ 0.05 relative to infections carried out in nontransfected cells. B, MDCK-hpIgR cells were transfected with constructs
encoding a kinase-inactive form of c-Src (Src K297M). Transiently transfected
cells infected with pneumococci and bacterial invasion was monitored after
performing the antibiotic protection assay. Pneumococcal invasion of nontransfected cells (Ctrl) was set to 100%. *, p ⬍ 0.05 relative to infections carried
out in non-transfected cells. C, immunoblot (IB) analysis of Csk wt, Csk K222M,
or Src K297M expression is shown in transiently transfected MDCK-hpIgR
cells.
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enteropathogenic E. coli, and Salmonella enterica serovar Typhimurium (41– 45). Moreover, JNK
activation has been associated with
the invasion Porphyromonas gingivalis in gingival cells, Neisseria gonorrhoeae in epithelial cells, and N.
meningitidis infection of human
brain-derived microvascular endothelial cells (46 – 48). To assess the
role of MAPKs during pneumococcal cell infections, serum-starved
hpIgR-expressing host cells were
infected with pneumococci for 10
min up to 1 h. At the indicated time
points, the phosphorylation levels of
ERK1/2, JNK isoforms p54 and p46,
and p38 MAPK were analyzed by
immunoblotting using antibodies
specifically recognizing activated
ERK1/2, JNK, or p38 MAPK. The
results demonstrated a time-dependent phosphorylation and hence
activation of both ERK1/2 and JNK
after infecting host cells with pneumococci, whereas p38 was not
activated (Fig. 4A). In addition,
immunofluorescence microscopy
demonstrated that pERK is translocated and concentrated in the
FIGURE 4. Activity of MAP kinases is essential for pIgR-initiated uptake of pneumococci. A, host cell lysates
nucleus of pneumococci-stimulated
of infected MDCK-hpIgR and Calu-3 cells separated by 10% SDS-PAGE and analyzed using antibodies against
the phosphorylated forms of ERK1/2, JNK isoforms p54 and p46, and p38, respectively. Total ERK1/2, JNK1, or pIgR-expressing cells as visualized 5
p38 served as loading controls. B, translocation and concentration of activated ERK1/2 (arrowheads) in the min post-infection using GFPnucleus of pIgR-expressing epithelial cells in response to the infection with GFP-pneumococci (arrows). Bar, 10
m. C, invasion and intracellular survival of pneumococci into MDCK-hpIgR and Calu-3 cells was monitored in pneumococci (Fig. 4B). To confirm
the absence (Ctrl) or presence of MAP kinase kinase (MEK1) inhibitor (PD98059, 100 M) or c-Jun N-terminal the role of MAPKs during pneumokinase inhibitor (JNKi, 5 M) by the antibiotic protection assay. Pneumococcal invasion in the absence of an coccal uptake by host cells, bacterial
inhibitor was set to 100%. *, p ⬍ 0.005 relative to infections carried out in the absence of inhibitor. D, immunofluorescence microscopy of pneumococcal adherence to MDCK-hpIgR and Calu-3 cells in the absence (none) invasion by human pIgR-expressing
or presence of Src kinase, MEK1, JNK, Src/JNK inhibitors, or RGD/RGE peptides. Bar, 10 m in all panels.
cells was monitored in the presence
of PD98059, a specific inhibitor of
hpIgR. Reduction of FAK expression in shFAK-treated cells was MEK1/2, a MAPK kinase required to activate ERK1/2, or JNK
verified by immunoblot analysis (Fig. 3B). Similar to the other inhibitor II, a selective and reversible inhibitor of the JNK signal
infection assays, pneumococcal adherence was not affected transduction pathway (49). Treatment of hpIgR expressing cells
(data not shown). As FAK is often, but not exclusively, con- with MEK1 inhibitor PD98059 or JNK inhibitor significantly
nected to integrin engagement, we explored whether integrins reduced PspC-hpIgR-mediated pneumococcal uptake by host
facilitate pneumococcal uptake in hpIgR-expressing cells. epithelial cells (Fig. 4C). Importantly, the presence of these
However, blocking of ligand binding by integrins with RGD inhibitors did not alter pneumococcal adherence to host cells
peptides did not affect bacterial uptake as compared with cells expressing human pIgR as determined by immunofluorescence
infected in the presence of the control peptide RGE or in the staining (Fig. 4D). Taken together these results demonstrated
absence of a peptide (Fig. 3C). Immunofluorescence micros- the essential role of MAPKs for pneumococcal internalization
copy showed that pneumococcal attachment also remained into host epithelial cells expressing human pIgR.
Src Kinase Activity Is Cross-linked with Pneumococcal-inunaffected by this treatment (Fig. 4D). Taken together, the
results suggest that FAK is involved in pneumococcal uptake by duced ERK1/2 Activation—Various studies have suggested that
pIgR-expressing cells and that the role of FAK in this context is ERK1/2 can be a downstream effector of Src kinases (50, 51).
Therefore, we investigated the relationship between Src kinase
independent of integrin engagement.
PspC-hpIgR-mediated Internalization of Pneumococci Re- activity and ERK1/2 activation during pneumococcal infecquires Activity of MAPKs—MAPK family members are involved tions of human pIgR-expressing epithelial cells. Activation of
in host cell invasion by several pathogenic bacteria such as ERK1/2 was monitored after 60 min of infection of pIgR-exStaphylococcus aureus, C. pneumoniae, L. monocytogenes, pressing cells pretreated with the Src family PTK specific inhib-
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itor PP2. In the presence of this inhibitor phosphorylation levels of ERK1/2 did not increase upon infection in both MDCKhpIgR as well as Calu-3 cells (Fig. 5A). A similar level of ERK
inhibition was seen upon treatment with PD98059 suggesting
that Src family PTKs are the critical upstream regulators of
MEK-dependent activation of ERK1/2 (Fig. 5A). Importantly,
pretreatment of cells with either PP2 or PD98059 had no effect
on the total endogenous ERK levels of host cells (Fig. 5A). To
further verify a role of Src kinase in this process, ERK1/2 phosphorylation was investigated in cells transiently transfected
with Src K297M, a kinase-inactive mutant of Src. Notably, Src
K297M expressing host cells infected with pneumococci
showed no activation of ERK1/2 60 min post-infection (Fig. 5B).
In contrast, knockdown of FAK expression by shFAK suggested
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FIGURE 5. ERK1/2 activation during PspC-h-pIgR-mediated pneumococcal adherence and invasion relies on Src kinase activity. A, phosphorylation of ERK1/2 (upper panel) was analyzed in the absence (none) or presence of
PD98059 (100 M) and PP2 (5 M), respectively, after 60 min of infection with
S. pneumoniae. The membrane was stripped and reprobed with total anti-ERK
antibodies that served as a loading control (lower panel). B, phosphorylation
of ERK1/2 (upper panel) was analyzed in MDCK-hpIgR cells transiently transfected with a plasmid encoding the kinase-inactive c-Src (Src K297M), after 60
min of infection with S. pneumoniae. As a loading control total ERK was
detected (lower panel). C, Calu-3 cells were transduced with shFAK or scrambled shRNA, infected with S. pneumoniae, and phosphorylation of ERK1/2
(upper panel) was analyzed. As a loading control total ERK was detected (lower
panel). D, pneumococcal adherence via PspC is sufficient to induce ERK1/2
phosphorylation. Invasion of pneumococci was blocked by inhibiting actin
cytoskeleton polymerization with cytochalasin D (Cyto D, 125 nM) as
described (20), and ERK1/2 activation was analyzed. E, activation of ERK1/2
during pneumococcal infections is independent on Cdc42 and PI3K. Phosphorylation of ERK1/2 was analyzed in the presence of Cdc42 inhibitor secramine A (10 M) or the PI3K inhibitor LY294002 (50 M), respectively, during
pneumococcal host cell infection. Total ERK served as loading control (lower
panel). IB, immunoblot.

that FAK is not directly involved in pneumococci-induced
phosphorylation of ERK (Fig. 5C). Together, these results demonstrated that the PspC-hpIgR-triggered activation of ERK1/2
depends on Src PTK-initiated activation of MEK.
Similar to our previous observation that pneumococcal
adherence is sufficient to activate Akt (20), inhibition of the
actin cytoskeleton dynamics by cytochalasin D reduced significantly pneumococcal ingestion by host cells (data not shown),
whereas this treatment had no effect on adherence and ERK1/2
activation (Fig. 5D). Finally, we were interested whether there is
a cross-link between the PI3K kinase-Akt induced pathway (20)
and Src-initiated signaling transduction pathways during
PspC-mediated pneumococcal invasion of host cells. Inhibition
of PI3K by its specific inhibitor LY294002 did not significantly
reduce phosphorylation of ERK1/2 (Fig. 5E). In addition, inhibition of Cdc42, which was recently shown to be essential for
pneumococcal uptake in hpIgR-expressing cells (20), did not
significantly change phosphorylation of ERK1/2 in infected
pIgR-expressing host cells (Fig. 5E). Taken together, these
results demonstrate that activation of ERK1/2 is mediated via
Src kinase and MEK1, whereas this pathway is not interconnected with the PI3K-Akt pathway or Cdc42 activity. Furthermore, these inhibition experiments confirm that pneumococcal adherence to pIgR is sufficient to trigger independent signal
transduction cascades (20).
Activation of JNK in Response to Pneumococcal Infections
Requires Src Kinase Activity—Src kinase and JNK activities are
required for pneumococcal invasion into host cells. Therefore,
we were also interested in the interplay between these two signaling molecules. The cross-talk between Src kinase and JNK
pathways was analyzed by determining the invasion of pneumococci in hpIgR-expressing epithelial cells in the presence of a
combination of Src kinase and JNK inhibitors. In addition, each
inhibitor was employed separately and their individual effects
on pneumococcal invasion were assessed. In general, simultaneous inhibitions of two independent signaling pathways are
thought to cause additive effects on bacterial ingestion by host
cells. Consequently, inhibition of signaling molecules belonging to the same signal transduction cascade will not show any
additive effect on bacterial invasion. The results confirmed that
inhibition of Src protein-tyrosine kinase or JNK activities
decreased significantly PspC-hpIgR-initiated pneumococcal
invasion of epithelial cells (Fig. 6A), whereas adherence is not
affected (Fig. 4D). However, simultaneous inhibition of Src
kinase and JNK showed no additive effect on pneumococcal
internalization when compared with those experiments in
which only one kinase activity, either Src kinase or JNK, was
abrogated (Fig. 6A). Consequently, these data point to a direct
link between these two kinases and moreover, the inhibition
data suggest that in this PspC-hpIgR initiated signal transduction pathway activation of Src kinase occurs upstream of JNK
activation.
Pneumococcal Host Cell Infections via pIgR Induce c-Jun—
One of the major target molecules of JNK is the DNA-binding
protein c-Jun. Phosphorylation of serine 63 and 73 of c-Jun
through JNK activity results in an enhanced transcriptional
activity of activator protein-1 (52). Activation of c-Jun in pIgRexpressing host epithelial cells was monitored in infection
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FIGURE 6. Sequential activation of Src and JNK MAPK during pneumococcal invasion of pIgR-expressing host cells. A, pneumococcal invasion of
MDCK-hpIgR cells was monitored in the absence (Ctrl) or presence of Src
kinase inhibitor (PP2, 5 M), c-Jun N-terminal kinase inhibitor (JNKi, 5 M), or a
combination of both inhibitors. Bacterial invasion was determined by the
antibiotic protection assay. Invasion of pneumococci in the absence of inhibitor was set to 100%. *, p ⬍ 0.005 relative to infections carried out in the
absence of inhibitors. B, activation of transcription factor c-Jun during pneumococcal infections. Host cell lysates were prepared at the indicated time
points post-infection of MDCK-hpIgR cells with pneumococci, and proteins
were separated by 10% SDS-PAGE. Phosphorylation studies of c-Jun were
performed by immunoblotting (IB) using specific p-c-Jun antibodies recognizing phosphorylated Ser63.

experiments. Immunoblot analyzes demonstrated a time-dependent increase in c-Jun phosphorylation in response to pneumococcal host cell infections (Fig. 6B). Taken together, these
data demonstrate a specific host cell receptor-mediated pneumococcal invasion mechanism that requires the coordinated
signaling of kinases such as ERK and JNK downstream of Src
kinase.

DISCUSSION
Pathogens employ a variety of strategies to subvert and control normal host cellular functions. The ability to influence key
host intracellular-signaling molecules is a major advantage for
many bacterial pathogens with respect to invasion and intracellular fate (53). Pneumococcal PspC was identified as a major
adhesin promoting adherence to and invasion into host cells via
its human-specific interaction with the pIgR of respiratory epithelial cells (4, 19). However, the endocytotic mechanism(s) of
pneumococcal uptake per se and the induced host signal transduction cascades as well as the consequences for both the host
cell and pathogen have not been completely explored. Recently
we were able to demonstrate that PspC-hpIgR-mediated pneumococcal uptake by respiratory epithelial cells requires the
activities of the small GTPase Cdc42, PI3K, and Akt (20). Here
in this study we demonstrate that non-receptor-associated protein-tyrosine kinases are also involved in pneumococcal internalization by host cells expressing human pIgR. In particular,

FAK and Src PTKs and downstream MAP kinases including
ERK1/2 and JNK, which were phosphorylated during pneumococcal adherence, are shown to be pivotal for pneumococcal
invasion into host cells (Fig. 7).
Src PTKs are critical signal transducers modulating a wide
variety of cellular functions. Activities of Src family PTKs were
also shown to play a critical role in various bacterial and viral
infections. For example, it has been demonstrated that activation of Src PTKs is important for host cell infections with extracellular pathogens such as Streptococcus pyogenes, S. aureus,
and N. meningitidis but also for intracellular pathogens such as
L. monocytogenes (25, 30, 33, 54). In addition, Src family kinases
Lck and Lyn contribute to HIV type 1 and Epstein-Barr virus
pathogenesis, respectively (55, 56). Although the Src PTK
p62yes has been shown to be involved in regulation of the
rodent-pIgR-dimeric IgA transcytosis in vivo (16), no information is currently available concerning the role of Src PTKs in
human pIgR-mediated pneumococcal infections of host epithelial cells. Here, we showed that Src kinases are key non-receptor
PTKs regulating PspC-hpIgR-mediated pneumococcal invasion of epithelial cells. Pneumococcal invasion into pIgR-expressing epithelial cells was severely diminished after pharmacological inhibition of or genetic ablation of Src family PTKs,
suggesting a critical role for these enzymes in pneumococcal
uptake via pIgR. Although genetic interference with Src PTK
function showed statistically significant effects and was in
agreement with our pharmacological inhibitor studies, the level
of reduction in uptake was not as drastic as measured when
specific inhibitors were used. This difference is most likely due
to transfection efficiencies below 50%, suggesting that only a
portion of the transfected cell population could be affected by
treatment. Strikingly, S. pyogenes serotype M3 invasion also
requires Src kinase activity and is in this respect similar to
pneumococcal invasion via pIgR. Nevertheless, S. pyogenes
enters cells independent of PI3K activity (54), whereas pIgR-
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FIGURE 7. Schematic model of pneumococci-induced signaling cascades.
Solid arrows depict activated signaling molecules due to invasion of respiratory epithelial cells by pneumococci via the PspC-pIgR interaction. The dotted
arrow depicts the known downstream effect of ERK (60, 62, 63).
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activation of one signaling molecule leads to downstream activation or deactivation of various effector proteins or stimulation of other signaling pathways. Activation of ERK1/2 in pIgR
expressing host cells after infections with pneumococci was significantly reduced in the presence of PP2, which inhibits specifically Src family PTKs. Notably, inhibition of ERK1/2 activation during pneumococcal infections was demonstrated when a
dominant-negative, kinase-inactive version of Src (Src K297M)
was overexpressed in human pIgR expressing cells. The result
indicated that Src kinase facilitates ERK1/2 activation during
pIgR-mediated pneumococcal infection. The Src kinase-initiated signal transduction and activation of ERK1/2 was independent of PI3K and Cdc42 activity as shown in inhibition
experiments. These data and the recently described requirement of PI3K and Cdc42 (20) demonstrate the complexity of
induced signal transduction cascades upon pneumococcal
adherence and suggest that at least two independent signal
transduction cascades are involved in pneumococcal internalization by human pIgR-expressing host cells. In addition, infection experiments performed in the presence of individual
inhibitors or with a combination of inhibitors suggested interplay between the Src kinase and JNK pathway. The results
revealed that Src kinase is activated upstream of the JNK pathway in the signal transduction cascade induced during hpIgRmediated pneumococcal infection. In conclusion, our data
demonstrate that pneumococcal invasion via PspC-hpIgR is a
highly complex process and involves the concerted role of protein-tyrosine kinases as depicted in the schematic model in Fig.
7. We have clearly shown the key role of the Src kinase and
MAPK pathways during this specific uptake mechanism
employed by pneumococci. However, further investigation is
required to elucidate the cross-talk between various host cell
signaling pathways and the process of pneumococcal endocytosis via pIgR.
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The Gram-positive bacterium Streptococcus pneumoniae
(pneumococci) is a commensal of the human upper respiratory
tract. Depending on the host susceptibility, pneumococci may
cause local infections such as otitis media, sinusitis, or lifethreatening diseases such as community acquired pneumonia,
septicemia, and meningitis (1). Pneumococci colonize the
nasopharyngeal epithelium and eventually penetrate the epithelium to reach the vascular compartment. This colonization
or transmigration of host tissue barriers is facilitated by a variety of virulence factors or surface-exposed adhesin(s) of pneumococci (2– 4). However, various sera or extracellular matrix
proteins such as complement factor H, human thrombospondin-1, and vitronectin also facilitate pneumococcal adherence
to and invasion into host cells (5–7).
Pneumococcal surface protein C (PspC, also designated as
CbpA or SpsA) is a multifunctional surface-exposed cholinebinding protein and a major virulence factor that plays an
important role in invasion and pathogenesis of this versatile
pathogen. PspC recognizes directly and in a human-specific
manner the ectodomains of the polymeric immunoglobulin
receptor (pIgR)5 (8 –11). By adopting the pIgR retrograde transcytosis machinery, pneumococcal binding to pIgR via PspC
leads to internalization and transcytosis across epithelial layers
(8, 10 –12). The pIgR, which is broadly expressed by epithelial
cells of the respiratory tract, mediates the transport of polymeric IgA (pIgA) or pIgM across the mucosal epithelial barriers
from the basolateral to apical lumen. Studies exploring the
mechanism involved in the cellular trafficking of pIgR demonstrated that pIgA binding stimulates rabbit-pIgR transcytosis,
because of phospholipase C activation, and increases intracellular calcium levels (13). However, this effect was not observed
with human-pIgR (14).
Calcium acts as a secondary messenger in eukaryotic signal
transduction cascades and plays an essential role in a wide variety of cellular processes, including gene expression (15, 16),
vesicular trafficking (17), cytoskeletal rearrangements, apoptosis (18), growth and proliferation, and cytokine secretion as well
(19). Calcium signaling has been implicated in various steps of
bacterial infections of eukaryotic host cells, including Listeria
5
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The abbreviations used are: pIgR, polymeric immunoglobulin receptor; h,
human; AM, acetoxymethyl ester; BAPTA, 1,2-bis-(o-aminophenoxy)-ethane-N,N,N⬘,N⬘-tetraacetic acid; 2-APB, 2-aminobiphenyl borate; PLC, phospholipase C; MDCK, Madin-Darby canine kidney cells; InsP3, inositol 1,4,5triphosphate; PFA, paraformaldehyde.
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The pneumococcal surface protein C (PspC) is a major adhesin of Streptococcus pneumoniae (pneumococci) that interacts
in a human-specific manner with the ectodomain of the human
polymeric immunoglobulin receptor (pIgR) produced by respiratory epithelial cells. This interaction promotes bacterial colonization and bacterial internalization by initiating host signal
transduction cascades. Here, we examined alterations of intracellular calcium ([Ca2ⴙ]i) levels in epithelial cells during host
cell infections with pneumococci via the PspC-hpIgR mechanism. The release of [Ca2ⴙ]i from intracellular stores in host
cells was significantly increased by wild-type pneumococci but
not by PspC-deficient pneumococci. The increase in [Ca2ⴙ]i was
dependent on phospholipase C as pretreatment of cells with a
phospholipase C-specific inhibitor U73122 abolished the
increase in [Ca2ⴙ]i. In addition, we demonstrated the effect of
[Ca2ⴙ]i on pneumococcal internalization by epithelial cells.
Uptake of pneumococci was significantly increased after pretreatment of epithelial cells with the cell-permeable calcium
chelator 1,2-bis-(o-aminophenoxy)-ethane-N,N,Nⴕ,Nⴕ-tetraacetic acid-tetraacetoxymethyl ester or use of EGTA as an extracellular Ca2ⴙ-chelating agent. In contrast, thapsigargin, an
inhibitor of endoplasmic reticulum Ca2ⴙATPase, which
increases [Ca2ⴙ]i in a sustained fashion, significantly reduced
pIgR-mediated pneumococcal invasion. Importantly, pneumococcal adherence to pIgR-expressing cells was not altered in the
presence of inhibitors as demonstrated by immunofluorescence
microscopy. In conclusion, these results demonstrate that pneumococcal infections induce mobilization of [Ca2ⴙ]i from intracellular stores. This may constitute a defense response of host
cells as the experimental reduction of intracellular calcium levels facilitates pneumococcal internalization by pIgR-expressing
cells, whereas elevated calcium levels diminished bacterial
internalization by host epithelial cells.
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EXPERIMENTAL PROCEDURES
Bacterial Strains, Culture Conditions, and Recombinant
PspC Proteins—S. pneumoniae (NCTC10319; serotype 35A)
were cultured in Todd-Hewitt broth (Oxoid, Basingstoke, UK)
supplemented with 0.5% yeast extract (THY) to mid-log phase
or grown on blood agar plates (Oxoid). Constructions of the
pspC mutant and anti-PspC antibodies used in this study have
been described previously (6, 8). Expression and purification of
His6-tagged PspC proteins PspC-SH12 (amino acid residues
38 – 482 of PspC3.3) and PspC-SH3 (amino acid residues
38 –159 of PspC2.1) employed in this study have also been
described previously (6, 11).
Chemicals and Reagents—Digitonin, EGTA, and latex beads
(3 m) were obtained from Sigma. Indo-1/AM was obtained
from Invitrogen; 1,2-bis-(o-aminophenoxy)-ethane-N,N,N⬘,N⬘tetraacetic acid, tetraacetoxymethyl ester (BAPTA-AM) and
thapsigargin were obtained from Calbiochem. Trypsin (without EDTA) was purchased from PAN-Biotech (Aidenbach,
Germany). U73122 and U73343 were obtained from Axxora
(Lörrach, Germany). All other chemicals were obtained from
Roth (Karlsruhe, Germany).
Cell Culture, Infection Experiments, and Inhibitor Studies—
Madin-Darby canine kidney (ATCC CCL-34) epithelial cells
stably transfected with the hpIgR cDNA in pCB6 (MDCKhpIgR) and pIgR-expressing human lung epithelial cell line
Calu-3 (ATCC HTB-55) were cultured in Eagle’s minimum
essential medium supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine, penicillin G (100 IU ml⫺1), and streptomycin (100 g ml⫺1) (all from PAA Laboratories, Cölbe, Germany) at 37 °C under 5% CO2. The medium for Calu-3 cells was
further supplemented with 1 mM sodium pyruvate and 0.1 mM
nonessential amino acids (PAA).
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Epithelial cells were seeded on glass coverslips (diameter 12
mm) or directly in wells of a 24-well plate (Cellstar, Greiner,
Germany). 5 ⫻ 104 cells per well were cultured to form cell
monolayers with ⬃2 ⫻ 105 cells per well. Prior to the infection
with pneumococci, cells were washed three times with Dulbecco’s modified Eagle’s medium containing HEPES (DMEMHEPES, PAA Laboratories, Cölbe, Germany) supplemented
with 1.0% FBS. Host cells were infected as described using a
multiplicity of infection of 50 bacteria per host cell. Infections
were carried out for 3 h at 37 °C and 5% CO2. To remove
unbound bacteria from the supernatant of the infection experiment, host cells were thoroughly washed with DMEM-HEPES.
The infection dose (colony-forming units) per infection and cell
culture well was controlled by serial plating of pneumococci on
blood agar plates. Pharmacological inhibitors used here to
study the role of calcium on pneumococcal invasion were
solved in dimethyl sulfoxide (DMSO). Host cells were preincubated at 37 °C for 5–10 min with U73122 and U73343 or for 30
min with the other inhibitors prior to host cell infection, and
the infection assays were performed in the presence of the
inhibitors. To evaluate the effect of DMSO, control experiments were performed in which the host cells were incubated
with DMSO alone and infected as indicated. Our results
revealed no effect of DMSO on bacterial and host cell viability
and pneumococcal adherence as determined by immunofluorescence microscopy (data not shown). To quantify the total
number of epithelial cell-associated bacteria (attached and
invasive bacteria), unbound bacteria were removed, and saponin-treated cells (1% w/v in DMEM) were plated on blood
agar plates. After overnight incubation at 37 °C, 5% CO2, the
colony-forming units per well were determined. The antibiotic protection assays was conducted to quantify the total
number of internalized and recovered pneumococci after
infection experiments as described recently (7).
Measurement of Intracellular Calcium—Cultured epithelial
cells were trypsinized and suspended in prewarmed (37 °C)
HEPES-buffered saline (132.5 mM NaCl, 4.8 mM KCl, 1.2 mM
KH2PO4, 1.2 mM MgSO4, 5.95 mM HEPES (free acid), 9.05 mM
HEPES (sodium salt), 6 mM glucose, and 1.3 mM CaCl2, pH 7.4)
(29). The cells were loaded with 5 M indo-1/AM in HEPESbuffered saline for 30 min in the dark at 37 °C with gentle
shaking. Following incubation, indo-1/AM-loaded cells were
washed and further incubated for 30 min at 37 °C (recovery
period) in the dark with gentle shaking. Thereafter, the cells
were washed three times by centrifugation (2 min at 600 ⫻ g)
with HEPES-buffered saline and finally resuspended in 3 ml of
HEPES-buffered saline in the methacrylate cuvette (Sarstedt,
Nümbrecht, Germany) of the spectrofluorimeter (FluoroMax-3, HORIBA Jobin Yvon, Bensheim, Germany) as described earlier (25). In all experiments, the contents of the
cuvette were stirred and held at a constant temperature (37 °C)
during the measurements. Calcium measurements were performed as single wavelength experiments. Excitation and emission wavelengths were set at 338 and 400 nm, respectively, with
slit widths of 2 nm. Fluorescence data were recorded in intervals of 2 s. For calibration of the indo-1/AM signals, cells were
lysed by addition of 50 M digitonin and reading of the maximum fluorescence followed by chelation of free Ca2⫹ by addi-
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monocytogenes (20, 21), Campylobacter jejuni (22), or Salmonella typhimurium (23, 24). Bacterial toxins may induce an
increase in the cytosolic concentration of free calcium ions in
host cells (25) or bacteria may induce, independently of toxins,
calcium responses that play a role in cytoskeleton rearrangements that facilitate cell adherence or even internalization of
pathogenic bacteria into host cells.
Recently, we demonstrated that pneumococcal invasion of
host epithelial cells via the PspC-hpIgR interaction requires the
small GTPase member Cdc42, phosphatidylinositol 3-kinase
(PI3K), and Akt activity (26). In addition, PspC-pIgR-mediated
invasion of pneumococci requires a coordinated signaling of
Src protein-tyrosine kinase, focal adhesion kinase, ERK1/2, and
JNK (27). Several of these cellular signaling cascades are directly
or indirectly dependent upon transient or sustained elevations
in intracellular calcium (28). However, whether pneumococcal
infections of host epithelial cells via the PspC-hpIgR mechanism require intracellular calcium mobilization has not been
addressed yet. Here, we assessed the role of calcium during
PspC-hpIgR-mediated internalization of pneumococci. We
demonstrated that pneumococcal infection of host epithelial
cells induces release of calcium from intracellular stores in a
phospholipase C-dependent manner. In contrast, experimental
lowering of intracellular calcium levels facilitates pneumococcal uptake by these cells.
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RESULTS
Cross-talk between hpIgR-expressing Respiratory Epithelial
Cells and Pneumococci Generates Changes in [Ca2⫹]i—The
level of cytosolic free Ca2⫹ measured in noninfected pIgR
expressing Calu-3 and MDCK-hpIgR epithelial cells was ⬃200
nM. The presence of pneumococci significantly increased
[Ca2⫹]i in Calu-3 and MDCK-hpIgR cells. The levels increased
15 min after addition to ⬃400 –500 nM [Ca2⫹]i when using live
bacteria and to ⬃300 nM [Ca2⫹]i when using PFA-fixed pneumococci (Fig. 1, A and B). These data demonstrated that live
and fixed pneumococci had similar effects on calcium release
from intracellular stores. To verify that these changes in [Ca2⫹]i
were specifically mediated by the cross-talk between the
eukaryotic cells and pneumococci, latex beads were used
instead of bacteria. However, there were no changes in calcium
levels upon addition of these inert particles to the experimental
cells (Fig. 1C). These data demonstrate that the increases in
[Ca2⫹]i levels were induced by pneumococci and not just by
contact of eukaryotic cells with inert particles.
Pneumococcus-mediated Changes in [Ca2⫹]i Are Dependent
upon PspC-hpIgR—We have recently shown that pneumococcal adherence to and internalization by host epithelial
cells via the PspC-hpIgR activate several signal transduction
pathways in epithelial cells (26, 27). To investigate whether
the observed changes in [Ca2⫹]i (Fig. 1, A and B) were mediated via a direct interaction between the bacterial adhesin
PspC and the host cellular polymeric immunoglobulin
receptor, live and paraformaldehyde-preserved PspC-deficient S. pneumoniae, respectively, were employed in calcium
MAY 20, 2011 • VOLUME 286 • NUMBER 20

FIGURE 1. Effect of live pneumococci (A), PFA-fixed pneumococci (B), or
latex beads (C) on [Caⴙ2]i in Calu-3 and MDCK-hpIgR cells. Indo-1/AMloaded cells were suspended in HEPES-buffered saline in the cuvette of the
spectrofluorimeter and treated with or without (control) pneumococci or
latex beads at the indicated time (arrow), and the intracellular calcium level
was recorded further for 25 min. Traces represent means ⫾ S.D. (S.D. at every
full minute for clarity) of n ⫽ 5 experiments using different cell preparations.
p ⬍ 0.05 in A and B when compared with the controls 5 min after adding
bacteria but is not significant in C.

mobilization assays using indo-1-loaded epithelial cells.
Addition of PspC-deficient pneumococci did not induce any
increases in the level of [Ca2⫹]i as compared with the resting
state of experimental cells, irrespective of using live or PFAfixed bacteria (Fig. 2, A and B). Moreover, pretreatment of
wild-type pneumococci with anti-PspC antibodies prevented changes in [Ca2⫹]i (Fig. 2C). To corroborate the role
of PspC-hpIgR interaction on increases in [Ca2⫹]i, two different PspC protein fragments were employed in calcium
assays with eukaryotic cells. The first set of experiments was
performed using PspC3.3 subtype derivative SH12, consisting of the N-terminal part of PspC (residues 38 – 482),
including the hexameric peptides within the repeat domains
(termed R1 or R2) that recognize human-specific amino
acids in ectodomains D3 and D4 of pIgR (8). In another set of
experiments, the C-terminally truncated PspC derivative
PspC-SH3 (residues 38 –159), which lacks pIgR-binding
domains, was used. Addition of PspC-SH12 protein (3 g)
induced an increase in [Ca2⫹]i to similar levels observed in
experiments using pneumococci producing PspC, although
the addition of PspC-SH3 had no effect (Fig. 2D). These
results indicate that the surface-exposed PspC protein containing the pIgR interaction domain is critical for the
observed bacterial effects on [Ca2⫹]i. To demonstrate that
the cellular pIgR is essential for pneumococci and PspCmediated changes of [Ca2⫹]i, we performed control calcium
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tion of EGTA (5 mM, pH 8.8) and reading of the minimum
fluorescence. Calcium concentrations were calculated using
the equation for single wavelength measurements and a binding constant (Kd) between indo-1 and Ca2⫹ of 250 nM as
reported previously (30).
To study the effects of pneumococcal infection on intracellular calcium levels in epithelial cells, live or paraformaldehyde
(PFA)-fixed pneumococci at a multiplicity of infection of 50
bacteria per host cells were used. The bacteria were added to
the cuvette 5 min after starting the recording of intracellular
calcium concentration. Latex beads were used as control.
Fluorescence Staining and Microscopy—For immunofluorescence microscopy, the infected host cells were fixed on the glass
coverslips (diameter, 12 mm) using 3% paraformaldehyde.
Immunofluorescence staining of pneumococci attached to the
host cells was carried out as described recently (26). Briefly,
extracellular pneumococci were stained using a polyclonal antipneumococcal antiserum and secondary goat anti-rabbit IgG
coupled to Alexa Fluor 488 (green) (Invitrogen). The stained
samples were viewed with a confocal laser scanning microscope
(Zeiss LSM510Meta). LSM510 software was used for image
acquisition. Bars in the images represent 10 m.
Statistical Analysis—All data are reported as mean ⫾ S.D.
unless otherwise noted. For cytosolic calcium measurements,
significant differences were detected by analyzing the means at
each time point. Results were statistically analyzed using the
paired two-tailed Student’s t test, and a value of p ⬍ 0.05 was
accepted as indicating significance.
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FIGURE 2. Interactions of PspC with hpIgR induces elevations in intracellular calcium levels in host epithelial cells. A and B, levels of intracellular concentration [Ca⫹2]i in Calu-3 and MDCK-hpIgR following treatment
with PspC-deficient live pneumococci (A) and PspC-deficient PFA-fixed
pneumococci (B). C and D, effect of anti-PspC antibodies (C) and purified
PspC protein fragments PspC-SH12 or PspC-SH3 (D) on intracellular
[Ca⫹2]i. Indo-1/AM-loaded cells were suspended in HEPES-buffered saline
in the cuvette of the spectrofluorimeter and treated at the indicated time
points (arrows) with isogenic pspC-mutant pneumococci (live or PFAfixed), PspC proteins, or pneumococci preincubated with antibodies
directed against PspC. Untreated cells were used as a control (control). The
[Ca⫹2]i was recorded before treatment and 25 min after addition of bacteria or proteins. E, intracellular calcium levels in MDCK wild-type upon
exposure to PFA-fixed wild-type pneumococci or PspC-SH12. Traces represent means ⫾ S.D. (S.D. at very full minute for clarity) of n ⫽ 6 experiments using different cell preparations.

assays using wild-type MDCK cells that do not express the
pIgR (Fig. 2E). In these cells neither pneumococci nor the
PspC-SH12 protein induced any changes in the levels of
[Ca2⫹]i as compared with MDCK cells expressing hpIgR
(Figs. 1B and 2D).
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Pneumococcal PspC Interaction with the Cellular hpIgR
Induces Ca2⫹ Release from Intracellular Stores—In most epithelial cells, the endoplasmic reticulum has inositol 1,4,5triphosphate (InsP3) receptors that trigger Ca2⫹ release from
intracellular Ca2⫹ stores upon activation (31). To elucidate the
mechanisms underlying the observed changes in [Ca2⫹]i in
human epithelial cells in response to pneumococci or purified
PspC protein, we used a cell-permeable antagonist of InsP3
receptor, 2-aminobiphenyl borate (2-APB) (32–34). Epithelial
cells were pretreated with 50 M 2-APB, and the levels of cytosolic calcium were assayed before and after the bacteria or the
purified PspC-SH12 fragments were added to the host cell suspension. The results showed that 2-APB pretreatment of cells
significantly decreased the effect of pneumococci (Fig. 3, A and
B) or PspC-SH12 protein (Fig. 3C) on [Ca2⫹]i in both Calu-3
and MDCK-hpIgR cells. This indicates that the observed
changes in cytosolic calcium levels in epithelial cells in response
to pneumococci or PspC protein were due to calcium release
from intracellular stores mediated by activation of the InsP3
receptor.
Activation of Phospholipase C (PLC) Is Required for PspChpIgR-mediated Ca2⫹ Release—To assess the contribution of
PLC to pneumococcus-induced calcium signals, Calu-3 and
MDCK-hpIgR cells were pretreated with U73122, a specific
inhibitor of phospholipase C (35, 36). U73122 inhibits the gen-
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FIGURE 3. Interactions of PspC with hpIgR in Calu-3, and MDCK-hpIgR
cells induce calcium release from intracellular stores. Effect of preincubation of Calu-3 and MDCK-hpIgR cells with 2-APB (50 M) on the levels of
[Ca2⫹]i upon addition of live S. pneumoniae (A), PFA-fixed S. pneumoniae (B), or
purified PspC protein derivative PspC-SH12 (C) to indo-1/AM-loaded cells suspended in HEPES-buffered saline in the cuvette of the spectrofluorimeter.
Traces represent means ⫾ S.D. (S.D. at very full minute for clarity) of n ⫽ 4
experiments using different cell preparations. p ⬍ 0.05, when compared with
incubations in the absence of 2-APB (control, Ctrl) but in the presence of
bacteria or protein.
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eration of InsP3 and the release of Ca2⫹ from intracellular
stores in various cell types, whereas its inactive analog U73343
has no effect and was employed as a negative control. Pneumococci were added to epithelial cells pretreated with U73122 or
U73343 (10 mol each) and loaded with indo-1/AM, respectively. In the presence of U73122, pneumococcus-induced calcium release from intracellular stores was blocked, although
preincubation of cells with U73343 had no inhibitory effect
(Fig. 4, A and B). Similarly, U73122 blocked the increase in
[Ca2⫹]i mediated by incubation of cells with the PspC protein
fragment PspC-SH12, whereas the inactive analog U73343 did
not (Fig. 4C). The specificity of PLC inhibition by U73122 in
Calu-3 and MDCK-hpIgR cells was tested by activation of InsP3
generation and calcium release from intracellular stores by
using ATP, an agonist of endogenous purinergic receptors that
are known to be coupled to PLC in these cells. Addition of ATP
(100 mol) to indo-1-loaded Calu-3 and MDCK-hpIgR cells
mediated a transient release of calcium ions from the endoplasMAY 20, 2011 • VOLUME 286 • NUMBER 20
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FIGURE 4. PspC-mediated increases in intracellular calcium levels in
Calu-3 and MDCK-hpIgR cells depend on activation of phospholipase C.
Effect of the PLC inhibitor U73122 (10 M) or its inactive analog U73343 on
[Ca⫹2]i in Calu-3 and MDCK-hpIgR upon addition of live S. pneumoniae (A),
PFA-fixed S. pneumoniae (B), PspC protein SH12 (C), or after activation of
purinergic receptors with ATP (100 M) (D). Traces represent means ⫾ S.D.
(S.D. at very full minute for clarity) of n ⫽ 4 experiments using different cell
preparations.

mic reticulum (Fig. 4D). This response was abolished by pretreatment of cells with U73122, but not by pretreatment with
U73343. Taken together, these results indicated that activation
of phospholipase C plays an essential role in PspC-mediated
increases in cytoplasmic calcium in human epithelial cells.
Cytosolic Ca2⫹ Regulates pIgR-mediated Internalization of
Pneumococci by Host Cells—Thapsigargin is a plasma membrane-permeable inhibitor of sarco-/endoplasmic reticulum
Ca2⫹ATPase (37–39). Different types of epithelial cells respond
to addition of thapsigargin with increases in cytosolic calcium
due to uncompensated leakage of calcium ions from intracellular stores and activation of capacitative calcium influx through
the plasma membrane. In MDCK-hpIgR and Calu-3 cells, addition of thapsigargin (250 nM) caused a sustained increase in
cytosolic calcium (Fig. 5A). To test whether such an increase in
[Ca2⫹]i affects the rate of internalization of pneumococci by
these epithelial cells, Calu-3 and MDCK-hpIgR cells were pretreated for 30 min with thapsigargin prior to pneumococcal
infection. The results revealed that pneumococcal internalization by Calu-3 and MDCK-hpIgR cells was significantly
reduced in a dose-dependent manner by pretreatment of cells
with thapsigargin (Fig. 5B).
To address whether attenuation of intracellular calcium signaling interferes with pneumococcal endocytosis and may
result in higher rates of pneumococcal internalization by host
cells, BAPTA-AM as a cell-permeable intracellular calcium
chelator (40), cell-permeable antagonist 2-APB, or EGTA as
agents for chelation of extracellular calcium ions were
employed in assays to suppress increases in [Ca2⫹]i upon contact of cells with pneumococci. Treatment of indo-1/AMloaded epithelial cells with BAPTA-AM (10 M) during the
recovery phase of epithelial cells resulted in a reduction in basal
calcium levels as compared with the control (Fig. 6A). In
BAPTA-AM-pretreated cells, the rate of pneumococcal internalization was significantly increased, and a dose-dependent
effect was measured (Fig. 6B). Similar results were obtained
when cells were pretreated with 2-APB. In the presence of
2-APB, a significant increase in the number of internalized
pneumococci was observed (Fig. 6C).
The chelation of extracellular calcium by 3 mM EGTA caused
a drop in basal levels of free cytosolic calcium and resulted in a
shift in the calcium balance across the plasma membrane of
both Calu-3 and MDCK-hpIgR cells (Fig. 7A). To investigate
the effects of extracellular calcium buffering on internalization
of pneumococci, epithelial cells were treated with EGTA 30
min prior to the infection with pneumococci. The antibiotic
protection assay indicated that chelation of extracellular calcium by EGTA resulted in a significant increase in pneumococcal uptake by pIgR-expressing epithelial cells (Fig. 7B). These
results deciphered the key role of intracellular calcium concentrations on pneumococcal internalization by epithelial cells.
Pneumococcal Adherence to Host Cells Is Not Affected by
Ca2⫹-chelating Inhibitors—To exclude potential artifacts in
the internalization assays by bacteria that adhere to but are not
internalized by host epithelial cells, confocal laser scanning
microscopy and enumeration of attached bacteria by plating
were performed to quantify adherence of pneumococci to both
types of host epithelial cells and the effects of inhibitors as well.
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No significant differences were observed for pneumococcal
adherence to inhibitor-treated cells as compared with untreated epithelial cells (Fig. 8, A and B). To detect any potentially deleterious effects of inhibitors on pneumococcal growth,
bacteria were cultured in the presence of inhibitors. There were
no significant differences in growth behavior of pneumococci
as compared with bacteria grown without inhibitors (data not
shown). However, after uptake by host epithelial cells, intracellular pneumococci are killed time-dependently as shown by the
antibiotic protection assay (Fig. 8C) and adherence to and internalization by Calu-3 or MDCK-hpIgR epithelial cells can be
blocked by using anti-PspC antibodies (Fig. 8, D and E). Finally,
invasion of the pspC mutant to both cell lines is massively
decreased compared with the wild type (8), and there is no
additional effect when the [Ca2⫹]i is altered due to the use of
inhibitors (data not shown).

DISCUSSION
S. pneumoniae is a highly versatile Gram-positive bacterium
that asymptomatically colonizes the surface of the nasopharynx
in humans. Depending on the host susceptibilities, it may cause
potentially life-threatening diseases such as septicemia, pneumonia, or meningitis (1). PspC has been identified as a major
virulence factor that recognizes directly and in a human-specific manner the ectodomain of the polymeric immunoglobulin
receptor (pIgR) (8 –11) thereby playing an important role in
adherence and invasion of this versatile pathogen. Although a
significant knowledge base has been generated delineating the
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mechanism of pneumococcal pathogenesis along with induced
host cell signal cascades, the consequence of this host-pathogen
interaction on host cells as well as on pathogen functions is still
not fully understood. We have demonstrated previously that
pIgR-mediated pneumococcal uptake by host epithelial cells
requires the small GTPase Cdc42, phosphatidylinositol 3-kinase (PI3K) and Akt activity (26), as well as activation of Src
PTKs, focal adhesion kinase, ERK1/2, and JNK (27). Many of
these cellular signaling cascades are directly or indirectly
dependent upon transient or sustained elevations in the intracellular calcium concentration (28). However, whether pneumococcal infection of host epithelial cells via PspC-hpIgR interaction requires calcium mobilization has not yet been
addressed. In this study, we have assessed the role of calcium
during pneumococcal infection of host cells expressing hpIgR.
Calcium is an important intra- and extracellular divalent cation that plays an essential role in wide variety of processes ranging from forming structural elements in bone matrix to intracellular signaling. The modulation of calcium signals is a very
important mechanism by which pathogenic bacteria influence
host cells. Bacterial toxins such as listeriolysin O, the poreforming toxin from L. monocytogenes, has been identified as a
sine qua non of calcium mobilization mediating intracellular
calcium oscillations (20, 41– 43). Moreover, bacteria such as C.
jejuni and S. typhimurium induce, independently of toxins, calcium responses that play a role in cytoskeleton rearrangements
thus facilitating their cell association or even internalization
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FIGURE 5. Elevated intracellular calcium concentrations block pneumococcal internalization by Calu-3 and MDCK-hpIgR cells. A, addition of 250 nM
thapsigargin to indo-1/AM-loaded Calu-3 and MDCK-hpIgR cells induced elevations in [Ca2⫹]i due to the activation of capacitative calcium influx. Traces
represent means ⫾ S.D. (S.D. at very full minute for clarity) of n ⫽ 3 experiments using different cell preparations. B, internalization and intracellular survival of
pneumococci in Calu-3 and MDCK-hpIgR cells was determined in the absence (none) or presence of thapsigargin (0.1, 1.0, and 5.0 M) as determined using the
antibiotic protection assay. Pneumococcal invasion in the absence of thapsigargin was set to 100%. Pneumococcal uptake by Calu-3 and MDCK-hpIgR cells was
significantly attenuated by pretreatment of epithelial cells with thapsigargin. Data represent means ⫾ S.D. (n ⫽ 3). Means of experiments in the presence of
thapsigargin were significantly different from those in the untreated controls (*, p ⬍ 0.001).
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FIGURE 6. Buffering of intracellular calcium or inhibition of PspC-mediated calcium mobilization facilitates internalization of pneumococci in
Calu-3 and MDCK-hpIgR cells. A, indo-1/AM-loaded cells were incubated for
30 min in the absence (none) or in the presence of BAPTA-AM (10 M) during
the recovery phase, and intracellular calcium levels were monitored. [Ca2⫹]i
levels were significantly reduced in BAPTA-AM-pretreated cells compared
with the untreated controls (p ⬍ 0.01). Traces represent means ⫾ S.D. (S.D. at
very full minute for clarity) of n ⫽ 6 experiments using different cell preparations. B, effect of preloading Calu-3 and MDCK-hpIgR cells with BAPTA-AM on
internalization and intracellular survival of S. pneumoniae after 3 h of infection
of epithelial cells as determined by the antibiotic protection assay. Internalization of pneumococci by host cells in the absence of BAPTA-AM was set to
100%. Data represent means ⫾ S.D. (n ⫽ 6). Means of experiments in the
presence of BAPTA-AM were significantly different from those in the
untreated controls (*, p ⬍ 0.001). C, inhibition of pneumococcus-induced
calcium mobilization by preincubation of Calu-3 and MDCK-hpIgR cells with
2-APB (50 M) increased the internalization rate of pneumococci as determined by the antibiotic protection assay 3 h post-infection. Pneumococcal
uptake in the absence of 2-APB was set to 100%. Means of experiments in the
presence of 2-APB were significantly different from those in the untreated
controls (*, p ⬍ 0.001).

into these host cells. Our data clearly demonstrated that the
mobilization of calcium from intracellular stores results in an
increase in [Ca2⫹]i in response to pneumococcal infections. A
3- and 2-fold increase in the level of [Ca2⫹]i was observed upon
exposure of hpIgR-expressing Calu-3 and MDCK-hpIgR cells
to live and PFA pneumococci, respectively (Fig. 1). This shows
that calcium changes were not due to soluble factors produced
by live bacteria but were associated with surface-attached bacterial factors. In contrast, such a calcium flux was not observed
upon replacing bacteria with latex beads demonstrating the
specificity of this cellular response. Moreover, the increase in
[Ca2⫹]i was specifically dependent on the interaction of PspC
and hpIgR as infections with wild-type but not PspC-deficient
pneumococci or pneumococci pretreated with anti-PspC
MAY 20, 2011 • VOLUME 286 • NUMBER 20

increased significantly the release of [Ca2⫹]i from intracellular
stores in host cells (Fig. 2). Similarly, PspC protein PspC-SH12
but not the pIgR nonbinding protein PspC-SH3 induced an
increase in [Ca2⫹]i to similar levels observed when using bacteria (Fig. 2D). Importantly, these effects on [Ca2⫹]i were not
observed during stimulation of wild-type and thus non-hpIgRexpressing MDCK cells when using wild-type pneumococci or
the PspC-SH12 protein (Fig. 2E). Taken together, these results
demonstrate that the interaction of PspC with hpIgR is critical
for the observed intracellular calcium mobilization.
Various studies investigating the mechanism involved in the
intracellular pathway of pIgR revealed that pIgA binding stimulates rabbit-pIgR transcytosis, because of phospholipase C
activation and increases in intracellular calcium levels (13).
However, whether similar processes are also implicated in
pneumococcal PspC-hpIgR-mediated adherence and uptake
mechanism has not been addressed. Here, we show that the
PLC signaling pathway plays a pivotal role in pneumococcal
PspC-mediated increase in cytoplasmic calcium. Pretreatment
of cells with U71322, an inhibitor of PLC, blocked release of
calcium from the intracellular stores of host cells in response to
the pneumococcal stimuli or presence of the PspC-SH12 protein fragment (Fig. 4). In contrast, treatment of cells with
U73343, an inactive analog of U71322, did not show this blocking effect. Moreover, inhibition of release from Ca2⫹ stores by
Ins(1,4,5)P3 receptors and influx of Ca2⫹ through store-operated calcium channels by 2-APB treatment significantly
reduced the increase in [Ca2⫹]i levels in both Calu-3 and
MDCK-hpIgR cells exposed to pneumococci or PspC-SH12
protein fragment (Fig. 3). Our results point toward a negative
correlation between the intracellular calcium level and pneu-
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FIGURE 7. Chelation of extracellular calcium ions reduced basal [Ca2ⴙ]i
and facilitates internalization of pneumococci in Calu-3 and MDCKhpIgR cells. A, recording of basal [Ca2⫹]i before and after addition of EGTA (3
mM) to suspensions of indo-1/AM-loaded cells at the time point indicated.
Traces represent means ⫾ S.D. (S.D. at very full minute for clarity) of n ⫽ 6
experiments using different cell preparations. B, effect of EGTA on pneumococcal internalization by Calu-3 and MDCK-hpIgR cells. Numbers of intracellularly surviving pneumococci were determined in the absence (none) or
presence of EGTA (0.1, 0.5, 1.0, 2.0, and 4.0 mM) 3 h post-exposure. Internalization of pneumococci in the absence of EGTA was set to 100%. Means of
experiments in the presence of EGTA were significantly different from those
in the untreated controls (*, p ⬍ 0.001).
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mococcal internalization by host cells (Figs. 5–7). Similar to our
findings, endocytosis of uropathogenic Escherichia coli is
enhanced by calcium-chelating chemicals, although release of
calcium from intracellular stores blocks uropathogenic E. coli
internalization by human bladder epithelial cells (44). Contrary
to this notion, it has been previously suggested that increased
intracellular free Ca2⫹ concentrations in host cells may be associated with pathogenicity of a number of intracellular bacterial
pathogens. Examples for such relationships are Chlamydia trachomatis elementary bodies that mobilize Ca2⫹ upon internalization into lysosomal compartments within host cells (45) or
C. jejuni that, upon interaction with a membrane receptor protein, induces activation of a number of signal transduction
events and the release of Ca2⫹ from intracellular stores thereby
aiding the necessary cytoskeletal rearrangements occurring
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during bacterial entry (22). Moreover, increased intracellular
Ca2⫹ concentrations seem to be associated with the S. typhimurium microfilament-dependent invasion of cultured eukaryotic
cells (23, 46). Similarly, purified invasion protein InlB of L.
monocytogenes was observed to stimulate PLC␥ resulting in the
release of intracellular Ca2⫹ via the InsP3 pathway (21).
Whether these examples provide proof for a role of calcium
elevations in eukaryotic host cells in facilitating the bacterial
invasion process or subsequent steps in the infection process
remains open.
The results of our experiments, however, seem to indicate
that elevations in [Ca2⫹]i may be part of a protective response of
host cells upon contact with bacteria or individual bacterial
products. On the contrary, pneumococci are extracellular
pathogens and unable to persist inside of eukaryotic cells (Fig.
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FIGURE 8. Pneumococcal adherence to Calu-3 and MDCK-hpIgR cells is not altered in the presence of inhibitors but blocked by anti-PspC antibodies.
A and B, host cells were exposed to S. pneumoniae serotype 35A (NCTC10319) for 3 h at 37 °C in the absence or presence of indicated inhibitors. After fixation,
adherent pneumococci were visualized using a rabbit anti-pneumococcal IgG and Alexa 488-coupled anti-rabbit antibodies in a Zeiss LSM 510 confocal laser
scanning microscope (A). Total number of bacteria associated with host cells was determined after removing unbound extracellular bacteria and plating the
cells on blood agar plates (n ⫽ 3) (B). C, intracellular fate of pneumococci as determined by the enumeration of the intracellular recovered pneumococci.
Unbound extracellular bacteria were removed 3 h post-infection, and after killing of extracellular pneumococci by antibiotic (time point 0), the infections were
continued for the indicated hours (n ⫽ 3). D and E, anti-PspC antibodies block pneumococcal adherence to and invasion into Calu-3 and MDCK-hpIgR cells.
Pneumococci were incubated with anti-PspC antibodies (8) for 30 min prior to host cell infections. Adherence was quantified by determination of host
cell-associated bacteria, and internalized bacteria were quantified by the antibiotic protection assay. Pneumococci pretreated with anti PspC antigen showed
significantly decreased levels of adherence and invasion as compared with the control (none), untreated pneumococci (n ⫽ 3) (*, p ⬍ 0.001).
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8C). Therefore, the induction of elevated [Ca2⫹]i may also be
beneficial for pneumococci as internalization by host cells is
prevented. This is indicated by the fact that pretreatment of
epithelial cells with a cell-permeable calcium chelator
BAPTA-AM (Fig. 6), which blocks the elevation in [Ca2⫹]i due
to mobilization of Ca2⫹ from the endoplasmic reticulum (40,
47), or the use of EGTA as an extracellular Ca2⫹-chelating
agent (Fig. 7), which suppresses elevations in [Ca2⫹]i due to
dissipation of calcium influx-mediating concentration gradients (22, 47), increased significantly pneumococcal uptake of
bacteria by epithelial cells in a dose-dependent manner (Fig. 7).
In contrast, pretreatment of cells with thapsigargin, which
increases [Ca2⫹]i by inhibiting the Ca2⫹ATPase in the endoplasmic reticulum membrane, significantly reduced pIgR-mediated pneumococcal internalization (Fig. 5). These results
indicate that decreases in [Ca2⫹]i or suppression of physiologically induced calcium elevations appear to be supportive for
efficient bacterial internalization of pneumococci, although
elevated cytosolic calcium concentrations may prevent bacterial internalization.
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ABSTRACT
Lactococcus lactis is a non-pathogenic bacterium used in food industry but also as
heterologous host to unravel protein functions of pathogenic bacteria. The adhesin
PspC from Streptococcus pneumoniae is a choline-binding protein non-covalently
anchored to the bacterial cell wall. To assess the exclusive impact of PspC on the
interplay with its host we generated recombinant L. lactis producing a nisin-inducible
and covalently anchored variant of pneumococcal surface protein C (PspC) on the
lactococcal cell surface. A translational fusion of the 5´-end of pspC3.4 with the 3’end of hic (pspC11.4) was designed to decorate the surface of L. lactis with a
chimeric PspC. The PspC3.4 part comprises the first 281 amino acid residues of
PspC3.4, while the Hic sequence consists of the proline-rich and sortase-anchored
domain. The results demonstrated that PspC is sufficient for adhesion and
subsequent invasion of host epithelial cells expressing the human polymeric Ig
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receptor (hpIgR). Moreover, the invasion via hpIgR was even more pronounced when
the chimeric PspC was produced by lactococci compared to pneumococci. This study
shows also for the first time that PspC plays no significant role during phagocytosis
by macrophages. In contrast, recruitment of Factor H via the PspC chimer has a
dramatic effect on phagocytosis of recombinant but not wild-type lactococci as Factor
H interacts specifically with the amino-terminal part of PspC and mediates the contact
with phagocytes. Furthermore, L. lactis expressing PspC increased intracellular
calcium levels in pIgR-expressing epithelial cells, thus resembling the effect of
pneumococci which induced release of [Ca2+]i from intracellular stores via the PspCpIgR mechanism. In conclusion expression of the chimeric PspC confers adhesive
properties to L. lactis and indicates the potential of L. lactis as a suitable host to study
the impact of individual bacterial factors on their capacity to interfere with the host
and manipulate eukaryotic epithelial cells.

INTRODUCTION
Streptococcus pneumoniae (pneumococci) is the etiologic agent of communityacquired pneumonia, septicemia and bacterial meningitis, all associated with high
morbidity and mortality (Cartwright, 2002). Pneumococcal infections commence at
the nasopharynx, where the bacteria reside as commensals without harming the host
niche. Colonization of the respiratory mucosal epithelium is a prerequisite for invasive
infections, which are most likely accompanied with dramatic changes in of the
nasopharyngeal physical barriers and the expression of pneumococcal virulence
factors (Orihuela et al., 2004). The repertoire of uptake systems for essential
nutrients enables pneumococci to adapt to and survive in different physiological
conditions. More important, pneumococci are endowed with a variety of virulence
factors facilitating adherence to host cells and immune evasion. Pneumococcal
adherence to host cells is, similar to other Gram-positive pathogens including
Staphylococcus aureus and Streptococcus pyogenes, a multifactorial process. The
attachment of S. pneumoniae to respiratory epithelial cells is mediated by serum or
extracellular matrix proteins including complement Factor H, thrombospondin-1,
vitronectin (Agarwal et al., 2010b; Bergmann et al., 2009; Hammerschmidt et al.,
2007; Rennemeier et al., 2007). In addition, pneumococci produce surface proteins
interacting directly with host cellular receptors such as the choline-binding protein
PspC (pneumococcal surface protein C, also referred to as CbpA or SpsA), RrgA of
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Pilus-1, PavB, and PsrP (Barocchi et al., 2006; Elm et al., 2004; Jensch et al., 2010;
Orihuela et al., 2004; Zhang et al., 2000). Although the repertoire of virulence factors
and adhesins differs among pneumococcal isolates, redundant virulence factors must
be present in pneumococci as mutations in single genes can be compensated by
others (Bergmann & Hammerschmidt, 2006; Kadioglu et al., 2008; Nobbs et al.,
2009). A typical characteristic of several pneumococcal surface-exposed proteins
seems to be their multifunctional potential (Hammerschmidt, 2006). The best
characterized example is represented by PspC which has been reported as a Factor
H binding protein and pneumococcal adhesin interacting with the human ectodomain
of the polymeric immunoglobulin receptor (pIgR) (Dave et al., 2004; Elm et al., 2004;
Hammerschmidt et al., 2000; Hammerschmidt et al., 2007; Zhang et al., 2000). The
PspC-pIgR interaction was shown to induce signal transduction cascades in
respiratory epithelial cells and mediates release of calcium from intracellular stores,
which has been suggested to represent an immune defense mechanism of the host
(Agarwal & Hammerschmidt, 2009; Agarwal et al., 2010a; Asmat et al., 2011).
These and other data show the importance of PspC during the infectious process of
S. pneumoniae. However, all studies hitherto reported were performed with isogenic
pneumococcal mutants deficient in PspC. Hence, the effects or influences of other
pneumococcal proteins on e.g. adherence or induced host immune responses cannot
be fully excluded. Therefore, we intended to study the effects of PspC under
conditions in which none of the other pneumococcal virulence factors or adhesins
may influence the course of infection.
The non-pathogenic Lactococcus lactis (lactococci) was shown to be an optimal
organism to express and decipher the function of prokaryotic and eukaryotic proteins
(Kunji et al., 2003; Kunji et al., 2005; Monne et al., 2005; Morello et al., 2008). L.
lactis was further reported to be more advantageous as expression host compared to
Escherichia coli (Mierau & Kleerebezem, 2005; Mierau et al., 2005; Zhou et al., 2006)
and regarding pneumococcal PspC the use of lactococci is preferred by the fact that
PspC is again decorated on a Gram-positive cell surface. Thus, we expressed PspC
on the surface of L. lactis and explored the role of PspC as an adhesin, its role on
bacterial ingestion in the absence and presence of Factor H, respectively, by
professional and non-professional phagocytes. Finally, we analyzed the impact of
PspC produced by lactococci on calcium release by intracellular stores upon
lactococcal incubation with pIgR-expressing cells.
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EXPERIMENTAL PROCEDURES
Bacterial strains and culture conditions
Bacterial strains and plasmids used in this study are shown in Table 1. Lactococcus
lactis MG1363 (Gasson, 1983) were cultured statically at 30°C in M17 broth (Oxoid,
Basingstoke, UK) supplemented with 0.5% glucose (GM17) to mid-log phase or
grown on GM17 agar plates (Oxoid). Expression of PspC was induced by adding 1
µg ml-1 nisin (Sigma-Aldrich, Germany) to mid-log grown recombinant lactococci.

Molecular biological methods
Plasmids and DNA fragments were isolated, treated with restriction enzymes (NEB
Biolabs) using general molecular methods described elsewhere. Ligations were
transformed into E. coli DH5

and recombinant clones were analyzed after plasmid

preparation (Promega GmbH, Mannheim, Germany) with the corresponding
restriction enzymes (New England Biolabs GmbH, Frankfurt, Germany). PCR
reactions were performed with the Pfu Ultra II Fusion HS DNA polymerase (Agilent
Technologies, Inc.) and carried out as recommended by the supplier. PCR products
were purified using the Zymoclean Gel DNA Recovery kit (Hiss, Freiburg, Germany).
PCR primers were purchased from Invitrogen GmbH (Darmstadt, Germany).

Cloning and expression of recombinant PspC in L. lactis
The shuttle vector pMSP3535 was digested with BamHI and XbaI. To exclude the
choline binding domain from PspC3.4 we amplified a gene fragment pspC’ using as
template chromosomal DNA from strain S. pneumoniae TIGR4 with primers NPSPC
(5’-CGATGGATCCGTTTGCATCAAAAAGCGAAG-3’)

and

CPSPC

(5’-

CGCCATGGTTTTTCTTTAACTTTATCTTC-3’) (Tettelin et al., 2001). Two PCR
products of 850 bp and 1.3 kb were obtained. Due to false priming of the CPSPC
primer this additional 850 bp fragment was amplified comprising the first 281 aa of
PspC3.4 including the signal peptide. To localize PspC on the surface of L. lactis the
C-terminal part of Hic (PspC11.4), which starts at amino acid 266 with a proline rich
region and includes sortase recognition sequence (LPXTG motif), was translationally
fused using chromosomal DNA from S. pneumoniae strain A66 (Janulczyk et al.,
2000)

as

template

and

primers

IHIC

(5’-

CGCCATGGGAAACTCCGCAGCCGGAAAC-3’ and CHIC (5’-GCTCTAGACTATTTC
ATTCTTTTCTTAGC-3’) resulting in hic´. The PCR product of pspC’ contained a
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BamHI and an NcoI site while the hic’ amplicon contained NcoI and XbaI sites. The
purified PCR products were digested with the corresponding restriction enzymes and
ligated into the BamHI/XbaI site of pMSP3535 to generate plasmid pGKK1. The
coding sequence of pspC was proven by DNA sequencing (Eurofins MWG Operon,
Germany). Sequence analyses were performed with the blast programs from NCBI
database. Recombinant plasmids were first selected after transformation into E. coli
DH5

and pGKK1 or pMSP3535 were then transformed into electrocompetent L.

lactis by electroporation described previously (Wells et al., 1993).

Immunoblot analysis
Induced recombinant L. lactis expressing PspC were disrupted by ultrasonification (3
times for 30 seconds; Bandelin sonoplus GM70, Berlin, Germany) followed by
centrifugation at 12000xg for 20 min. 50 µg of the soluble protein extract was
fractionated by SDS-PAGE using separation gel with 10% polyacrylamide and
transferred to reinforced nitrocellulose membranes. To prevent non-specific binding
the immobilized proteins were blocked with polyclonal antiserum raised in mouse
against total lactococcal proteins. The immobilized protein bands were probed with
rabbit polyclonal anti-PspC serum (1:500 in phosphate buffered saline (PBS))
generated against the PspC-SH2 derivative comprising the complete amino-terminal
part of PspC2.1 (Hammerschmidt et al., 2000). Membranes were washed three times
followed for 1 h incubation with HRP-conjugated secondary antibody at room
temperature.

Thereafter,

antibody

binding

was

detected

using

enhanced

chemiluminescence (ECL, Amersham Biosciences). Binding of Factor H or the
secretory component (SC) of hpIgR to heterologous expressed PspC was studied by
far western blot analysis. Briefly, the transferred proteins on the nitrocellulose
membrane were incubated with 10 µg of Factor H or free SC. Bound Factor H was
detected with goat polyclonal anti-FH serum (1:600) and SC with rabbit polyclonal
anti-SC serum (1:1000; (Hammerschmidt et al., 2000). Antibody binding was
visualized with secondary antibodies conjugated with alkaline phosphatase and
NBT/BCIP colorization.

Flow cytometric analysis
Detection of surface located PspC was performed with induced L. lactis by flow
cytometry. 5x107 lactococci were resuspended in 50 µl PBS supplemented with 0.5%
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fetal calf serum (PBS/FCS) and incubated with anti-lactococcal serum generated in
mice in a dilution of 1:50 in PBS for 30 min on ice. Bacteria were centrifuged at
2500xg, washed with PBS/FCS and then incubated with anti-PspCSH2 rabbit serum
(Hammerschmidt et al., 2000) for 30 min. After washing with PBS/FCS a Cy5conjugated goat anti-rabbit IgG (Dianova) was added in a dilution of 1:200. After 30
min incubation on ice bacteria were washed again with PBS/FCS buffer and fixed
with 2 % paraformaldehyde in a total volume of 300 µl overnight at 4°C. Flow
cytometry was performed using a FACS Calibur™ (Becton Dickinson, Heidelberg,
Germany) and the CellQuestPro Software 6.0 was employed for data acquisition and
WinMDI 2.9 (http://facs.scripps.edu/software.html) for data analysis. Gating and
selection of the parameters was done with control samples (unstained and Cy5-IgG
incubated bacteria) and the fluorescence intensity (FL-4) for 20,000 gated events
was measured.

Reagents and antibodies
Human Factor H (FH) was purchased from Calbiochem. Digitonin and ethylene
glycol-bis (2-aminoethylether)-N,N,N,N’-tetraacetic acid (EGTA) were obtained from
Sigma-Aldrich (Taufkirchen, Germany). Indo-1/AM was obtained from Invitrogen
(Karlsruhe, Germany), Trypsin (without EDTA) from PAN-Biotech (Aidenbach,
Germany). U73122 and U73343 were obtained from Axxora (Lörrach, Germany). 2APB was obtained from Roth (Karlsruhe, Germany). HRP-conjugated goat anti-rabbit
antibody was purchased from Dako (Hamburg, Germany). Serum against
Lactococcus lactis MG1363 were raised in mouse: 109 lactococci in PBS were heat
inactivated by boiling and injected intra-peritoneally with the same volume of
incomplete Freund´s adjuvant in mice. Two weeks post-immunization a boosting was
conducted using the same amount of bacteria in incomplete Freund´s adjuvant. To
enhance the antibody titer the boosting was repeated after two more weeks. Blood
was collected by retro-orbital puncture. The obtained serum was divided into 50 µl
portions and stored at -20°C.

Cell culture and infection experiments
Madin-Darby canine kidney (ATCC CCL-34) epithelial cells stably transfected with
the hpIgR cDNA in pCB6 (MDCK-hpIgR) were cultured in Eagle’s minimum essential
medium, while human A549 cells (lung alveolar epithelial cells, type II pneumocytes
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ATCC CCL-185) were cultured in Dulbecco’s modified Eagle’s medium (DMEM).
Both cell-types were further supplemented with 10% fetal bovine serum (FBS), 2 mM
glutamine, penicillin G (100 IU ml-1), and streptomycin (100 µg ml-1) (all from PAA
Laboratories, Coelbe, Germany) at 37°C under 5% CO2. Epithelial cells were seeded
on glass cover slips (diameter 12 mm) or directly in wells of a 24-well plate (Cellstar,
Greiner, Germany). 5 x 104 cells per well were cultivated to cell monolayers with
approximately 2 x 105 cells per well (Agarwal & Hammerschmidt, 2009). Prior to the
infection lactococci were preincubated with or without 3µg FH for 30 min at 30°C
under 5% CO2 and the cells were washed three times with Dulbecco´s modified
Eagle´s medium containing HEPES (DMEM-HEPES, PAA Laboratories, Coelbe,
Germany) supplemented with 1.0% FBS. Host cells were infected as described using
a multiplicity of infection (MOI) of 50 bacteria per host cell. Infections were carried out
for 3 h at 30°C and 5.0% CO2. To remove unbound bacteria from the supernatant of
the infection experiment, host cells were thoroughly washed with DMEM-HEPES. For
total bacterial count cells were lysed with 1% saponin. For enumeration of
internalized bacteria, the antibiotic protection assay was employed. Briefly, the
infected cells were washed to remove unbound bacteria and then incubated in the
presence of 100µg of penicillin/well for one hour at 30°C and 5.0% CO2 followed by
cell-lysis with 1% saponin. The infection dose (CFU) per well was controlled by serial
plating of recombinant lactococci on GM17 agar plates with erythromycin (5 µg ml-1).

Table 1 Strains and plasmids used in this study
Strain, plasmid
Reference/Source
L. lactis MG1363
1983)

Description

plasmid free and prophage-cured derivative of NCDO 712

(Gasson,

S. pneumoniae TIGR4 capsule serotype 4

(Tettelin et al., 2001)

S. pneumoniae A66

NCTC7978

capsule serotype 3, strain A66
r

pMSP3535

Erm , pAMβ1 and colE1 replicons, nisRK, PnisA

(Bryan et al., 2000)

pGKK1

pMSP3535 derivative expressing pspC

This study

under PnisA promoter control

Measurement of intracellular calcium fluxes
Intracellular calcium measurements were performed exactly as described recently
(Asmat et al., 2011). Briefly, monolayers of epithelial cells were trypsinized and
treated with 5 μmol l-1 of indo-1/AM in HEPES-buffered saline for 30 min in the dark
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at 37 °C with gentle shaking, followed by washing and further incubation for 30 min at
37 °C (recovery period). The cells were then treated with the inhibitors (U73122,
U73343, or 2-APB) during the recovery phase. Thereafter the cells were washed
again and finally resuspended in 3 ml HEPES-buffered saline in the methacrylatecuvette (Sarstedt, Nümbrecht, Germany) of the spectrofluorimeter (FluoroMax-3,
HORIBA Jobin Yvon, Bensheim, Germany). Calcium concentrations were calculated
using the equation for single wavelength measurements and a binding constant (Kd)
between indo-1 and Ca2+ of 250 nmol l-1 as reported previously (Grynkiewicz et al.,
1985).
To elaborate the effects of lactococci on intracellular calcium levels in
epithelial cells, lactococci at a MOI of 50 bacteria per host cells were used. The
bacteria were added to the cuvette after 5 min after starting the measurement of
intracellular calcium concentration.

Phagocytosis

experiments,

antibiotic

protection

assays,

and

double

immunofluorescence microscopy
Phagocytosis assays were conducted with J774A.1 murine macrophages (DSMZ,
Braunschweig, Germany) as described earlier (Hartel et al., 2011). The number of
intracellular and viable lactococci was then quantified by the antibiotic protection
assay. All experiments were performed at least three times in duplicate. Lactococci,
phagocytosed

or

attached

to

macrophages

were

visualized

by

double

immunofluorescence (DIF) microscopy. Briefly, 2.5×104 macrophages were seeded
onto glass coverslips (12-mm diameter) or directly in wells of a 24-well plate (Cellstar,
Greiner, Germany) and the confluent cell layer was infected with lactococci after two
days. After 30 minutes of infection unbound bacteria were removed by washing with
medium, the infected host cells were fixed on the glass coverslips with 3.7%
paraformaldehyde, and DIF microscopy was carried out as described previously.
Briefly, extracellular lactococci were stained using the polyclonal anti-lactococci
antiserum and secondary goat anti-mouse IgG coupled to Alexa-Flour-488 (green)
(Invitrogen). Intracellular bacteria were stained with Alexa-Fluor-568 (red) (Invitrogen)
after permeabilzation of the cells with 1% saponin and anti-lactococcal antiserum as
primary antibody. The stained samples were viewed with a confocal laser scanning
microscope (Zeiss LSM510Meta) and LSM510 software was used for image
acquisition. Each bar in the images represents 10μm.
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Statistical analysis
Results reported are the mean ± standard deviation of three independent
experiments. Results were statistically analyzed using the paired two-tailed student’s
t test and a value of p<0.05 was accepted as indicating significance.

RESULTS
Cloning and controlled heterologous expression of a chimeric PspC
The pneumococcal surface protein PspC from S.
pneumoniae contains a choline binding domain (CBD)
in the C-terminal part of the protein necessary for its
non-covalent binding on the cell surface of this
bacterium. L. lactis does not have choline on the cell
surface. To decorate the cell surface of lactococci
with PspC, a translational fusion with a sortase
anchoring motif was designed taking the C-terminal
part of the PspC like protein Hic (PspC11.4) from
strain A66 (Iannelli et al., 2002). For a controlled
expression of this modified PspC in the heterologous
host L. lactis MG1363 the shuttle vector pMSP3535
was used (Bryan et al., 2000).
Fig. 1. Expression of recombinant PspC in L. lactis
(a) Immunoblot analysis of heterologous expressed chimeric
PspC with anti-PspC SH2 serum. The membrane was blocked
with anti-lactococcal serum raised in mice prior incubation with
anti-PspC SH2 serum raised in rabbit (1:500). Bound antibodies
were detected using HRP conjugated IgG secondary antibody.
For far western blot analysis the membranes were incubated
with 10 µg Factor H or SC. Factor H or SC bound to chimeric
PspC was detected with anti-Factor H raised in goats (1:600) or
anti-SC raised in rabbits (1:1000).
(b) PspC on the lactococcal surface was visualized using a
rabbit IgG recognizing the PspC derivative SH2 and Cy5-labeled
anti-rabbit IgG in a Zeiss LSM 510 confocal laser scanning
microscope.
(c) Surface localization of PspC in recombinant L. lactis. Binding of PspC specific antiserum (anti5
PspC SH2) to Nisin induced L. lactis (2x10 ) was monitored with Cy5-labeled anti-rabbit IgG by flow
cytometry. The overlay of the two histograms for control (black line) and PspC (blue line) shows the
number of counted events on the y-axes and the increase of fluorescence intensity (FL-4) on the xaxes. For every sample 20,000 events were counted and the percentage of FL-4 positive events
compared to control settings is indicated.
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The generated recombinant plasmid pGKK1 allowed expression of this gene
construct under the control of the PnisA promoter. DNA sequencing and the deduced
amino acid revealed that the N-terminal part of this modified PspC contains the αhelical domain comprising the Factor H binding domain (Lu et al., 2006; Luo et al.,
2005) and one SC-binding domain, designated R domain (Luo et al., 2005), which
includes the SC recognition motif RRNYPT (Hammerschmidt et al., 2000). To confirm
and detect the recombinant PspC an immunoblot analysis was performed from
soluble protein extracts and with anti PspC-SH2 antiserum (Fig. 1a) to visualize the
PspC protein migrating with an expected size of 80 kDa. This PspC variant was able
to bind Factor H and free SC, representing the ectodomain of hpIgR, as indicated by
far western blot analyses (Fig. 1a). Furthermore we explored whether the
recombinant lactococci present PspC on their surface. For this purpose a qualitative
analysis was performed by immunofluorescence microscopy after staining PspC
expressing lactococci with anti-PspC antiserum and secondary Cy5 labeled
antibodies. The results indicated PspC on the surface of recombinant lactococci while
no signal was obtained for lactococci harboring only the shuttle plasmid (Fig. 1b). To
assess the quantity of PspC produced on the lactococcal surface and the number of
L. lactis positive for PspC, a flow cytometric approach was used. The flow cytometry
conducted after staining of surface exposed PspC using anti-PspC antiserum and
Cy5-labeled secondary antibodies demonstrated that ~40 % of L. lactis were positive
for PspC on the cell surface (Fig. 1c).
PspC-hpIgR mediated invasion and adherence of recombinant lactococci and
effect of human Factor H on host cell invasion
In order to assess the role of PspC for colonization and uptake of bacteria by host
cells when produced by recombinant lactococci, adherence to and internalization by
MDCK-hpIgR or A549 host epithelial cells was determined 3 hours post-infection.
The lung epithelial cells A549 do not produce human pIgR (Elm et al., 2004), but are
positive for integrins binding Factor H (Agarwal et al., 2010b).The cell culture
infection assays were carried out in the absence of any host protein or after preincubation of lactococci with 3µg of Factor H. The results revealed a significant
increase in uptake of PspC-expressing lactococci

vector pMSP3535 (Fig. 2a and

c). Similarly the adherence of PspC-positive lactococci was enhanced (Fig. 2b). No
effect was observed when using A549 cells, demonstrating that PspC interacts in the
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absence of other host proteins only with the pIg receptor (Fig. 2d and e). The
presence of Factor H promoted adherence to and internalization of PspC expressing
lactococci by epithelial cells MDCK-hpIgR and A549 while this effect was not
observed for our control lactococci (Fig. 2d and e). To visualize the enhanced
adherence and invasion of PspC expressing lactococci, double immunofluorescence
staining was performed. The highest numbers of internalized bacteria were observed
when PspC expressing lactococci were preincubated with Factor H (Fig. 2c).
Strikingly, the efficiency of internalization of PspC-expressing L. lactis seems to be
relatively high, since even a low number of attached bacteria resulted in intracellular
lactococci as shown by immunofluorescence microscopy (Fig. 2c).

Fig. 2. Effect of PspC expression on L. lactis on ingestion by hpIgR-expressing epithelial cells
and Factor H-mediated interactions with host cells
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(a) PspC-hpIgR or Factor H-mediated invasion of L. lactis in MDCK-hpIgR cells. Number of
intracellularly survived lactococci in MDCK-hpIgR cells was determined by the antibiotic protection
assay 3 hrs post-infection. *P< 0.001 relative to infections carried out with L. lactis pMSP3535.
(b) Adherence of L. lactis to MDCK-hpIgR cells mediated by the PspC-hpIgR interaction or Factor H.
Total number (intracellular and extracellular) of lactococci associated to MDCK-hpIgR cell was
determined 3 hrs post-infection. *P< 0.001 relative to infections carried out with L. lactis pMSP3535.
(c) Immunofluorescence microscopy of L. lactis associated to MDCK-hpIgR cells. Host cells were
incubated for 3 h with lactococci pretreated with or without Factor H at 30°C. Image acquisition was
done after fixation and detection of L. lactis using a CLSM Zeiss LSM510. The lower panel shows a
higher magnification of a selected region of the above image. Bar represents 10 μm in all panels.
(d – e) Effect of lactococcal chimeric PspC on the bacterial interplay with A549 cells lacking the hpIgR
receptor but producing a Factor H receptor.
(d) Ingestion of recombinant L. lactis with or without Factor H preincubation by A549 cells. Number of
intracellularly survived lactococci in A549 cells was determined by the antibiotic protection assay 3 hrs
post-infection. *P< 0.001 relative to infections carried out with L. lactis pMSP3535.
(e) Adherence of L. lactis to non-hpIgR-expressing A549 lung epithelial cells. Total number
(intracellular and extracellular) of lactococci associated to A549 cell was determined 3 hrs postinfection. *P< 0.001 relative to infections carried out with L. lactis pMSP3535.

Phagocytosis of recombinant lactococci by macrophages
To estimate the impact of PspC on phagocytosis, macrophages J774A.1 were
incubated with recombinant lactococci. Macrophages were incubated with PspCexpressing or control lactococci. Thirty minutes post-infection, extracellular bacteria
were killed by antibiotic treatment and host cells were permeabilized to recover
intracellular bacteria.

Fig.3. Impact of PspC and Factor H on phagocytosis. (a) Numbers of viable bacteria after J774A.1
phagocytosis assay. Murine macrophages were infected with a multiplicity of infection of 50 lactococci
with or without PspC expression and preincubation with or without Factor H. Viable phagocytosed
bacterial numbers were determined by colony counting 30 min post-infection. The histogram shows
the mean values ± standard deviation of three independent experiments.
(b) Immunofluorescence microscopy of host cell-attached and intracellular lactococci. J774A.1 murine
macrophages were infected with lactococci with or without PspC expression and pre-incubation with or
without Factor H for 30 min. Intracellular lactococci were stained with Alexa568 (red), whereas
adherent bacteria appear yellow (Alexa488 and Alexa568). The panel in the middle shows a
magnification of a selected image part. Bars represent 10 µm.
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The number of recovered and intracellular viable lactococci was determined by
plating on GM17 agar plates. The results revealed that Factor H increased
phagocytosis as the number of viable bacteria recovered increased when PspC was
produced by lactococci (Fig. 3a). However, the phagocytosis assays further
demonstrated for the first time that PspC is neither able to prevent nor promotes
uptake by professional phagocytes as there were no changes in the number of
intracellular PspC-positive lactococci compared to wild-type lactococci. To confirm
these data, lactococcal attachment to and ingestion by macrophages was visualized
by DIF staining and microscopy. The images indicated that the number of intracellular
bacteria increased in the presence of Factor H (Fig. 3b).
Ca2+ flux mediated by lactococci is PspC-hpIgR dependent
We have recently reported that pneumococcal infection provokes PspC-hpIgR
mediated calcium influx in host epithelial cells and induced mobilization of [Ca2+]i
from intracellular stores. Furthermore, the experimental reduction of intracellular
calcium levels facilitated pneumococcal internalization by hpIgR-expressing cells,
while elevated calcium levels diminished bacterial internalization by host epithelial
cells (Asmat et al., 2011). Therefore, we determined the Ca2+ flux in recombinant
lactococci expressing PspC chimer. To measure the level of intracellular free Ca2+
2+

([Ca ]i) the cell permeable fluorescent probe indo1/AM was employed. The presence

of PspC-expressing lactococci significantly increased indo-1 fluorescence in MDCKhpIgR after 5 min post-addition of lactococci to ~400 nM as compared to control cells
(Fig. 4a). In contrast, PspC-deficient lactococci were unable to mediate the above
mentioned calcium influx as shown in (Fig. 4b). Hence, we could demonstrate that
the recombinant lactococci endowed with chimeric PspC on the surface have the
same effect on the Ca2+ flux compared to the data received with S. pneumoniae.
Furthermore we also confirmed that this calcium release is from intracellular stores
and can be blocked by employing 2-APB (Fig. 4c). 2-Amino-biphenyl borate (2-APB)
is a pharmacological substance, commonly used as InsP3 receptor antagonist
(Birnbaumer et al., 2000; Boulay et al., 1999; Wu et al., 2000). These results
validated the results of our previous studies conducted with pneumococci. Finally, we
demonstrated that this calcium mobilization follows phospholipase C (PLC) pathway
as has been reported for pneumococcal PspC-hpIgR mediated interaction (Asmat et
al., 2011). For this purpose, cells were pretreated with U73122, a specific inhibitor of
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PLC. The results revealed that the interaction of the lactococcal PspC with the hpIgR
on epithelial cells mediates calcium release from intracellular stores, similar to that of
pneumococci and can be blocked by employing the PLC inhibitor. In contrast to
U73122 its inactive analogue U73343 had no effect on Ca2+ release mediated by
recombinant lactococci (Fig. 4c).

Fig. 4. PspC-hpIgR mediated intracellular calcium levels of host epithelial cells by L. lactis.
Effect of lactococci with PspC expression (a) or without PspC expression (b) on intracellular [Ca2+]i
concentration in MDCK-hpIgR. Indo-1/AM loaded cells were treated with or without (control) lactococci
at the time indicated and the intracellular [Ca2+]i level were measured. *P< 0.05.
(c) Lactococci mediate intracellular calcium release under PspC-hpIgR interaction. Levels of
intracellular [Ca2+]i concentration in MDCK-hpIgR were measured following treatment by lactococci in
the absence or the presence of 2APB (50 µM). Indo-1/AM loaded cells were treated with lactococci at
the time indicated and the levels of intracellular [Ca2+]i was measured. *P< 0.05.
(d) Effect of phospholipase C (PLC)-pathway dependent intracellular calcium influx by lactococci.
[Ca2+]i concentration in MDCK-hpIgR monitored in the presence of U73122 PLC antagonist or U73343,
an inactive analogue, after incubation with L. lactis. Indo-1/AM loaded cells were treated with
lactococci at the time indicated and the levels of intracellular [Ca2+]i was measured. *P< 0.05.
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DISCUSSION
In this study L. lactis was chosen as a model host to analyze the virulence factor
PspC from S. pneumoniae as has been reported elsewhere for expression of several
heterologous proteins (Enouf et al., 2001; Miyoshi et al., 2002). The so called NICE
system used for this study (nisin induced controlled expression) was first developed
and described by (de Ruyter et al., 1996). L. lactis harboring pGKK1 expressed
chimeric PspC after induction with nisin and we could demonstrate that PspC is
translocated through the lactococcal membrane and anchored into the peptidoglycan
by a host specific sortase cleavage as monitored by fluorescence microcopy and flow
cytometry analysis. Comparison of PspC detection by flow cytometric analysis
between S. pneumoniae D39 and L. lactis expressing chimeric PspC showed less
PspC chimer on the lactococcal surface compared to pneumococci (data not shown).
It has to be mentioned that PspC was recently expressed in L. casei and surface
localization of recombinant PspC was achieved by fusion to an anchoring sequence
of a L. casei peptidase (de Lucia Hernani et al., 2011).
The binding epitope of PspC within the secretory component of pIgR is located in the
N-terminal part of PspC and a Y/RRNYPT motif is critical for this protein-protein
interaction (Hammerschmidt et al., 2000). PspC 3.4 contains two of these motifs
located between aa residues 202-207 and aa residues 355-360, respectively. The Nterminal part of the PspC variant used in this study contains the first 281 aa residues
of PspC3.4 and, thus, includes the domain required for binding of Factor H (between
residues 38-158), which includes the conserved 12 aa Factor H binding motif (Lu et
al., 2003). It is known that Factor H interacts with PspC by two sites mapped in the
short consensus repeats (SCR8-11) and SCR19-20 (Hammerschmidt et al., 2007). In
addition PspC contains the hpIgR interaction site in two R domains with the
conserved motif RRNYPT. In our gene construct only one R domain for binding with
the SC of hpIgR is present and sufficient to allow adherence and invasion of
recombinant lactococci into MDCK-hpIgR cells. This is in agreement with previous
studies (surface Plasmon resonance analysis) where even more rapid binding was
observed when only one R domain is present (Elm et al., 2004; Luo et al., 2005). The
gene fusion with the pspC like hic gene adds the C-terminal part of Hic from aa 266
to aa 612. Thus, the gene fusion encodes for a total of 637 aa which is larger than
PspC or Hic. Due to this gene fusion the modified recombinant PspC has an
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extended proline rich region from Hic. It has been suggested that the proline rich
region strengthen the flexibility of the protein. On the other site it can’t be excluded
that this might interfere with the protein stability in L. lactis. It is known that L. lactis
has an extracellular protease encoded by htrA which is involved in degradation of
recombinant proteins (Poquet et al., 1998).
L. lactis is widely used as model organism for heterologous expression of bacterial as
well as eukaryotic proteins or viral antigens (Zhou et al., 2006). Here we showed that
virulence factors like PspC can be expressed in lactococci and these recombinant
clones have the similar effects on host epithelial cells compared to S. pneumoniae.
This also implies that the heterologous expressed PspC is functional in other Grampositive bacteria and no significant difference in growth rates were observed between
lactococci expressing PspC or not. Several studies have reported the necessity of
PspC-hpIgR interaction for pneumococcal adhesion and internalization to host
epithelial cells (Agarwal & Hammerschmidt, 2009; Bergmann & Hammerschmidt,
2006; Hammerschmidt et al., 1997; Hammerschmidt et al., 2007).
Due to the lower abundance of chimeric PspC on lactococcal surfaces adherence of
recombinant lactococci to MDCK-pIgR cells is reduced compared to pneumococci
even in presence of Factor H, however, they internalized more efficiently.
Furthermore, the involvement of PspC-hpIgR interaction was confirmed by using
A549 human lung epithelial cells which lack pIgR. However, Factor H promoted the
internalization of PspC expressing lactococci which is in agreement to previous
reports (Agarwal et al., 2010b; Hammerschmidt et al., 2007).
In addition, this study elucidates the role of PspC in bacterial phagocytosis by
specialized macrophages. Interestingly, our results demonstrate that PspC had no
key role during phagocytosis. On contrary, chimeric PspC expressing lactococci were
phagocytosed two times more efficient in the presence of Factor H as compared to
the infections in the absence of Factor H (Fig. 3). In this scenario Factor H is
recruited via PspC to the lactococcal surface and phagocytosis is enhanced due to
binding of Factor H to the complement receptor 3 (CR3) of murine macrophages
(Agarwal et al., 2010b; Mihlan et al., 2009). Recently, we have reported that
pneumococcal infection via PspC-hpIgR mediate calcium release from intracellular
stores of host cells and this mobilization of calcium was assumed to be a defense
response of host cells. In this study, chimeric PspC expressing lactococci also
mediated the similar calcium influx as has been reported for pneumococci (Asmat et
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al., 2011). However it is noteworthy that calcium influx in response to lactococci was
lower (400 nM) compared to the response observed for pneumococci (600 nM).
Taken together, the results demonstrated the potential of L. lactis as a suitable host
to study the impact of individual virulence factors on their capacity to manipulate
eukaryotic epithelial cells and interfere with the host. We were able to demonstrate
that the lactococcal surface expression of just a single pneumococcal virulence
factor, which is involved in adhesion and host cell manipulation, turns lactococci into
bacteria with adhesive properties as they have similar effects on adherence to
epithelial cells compared to the human pathogen S. pneumoniae. These data
validate the results of previous studies regarding the role of PspC and point to an
approach to further explore the PspC-hpIgR interaction and signaling response in
epithelial cells by expressing PspC by non-pathogenic L. lactis.
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Abstract
Streptococcus pneumoniae (pneumococci), which is a harmful human pathogen and
the leading cause of community-acquired pneumonia, has evolved sophisticated strategies to
encounter its host. The pneumococcal surface protein C (PspC) is a major virulence factor
and adhesin interacting with the polymeric immunoglobulin receptor (pIgR) of respiratory
mucosal epithelial cells and the complement regulator Factor H. The human specific PspCpIgR interaction mediates pneumococcal adherence to and invasion into host cells, a
process that initiates host signal transduction cascades downstream of the receptor. Here,
we demonstrate the involvement of caveolin and clathrin coated vesicles in pneumococcal
uptake

via

the

PspC-pIgR

mechanism.

Disruption

of

cholesterol-rich

membrane

microdomains and functional inactivation or gene silencing of dynamin impaired
pneumococcal internalization. Intracellular pneumococci and recombinant Lactococcus lactis
expressing PspC were shown to be co-localized with clathrin. Moreover, inhibition of clathrin
with chlorpromazine or genetic knockdown of clathrin with shRNA reduced significantly
invasion of pneumococci into epithelial cells demonstrating the importance of clathrin for
endocytosis. Similar, the gene silencing of caveolin also decreased significantly the PspCpIgR uptake mechanism indicating that the efficient endocytosis of pneumococci requires the
cooperation of caveolin and clathrin coated vesicles. We also visualized the intracellular
trafficking of pneumococci after uptake by the PspC-pIgR mechanism. Following
internalization pneumococci and recombinant PspC-expressing lactococci entered the
endolysosomal pathway and were found in membrane-bound phagosomes identified in colocalization studies as early, recycling and late endosome by using GFP-labeled Rab
proteins. In conclusion, these results demonstrate that pneumococci are sorted into different
endosomal compartments of host epithelial cells, which can result in intracellular killing or
transcytosis. These data further indicate that pneumococci exploit the endocytotic capacity of
the pIgR to enter host cells, a mechanism requiring functional active caveolin and clathrin.

Introduction
Streptococcus pneumoniae (pneumococci) is a versatile pathogen that colonizes
asymptomatically the human nasopharyngeal cavity and causes local infections such as otitis
media and sinusitis and life-threatening invasive diseases, including lobar pneumonia, sepsis
and meningitis [1]. Pneumococci possess a wide variety of virulence factors that are thought
to contribute towards its pathogenesis [2,3]. These factors, which are adapted successfully to
different host niches, are involved either predominantly in nasopharyngeal colonization or
subsequently in dissemination and transmigration of host tissue barriers [4].
One important virulence factor of pneumococci is the pneumococcal surface protein C
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(PspC). PspC is a multifunctional choline-binding protein playing an important role in the
pathogenesis of this versatile pathogen. PspC interacts with host complement inhibitors such
as Factor H and C4b-binding protein, thereby inhibiting the complement activation on the
bacterial surface [5,6]. Additionally, PspC interacts in a human specific manner with the
polymeric immunoglobulin receptor (pIgR) of respiratory mucosal epithelial cells and this
interaction was shown to mediate adherence to and transmigration of pneumococci through
human epithelial cells [7,8,9]. Pathogens have evolved multiple strategies to interfere with
normal cellular processes in order to promote their entry and survival within the host.
Recently we have demonstrated that PspC-pIgR mediated pneumococcal uptake by host
epithelial cells is a highly complex process and involves a concerted role of host cell
cytoskeleton and signalling pathways [10]. These include the activity of small GTPase
member Cdc42, phosphatidylinositol 3-kinase (PI3K), Akt and transient release of calcium
from intracellular stores [11]. In addition, PspC-pIgR-mediated invasion of pneumococci
requires a co-ordinated signalling of Src PTKs, FAK, ERK1/2, and JNK [12]. The coordinated activation of these molecules contributes toward the cell membrane dynamics and
promotes pneumococcal ingestion by host cells. However, the host endocytotic machinery
involved in the pIgR mediated pneumococcal uptake is not known.
Several microorganisms or toxins penetrate into the cells through an existing entry
mechanism, for example, clathrin or caveolin-mediated endocytosis, micropinocytosis and
uptake via lipid rafts or phagocytosis [13,14,15,16,17,18,19,20,21]. In most eukaryotic cells,
clathrin is a major route of endocytosis [22] and has been most extensively studied. Clathrin
forms coated pit by accumulation on the inside face of the plasma membrane. Clathrin also
interacts with other essential molecules like adopter protein and dynamin [23]. The entering
mechanisms of pathogenic bacteria and residing intracellularly have been classified, based
on their invasion mechanism, into two well-differentiated groups, namely “zippering” and
“triggering” mechanism [14,24]. It has been proposed that the zippering bacteria invade in a
clathrin dependent manner while the triggering bacteria invade in a clathrin independent
manner [13]. On the other hand, the abundance of caveolin in many cell types is certainly
consistent with a major role in trafficking [22] and facilitate the internalization of bacteria and
their toxins [25]. Caveolin-1 (Cav1) is essential for the function and formation of caveolae
[26] and Cav1 forms the flask shape invaginations at the eukaryotic cell surface. Regarding
pneumococcal internalization it has been suggested that platelet activating factor receptor
(PAFr) mediated pneumococcal internalization depends on -arrestin and clathrin [27]. After
ingestion via PAFr pneumococci were found in vacuoles and were co-localized with Rab5,
Rab7, Rab11 and Lamp1 [27]. Moreover, studies have shown the involvement of clathrin
mediated pathway for both apical and basolateral internalization of rabbit-pIgR [28,29].
However, the pneumococcal endocytosis via-pIgR has not yet been addressed.
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The goal of this study was to elucidate the mechanism of PspC-pIgR mediated
pneumococcal internalization into host epithelial cells. Therefore, the role of dynamin
dependent clathrin and caveolin-mediated endocytosis of pneumococci was investigated. By
using a variety of pharmacological inhibitors and shRNA to knockdown the various
endocytotic pathways the key role of dynamin dependent pathways for pneumococcal
endocytosis via pIgR could be demonstrated. Furthermore, the intracellular trafficking of
pneumococci was monitored by employing pneumococci and heterologically PspC
expressing lactococci in the co-localization experiments.

Results
Pneumococci uptake by epithelial cells is impaired after depletion of cholesterol
Several types of endocytosis pathways including phagocytosis, micropinocytosis,
clathrin-mediated endocytosis, caveolae-mediated endocytosis and clathrin- and caveolinindependent endocytosis have been described in various cell types [30,31,32]. The nonphagocytic cells, also known as non-professional phagocytes, may utilize both clathrinmediated endocytosis and caveolae-mediated endocytosis [33]. Membrane microdomains
are essential for these endocytosis mechanisms. To disrupt these host cell domains prior to
the infection with pneumococci, cells were pretreated with increasing concentrations of
methyl-β-cyclodextrin (MβCD), an oligosaccharide removing cholesterol from plasma
membranes [20,34,35], or nystatin, a sterol binding drug which impairs specifically caveolae
mediated endocytosis [20,36]. After 1 hr of infection pneumococcal invasion was significantly
reduced in infections conducted in the presence of cholesterol chelators MβCD or nystatin
(Fig. 1A and B). In contrast, bacterial adhesion was not affected by MβCD or nystatin (Fig.
1C and D). The effect of both pharmacological substances was dose-dependent and it is
important to mention here, that higher doses of MβCD (10mM) reported in several studies
could not be repeated in Calu-3 and MDCK-hpIgR since concentrations higher than 3mM
were toxic (data not shown). Strikingly, the combination of MβCD (1mM) and nystatin (3 µg)
showed an additive effect (Fig. S1) suggesting that endocytosis of pneumococci via the
PspC-pIgR interaction involves two types of cholesterol-rich membrane microdomains.

A high proportion of intracellular pneumococci is taken up by membrane-bound
vacuoles
Infection studies using epithelial or endothelial cells have previously shown that
intracellular pneumococci are time-dependently killed by cellular defense mechanisms,
although they have also the capacity to transcytose tissue barriers such as cell layers
expressing the pIgR [8,11]. Most likely pneumococci are process in phagolysosomes and
therefore, co-localization studies of pneumococci and EGFP-labeled Lamp1 (lysosomal-
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associated membrane proteins 1) were performed by CLSM. Lamp1 is the major integral
protein of late endosomes and phagolysosomes [37] and killing of pneumococci by primary
human dendritic cells was recently associated with their localization in phagolysosomes [38].
Intracellular localization studies by CLSM performed 30 min and 2.5 hrs post-infection of
pIgR-expressing epithelial cells revealed that pneumococci can be found in phagolysosomes
as early as 30 min post-infection. This proportion of intracellular bacteria seems to be stable
for more than 2 hrs (Fig. 2), as extracellular bacteria were killed after 30 min and hence, no
further uptake can occur. However, the proportion of viable pneumococci decreases
dramatically after prolonged infection periods (data not shown). Importantly, recombinant
lactococci expressing as PspC as their sole adhesin [39], were also taken up by pIgRexpressing Calu-3 and MDCK-hpIgR cells, but not MDCK cells. Similar to pneumococci the
lactococci were also trapped in phagolysosomes, starting 30 min post-infection up to 2.5 hrs
post-infection (Fig. 2). These results confirmed the importance of the PspC-hpIgR interaction
for endocytosis and the subsequent trafficking of pneumococci two to late endosomal
compartments or phagolysosomes. Although the data showed that cholesterol-rich
microdomains are involved in uptake and that the late stage of infection are the
phagolysosomes, the cellular compartments involved in intracellular fate and endocytosis
have to be deciphered.

Functional dynamin is essential during PspC-pIgR mediated pneumococcal uptake
Dynamin is a large GTPase that is required for clathrin coated pits maturation,
caveolae mediated endocytosis and subsequent vesicle scission [31,40]. To investigate the
role of dynamin during pneumococcal uptake by pIgR expressing host epithelial cells,
dynasore, a specific inhibitor of dynamin [41] was employed in infection assays. Host cells
were preincubated for 10 min with different concentrations of dynasore prior to the infection
with pneumococci. Enumeration of the intracellular pneumococci by the antibiotic protection
assays revealed that dynasore inhibited pneumococcal invasion in dose-dependent manner
(Fig. 3A). In contrast, host cell adherence of pneumococci was not significantly affected in
the presence of dynasore (Fig. 3B and C).
These results were further confirmed by shRNA knockdown of dynamin. Similar to dynasore,
genetic ablation of dynamin reduced pneumococcal uptake by pIgR-expressing epithelial
cells, while adherence was not altered (Fig. 4). ). Endocytosis of pneumococci into pIgRexpressing cells was dramatically lower for PspC-deficient pneumococci [9,10], however, the
genetic silencing of dynamin had no additional effect (Fig. 2S). Taken together these results
strongly suggest a key role of dynamin during pneumococcal endocytosis via the pIgR.
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Clathrin is essential for pneumococcal internalization
To assess the role of clathrin during pneumococcal uptake by pIgR expressing nonphagocytic host cells, infection assays were performed in the presence of chlorpromazine.
Chlorpromazine is a specific inhibitor of the clathrin machinery and causes loss of functional
clathrin and adaptor protein-2 (AP2) [42]. Inhibition of clathrin-coated pits by chlorpromazine
was dose-dependent and in its highest concentration chlorpromazine caused an 80%
reduction of intracellular recovered pneumococci (Fig. 5A). The used inhibitor concentrations,
however, did not show a significant effect on pneumococcal adherence to host cells (Fig.
5C). To further confirm the pneumococcal uptake by the clathrin-mediated endocytosis
pathway, genetic knockdown of clathrin in pIgR-positive Calu-3 cells was performed by
shRNA. The results demonstrated a significant decrease in pneumococcal uptake by host
cells when clathrin was genetically silenced compared to the control scrambled shRNA
transfected cells (Fig. 5B, D, and F). The genetic ablation of clathrin was confirmed by
immunoblot analysis (Fig. 5E). Moreover, uptake of PspC deficient was not changed in cells
with a clathrin knockdown, demonstrating the importance of the PspC-pIgR interaction the
bacterial uptake mechanism (Fig. S3). These results indicated that pneumococcal
endocytosis requires the active involvement of the clathrin machinery.

Pneumococci recruit clathrin during internalization
To visualize the role of clathrin during pneumococcal internalization, Calu-3 and
MDCK-hpIgR cells transiently transfected with a plasmid expressing enhanced green
fluorescence protein (EGFP) tagged clathrin light chain protein were employed in infection
assays and co-localization studies were performed. CLSM showed that fluorescently tagged
clathrin co-localized with pneumococci as early as 30 minutes post-infection (Fig. 5G) and
could be detected in close vicinity with clathrin even after 1.5 hrs of infection (Fig. 5G). The
fluorescence intensity profile clearly demonstrates the recruitment of clathrin (green) in the
vicinity of internalized bacteria (red). However, no co-localization of clathrin and
pneumococci was observed MDCK cells lacking pIgR were infected with pneumococci
indicating the improtance of the pIgR for uptake (Fig. 5G). In order to corroborate these
findings, Lactococcus lactis expressing pneumococcal PspC (L. lactis pGKK1) were used in
the cell infection assays with MDCK-hpIgR cells. The result showed the co-localization of
clathrin with PspC expressing lactococci during endocytosis and intracellular localization
(Fig. 5G) while this co-localization could not visible when the cells were infection with control
lactococci lacking surface exposed PspC protein (Fig. 5G). Taken together, the data suggest
that clathrin plays an important role during pneumococcal uptake by host epithelial cells and
that PspC-pIgR-mediated pneumococcal internalization occurs by the recruitment of clathrin.
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Caveolae have a functional role in PspC-pIgR-mediated uptake of pneumococci
The functional role of Caveolin-1 (Cav1) for pneumococcal endocytosis via the PspCpIgR-mechanism was explored by down-regulating Cav1 levels in Calu-3 cells using human
cells specific shRNA. Reduced Cav1 levels resulted in lowere levels of pneumococcal
internalization by epithelial cells as demonstrated by the antibiotic protection assay
compared to non-treated or mock-transfected cells (Fig. 6A). The total number of cellassociated pneumococci in transfected cells with a Cav1 knockdown was similar to control
infections with scrambled shRNA transfected Calu-3 cells (Fig. 6B). The expression of
caveolin by host cells was confirmed by immunoblot analysis (Fig. 6C). In addition, inhibition
of bacterial uptake was PspC-hpIgR specific, as PspC deficient pneumococcal uptake or
association remained unaltered by Cav1 expression (Fig. S4). Taken together, these results
demonstrate that Cav1 contributes also significantly to the internalization of pneumococci by
host epithelial cells.

Pneumococcal sorting into early endosomes
To identify the subsequent trafficking route and the specific intracellular membrane
compartments into which pneumococcal vacuole taken up by clathrin-mediated endocytosis
are sorted, pIgR expressing host epithelial cells were transiently transfected with EGFPtagged Rab5 protein. The Rab5, that belong to the group of Ras small GTPases which
regulate the endocytotic pathways, is involved in early endocytosis and have been
considered as early sorting station [43,44,45]. Rab5 is specifically associated with
internalization of clathrin-coated pits [46]. The confocal microscopy studies of infected cells
showed that pneumococci co localized with Rab5-positive early endosomes, 1 hrs postinfection (Fig. 7A). Upon prolongation of infection, 2 hrs post infection, pneumococci began
to escape from the early endosomes (Fig. 7A). In contrast, no such co-localization was
observed in pIgR lacking MDCK cells (Fig. 7A). Moreover, similar pattern of co-localization
with Rab5 was observed upon infection of pIgR expressing cells with lactococci expressing
PspC (Fig. 7A). However, in the absence of PspC protein this effect could not be observed
(Fig. 7A).

Pneumococcal recycling
Rab4 has been suggested to play a role in recycling from early endosomes back to
plasma membrane [47]. Pneumococcal recycling was observed in transiently transfected
host cells expressing Rab4 protein tagged with EGFP in infection assay. The data suggest
that some pneumococci endocytosed by clathrin dependent pathway by-pass late endosomal
and lysosomal degradation by sorting from early endosomes to recycling endosomes in
Calu-3 and MDCK-hpIgR cells (Fig. 7B). As expected, no involvement of recycling
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endosomes was observed in MDCK cells (Fig. 7B). Furthermore, lactococci expressing PspC
efficiently co-localized with EGFP-labeled Rab4 (Fig. 7B) while lactococci lacking PspC were
not observed to co-localize with recycling endosomes (Fig. 7B)

Pneumococcal vacuole trafficking into late endosomes
In order to investigate whether the pneumococci containing vacuoles undergo early to
late endosome transition, GTPase Rab7 which is primarily associated with late endosomes,
was monitored in infection assays [48]. The CLSM images showed that pneumococci colocalized in Rab7-positive host cell compartments as early as 1 hr post-infection (Fig. 7C).
However, this co-localization was also observed at later time points, e.g. 2 hrs post-infection
(Fig. 7C). The confocal orthogonal view of magnified area and the same part divided by
colors depicts clear capture of pneumococci by late endosomes. The fluorescence intensity
profile also demonstrates the same effect. The same phenomenon was also observed when
lactococci expressing PspC were employed in infection assays (Fig. 7C). However, bacterial
uptake by late endosomes was impaired when using MDCK cells (Fig. 7C) or when MDCKhpIgR cells were infected with lactococci lacking PspC (Fig. 7C). The presence of bacteria at
early time points in late endosomes suggest that pneumococci are not only delivered from
early endosomes to late endosomes but probably some direct trafficking of pneumococci
from clathrin coated vesicles or some other pathways could be involved in this event.

Discussion
Bacterial pathogens have a variety of cell-surface adhesins that enable them to attach to
host cells. Some of these adhesins can bind to host cell receptors on non-phagocytic cells,
thereby allowing the uptake of bound bacteria into the host cells. Although pathogen
internalization mechanisms differ amongst microorganisms, they share common features
such as the ability to engage and modulate host intracellular-signaling pathways.
S. pneumoniae, the leading cause of pneumonia, meningitis, and sepsis, possess several
virulence factors that are involved in the progression of pneumococcal diseases.
Pneumococcal PspC has been identified as a major adhesin promoting adherence and
invasion into host cells via its human specific interaction with the pIgR of respiratory epithelial
cells [49,50]. However, the endocytotic mechanism(s) involved in pneumococcal uptake per
se have not been explored yet. Understanding the pathway of pneumococcal entry and
deciphering the endocytotic mechanism(s) and its regulation is important for understanding
pneumococcal pathogenesis.
The process of endocytosis or uptake mechanism consists of internalization of molecules
from the cellular surface into internal membrane compartments, and vesicular trafficking.
This process is divided into two main pathways the classic, clathrin-mediated endocytosis
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and the non-classic, clathrin-independent, but lipid-raft dependent pathway [51].
This study demonstrates a comprehensive view of PspC-pIgR mediated pneumococcal
endocytotic pathway requiring dynamin dependent endocytosis (caveolin and clathrin). The
intracellular fate was shown to involve endosomal trafficking via early, recycling, and late
endosomes and lysosome formation.
The role of dynamin, a large GTPase playing a critical role in numerous endocytic pathways
including clathrin-mediated endocytosis and caveolin-mediated endocytosis as well as some
of the non-clathrin/non-caveolin-dependent pathways was indicated here. Dynamin is also
required for the release of newly-formed endocytic vesicles from the plasma membrane
[19,52] and several pathogens like Listeria monocytogenes [53,54], Vesicular stomatitis [55]
and viruses including HIV [56] have earlier been shown to invade host cells in dynamin
dependent manner. Two different approaches were adopted to deplete a functional dynamin,
namely the use of dynasore, a widely used specific chemical inhibitor of dynamin
[41,57,58,59], and the genetic interference approach with dynamin shRNA to knockdown the
expression of dynamin. Dynasore significantly inhibited pneumococcal internalization in
Calu-3 and MDCK-hpIgR cells in a dose-dependent manner (Fig. 3) without affecting
pneumococcal adherence to host cells (Fig. 3). Dynamin shRNA also inhibited
pneumococcal uptake (~60%) compared to wild-type dynamin and scrambled shRNA (Fig.
4). However, pneumococcal adherence remained unaltered. These results demonstrated that
PspC-hpIgR mediated pneumococcal internalization into host cells involves dynamin. These
results restricted our search to the dynamin dependent (caveolin and clathrin) endocytotic
pathways.
Having shown that pneumcoccal endocytosis is dynamin dependent, we examined by which
dynamin dependent mechanism pneumococci are endocytosed. First we investigated either
caveolins, reported to mediate dynamin dependent endocytosis [60], could be involved in
pneumococcal endocytosis. For this purpose, either caveolin was disrupted by specific
pharmacological substance like MβCD [34,35] or nystatin [36] or by its specific shRNA.
Protein levels for caveolin was significantly reduced as compared to control and scramble
transfected cells (Fig. 6). The results demonstrated a critical role of caveolin in
pneumococcal uptake as compared to control (Fig. 6) and importantly, pneumococcal
adherence remained unchanged (Fig. 6). Caveolin has been also reported to play important
role in uptake of several pathogens like E. coli [61,62], Pseudomonas aeruginosa [63],
Chlamydia trachomatis [64], Campylobacter jejuni [65], Brucella abortus [66]

and

Mycobacterium tuberculosis [67] and our results are in agreement to these previous studies.
The most characterized endocytotic pathway is clathrin and several studies have
hypothesized the necessity of clathrin when pathogens and toxins endocytosed via dynamin
[13,14,15,19] and similar observations have been recorded in this study. To elucidate the
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role of clathrin-mediated endocytosis in pneumococcal uptake by PspC-pIgR method,
chlorpromazine, a specific and commonly used inhibitor of clathrin was used [42,68,69]. The
results demonstrated a significant involvement of clathrin dependent pneumococcal uptake
because chlorpromazine inhibited the pneumococcal internalization in dose-dependent
manner (Fig. 5) and it’s in agreement to results reported for other pathogens [13,57,70]. In
order to further confirm that the PspC-hpIgR mediated pneumococcal uptake by host cells is
clathrin dependent, we depleted the clathrin by shRNA. Results demonstrate that besides
caveolin, functional clathrin is also essential during pneumococcal uptake (Fig. 5) and
C. trachomatis has been reported to usurp dynamin and clathrin dependent pathway
[57,71,72]. Furthermore, this phenomenon was confirmed by the pneumococcal and PspC
expressing lactococcal co-localization with clathrin in pIgR cells expressing green fluorescent
labeled clathrin (Fig. 4). Keeping in mind the infection time required by pneumococci to get
internalized in host cells, they were quite efficiently surrounded by clathrin with in 30 min of
infection which is in agreement with clathrin mediated uptake. However, pneumococci in
MDCK cells lacking pIgR or lactococci lacking PspC were unable to endocytose by clathrin
mediated pathway. These results strengthen our hypothesis that pneumococcal clathrin
mediated endocytosis is PspC-hpIgR interaction specific.
The second main purpose of this study was to elucidate the sorting and trafficking
mechanism of endocytosed pneumococci. To achieve this, Rab5, Rab4 and Rab7 were used
as markers for early, recycling and late endosomes respectively while lamp1 was used as
marker for lysosomes [37,45,46,47,48,73,74]. Rab5 has been reported to localize the
membranes of early endosomes, activates Rab7 and also plays a role in exchange of Rab5
to rab7 [73,75,76] and Rab4 is reported to localize with early recycling endosomes. Rab7
and Lamp1 are associated with late endosomes and lysosomes respectively [73]. The
bacteria after one hour of infection were delivered into early endosomes (Fig. 7A) or
recycling endosomes (Fig. 7B) which demonstrate that PspC-pIgR mediated pneumococcal
and lactococcal uptake follows the classical clathrin endocytotic pathway and presence of
bacteria in recycling endosomes give a hint to transcytosis which is in agreement to previous
results [8]. However, presence of bacteria at the same time (after one hour of infection) in
Rab7 positive compartments (Fig. 7C) indicate that Rab7 is not only associated with
endosome-lysosome fusion but may also play a role in direct uptake of pneumococci as has
been proposed for other bacteria earlier [74]. Interestingly, presence of bacteria in lamp1
positive compartments only after 30 min of infection which is earlier time point as compared
to different endosomes, suggest the alternate routes of PspC-hpIgR mediated bacterial
uptake instead of transfer from late endosomes to lysosomes. It is also in agreement to
previous study reporting that pathogens endocytosed via traditional clathrin pathway are
degraded in lysosomes[77]. However, pneumococci were able to persist in lysosomes up to
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4 hours after internalization (data not shown) which is in agreement to our previous results
[11].
In conclusion, we have demonstrated the mechanism responsible for PspC-hpIgR mediated
endocytosis of pneumococci. Uptake of pneumococci is under dynamin dependent pathway
and endocytosis is blocked by inhibiting the function of dynamin. Furthermore, this study
provides evidence that pneumococci are endocytosed by clathrin dependent and caveolae
independent processes. Moreover, this endocytosis is PspC-hpIgR specific and endocytosed
bacteria follow the classical clathrin pathway with minor deflection.

Materials and Methods
Bacterial strains, culture conditions and construction of recombinant Lactococcus
lactis
S. pneumoniae (NCTC10319; serotype 35A) and isogenic pspC-mutant pneumococci
were cultured in Todd-Hewitt broth (Oxoid, Basingstoke, UK) supplemented with 0.5% yeast
extract (THY) to mid-log phase or grown on blood agar plates (Oxoid). Recombinant L. lactis
pGKK1 (expressing PspC) or L. lactis 3535 as control (harboring the vector only) were
constructed and grown as described recently [39] .

Cells culture, in vitro infection experiments and inhibitor studies
Human pIgR expressing lung epithelial cells Calu-3 (ATCC HTB-55) and Madin-Darby
canine kidney (ATCC CCL-34) stably transfected with or without hpIgR cDNA in pCB6 were
grown as recommended by ATCC and maintained as described earlier [10]. Host cells were
preincubated with or without inhibitors for the desired time and these inhibitors remained in
media throughout the infection time. Host cells were infected with a multiplicity of infection
(MOI) of 50 bacteria per host cell was carried out. In order to achieve simultaneous
attachment of bacteria to epithelial cells, a centrifugation step at 120 × g was conducted for 3
min.. Infections were carried out for 1 h or as mentioned at 37 °C and 5.0% CO2. To remove
unbound bacteria from the medium of the infection experiment, host cells were thoroughly
washed with pre-warmed DMEM-HEPES. To evaluate the effect of DMSO, control
experiments were performed in which the host cells were incubated with DMSO alone and
infected as indicated. Results demonstrated no effect of DMSO on bacterial and host cell
viability, and pneumococcal adherence as determined by immunofluorescence microscopy
(data not shown). To quantify the total number of bacteria associated with epithelial cells,
unbound bacteria were removed by thorough washing and thereafter saponin treated cells
were plated on blood agar plates.
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Antibiotic protection assay
Gentamicin survival assays were performed as previously described [12]. Briefly, after
host cell incubation with the bacteria, gentamicin (100µg/ ml) and penicillin (100 units/ ml)
were added to the culture medium for one hour. These antibiotics kill the extracellular
bacteria while the intracellular bacteria remain protected. The number of internalized bacteria
was determined by serial plating of the cell lysates on blood agar plates and counting the
colony forming units after 24 h of incubation at 37°C and 5% CO2.

Reagents and antibodies
To detect pneumococci and visualize the bacteria by fluorescence microscopy goat
anti-rabbit or goat anti-mouse conjugated with Alexa568, Alexa488, or CY5 (Invitrogen) were
used. Mouse monoclonal antibody anti-clathrin heavy-chain, goat polyclonal antibody
anti-dynamin, rabbit polyclonal antibody anti-Caveolin-1 were all from Santa Cruz
Biotechnology Inc. (Heidelberg, Germany). Polyclonal antibody goat anti-GAPDH was
purchase from Abnova (Heidelberg, Germany). HRP conjugated antibodies were from
(Jackson Laboratories, Dianova, Hamburg, Germany), Chlorpromazine from Calbiochem,
MβCD and nystatin were purchased from Sigma Aldrich. Dynasore was kindly provided by
Tomas Kirchhausen, Immune Disease Institute, Harvard Medical School, Boston, MA [41].

Plasmids and Transfection assays
Plasmid shRNA against dynamin I/II (sc-43736-SH), clathrin heavy chain (sc-35076SH) and caveolin-1(sc-29241-SH) were purchased from Santa Cruz Biotechnology. Light
clathrin chain (LCa-EGFP) and Lamp1-EGFP plasmids were kind gifts from Tomas
Kirchhausen and Michael Hensel, Institute of Microbiology, University of Osnabrück,
Germany, respectively. Rab5-EGFP, Rab4-EGFP and Rab7-EGFP were kindly provided by
Marino Zerial, Max Planck Institute of Molecular Cell Biology and Genetics, Dresden
Germany.

Transfections were

performed using

lipofectamine (Invitrogen)

and as

recommended by the manufacturers. Cells were used for infection experiments after 48
hours of transfection.

Immunolabeling and Microscopy
Cells were fixed with a paraformaldehyde (PFA) solution (3% in PBS) for 30 min.
Extracellular bacteria were stained using polyclonal anti pneumococcal or lactococcal
antiserum and secondary goat anti-rabbit IgG coupled to Cy5 (blue) or Alexa488. Afterwards
the cells were permeabilized for 10 min with 0.1% Triton X-100 in PBS. Extra- and
intracellular bacteria were stained by using antiserum against pneumococci or lactococci and
secondary goat anti rabbit IgG Alexa568 (Red). Thus extracellular bacteria appear violet
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(blue and red) or yellow (green and red) while internalized bacteria appear red in color. The
stained samples were viewed with a confocal laser scanning microscope (Zeiss
LSM510Meta). The LSM10 software was used for image acquisition. Alexa 488 (green), Cy5
(blue) and Texas Red (red) Channels in the CLSM were used.

Statistical Analysis
All data are reported as ± s.d.. Results were statistical analyzed using the paired twotailed student’s t-test, and a value of *p < 0.001 was accepted as indicated significance.
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FIGURE LEGENDS
Figure 1. Depletion of cholesterol impairs PspC-pIgR mediated pneumococcal uptake
by epithelial cells
Epithelial cells expressing human pIgR were treated with (A and C) methyl-β-cyclodextrin
(MβCD) or (B and D) nystatin 30 min prior to pneumococcal infections with a MOI of 50
bacteria per cell. (A) and (B) The number of recovered intracellular pneumococci were
determined by the antibiotic protection assay 1 h post-infection.
(C) and (D) The total number of bacteria associated with host cells was determined after
removing unbound extracellular bacteria and serial plating of the samples on blood agar
plates. The number of intracellular or host cell-associated pneumococci in the absence of
inhibitor (none) was set to 100%. The data represent the mean ± s.d. of at least three
independent experiments performed in duplicate. *P < 0.001 and **P < 0.0001, relative to
infections in the absence of inhibitor.
(E) Immunofluorescence microscopy of pneumococcal attachment to Calu-3 and MDCKhpIgR cells in the absence (none) or presence of MβCD (3µM) and nystatin (5µg). Bar
represents 10 μm in all panels.
Figure 2. Lysosomes actively take part in pneumococcal killing
(F) Lung epithelial cells transfected with a construct encoding the GFP-tagged Lamp1 were
infected for 30 min or 150 min with pneumococci or L. lactis pGKK1 or control strain L. lactis
3535. Extracellular host cell unbound bacteria were removed prior to fixation and samples
were processed for immunofluorescent CLSM to visualize Lamp1-GFP (green), intracellular
pneumococci/lactococi (red) and all pneumococci/lactococci (blue and red, appearing violet)
in Calu-3, MDCK-hpIgR or control host cells MDCK. For staining of the bacteria the specific
anti-bacteria sera and secondary goat anti-rabbit IgG coupled to Cy5 (blue) or Alexa488
were used.
The marked areas (white boxes) were enlarged and present the confocal orthogonal view
(xy, xz, yz planes) from single optical sections. The local co-localization of GFP-Lamp1,
extracellular (blue) and intracellular (red) pneumococci or lactococci is shown and quantified
by plotting the fluorescence intensity as detected in the 488, Cy5, and Texas Red channels,
respectively, together with the distance in µm. Bars in the left panels represent 5 μm.
Figure 3. Dynasore inhibits pneumococcal internalization via the PspC-pIgR
mechanism
Host epithelial cells expressing pIgR were pretreated for 10 min with different concentrations
of dynasore and afterwards infected for 1 h with pneumococci in the presence of the inhibitor.
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(A) The number of viable recovered pneumococci was determined post-infection with
pneumococci by the antibiotic protection assay. Data are expressed as the mean ± SEM of
at least three independent experiments performed in duplicate. *P < 0.001 and **P < 0.0001,
relative to infections in the absence of dynasore.
(B) The total number of bacteria associated with host cells was determined after removing
unbound extracellular bacteria and plating the cell associated bacteria on blood agar plates.
(C) Immunofluorescence microscopy of pneumococcal adherence to Calu-3 and MDCKhpIgR cells in the absence (none) or presence of dynasore (80µM). Bar represents 10 μm in
all panels.
Figure 4. Dynamin is required for efficient host cell internalization of pneumococci and
for co-opting clathrin
Expression of dynamin was knocked-down by shRNA dynamin and the number of
intracellular pneumococci (A) and total number of pneumococci associated with host cells
(B), respectively, were determined. Data are shown relative to the results measured in nontransfected cells (none) set to 100% and represent the mean ± s.d. of at least three
independent experiments performed in duplicate. *P < 0.001, relative to infections carried out
in non-transduced cells.
(C) Immunoblot analysis of dynamin expression in control cells (none), scrambled shRNA, or
dynamin shRNA-transfected cells.
Figure 5. PspC-hpIgR dependent pneumococcal entry into host cells requires clathrin
(A) Clathrin specific inhibitor chlorpromazine or (B) shRNA inhibits pneumococcal uptake by
host cells. Calu-3 and MDCK-hpIgR were pretreated for 30 min with chemical inhibitors or for
48 h with shRNA prior to infection with pneumococci.
(C and D) Association of pneumococci with host cells was determined by the antibiotic
protection assay. Mean values and ± s.d. for three independent experiments are shown
relative to the untreated control (none) set to 100%. *P < 0.001, relative to the controls.
(E) Knockdown of targeted protein was confirmed by Western blotting and compared to a
control protein.
(F) Immunofluorescence microscopy of pneumococcal adherence to Calu-3 and MDCKhpIgR cells in the absence (none) or presence of chlorpromazine (10µM). Bar represents 10
μm in all panels.
(G) Host epithelial cells were incubated with pneumococci, PspC-expressing L. lactis
pGKK1or control strain L. lactis pMSP3535. Unbound bacteria were removed by washing or
extracellular bacteria were killed by antibiotic treatment. Host cells and bacteria were fixed
and processed for immunofluorescent CLSM to visualize GFP-labeled clathrin (LCa-EGFP;
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green), intracellular bacteria (red) and intra- and extracellular bacteria (red and blue). The
higher magnification of the white boxes presents the confocal orthogonal views (xy, xz, yz
planes) from single optical sections and show the co-localization of clathrin (green) and
intracellular pneumococci (red). Extracellular pneumococci are stained blue and red and
appear violet. The fluorescence intensity was plotted against the distance. Bar represents
5 μm in all panels.
Figure 6. Caveolin is involved during pneumococcal entry into pIgR expressing cells
(A) Expression of caveolin was knocked-down using caveolae shRNA and pneumococcal
invasion was assessed by the antibiotic protection assay. (B) Total host cell associated
bacteria were quantified 1 h post-infection. The results were compared to infections
performed with non-transfected, set to 100%, and scrambled shRNA cells. The graphs show
the mean values ± s.d. of at least three independent experiments done in duplicate.
*P < 0.001, relative to non-transfected cells.
(C) The shRNA-mediated knockdown of caveolin was verified by immunoblot analysis.
Figure 7. Imaging of the intracellular fate of pneumococci after uptake of via the PspChpIgR mechanism
Host cells expressing the human pIgR (Calu-3 and MDCK-hpIgR) and the control cell line
MDCK were transfected with a construct encoding GFP-Rab5 (A), GFP-Rab4 (B), and GFPRab7 (C), respectively. The transfected host cells were infected for 1 hr or 2 hrs with
pneumococci, L. lactis pGKK1 expressing PspC, or control bacteria L. lactis 3535. Infections
were stopped by removing unbound bacteria and fixing the samples with PFA. Afterwards
extra- and intracellular bacteria were stained as described in Materials and Methods using
specific antisera generated against pneumococci and lactococci, respectively.
The marked areas (white boxes) were enlarged and show the co-localization of pneumococci
with Rab proteins as a confocal orthogonal view (xy, xz, yz from a single representative
optical section). The graphs show the fluorescence intensities of GFP-Rab proteins and colocalized intracellular (red) or extracellular (blue) bacteria. The white lane in the enlarged
image is shown as the distance in the graphs. Rab5 (A) represents the endosomal marker
for early endosomes, Rab4 (B) for recycling endosomes and Rab7 (C) is a late endosomal
maker involved in transport of cargo from early to late endosomes. Scale bars in the left
panels represent 5 μm.
Figure 8. Schematic model for proposed S. pneumoniae mechanisms of endocytosis
in hpIgR expressing host epithelial cells
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Figure. 8
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Supporting Information
Figure S1. Additive effects of clathrin and caveolin inhibitors during pneumococcal
uptake by host epithelial cells
Host epithelial cells were pre-treated individually with the pharmacological substance
chlorpromazine, nystatin and MβCD, respectively, or with a combination of two inhibitors as
indicated. The host cells were then infected with pneumococci for 1 h in presence of
inhibitor(s). The results show the additive effects of the combination of inhibitors. The number
of intracellular bacteria (A) or pneumococci associated with host cells (B) was set to 100%
and results shown are the means ± s.d. of at least three independent experiments performed
in duplicate. *P < 0.001, relative to infections in the absence of inhibitor.
Figure S2. The role of dynamin in cell entry of pneumococci via PspC-hpIgR
Dynamin is required for efficient uptake of wild-type S. pneumoniae expressing PspC but not
for bacteria deficient in PspC (ΔpspC). Expression of dynamin was knocked-down by shRNA
dynamin and cells were infected for 1 h with pneumococci.
(A) Intracellular and recovered pneumococci by the antibiotic protection assay and (B) total
pneumococci associated with host cells. Data are shown relative to the results of nontransfected host cells and represent the means ± s.d. of at least three independent
experiments performed in duplicate. *P < 0.001, relative to infections in the absence of
dynamin shRNA or scrambled shRNA.
Figure S3. Clathrin independent entry of ∆pspC pneumococci in pIgR expressing
Clathrin has no significant role during ∆pspC pneumococcal uptake by hpIgR expressing
host cells. Clathrin expression of host cells was knocked-down by employing specific clathrin
shRNA and host cells were infected for 1 h with S. pneumoniae wild-type or ∆pspC for 1
hour. (A) Intracellular bacterial and (B) total bacteria associated with host cells were
determined and are shown relative to results from control samples (none) as the means ±
s.d. from at least three independent experiments performed in duplicate. *P < 0.001, relative
to infections in the absence of clathrin shRNA or scrambled shRNA.
Figure S4. Caveolin play a role during PspC expressing pneumococcal entry into pIgR
expressing cells but not during PspC deficient pneumococci
Caveolin was knocked-down by a genetic interference approach using specific shRNA.
Infections were carried out for 1 h and (A) intracellular bacterial were determined by the
antibiotic protection assay. (B) The number of bacteria associated with host cells. Results of
non-transfected control samples (none) were set to 100% and results represent the means ±
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s.d. from at least three independent experiments performed in duplicate. *P < 0.001, relative
to infections in the absence of caveolae shRNA or scrambled shRNA.
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