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Abstract

Abstract

To

induce an appropriate 1 mmune response,
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hani sms after recognition is the assembly
-1lL-1b and pro-1L-18 into the active cyt
| ammatory conditions and excessive activa
i nfl ammatory and autoi mmune di seases. TF
RP3) i nfl ammas ome I s suggested t o be [
heroscl erosi s, type 11 di abet es, cryopyr
es of cancer, and inflammatory bowel di
erfering with IL-1 signaling are of gr ece
i bits binding of both IL-1U and IL-16b. Ri
h two IL-1 receptors grafted onto it. Th
ocl onal |l gG1 anti body Canakinumab speci fi
ients undergoing a therapy with these dr

piratory tract infections.

human wupper respiratory tract (URT) I s
teStaphiykecoaBus eptomews c.usOmplnye uanolnii rmiet e d
dies have so far addressed the role of t
ections. |l mbal ances in the i mmune system

l ungs thereby causing I|life-threatening
rapi es such as I L-1 i nhibition, viral [
el opment of a secondary, bacteri al I nf ec
e was characterized by a bi-phasic diseas:c

16 irrespecsttireeltycofccasppeacodmomi aat i on.
nt, | ow amounts of bacteria were recover

s co-infection model was used for in-dept

active | ipids, such as eicosanoi ds, are |
cell ul ar I mmune response and skew it t o

osanoid analyses revealed increased | eve

(HDHAs) and hydroxyeicosatetraenoic acids (F

Vi



Staphyl ococcal pneumonia mainly resulted 1in
infectBonpweuéodi aefluenza A virus (1 AV), re
was measur ed. Furthermore, ceramide-1-phospt

sphingosine-1-phosphate (S1P) was reduced.

by bioactive |ipid mediators might be protec

Cytokine analyses revealed high expression o

single bacteria- and virus iIinfected as wel/l
Il n al |l three infections monocyte chemoattr a
recruitment was noted. The el evated express
maj or hi stocompatibility complex 11 ( MHCI 1)
indicated an activation of these cell s. I n <
mai nly neutrophil -independent I mmune respons
of neutrophils was observed.

Neutrophil s, as first recruited responders
contents after activation in order to el i mi
neutrophil activation correlates with tissue
As a result of excessive celll deat h, | ar ge
Space. Pneumolysin (Ply), a por eS.f oprnnmeiunngo nti oax

i S a potent activator of human neutrophil

concentrations of Ply readily resulted in th
the supernatant. Mi croscale Thermophoresis

Pl'y by binding it in the extracellular spac:eée
sublytic amounts of Pl'y and physiologicalll
di mini shed neutrophil activation. We specul
excessive neutrophil recrui tment and acti vat
amounts of extracellular ATP which, I n turn,
Pl'y inhibits further neutrophil activation a

VI



Background

1 Background

1. Upper respiratory tract pat hogens

The human body has several compartments the
nasopharyngeal cavity represents a host comp
|l i 8eaphyl ocbrrcept cpPcops osppbaan@aoin ywme sgp@t.er i
spp1l, 2] . However, these bacteria can al so

Anot her threat mainly causing upper respirat
A virus (1AV), parainfluenza virus, respir e

Complications of an | AV infection include vi

l1.1Sireptococcus pneumoni ae

Pneumococci are Gram-posiSttirvee,t ocrmcapdse lipantggeudn
the most common human representative of this
cause | ocal infections such as otitis media
S. pneamecoiuaé s for the majority of community
was estimated that about 14. 5. mphkumesshlheenaeg
in 826,000 deaths in children under the age
to approximately 1.6 ®il pheomdeieandosweper wiyteh
range of virulence factors. Factors | ike ¢c:
mol ecules are involved in colonization of t

virul ence factor during respiratory tract

dependent intracellular cytolysin [12), 13],
[ 14]. The activity of Ply seems to be depend
[ 16, 17] . However, ot her studies support t
autolysis is indeed required for the releas
formation and subsequent | ysis of the host c
[ 20-22] . Apart from the <cytolytic activity
activator of the innate I mmune system as it

NLR family pyrin domain-containing 3 (NLRP!:



Background

promotes a pro-inflammatory response by ind
release of cytokines [ 24, 25] . It has recent
receptor C type 1 (MRC-1) on human DCs and

l1.1SRaphyl ococcus aureus

Carri 8geplyl ocodcsusstawmegusy dependent on fac
first ei ght weeks after birth, the nasophar
col onizedaulryguls. At an age of eight mont hs, |
carriSer aaff 2dk. The emergenc8. ocdAu(MERSA)C I st 1
|l argely contributes to about 25,000 deaths
deaths worl dwi de are caused by bacteria witdt
bet ween MRSA and MEt haoftBREBA)Ysuscepmiblae bu:

more infections [29].aumdelkude nsuxearufsieadi ably i
abscesses, invasive infections such as endoc
as the toxic shock syndrome (TSS) [30]. | mpo
are pore-forming toxins comprising one-comyg
component | eukocidins (including hemolysin-o3
forming peptides | i ke phenol -soluble modul:
formation on the target cell after receptor
|l eukocytes and erythrocytes but binding of L
to cause |l ethality in mice [33].

1.11Bfl uenza A Virus

I nfluenza A virus is one of the | eading caus
(URT) [ 34] . There are approximately 1 billi
severe cases and 300, 000-500,000 deaths worl
eight negatively oriented, single-stranded R
proteins [37-39]. Mutations in the influenz,
antigenic shift. These mutations | ead to tt

hemagglutinin (HA) or neuraminidase (NA) [ 4
2
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common process in which accumulation of rani
take pl ace. This process | eads to the emer g
shift, on the other hand, i s only possibl e,

A virus strains [42]. I n sporadic cases a ¢
from one | AV strain into another strain, w h
The mechanism of antigenic shift |l eads to t
1918 HI1IN1 strain. During the 1918 pandemi c,

deaths worl dwide [ 35, 43] . However, t he maj
attributed to | AV [ 44, 45] . Mo st of the inf

infection wBthpbaotSeniaapftlse

1. Zo-I nfections
Foll owing a viral URT infection, bacteria f
into the | ower respiratory tract where they

t he respiratory tract ar e mai nfy awndaded |

S. pneumébni 4é-49]. These co-infections contr
during | AV pandemics [ 46, 50, 51] . Some f
augmented bacteri al adhesion to the |l ung epi
i mmune system, viral i mMmmunosuppressive abil
mi crobiome [52-54]. Neuraminidase from infl
an I mportant role in mediating a co-infecti
sialic acids on the airway wepithelium expos
adherence [56]. I n addition, cleavage of S |
S. pneumodi aemcreases its growth and replica

interrupting cytokine ré&spopmzagnoinn attleetc omt ¢

However, the complication of a co-infection

people (age >65), pregnant women, children u
patients [59]. Recent studies suggest that ¢
even confer protection against the foll owi ni
activating the innate i mmune response. A br
agai nst bacteri al or viral URT infections h
bacteria [65-69] as wel |l as infection with

3



bacteria have also been described to be prot
infections with subl et hal dosages of bacter|
such co-infections. The outcome of a co-infe
endpoint s, the application mode and the mod
murine co-infection models are in different

pat hogens, intratracheal administration of

bacteri al colonization of the host does prob
devel opment of a natur al co-infection. Thus
describing the complex host-pathogen interac
1.3 nnat defesniseehani sms

1.3Cé&l 1l ul ar response

1. 3.Neuwt rophil s

Il n humans, neutrophils make up the major | e
About 50-70% of the total human | eukocyte c
neutrophils account for only 10-25% [80]. |t
role in the innate i mmune system [ 81-83] an
neutrophils are found in bone marrow or Ares
87] . As they are among the first recruited

they are rapidly recruited from those tissue
Neutrophil granul es

Neutrophils contain granules with pre-store
azurophilic (pri mary), speci fic (secondary)
vesicl es [ 92-94] . |l mportant proteins found
protein (HBP), compl ement receptor CD35, al
al bumin [ 95, 96] . Gel atinase granules cont a
bactericidal enzymes myel operoxi dase ( MPO)

known to express tissue-degrading enzymes |
i mportant enzyme in specific granules is | a

Background

4
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the inflammatory site [98]. It has been sh
increases neutrophil function and | ifespan
neutrophils are equipped with azurophilic g
|l i ke MPO, |l ysozyme and azurocidin. They al s
( NE) , cat hepsin G, proteinase-3 and <coll ag
bactericidal permeability increasing protein
of both the azurophilic and specific granul
[ 101, 102] . Resistin has pro-inflammatory p
infl ammatory cytokines [103]. These pro-infl

the fact t hat serum resistin concentrations

severity of the disease [104].

Functions of neutrophil's

Il n inflamed tissue, neutrophils can ful fildl
formation of neutrophil extracellular traps
describes a process in which neutrophils en
bur st and t he rel ease of cytotoxic and di
phagol ysosome effectively kills ingested pa
extracellul ar pat hogens is the formation of
neutrophil swells up and the chromatin disso
from the cell, entrapping extracellul ar mi
proteins found in the neutropthleitl adiroavreud!| eash adr
|l east 24 neutrophil proteins are associated
activity of NETs [112]. Neutrophil degranul &
intracéelr[dll&r, ad4] . Upon neutrophil activat
cortex, whereas in the cytopl asm, F-actin p
116] . Fusi on of the granul es with the pl as
ethyl mal ei mide-sensitive factor) attachment

on the vesicle membrane tether to their SNA

Direct cont act of the vesicle membrane to t

and t he granul e content i s rel eased i nto t
di scovered function of neutrophil s i s t he
hi stocompatibility complex Il (MHCII1)-depend
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Neutrophils in pathology
When neutrophils exert their effector funct
damage, because they release reactive oxygen
infl ammatory responses [ 96, 120-123] . As a
during an infection contributes teda arhoeMeedv at
that neutrophils are cruci al i n controlling
associated wit hS.anp neexuahtaenrgbaaet n foenc toifon duri ng
infection [127]. These findings show that ne
rder to prevent either di ssemination of p
damage with detriment al out comes.
1. 3.MomRR2ocytes
Based on their common ontogeny, monocytes, I
(cDCs) collectively comprise the Amononucl ¢
neutrophil s, monocytes are being rapidly rec
pr o- or anti-inflammatory medi ator s [ 129] .
monocytes can al so function as antigen-pre
chemoattractant protein-1 (MCP-1), which ac
monocytes into the | ymph nodes for antigen
present their antigens i n the | ymph node,
expression of surface markers, monocytes <cat
classified using Ly6C, CD1l1c and other marke
monocytes are characterized by being CD16 n
[ 133]. Murine inflammatory monocytes expres
CD11lc [132]. ANon-classical 6 or fAresidento h
ChDl16 [134], whereas resident mouse monocyt e

CD11c and only |l ow expredgiecn defmntLy®@ofcy¥y32k.

or
ti

ma

intravascul ar patrolling, scavenging of
chestrating | ocal necrosis [135]. Classica
ssue and | ymph nodes without di fferenti at

crophages or DCs [136, 137].
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1. 3. 1M&crophages

The | ung mononucl ear phagocytes are composec
macrophages (I Ms) and DCs [138]. Ti ssue-res
hemat opoietic stem cells and are readily see
devel opment and t hus, unl i ke monocytes, ar
infl ammati on [ 139, 140] . During an Il AV inf
apoptotic cell s and t hus, i miting viral S
macrophages can execute different functions
dependent on their pol arization [142]. Stim
(1 FN2) and tumor necrosis factor al pha (TNF
| i popolysaccharide (LPS) | eads o the devel
143]. These classically activated macrophage
and secrete high l evel s of pro-inflammator
macrophages which develop after stimulati on
transforming growth factor beta (TGF-b) rath
They ar e i nvol ved i n tissue repair, secret
cytokines and ar e not associated wi t h ant |
mi croenvironment, AMs can switch their phenc
to promote an inflammation during early stag
an inflammation [146].

Il n 1992, rat | Ms were identified as a distin
which are | ocated directly at the airway | un
the epithelial | ayer [148]. Later it was s
bone marrow precursor cells [149]. | Ms are |}
high I evel s, CD11b on intermediate |l evels a
Al t hough this enigmatic cel popul ation 1s
production of IL-1210 in the steady state and
being exposed to environment al stimul.i l i ke
Like other macrophage popul ations, | Ms ar e
t heir phagocytic activity is | ower t han in
antigen-presentation, given their expressior
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divided into three distinct popul ations: | M1
expression of CD206, | ow expression of MHC I
exhibithacCcuBgered Cpitdéile and the 1, MMHELIdpPpuUl a
and CDZ01638] . of al |l three I M subpopul ati or

phagocytic capacity [138].

1. 3.0emMdr i tic cell s

DCs can be sub-classified into c¢cDCs and pl a:
ontogeny. Conventional DCs are derived fro
precursor ( MDP) , whil e pDCs are derived fro
[ 129] . Upon pathogen encounter, DCs under gc
antigen towards napve T cells via MHCI I/ T-c¢c
stimulation further needs CD80/86-CD28 inte
Depending on the cytokivleoyR Tedéelsl § 1E6EHH . p Pl
DCs can directly recognize |1 AV via endosoma
secrete | arge amounts of I FN type | to init
160]. While pDCs are | argely known to contri
involved in bacterial clearance [161]. The ¢
mi grate to the draining |ymph nodes where t
[ 130, 162] . cDCs are further characterized
i nduction of anti-viral and anti-tumor i mmun
1.3S@8bcellul ar response

1. 3.Rurlinergic signaling

't i s important for the organism to not onl.y
signal s. These signals are wusually intracel/l
cells [165]. One of such danger signals is
gets released from host cells during an i nfe
act as a chemoattractant for neutrophil s e

purinergneceRiROr viR2XATP mainly | eads to inf
8
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170] . Similar, ATP can activate the infl ammas
shown that ATP-depeRdemducaest i dveagri aomu loat iPa2nX i

killing of mycobacteria in human macRophage
signaling affects various i mmune cells and |
factors [ 170, 175] . Extracell ul ar ATP al so
monophosphate (AMP). Further, CD73 converts
Adenosine is a |ligand to Pl receptors and m
innate and adaptive i mmune cells [178].

1. 3.Ri.c2o0sanoi ds

Anot her group of signaling molecules affect
These molecules are | ong chained fatty aci ds
aci ds (PUFAs) such as arachidoni c acid (4
eicosapentaenoic acid (EPA) [179]. Gener al |
(LOX) , cyclooxygenases ( COX) and cytochrom
Met aboli zati on by COX | eads t o t he synt he
thromboxane A2 [182]. The LOX pathway is m
infl ammatory | eukotriens [180, 183] . Convers

epoxyeicosatrienoic acids (EETs) and hydr oxy

addition to the enzymatic synthesis, non-en
been described [186, 187] . Cl assical ei cosan
to pro-inflammatory actions and contribute
heat, swelling and pain) [ 188, 189] . Contr
medi ators (SPMs), i ncluding | ipoxins, resol
magni tude and duration of an inflammati on, ¢

apoptotic neutrophils by macrophages [190].

1. 3.12nf3l ammas omes

A cruci al component of the innate | mmune r
di scovered in 2002 [191]. There are at | ea
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i nfl ammasomes: The NLRP1, NLRP3, NLR f amil )
(NLRC4) , the absent in melanoma 2 (Al M2) an
studied NLRP3 inflammasome consists of | euci

domaHRinguXr.e This NACHT domain contains the fo

(HD2) , winged helix domain (WHD), helical (
domain (NBD) [193]. The LRR-NACHT compl ex, b
NLRP3 protein compl ex. PYD can interact vi a
recruitment domain (CARD). The PYD-CARD <cor
recruit caspase-1 (CASP1l). Autoproteolysis ¢
terminal pl0 subunits and dimerization [ 194
pro-IL-1b and pro-I1L-18 into the active cyt.
The catalytic activity of CASP1l is also abl e
terminus of GSDMD oligomerizes at the cell
Ssubsequent infl ammatory cell death (pyropto:
the inflammasome can be activated by diver se
ATP [ 24, 1712, 200, 201]. Other common activa
RNA [202-205] or fungal peptides [206, 207].
to signals |ike uric acid crystals, choleste
L?R NAFHT PYQARD

| I R | | I | |

(CARD

(CARD

L : J
CASP1

Figure 1: Structure of ULRRs NLmRP 3t henf NaAaGkh s domma i
protein form the NLRP3 protein compl ex. The PY(
CARDs and can interact with the NBD at the C-te
activated by dimerization and autoproteolysis i
Abbreviati ons: Leubtbehecralcomapeat2s (HDRR) ; wi nge
helical domain 1 (HD1); nucl eotide-binding doma
repeat (NLR) and pyrin domain containing recept
activation and recruitment domain (CARD); <caspas

10
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1. 3.Qy.t4do0ki nes

1.3.2n4eXl eukin 1 alpha

Similar to I L-1bp and I L-18, 1L-1U is synthes
the cleaved form of |l L-1U are biologically
1R1) [212] . Generally, calpain cleaves pro-_
pro-1L-1U can be cleaved by extracellular gr
form than pro-I1L-1U [214]. 1L-12U is consider
damage [ 215] and necrosis [216] to induce
released in the absence of <celll death by act
i nfl ammati on, |l L-1U induces MCP-1 secretion
U- medi ated upregul ation of cellul ar adhesi c
Further more, neutrophils display enhanced b
[ 220] .

1.3. 2n4e2l eukin 1 beta

| nfl ammasome activation cleaves the precurso
Il L-1 family members, except for Il L-1Ra, I L -
secretion by the endoplasmic reticulum and g
seems to be dependent on GSDMD- medi ated pore
Recent studies have shown that in neutrophil
at the apical cel l me mbr ane. Thus, Il L-1b ¢
formati on. I n neutrophil s, |l L-1b release se

induces the expression of chemokine (C-X-2C
|l eads to the recruitment of neutrophils to t
1b is involved in the recruitment of macr o
antimicrobial properties of I L-1b [225, 226]

11
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1.3.2n4e31l eukin 6

| L- 6, which is mainly released by monocytes
resolving an innate i mmune response and i ndi
exampl e, I L-6 inhibits the expression of pr
apoptosi s, suppresses the expression of the
neutrophil recruitment to resolve an innate
shown to have an inhibitory effect on neutro
of CXCL5 and CXCL6 might have additional reg
[ 233] . Rel ease of this cytokine has been a°
induced by viruses I|like | AV [234, 235] . I n
neutrophils from virus-induced apoptosi s an
[ 236, 237].

1.3. Moho4yte chemotactic protein 1

| n 1989, MCP-1 was i sol ated and described
t owar ds monocytes [ 238] . Today, MCP- 1 i s v
macrophages [239-243]. During inflammati on,

l'i ke wviral doubl e-stranded RNA (ds RNAy Vi a
receptor agonist uridine 5E-diphosphate (UDP

and macrophages [ 240, 24617 , but epithel i al
secreting MCP-1. The receptor for MCP-1 is t
restricted to a smal/l number of <cell types,
smooth muscle cells [246].

12



Aim of the study

2 Aim of the study

Curriemntvmodel s i nvestigating underl ying mecha
i n sever al aspect s. These aspects ei.gcl ude
intratracheally), usage of mouse-adapted pat
of this study was to establish a refined mur
responses on cellul ar, Ceny ttohkei ncee | anudl ame tl aebvoel | 0
a pivot al role in the early immune response
of interest to investigate the activation o

virulence factor Ply.

13



Research approach

3 Research approach

3. Et hical Considerations

Monocyte and macr ®@mipagewleilrnef ecdanaowmest eidn usi ng
provided buffy coats of bl ood from the bl oo
The ethical research committee at the Unive
(ref. no: BB 006/18).

Al l ani mal ePeppeerri me n tweerr eo dclalr ri ed out i n ac
regul ations of t he German Society for Labor
European Heal t h Law of t he Federati on of

(FELASA) . Al l experiments wer e approved b
Lebensmittel sicherheit und Fischerei Mec k!l e
Germany; permit no. 7221.3-1.1-032/17).

For neutropBRapemnbhVgsdssamples from healthy
The donors were acgquainted with the researc
obtained from each volunteer. The study was
the University Medicine Greifswald (BB 006/ 1

All experi ments were carried out in accordan

3. Bacteri al and viral strains

The sSStr gpined@édni(&E30P@peuseéedwandi $ollated fro
wi t h otitis me.di and A& i ax4 971.GR4 and i ts i
TI GRAG@apel wWére grown on blood agar pl ates
growth phase (oepd iG.ad57d0ends)i tiyn [TODdd- Hewi tt l
0.5% (w/v) vyeast extraatf eatSi 8 hHRCaspeerd Wi ¥% e CO
performed using the colonizing human strain
corneal ul cer (ATCC35556) [ 250] and the <cli
Sout h- West of France [ 251, 252] . Staphy!l ococ
14
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casein hydrolysate and yeast extract (CCY) 1

(HINPaper DI wasdprbpagated as described by E

Expression of recombi nBsic h erl iyc wiaas ocooblai d al@ Hhd

pASK-I1 BAS5_ Ply expression pl asmi d [ 22] . Bact
medi um at 37AC wisgM. 6sihOa.k8 ,n ge x pAte s@D on was i1
anhydrotetracycline, the cells were incubat e
and processed as detailed previously [254].
band of t he correct mol ecul ar wei ght as

pol yacryl amide gel el ectrophdcruegppig. ( 2BS- PAQRE
Y.

3. Neutrophil experi ments

Paper al med to elucidate activation of human

primary human neutrophils from healthy volun
Pol ymor phprep. Al l neutrophil experiments
neutrophil s. Due to the fact t hat they are
neutrophils require careful handl ing and t
i mmedi ately after the isolation. Neutrophil :
more granulated in the morning [257], whi ch

mi ni mi ze perturbations caused by the <circad
morning at similar time points. Donor vari at
primary hkimgn EBapeé)ps 3sNow gener al effects of

neutrophil activation or killing. Signi fical
seven donor s. Addi tional experiments with mc
but would not affect the con€igPagpe)dt men f
n

umber of donors was increased (n=10) to r
i ndividual variances. Field emi ssi on scann
reveal ed substanti al i nter-indi \Wiugpypdlg. dis5f, f e
Pape). |l Drawing conclusions solely based on

with more donors.

15
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3. Ani mal experiments

| nPaper wellai med t o establ i sh a muri ne mo d
S. pneamanil aAe/ . Studying co-infections in cel
primary human <cell s react et,g.ien trhegpescitngtl e

clearance or cytokine r elPeagseer)we o ntea rge needr aol
cel l culture models to supipmryc omuon fdedtai.o rHor
' imited since the complex interplay between
refl ected. Another approach to establish a c
mod el [ 258] . This would allow the use of S €
macrophages in a tissue-like environment Wi
ti ssue model has great potenti al to examine
damage and more complex i mmune cell i nter act
maj or di sadvantage of a 3D lung tissue model

cannot be i mpl anttagp eir witd dtelsicg i mhedielr.eclrmi t me |

to the lung. A 3D tissue model cannot be

=

cruitment into the tissue. So far, t he mo:
i mal model s. Murine models are commonly
spite some disadvantages they display an a
sceptible to human | AV strains [47]. Furt
mptoms and transmit bacteria and viruses ¢
i mal model are mainly the availability of
cific pathogen-free ferrets [260]. The m

ome composition is comparable to the hunm

> 0O T oS X © oo oS5 o S

nw nu o u 2 O o o v

—+

e
n
ares over 80% similarity with the human
u

ies in a porcine model are done in col

d
sland Riems (Greifswald), which will, howeyv
we u

susceptible to bacterial [ 26 2] and Il AV inf

sed female C57BL/6J mice. I n comparison

response and i mmune cell infiltration are
C57BL/ 6NJ mice infected with different | AV s
pat hogens, t he mor e susceptible C57BL/ 61 m

co-infection model
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3. %1l ow cytometry

FIl ow cytometry is a method widely used to id
for exampl e, processed tissue samples. This
cell surface molecules as well as the mor phc
were i1 ncubated with fluorochrome-coupl ed an
proteins. When a cel |l passes through the | as
the | ight. The amount of | ight scattered in
and the amount of Il i ght scattered sideways
signals are converted into electronic signal

anal yses, width (W) and height (H) of the v
FSC and&ki §SCS@,) .PaFpoerr tlhlel excl usi on of dead c

This fluorescent dye is non-permeant to | ivi
me mbr anes. Af ter passing through | aser beam
fluorochromes get excited and emit | ight at
by a detector. Uni que expression patterns
fluorochrome | abelling allow the discriminat
relative amount of the | abelled surface mol e
intensity (MFI). Mor eover, using a bead-bas
we determined cytbkgRagemonklehtrations in

3. ®tatistical analysis

| f not ot herwise indicated, statistical sig
Kruskal Wallis test with Dunnds multiple coc

using GraphPadP Pai sm Vessi ohan. 0. 05 was cons
**  p<0.01; ***  p<0.001).

17
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4 Results and discussion

4. Paper |

AThe role of NLRP3 inflammasome in pneumococ
During an acute inflammation, the innate i mn
wel | orchestrated in order to prevent spread

an appropriate adaptliaper iwanudies alesponbe. st n

activation of a central I mmune system compo
characterize approved I L-16b i nhi biting dru
infl ammasome in pneumococcal infections in p

4. 1Approved I L-1b inhibiting drugs

Dysregul ations i n the NLRP3 i nfl ammasome a
involved in the progress of many diseases ir
(CAPS) [ 264] , gout [ 208] , atherosclerosis |
type |1 di abetes [266], and malignancies |i}
Usually, these diseases are associated with

used to dampen the symptoms of above menti or

Canakinumab are clinically approved drugs th
recombinant I L-1 receptor antagoni st (1 L-11
rheumatoid arthritis (RA) and CAPS [272]. Ri
a soluble decoy receptor and specifically t
commonly wused in the treatment of CAPS [ 273

|l gGl1l antibody Canakinumab only binds to |IL-
CAPS and acute gouty arthritis [ 27 4] . Al t h
treat ment with those therapeutics are repor
bacteiSi.aphiejeé&dbi-2& 7] .
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4. 1TRAe NLRP3 inflammasome in pneumococcal i n
The i mpact of the NLRP3 inflammasome on pn
sparsely until today and contradicting resul
a protective role of the NLRP3 infl ammasome
I n contrast, i n a muri ne pneumococcal me n i
contributed to brain i njury and el evated s

virulence dé&t erpmienvar@@nsiaanaf Pl y) ar e potent |
infl ammasome [278-280]. However, in the cont
rol eOpft okwvards inflammasome activation was

induces the expression of CXCL1 and CXCLZ2 wh
and enhanced pathogen clearance [223-225].

however, need to be strictly controlled sinc
pyroptosi s [ 28 2] and di sproportionate tiss:
controversi al resul ts regarding the role o

di seases.

4. Paper ||

AnBi oactive | ipid screening of mice organs 1in
bacterial and viral pat hogenso

| mbal ances such as above mentioned I mmune-m
preceding viral infections are reported to
bacteria from the URT into the | ower respir
infections, cytokine release as well as synt
i nnate I mmune r espoPmaspee raod imeae ltlou |l de s clre vbeel .p a-
changes in the bioactive |lipid profile durin

19
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4. 2E§tabli shment of a novel co-infection mod
Mo st co-infection studies are conducted wit
Further more, artef,gciimtlr aad dnmaicrhiesatl rl ayt)i oann d( t h e
pathogens | ead to the devel opment of a ¢co- |

occurring chapgerf elcltweomdi thnd t o anal yse compl
innate i mmune system on molecular and cel |l ul

comparison to single bacterPape,anddd adiyrsals iorf

bi oactive I|ipid profile were performed wusin
Paper |11

First, single infection wi t h di$.f eaemaustr
S. pneumaoamidael AV wer e perfor med. C57BL/ 61J

colonizationS.byaussftrawsdahaoam&m113 (data not s how
SA113 were characterized by an initial i ncr e
infection (dpi) and a full recovery of mi C ¢

induce8. uaulng@z3Baghkpi g. 1,) .PaPierpehéumesnbaaet he
bacterium which colonizes up-to one third o
C57BL/6J mice S$Sntpraeaadb@afily&mlph After an in
| osFs g 2, Papmrcel Iflully recovered and stabl
retrieved from the nasopharynx ofFicgo) oA zec
Col oni zation of mice was characterized by th
tract as wel |l as (i11i) | ocal and (1 iHi)g.sy2s,t e
Paper). Il llIntranasal application of di fferent
A/ Bavarial 74/ 2009 (H1IN1) was used for vVira
monitored over fbBug. cPhpPafibeverdagncé¢ of vi
l ungs of al | infected animals four days p o :
showed slightly elevated | eveEélBRFWfHINNIutirrofpeh
groBpg( 2, )Papaset! bn t°heBEY wesel usedlkab a

H1N1 mono- and co-infections. For co-infecti
seven consecutive days foll owed by viral i nf
colonized mice, as well as a group with seve
of a | eth8l posw@®&irjljoafser ved as contr ol grou
pandemi c, secondary, bacteri al pneumoni a w

20
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progression including severe symptoms such
infected groups displayed weight |l oss and i
with a more seWVFege FBagand3,phPaasped bd bfl co-1 nfe
had bacteriFa gi.n 3t, h)eP alplbermge V(e t , devel opment of

pneumoni a was not observed. Al l virus i nfe
protective effects, we analyzed the innate
stage of infection. Therefore, mi ce were cCcO
days, infected with H1IN1, and sacrificed t\v
coloni Fagi omBi gand3, )PapeAlllldnalyses in Pap

performed at this time point.

1.0:410° o 120- 5
1.0,10° A 0 Qp -—- PBS — 19F.C — HINI
ks % e 1104
= o k’g s Co-Inf. — 1:9F7PI
E  1.040° = 2T 7 I
E 1.0:10 ~ = 100 a7 Lo F
[V - \ TN =g it
G 1.0x10? S ;
. & s 9 &
I 1.0.0° S
=
1.0:10° o GPre= == === QTDseeenes o~ L PRTTE .
1.0x10" T ¥ : 70

Figure 2: Mi | d SH1 MIh eiunif®eairad tei@olno noifzed mi ce does no
infeci(iBRgmale C57BL/6J mice werS. ipmteruaimdafsi &ld Tyl Oc o
CFU) for 16 days. PBS challenged (PBS) mice ser\
were determined after the animals were sacrific
mouse and horizont al l' ines display mean values
coloni BSed pwietulin® Ri’6@F WP for seven days followed t
infectiS0 RFWY;11CO-1 nf . ). PBS chall enged (PBS), on
infected (H1N1) mi ce served as control s. I n add
via intranasé8l PnecmdBit{ EFWUPT 19F Pweidalyt 71 osasndw
moni tored. The vertically dotted | ine indicates
16 except for the pneumonia group which was sac
Two independent experiments with four to six mi
of significance between the groups was determin
compari sonp<@a Dtoxt0e 9 p<(0* *0*0,1) .
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4. 2ERcosanoid analysis in lungs of single in

Anal yses of plasma and spleen samples of sin

drastic changes i n t he eicosanoi d profile.
composition in lungs of singl e- and co-infe
resulted in mainly |1 AV-driven elevated HETE
|l evéelg. (1,) .Palprerl ilne with this, similar pat-t
mice [285] were observed. However, t hese, a !
5-HETE after an | AV infection [284-287]. I n

i nfecteded gmicle) (Papeirs |¢i cosanoid was shown t
attracting and aggregating neutrophils [ 288,
was el evated duri g gsi ng) . alpheivs illnif picd i mend i(at

have anti-inflammatory functions and It st
infection [290-292]. Furthermore, 12- HETE al
only in virusFiagqfett)e®akhlaawehtlison( of those e
cruci al i n controlling viral spread as trea
| AV titers in mice [285]. Another anti-infl a
inhi bition of |l L-6 secretion from macr ophage
HETE | evels were diignifl,c)aRafgér tHEEE ataed pr c
infl ammatory state by the activation of I nt
i mmune cells to the endothelium [ 294, 295] .

of bl ood vessels [296] and the production of

with the finding that I n severe infections,
ot her hand, recent research also implies an
301] .

4. 2EBcosanoid analysis in lungs of co-infect
Utilizing the co-infection model, we demonst
acid (HEPE) in the lungs Fafg.vi2r,)sPabtredl&dR&d i

synthesized by COX-2 mediated conversion of

medi ated metabolization | eads to the generat
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co-infection model, elevation of 18-HEPE i nd
state.

12-, 15-, and 20-HETE | evels were siingnviiftircoar
approach, Schultz and coll eagues demonstrat e
reduction of 5-, 12-, and 20-HETE during a
study, i nfectionS.ofpnleuHBH i @el lasn winchr ease of
HETE [286]. Al though we co-infected mice, pr
only observed in 50% of the ani mal s. I AV i

medi ated upregul ation of some eicosanoi ds.

Matri x-assisted | aser desorption/ionizati or

revealed a decrease of sphingosine-1Fpbospha

5, Paper Thils bioactive |ipid is derived fr
sphingosine kinases [ 308] . S1P i s i nvol ved
Mor eover, |l L-1b-medi ated phosphorylation of

pro-inflammatory ei:cO0OR@HE[03 WO ]P.r oBHaeagdande as &d
suggest a rather anti-inflammatory state dul
we noted an i ncre&sg. ob,)SSPRPphins trhieg hitu nlge (c a
medi ated upregul ation of the sphingosine kin

4. Paper |11

Al nnate | mmune Response at the Early Onset o
Co-infectionso

An onset of a bacterial co-infection is cha
cyt oke .ngsaff( er NLRP3 i nfl ammasome assembly)
activation of innate Pamperadaeptdieseri mreune yd olk
l ungs and bl ood plasma as well as abundance
the lungs during different types of single a

23
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4. 3Ldcal and systemic inflammatory responses
Because both virus and co-infected mice full
no onset of severe pneumonia was oOobserved, w
early inflammatory response during a co-infe
to | ose weight (at day two post viral i nfec
cytokineFiagh.al 4 s&msd (F)g. D8Li ngaparebtly infl a
and resident myeloid i mmune <cells are the f
myel oid origin were investigated. Pneumococ:
cytokineFirgel edasePa(Ceomtrhalrily to other studi
exhibited elevated concentrations of MCP-1,

of a preceding bacterial col onization. Sys
infection, can be attributed to the general

pore-forming toxins I i ke Pl y [ 200, 278] W ¢
i nfl ammas omeP a(prgerv i Ieuwretdh @ rnmo r e, Il AV can trigg
resul ting I n Il L-16B rel ease [ 311] . I n contr
activation and subsequent I L-1b release seen
role in our infection model [ 312, 313] . The
|l east partially involved in MCP-1 rPhpase ar
Il we noted a strong increase in C1P in the

revealed a gener al rel ease gof FNQR N 4 ,d)uRa pnegr
This can also be attributed to MCP-1 expres:
3167 .

4. 3M2el oid cell composition of the lungs in
Based on the inflammatory i mmune response o0
myel oid cell composition in the | ungs. The
cel l subsetBi ganSde Ragaeurmioltiolc c al pneumoni a |
neutrophil and monoc{|ig. f F@maaibc i) ePsa pierr i tsH & nl
t hat members of the I L-1 family can sti mul at
turn, | eads to t he recrui tment of neutropt
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concentrations of |l L-1b were noted HRing.co4,i nf
Pape). Il Il h correlation with that, neutrophil s
group, whereas no increase wéFsi gnot3eBdgainnd5 si r
Papej. Il I h contr a&dt ,dkehodisd mrlad erdermt di mi ni shed

after pos
affected
el evat ed

Monocyt e
LD, presu
Il Thi s
response
infection

i nfl ammat

t-flu flagellin stimulation [317].
by 5-HETE [ 288, 289] . However, el e
neutrophil counts in the | ung.

frequencies were demer &BFA ganadd evBape
mably caused by thkei gecFhAgamat, oPabe
i's in line with earlier findings
rat her than a neutrophil response
groups were characterized by a dec
ory/ classical monécgted, WVPapaseldsia

of monocytes with | AV |l eads to apoptotic ce
apoptotic | oss of non-classical/resident m
infl ammatory/ cl assical monocytes seems to be
mi ce inFegt.i 8&snt(rary toetoualembndt ngsed Cal €
bet ween disease severity and influx of i nfl

[320] .
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A Lungs Plasma B CD45'° cbD4sM
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Figure 3: MCP-1 drives a monocytic i mmune respon
Mi ce were infected as shown in Figure 2 and sacr

l ungs and plasma. The daBt-aC)arSe ndyil plceeyy d d sass pkroxs
l ungs wer e analyzed VvPaefl 9w wely & omdtarsys.i f iC®d 5
alveolar/interstithiakl cempartméhs &ndmCDbDhB vasc.l

Frequencies of (B) neutrophils and (C) total mo
with six mice per groufEachowdalt: re@r@seweéseoper fm
medi an values. The | evel of significance between
with Dunnds multiple comparison post-test (*, pc<
Resi dent l ung 1 mmune <cells are involved 1in
infl ammation [142]. AMs and | Ms were depl e
contrast, viral infection had no i mpact on
(Fi g. 5,)Papethough it i's suggested that I AV
322]. A sustained depletion of both AMs and
[ 142] and predi spose an i ndi vidual t o de
infl ammati on. I L-1 signalling can prevent de
did not observe |1 AV-medi ated depletion at e
single bacterial i nfection, AM ddplget idgn Paage
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LDl The 1lipid mediator 18- HEPE has anti -inf
[ 324] . El evated 18-HEPE | evels during a co-
contributing to a protective anti-infl ammatc
Il n staphyl ococcal pneumoniFa,g. elle\) aR aepdg hit el vhed
induced in combatting the observed rapid and

Mat ure DCs display a higher expression of 1

receptor 1) . S1P signalling |l eads to el evat
infections, |l evel s of FS1gP ve) P aBpeegn eldls ed n&a inyg
cDCs in viral infection might be explained
nodes. Staphyl ococcal pneumonihRi gg.es@,l)t.Pdpem
During pneumococcal pneumoniki,g.c DC )cPoaupgnétiss Iw
either indicates an S1P-independent migratio
4. 3E@rly i mmune responses are associated wit

expression

At the onset of infection, myel oid cells ar
chemokines. MCP- 1, as a mai n contributor

macrophages [239], binds to the CC chemokin
myeloid cells from the bone marrow to the t
[ 328] . Antigen presentation by recruited an
essenti al for the induction of an adaptive I
are therefore indicators of an activated st
myeloid cells at early stages of an infecti
Al t hough cell frequencies expressing CCR2 or
increase of cells expressing those mol ecul e:
mi cki of. 6, )Papgdrer ef br e, the relative amount
surface molecElg. wads) Rabkyalkld!| i(nf é&ccthCoesn s ,a nAlM
pDCs di spl ayed el evated |l evel s of CCR2 and
reduced | evels of CCR2 and MHCGIg. i7, )rBRasppeorn
Analysing the wvascul ar compartment, only ne

and CERg. (7, )Pag&€R2I lils involved in the recrt
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seems to play a <cruci al role in bacterial C
detri ment al role of CCR2 during an infection
injury [ 242, 334, 335] . Our results show t
associated with viral control and the conval

4. Paper |V

AAdenosine Triphosphate Neutralizes Pneumoly

At the early stages of infl ammati on, neutr o

contribute to the control Paogerbaltlhler ioanlsebur

pneumococcal infection was characterized by
monocytes and activated neutrophil s. Il n hun
comprises neutrophils that play a pivot al r o
However, sustained neutrophil infl ux is assc
damage [127]. Ti ght control of neutrophi l d
damage is essential during an infection [12
gets released into the extracellul ar space
S i nal i ng mol ecul e [ 165] and chemoattractar

g
signalinBapdaecwéVwamted to elucidate the acti
e

t h pneumococcal toxin Ply and the effect of

4. 4Pheumolysin is a potent inducer of newutro

ection of puri fied neutr oplhyrlesuwi et ThGI
cytotoxic effects and deRira.nuPRat)iParpUstiongd t &
cytopl asmic fraction of bacteri al |l ysates
degranul ati olbhi gvas2 o)bRBR&Pplwee dPIVy - def i ci ent mut a
cytotoxicity Foirg.de2gr)afhaumpeiitc Wi (g Ply to be

human neutrophil s.plé&gwaled | GRAI swvtti mnrdelgease i
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(Fi g. 1, )Paapnedr pluf i f iFeidg. ne2u,t ) Bapnediiscla¥Y i ng al
i ndependent activation of human neutrophils

bacteria are able to activate human neutrop
dependent on one $acpoeugepidas 38y ,a 3Bi8yersit

its surface and many of them are known to 1in
One secreted factor involvex)h i Ahneuteaphile
species Iis b&ingnpuamdnaadybyroduct of aerob

enzyme pyruvatenogytasexi( Spailhumarmn f[wWBrdtlh erd 3i

mi tochondri al damage [ 344] and the transcri
addi tional Ply-independent @eoganophi beaekcia
4. 4AZP inhibits neutrophil degranul ati on

Domern abggested that Ply inter#&®ct® wiubbeghe
activate human neutrophils [346]. This recep
infl ammasome activation [170, 171]. To furth
we stimulated human neutrophils with differ

without supplementation of aut ol ogous pl asm
degranwliagti a8n )(Papergeh¥rally | ower cytotoxic
aut ol ogous plasma was most probably caused &b
al |l dSunpdprig . ( 2, ) PaPased Von the experiments wi
0.3125 Og Ply and 2.5 Og were defined as s
Concentrations of 0.3125 Og Ply Figadi3l,y Piamd
VY. | mmunofl uorescence staining of stimulat e
human neutrophils aFi gubB8y) Papebaséeé§uenal ypn:
were stimulated with sublytic and | ytic conc
phar macol ®Rgiadali bPE2XEr AZ106MRR6 B0 naBidg AMLt Hed
Fig. 4,) PapEP I ¥ known to be released duri ng

infl amed tissue, ATP can serve as a danger s
chemotaxis [167]. However, hi gh concentratio
as sepsis and septic shock [348]. Receptor
neutrophil activation. It has recently been

we specificaiRl,y wienltialmintoed rr2X% out the possik
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receptors. These interactions might not onl
ATP can activate the i nflammasome through s
extracellular adenosine induces the iIinfl amma

Pl'y has also been reported to activate the

most | ikely-attrubuatdet op&re formation [ 351
A n.s
10+ n:$ k%
* *%
k%% n.s.
= 87 * n.s.
E * g o
ge_ o .U o -
[ =} & '.A (T
.’34- E@. A ..Dooo.;'A:AA
g %OO..A“AD .._‘A‘
x o DD% a "o um o AAA_:.
o o St . . i o o 4
e e e e Rede
10 UM AZ10606120 - - - + - + + R T T U
0.3 pug Ply - + + + + + o+ - - - - - - - - - -
25ugPly - B T T
1.0mMMATP - - o+ o+ - - - + + s = - - + 0+ . -
30mMATP - - - - + + - R . R R
%401 Kd=2.5607x10"M
— 920- 1. 13
= - I
E 900-
O
z
. 3880-
8601 R I o B
0.000001 0.00001 0.0001 0.001  0.01 0.1 1.0
ATP [M]
Figure 4 Extracellul ar ATP neutralizes (fAneumo
Purified primary neutrophils from healthy volunt
single agents or in combination for 2 hours and
represents purified neutrophils from 1 @Bhror (r
Purified recombinant Pl'y was NT-647 | abelled an
mi croscal e t hermophoresi s. Each symbol represe
experiments (n = 3). The Kd values are indicated
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uced neutrophil degranul ation in a co
blytic or | fFigc KBomaaat ) Papensal vat €1
l ati on on secret ome |l evel, w e cCo-st
rations of Ply and ATP. Three mM ATP
S i n the supernat antg. afdt,ey P acoerrist & I 4
nt analysis (PCA) of the whole secr

hils which were stimulated with diff e

indicates that the proteins réd&ligaseld )bPyapaat
Af ter co-stimulation of neutrophil s, the ab
significantly altered in comparison to Ply-
found in significRingly5,) pRapembgvWgarPcef (|l er

found t
neutrop
(Fi g. 5,

4. 4PRBReu

| nhi bit
the pre
Therefo
extrace
bind to

hat t he proteins with reduced abund
hil defense mechanisms including act
) Paper 1V

mol ysin and extracellular ATP interac

I on ofR tdied rreocte ph aowve P2nXy ef fect towar
sence of Ply. Yet , we observed an ATF
re, we hypothesized that Pl'y and AT
| 1l ul ar space. Mi croscale thermophor es
each oRihge.r Hima.nndd, ) aPde( r ¥ducti on o

degranuwligt.i odan and) 5carapédusl|l ¥Ye attributed t

bet ween
to Pl y.
nhibi't
ndepen
co

to cell

nt ext .

Pl'y and ATP. I n the context of an e
This binding inhibits accumul ati on
S neutrophil degranul ation thus mit.i
dent newtirgap hli lanadg t2anu aRratmea |l (d0/ be i nv
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Paper I
Il n this study, we summarized current knowl ed
t he NLPR3 i nfl ammasome and i ts i nvol vement

Paper. IClinically approved drugs inhibiting
effects but are associated with the devel oy

NLRP3 inflammasome i n pneumococcal I nfectio
understand the host-pathogen interplay and
activation in pneumococcal i nfections, this
Paper ||

Activation of the innate i mmune system in r
synt hesi s of pro- and anti-inflammatory ©bio
di stinct signatures of bi oactive |lipid expr
(Papey. IThe investigation of the pathogen- med
could help to deepen the knowledge of pathog
and bacteri al single as well as co-infectiol
after mil d viral infections might serve as
bacteri al co-infection. However, i n-depth an
compl ex i mmune reactions during an early st a
Paper | 1|1

Pneumococci are frequent colonizer of the h
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expression and myeloid cell composition dul
S. pneumohomiezed mice. We show that:
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The Role of NLRP3 Inflammasome in
Pneumococcal Infections

Surabhi Surabhi, Fabian Cuypers, Sven Hammerschmidt and Nikolai Siemens

Department of Molecular Genetics and Infection Biology, University of Greifswald, Greifswald, Germany

Inflammasomes are innate immune sensors that regulate caspase-1 mediated
inflammation in response to environmental, host- and pathogen-derived factors. The
NLRP3 inflammasome is highly versatile as it is activated by a diverse range of stimuli.
However, excessive or chronic inflammasome activation and subsequent interleukin-1p
(IL-1PB) release are implicated in the pathogenesis of various autoimmune diseases such as
rheumatoid arthritis, inflammatory bowel disease, and diabetes. Accordingly,
inflammasome inhibitor therapy has a therapeutic benefit in these diseases. In contrast,
NLRP3 inflammasome is an important defense mechanism against microbial infections.
IL-1p antagonizes bacterial invasion and dissemination. Unfortunately, patients receiving
IL-1f or inflammasome inhibitors are reported to be at a disproportionate risk to
experience invasive bacterial infections including pneumococcal infections.
Pneumococci are typical colonizers of immunocompromised individuals and a leading
cause of community-acquired pneumonia worldwide. Here, we summarize the current
limited knowledge of inflammasome activation in pneumococcal infections of the
respiratory tract and how inflammasome inhibition may benefit these infections in
immunocompromised patients.

Keywords: nucleotide-binding and oligomerization domain-like receptors and pyrin domain containing receptor 3,
inflammasome, pneumococcus (Streptococcus pneumoniae), respiratory infection, immune response

INTRODUCTION

The human innate immunity axis plays a pivotal role in detection of pathogen- or damage-
associated molecular patterns (PAMPs and DAMPs) and contributes to a crucial inflammatory
response. To sense PAMPs and DAMPs, innate immune cells express pattern recognition receptors
(PRRs). PRRs are classified into five families: Toll-like receptors (TLRs), Nucleotide-binding and
oligomerization domain (NOD)-like receptors (NLRs), Retinoic acid-inducible gene (RIG)-I-like
receptors, C-type lectin receptors, and Absent in melanoma 2 (AIM2)-like receptor (ALR) (1).
Furthermore, other molecules such as cyclic GMP-AMP synthase can sense pathogen-derived DNA
(2). Inflammasomes are one of the most recently discovered classes of NLRs (3).

To date, 22 human NLRs are described. Among them, NLR and pyrin domain containing
receptor 3 (NLRP3) is by far the best characterized (4). A wide range of stimuli including bacterial
pore forming toxins can activate the NLRP3 inflammasome (5). The subsequent release of
interleukins (IL) IL-1B and IL-18 induces a diverse range of protective host pathways aiming to
eradicate the pathogen (6). However, uncontrolled and excessive hyper-inflammation can be a
driver of several inflammatory and autoimmune diseases (7, 8). Implication of the NLRP3
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inflammasome in inflammatory diseases has provided new
avenues for designing drugs which target the inflammasome
and its signaling cascade. However, it is observed that patients
who receive NLRP3 or IL-1B inhibitors are disproportionately
susceptible to bacterial infections (9). Therefore, it is of high
importance to understand the role of NLRP3 inflammasome in
bacterial pathogenesis.

CANONICAL NLRP3 INFLAMMASOME
ACTIVATION

NLRP3 inflammasome is a multi-protein complex comprising of
a sensor NLRP3 protein, an adaptor apoptosis-associated speck-
like protein (ASC), and the zymogen procaspase-1 (10). The
cytosolic NLRP3 protein contains an N-terminal Pyrin domain
(PYD), a central NACHT domain, and a C-terminal leucine-rich
repeat (LRR) domain. The NACHT domain possesses adenosine
triphosphatase (ATPase) activity and comprises of nucleotide-
binding domain (NBD), helical domain 1 (HD1), winged helix
domain (WHD) and helical domain 2 (HD2) (11). The ASC
domain is a bipartite molecule that contains an N-terminal
PYD domain and a C-terminal caspase activation and recruitment
domain (CARD). Procaspase-1 consists of an N-terminal CARD, a
central large catalytic p20 subunit, and a C-terminal small catalytic
p10 subunit (12).

In resting macrophages, the NLRP3 and pro-IL-1
concentrations are insufficient to initiate activation of the
inflammasome (13). Therefore, the NLRP3 inflammasome is
activated in a two-step process. The first, so called priming
step, is initiated via the inflammatory stimuli which are
detected by TLRs, tumor necrosis factor receptors (TNFR) or
IL-1R. These actions activate downstream the transcription
factor NF-kB. NF-xB, in turn, upregulates the expression of
NLRP3 and pro-IL-1B. In contrast, the priming step does not
affect the expression of ASC, procaspase-1 or IL-18 (14-16).
Following priming, a second activation step is essential for the
assembly of the inflammasome. NLPR3 is highly diverse in
nature and a wide range of stimuli can activate it. Common
activators of the NLRP3 inflammasome are pathogens (17),
extracellular ATP (18), pathogen associated RNA, proteins and
toxins (5, 19, 20), heme (21), endogenous factors (amyloid-p,
cholesterol crystals, uric acid crystals) (22-24), and
environmental factors (silica and aluminum salts) (24, 25).
These activators do not directly interact with the inflammasome
but rather cause various changes at the cellular level. These include
changes in cell volume (26), ionic fluxes (27), lysosomal damage
(28), ROS production, and mitochondrial dysfunction (29). The
second activation step is essential for cells such as macrophages
and epithelial cells. In contrast, human monocytes can release
mature IL-1[ already after priming (30, 31). Upon activation,
oligomerization of the NLRP3 complex occurs via homotypic
PYD-PYD interaction of the sensor and adaptor protein, and
CARD-CARD interaction of the adaptor and procaspase-1
(Figure 1). Following assembly, recruited procaspase-1 is
converted to bioactive caspase-1 through proximity induced

Inflammasome and Pneumococc

auto-proteolytic cleavage (32). Subsequently, caspase-1 cleaves
the cytokine precursors pro-IL-1B and pro-1L-18 into mature
forms. Simultaneously, caspase-1 cleaves gasdermin-D
(GSDMD). After proteolytic cleavage, the C-terminal GSDMD
(GSDMD-C) remains in the cytosol, while GSDMD-N anchors
the cell membrane lipid. The lipid binding allows GSDMD-N to
enter the lipid bilayer. Subsequent GSDMD-N oligomerization
within the membrane results in pore formation leading to cell
swelling and lysis. The pores serve thereby as protein secretion
channels for IL-1P and IL-18. This form of a programmed
inflammatory cell death is called pyroptosis (33-35). However,
lytic GSDMD-N dependent secretion of IL-1B does not apply
universally to all cell types. Studies on neutrophils have shown
that GSDMD-N does not localize at the plasma membrane,
Instead, it co-localizes with membranes of azurophilic granules
and LC3" autophagosomes resulting in a non-lytic pathway
dependent IL-1P secretion which depends on autophagy
machinery (36). Alongside with IL-1pB, other pro-inflammatory
cytokines, eicosanoids, and alarmins are released into the
extracellular space. These actions accentuate the inflammatory
state by recruiting additional inflammatory immune cells of
different lineages (37-39).

Apart from the canonical, non-canonical NLRP3
inflammasome activation is described (40). Non-canonical
inflammasome activation is triggered by caspases-4/5 in
humans (41). However, the noncanonical form can sense only
Gram-negative bacteria. Therefore, it potentially does not play a
role in Gram-positive bacterial infections (40).

APPROVED IL-1p INHIBITING DRUGS AND
THEIR SIDE-EFFECTS IN PATIENTS

NLRP3 inflammasome signaling is implicated in the onset of a
number of diseases, including gout (24), atherosclerosis (23),
type II diabetes (42, 43), Cryopyrin-associated periodic
syndrome (CAPS) (44), various types of cancer (45), and
inflammatory bowel disease (IBD) (46). In the following, we
give just two examples of the role of NLRP3 in auto-
inflammatory and auto-immune diseases.

CAPS summarizes three auto-inflammatory diseases caused
by mutations in the NLRP3 gene. These include familial cold
auto-inflammatory syndrome (FCAS), Muckle-Wells syndrome
(MWS), and neonatal onset multisystem inflammatory disease
(NOMID). In most cases, CAPS manifests during the childhood
and is characterized by spontaneous NLRP3 activation and
excessive IL-1B production resulting in frequent episodes of
fever, skin rashes, joint and eye inflammation. In severe cases,
children can suffer from periorbital edema, amyloidosis,
polyarthralgia, growth retardation, and death (47, 48). In vivo
studies with transgenic mice expressing the human disease-
associated R258W (MWS) or A350V and L351P (FCAS)
mutations in the NLRP3 gene demonstrated the detrimental
role of IL-1P in these diseases (49, 50). Genetic deletion of the
IL-IR efficiently rescued NLRP3***"" and partially NLRP3™**'*
mice from neonatal lethality (49).
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FIGURE 1 | NLRP3 inflammasome activation by pneumococci. Pneumococci secrete two major virulence determinants; pneumolysin (PLY) and hydrogen peroxide
[Hz0z). In neutrophils (PMN), PLY-mediated NLRP3 activation is a result of K* efflux. K™ efflux activates NLRP3 inflammasome resulting in caspase-1 activation and
subsequent cleavage of pro-IL-1[ into mature form. In macrophages, PLY-mediated NLRP3 inflammasome activation is among others dependent on ATP. The
released IL-1] stimulates epithelial cells. As a result, they release chemoattractants, including CXCL1 and CXCL2, Both chemokines are involved in processes
resulting in neutrophil influx, Furthermore, IL-1p is involved in T helper type 17 cells diffierentiation and subsequent IL-17A release. In contrast to PLY, H.O.
suppresses NLRP3 inflammasome in macrophages (M) resulting in pro-IL-1 accumulation in these cells (APC, antigen presenting cell).

Rheumatoid arthritis (RA) is a chronic autoimmune disease
characterized by persistent synovial inflammation and hyperplasia
of the diarthrodial joints and progressive destruction of cartilage and
bone (51). In particular, chondrocytes- and monocytes-derived TNF
and IL-1P are associated with hyper-inflammatory processes in
affected joints (52). At the local level, even low concentrations of
IL-1P induce production and secretion of matrix metalloproteinases,
which are mainly involved in destructive processes (53). Furthermore,
TL-1P assists in T helper type 17 (Th17) cells differentiation and
subsequent IL-17A production. Both processes further contribute to
the hyper-inflammatory state of RA (54). These data implicate
NLRP3 inflammasome as one of the contributing factors to RA
progression. In line with this, several studies have shown that NLRP3
and other inflammasome-related genes are highly upregulated in
monocytes, macrophages, and dendritic cells of RA patients.
Furthermore, NLRP3 gene polymorphisms (e.g., rs35829419,
1510754558, rs4612666) were associated with RA manifestation and
pathogenesis [reviewed in (55)].

Although the above mentioned diseases affect different organs
and are diverse in nature, they are also characterized by a
common feature, namely elevated levels of IL-1P. It is of
significance to mention that IL-1B release is not limited to
NLRP3 inflammasome activation. A variety of mechanisms,
including AIM2 inflammasome activation, which also plays a
crucial role in bacterial detection, can result in production and
release of IL-1p [reviewed in (56)]. Therefore, treatments target

various components of the signaling cascade and particularly
IL-1. Several strategies that combat IL-1 action have undergone
substantial clinical trials. Some of them are summarized in
Table 1. Anakinra, Rilonacept, and Canakinumab are clinically
approved IL-1 inhibiting drugs and the best studied agents (73).
Anakinra is an IL-1 receptor antagonist and is used among
others for the treatment of RA, acute gouty arthritis, and CAPS.
It blocks the action of both IL-1cx and IL-1f (74-76). Clinical
trials with Anakinra reported elevated numbers of infectious
episodes in Anakinra-treated patients as compared to the
placebo-treated group during the first 6 months of treatment.
Furthermore, the incidence of serious infections was increased.
These infections comprised mainly of cellulitis, pneumonia, and
bone and joint infections as well (57). Rilonacept is a dimeric
fusion protein that contains two IL-1 receptors attached to the Fc
portion of human TgGl. Similar to Anakinra, it blocks the
activity of IL-1 isoforms but does not interact with the IL-1
receptor. Rilonacept is used to treat CAPS and the most reported
side-effects include skin reactions and upper respiratory tract
infections (58). Canakinumab is a monoclonal IgG1 that
specifically targets IL-1P and is commonly used for treatment
of Periodic Fever Syndromes, MWS, and acute gouty arthritis
(59, 60). Among the various side effects, respiratory tract
infections were the most reported side effect in clinical trials (60).

Al IL-1 inhibiting strategies are well tolerated in the majority
of patients. The most common adverse effect is a dose-dependent
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TABLE 1 | NLRP3 inflammasome inhibitors used in clinics,
Drug Target Inhibition mechanism Treatment Reference
Anakinra IL-1 receptor IL-1 receptor antagonist Rheumnatoid arthritis, Cryopyrin-associated periodic syndrome (57)
Rilonacept IL-1ecand IL-1B IL-1 blocker Cryopyrin-associated periodic syndrome 58, 5
Canakinumab IL-1p Monoclonal IgG1 antibody CAPS and other Periodic Fever Syndromes, active Still's
disease
Tranilast” NACHT domain Inhibits the NLRP3 oligomerization Bronchial asthma, atypical dermatitis, allergic conjunctivitis, (62)
keloids, and hypertrophic scar
Gevokizumab® IL-1B Monoclonal anti-IL- 18 antibody Diabetes, autoimmune disease (B3, 64)
Ly2189102% IL-1B8 Humanized monoclonal anti-IL-1 antibody Rheumnatoid arthritis, Type 2 diabetes (65)
Glyburide® ATP-sensitive K Indirect inhibition of the NLRP3 inflammasome Type 2 diabetes, gestational diabetes (B6-68)
channels
VX-740" Caspase-1 Non-peptide caspase-1 inhibitor Ostecarthritis and rheumatold arthritis {69}
{Pralnacasan)
VX-765" Caspase-1 Peptidomimetic metaboliteCaspase-1/4 inhibitor  Rheumatoid arthritis (70)
(Belnacasan) Caspase-4
oLT1177* NLRP3 ATPase Biocks NLRP3 ATPase activity, restricts Ostecarthritis (71)
Inflammasorme activation
AMG108 IL-1R1 Human monaclonal IL-1R1-antibody Ostecarthritis {72}

‘approved drug but nof for NLRP3; *ongoing clinical trials.

skin irritation at the injection site. However, a substantially
increased incidence of bacterial infections of the respiratory tract
caused by Gram-positive bacteria, including pneumococci,
Staphylococcus aureus (SA), and/or group A streptococci (GAS)
are reported (77). Furthermore, IL-1 inhibiting therapies
were associated with a higher incidence of fatal infections as
compared to the placebo treated group. Therefore, treatment
with IL-1 inhibiting drugs is not recommended for patients with
an ongoing infection or with a history of severe infections (59,
77,78).

ROLE OF NLRP3 INFLAMMASOME IN
PNEUMOCOCCAL INFECTIONS

Pneumococci, SA, and GAS are frequent colonizers of the upper
respiratory tract (79). Colonization is usually asymptomatic in
healthy individuals. However, imbalances in the immune system
can lead to severe, invasive and even life-threatening diseases
such as pneumonia and sepsis. The occurrence of the more
severe forms of infection is commonly found in children younger
than 5 years of age, elderly, and immuno-compromised
population (80). Due to the immunosuppressive nature of IL-1
inhibiting agents, patients undergoing treatment seem to be at
higher risk to develop infections caused by these bacteria (77,
81). In general, inflammation plays a crucial role in infectious
diseases. Impaired or insufficient inflaimmatory response can
result in prolonged and/or recurrent infections. In contrast,
excessive hyper-inflammation is associated with fatal outcome
(82, 83).

Pneumococci colonize the nasopharyngeal cavity of 20%-
50% of children and 8%-30% of adults. They have been
implicated as the most common etiologic agent of community-
acquired pneumonia (80, 84). However, only limited number of
studies investigated the role of inflammasome in pneumococcal
infections and contrary results are reported. For example, one
murine model study reported that NLRP3™~ mice are more

susceptible to pneumococcal pneumonia (85). In contrast, a
study on pneumococcal meningitis showed that mice with an
active NLRP3 signaling have higher clinical scores, suggesting
that NLRP3 activation contributes to brain injury (86). Since the
incidence of respiratory tract infections is elevated in patient
receiving IL-1 inhibiting agent, we will solely focus on the role of
NLRP3 in respiratory pneumococcal infections.

Two of the most important secreted pneumococcal virulence
determinants are hydrogen peroxide (H,0,) and the cholesterol-
dependent cytolysin, pneumolysin (PLY) (87). Both factors are
implicated in inflammasome activating and suppressive
processes. Based on the pneumococcal serotypes used for the
infection, the NLRP3-dependent IL-1[ secretion by human cells
varies. Macrophages infected with serotypes that are associated
with invasive diseases and express low/non-hemolytic PLY
(serotypes 1, 7F and 8), release lower amounts of IL-1p as
compared to macrophages infected with serotypes expressing a
fully active PLY (serotypes 2, 3, 6B, 9N) (88, 89). Being poor
activators of the inflammasome, the invasive serotypes are
potentially less efficiently recognized by the innate immune
system and therefore, are less susceptible to immuno-mediated
clearance. However, the exact mechanism of NLRP3 activation
by PLY is unknown. This process is most likely of indirect nature
(Figure 1). Studies on human neutrophils have shown that PLY-
mediated NLRP3 activation is a result of potassium ion (K")
efflux. Experimental inhibition of K' efflux in neutrophils
resulted in impaired caspase-1 activation and subsequently in
diminished IL-1B processing (Figure 1). Furthermore, it was
shown that lysosomal destabilization did not play a role in PLY-
mediated IL-1p processing in neutrophils (90). In general, IL-13
induces the production of chemoattractants, such as CXCL1 and
CXCL2 by lung epithelial cells, which enhance neutrophil influx
(91) and subsequent bacterial clearance at the site of infection
(92, 93). Studies on pneumococcal infections of mouse peritoneal
neutrophils indicate that NLRP3 inflammasome is mainly
responsible for IL-1f secretion, while the AIM2 and NLRC4
inflammasomes are dispensable in these type of immune
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cells (94). Furthermore, neutrophil-derived IL-1p is involved in
activation of Th17 cells. Th17-derived IL-17A acts as an
additional chemoattractant-stimulating agent (95, 96) and
indirectly mediates neutrophilia in the infected organs
(Figure 1) (97). Nonetheless, neutrophil influx alone is not
sufficient to clear pneumococci and macrophage influx is
essential to ensure bacterial elimination (93, 98). A study by
Hoegen and colleagues demonstrated that PLY was a key inducer
of NRLP3 inflammasome and IL-1B expression in human
differentiated THP-1 cells (86). In contrast to neutrophils,
NLRP3 inflammasome activity was dependent on lysosomal
destabilization, release of ATP, and cathepsin B activation (86).
Furthermore, NLRP3 inflammasome activating synergistic
effects of PLY and TLR agonists in dendritic cells and
macrophages are reported (85, 88). However, this is rather a
general inflammasome activating/priming effect. Apart from
NLRP3, PLY can also activate AIM2 inflammasomes (99).

In contrast to PLY, only one study investigated the
pneumococci-derived H,0, and inflammasome interplay. By
utilizing mouse bone marrow-derived macrophages
(mBMDMSs), Ertmann and Gekara have shown that mBMDMs
infected with pneumococci accumulate large amounts of pro-IL-
1B and procaspase-1 (100). Detection of the processed forms of
IL-1B and caspase-1 was highly delayed and remained
undetectable until 12h post infection. However, the ratio of
processed 1L-1P and caspase-1 to their precursors was still very
low (100). In contrast, spxB-mutant strain, which lacked H,0,
production, showed an intrinsically increased capacity to activate
the inflammasome. The authors suggested that pneumococci
employ H,0;-mediated inflammasome inhibition as a
colonization strategy (100). Although the study provides highly
relevant new insights into pneumococci-host interplay,
verification of these results in human host system is warranted.
However, host factors upstream or downstream of NLRP3
inflammasome also play a crucial role in colonization and
infection processes. Studies in aged mice have suggested that
an increase in endoplasmic reticulum stress and enhanced
unfolded protein responses contribute to diminished assembly
and activation of the NLRP3 resulting in failed clearance of
pneumococci (101). In support of this, Krone and colleagues
demonstrated that aged mice shows a delayed clearance of
pneumococci in the nasopharynx as compared to young mice
(102). The authors attributed the observed phenotype to the
impaired innate mucosal immune responses in aged mice,
including NLRP3 and IL-1B suppression. Furthermore, Lemon
and colleagues demonstrated a prolonged colonization of ILIR™
adult mice as compared to wild-type mice (93). The prolonged
colonization was linked to reduced numbers of neutrophils at
carly stages of infection and reduced macrophage influx at later
time points of carriage in ILIR” mice (93).

Apart from the bacterial pore-forming toxins, microbial RNA
has also been implicated as a direct NLRP3 inflammasome
activator (19). Studies showed that even small fragments of
staphylococcal or group B streptococcal (GBS) RNA are
sufficient for inflammasome activation in human THP-1-derived
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and mouse macrophages (103, 104). Based on detailed analyses of
GBS and mouse macrophages interplay, Gupta and colleagues
proposed that bacteria-mediated activation of NLRP3
inflammasomes requires bacterial uptake, phagolysosomal
acidification, and toxin-mediated leakage. Subsequently, the free
accessible bacterial RNA interacts with NLRP3 and activates the
inflaimmasome cascade (104). Whether such mechanism applies
to pneumococcal infections, remains to be elucidated.

In general, tightly controlled inflammasome activation in
pneumococcal pneumonia is one of many important host
defense mechanisms contributing to bacterial clearance (56).
However, excessive NLRP3 activation can also lead to
uncontrolled pyroptosis. The disproportionate gasdermin-D
mediated cell membrane rupture in a variety of lung cells may
result in a release of plethora of alarmins, including processed
antigens, ATP, HMGBI, reactive oxygen species, cytokines, and
chemokines (105). These prompt an immediate reaction from
resident and recruited immune cells leading to a pyroptotic chain
reaction with subsequent excessive tissue pathology (106).
Furthermore, pathogen-associated antigens might disseminate
to other organs resulting in a severe systemic hyper-
inflaimmatory response (105). Whether such actions apply to
pneumococcal pneumonia remains to be shown.

CONCLUSION

Besides the crucial role of NLRP3 inflammasome activation in
inflammation, many studies implicate NLRP3 inflammasome in
the pathology of several autoimmune and auto-inflammatory
disorders. Currently, the most common therapy for such diseases
involves the use of immuno-suppressive, cytokine inhibiting
therapies, such as IL-1 inhibitors. The immuno-suppression of
patients by these agents results in side effects that often include
respiratory tract infections caused by pneumococci. However,
only a limited number of studies investigated the role of the
NLRP3 inflammasome in pneumococcal respiratory infections.
Future studies, especially those considering the complex
interplay of human genetics, immuno-suppressive status, and
age with pneumococcal colonization are needed to better
understand the role of NLRP3 inflammasome in such infections.
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|l atter have been described for murine macrophages [ 2
found in blood plasma and | ymph fluid/ node, wher eas
very low. This S1P gradient is important for | ymphocy
14 derivatives of CilP with different acyl chain | eng
known about the distribution of C1P and S1P in i mmun:
MS i maging (MALDI - MS-1 maging) enabl es the measur emei
proteins within cryo-sections of tissue sampl es.

The aim of this study was to analyze alterations in
respiratory tract infections of C57BL/6J ®i.ceaureéher e’
S. pneumaniael onSi.z eodh e wntntdi agsubsequent !y infected wi t
composition in response to the variety of infections
The spatial distribution of the bioactive |ipids C1P
2 Material and Met hods

2.1 Ethics statement

Al ani mal experiments were <carried out in accordar
Laboratory Ani mal Science (GV-SOLAS) and the European
Science Associations (FELASA) . Al l experiments were
Lebensmittelsicherheit und Fischerei Meckl enburg-Vorp
7221.3-1.1-032/17)

2.2 Bacterial and viral strains

S. pneum®kRi dEF3030) , a nasopharynx isolate from a <c¢ch
was grown on blood agar plates (Oxo0id) sand. dbl-t0i. M&dt) e
Todd- Hewi tt broth (Carl Roth) supplemented wixth 0.5%
Colon$Sziamgsteuadain SA113 and invasive USA300 strain LUG
in casein hydrolysate and yeast extract (CCY) medi
propagated as described by Eisfeld and coll eagues [ 27

2.3 I nfection of C57BL/ 6J mice

Groups of 4-6 female C57BL/6J mice (8-12 weeks ol d;
under ketamine/ xylS.zi pee ubmoersid doegsu il Nviti.t hFor c».l oni zat
pneumordi9&e (19F-C), 20 Ol CPBSwepat aidmimg stLédesl.. For
pneumodnid&e (19F _®HY ild 120 Ol PBS were applied. For i
containi cgULIWeOe administered. Staphyl ococcal pneumo .
PBS contai €Ftg FbtOviral infections, 42 Ol PBS conta
were mock-treated with an equivalent volume of PBS. I
infection was wused. Therefore, mi ce were colonized w
Il AV infection. Animals were observedtddilfy efremtwei gne
mi ce were euthanized and bl ood, spleens and Il ungs w
puncPumrema was obtained by centrifugation (10 min, 1,

2.4 Lipid mediator extraction

Whol e frozen |l ungs and spleens were powderized using
frozen tissue was transferred into a tissue tube (Co
nitrogen for 60 s. Next, the sample was powderized wi
of powder were immediately extracted with 50e0r4tOL i ce
butyl hydroxytoluene (Sigma-Aldrich) and 500 OL ice ¢
HETEB-and 13 HODE-hd 100 ng/ ml in acetonitrile; Cayman
was performed by adding 300 OL of sodium hydroxide (1
30 min at 60AC. Il mmedi ately after hydrolysis, the pH
VWRE). For EDTA plasma samples, an aliquot of 100 OL
ti ssue material. Afterwards, solid phase extraction w
2.5 LC-MS/ MS measurement of | ipid mediators
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Extracts were dried uErwderomn';?Btiramgiegreefclomvst(i'[wrtteqjvam 70
(Th. fGey®ynamic multiple reaction monitoring ®LC-MS/ N
HPLC system (1200 sefFi6460 cToruippleed of wa darnu pAogliel emmats s s pe
ionization sourcdhei smepagati ve moadg.®?bee@eowéenhbx,a Temiar
USA) NX-C18 <column (3 Om, 10072 mm) and equivalent
parameters were described previously [29]. Calibratic
for absolute quantification (range between 0.5 ng/ mL
weighting 1/ x) and deuterated internal standards wer €
standards (HEPE, HODE; HDHA) were normalized to the
arbitrary units (AU) in the plots. Agil ent Mass Hunt
Quantitative Analysis software (both version B.07.00)

2.6 MALDI-FTICR-MS imaging

2.6.1 Tissue preparation

Compl ete mouse |l ungs were embedded in 1% carboxymet
frozen for 24 hours at -80AC. Cryosections of OCT emt
using a Leica CM 1950 cryostat. Sections were trans:
i mmedi ately I|lyophilized for 30 min. The MALDI matri x
70% ethanof%) fwamsm shatabyed on tissue sections using a
paramet epressNre 10 psi, nozzle temperature: 65AC, S 0|
space: 2 mm and 4 passes.

2.6.2 Measurement

For MALDI - MS i magi ng, a solarix XR (Bruker) ma s s S |
ionization .mMbdeawabymneddmass range was between 150-1C
was used for online calibration. The following ion t
4 MHz frequency and RV amplitude of 350 Vpp. The capi
The | aser focus was small with a frequency of 1000 H
done using flexlmaging software (Bruker) &nddatlaibpaisdes
with a mass tolerance of 5 ppm. I n addti on, identi fic
was done with standard compounds (Cayman chemical s).
2.7 Histology

2.7.1 H&E staining

After MALDI - MS i maging measurements, MALDI matri x W,
et hanol wash. Next, the H&E staining was performed an

scanner .

2.7.2 I mmunofluorescence staining

Lung cryosections (20 Om) wer e EfHixstdo fiinx )i cseolcuotlido n4 %
subsequently washed three times for 20 min with PBS.
i ncubation in PBS-TX (PBS containing 1% BSA (Sigma-A
100) After buffer removal, 30 Ol of Spraummea tys baondtyi b c
(ab20920, Abc aSn) ponre ur(eonb ibte usret ip-r oducti on of the S. H.
l ung sections and incubated for 60 min in a humidity
with PBS-TX. 30 Ol of the secondary goat anti-rabbi
phall oidin atto 550 (Sigma-Aldrich) and bisBenzimide
incubated for 60 min. Finally, the sections were was¢
before embedding With mowiol 4-88 (Roth

N

.8 Statistics
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Lipid mediator analyses of mice organs were perfor med
for PBS control experiments. Data are presented as nm
Kruskal -Wallis-test with DunnEs multiple comparison ¢
software (vepwviadmed. 0®)ss Ahan 0. 0OMAWBE- MD-nismadgeirregd w
perfor med wi t h three replicates and di scriminative
characteristics (ROC) analysis tool (area wunder cur\
normalized using total ion count normalization.

3 Results
3.1 Clinical scoring and lung infiltration post diffe

was shown th&LtFUlowndos@atal Lapp]l
y mpt
me s
own
spon
e umo
of il
11
i

ication of pneumo
matic colonization of mice for at® CrRWU)stoflét ke
rain induces pneumonia within two days (19F_FP
hat infections of 19F_C mice with | ow pathog:
e already at the asymptomatic early stage of

occal pneumonia (Cuypers et al . 2021 submitte
at exactly the same time points. TS taruarceku sp a't
n highly invasive LUG2012 were also perfor me
i I increase in clinical score during the fir
e igure S1A). I n contrast, LUG2012
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r ost infection (Figure S1B). As previo
cterized by an initial increase in ¢
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seven days

ma , spl eens, and l ungs wer e harvested. Bacter
nofluorescence staining (Figure S1F). Bot h, LUG2 (
hyl ococcal and pneumococcal pnheumonia groups, re
cted in mice lungs (Figure S1F).
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3.2 Eicosanoid analysis of the lungs

First, we aimed to profile | ocal eicosanoid compositi
l ungs. I n general, maj or changes were observed in s\
mi nor or no effects were seen in staphylococcal or p
| evel f mainly LOX-derived | ipid mediators were d
d 20-HETE as wel | as anti-infl ammat c
fl ammatory 13-, 14-and 17- HDHA wer e
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values N standard deviations. The 1l evel of significance w
comparison test (controls (n =13) and infections (n0O8). P-
by asterisks. Oxylipin amounts were normalized to the sampl
Next, we aimed to analyze eicosanoid profile of t he
natur al route of co-infection was wused for this anal
strain 19F for seven days and subsequently infected
revealed that even at the asymptomatic stage, co-inf

onse in the |
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co-infections |l ed to alterations and particularly to
elevated | evels of 18-HEPE were exclusively detected
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FigurLaingd: oxylipin amounts i8. respomsei §&V:.cocdmtfrwd u rodn iaa dt )}
colonization (red), Il AV (yellow) and co-infection (orange)
significance was determined using Kruskal-Wallis test with
(n0O6) . P-values |l ess than 0.05 were considered significant
to the sample weight of 100 mg.
I n addition to oxylipin measurement, the proteome pr
found for sever al enzymes involved in |lipid mediato
(cP) Al evels, an enzyme responsible for the release of
found in acute | AV infections (Table S1). Further moi
(FLAP) were detected in lungs of | AV-infected ani mal s
corresponding HETESs, HEPEs and HDHAs in the lungs of
samples from I AV infection obtained from the two dif"

cPLAat 5 dpi

3.3 Eicosanoid analysis of the blood plasma and spl ee
Next, systemic eicosanoid profiling of mi ce plasma a
from infected mice revealed significant perturbati ons
(Figure 3 Il eft panel ). Pneumococcal pneumonia was cl
Enhanced | evels of 12-, 15- and 20-HETE as well as

S. aukbk¥®zs012 infected anbBmapesepgtopbponiez8tientopamiecté¢ . h
eicosanoid composition in plasma. However, co-infecHt
(Figure 3 left panel ). | AV infections of both, col oni
amounts of 12-, 15- and 20-HETE as well as 13- HODE ar
in 18-HEPE in plasma was exclusively detected in co-
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already at early stages of Il AV infections a decrease
medi ated signature was also observed in co-infections
I n contrast to pl asma, only minor changes in Iipid
Particularly incre&sedul@@a301dfi 2f0e HtEiT&En fawamd co-infec
3 right panel). The amount of 11, 12-EET was enhanced
other EETs were decreased in these infections. Pneun
|l A V- or colonization mediated patterns (Figure 3 righ

0.25 4.0

blood plasma spleen

5-HETE
14,15-EET
11,12-EET
8,9-EET
5,6-EET
17-HDHA
14-HDHA
13-HDHA
13-HODE

9-HODE

FiguHea3map di splaying fold chang
amounts from blood plasma (left p
red. The oxylipin amounts were no
not detected in plasma sampl es.

ection/control or
and spleen (right
ed to sample wei

= O O

c
p
ght

3.4 MALDI - MS-1 maging reveals rise of S1P and C1P wunde

I n addition, we analyzed the spatial resolution of bi
statistical evaluation, ROC analysis was wused and t h¢
is used to identify m/z values discriminating diffe
samples revealed that the amount of S1P decreased du
(Figure 4). Sever al derivatives of C1P with different
C24:1 and C26: 1) were analyzed. Decreased amounts of
infected mice. I n contrast, an increase was observed
that the distribution of) ) hwad omigghléeraiinn CtliPe (rdedd : du I2E
pulp (Figure 4). The co-infection |Iled to increased al
the i nfectiabd @@BOR.2 pPpreumohomiezati on had no effect.
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control S. aureus 113 S. aureus LUG2012 S. pneumoniae 1AV coinfection

CerP
(d18:1/18:0)

CerP
(d18:1/24:1
(152))

CerP
(d18:1/26:1
(172))

FigurMALDI - MS-1 maging and H&E staining of spleen sampl es. F
per condition are shown. The measurements include sampl es
S. pneumoniae (colonization), I AV (5 dpi) and co-infection
yell ow and | ow abundances in purple normalized to total i ol
I n l ungs, S1P depositiSn pwes mambieshd yedaf ardt ddAVi nnf e
Coloni zaS.i omnewimensubheed in reduced S1P |l evels, wherea
these substance (Figure 5). Fur t$.erpnoe tleaqo had aderzoepd iann i G
was noted. I n contrast, enhanced amou@t)s vodr eC 1dPe tdescrti @
l ungs of co-infected mice (Figure 5).
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control S. aureus 113 S. gureus LUG2012 S. pneumoniae coinfection

Sphingosine-1-
phosphate

CerP
(d18:1/18:0)

CerP
(d18:1/24:1
(152))

Cerp
(d18:1/26:1
(172))

Fi gurMALD:I - MS- 1 maging of l ung sampl es. Representative i mag
shown. The measurements include samples from infection wi
(colonization), I AV (5 dpi) and co-infection. The compound
abundances in purple normalized to total ion count.

4 Conclusions

The oxylipin analysis of different sample types from
S. auk¥G8012 and pneumococcal -1 AV co-infections are
composition of bioactive |ipids. Perturbations focusi
exposure to pathogens as wel/l as in plasma. Furtherm
noted in spleens of co-infected animals and particul
and spleen in co-infections.

The i mmunomodul atory function of C1P is stildl under
infl ammatory properties including activation of cell
and human monocytes [17]. On the other hand, ClP se
ceramides during respiratory infections [ 32] S1P is
the activation of eicosanoid synthesis through actiyv
organs and body fluids. Hi gh amounts of S1P are f ol
concentration in the secondary | ymphatic organs i s v
trafficking [33]. Analysis of l ung S1P Il evels showed
beneficial for immune cell mi grati on. I ndeed, the enz
bi osynthesis was shown to be upregulated by | AV to pr
of S1P in the lungs of co-infected animals was not
pneumococcal infections. Potentially, pneumococci ma s
Moreover, an acute | AV infection |led to a strong inci
were previously observed in lungs of | AV-infected pig
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ervation. I n particul ar, 17-HDHA is known for its
] Beside its positive effect on host B cell acti
ression in human |l ung epithelial cells [28]. Il n |
otracheal aspirates of children diagnosed with acu
erved in children with co-infections. A similar e
] 12-and 15-HETE are believed to be of anti-infla
h severe | AV infections [35]. In |Iine with the pu
rease in acute symptomatic | AV infections. Howe v e
ections or in contrast to our study, requires an a
study also shows a prominent rolSe atubt@@Z32MHEZTE Alnl
l yzed samples showed elevated |l evels of this 1ipi
h sepsis and particularly a protective effect i n
dence, t hat the rise of 2 0S.HEaTubbh emnassywi n it s@wley ebe n
er al [40], which was also observed in other studie
conclusi on, our analyses reveal broad changes of
nari os. Particularly the lung materi al is a pr omi
ct infections. Mor eover, MALDI - MS- 1 maging showed ¢
es of infection.
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Tabl eLo®yr:ati o of altered proteins involved in oxylipin bios
LOX-activating protein (FLAP), 12-1i pex(ycgheLndae i @ gd dthe ¢tOXd ain|
samples from separate infection experiments. Di splayed are
<0.05. For pneumococcal infections, induced pneumonia was
co-infection.

S. pneumnmoAM a5 dpcio-i nfectliAdovn 5 dpi I AV 5 dpi

vs contrvosl contrvosl contr ol$S. pneumowisaé AV 2 dpi
GPX1 - - -0.23 - -
FLAP 0.96 0.81 - - 0. 83
15-LOX - - 0. 66 - -
c PLA - 0. 84 - 0.54 0. 92

Tabl aAAUL2:val ues from ROC analysis of lung and spleen for S1

S1P CerP (d18:1/18:0) CerP (d18:1/24:1
lung
contr8l peBeumoni @e800 0.788 0.778 0.8
control vs | AV 0.248 0.272 -
control vs coinfection - 0.096 0.128
Il AV vs coinfection 0.834 0.181 0.168
spl een
control vs | AV 0.916 0.950 0.892
control vs coinfection 0.912 0.165 0. 2
I AV vs coinfection - 0.060 0.100
S pneuwmsnéaienfection - 0.230 0.091
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Abstract

Streptococcgpnpomaomonocas) is a typical col on
cavity. Seasonal I nfluenza A virus (1 AV) inf
pneumococci to the | ower respiratory tract r
which is mostly observed in elderly peopl e a
aimed to elucidate the innate I mmune respons
of infection in young and healthy individual
pneumococcal strain 19F and inflammatory res
determined in the |l ungs and plasma. Single v
compari son Cytokine and innate i mmune cell
cytometry. Pneumococcal strain 19F at | ower
application of a high dose of pneumococci re
colonization status, mild H1IN1 | AV infection
progression resulting in a ful/l recovery of
pl asma revealed that already at the non-symp
infl ammatory response was as high as in symp
infl ammatory monocytes in the |l ungs was obse
was | imited to bacterial infections. Reduced
were seen in severe pneumococcal i nfections
al so reduced in I AV infections. Il n contrast,
infections. The majority of cell s, except fo
characterized by elevated |l evels of CCR2 and
show that an orchestrated early innate I mmun
the infection.
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11 ntroducti on

Community-acquired pneumonia (CAP) is a comn
have not been hospitalized recently. The ann
cases per 1,000 in human populations in Euro

pat hgeaeaptococcu(Spmpaemnomoantc @aes) remains the m

cause of CAP [ 2]. During seasonal influenza

including influenza A virus (1 AV), become th
may also |l ead to a secondary bacterial i nfec
threatening complications [3]. Several studi
host to bacterial dissemination to the | ower
adhesion to the |l ung epithelium, (ii) | AV- me
the innate and adaptive i mmune axes, and (iv
6] . However, several studies have shown that
individuals with comorbidities, el derly peop
the age of one, and that the majority of hea
infections [ 7].

The innate I mmune system is of cruci al i mpor
well as combatting the onset of subsequent b
of i nfection, resident professional phagocyt
are the first responders. Two major popul ati
alveolar (AMs) an interstitial macrophages

whereas | Ms |l ocalize in close proximity to t
[ 9]. AMs are mainly involved in pathogen sen
| Ms are | ess abundant exhibiting reduced pha
response to pathogenic stimuli. [ 11, 12] . Sev
viral and bacterial mono- as well as co-infe
depletion of AMs in the lungs, which results
ti ssue pathology, and fat al outcome [ 13, 14]
interleukin (lIL)-1 signaling prevents AM dep
in host resistance to | AV and pneumococcal c
infections is not clear yet. It was shown th
induced airway inflammation by producing |L-
mi gration and maturation [11].
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As innate sentinel cells of the |l ung, reside
infection. After phagocytosis, they migrate
antigens, thereby inducing the adaptive i mmu
t wo major groups of DCs, conventional myel oi
with distinct characteristics but several oV
present antigens and produce type | interfer

However, pDCs produce 100-1000
Muri med cOB®PLClar e f
t he

other cell types [20, 21].

which are found throughout

-

cDCs mig
node n

nodes
Furthe
of pro-inflammatory cell s t
DCs 1in
from c
for priming [26, 271 . Furth
chall enge are reported. Whi

| A V. and pneumococcal

o-infected animals pr

in reduced c¢cDC counts in |uwu
pneumococcal co-infection |
S

DCs post |1 AV challenge and

Neutrophils and monocytes a

di stinct mechanisms to figh

—h

degranul ati on, and or mati o
that after exposure to infl
presenting cells [32]. Howe
pl ethora of molecules, incl
|l eading to a substanti al ti
recruited monocytes can dif
A sustained increase of pro
This observation was furthe
infl ammatory monocytes due

pathol ogy [35]. Jochems and
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pneumococcal and | AV co-infections. They de
associated with a quick influx and degranul
of monocytes, while challenge of colonized

these i mmune responses [ 36].

Most of the studies mentioned above focus o
infections and are | imited to a role of one
maj ority of studies used the application of
step of intranasal or i ntratracheal applica
we aimed to characterize the i mmune respons
to clear both pathogens. We analyzed the in
non-symptomatic stages of single | AV and/ or
infections. We used a potentially more natu
with pneumococci foll owed by an intranasal

pneumococci can asymptomatically persist in
infection of colonized mice results in traf
Viral infections and viral-bacteri al co-inf
the ani mals after a bi-phasic course of dis
was characterized by el evated cytokine | eve
the innate i mmune cell composition showed i
of co-infection. However, already at the no
was as high as in bacterial pneumoni a, whic
exacerbation in the majority of individual s.
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2 Materials and Met hods

2. 1. Bacteri al and viral strains

Streptococcuk9pnebmMdmM3 @), a nasopharynx i sol
otitis media episodes [ 37, 38], was grown on
|l og phase ( opstod cOa.l3 Hd-etn.sd )y i[mODlJlodd- Hewi tt br .
with 0.5% (w/v) yeast extzadinf(Q@amlzaRoti musat
A/ Bavarial 74/ 2009 (H1Nl1l) was propagated as d

2. 2Et hi cs statement

Buffy coats of blood provided by the blood b
used. The buffy coats were provided anonymou
Uni versity Medicine Greifswald approved the

were carried out in accordance with the appr

All ani mal experiments were carried out in a
Society for Laboratory Animal Science (GV-SO
Federation of Laboratory Ani mal Science Asso
approved by the Landesamt fg¢r Landwirtschaft
Meckl enburg-Vorpommern (LALLFV M-V, Rost ock,
032/17) .

2. 3Eukaryotic cells, culture conditions,
To i solate human monocytes, PBMCs were isol a
Shields) gradient centrifugation. Cell s were

for 30 min at 37AC in serum free RPMI 1640 me
removed by washing with PBS (HyClone). The r
1T8xell s/ well were seeded in 6-well pl ates (

night in cell culture media containing 10% (

Human monocyte-derived macrophages were gene

monocytes in 6-well pl at@xefldrs/6veddys wdtt ha ad

on day 4. Monocytes were differentiated to p

media cont ai'®@NM-nQSR5f onrg émliday s, f o}l |sotwiendu Ibayt iLo
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for additional 2 days. Monocyte-derived ant.i
stimulation of monocytes in'lcM-IGSF uflarurée dreyd
followed by addijisnamul atidof2Dong2mtiays. J7
monocytes/ macrophages (ATCC TIB-67) were cul
FCS. Al cells were cuwlatumesdp uenmrdeer 37 AC and
Al l infections were performed at a multiplic
ml of the respective medi a. I ntracellul ar ba
protection assay [40]. For the assay, the ce
For the assessment of intr.acelthel arelbascweria
PBS and incubated with media Sypphdmgenedmwt

(120 "§gfml

washed and
2. 4Mi ce i

Groups of

col oni zed

For col on% z

admi ni ster
42 Ol PBS

an equival

e

c

moni toring.

At differe
nasal wash
punctur e.
stained wi
Pl asma was
80AC.

To quantif
pl ates (Ox
80AC. To q
puri ficat.i
perfor med
Quantitat.i

adodi tosphah @@.(bSubgddquently, the

|l ysed, and the CFU counts were de
nfections, monitoring, and sampl
4-12 female C57BL/6J mice (8-12 we
or infected undér ppatamdme bey HA NI n

apnmnewnmavijt #a20 Ol PBSCFRWnwearieni ng 11
d. FoCFWniewmmbhi@l, ABI Owere applie
ontaining 10, 000-250,000 PFU were

nt volume of PBS. Animals were ob
t time points, mice were euthaniz
s (NAL), and lungs were harvested
or differential bl ood count, 2.5

h a Pappenheim staining kit (Car/l

obtained by centrifugation (10 mi

bacterial | oad, NAL and BALF wer
id). The remaining cell-free BALF
antify viral |l oad, tot al RNA was

n Kit (Ambion) according to manuf
sing Superscript first-strand syn

e RT-PCR amptthd i $SWBR o@Gr evasER eKiftor
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DI'VA Software (both BD Bioscience) and analy
(BioLegend) . Gener al I nfl ammation in BALF wa

Al drich) according to manufacturer's instruc
2. 7Statistics

Statistical significance of differences was
Dunnés multiple comparison post-test. Statis
versi @ognva/l.ueA | ess than 0.05 was considered s
p<0.001) .
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( CDIUYW6)G, monocyt®S COCHBH1ILH nterstitial macrop
CD1CkD68 &€D20"¢’,* conventional de@DXI1bhic cells (
CD1"™MHCTI, and plasmacytOGbDiTPDCIMHQPIDLCSC CD6 4
Figure S3).

I n general, elevated frequencies of recruite
l ung compartments of the bacterial pneumoni a
influx was slightly increased in co-infectio

detected in single H1IN1 infected mice (Figur
monocytes were detected in lungs of both wvir
Ssubpopul ations showed that the total rise in

i nfl ammatory/ cl as’€ébDth¢ wmbhbeyhen-¢Lgé6€ical/r

(Ly'€ 017 ccounts were reduced in all infectior
the pul monary resident macrophages showed th
did not |l ead to the depletion of AMs and | Ms
in a drastic drop of both cell types (Figure
examined three sQD2WHCEI"6F1 MIMs ,C DEINVBAITE |

(1 M2), a@oD2@®i1M3, Figure S3). These analyses
infection type I M2 frequencies decreased in
popul ati on. | M3 frequency increased in singl
Furthermore, frequencies of pDCs and c¢cDCs we
exclusively detected in co-infected mice (Fi
remained unaffected in co-infections. Howeve

characterized by reduced numbers of ¢DCs (Fi
reveal ed that the DOseqguwaesnciyncofe aGDeldlb 'n al | i1
cDCs remained mostly wunaffected (Figure 51).

3.6Early immune responses are associated

expression

Recruitment of key innate immune cells to th
detection of CCL2 via CC chemokine receptor
recruited innate I mmune cells contribute to
and regulating antigen-specific responses Vi

activation were chosen for analyses. El evat e
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4 Di scussi on

Severe infections including CAP are characte
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without spread towards the | ung. l ntranasal
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analyzed |l ocal and systemic I mmune responses
cytokine |l evels mostly associated with the m
One of the main features of CCL2/ MCP-1 is th
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48] and elevated |l evels of CXCL1 are |inked

92



- o ® O — Q@ S

(¢

o - 9 C

- T »w u o < u o

> ®© O TS o

— T

- — — — o - ©

Q
—

Q

i mmu

o —~+ =

O

=)

=]

L 0w 9

Q

Pape

tected in th
tly, el evate
t of | oc al I

-~

e lung
d neut
L-1b p

ducers of i nfl amma

|l evel s wer e
d with highl
s by Iimitin

H1IN1 infect.i

I 1 ul ar | evel
h in co-infe
iral i

y a cr

(7))
©
> oo <

of mo

cl assica
ated fre
crease i
ncluding AMs
[10] . It
13, 57,

at t he

w

ear
ria-el
H1N1
gl e ba

red i

5 S O

i n si

mo st i kely
nhibit

et eSS

eby,
and
on an
ted t

sprea

at i nf

X o o <

our experi me
pDC

ized by el ev

, whil e

te adaptive
stem to upre

93

obser

Yy pat

ecti

5
—

c
nocyte

I mono

, ful

a
f
has b
O
l' y ons

i nfe
cteria
Il nvol v
DC ma
nti al

Vi a

t al a

e
d
ection
n
counts
ated n

i mmune

gul ate

n
i mi nat.i
C

O Q@ d® O O O

™ O u (@) -

(¢
o

(¢]
o

—
c

of

p hi

mi

duct i

me
d i
eni

r wh

QD
=)

(@)
-+ ®d® O

=]

roa

e ma

umber

r

esp

MHC I

a

C

e

ce
i nf
on
tiv
| un
I AV
mi n

nt

whi c
| ux
can
atio
gs o
vir
g in
i ndu

eutrophi

e
n
i
i

c

Our
rl i
| A

w h

res
ni ng
V in
i ch

n mice

nfl
yte

i mp

amma
cou

orta

ported t

yse

ni wva

0
I

C

per
S .
tio
ndu
n a
ons
and
he

ed

of

Ses

exp

s de
It rion

ties

h

wa

b

=y

f

e

o c uw o o —

—+

e

(7))

QDO Y D

-



an essenti al

Hence
mai nl
CCR2I

di spl ayed

Wh et h
studi
i nfec
bacte
downr
cell s

from

n co

S as

n ac

o 9

ontr

=

espo
cl ear
syste
high

, upregu

y bacter

M1

er
e s

tio

ria

tiv
ast
nse
anc
mi ¢

age

popul ati ons.

el

an

have

n
I
I

s [ 6
cl e

atio

ght b

gl e v

u

sSi on

ated

ati on

(7]

i nf
to

of

Paper

mechani sm

| ati on of

f
t

or cell trafficking

hese two mol ecul es i

ia-drfiaaed '€ecRE2asli am méutMHECPpHi | s

activated

evated CCR2 e

| i nckeeldl si ntfol

2-64]1. 1In
arance [ 65
n of CCR2
enefit bac

iral and c

, our resu
with cyto

of resi de

Il trating
a mild vir
the pathog

i nnate i mmune

ar e

warranted.

94

C

0]
t

(0]

I
k

n

Furthermore, the major.i
phenotype characteriz
Xpression is benefici

ulxunogf T\R2ry i n mai nl
ont f asetl,l so tahreer isntpuwdit
67]. At this stage,

n monocytes and si mu
eri al clearance i n h
-infections.

ts demonstrate that
ine production respo

t macrophages, and a

monocytes display a p

u

e

r

s and a colonizing p
ns in healthy juveni

esponses as a whol e



Paper [

5.Confl i ct of | Nt er est

The authors decl are that the research was <co
financi al relationships that could be constr

6 . Aut hor Contributions

FC, AS, SBS, SAO, TCM, SH, UB, and NS concei
SBS, SS, LAT, AP, TPK, UB, and NS perfor med

and NS wrote the manuscriopt. Al | authors rea
7. Funding

This research is supported by the Feder al E x
Pomerania and European Soci al Fund (ESF) Gr a
ESF_14-BM- A55-0002_16) .

8. Acknowl edgment s

The authors are grateful to Sil ke Rehbein an

assistance.

95



Paper (N

9 References

1. Lim WS, Baudouin SV, George RC, Hi | | AT,
for the management of community acquired pne
Oct ; 64 Suppl 3:iii1-55.

2. Musher DM, Thorner AR. Community-acquired
23;371(17):1619-28.

3. Si emens N, Oehmcke-Hecht S, Mettenl eiter
ammer schmi dt S. Port d'" Entree for Respirat
the Way for Bacteria? Front Microbiol. 2017;

4 . Avadhanul a V, Rodriguez CA, Devincenzo
Respiratory viruses augment the adhesion of
viral species- and cell type-dependent manneril

5. Jami eson AM, Pasman L, Yu S, Gamr adt P,
protecti on i n l et hal respiratory viral -ba
7;340(6137):1230- 4.

6 Bakal etz LO. Viral -bacterial co-infections
Feb; 35: 30-35.

7. Rot hberg MB, Haessl er SD, Brown RB. Compl i
Apr; 121(4):258-64.

8 Gi bbings SL, Thomas SM, At i f S M, Mc Cubbr ey
Unique I nterstitial Macrophages in the Muri
Biol. 2017 Jul ;57(1):66-76.

9. Barl ett a KE, Cagnina RE, Wal | ace KL, Ram
compartments in the mouse |l ung: di stingui shi
cells in response to injury. J I mmunol Met h o«

10. Hussell T, Bel | TJ. Al veol ar macr ophages:
Il mmunol . 2014 Feb; 14(2):81-93.

11. Bedor et D, Wal |l emacqg H, Mari chal T, Des me
interstitial macrophages alter dendritic cel
Il nvest. 2009 Dec; 119(12):3723-38.

12. Cai Y, Sugimoto C, Arainga M, Alvarez X, D
alveolar and interstitial l ung macrophages i
l ung di sease in humans. J I mmunol. 2014 Mar

13. Ghoneim HE, Thomas PG, Mc Cull ers JA.
influenza infection facilitates bacteri al
9.

14. Ver ma AK, Bansal S, Bauer C, Muralidhar an
Macrophage Dysfunction and Thereby Enabl es
Cause Deadly Pneumonia. J I mmunol. 2020 Sep

15. Bansal S, Yajjala VK, Bauer C, Sun K.
DepI etion during Influenza and Streptococcus
15;200(4):1425-33.

16. Bhar dwaj N, Bender A, Gonzal ez N, Bui
infected dendritic cells stimulate strong
cCb8+ T cells. J Clin Invest. 1994 Aug; 94(2

96



32.

Paper (N

Hamilton-Easton A, Eichel berger M. Virus-s
of cells from lung and mediastinal l ymph no
Virol. 1995 Oct;69(10):6359-66

Legge KL, Braciale TJ. Accelerated migrat
Il ymph nodes i s i mited to t he early phase
Feb; 18(2):265-77.

Freeman CM, Curtis JL. Lung Dendritic Ce
Chronic Obstructive Pulmonary Disease Progr
Feb;56(2):152-59.

Fonteneau JF, Gilliet M, Larsson M, Dasil v
virus-specific CD4+ and CD8+ T cells: a new |

i mmuni ty. Bl ood. 2003 May 1;101(9):3520-6.

Vanget. S, Gertow J, Y u M, Liu S, Baharon
Pl asmacytoid Dendritic Cell s Di spl ay Si mi | ¢
Di fferenti al Type | I FN Responses to I nflue
1;202(7):2069-81.

Il wasaki A. Mucosal dendritic cells. Annu R

GeurtsvanKessel CH, Willart MA, van Rijt L
of influenza virus from the lung depends on
dendritic cells. J Exp Med. 2008 Jul 7,205 (7)

Ball esteros-Tato A, Leon B, Lund FE, Ran
subset s, cross-priming and costimulation vi
influenza. Nat | mmunol. 2010 Mar; 11(3):216- 2:¢

van der Aa E, van Montfoort N, Wol t man AM.
function and development. Semin Cell Dev Bi ol

Kur i T, Sorensen AS, Thomas S, Karl sson He
et al . I nfluenza A virus-mediated priming er
cells infected with Streptococcus pheumoni ae.

Spel mi nk L, Sender Vv, Hentrich K, Kur i T

Receptor 3/ TRI F-Dependent I L-12p70 Secretior
RNA and Its Priming by Influenza A Virus Co
2016 Mar 8; 7(2):e00168-16.

Beshara R, Senci o V, Soul ard D, Barthel em
FI t3-Ligand-dependent de novo generation of
infection contributes t o respiratory bact «
Oct;14(10):e1007360.

Craciun FL, Schull er ER, Remi ck DG. Ear |
peritonitis-induced sepsis improves bacteria
1;185(11):6930- 8.

Fine N, Barzilay O, Sun C, Wel | appul i N,

healthy mouse and human circul ation are firs
Adv. 2019 May 28;3(10):1622-37.

Kol aczkowska E, Kubes P. Neutrophil recr ui
Nat Rev | mmunol. 2013 Mar;13(3):159-75.

Vono M, Lin A, Norrby-Teqund A, Koup RA,
capacity for antige presentation to memory
Apr 6; 29(14):1991-2001

97



33.

34.

35.

36.

37.

38.

39.

40 .

41 .

42 .

4 3.

44 .

45 .

46 .

47 .

48 .

49 .

Paper (N

Mor aes TJ, Zurawska JH, Downey GP. Neutro
lung injury. Curr Opin Hematol. 2006 Jan; 13/
Cuypers F, Kl abunde B, Gesel |l Sal azar M,
Adeno Triphosphate Neutralizes Pneumol ys

sSine
Di s. 2020 Oct 13;222(10):1702-12.
Col e SL, Dunning J, Kok WL, Benam KH, Benl

are a major i mmunol ogi cal determinant of s e’
threatening influenza. JCI I nsight. 2017 Apr

Jochems SP, Mar con F, Carni el BF, Hol | owa
induced by influenza virus impairs human 1in
|l mmunol . 2018 Dec; 19(12):1299-308.

Ander sson B, Eri ksson B, Fal sen E, Fogh
Streptococcus pneumoni ae to human pharyngea
adhesive capacity among strains isolated fr
meningitis or from healthy carriers. I nfect |

Ander sson B, Dahmen J, Frejd T, Leffler H,
I

active disaccharide unit of a glycoconjugat e
pharyngeal epithelial cell s J Exp Med. 1983

Eisfeld AJ, Neumann G, Kawaoka Y. I nfl uen:
Nat Protoc. 2014 Nov;9(11):2663-81.

Mai rpady Shambat S, Si emens N, Monk | R, Mo
point mutati on i n Agr C determines cytotoxic
phenotypic variants of ST22 MRSA strains. Sci

Ander son KG, Mayer -Barber K, Sung H, Beur i

staining for discrimination of wvascular and
22.

Gouwy M, Struyf S, Leutenez L, Portner N,
GPCR Il igands synergize in receptor-mediated
mature dendritic cell s. | mmunobiology. 2014 1

Mort on B, Pennington SH, Gor don SB. I mmu
community-acquired pneumoni a. Expert Rev Resj

Mc Cul |l ers JA. Il nsights into the interacti

Clinical Mi crobiology Reviews. 2006 Jul ; 19¢( 3)
F

Herol d S, von Wul ffen W, Steinmuell er M,
epithelial cell s direct monocyte transepith
i mpact of chemokines and adhesion mol ecul es.

Yoshi mura T. The chemokine MCP-1 (CCL2) [
ally? Cell Mo | Il mmunol . 2018 Apr; 15(4):335-4"¢

|l ssekutz AC, | ssekutz TB. Quantitation an
i nfl ammatory reactions, and | L-1 al pha, tum
Il mmunol . 1993 Aug 15;151(4):2105-15.

Pai sh HL, Kal son NS, Smith GR, Del Carpi
Promote I nflammation and Pain via I L-21alp
Chemokine (C-C Motif) Ligand 2. Am J Patho

Drummond RA, Swamydas M, Oi konomou V, Zha
CARD9( +) mi croglia promote antifungal i mmun
neutrophil recruitment. Nat | mmunol. 2019 Ma\)

o]
h a
[

98



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

6 0.

61.

6 2.

6 3.

6 4.

65.

66 .

Paper (N

Sur abhi S, Cuypers F, Hammer schmidt S, Si e
Pneumococcal |l nfections. Front | mmunol . 2020;

Wat anabe T, Ti sonci k- Go J, Tchitchek N, W

I nfluenza virus hemagglutinin (HA) and the
pathogenicity, but onl vy HA induces aberran
May; 87(9):5239-54.

Dienz O, Rud JG, Eaton SM, Lant hier PA, B
protection against H1IN1 influenza vVvirus by
Mucos al |l mmunol . 2012 May; 5(3):258-66.

Lauder SN, Jones E, Smar't K, Bl oom A, Wi | |
influenza-induced inflammation and protects
2013 Oct;43(10):2613-25.

Didierl aurent A, Goul di ng J Pat el S, Sn e
desensitization to bacterial Tol I -1 k e recep
infection. J Exp Med. 2008 Feb 18;205(2):323-

[
0
Sprenger H, Meyer RG, Kauf mann A, Bussf el
uction of monocyte an not neutrophil - at
ection. J Exp Med. 199 Sep 1;184(3):1191-

Chen W, Calvo PA, Mal i de D, Gibbs J, Schut
mi tochondri al protein that induces cell deatl

i nd
f

Chang P, Kuchi pudi SV, Mel I i ts KH, Sebast
porcine alveolar macrophages | imits avian in
dysregul ation. Sci Rep. 2015 Dec 8;5:17999.

Hal st ead ES, Chroneos ZC. Let hal i nfluenza
Ant i I nfect Ther. 2015;13(12):1425-8.

Collin M, Bigl ey V. Hu man dendritic cel
May; 154(1):3-20.

Lichtner M, Mastroianni CM, Rossi R, Russ
persistent depletion of <circulating plasmacy!
H1IN1 infection. PLoS One. 2011;6(5):e19872.

Jones EY, Fugger L, Strominger JL, Siebol d
perspective. Nat Rev I mmunol. 2006 Apr; 6(4): :

Lin KL, Suzuki Y, Nakano H, Ramsburg E, G
cells and exudate macrophages produce influe
mortality. J I mmunol. 2008 Feb 15;180(4):256

Kroet z DN, Al | en RM, Schall er MA , Cavalll ¢

I nduced Epigenetic Regul ation of Macrophages
Acute Respiratory Viral I nfecti on. PLoS Pat hc

Coat es BM, Staricha KL, Koch CM, Cheng Y
I nfl ammatory Monocytes Drive Influenza A Vir
Il mmunol . 2018 Apr 1;200(7):2391-404

Pietras EM, Mill er LS, Johnson CT, O'" Conn
dependent I FNgammaR- CCR2 signaling circuit [
host defense against systemic bacteri al chall

Xiong H, Carter RA, Leiner I M, Tang Y W,
Contributions of Neutrophils and CCR2+ Monoc
Kl ebsiella pneumoni ae Strains. I nfect | mmun.

99



h J W,
i) Monocyte
) : 679-89.

100

Samilo DW,

Crosstalk

Carter

Pr omo:



Paper (N

Figures

A 100000 B 108 c 10°
< 108 BN 1oF B Co-inf. 10° BN 19F EE Co-inf.
£ 10000+ E 107 107
g 108 108
é Eg = 5 = 5
< 10001E = L T 10
z S 18 = o
S 100y o 10° ' - S, 108
2 102 T! = 102
® 104 10° ! 10° "
% 100 dnnkasnaninaadi s nksing [ ORI S i ---__
K s s s s e 10" d—p—p—roeye——r 10" +gpmrgpr—m—r—r—r—T—T—T—T——
PFU =™ @ = @ «— < e ¥ T L TR e ¥ S T
D % £33 £ 3 E£E®E > LS £ 3t 3 Es E s E o E
—_— T AT 6T LT 6T 68T S TS T 8T 5T 6T 6T S
aM® pM® Monos o &) o o O (&) o O ] (@] (&) (&]
* t ta {, t; t % t to ty t t
10? 100 10¢
100 I 19F B Co-Inf. s 10 = I 19F B Co-Inf.
AT T v 1™
10 2 10
108 =3 108 '-
10
_ o —_ L L B NN
__E 108 < E 10° !--
5 1ot z S 104
[F' w
o 100 E S 10
10° £ 1 102
c el | [PIS 2 .
Ol s sdvand, (LRl g % 5 . — . Q. O S S N S R T s s 2y
10 = 10
1071 T I. T I. T I. T I. T I. T I. 01 101 T I. T I. L] I. T I. L) I. T I. T 5
S ESEBESESEGSE PFU 5 2 GESESESEBESESE
T o T 67 67 67 67 0o TSH5T 6T T 6T 6T &7 &
o o o o o o © 6 ¢ o6 o ¢ o
* ty 1o t 1z ty R & h Y t ty
Fi gureHIIN1 infection does not i mpact pneumoc:

phago¢t®j)Pes . mary human monocyte-derived macr oy
and pro-inflammatory (pMidO) phenotype and mon
indicated MOI of HI1IN1 andNWPintfRANIA idrefteccttii om W&
i nfe¢B)Human pr i(nCdp MO A NIEmdnocytes were infect
(MOl 0.1) or |l eft wuntreated for 24 h and sub
(*, bacter.pgald hnoduliwmmect i on/ 1 oh 4prh oof tion faen
+ 1 h antibiotic treatment). I ntracell ul ar C
(E)Mouse J774 monocytes/ macrophages were i nf e
viral infecti oNMP wRNA cdetf @ ctmean ¢&F4) 7h7 4p ocsetl lisn fv
infected with H1IN1 (MOI 0.1) or Il eft wuntreat
pneumococcal strain 19F. I ntracellular CFU ¢c

The data are displayed as box plots from fou

101



Paper (N

A B 25, .. pes — 19F_C C o
1x107
n.s.
D wovsosinissommmimea appsmin i drscimsiis. e o 1%108 @
. - £ oo 88 8
k= 8™ 2 1x10 o
= 2 ] S 1x10°
5 2 104
£ 5 ¥ L 1102
5] 1x10"
F 1100y - BB - - - - v v mveemrreernreeraaen
70 T T T T T T 1 0 -—I ‘-I-- T 1x107 T T T T T
o 1 2 3 4 65 6 7 o 1 2 3 4 5 6 7 PBS d1 d2 d3 d7
days days 19F_C
D 1x10% E 800 = F 100
o = PBS
1%107 = ] ? E d1
= 804 —
_ 1x 108 3600_ ! g
= S 1 = 2
E 1x10° g o 8 — 19F_C
2 1x10¢ o) g 4 g sxk » - s
S, i s 0 O O S 4004 - >
X D = —
uw e @ 00 o g o Cg) = 404 - o mm d7
a e o & m &= R I
1x10" w 2004 O OO
3 (@9 % o 20+
1x1007 - G-+ © -+ @D - D @+ o % OY @b ] E]l
1% 107 T T T T T 0 1= T T T A 0 T T
PBS d1 d2 d3 d7 PBS d1 d2 d3 d7 Neutrophils Lymphocytes
19F_C 19F_C
G 120+ H 25+ I 1x10° J 100+
c
8 a8 -
— g 1x10° S 804 T
o o 2 1x102 ® —=
= g - g 601 *
] i = =] S
= 3 z 1x10 z
e 2 — 40
2, (_E 2 Lo § *
° 20
2 %1054 O il ;
% Dﬁ -
1x10°¢ T hl C3. o; c31 0 T T
PEU QQJGJ .\’.\Q .{.\Q .‘:\Q .\:\Q Neutro. Lympho.
--- PBS 1.0x10° PFU  — 1.0x10°PFU — 2.0x10°PFU — 2.5x10° PFU

FiguCé7BL/ 6J mice Q@reprsashepitadllenitzoati on an
adapted H1IN1 virus infection. Femal e C57BL/ 6
CFUSof pneuimohRi @#89F _C) or challenged with PBS

consecut(iAYWe idalytc)laindi c a l
nasal washéeé®)b(rNoALlc)h caanldv e o B)p r folt wii a
BALF as( wgilhle bl di fferenti
l ymphocyt e wer e ned ndi
t h per group ()05 AaBL/ 6@F8Wemwerient
i nocul th indi PFUs H1N1 ch
consecut(iGWei ghtyxrdd ni cal score(wps dayed mihe
extracted viralNRisnpgeccitfiioon gvRaTs- ROR f (i
deJtVERQ iloinmil tiemd tt)o
102

score WMB)CEUmMoouhbsert
cCBAlENt T a

ahite ood cel |l al (

count s det er mi at [ cat

W i four mi c e

ated wi cat ed of or

wer e and

i ndicates neutrophil and |



Paper (N

determined at day 4. One experiment with fou
J) . I n general, mean values NSD are displaye
and horizont al | ines display mean values (C-
box plots. The | evel of significance between

test with Dunnds mul tps @l @O Mplapk D*s*6*A,1 post -t e

103



[%] Weight

1

1

Clinical score

Paper [

PBS: PBS PBS: PBS
19F_C: 1x10719F 19F_C: PBS
HIN1: PBS HAN1: 13105 HIN1
Co-Inf.: 1x107 19F Co-Inf.: 1x105H1N1
19F_P: PBS 19F_P: 1x108 19F
. Yy 1 !
T T 1 1 1
do d7 ds d10 d16
209--. PBS — 19F_C — HIN1 — Co-Inf. 1x10° 2000+ i
7 &=
— 19F P *x * 1x10 @ E 00
= x w* 1x10° 2 1500 o
T 1x10° % S i 4
T 1x104 @ .& 3 1000 0O
S 0y @ o° - o &
2 102 < o * 5
= o° s o
w 5004 §
3 @] o
g O
AL K A
S5 O ‘\'\ & %
Q® @Q/Q:\ - S ’
E G
100+
80 éE
E' 73 1 k%% i
3 8 60 A
S, E IE: *%
5 Ea‘ 404 _xx ek
= £
= ' n
20'%5‘ *hk
D T T
Neutrophils ~ Lymphocytes
— PBS — 19F_ P mmm H1N1
mm Co-Inf. == 19F_P
FigurMdi B3d HIN1Sinpeeuindohi el oni zed mice does

c

(
|

*

= O

=]

i nf(eA
7T1OF U)
f.)

rved

OF e manl. e
for
PBS

as

seven

contr ol

C57BL/ 61

chall enged

S .

mi
days
(PB

I n ad

foll

ce
owe
S) .
di ti

on

on

wer e pinretum®ira saal

d

Iy
, sever e

B yP FaU ;s utos-e q

coloni zed

pneu

ocul 8tipmewihdRiQ@@FU0 19F( BP)Wed @y tC9dal.nidni c a |

e
n
cor e wer e
NAL)( B)nhd

eter mi ned

neumoni a

monitored

RADpFr,ot ei n
t he
ch

after ani

wh i

wa s

mal s we

sacri

oV e DaC FpUe rciooudn t osf
concent ( &)WBoh woefr et h e

r e

ficed

sacri

i In6 ncaosn:
B A
ficed

at d

B-C) .

a

e

*

group
per gr
Each dot
( G)

ned

X mi ce

ta in ar e

t er mi usi

p< 0. 0 1p<O0* *0*0,1) .

n

oup (total
represents
di spl ayed as

Kruskal Wa |

g

104

b ox

n08)

one

S

were perf

mouse and
pl ot s.

t emt0 . WISt h

ay
or nm

hor

The

Du



Paper

p<O0. 05s 0 *0 1p<0* *0%0,1) .

105

A PBS: PBS PBS: PBS
19F_C: 1x107 19F 19F_C:PBS
H1N1: PBS HIN1: 1x105 HIN1
Co-Inf.: 1x107 19F Co-Inf.: 1x10° H1N1
19F_P: PBS 19F_P: 1x10° 19F
v vy ¢
L L [
) 1 1
do d7 d9
B Lungs Plasma C Lungs Plasma
100000+ : 10000
: . ok =
= 10000+ Kk 1000 :
£ : _ :
= 40004 ; > - gz E 100 - -
o ; & :
E 100+ I ;i 2 10 - é&;;
N = .
8 o] ty= 0 E
1 ?? T T T T T T T T 0.1 T T T T T T T T T T
S O N RoHL U &K R S O R 5 0O O & R
Q‘b'\q‘Q /‘2\&0\(\ c.§</ QQ7 qQ/Q:\\;Go,\(\\QQ/ Q‘b'\(g( /‘z\’\\koo‘.\c\og/ QQ)@,Q /Q~®GO'\°,\O§</
D Lungs Plasma E Lungs Plasma
1000+ 100000 : YRk
kkk deddke
10000 e *F i
F *
E‘ 100+ : *k%k E‘ 1000 E i b
5 *  kkkl *kk = :
5 g 2 100 : *
= $ © z
4 104 K ii = 10 .f E
1 T T T T T . T T T L] 01 T T T T T T L] T T T
S O D & R LU &R & N&A R L O &R
Q%,\Of( /Q\'\eoo.\or\é/ Q%@Q /‘2‘@0‘3’@@((/ QQ’®<< /‘?‘&QO'\(\ &7 QQ’@{ /Q"\éoo,\*\\é/
Figurlodal and systemic cytokine prod(uAk)ti on
Scheme displaying the time |Iine of different
andB)CCL2/ MCPL1I@D)L- 16(,EN)ané | evels were deter
and plasma. Two independent experiments with
performed. The data are displayed as box plo
was determined using Kruskal Wallis test wit



Paper (N

Figurlenmate i mmune cell composition of the |
infections. The infections were performed as
infections, |l ungs were harvested, digested,
via flow cyrtometseywe€CP4bl assified as cell s f
compartment cahtl sCh45cells from the vascul ar

106



Paper (N

Frequendnewst ndPMNEBs),ot al mondogyghesybeaedsubset s
alveol ar maci( &phnatgeerss t(iAMsa)l, miEFoMoph@rtss (| Ms )
pl asmacytoi d defoHganvientciednasl (Ob@sOLE)csDuCss)e t sa na
di splayed. Two independent experiments with
perfor med. Each dot represents one mice and
significance between the groups was deter min
multiple compaprDsOhsPOB®Ip<DeOO,1() * ,

107



Paper (N

FigurExpPansi ohaofd "E@BR&t e i mmune cells in re
viral infections. The infections were perfor
hi stograms with numbers indicating marker po
MHCI I (middle panel) and CCR2 (|l ower panel)
resporf Agmse wtfr( Bpahliviesol ar macr ¢ €htaygpees 1( A Mist)e, r satn
macrophages (I M1) . Each dot represents one 1
The | evel of significance between the groups

Dunnds multiple cmp®&kK6dalpds t00tlest ( *,

108



Paper (N

Figurlenmate i mmune cells display enhanced ac
i nf ec(th)Reaprr esent ative histograms of flow cyt
mean fluorescencEeB)heaensmiapy apeFlyyseanof rel at
indicated cel |l Ssubsets in comparison to the
bet ween the groups was determined using Krus
compari s onp<po 0<;a.gk0.(0601) .

109



Paper (N

Suppl ementary Materi al

|l nnate | mmune Responses at the E
and Influenza A Viral Co-1ir

Fabian CuynpexanderSSluastfiedn SBur adkhédir kBae a a B h i
Tl kemntje!, PKolnkakt Study GrloupasKihPamAs Ottt
Thomas C. RletSveennl eHatnetme rud o h nkied MBil kochimeli Si e me n

'Depart ment of Molecular Genetics and Infecti
Greifswald, Germany

2’ nstitute of I mmunology, Friedrich-Loeffler-
Heal th, Greifswald - Island of Riems, Ger man

%’ nstitute for Marine Ecosystem and Fisheries

Research and Sustainability (CEN), Universit
KeywobSdseptococc,uspmpalkmomond aie, i nfluenza A v
cell s, co-infection

110



Paper (N

Figur&i mSdall.e vir al and co-infection of C57BL/
the first two days. Femal e C57BLLCEU) mfoe wew
days followed by a subse’qREUt @od4d dnHINI PBS e
(PBS), only colonized (19F_C), and only H1IN1
addition, severe pneumococcal pneumofia was
CFUSof pneuimohi a@AMWeRP )gliB)candni cal score were
period of nine( CWBG eccouutnitvse wdearyes .det er mi ned af

sacrificed. Two independent experiments with
perfor med. Mean values NSD are displayed (A-
Mi ddl e | ine indicates median values. The | ev
determined using Kruskal Wallis temt0.Wi5tth Du

**p< 0. 01p<O* *0*0,1) .

111



Paper (N

FiguredoX2al and systemic cytokine production
C57BL/ 6J mice were sacrifi(cde@M-a@BElayl h, na&n o

(CHhL-12p70 I evels were determined in |lungs a
Ssi X mice per group (total: n=12) were perfor
l ine indicates median values. The | evel of s
using Kruskal Wallis test wit p<ODuOnSxd®s*0mdul t i p

**p0. 001) .

112



Paper (N

Figur e&a33.ng strategy used to identify myel oi
alveolar/interstitial compartments of the 1| u
gating FSC-W FSC-H and SSC- W SSC- H. Dead cel
UV Fixable Vi®bielliltsy weirte. d@O45med as cell s fr
compartmentcaht sCw&€5e |inked to the alveol ar
i mmune cell subsets were further classified
further classified as followsig(eyr-@2)YWe0obD4a5
neutrophfLlys)G( CDB" m@D4 %5 opHLY &G (CRA)1conventi ol
dendritic ceQDIsCIcmEEETN)I, CPG&4 pl asmacytoid DCs
CD1TBD11MHCTI, ( 6)CDIDI1OBCs, CDPLOGDLE, ( 8)

inflammatory mMmeEpe&EPRLEE y6@®DRIEbnon-classical n
(CDIfame&D206yG6GM@1M¢ and interstitial macropha

113



Paper (N

(CDrfame &D20"¢’/ *( 12 )ycpomeieci™(1I M1), (11) CD1l1lc
Ch2®tmMHCt I( 1 M2), an'@éDRa®l) MIX)D)1.1c

114



Paper [

FigurFer eSggue nci € sanodf "ONCHR®RIalt e | mmune cell s in r

and viral infections. The infections were pe
di splay expression of MHCII (u(phd)eonpéBdbs) a
interstitial (mMaplrapmhaggso( dMden@dD)ctoiny eqrd li lodn &
dendritic cells (cDCs). Each dot represents

bet ween the groups was determined using Krus

compari s onp<po 0tpkt0e Htl pg(0* *0*0,1 ) .
115



Paper IV

Adenosine Triphosphate Neutralizes |
Activation
Fabian Cuypers, Bj°rn Klabunde, Manuel a Ges
Skorka, Gerhard Burchhardt, Stephan Michal |
Vel ker, Sven Hammer schmidt, and Ni kol ai
Published in The Journal of I nfectious Dise

Aut hor contributions:

F C, BK, and NS designed the study. FC, BK,
performed the experiments. FC, BK, MGS, S M,

wrote the manuscriopt. FC, B K, MGS, SS, SBS,
edited, and reviewed the manuscript.

eéeéeéeéeé. eéeéeéeé
Fabian Cuypers Pt

116



Paper IV

117



Paper IV

118



Paper IV

119



Paper IV

120



Paper IV

121



Paper IV

122



Paper IV

123



Paper IV

124



Paper IV

125



Paper IV

126



Paper IV

127



Paper IV

128



Paper IV

129



Paper IV

130



Paper IV

131



Paper IV

132



Paper IV

133



Paper IV

134



Paper IV

135



Paper IV

136



Paper IV

137



Paper IV

138



Paper IV

139



Appendi x

Acknowl edgement s

First of
i mMmmense

was trul

Furth

provi

D
—

| am
Schaf

want t o

<
(¢
—

®
—

Of co
and t

>
(¢}

| want t
donors f
Mi chal ik

who was

o
=)

c
—
[7)]

I further

critical

Lastl vy,

al |, I would |i ke to express my de:¢
upport and supervision al/|l througho
inspirational

I would | i ke to thank Prof. Dr . Sv
me the opportunity to do my PhD in
t hankf ul for Prof. Dr . Dr . C. Thon
or a close coll aboration and inspirtr
hank Dr. Saskia Otto for statistica
, |l would also |Ii ke to thank al/l m ¢
esearch group of Prof. Dr . Sven Ham
t hank Dr . Thomas Thiele for taking
r Paper [ T Further more, I want t
and Prof . Dr . Uwe V°I|l ker for protec

ble to provide high quality FESEM i

want to thank my parents and my fr

advices.

want to thank my parents, my gir|l

supporting me throughout the PhD ti me.

143



