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ABSTRACT

Streptococcus pneumonide a major cause of severe infections such as pneumonia,
septicemia and meningitis, but also a comroolonizer of the nasopharynx in childrén

most individuals colonization is harmleasd eventually cleared by the immune system, but

in rare cases pneumococci can reach deeper into the body anddsmasesit is not
understood why pneumococci caustectionsin a few individuals while in mostases the
bacteria g limited to the msopharynx and eventually cleared. It is clear, howekeat a
well-orchestrated immune system is essential to prevent and limit pneumococcal infections.
Macrophages aressential for an early clearance of pneumococci and dendrikic arel
required to initiat@ppropriate adaptive responsBeth cell typesverestudied in thighesis.

Cytokine secretion by dendritic cells directs the developmenta#ll§ and westudied the
inductionof IL-12 secretionby dendritic cellan response to pneumococ¥tie showed that
pneumococcal RNA was recognized BiR3, which together withthe adapter molecule
TRIF induced secretion of IE12. Infection of dendritic cellswith influenza A wius
upregulated TLR3 expression whicbntributedo a more efficient detection of pneumococci
and enhancell.-12 secretion.

We observed that thneumococcagbore formingtoxin pneumolysirhadprofound effects on
cytokine responses in human deitd cells and macrophage$Ve found acell death
independentnhibition of cytokinesecretion in human dendritic cells and macrophages by
pneumolysin expressing pneumococci. Interestinblywever cytokine secretion by
macrophages derived from theimanTHP-1 cell line was enhancedh the presence of
pneumolysin We describegoneumolysin mediated effects these cell typeand explored
initial insight into the underlying mechanisms.

Clearanceof pneumococci bynacrophages is supported dgposition of omplement on the
bacterial surfaceThe pneumococcal surface protein PspC bimamanFactor H toevade
opson@hagocytosis, andan also act as adhean. We characterizetvo variants ofPspC
proteins present iB6 clinical isolates. The two proteins showeifferential expression
patters on the bacterial surfaaad had distinct functionsas Factor H binding protein or
adhesin Small changes in surface localization impaired the protein fundtidizating the
importance otorrect surface expression.

We testedhe effects of vitamin D otheactivationof dendritic celldoy pneumococandthe
induction of Fcell responses/itamin D supported dendritic cell maturation and skewed T
cell responses from an inflanatory to a regulatory phenotype.

This work gives insight into the complex interactions betw8epne@moniaeand human
immune cells, and underlines tdgnamiceffectsof pneumococcal virulence factors on the
host. A thorough understanding tife activation and evasion of immune responses by
pneumococcias well as the effects of immunomodulatory agents such as vitam& D
essential for the development of future treatment options and vaccine approaches.
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1 INTRODUCTION

1.1 STREPTOCOCCUS PNEUMONIAE

Streptococcus pneumoniagas first described in 1881 when Steinberg and Pasteur
independently reported the isolation of a lancet shaped diplococcus from the blood of rabbits
injected with human salivél, 2) Within the same decade, the potential of the bacterium to
cause pneumonia, meningitis and asit media was established and ug to its role in
pneumonia, théacteriumwasreferred to a¥neumococcusr Diplococcus pneumonga In

1974 itwasgiven its current nameStreptococcus pneumonjaeased on the characteristic

long chains of cocci that are formed when the bacterium grows in liquid ni@dia
Nevertheless, the bacterium is still commonly referred theapreumooccus

The pneumococcuis facultative anaerobe argtowson blood agar plates where fibrms
colonies surrounded by a green zoniadicating Uhemolysis (Fig. 1) The green color
appeardecausehe bacterium lyseed blood cells and oxidizdiemoglobinS. pneumoniae
is sensitive to optdin andcantherebybe distinguished fronbacteria othe commensé&b.
viridansgroup which alscare-hemolytic

The Grampositive cell wall of pneumococci is surrounded by a characteristic thick
polysaccharide capsule. The composition of the capsular polysaccharides is very diverse and
determines the serotype of a pneumococcus. Over 90 different serotypes haderiidieal

so far.

Figure 1 Serotype 4 strain TIGR4 grown over nightat 37°C and 5%CO,o0n a blood agar plate.



Pneumococci ar@aturallytransformable, with means thahey efficiently takeup genetic
materialfrom their environment andntegrate itinto their genome, creating a high genetic
diversity between pneumoccal straing4). Griffith demonstrated this for the first time by
injecting micesubcutaneouslwith an unencapsulatedon-virulent variant, as well as a heat
killed encapsulated variant &. pnemoniae The mice succumbed to the infection and
Griffith could isolate acapsulated bacteria from théobd, indicating that the genetic
material for the capsule was transferfesin the dead bacteria to thediand previously
unencapsulatednes(5). This led laterto thegroundbreakingliscovey of deoxyribonudeic
acid (DNA) as the transformingprinciple by Avery, which was the first time DNA was
identified asgenetic materia(6).

1.1.1 Pneumococcal Diseases

Colonization

S. pneumoniaes part of the natural flora of the humaasopharynxand snall children are
commonly colonized with the bacteriuRneumococci arairborne,spread via dropletsand
colonization rates careach up to 60% in childrefr, 8) whereasaround 5%of adults are
colonized(9, 10) In most casedhe bactrium resides silently in the nose and is eventually
clearedby the immune system, but iare cases pneumococeach deeper into the body and
cause pneumococcal diseases.

The serotypes of pneumococci differ in their potentiatanize the nose and twause
invasive diseasé&Vhile some serotypesuch a$B, 19F and 23Fre frequent colonizeend
rarely cause disease, others, suckeastype 1, 5 andate prominentauses of diseagtl).

Carriage duration varies between serotyped age groups. A Swedish study observed
periodsof cariage between 2 and 368 daygith an average duration oB7 days. The
duraton of colonization also depended the age, where childramder the age of 5 had
significantly longer periods of colonization than older individu8ksrotype 6 and 2showed
the longest colonization periods in childggunger than 5 yea(42).

Pneumococcal colonization & prerequisite fopneumococcal diseasad can lead to mild
diseases such as otitis media and sinusitis or severe invasive diseases like pneumonia,
bacteremia and meningitis



Otitis Media

The most common manifestation 8f pneumoniaénfections isacute otitis media, an
infection of the middle ear whiabccurswith high frequency irsmall childrenIn the Unhited
States pneumococcal infections are estimatedatmuallycause3.1 million caes of otitis
media in children younger than $ears (13). The infection usuallyfully resolves
spontaneously but regent otitis media can lead ®equelae includingpearing loss and
speech delay. Pneumococank among the modrequent bacteria isolated wtitis media

(14) and are associated with earfcute otitis mediaThese early infectionsan predispose
children toinfectionswith other bacteria and viruses leading to recurrent and more persistent
mixed-species ifections(15).

Sinusitis

Sinusitis, also known as rhinosinusitis, is an inflammation op#iianasal sinuses, which are
cavitiesin the cranial bon@round thenose S. pneumoniaés one of the most frequently
isolated bacteria causing sinus(ti§).

Pneumonia

Pneumonia, an inflammatory condition of the lungs,th® second most common
pneumococcal diseaseommunity acquiredmeumonia is common in chilen undeb years
andin adults older than 65 yeafd7). It is the cause of 19% of the deathiorldwide in
children under 5 yearsvhich makes it the biggest killer of this age group. Death due to
pneumonia variesstrongly between regionswith 2% of childhood deaths caused by
pneumonia in theandustrial world and 20% in developing countri@s). In almost all
countries of the worl&. pneumonmin the leading cause of pneumolia) and in Europe
35% of the pneumonia cases eagised by this bacteriu(h?).

A few serotypes were shown to have ahhpgtential to cause pneumonia, such as serotype 1
and 5. here isalsoa correlation beteen the risk for death from pneumoarad the carriage
prevalence of serotypess avell as an inverted relationship between the carriage prevalence
and invasive pneumoni&erotype 19Hor examplehas a high carriage rate asdssociated

with a high risk of death due to pneumqrat thepotentialof 19F to cause pneumonia is
very low. Serotype 1 in contrast, has a lowrizage rate and causes a low risk of death by
pneumonia, but its patéial to cause pgumonia is very high{19). Shortterm nortality
(within 30 days)f hospitalized pneumococgaheumonia gtients ranges from#8%(17).



Bacteremia and Sepsis

Bacteremia occurs whegmeumococci infect the blood strearhis can happen in connection

with otitis media,pneumoniaor meningitis, or without a focahfection. The bacteria can

cause a strong immune response in the body leading to the development of be&dslay

mortdity of sepsis is around 20 depending othe severity of the sepsis, and tge of the
patients(20-22). The serotype also contributes to the severity of the infection andigheme

inverse relationship between the invasive disease potential and the disease severity as well as
fatality rate of the serotypg23).

Meningitis

Meningitis is an inflammation of the meninges, which are the membranes covering the brain
and the spinal cordMeningitis is a severe disease with35 % mortality andcommonlong

lasting neurological sequelae, affecting-82 % of the survivors. Sequelaelude hearing

loss, cognitive impairment and nelogical deficits(24). S. pneumoniass the main cause of
meningitis in most of the worldnd it especially affects children younger tRRayears of age

(25). In the United States, 2000 cases of pneumococcal meningitis are reported ghBually

The global burden of pneumococcal disease

Infections withS. pneumoniaeontribute strongly to the global mortality. It wasimsited for

the year 2000 thatneumococcal diseases caused @00 deaths in children under the age of
5 years which was 11%f all deaths in this age groy@6). In 2008it was estimated that
pneumococcal infgions were responsible for 5000 deaths in children younger than 5
years, which was 5% of the #btdeaths in this age grou27). The mortality duead
pneunococcal diseasearies largely between countries with low mortality in the developed
world and higher mortality in the less developed countries. The highest mortality in children
under 5 years can be found in southafand sutSaharan Africa (FiR). In the EU, the rate

of reported invasive pneumococcal diseases decreased 2010 to 2014.Crmmd@ per
100000 people and the rates for the age groups under 1 year and over 6B §6afkswere
11.3 and 13.8 per 1@@MO, respectivel{28).

Clearly, the number of pneumococcal infectiamsl the associated mortality decreasing
worldwide. The developed worlthasaccess to vaccines and optimal treatment in hospitals
which keeps the case and mortality rates of pneumococcal infections very low. Especially in
southAsia and sulsaharan Africa wherease and mortality rates are high, prevention and
treatmenbf pneumaoccal infectionsequiressignificantimprovement
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Figure 2 Global mortality rates of pneumococcal disease in children younger than 5 year
Estimated rortality rates areshown per 10000 children younger than 5 yea#slopted from(26).

1.1.2 Risk Factors

Several risk factors for pneumococcal diseds®/e been identifiedA functional immune
system is key to prevent and clear pneumococcal infeci@hge adults with a functional
immune systennarely suffer from pneumococcal infectionse immune system of chilen
under the age of 2 years is not fully matured tledmmune responses in the eldeviaken,
which puts these age groupat an increasedisk to acquire pneumococcal infections.
Understandably, immunocompromisedividuals(due toe.g.HIV, cancer, primary immune
deficiencies, immunosuppressive therapgr splenectomy are also at high risk for
pneumococcal diseag29, 30)

Risk factors for immunocompetent individuals arelerlying diseasesncluding diabetes,
cardiovascular diseases and alcohol{@®, 30) Additionally, ethnic groups such as Afro
Americans, Native Americans and Alaskan native populations have higher risks for
colonization which indcates a genetic fact@Bl). Behavioralfactors such asmoking, as

well associoeconomic andrevironmental factorsincludingcrowding contact with children,

or precedingviral infectionsalsoincrease the risk for pneumococcal infecti(@® 30)



Coinfections with Influenza A virus

Infections with influenzapredisposeindividuals for severe secondary pneumococcal
infections. A recent study showedthat bacterial supmfection in hospitalized influenza
patientsoccus in 2% to 65%of the casesand S. pneumoniaavas tle most isolated
bacterium(32). The impact of superfections withS. pneumoniabecomes particularly clear

during pandemic influenza outbreaks, like the Spanish flu in 1918, the Asian flu in 1857, th
Hong Kong flu in 1968 a n@B) Tthée Ipanisteflo iea h918 widss wi n e
caused by an influenza A H1N1 virus araised over 50 million deaths worldwide. Only a

small proportion (5%) of the deaths occurred early after infeattbile most occurred-14

days after infection. Thigogether with the isolation of bacteria, mail8y pneumonigan

85-90% of the autopsseindicateghat bacterial sup#rfection wasa leading cause of dth

during this pandemi¢33, 34) The pandemics in 1957 and 1968, caused by the H2N2 and
H3N2 viruses, respectively, had much @wmortality due to the use of antibiotics and
influenza vaccinesNeverthelessStaphylococcus aureusas the main bacterium isolated

during the 1957 flu an8. pneumoniad ur i ng t he 1968 flu. The Aswi
an H1NL virus in 2009 resultenh 200000 estimated deaths, which is not higher than during
seasonal influenzas. However, the affected age group was younger than during a seasonal
influenza. Bacteria were isolated from-28% of the severe infections aBd aureusandS.
pneumoniasvere nost commonly found33, 35, 36)

1.1.3 Prevention and Treatment

Treatment

Pneumococci are naturally sensit ilactamstae peni c|
the antibiotics of choice to #epneumococcal infections. These antibioticl topenicillin

binding proteingdPbp) which are important foelt wall synthesisleadingto death and lysis

of the bacteria.

Penicillin was first introducedin 1943 and since then has also been used to treat
pneumococcal infectiond?encillin use has dramatically improvediseaseoutcome for

patientsand decreasedhe mortality forpneumococcal sepsisom 826 to 17 %(37).

However antibiotic resistancavithin pneumococcal isolatesmergedsoon and the first

penicillin resistant strain wasolated in Australia in &7 (38). Sncethenpeni ci |-l i n and
lactam resistanchas dramatally increasedandup to 50% of the pneumococdablates

havereduced susceptibilityo penicillin in some regiongn countries with low antibiotic use

like Sweden resistance rates are loim 2014 7.9 % ofnvasive pneumococcal isolates
Swederhadreduced susceptibility to penicill{39).



Resistance is mediated by allelic vatsaaf Pbpswi t h | ow dactam Thepbpy f or
genes of highly resistant straihgive a mosaic structure ahdve probablyevolved as a
consequence of point mutatiorss well asrecombination with genes from theral
commensal bacteri§treptococcus mitiand Streptococcus oralisvhich were acquired by
horizontal ger transfe4).

I nf ect i o nAlaxctam wreststant pgmeumococci are treated with macrolides or
fluoroquinobnes. Macrolides inhibiprotein synthesis by binding to a ribosomal subunit,
which prevents binding of the ribosome to thessenger ribonucleic acigmRNA).
Fluoroquinobnes acton the enzyme topoisomerase which is involvedDINA synthesis.
Strains resistantto macrolidesor resistant to botlpenicillin and macrolides are frequentl
isolated in European countri€29).

Prevention

The pneurncoccal vaccines currently on the market are listed in Tablhd 23-valent
pneumococcal polysaccharide vaccine(PPV23 contains polysaccharides of the
pneumococcal capsule aptbtects againghe 23 most common serotypes causing invasive
diseaseThe vaccinewas introduced in 198But due to thdow immunogenicity of pure
polysaccharides, it did not indusafficient immunity in children under 2 yeaf9, 30)
NeverthelesPV23 is recommended fidividualsover 65 years.

Table 1 Pneumococcal vaccines currently on the market

Available

Vaccine Manufacturer | Serotypes covered .
since
PPV23 - 1,2,3,4,5,6B, 7F, 8, 9N, 9V, 10A, 11A, 12F,
Merck 1983
Pneumovax® 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, 33F
PCV7 - Prevenar® | Pfizer 4, 6B, 9V, 14, 18C, 19F, 23F 2000
& | GSK
PCV10 - Synflorix ) . 1, 4,5, 6B, 7F, 9V, 14, 18C, 19F, 23F 2009
Biologicals
PCV13 -

Prevenari3® Pfizer 1,3,4,5,6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F 2010

In 2000, the firspneumococcal conjugate vaccifiRCV)was licensedThis vaccine contains
polysacharidesconjugated to a netoxic recombinant variant of diphtheria toxiwhich
improvesimmunogenicity PCVs areable to induceT-cell dependent #ell responses and

long lasting immunity in childregounger thar2 yeargdescribed further in chapter 1.2.8)
PCV7,7 capsularserotypes are included and they were chosen based on the most common
serotypes causing invasive disease in the United StHbtesserotype distribution varies
among countries and the PCV7 vaccine covehedserotypes of 788 % of all irvasive
pneumococcal diseaskschildrenin North America, Europe and Africa, btéwer than65%

in Latin America and Asi&0).



In 2009 and 2010he newconjugatevaccines PCV10 and PVCXiBere introduced. The
additional serotypes in thesaccines should account fgtobal differences in in coverage.
The PCV10 and PCV1¥accineshouldprevent acute otitis media, pneumonia and invasive
pneumococcal disease in cngn under 5 and PCV I&n also be usad older age groups
(29, 30)

In 2012 44% of all WHO member states had introducedsH€Yheir childhood vagination
program (29, 30) The PCVs havelobally dramatically reducednvasive pneumococcal
diseass among khage groupg41). In the United States, the invasive pneumococcal disease
cases in children under 5 yedecreased 7% after the introductioof PCV7andthe rate of
hospitalization for pneumococcal pneumonia in children under 2 years decreas¢di265%

43). Additionally, carriage rate opneumococci andhe frequencyof antibiotic resistant
strainsdecreasedn some countrie$13), whereas othecountries found the same rates of
carriage and antibiotic resistanceeaftvaccine introductior(44). In some countrieshe
introduction of PCV7 also reduced pneumococcal disease in thacamated population,

such as adults undéb yearq44) andchildrenunder ® days of agé45). Thi s fAher d ef f ¢
of vaccines is especially important to protect groups which cannot be vaccinated, such as the
smallest children.

Although PCV7had positive effects on pneumococcal disease globally, it also led to the
emergence of serotypes not covered by the vacsmealled noivaccine typesespecially
serotypel9A (46, 47) The inclusion of 19An PCV13 counteracted this emergence but did
nat prevent from the emergence of further serotypes not cobgret 13valent vaccine. In

the Stockholmareaan increasen carriage ofthe nonvaccine typed 1A and 22F has been
observed during the last yearfser the introduction of PC\{g4).

It is not fully understood which processes underlie the emergence -ofnoime types, but
most likdy the elimination of vaccine strains gives n@ccine types the possibilitp take

over thefree niche. Another explanation is that strains that were successful prior to
vaccination switch their capsulaype by acquiring capsule genes over horizontaieg
transfer from cecolonizing strains.

Future vaccines should offer protectimom a larger spectrum of pneumococci. The number
of serotypes that can be included in a PCV is limited and e#u®ine approachese being
investigated Current researcis focugd on vaccine candidates for a protein vaccine. The
optimal protein should be surface exposedirulence factor present in all virulent strains.
Several proteins have been implicated and are dlyrestudied, among them are
pneumolysin anggneumaoccal surface protein @PspC)(48, 49) which are studied in this
thesis.Since it is easier for a bacteriumevade aaccine composed of one or a few proteins,
another promising approach is the use of wahole cell vaccine composed &illed non
encapsudted pneumococgb0).



1.2 THE IMMUNE SYSTEM

Our body is under constant attack by potentially infectious agensts as bacteria, viruses,
fungi and parasites, and tiramune systenprevens and eliminate theseinfections. The
immune systenis highly complex and includes physical barriégysyphoid organsimmune
cells aswell assoluble mediatotsThe cells of themmune system communicate direct
cell contact, or secretion of molecules sucltyskines and aktmokines that can modulate
and regulate the immune responses

In general the immune system cédoe divided ino innae andadaptive immunity. The innate
immunesystem ighe first line ofdefenseagainstinvading agentsThe responses are fast and
their roleis to preventinfectionsfrom being establishedf the innate immunity failsthe
adaptive immune systemmust respondo clear theestablishednfection and to develop a
memory which will prevenfrom the same infection in the future.dAptive immunity
develogs over a life time and adjusts to each infectious encounter.

1.2.1 Innate Immunity

Components oinnateimmunity are physical barriesid asepithelia and mucous layers on
the surfaces of the bodgntimicrobial peptidesserum proteinsand innate immune cells
includingneutrophilsmonocytes, macrophages and dendritic cells.

Pattern Recognition Receptors

The first recognitiorof pathoges by the host occawhenpathogen associated molecular
patterns(PAMPs)are detected byattern recognition recepto$®RRs) PRRs can be located
in the cytosol of host cells, such @ascleotidebinding oligomerization domai(NOD)-like
receptors (NLRs) andretinoic acidinducible gene 1(RIG-)-like receptors(RLRs), or
membrane bound such &sll-like receptor TLRS). Relevant PRR signaling fahis thesis
is summarized inigure 3.

In humans, 10 TLRs dve been identified and they are eithecated on tb plasma
membrane or the endosomal membralieRs are transmembrane proteins that form homo
or heterodimers Their ectodomains contain leucineh repe# responsible for PAMP
binding, and theytosolicToll/interleukinl receptor(TIR) domainmedides the intracellular
signaling The TIR domain interacts with THomain containing cytosolic adapters, such as



myeloid differentiation primary response protein(MyD88) and TIR-domaircontaining
adapter inducingfF N B6TRIF) (51).

All TLRs, apart from TLR3use MyD88 as an adaptor molecule. MyD@&racts directly
with the TIRdomainof TLRs, or over the sorting adapt&tR-domain containing adapter
protein (TIRAP) (51, 52) MyD88 recruis interleukinl receptorassociated kinasRAK)
family members which dve intrinsic serine/threonine kinase activity. Upon stimulation,
IRAK4 an IRAK1 autophosphorylate and dissociates from MyD88. They actiuater
necrosis factor receptesssociated factor §TRAF6) which then activatestransforming
growth factorb-activated protein kinase {TAK1). TAK1 activates thd 8 B  k(IKIK)a s e
complex which phosphorylateshibitor of nuclear factor (NFp B( | @ B) l eadi

release of NF@ B

from

| a B, t-eBnshooattihen nafcl BB s

inflammatory geng TAKL1 also activatemitogenactivated protein kinasg$1APKs) which
lead to the activation ofactivating factorl (AP-1) and the transcription of inflammatory

genes.

«®
S. pneumoniae

Pneumolysin

[AP-1 | [ NFkB | [ IRF3 |
PO~ OO

Figure 3 Signaling pathways ofselectedPRRs and activation of PRRs byS. meumoniae The
TLRs TLR2, TLRM and TLR9 can be activated by pneumococdgdoteichoic acid (LTA),

pneumoysin and DNA, respectivelyThe activation starts a signaling cascade involving MyL
IRAK1/4, TRAF6,TAK1 and MAPKS leading to the activation of theahscription factors AR and
NF a B. 4 & wéll as TLR&ctivate TRIF which induces transcription of -AP, NFaB
IRF3 regulaed genesver the signaling molecules TRAF6, RIP1 or TBK1 and Ikheumococca
DNA canalso activates an unknown receptor leadindnéodctivation of STING and IRF3 depend:t
transcription, angeptidoglycar{(PGN) can activate NOD2 which over RIP2 leads tc AP a n d

activation. The NLRP3 or AIM inflammasome are indirectly activated by pneumolysin leading

cleavage of prdL-1 fnto IL-1 b .
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The adapter molecule TRIF @nly involved in TLR3 and TLR4mediated signaling. It

directly interacts with TLR3, but requires the sorting adapiRiFrelated adapter molecule

(TRAM) to bridge the interaction with TLR4. Just as MyD88, TRIRn i nduce NF
activation by recruiting TRAF6, but also via activationr@éeptor interacting proteiRIP)

1. Moreover, TRIF interacts witfANK-binding kinase(TBK1) which together with IKK
phosphorylatesiterferon regulatory facto(IRF) 3, leading tahe transcription ointerferon

(IFN) b (52).

In summary the activation of most TLRs leads to the recruitment of MyD88 and the
activation oA, ulthaely leadingdo thheRranscription of inflammatory
cytokines. Only TLR3 and’LR4 recruit the adapter moldeuTRIF, which additionally
activates I RF3, | eading to the transcriptio

The intracellular PRRs of the RLR family are RNA helicases which recognize double
stranded viral RNA. RIG and melanoma differentiaticassociated protein §MDA-5)

belong to this family. They signal over their adapter moleenitchondrial antiviral

signaling proteinl MAV S) , ultimately | eadi(®3yStimwatodr RF 3 &
of IFN genegSTING) is bcalized on the endoplasmatic reticulum and mediates signaling in
response to sensors of viral DNA leadindRF3 activatior(53).

The NLRs NOD1 and NOD?2 are localized in the cytoplasm and recogrutszibhcell wall
components. They activate RIF2eadi ng t o t he &and ARlsegulategpt i on
genes(53). NLRs such as NLRP3 are the sensors of infi@some complexes. NLRP3
respond to a variety of stimuli including bacterial cell wall components, extracellular ATP,
potassium efflux or crystalline. Due to the large variety in stimu§ itkely that NLRP3

reacts to cellular stress induced by the stimuli, such as potassium efflux, calcium signaling or
reactive oxygen speci¢ROS) Activation of NLRPs leads to the recruitment of the adapter
apoptosisassociated spedike protein contaimg a caspase activation and recruitment
domain(ASC) and subsequent binding of caspast® ASC. Caspask undergoes cleavage

into the active subunits p10 and p&Bich cleave the prorms of IL-1 b a +i&lintdl the

active forms Additionally, inflamma®me activatiorcan induce a promflammatory type of

cell death called pyroptosi®4). Inflammasomesre not only activated by NLRs. They are
also activated bybsent in melamoa 2(AIM2) a DNA binding sensor which also recruits
ASC and formsinflammasome complef64).

Components ofS. pneumonmhave been shown to activate several PRRs leadirigeto
secretion of cytokines (Fig8). The pneumococcal cell wall compondipioteichoic acid
(LTA) has been shown toteract with TLR2(55), TLR9 can be actitad by pneumococcal
DNA (56), and TLR4 mightbe activated by thpneumococcal toxin pneumolps{57-60).
Many TLRs are redundant in vivo models andhe knockout of TLRs often has omntyld or

no effects(56, 61, 62) MyD88 in contrast is a central adaptor molecule important for the
signaling of most TLRs and a knockout of MyD88ongly impairs the immune defence
aganst pneumococd63).
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The intracellular receptor NOD2 has been shown to be activated by pneumococcal
peptidoglycan and the activation requipgesence of the pore forming toxin pneumolysin,
probably to promote access of peptidoglycan to thesoy(64-66). STING can be activated

by pneumococcal DNA over an unknoweceptoy and similar to NOD2jt requires the
presence of pneumolysior activation (67). Both the NLRP3 and the AIM inflammasome

can be activated by pneumocoand this activation alsalepends on the presencé o
pneumolysin(68-71).

JAK/STAT signaling

A functional immune system requires communication betwienimmune ells. This
communication happensver direct cell contact, but also by the secretion of cytokines.
Cytokines do not only act paracrine, which means that they effect other cell types, but can
also act autocringffectingthe same cell that secreted the cytokine

A classic example of cytokine signalingJianus kinasé Signal Transducers and Activators
of Transcription(JAK/STAT) signaling. JAK/STAT signalingan be activated in response to
binding of a cytokine tats cytokne receptor on theell surface. Thebinding leadgo the
dimerization of the reqaor, which brings two JAKswvhich are bound to the cytosolic part of
the receptor, into close contact. The contact leads to themtian and phosphorylation
Subsequentlythe JAKs phosphorylate theecepto, creating a STAT binding sitdJpon
binding to the receptor, STAT is phosphorylated and forms heterbomoedimers. The
phosphorylated and dimeeid STAT migrates to the nucleus to biodts binding sequence
to regulate the expression of its targenhes (72). Four JAKs and seven STATSs are found in
mammals and thengespond to over 5€ytokines and growth hormongzg3).

Theclassicalactivation of JAK/STAT signalindpy typel IFNs is shown in lgure4. Type-1

IFNs bind to thedFN receptor which is a heterodimer composed of IFNAR1 and IFNAR2.
Receptor dimerization leads to the activation and phosphorylatiofyrokine kinase 2
(TYK2) and JAK1 leading to phosphorylation @TAT1 or STAT2 STAT1 forms a
homodimeror a STAT1/STAT2 heterodimeihe heterodimebinds the transcription factor
IRF9 to form theFN stimulated gene factor @SGF3 complexwhich translocate into the
nucleus tobind to thelFN-stimulated response elemefiSRE9. The STAT1 homodimer
can directly translocate into the nucleus and bindébo act i GAS)eekments t e
(74).
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Figure 4 Activation of the JAK/STAT pathway by t he type 1Bimdiemndge:
its receptorinducesreceptordimerizationand phosphorylation 6fYK2 and JAK1, leading to thi
phosphorylation of STAT1 and STAT2. The STAT proteins dimerize, translocate into the nucle
together withthe transcription factor IRF9, fiorthe ISGF3 coplex inducing the transcription ¢FN
stimulated response eleme(iBRES).

The complement system

Complement is a class over 30serumproteases whichre important forhe clearance of
pathogens. @mplement proteins agetivated by proteolytic cleavage and bind to the surface
of pathogens. Once the first complement proteinsaatieated, they triggea hierarchical
cascade oproteolytic complement cleavagéhich rapidly amplifiesand resultsn several
outcomes. Complemebat pathayers (@ process called opsoation) so that thegan be
detected and taken up by phagocyteforms membrane attack compkes (MACs) which
lyse pathoges, andit activates inflammatio75). The complement cascade can bevattd
over three different phtvays; he classical, the alternative and the lectin pathwal.
pathwaydead to the activation of a @®nvertase.

The classicalcomplement pathway is activated when ardibe form a complex with
antigens on the pathogeunrface This leads tobinding of the C1 complex, formed by the
complement proteins Clqg, C1r and Cl1s, to the constant Fc portion of the anfibedy.
binding activates C1r and C1s which cleave C4 and C2 into C4a, C4b, C2a and C2b. The
larger cleavage pradtsassemble to form the C4aC2b G#hwertase, wlih cleaves C3 into

C3b and C3aC3b binds to the C4aC2b C&nvertase to form the C4aC2bC3b-C5
convertase.
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Figure 5 The alternative pathway of complement activation and the inhibitory role of FactoH.
After spontaneous ldyolysisof C3, C3b binds to thpathogersurface. C3b binds FactBrwhich is
processed by Factor D to form the C3bBb C3 convertase. The convertase cleaves large amot
into C3a and C3b to form further C3 convertases anorio the C5 convertase C3bBbC3b. Facto
inhibits the C3b convertase by degraditigb intoiC3b with the help of Factor I. Factor H al
inhibits the binding of Factor B to C3b and it promotes the degradation of the C3 convertase.

The lectin pathway isctivated whemmannose binding lectitMBL) binds to carbohydrate
structures on the pathogen. This activates the fd8tociated serine proteases which cleave
C2 and C4 leading to the formation of the C4aC2b C3 convertase, and similar to the classical
compkement pathwayto the activation of the C5 convertase.

The alternative pathway (Fig. 5) is activated by spontaneous hydrolysis of C3 in the serum.
When C3 is hydrolyzed into C3a and C3b, the larger product C3b binds to the pathogen
surface and together WitFactor B and Factor D forms the C3bBb C3 convertase. Cleavage
of further C3 proteins leads to the formation of the C3bBbC3b C5 convertase.

The C5convertase cleaves C5 into C5a and C5b. C5b activation is followed by the activation
of further complementrpteins (C6C9) that ultimately lead tthe formation of the MAC and
lysis of the pathogen.

C3b is a key complement protein, not only because it is part of the C3 convertase, but also
because it coats pathogens and is detected by complement receptotsitigaphagocytosis
and in that way help to clear the infection.

Small products of complement cleavage, such as C3aa# C5a are potent inflammatory
proteins that recruit and activate immune cells.

To protecttheb o d gwin sealthy cellfrom complemenattack complement activation is
tightly regulated. The regulation occurs mainly at the level of the convertases and at the
assembly of MACsFactor H is a protein that contributes to thkibition of convertases

14



(Fig. 5) Factor Hprewents binding ofC3b to Factor B and is a cofactor for the serum
protease Factor | which cleaves C3b into thetimadorm iC3b Factor Halso acts as a
decay accelerating factor, which means that it accelerates the degradation of the G3bBb C3
convertas€75, 76) Factor H has binding specifig for host cells but pathogens also express
Factor H binding pra&ins on their surface to captufactor Hand to protecthemselvegrom
complement killing.Pneunococci express thea€tor H binding proteirPspC which is
studied in this thesis and further described in chapter 1.3.5.

Gram positive bacteria are protected from killing by the MAC due to thelk thiter layeof
peptidoglycanand the main effect of complemesn these bacterias to opsorie them for
phagocytosis(77). The importance of compieent for thepreventon of pneumococcal
infections isdemonstrated byecurrentinvasive pneumococcal infections in patients with
complement deficiencigg8, 79)

Neutrophils

Neutrophils are constantly generated in the bone maammvare released into the blood
where they constitute 500% of the leucocytedNeutrophilsare quickly recruited to the site

of infectionwhere they kill pathogensith their granules filled withROSand antimicrobial
proteins The granulesan be releass for extracellular killing of pathogens or fuse with
phagolysosomes for intracellular kilfj. Strongly activated neutrophils can even release their
contents including their DNA, histones and the gramtideform neutrophil extracellular
traps(NETSs) which immobilize pathogems limit spread of the infection.

To evade NETSs, pneumococci prodwelonuclease A, which degrades DNAdaeleases
the bacteria80). Additionally, the capsule protects pneumococci frayatting trapped in
NETs(81).

Monocytes

Monocytes are formed ithe bone marrow and themter the blood stream. They constitute

10% of the human leucocyte populationttee circulating blood andhave diverse functions

which support the immune responses. Monocytes help to clear infections by phagocytosis of
pathogens, they can present antigen to support adaptive responses and they replenish the
reservoir of resident immune tlsuch as macrophages and dendritic cells in the dermis and
intestire during steady staté82). Alveolar macrophages and dendritic cells are rather
maintained by proliferation of local lodyed precursorcells in the lungs(83). During
inflammation however monocytes also contribute to theseevoir of alveolar macrophages

and dendrit cells(82).
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Macrophages

Macrophagesiave highphagocytic activity an@xpress receptors such as lectins, scavenger
receptors, Feeceptors awell as complement recepsdo promote uptake of particles.

Macrophages are a highly plastic group of cells, @mdi develop into different subsets
depending on the cytokine enmirment that they encountérraditionally, macrophages have
been divided into Mdand M2macrophages,abending on thielperT -cell (Ty-cell) subset

that activates them (Tell subsets are described further in chapter 1.2.2.Jmildrophages

are the classicaltgctivated macrophages that differentiate in response to LPS ogthe T
speci fi c cTheyoekminate intrcEllNlar pathogens and produce nitric oxide as
well as large amounts of the inflammatory cytokimgsrleukin(IL)-1 b  tumat necrosis
factor U (T N B (84, 85) M2-macrophages are alternativelgtivated macrophages that
differentiate in response to the-2 specific cytokines 4 and IL-13. They encapsulate
parasites and promote wound healiM2-macrophageexpresshigh levels ofmacrophage
mannose receptdr (MRC-1) andarginase 1 which prevents nitric oxittemation (86, 87)

In additionto the Fcell cytokines granulocytemacrophage colongtimulating factofGM-

CSF) andmacrophage colongtimulating factor(M-CSF) have also been shown to induce
the ML and M2macrophage like polarizatioim vitro (88). The discovery of new -€ell
subtypes led to the description of further macrophage polarizing stimuli, and the division of
M2-macrophages into further subty{89). However, macrophages encounter a multitude of
stimuli in their environment which shape their phenotype and the subtypes rather represent a
spectrum in which macrophages can develop.

The ingestion and intracellular killing by macrophages is important for the clearance of
pneumococci. Apart from the ireased uptake of opsonized pneumococci, macrophages also
phagocytose pneumococci via theacrophage receptor with collagenous structure
(MARCO) (90), class A macrophage scavenger recepfSRA) (91), SIGN relateell
(SIGNR1)(92) andMRC-1 (93,94).

Dendritic cells

Dendritic cells form the link between the innate andpdide immune responses. Like
macrophages, they have phagocytic activity and expeetieis, scavenger receptors,- Fc
receptorsand complemeénreceptors(95). Their main function, however, isot to clear
infections by killing of pathogens, but to process the antigen and to presenicélle @f the
adaptive immune system. Dendritic cells are the most effi@atigen presenting cells
(APCs) of the immune system.

Dendritic ells are rarethey comprise about 1% of the immuecels in most tissuefd6).

They reside in the mucosal linings of thedpand constantly sample antigen, which they
present on their surface via thejor histocompatibility complex class (MHCII). Upon
encounter of a pathogen, dendritic cells become activated, which induces many functional
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changes. The activation leadsato increased expression of MHCII on the cell surface which
allows for the presentation of large amounts of antigerst@aulatory molecules likeluster

of differentiation(CD) 80, CD86 and CD40which are required for a successful interaction
with T-cells, are also expressed in high amounts. Depending on the kind of pathogen that the
dendritic cell encountered, it secretes specific cytokines. Activated dendritic cells have
reduced phagocytic activity and upregulate the expression of the chemokine r€¢aRior
which guides the migration of the cells inte tymph node. In the lymph nodendritic cells

meet Fcells to which they present the antigen. Once a dendritic cell interacts wittelh T
expressing a -Eell receptor specific to the presented amtjgthis Tcell is activated.
Depending on the cytokines that are secreted by the dendritic cell;cilé develops ird
different subtypeg97).

Dendrtic cells can be largely divided into thresubsets:plasmacytoid dendritic cells
myeloid a conventional dendritic celland monocytalerived dendritic cellsThey all differ
in their capacity to produce cytokines and express different subsets of imenap®org96).
In this thesis, the effect of pmawcoccal infections on mmocytederived DCs has been
studied,andthey most closely resemble inflammatory myelBi@sin vivo and express most
of the TLRs, apart from TLR9 and TLR10 and ololy amounts of TLR7{96, 98)

1.2.2 Adaptive Immunity

T-lymphocytes

T-lymphocytes, alsccalled T-cells, mature in thehymus. Antigen specific Tcells are
activated by profesional APCssuch as dendritic cells.-Gells aredivided into CD4 and
CDS8" T-cells.CD8" T-cells are also called cytotoxiccells and develop in the presence of
IL-2. Theyare activated in responseitdracellular antigeisuch as viral antigepresented on
MHCI. In response, theselease lytic granules otaining perforin and granzyme to induce
apoptosis of the infected target q@P). CD4" T-cells, also called y-cells can developnto
several subtypes includingyL, Ty-2, Ty-17 andregulatory Fcells(Tregg.

Ty-1 cells develop in response to the cytokinesl®a n d ,lafdhhidiate cellmediated
i mmunity by secr etandTgN FtOheecytokiyes sugpointracelluldr F N 9
killing by macrophagesvhich is important for the cleance of itracellular pathogens.

Ty-2 cells develop in response to-4Land induce humoral immunity. & produce the
cytokines L-4, IL-5 and IL-13, andactivate Bcells to undergaaffinity maturation and
isotype switching. This process is required for the produdtionunoglobulin(lg) G, IgA
and IgE antibodies of high affinity to fight extracellular pathogens.
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Tu-17 cellsdevelop in response th-6,IL-23,a n d T GEfis.acytbkine similar to I
12. Both cytokines contain the subunit p@hich combined with p40 forms L2 and with
pl9 forms IL-23. Ty-17 cells are pranflammatory and produce L7, a cytokine involed in
the recruitment of neutrophils.

Tregs produce the andinflammatory cytokines 110 andTr ansf or mi ng gr owt h
(TGFb) and regulate celinediated immunity as well aséll responsef99).

Several Tcell sibsets are important irtleaing colonization and infectionswith S.
pneumoniaeln humans ithas been shown thatyIL cells disappear from the blood during
pneumococcal infections, which is thought to be due to their migratid help in the tissue

(100). IL-12, the cytokine that drives the development gflTcells seems to benportant

for the immune response towards pneuotog since a patient with sevdie-12 deficiency

suffered from recuent pn@mococcal infections(101) Additionally, IFN2 whi ch i S
produced by -1 cells,has been shown to be protectivenrvivo mouse model§102, 103)

In summary, a §-1 phenotype seents be beneficial to clear pneumococcal infections.

It has been reported that-17 cells are involved in mediating an antibody independent
protectiveimmunity to pneumococg104) and that they are important for the clearing of
pneumococal carriage in naive mic€105) This prdection is mediated by the recruitment of
phagocytes to the tisswehich clearthe colonizing bacterig105) A human colonization
model showed that carriage with pneumococci significantly enhanced the numbers of IL
17A" and CD4 memory cells in the blood and lun¢06). Studies of mucosal tissue from
childrenand adultshaveshown that pneumococegpecific ;.1 and .17 cells sequester
with increasiig age(107, 108)

Knowledge about the role ofr@gsduring pneumococcal infections is just emerging within

the last years. Comparison of Balb/c mieehich are more resistant to pneumococcal
infections, to CBA/ca micavhich are more sggptible to pneumococcal infections, revealed

a higher TGFb pr oducti on and regsinhheduhgs of Balbhicrmiice.r of
Adoptive transfer experiments confirmed thateds have a protective role during
pneumococcalnfectionsin a murine mode(109) Nevetheless,studies ofhuman nasal
assaiated lymphoid tissue indicatbat pneumococcal carriage coincides with low levels of
Ty-17 and high levels of régs (108, 110) implicating a negative effect ofrdgsin the

clearing of colonization.

Although the role othe differentT-cel subsets during pneumococcal infections isfathy
understood, emerging data implicates an importance-df dahd {-17 for the preveimn of
colonization and disease.
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B-lymphocytes

B-lymphocytes, also called -Bells, are the cells of the immune syst that produce
antibodies In the context of an infectiorB-cells take up angien and present it on MHCII.
Ty-cellswith specifigty for this antigen can activate thedBll toundergo affinity naturation
and isotypeswitching. Thisleads to the formation of long lived plasma cells producing
antibodies of type 1gG, IgE and IgA, ataithedifferentiation of memory Rells.

Alternatively, Bcells can be activated in acEll independent mannethis happens in
responseo pure polysaccharides of the pneumococcal capsule, such as in the PPV23 vaccine
These anionic polysaccharides are not able to bind to MHCII, and therefetls Tannot be
activated by dendritic cells and-dlls cannot present the antigen. Insteatlysaocharides
activate Bcells by crosslinking the Bell receptors, but without-gell help they do not
undergo memory ell differentiation, affinity maturation and isotype switching. The B
cells develop into short lived plasma cells thetduce antibdies mainly of the typégM.

The produced antibodies have low affinity and do not provide long lasting immunity.
Children under the age of 2 years are not able to induce tb&l Thdependent Rell
activation because their&lls are not fully develojpg111)

In conjugated vaccines like PCV7, the polysaccharides are boundaiwiex protein This
proteincanbe presented on MHCII and initiatesc&ll dependent Bell activation as during
a normal inéction process. This induceaffinity maturation, isotype switching and
differentiation into londasting memory cell§111)

IgA is an antibody class important for mucosal immunity. Nevertheless, its contribution to the
prevention of pneumococcal infections is not clékctive IgA deficiency is the most
common immunodeficiency in Western countries and 1/600 ohails is affected. Although

the affected individualtack the mucosal IgA antibodies, they rarely hamenareased risk

for infections.lgG can be divided intd subclasses (IgG1gG,, 19G; and 1gG) and IgG
antibodies are formed towards capsular polysaccharidegfigéiencyin IgG; is associated

with recurrent respatory tract infection§112).

1.2.3 Immunomodulation by Vitamin D

Vitamin D is produced in the skin upoexposure tosunlight The ultraviolet (UV) B
radiation of the sun leads photolytic cleavage of-dehydrocholesterohto pre-vitamin D;
which by thermal isomerizatiorbecomes vitamin D; (cholecalciferol). Apart from
endogenous vitamin production inthe skin, vitamin B can also be adsorbed from food
sources in the intestine. theation of vitamin D; requires twohydroxylation steps. First
vitamin D is transported to the livewhereit is hydroxylated by the5-hydroxylase to
25(0OH)D; (calcidiol). 25(OH)Ds is the most common circulating form of vitamin D in the
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blood and is used to determine the vitamin D status of individ@880OH)D; is further
hydroxylated to 1,25(OHIPs (calcitriol) b y  t 4myslroxyldse(Cyp27B1)in the kidneys
and inother tssuesl,25(0OH}Ds is the active form of vitamin @nd can bind to theitamin

D receptor (VDR) which is present in nearly all vertebrate cell tyg&$3) The VDR
together with theretinoid X receptor(RXR) binds to the vitamin D response elements
(VDRES) and regulagghe tansciption of over 200 gengd.14)

Vitamin D is importantdr calcium absorption from the intestine and for mineralization of the
bones. The classic disease associated with vitamin D deficiency is rickets, marked by defects
in calcium metabolism leading to deformations and fractures oeddiowever an
immunomodilatory role of vitamin D on the innate and adaptive immune responses also
becomes increasingly clear.

Immunomodulatory effects of vitamin D have been described for many cell Yipg@sin D
supports innate immune responses by inducing the productantioficrobial peptides, such
as cathelicidin (Lk37)and h u ma n , and ehlarmcesrire iamilsacterial activity of
monocytes and macrophaggsl5, 116) In the presence of vitamin,xdaptive immune
responses are dampened amohocyteddifferentiateinto dendritic cellswith an inhibitory
phenotype Maturation IL-12 productionand T-cell activation is strongly reduced in these
dendritic cells while they secretencreasecamounts of [E10 (117) Vitamin D inhibits T-
cell proliferation and modulates thecell phenotype;it reduces -1, Ty-2 and Ty-17
responses whereas it supports the developmentegs{L18, 119)

A positive effect of vitamin D omespiratory tract infectiongRTIs) was suspecteavhen
children suffering from rickets also were found to have an increaseiriBid s (120) The
prototypical example of a connection between vitamin D and infectiondbéswlosis A
correlation betweefow vitamin D levels and tuberculosisas bng been suspected atinils
connection wasecentlyconfirmed intwo largerobservational studigd21, 122)

Likewise, an assoation betweerow serum level&nd an increased risk f&TIs has been
found in observationakeveral studie§123, 124) However,a direct causality has not been
provenandrandomized placeboontroled trails (RCTs)evaluating the effe of vitamin D
supplementation orthe prevention ofRTIs were not conclusiveThe two mostrecent
systemic reviews and metaalysegound large heterogeneity between R@Tsandthe role
of vitamin Din prevention oRTlIsis still unclear(125, 126)
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1.3 PNEUMOCOCCAL VIRULENCE FACTORS AND THE HOST

During pneumococcal colonization and invasive disease, the bacteria are in a constant
interplay with the host. While the immune system detects pneumococci with the help of
PRRs, antibodies and the complement system, pneumdtaeeideveloped strategies to
evade and modulate the immune responses to their benefit. The pneumococcal cell wall with
the antiphagocytic capsule and the virulence factors autolysin, pneumolysin and PspC will
be discussed in this chapter.

1.3.1 The Cell Wall

Pneumococci are surrounded a Grampositive cell wall, which consists of a thick layer of
peptidoglycan and teichoic acids (Fig. 6). Peptidoglycan is a multilayered structure of long
glycan chains composed df-acetylglucosamingGIcNAc) and N-acetlymuramic acid
(MurNAc). The glyan layers are crodmked with peptide chaing.eichoic acid{TAs) are

highly conserved in pneumococci and they consist of repeating units of sugars. They can be
divided intolipoteichoic acids(LTAs) which are linked to the cytoplasmic membrane and
wall teichoic acids(WTA) which are attached to peptidoglycan. TAs are decorated with
phosphocholine residues, which play an important role as anchors for the choline binding
surfa@ proteins of pneumococ€l27). The cell wall also contains surface proteins with a
LPXTG motif, that are covalently linked to the peptidoglycan by sortase catalyzed
transpeptidase reactionsiddipoproteins that are attached to the cytoplasmic membrane.

The cell wall is vital to keep the shape of the bacteria and to protect them from bursting.
However, it also contains components that are detected by the immune system and cause an
inflammatol response. Peptidoglycan can be released into the cytosol when the endosome is
lysed by the pneumococcal toxin pneumolysin, leading to activation of N&BE&6). LTAS

have been reported to activate TLEB) although more recent studies show that the role of

LTA in TLR2 activation is limited and that the activation mainly results from lipoproteins
found in the LTA preparationfl28) To avoid the detection by the immune system, the
pneumococcal cell wall is surrounded by a polysaccharide capsule.
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Figure 6. The pneumococcal cell wallThe cell wall consists of a thick layer of peptidoglyc
covering the cytoplasmic membrane adlvas lipoteichoic acids(LTA) and wall teichoic acids
(WTA). Theteichoic acids are decorated with phosphocholine residues. Proteins are attache
lipid layer (lipoproteins), to phosphocholine (choline binding proteingd peptidoglycan (LPXG
linked proteins). The delall is surrounded by the capsule.

1.3.2 The Capsule

The pneumococcal cell wall is surrounded by a polysaccharide capbidke is highly
diverse insaccharide compositigii29) Due to this large variation ithe capsule, protective
antibodies against pneumaococci are specific to only enatype or one serogroup and do
usually not protect from infections with other sgroups The capsule pradcts the bacteria
from opsoniaton with complement, and is a major factor determining tktene of
complement depositior(130), although the genetic background pheumococci also
contributes (130, 131) A consequence of the reduced opsatian but also of the
predominantly negative charge of the capsule is the dedrgdmgocytosis of encapsulated
pneumococci(129, 13(. Additionally, the capsule pwents pneunmocci from getting
trapped in NETs releaséy neutrophilg81) or the mucous in the lung$32)

The capsule is the major virulence factor of pneumocand while noren@psulatedS.
pneumonia strains compose-93% of the carriage isolates, they aaedy associated with
invasive disease(133) While the capsules an important virulencdéactor andproteds
bacteria from phagocytic killing in the blood stream, it might also hinder the adhesion during
colonization and infection of the lung8hase variation is a phenomenahich might help
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the bacteria to overcome this dilemma. It has ks®wn thapneumococci spontaneously

can switch between mansparenand a opaquephenotypeof which the former is able to
colonize the nasopharynil34) and the latter is wulent in an invasive modg]135)
Interestingly, the transparent phenotype is associated wittdaced capsule production
(135), but the phenotypic changes are also affecting other pneumococcal virulence factors
(136). Visualization of pneumococci together with epithietiells revealed that the bacteria in
close contacwvith the cells produce reduced amounts of capsule compared to bacteria that do
not have ontact with cells(137) supporting that pneumococci migtecrease capsule
productionfor close interactions with epithelia.

1.3.3 Autolysin

Pneumococal culturesin stationary phasendergo a characteristic lysis vitro and the
protein responsible fothis is the major autolysin LytA. LytA is a choline binding protein
with amidase activityThe amidasacts on peptidoglycan and cleaves ltetyl-amide bond
between MurNA in the glycan strand and the stem peptide of the peptide (@38 which
destabilizes the bacterial cell wall and causes autolygi8. alsomediatesensitivity to cell
wall-acting anibiotics, such as penidifl G or vancomycir{139, 140) The regulatiorand the
molecular mechanismof LytA activity is not fully understood, biitis known that the protein

is primarily localized in the cytoplasm ilg early exponential growth and risleasednto

the melium during stationaryand lyticphaselt binds to the bacterial surface and localizes to
the equatorial dision site, where th@ascentpeptidoglycan is synthesiz€d40) LytA is
activated by the diaption of cell wall synthesisand requires long glycan chains as
substratesThe present knowledge points towards a regulation of lagvity by substrate
recognition and that it might specifically recognize nascent peptidoglycan at the equatorial
plain during growth inhibition(140, 141)

LytA is required for virulence im vivo modelsof meningitis(142), intra peritoneal infection
(143), intravenous infectiorf{144) and pneumonia(145) but the function of the autgdin
during pathogenesis not fully understoodThe virulence for ktA can to a large extend be
explained by the release of the toxin pmelysin during autolysi§l42, 143, 146put also
pneumolysin indeendent immunomodulation by LytA has been repoiidd) Additionally,
LytA might contribute to lysis of pneumococci during competenceand increase
transformatiorof competent pneumocci with the released DNAL48). Recently, a role for
LytA in capsuleshedding in response to the antimicrobial peptide8llhas been escribed
(149)
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1.3.4 Pneumolysin

Pneumolysin is &3 kDachdesterol binding cytolysirexpressed by virtually all invas
isolates of pneumococ€l50) At high concentrationthe toxin forms pores in cholesterol
containing cell membranes anaduces lysis of hostetls. However, cytolytic activity of
pneumolysin is not requireld causeadisease, since a ndenolytic version of pneumolysin
can beound in serotypd strains, which are associated with pneaatcal disease outbreaks
(151, 152)

The cnstal structure opneumolysinhasrecentlybeen solvednd showshat theproteinis
build up in 4 domainsDomain 4 on the @erminal part of the protein interacts with
cholesterol in plasma membranésit it canalso act as a lectin and bindanmose or the
blood type sugar LewisX{153-155) It is the current understandirthat pneumolysin
monomers bindo the cell membranandform multimes of 3650 moleculeso assemble a
pre-pore. Lpon prepore assemblythe multimerundergoes a large conformational change,
leading to the perturbation of the membrane by domain 4 and the formatigoE ath a
320430 A diameter(156) No active transpd mechanism forpneumolysin has been
identified and it is therefore belied¢hat thetoxin is releaseduring autdysis of the bactéa.
Extracellular pneumolysin mainly localizes to the pneumococcal cell wall but is also found in
the culture supernatant of pneumoco€tb7) Pneumolysin can activate the classi
complement pathwafi58) and this is believed to be dtestructural similarity otlomain 4

to the Feportion of antibodie$159)

At high concentrationgoneumolysin induces cell death by pore formatmd slows down
ciliary beding of respiratory epitheliunil60, 161) At sublytic concentrationsneumolysin

can form micropores and a range © modulating effects on host responses have been
identified. It has been shown that pneumolysin can reagaftite cytoskeleton of
neuroblastoma cells and astrocytes. It directly intethotaigh lipid layerswith actinand it

can activate the GTPases Rlaid RacA which modulate the actin cytoskelefbms leads

to the formation ofstress fibes, lamelopodia and filopodifl62, 163) Pneumolysi also
induces microtubule bundling at sublytic concentrationsthmimechanisms behind ttase

not undeistood. The toxirdoes not directly imteract with microtubule anthe mechanisms
leading to the bundlingnight be multifactoria{164)

A well-documentedunction of pneumolysin is the inductiaf pro-inflammatory cytokine.
Pneumolysa can activate the NLRR#$d AIM2 inflammasomsleading to the production of
IL-1 b a fd(68) 7D, 71) The activation requires the presencecgfolytic pneumdysin
and is noinduced byserotype 1 and @65) Furthermore, severakpors showan activation
of TLR4 by pneumolysireading to the secretion of cytokin@s/-60) whereasother studies
report TLR4 independemtytokine secretionfe8, 166, 167)Recently it has also been shown
that pneumolysin has the capacity to permeabilize endolysosomal membrademjto the
release opeptidoglycan into the cytosol whichight activate NOD recepto(66).
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Anti-inflammatoryor inhibitory functions of pneumolysiare less fequently described. In

the 1980 it was reported that pneumolysin inhibitethe activation, prolifer#on, and
antibody production ofymphocyteg168), as well aghe respiratory burst and antimicrobial
activities in monocytes andeutrophils(169, 170) It remained unclear in these studies to
which extend the inhibition was due tgtatoxic effects of pneumolysiriLittmann et al

(171) showed that dendritic cell activation, maturation and cytokine secretion is inhibited by
pneumolysin.The inhibition could largelyout not fully be explained by the inductioof
apoptosis andell death in dendritic cells.

1.3.5 Pneumococcal surface protein C

PspC is an important virulence factor of pneumococ. dthighly polymorphic protein and
based on sequence homolot)¥, major groups of PspC have been identified. Bgi@roup
1-6 bindto the bacterial cell wall via a choline binding domain, and greff Bind to the
cell wall via a LPX'G motif (172) Somepneumococciincluding clinical isolates of serotype
6B belonging toclonal compleXCC) 138,expresstwo PspC proteins of which one has a
choline binding domain and ond.BXTG motif (172, 173)

Functionally,PspCis very diversdout mainly mediates immune evas by binding to Bctor

H (174) andpreventing C3b depositiofi75) Additionally, PspCcontributes to adhesion to
host tissuePspC exds adhesive functions by imgetingwith the secretory componegC)
of secretory IgA and thpoly Ig receptor(plgR) (176) The interaction with SC of plRyhas
been shown tanediate invasion ofL77, 178)and translocation through epithetialls (179)
PspC also medies adherencby interacting with extracellar matrix proteins such as
vitronectin(180) andhumanthrombospondiril (181) The binding of Factor H to PspC also
supports adhesido host cell§182)

Due to the multiple functions and allelic variationsPspG the protein has also been called
choline binding protein ACbpA), Factor H inhibitor of complemeifHic) andStreptococcus
pneumoniae secretory IgA binding proté8psA).

PspC contributes to colonization, pneumonia and bacteremia in murine r{if:1<84)
Howeverinterestingy, PspC interacts speciitty with human and not muringecretoryigA

(179, 185) SpiIgR (185) and Factor H186), offering a possible explanation for theecies
specificity of pneumococci tmfect humans.
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1.3.6 Pathogenesis of Influenza Pneumococcal Coinfections

Infection with nfluenza virus predisposes the hostdasuperinfectionvith S. pneumoniae

The mechanisms underlying the increased susceptibility and more severe infections are not
fully understood butexperimental evidence, mainly from murine models, suggast
contribution of multiple factors.

Influenza induces changes in the lung environment which promote pneumococcal infections,
such as damage to the lung epithelia and mucosa. The viral neuramhmadaseen shown to
cleave off sialic acids from the lung, exposing receptors required rfeunpococcal
adherencél87)and the released sialic acids also provide a nutrient starrpaeumococcal
growth (188) Additionally, influenza infection desensitizes TLRs in alveolar macrophages,
which lasts for several weeks aftbe infection(189) At the same time coinfections induce a
cytokine storm in the lungs and the increased inflammation might supeotbecterial
infection(190, 191)

The viral infection also affects the amowamd function of immune cells in the lundt has

been shown thahe numbers of neutrophils in the lgcrease and the numbersabfeolar
macrophages decreasevendays post influenza infection. This correlates with the peak of
susceptibilityfor pneumococcal infections. Neverthelesss ihot clear to which exterthe
neutrophil influx affects the bamtal infection (33). It is clear however, that dveolar
macrophages are crucial to prevent and clear pneumococcal infections and the depletion of
macrophages during influenza infectibas been shown to accoattleastpartially for the
enhancegneumococcal virulenc92) Additional to the reduced number of macrophages

in the lungs, macrophadeanction is impairedl FNo | evel s are increase:
pneumococcal coinfections and the cytokine reduces the expres8i®xR&O, ascavenger
receptor involved in phagocys of pneumococcgn macrophagewhich leads to impaired
clearance andnore severalisease outcomgl93) Type | interferons ar@lsoinduced by
influenza andhey have been shown tmmpromiser-cdl function which leads to reduced

IL-17 production and ineased virulence of pneumoco¢tb4) The role of dendritic cells

during coinfectionss not well studiedlt has beershown thadendritic cell numbers ime
lungsare not affeted during coinfectionEl95) A cytokine boost in influenza primduiman
dendritic cells infected with pneumococci has been obsenveittro (196, 7). The altered
cytokine secretion in dendritic celisight contribute to the cytokine storm in the lung and the
impaired macrophage andc€ll functions.
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2 AIMS

The general ainof this thesis was to explore the interactions betv&egmeumoniaand the
immune system. A focus was put on the innate immune responses of macrophages and
dendritic cells. The studies should cdmite to the knowledge abopheumococcal factors

that ativate or evade immune responses and abpossible modulatianof the immune
responsetd pneumococci to benefit the host

2.1 SPECIFIC AIMS

Paper |

To investigatepneumococcal components ahdst receptors required fomduction of
cytokine secretion bydendritic cells. A mechanism underlying the increased cytokine
responses of dendritic cells ooinfection with influenza A virus and S. pneumoniaés
described.

Paper Il

To describe the differential effects of the pneumococcal toxin pneumaolysmmune cells
and to investigatenechanisms behind the inhibitory effects of pneumolysindendritic
cells.

Paper Il

To characterize two variants of the pneumococcal protein PspC expressed in B6 clinical
isolates regarding their localization on the baatesurfaceas well astheir role in
complement evasion and adhesion to host cells.

Paper IV

To explorethe immunomodulatory effects of vitamih on dendritic cells and Fcells inthe
context of pneumococcal infection.
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3 METHODOLOGICAL CONSIDERATIONS

Bacteria:
In this thesis, pneumococcal strains of serotype 2, 4 and 6B have been studied.

TIGR4 (T4) aninvasiveserotype 4solate from a Norwegian patie(98)was used in paper
[, I, Il and IV. The pneumococcal capsule prevents efficient uptake of pneumaconci
vitro assays.t has previouy been shownthat phagocytosisates can be increased by
opsonisition of the bacteria or by usinghainencapsulated mutat71). Therefore, we use
anisogenicunencapulated mutant of serotype 4 (T4@99) in paper |, Il and IV as well as
opsonized % in paper |

Serotype 6Bisolatesbelonging to CQ@38 were used in paper IIICC138 iscommonin
colonizationand associated wi high mortality rate¢173, 200) The solatesBHN191 and
BHN418 of CC138 have previously been shown to express two closely linked copies of the
pspCallele whichdiffer in their domains for cell wall attachmepspClencodes a choline
binding domainand pspC2encodes a LPXG motif. BHN191 is a nasopharyngeal isolate
from a healthy child, and BHN418 is isolated frblnod of a meningitis patientVe used the
isolatego study the function of the two PspC proteins in papeMilitants of thgospCgenes

were created by fusion PCR mutagenéli® serotype 2 stim D39 and % werealsoused in

this study because they only express one copy qfgpEallele.

Virus:

Severe pneumococcal infectiooscur in close tempal proximity after infections with
influenza virus. Our group has previoustydied the effects &. pneumon@andinfluenza
A virus (IAV) coinfections on dendritic celléLl96)and in paper | we follow up on this study.
We usel the X31 strain of IAV propagated MadineDarby canine kidneyMDCK) cells.
Dendritic cells were stimulated for 2 hewvith IAV and subsequently infected with T4R.

Immunostimulation:

Paper I, 1l and IV investigate thenmune response tpneumococci and pneumococcal
components. The pneumocat component used in paper | wasal RNA isolated from
T4R.Pneumococcal pemtoglycan wasised as a stimulamt paper 1V

Substanceto stimulate gecific PRRs wereased n paper | 1l and IV (Table 3. Polyinosinic
polycytidylic acid(Poly I:C) is a synthetic double stindedRNA analog which activates
TLR3. LipopolysaccharidéLPS) is a component of the Gramagative cell wall and a strong
activator of TLR4.R848, also called &quimod is a guanosine derivatevhich adivates
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TLR7 andTLR8. Muramy! dipeptiddMDP) is a small component of peptidoglycan, known
to stimulate NOD?2.

Table 2 TLR agonists used in this thesis

Substance PRR Included in

Poly I.C TLR3 Paper |

LPS TLR4 Paper | Il and IV
R848 TLR7 and TLR8 Paper |

MDP NOD2 Paper IV

Cells:

This thesis investigates the effects of pneumococci and pneumococcainentspn human
immune cells.While much research has been performedthe effect of pneumococci on
murine immune cells, we used to a large extent immune cells derived from human primary
monocytesMice are not a natural host for pneumococci and the humamanike immune
sysem differin asped that were important for the studies of this theSigokine responses

to pneumococci, which were studied in paper | and Il and IV, differ significantly between
murine dendritic cells ahhuman dendritic cell§171) The pneumococcal protein PspC,
which is studied in pag Ill is known to interact with humanaEtor H butdoes not bind
Factor H fom other speciefl86) Immunomodulation by vitamin Dstudied in paper 1V,
differs in the huran and the murine system, especially the expression of antimicrobial
peptides is dferentially regulateq201)

The following cell types were used in this study:

Human monocytes

Human monocytes were isolated from buffy coats frbealthy donors, provided by
KarolinskaUniversity Hospital. CD14 monocytes were isolated by negative selection with

the RosetteSep human monocyte enrichment cocktail (StemCell Technologies) and a gradient
centrifugation with FicolPlaque plus (GE healthcare). The cells were used for the
differentiation of dendritic diss and macrophages paper | and IlIin paper IV,peripheral

blood mononuclear cell§PBMCs) were isolated by gradient centrifugation with Ficoll
Plague plus (GE healthcare), and monocytes were allowed to adleedéute flasks for 2

hours. Noradherencells were carefully washed off.

Human monocyte derived dendritic cells

Human monocyte derived dendritic cells were used in paper I, Il and IV. They were
differentiated from bbman monocytein the presence of 4 and GMCSF(Peprotech) for 6
days. The ells were over 90% positive for CDl1a and CD11c.
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Human monocyte derived macrophages

Human monocyte derived macrophages were used in paper Il. They were differentiated from
human monocyte®r 6 daysin the presence of GMSF or MCSF (Peprotech) intil1-like
macrophages or Miike macrophages, respectively.

Human CD4" naive and memory Fcells

Human CDZ4 naive and memory -€ells were cocultured with stimulated autologous
dendritic cells in paper 1IV. The-ells were isolated with the EasySmpmman memory CD4
T-cell enrichment kit, or with the EasySep human naive ‘CD<4ell enrichment kit
(StemCell Technologies) from nadherent PBMCs.

THP-1 derived macrophages

THP-1 cells are a monocytic human cell liderived from an acute monocytic leurkia
patient (American Type Culture Collection [ATCC], Manassas, VAhe cells were
differentiated for 48 h witlphorbol myristate acetatt’MA) (Sigma)into macrophagdike
cells whch were used in paper Il and.llI

A549 cells

A549 cellsare alveolar bad epithelia cellsderived from ahumanlung adenocarcinoma
(American Type Culture Collection [ATCC], Manassas, VA)e cells are used in paper
to study the adhesion of pneumococci to host cells.

HEK293 cells

Human embryonic kidney 29HEK293) cell ariginate from healthy fetal kidney cells
trangormed with adenovirus DNA. HERKO3 cells stably transfected with plasmids
expressingeither TLR4, MD2, CD14 and |l uci ferase wunder t he
promoter, or TLR3 and luciferase under the ELAM promutere used in paper I. The cells

were transfectedith pneumococcal RNA and luciferase actiwigs measured to study the
activation of the receptars
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4 RESULTS AND DISCUSSION

4.1 PAPERI

Toll-like receptor 3/TRIF-dependent IL-12p70 secretion mediated btreptococcus pneumoniae
RNA and its priming by influenza A virus coinfection in human dendritic cells

In paper | weanvestigatethe recognition o5. pneumoniaby dendritc cells which leadso
the secretion of the cytokine-12p70. Additionally, we studied the effect of prinfluenza
A virus(IAV) infection on thecytokine secretion.

When we silenced thadapter molecule TRIF witlsmall interfering RNA(SIRNA) in
denditic cells, we observed a marked dease in IL12p70 secretion in response to
pneumococciThe only receptors known to recruit the adapter TRIFT&R3 and TLR4
(202, 203) Due to the previously reported activation of TLR4 by the pneumococcal toxin
pneumolysin(57-60) we hypotheged that TRIF is mediating signals from TLR4 leading to
the secretio of IL-12p70.However, silencing of TLR4 with siRNA revealed thatl1Rp70
secretionis independent of LR4. The activation of TLR4 byneumococcis still debated

(68, 166, 167)and differences might stem frontontaminants in the pneumolysin
preparations as well as differences in the model systemdataindicaie that pneumococci
induce 1L-12p70 secretion idendritc cells in a TLR4 independent manner.

Dueto the lack of TLR4 activatiowe investigated the role of TLR& receptofor double
stranded RNAdsRNA) previouslynot shown to be activated by pneumoco®ée found that
silencing of TLR3with siRNA significantly reduced I£12p70 secretion in denddtcells a

result which we could confirwith the use ofa chemtal TLR3/dsRNA complexinhibitor.

The activation of an endosomal receptor like TLRBiither supported by thequirement of
bacterial uptake by dendritic cells for-12p70 secretion.

The results were suring, since TLR3 isknown to be activated by viratlsRNA and
bacteria produce onlgingle stranded RNAssRNA). However, secondary RNgtructures

such as inmibosomal RNATrRNA) or transfer RNARNA) might be able to activate TLR3.
Therole of bacterial RNA in the activation of PRRs has just emerged within the last years.
Several studies have shown that RNA isolated from bacteria can ackliaten a TLR3
dependen{204-207)or independent manng08214) RNA mightbe an importansigral of
bacterial viabity to the immune systerf212) Pneumococcal RNA as a signal for TLR3 had
not been investigated previously.

To study he role of pneumococcal RNA in TLR3 activation, we transfected R into
dendritic cells as wikas HEK293 cells expressing TLR¥FneumococcaRNA was sufficient
to activate the HER93 cells and to induce H12p70 secretion in dendritielts in a TLR
dependent manneAdditionally, we stimulated dendritic cells with Ukilled pneumococci
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which were pretreated with RNAsesnd confirmed the importance of RNA as a
pneumococcal stimulus in dendritic cells.

Our group had previously observed that IAVeiction could prime dendritic cells to secrete
increasedamounts of the cytokines 4& and IL-12p70 during subsequent pneumococcal

infection. The priming of dendritic cells was mediat by a sol ubl e factor

sufficient stimidus to prime thecells (196) Snce viral infection as well as type | interdes
can increase the expression of TLRA5, 216) we investigated TLR3 expressi@s a

possible mechanism underlying the increased cytokine secretion in pneumococcal AV

coinfection. TLR3expressionwas enhanced by IAV and, to a lesser extent, by N U
Additionally, the increased H12p70 secretion in pneumococcal IAV irdfection was
inhibited by theTLR3/dsRNA complex inhibitor. he data indicates thaAY upregulates
TLR3, probably by soluble factosichasF NU, and t he i contibetes $oe
theenhanced 1112p70 secretiom pneumococcal IAV coinfections.

In summary, we found that dendritic cells sense pneumococcal\vii\the receptol LR3.
TLR3 recruits TRIF, which ultimately leads to the expression and secretion1d. [Lhis
signaling in dendritic cells might be of particular importance during pneumdciF¢a
coinfections, due to the upregulation of TLR3 by the vileiading to an increased cytokine
response to pneumococci.

i n

IL-12 is an important part of the immune responses against pneumococcal infections. It

induces the differentiation of -Gells into Ty-1 cells whichpr oduc e  suppdrb
clearance of pneumococcal infectio(02, 103) IL-12 deficient mice have decreased
survival in a pneumococcal pneumonia mad€l3, 217)and a patient with a severe-12
deficiency suffered from recurrent pneumococcal infectid®d) However uncontrolled
cytokine production as in coinfections with 1AV ag&d pneumoniaean damage the lungs
and negatigly affect disease outcom@9l) Enhanced | FNO I n I
coinfections impairs clearance by macrophages zas detrimental effectsncsurvival in
murine modelg193) Concluding, tigtly regulated secretion of cytokines is importéorta
positive disease outcomand TLR3 activation by pneumococcal RNA dendritic cells
might contribute to clearance ohpumococci but also to pathogenesis
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4.2 PAPERII

Pneumococcal toxin pneumolysin mediates cell type specific inhibition of cytokine
secretion

The cytolytic toxin preumolysin is an important virulence factor ugqd for invasive
pneumococcaldiseasein murine models(143, 144) The poinflammatory effects of
pneumolysinare well establisheq218) although it is not clear whether ganmolysin
mediates the proinflammatory effects via the receptor TLRA60) or in a TLR4
independent mann€68, 166, 167)Inhibitory effects ofpneumolysin on immune cellsave
been r epor tsdoygtheiPaton group whicl® de€cribed an inhibition of the functions
of humanneutrophils lymphocytes and monocytés68-170) However, it is unclear whether
these effects were a consequence of pneumolysin induced cell death. @uegoted that
pneumolysin expression by pneumococci inhibits dendritic cell functamsh largely but

not fully correlated with pneumolysin induced cell dgdfhl)

In paper Il we compacethe effects of pneumolysin on different cell types. We infected
dendritic cells, Mllike macrophagedlifferentiated with GMCSF M2-like macrophages
differentiated wih M-CSFand THR1 derived macrophages with a low dosgréumolysin
proficient (T4R) or deficient (T4Rgply) pneumococci For dendritic cells and GMCSF
macrophages, we bser ved an inhibition-=-1l0&dikyh kb ye
pneumolysin exyessingoneumococci which could not be explainedpogumolysin induced

cell deathCytokine secretion byHP-1 derived macrophages, howevegsactivated in the
presence of pneumolysin. -BISF macrophages showed an intermediate phenotype with
unaffected NFU a#d® blkoduct i on-10gmdlctidn rinhte prieserea of 1 L
pneumolysin. Cytokine secretion required bacterial uptake by all theandlla mutant of the
autolysin LytA induced similar effects as the pneumolysin mytaicating thatthe release

of pneumolysin by autgsis might be important for itsffects on the cells

Since we found the most pronounced differences in the effect of pneumolysin between
dendritic cells and THR macrophages, we further investigated the role of pneumatysin
these cell types. We used siRNA tesceTLR4 in THR-1 macrophages and showed that the
increased seert i on of T N F neumolysin expressing preeumbaoocci did not
require the presence of TLR4. Therefore, pneumolysin must activatel Thi®ophages in

a different manneand further studies are required to understand this activatiercytosolic
receptorNOD2 as well as STING can be activated by pneumocotc pneumolysin
dependent manngi64, 65, 67) and could be a possiblexplanation for the observed
activation ofTHP-1 macrophages.

We explaed the inhibitory effects of pneumolysin on dendritic sdly measung the
expression of 84enes associated to innate immunity and TLR signalingpf 2Be genes
were at least-#old up- or downregulatedin dendritic cells infected with T4R or T4Rly
compared to uninfected cells. Interestingly, all cytokines were expressed highergplyf4R

35



infectedthaninT4Rlendr i ti c cel |l s, apart from | FNb,

w h

We measured the secretion of RaRdNITBRplyanddendr i t

confirmed t hat al so the protein l evel s of

pneumolysin.

To investigate the fairly general inhibitory effects of pneumolysin on cytokinessipn, we
measured the expression of inhibitory protékme®wn to affect cytokine expression. We
found an incresed expressionf suppressor of cytokine signaling(30OCS1) indendritic

cells infected with T4AR compared to TgRly after 9 hours of infectiomnd Western blot
analysis showed that the SOCS1 protein level afs@rd49hours of infectioralsowashigher

in T4R than inT4Rqgply infected DCs. SOCSihhibits JAK/STAT signalingby binding to
interferon receptors as well as JAKge measured STATJ701 phosphorylation in dendritic
cells 3 to 7 hours after infection and found a delayed STAT1 phosphorylation in T4R
compared to T48ply infected dendritic cells. Our data show that pneumolysin expression by
pneumococci increases the SOCS1 levels in dendriits, cleading to a delayed
phosphorylation of STAT,lwhich might cause a general reduction in cytokine expression.

SOCSIcanalso directlyinhibit TLR dependent cytokine signaling binding to TIRAP or

the p65 unit of NFaB, atienhandcdegradiagon. ds inhtbiton of h e i r
NFaB regul at ed gen et the expressia f nwost cytelones, whileiitn h i b

would not affect FNb expressi on. Future studies wil/l
in dendritic cells infected with paenolysin expressing pneumococci.

A pneumolysin dependent increase in SOCS1 levels has not been reported previously and
none ofthe known functionsof pneumolysin could explain the upregulation of SOCS.
Therefore, we performed a pulldown to identify newetattion partners for pneumolysin.

Next to 31 other proteins, we pulled dowracrophage mannose recepto(MRC-1) from
dendritic cell lysates but not from THP macrophages. Weonfirmed the interaction
between pneumolysin and MRICby co-immunoprecipiaton. Interestingly, the receptor is

not expressed in THP macrophages, whereas it is expressed in dendritic cell<C&Mand

M-CSF macrophages.

MRC-1 is alectin which with high affinity binds mannose and fructose. The receptor has no
signal domain buit is important for noropsonized phagocytosis. It has bebownthat the
receptor can mediate phagocytosis of pneumococci by binding to the capsulafidgts
Interactions between pneumdlysand MRG1 have not been reged so far. However,
pneumolysin can bintb sugars such as the blood antigen Lew(i$33, 154) and structural
analysis has shown that it can bind ttwannose mlecules(155) Interestingly, activation of
MRC-1 has been connected to an -amlammatory phenotypg219) and binding of
Schistosomalycan to MRC1 increases SOCS1 expression in dendritic @aild inhibits
cytokine secretiorf220). Only the celltypes in which cytokine secretion was inhibited by
pneumolysin expressed MRIC THR1 macrophages did neither express MRGr SOCS1.
Future studies will show whether MRLCis connected to the inhibitory phenotype that we
observe in dendritic dsl
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To conclude, pneumolysin mediates differential effects on immune cells, ranging from a
activation of cytokine secretion in THP macrophages tonanhibition in dendritic cells.
Future studies will unravel whether thbility of cells to expess regetors such as MRQ or

the expression o60CS1 determirgthe effect of pneumolys expression by pneumococci
oncytokine responses
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4.3 PAPERII

Spatial representation and density of human factor H binding proteins oistreptococcus
pneumoniaeaffects virulence function

Evasion of complement attack is an important survival strateg$. gheumoniae The
pneumococcasurfaceprotein PspChinds humanFactor H and thereby preverdeposition

of complement on the bact& surface(174) While most pneumococci express PspC with a
choline binding domain to anchor to the cell wall, a few PspCs are covalently tim ¢ell
wall with a LPXTG motif Our group previously identified clinical isolates of serotge
belonging to clonal complex AG8 which expressetivo PspC proteins, PspC1l with a
choline binding domain and PspC2 with axIi& motif (173)

Paper Ill comparesthe function of the twdspCproteins as well atheir localization on the
bacterial surface/Ve studiedwo 6B clinical isolates BHN191 and BHN418BHN191 was
isolated from the blood of a meningipatient, andHN418was a nasopharyegl isolate of
a healtly child. Flow cytometry showed thalhé ability of BHN191 and BHN418&o recruit
Facto H to the bacterial surfaceas higherin comparison t®39 and B which onlyexpress
onePspCprotein

Immunofluorescence staining of PspCl and PspC2 as well as High resolution STED
microscopy revealed that PspCl and PspC2 bind to distinct parts of the bacteria. While
PspC1 idocalized at distinct para septal ringsthe equatorial plane of dividing bacteria,
PspC2 localizes at the poles of the bacteria.

Co-staining with Factor H showed that Factor H preferentially binds to sites not occupied by
PspC2 with a pattern of septaigs similar to PspC1. Factor H staining of PspC1 and PspC2
deletion mutants ithe BHN418backgroundand analysis by Flow cytometopnfirmed that
PspC1 contributes more to Factor H binding than PsphRi2.was in contragb results from
surface plasion resonance where both copies botiadttor H equally well, indicating that

the expression on the bacterial surfacghnaffect the protein function.

Staining for C3showed that botHPspC proteins contribute to thgrotection from C3
deposition, but abse® of PspC1 from the bacterial surface had a larger effect than absence
of PspC2The data indicatthat PspC1 is the major Factor H binding protein of the two PspC
proteins.

Next to Factor H binding and protection from C3 deposition, Pgp@n important
pneumococcal adhes{180-182) We therefore assessed the role of the two PspC proteins in
adhesionto A549 lung epithelia celldnterestingly, we found that thébsence of PspC2
significantly decrease@dhesion to A549 cells, whereas the absend¢espC1l had no effect
Interestingly, fuorescencemicroscopyshowed that the bacteria preferenyiaidhere to the
cells via theirpoles the area mainly populated by Pspddgether this data indicatbat
PspC2 is the major adhesin of the two proteins.
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Additionally, we assessed opsonophagocytic uptake of pneoccody THR1 derived
macrophages. We found that uptaieserum opsonized pneumocobgi macrphages wa
increased in the absence of Psp@hereas the absence of PspC2 did not significantly affect
uptake. This is consistent withe role of PspClsathemajor Factor H binding protein.
However aPspC1l PspC2 double mutant was phagocytosed less as compared to the PspC1
mutant. This might be explained by the role of PspC2 in promoting adhesion, a factor that
could lead to decreased uptake in the double rhutan

Due to the distinct functions and distinct localization pasteshPspQ and PspC2we
speculated that surface localization might contribute to the function of the proteins. Analysis
of other LPXTG linked or choline binding PspC proteins showed th&E s localized as
septal rings in strains expressing only one copy of PspC, irrespective of the anchoring
domain.

Previously it has been shown that the surface localization of proteins in Gram positive
bacteria can be changed by altering the signalge(@21).

A signal peptide switch mutant in which the signal peptide of PspC1 was exchanged with the
signal peptide of PspC2 showed an altered localization pattern of PspC1l on the bacterial
surface. Instead of distinct rings located at the septum, the mutant PspC1 distributed over a
larger areaDue to the normal expression of PspC2, adhesion to A549 cells was not affected
in the signal peptidewitch mutant. Howevethe ability of themutart to bind Factor H was
impaired, and C3 deposition was increased. Consequently, the opsonized mutant was taken
up more efficiently by macrophage€o-staining with Factor H revealed that Factor H
binding did not fully overlap with the larger surface disition of PspC1 on the signal
peptide switchmutant. Factor H bawd torings in the septal area where the density of PspC1
was the highest.

In summary, we found that the two PspC proteins PspC1l and PspC2 in serotype 6B strains
belonging to CC138ulfil distinct functions and are located differentially on the bacterial
surface. While PspC2 localizes to the bacterial poles and is important for adhesion to
epithelia cells, PspC1 is located as dense sgptal ringsand is the major Factor H binding
protein. angng the surface localization o6pC1 impaired its function and indicated that
Factor H binding occurs at siteslofjh PspC1 density.

Serotype 6Bstrains belonging taCC138 are efficient colonizers of the nasopharynx in
children but also successful invasive diseas€l73, 200) The functions ofPspQ and

PspC2 as Factor H binding protein and adhesin, respectively, might contribute to the success
of this clone It is inteesting thaiadhesion and Factor H bindiogcur at distincsitesof the
bacterial surfaceAdhesive structures often are located at the apical poles of bacteria, such as
the polar finbriae of Escherichia coli(222), the polar presentation of A&tin Listeria
monogtogeneg223)and the polar invasioof epithelia cells by group Breptococci(224)

We found that C3 depositairly equally onthe bacterial sfiace at sites not protected by
PspC proteinshowever it has been reported that the MAC complex preferentially assembles
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at the division septum iStreptococcus pyogen25) Gram positive bacteria are protedt

from lysis by the MAC complex, which is believed to be due to the thick peptidoglycan layer
of the cell wall(77), and the effect of MAC proteinsrding to the septurs not known.
However, the deposition of MAC proteins at the septum might be asernrdor the septal
localization of PspC1.
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4.4 PAPER IV

Immunomodulatory effects of vitamin D on innate and adaptive immune responses to
Streptococcus pnemoniae

Immunomodulatory effects of @min D are well documented15119) The effect of
vitamin D on immune responses to pneumococreéectiors however hasnot been
investigated.

In paper IV weexploredthe modulatory effects of vitamiD on dendritic cell and Tcell
responses t&. pneumoniaeDendritic cells wee stimulated with TAthe unencapsulated
isogenic mutant T4Rr pneumococcapeptidoglycan(PGN), andthe expression of MHCII
and thecostimulatory moleculéecD86 was measuredThe ani-phagogtic capsule of T4
preventedupregulationof MHCII and CD86, wherea34R as well as PGN triggered an
upregulation othesematuration markers.

We studied thesffect of the active form of vitamin D, 1,25 (OB}, on dendritic cells and
found thatvitamin D enhance@€D86 expression in response to T4, T4R and PGN. Vitamin
D did notaffect CD86expression omnstimulated cells. Praitamin D, 25(OH)D3was also
able to hduce a small increase of CD86 expressinrPGN stimulated dendritic cells, and
the effect of previtamin D was blocked by itracomale, an inhibitor of the Cyp27B -1 U
hydraxylase.Additionally, vitamin Dupregulatedhe expression of the chemokine receptor
CCRY7 in response to PGN and inhibited uptake of T4R by dendritic cells.

The exyression bthe catimulatory molecule CD86 and the chemokine receptor CCR7, as
well as reduced phagocytic activity, are typical changes associated with matured dendritic
cells which migrate to the draining lymph nodes and present an@gemata indicag that
dendritic cells are able to convert the 4fwom of vitamin D into the active form, and that
vitamin D enhancesaturation of dendritic cells activated by pneumococcal components.

Further, theexpression of the PGN receptors NOD2 and TLR2 wgsergstically
upregulatedy vitamin D and PGN, whereas TLR4 expression was unaffddpgdgulation

of the innate receptors TLR2 and NOD2 by vitamin D might be beneficial during
pneumococcal infections since it can enhance the detection of bacteria by theeimm
system.

In line with the upregulation of the PRRxpression of the antimicrobial peptideman beta
defensin 3hBD-3), and &pression and secretion of-IL fwas increased in the presence of
vitamin D. hBD-3 has antimicrobial activity again&. pneumoniagand IL-1 b aips
inflammatory cytokine important for the recruitment of phagocydesing infections
Increased killing by phagocytes and antimicrobial peptd@sontribute to the clearance of
pneumococcal infections.
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Cocultureof CD4" menory T-cells withPGN primed dendritic cellesulted irnthe secretion

of | arge amounts of -7aNdl:-16 h B Nibh-1wnd #-foatent s o f
associated with J-1, Ty-17 and Teg phenotypesespectivelyThe presence of vitamin D

reduced IN 2and IL-17 productionand enhaged IL-10 secretion, indicating that thecgll

responses weskewed toward an anatiflammatory phenotype by vitamin D.

Several studieshowed an important rolef Ty-1 and [-17 responses for the prevention of
pneumococcal colonization and diseéH20-106). The role ofregulatory TFcell responses is
less clean(108110) butan antrinflammatory Fcell phenotype might be beneficial for the
prevention of excessive inflammatiowhile inflammatory responses are essential to clear
pneumococcal infections, excessive inflammation and tissstrudgéon can promote
pneumococcal diseaseurtherstudieswill provideinsight into the clinicaimplications of
vitamin D on pneumococcal infections

In conclusion, vitamin D modulated the dendritic cell arcell responses t8. pneumoniae
The maturation of dendritic cellas well as the expression dfey innate elements was
enhanced by vitamin D whereas adapiiveell responses were dampen€udir data supports
a possible positive effect of vitamin D on the human immune responses toquoecHi
infections which will need to be confirmed by clinical studies
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5 CONCLUDING REMARKS

Even today, witlthe availability of vaccines arahtibiotics infections withS. pneumoniae
remain a major healtbroblem. For the development of future vaccines and treatment options
a thorough understanding of the interactions between pneumococci and the immuneéssystem
essentialMacrophages are requireidr the immediate clearance of invading pneumococci
and dendtic cells areessential for the initiation of appropriatelaptive responses. The
cytokines secreted by dendritic cetleterminethe T-cell subtypewhich has significant
effecs on the immune responses as a whole.

In paper | we identified TLR3, aeceptor previously not knowto be activated by
pneumococci, as a receptor for pneumococcal RiNgendritic cells The activation of TLR3
was essential for full secretion of the cytokinell2and could be enhanced by prior infection
with IAV.

Paper Il eplored the differential effects of pneumolysin on dendritic cells and macrophages.
We found a cell death independent inhibitory effect of pneumolysin on dendritic cells and
describanitial insight into the mechanissiehind this inhibition.

In paper lllwe discovered distinct roles in adhesion and complement evasion for the two
closely linked proteins PspC1 and PspTBe proteins were differentially localized on the
bacterial surface, and correct localization was essential for the function of.PspC1

In paper IV wefound that vitamin Denhances innate responsesdeindritic cellsto
pneumococcal PGN, andnodulaes adaptive Tcell responses towards a regulatory
phenotype. This effect of vitamin D on the immune responses might be beneficial during
pneumococal infection.

Effects of pneumococcal virulence factorsannot necessarily beansferred between cell
types Additionally, pneumococcal virulence factors can have multiple effects on the host and
a slight disturbance of their surfacexpressioncan impai their function This thesis
underlines the complexity of the interplay between pneumococci and theThespapers

give insight into the activation (paper | and Il), evasion (paper Il and Ill) and modulation
(paper 1IV) of the human immune responsesnteuymococci. Hopefullythis knowledgewill

make somecontribution to the development of protein vaccines or immunomodulatory
therapies in the future.
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