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Changed Expression of Cytoskeleton
Proteins During Lung Injury in a
Mouse Model of Streptococcus
pneumoniae Infection

Mario Ferrer-Navarro ', Anja Strehlitz 2", Eva Medina ? and Jordi Vila *

! Instituto Salud Global, Barcelona Centre, International Héth Research, Hospital Clinic—Universitat de Barcelona,
Barcelona, Spain,? Infection Immunology Research Group, Helmholtz Centre for kition Research, Braunschweig, Germany

Infections by Streptococcus pneumoniae are a major cause of morbidity and mortality
worldwide, often causing community-acquired pneumonia, ttis media and also
bacteremia and meningitis. Studies orS. pneumoniaeare mainly focused on its virulence
or capacity to evade the host immune system, but little is knan about the injury caused
in lungs during a pneumococcal infection. Herein we invegiated this issue comparing
the proteome pro le of lungs from S. pneumoniaeinfected mice with control mice by
means of difference gel electrophoresis (DIGE) technologin order to obtain reliable
results three biological replicas were used, and four techinal replicas were carried out
in each biological replica. Proteomic comparison was perfioned at two time points: 24

and 48 h post infection. A total of 91 proteins were identi edwith different abundance.

We found important changes in the protein proles during pnemococcal infection

mainly associated with regulation of vesicle-mediated trssport, wound healing, and

cytoskeleton organization. In conclusion, the results olsined show that the cytoskeleton
of the host cell is modi ed in S. pneumoniaeinfection.

Keywords: Streptococcus pneumoniae , pneumonia, lung injury, DIGE, cytoskeleton

INTRODUCTION

Since the isolation oBtreptococcus pneumoniael881 these bacteria have been one of the most
extensively studied human pathogens. Despite the numerawdiest onS. pneumoniaenany
questions regarding its virulence and the e ect of pneumoabdafection on the lungs remain
unanswered Johnston, 1991; Kadioglu et al., 2D0As a human pathoger$. pneumoniaés
the most common bacterial cause of acute respiratory irgactespecially community-acquired
pneumonia. Indeed, this pathogen causes over 3 million degthshildren worldwide every
year by infections such as pneumonia, bacteremia, and méisingreenwood, 1999 Until
recently, pneumococcal infections could be e ectively trdatéth penicillin, an inexpensive and
safe antibiotic. However, the spread of penicillin-resistaneumococci has been on the rise
(Cilloniz et al., 2015 with the consequent increase in treatment costs and thel iee more
expensive antimicrobial drugs which may be beyond the redcth® health services of poor,
developing countries. Since the introduction of polysactlebased vaccines the number of
severe cases of pneumococcal infection has greatly degrisadeveloped countries. However,
the use of vaccines in poor, developing countries requirestankial investment, not only in
vaccine supplies but also in system costs, such as cold chainséomps (Gri ths et al., 2016).
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The phenomenon of serotype replacement after the introductiori 999, but it can also be found in the literature as KNR.7/8/& (
of conjugate pneumococcal vaccines and the rise in antibiotiSaizieu et al., 20)Cand as N4\(Vizemann et al., 2001
resistance worldwide continues to be an important issuetimge
of the impact on clinical outcomes in pneumococcal diseasgATERIALS AND METHODS
Studies orS. pneumoniaare mainly focused on its capacity to
evade the immune system@uinagalde et al., 2015; Rai et al.,Culture of S. pneumoniae
2019, its virulence Kadioglu et al., 2008; Brown et al., 2)J@hd The S. pneumoniaeserotype 4 strain TIGR4 was grown at
the search for potential vaccine componenth(i et al., 2016; 37 C in Todd-Hewitt broth (Sigma-Aldrich, Munich, Germany)
Ochs et al., 2026 supplemented with 1% (w/v) yeast extract (Sigma-Aldrich) and
In recent years, innovative proteomic methods combiningl% of heat-inactivated fetal calf serum (GIBCO/Invitrogen
high resolution with high throughput in the search for Eggenstein-Leopoldshafen, Germany). Bacteria were grown to
biomarkers of disease have evolved and improved, with di erenthe Mid-Log phase (Okhg), collected by centrifugation for
proteomic technologies and strategies being applied accgrdirlO min at 4,000 rpm, and washed once with sterile phosphate-
to the study undertakenTirumalai et al., 2003; Jacobs et al.,bu ered saline (PBS). For the inoculum, the bacterial suspensi
2005; Schiess et al., 2Dda principal two di erent strategies are was diluted with PBS to the concentration required.
applied for the analysis of a particular proteins sample. These are .
known as Bottom-up and Top-down proteomics. The Bottom-Animals and Infection Model
up approach begins with the enzymatic digestion of protein§emale Balb/c mice were purchased from Envigo (Horst,
into peptides that are then separated, identi ed, or quanti edNetherlands) and kept under conventional conditions wét
by mass spectrometry. This approach allows the identi catibn olibitum access to food and water. Mice of 10-12 weeks of
a huge number of di erent peptides, but the main challenge isage were used in all experiments. The mice were anesthetized
the high complexity of protein mixture that becomes extremelyby intraperitonal injection with ketamine 10% (100 mg/kg;
complex by digestion into peptides. Furthermore, informationWirtschaftsgenossenschaft deutscher Tierarztee eG, s€arb
about di erent protein isoforms as well as post-translationalGermany) and Xxylazine 2% (10 mg/kg; CP-Pharma GmBH,
modi cation (PTM) is lost with this approach. In contrast, Burgdorf, Germany) and intranasally inoculated with eite
in the Top-down approach proteins are separated intact, and0’ colony forming units (CFU) ofS. pneumoniaé 20 mi of
thus, neither isoform nor PTM information is lost. While two PBS or with mock treatment with sterile 28 PBS. The mice
dimensional electrophoresis has several advantages ithalso were weighed after 24 and 48 h. The animals were euthanized by
some drawbacks: proteins with extreregn molecular mass are  CO2 asphyxiation, bacterial loads were determined in the lungs
poorly represented. In addition, the separation of hydrophasic and systemic organs. Blood was collected and supplemented
membrane proteins as well as alkaline proteins remains ditcul With ethylenediaminetetraacetic acid (EDTA) and measured
All in all proteomics is a powerful tool for studying the hematologic system VetScan HMS (Abaxis). Absolute cell
infectious diseases and integrative “omics” approaches c&@unts for each population were used to determine the ratio of
provide understanding of the host-pathogen interactiodsgn granulocytes to lymphocytes in blood.
Beltran et al., 2017 Di erent studies have employed di erent .
proteomic approaches in order to identify changes in proteino@mple Preparation and Proteome
abundance in the host during infection. For example, DiazAnalysis of Lung Tissue
Pascual et al. used proteomics approaches to elucidate tRer proteome analysis, the lung tissue was washed in PBS after
e ect of Pseudomonas aeruginosa zebra sh as an animal collection, patted with tissue paper, cut into appropriate pieces,
model (iaz-Pascual et al., 2017Méndez et al. employed placed into pre-labeled tubes and snap-frozen in liquid nigg
quantitative proteomics in order to characterize the proteom In total, three biological replicates per condition and time mtoi
of Acinetobacter baumaniinder conditions that simulate those of the lung tissue of 3 mice each were obtained. The samples wer
found in the airwaysl{léndez et al., 20)5Seddigh et al. recently stored at 80 C until sample preparation.
studied the e ect ofAspergillus fumigatuisfection on alveolar The lung tissue samples were homogenized in lysis
epithelial cells by means of proteomic approacti&zsidigh etal., buer (7M urea, 2M thiourea, 5% 3-[(3-cholamidopropyl)
2017. dimethylammonio]-2-hydroxy-1-propanesulfonate, 5% 34N,
In the present study, we used a murine model ofDimethyl(3-myristoylaminopropyl)ammonio]propanesulfonate
S. pneumoniamfection to evaluate the underlying di erences in supplemented with protease inhibitor (GE Healthcare) by
protein expression in the lungs &. pneumonia@nfected mice Itering through a 40mm cell strainer. The homogenate was
by means of uorescence-based two-dimensional di erende gesonicated for 10 min with 1 min breaks at@ in ice-water and
electrophoresis (DIGE)Qorg et al.,, 2004 To carry out this then centrifuged at 17,000 g for 5min to pellet the remaining
study we used the TIGR4 strain 8f pneumoniaérhis strainisa debris. The supernatant was aliquoted and stored® C. The
highly virulent capsular serotype 4 clinical isolate obtdifrem  protein extracts were quanti ed with the 2-D Quant Kit and
the blood of a 30-year-old male patient in Kongsvinger, Noywa treated with the 2-D Clean-up Kit. A protein concentration d¥ 5
(Aaberge et al., 1995The genome of this strain was described inmg of each sample was minimally labeled with 400 pmol CyDyes
Tettelin et al. (2001)The TIGR4 isolate was previously reportedDIGE Fluors: Cy3 for PBS controls and Cy5 f8r pneumoniae
as JNR.7/87, the label of the clinical isold@ecker and Camilli, TIGR4 infected samples and vice versa to reduce variation due to
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labeling. An internal standard was generated by combinopgeé in the dark. The spots were then washed with Milli-Q water
amounts of extracts from all the samples generated at 24 or 48ntil completely clear. Before tryptic digestion, reductionda
respectively, and labeled with Cy2. The samples were incubatatkylation with DT T/iodoacetic acid (IAA) was performed by
with the CyDyes for 30 min on ice in the dark at pH 8.5. Oneincubating the samples with 208L of 10mM DTT in 50 mM
micro liter of 10 mM lysine was added to quench the reactiorammonium bicarbonate for 1 h at 5€, followed by alkylation
and the samples were then incubated for 10 additional minutewith 200 mL of 55 mM IAA in 50 mM ammonium bicarbonate
on ice in the dark. After labeling, immobilized pH gradientbu  for 30 min at room temperature, protected from light. Gel pieces
3-10 at a nal concentration of 0.5% was added to the samples agere digested overnight with 6 ngl trypsin at 37C. The
well as dithiothreitol (DTT) at a nal concentration of 20 mM, peptide extraction was carried out with three consecutive wssh
and nally, Destreak reagent (GE Healthcare), was usedR@ | with 0.2% tri uoroacetic acid. The eluted peptides were dried
Strip hydration following the manufacturer's recommenidats. in a SpeedVac and stored at20 C until analysis by mass
We performed four technical replicas of each biologicakpectrometry.
replica. A total of 4 DIGE gels of each biological replica and per )
time point were run, separating two randomly picked sampledVlass-Spectrometry Analysis
of PBS control andS. pneumoniadlIGR4-infected animals. For matrix-assisted laser desorption ionization (MALDI)
The labeled mixtures were combined, together with the iméér analysis, spot digestions were desalted using ZipTis &hd
standard and loaded onto a Immobiline Dry Strip (3—10 pH,1 mL of sample was mixed with the same volume of a saturated
24cm) for rst dimension separation by isoelectric focusingsolution of a-cyano-4-hydroxy-trans-cinnamic acid matrix (0.5
for 19h (200V for 2h, 500V for 2h, 1,000V for 4h, andmg/mL in acetonitrile/water/TFA 1% 3:6:1) and spotted onto a
8,000V for 11 h, 2@C) in a IPGphor | (GE Healthcare). After MALDI target plate (Bruker). The drop was air-dried at room
focusing, each strip was equilibrated for 15min in 10 mL oftemperature. MALDI-mass spectra were recorded in the positive
SDS equilibration bu er solution (6 M Urea, 75mM Tris-HCI ion mode on an Ultra eXtremé' time-of- ight instrument
pH 8.8, 29.3% glycerol, 2% SDS and grains of bromophen@Bruker). lon acceleration was set to 25 kV. All mass spectra
blue) supplemented with DTT or iodoacetamide, respectivelywere externally calibrated using a standard peptide mixture
loaded on a precast 12.5% polyacrylamide gel and run using @@ntaining angiotensin Il (1046.54), angiotensin | (1283.6
Ettan DALTsix Electrophoresis System (GE Healthcare) at theubstance P (1347.74), bombesin (1619.82), renin substrat
following settings: 80V, 10 mA/strip, 1 w/strip for 1L h, and®B@ (1758.93), adrenocorticotropic hormone 1-17 (2093.09),
40 mA/strip, 13 wi/strip until the bromophenol blue tracking adrenocorticotropic hormone 18-39 (2465.20), and somatiwsta
front ran o the end of the gel. Fluorescence images of the gel28 (3147.47). Calibration was considered good when a value
were obtained on a Typhoon 9400 scanner (GE Healthcarehelow 1 ppm was obtained. For peptide mass ngerprinting
Cy2, Cy3, and Cy5 images were scanned at excitation/emissianalysis, the Mascot search engine (Matrix Science) was used
wavelengths of 488/520, 532/580, and 633/670 nm, respgctivewith the following parameters: one missed cleavage permission
at a resolution of 106m. Image analysis was performed usingsite, 100 ppm measurement tolerance, and at least four majchin
Progenesis SameSpots 4.6.206 (Totallab, Newcastle, UK) as weptide masses. Cysteine carbamidomethylation was set as a
as molecular weight and @stimation according to the software xed modi cation when appropriate, with methionine oxidation

manufacturer's guidelines and manual. as the modication variable. First, common contaminants
were removed using the contaminants database available in
Gel Staining and Detection of Proteins the Mascot search engine, and then searches were performed

In order to visualize spots, 2-D gels were silver stained awithouttaxonomy restriction using the NCBInr database ¢ee
described elsewherePdrraga-Nifio et al., 20)2Briey, the 79). Positive identi cations were accepted with a Mascoteco
gels were xed twice in 40% ethanol and 10% acetic acid fagorresponding to @-value 0.05.

30 min each. Sensitizing was carried out for 30 min in 0.02% o .

(wiv) sodium thiosulfate. The gels were then washed threesi  Statistical Analysis

for 5min with distilled water and incubated in 0.1% (w/v) Statistical analyses were carried out using GraphPad Prisin 5.0
silver nitrate for 20 min. The gels were washed again twice fdGraphPad Software, San Diego, CA). The data are expressed
1 min with distilled water and developed with 3% (w/v) sodiumas mean SD. Comparison between groups or time points
carbonate and 0.025% (v/v) formaldehyde until the desiretvas made using the two-tailed Studentdest or one-way
contrast was reached. Reaction was stopped with 1.5% (wANOVA in GraphPad Prism. Statistical quanti cation of refagi

EDTA-Na for 45min, after which the gels were washed twiceProtein levels was performed with Progenesis SameSpots@.6.20
with distilled water. (Totallab, Newcastle, UK).

In-gel Tryptic Digestion RESULTS AND DISCUSSION

In-gel trypsin digestion was performed as described previousl L .

(Shevchenko et al., 198fiom silver stained gels. Selected spotdoharacterization of the Pneumonia Mouse

were excised from 2D gels using a cut tip and silver wablodel

washed out from the spots with 200L of 30 mM potassium Balb/c mice were intranasally inoculated with either 5
ferricyanide and 100mM sodium thiosulfate (1:1) for 20min10/ CFU of S. pneumoniadIGR4 or with PBS as a mock
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treatment, and disease progression was evaluated by boBynein heavy chain 2 has a specialized role in transporting
weight loss, granulocyte/lymphocyte ratio in blood and leaiet  material along motile and sensory cilia and agella, and dgnei
loads in the lungs, blood, and systemic organs. Signi canheavy chain 8 is built into the axoneme where it powers ciliary
body weight loss was already observed Sn pneumoniae beating. A reduction in axonemal dynein heavy chain 8 long
infected mice 24 h after inoculation compared to PBS-treatefbrm (Spot 6) abundance could explain ciliary slowing. It is
animals, being even more pronounced at 48 h after treatmenvorth mentioning that dyneins are large proteins of about 500
(Figure 1A). This was accompanied by a signi cant increasekDa, which cannot be resolved in 2-D gel electrophoresis due
of the blood granulocyte/lymphocyte ratio at 48 h indicatingto technical limitations. Surprisingly, however, we degelchoth
acute in ammation Figure 1B. The highest bacterial loads proteins with alower molecular mass, probably due to proteslysi
of S. pneumoniagvere observed in the lungs. The bacteria ofevents. Nonetheless, these proteolized forms were preseottin

S. pneumonianfected mice were found to have spread fromcontrol and infected lungs. The presence of these proteolized
the lungs to the systemic organs such as the liver and spleéorms is probably the result of the normal protein turnover of
and were also present in high loads in the blood leading tdéhese proteins, which would suggest the presence of changes
bacteremia Figure 2). These results are expected for a highlyin the turnover balance of these proteins during pneumococcal
virulent strain as it has been previously demonstrated that t infection.

number of bacteria in the blood increases rapidly during tingt We also found modi cation in the abundance of proteins
3h after challenging witlS. pneumoniaserotype 4 faberge involved in blood coagulation (spots 2, 2b, 15, and 81). It has
etal., 199p been proposed that brin prevents infection-stimulation blood

loss, thereby performing a protective function that is essént
. . . for survival. Remarkably, brin does not simply protect agains
Comparative Proteomic Analysis of the vascular damage caused directly by the infectious agent, bu
Lung by DIGE rather, protects against hemorrhage evoked by interfayca-
In order to investigate the e ect 0. pneumonia@fection on  critical mediator of type 1 immunity Johnson et al., 2003In
lung tissue at a molecular level we compa®dpneumoniae addition to brin, we observed a reduction in the abundance
infected lungs with those of PBS-treated control mice. Wef plasminogen (spot 24). Plasmin dissolves the brin of blood
analyzed two time points: 24 and 48h. For each time pointlots and acts as a proteolytic factor in a variety of cellular
we used three biological replicas and in each biological repligarocesses, including in ammatiof{astellino and Ploplis, 20p5
four technical replicas were performed. Although the prodoicti  and it has been demonstrated that in association with théeser
of such a large number of DIGE gels and the image analysaf a pathogen, the host plasminogen can facilitate invasion
are very laborious, this experimental design provides rldiabby mediating tissue barrier degradation and disseminatidn
robust results. Using this approach, mass spectrometry icdghti the invading organism. Thus, a reduction in the levels of
91 spots from lung tissue, the abundance of which waplasminogen abundance would contribute to reducing the spread
modi ed during infection by S. pneumoniaéseeFigure 3for a  of the pathogen$un et al., 2004
representative coloured images of 2DE maps, as weibase 1S Interestingly we found that the abundance of the protein
where all the replicas used for the analysis are showpad @ encoded by th&ecl4lgene was di erent durings. pneumoniae
of protein spots were experimentally determined and comparethfection. TheSec14I8ene encodes a 45-kDa secretory protein,
with gene-deduced M/pl coordinates obtained from MASCOT the synthesis of which take places specically in the airway
(Table 13. The majority of gel-estimated and theoretical/jl  epithelium. In this sense, Shan et al. found an inverse
t quite well. Lower M; values could be due to post-translational relationship betweerSec14I3nRNA/protein expression using
processing or proteolysis, while higher, Malues could be the the bronchoalveolar lavage uid in an animal model showing
result of covalent binding of chemical groups. many features similar to human allergic asthnahén et al.,
Mucus plays a key role in protecting against bacteria009. In their study using 2DE stained with SYPRO Ruby, the
colonization of the epithelia. During lung infection the authors observed a down-regulation of the protein following
production of mucus and also mucociliary ow are increasedin ammation. In addition, Shan et al. (2012showed that
in order to mechanically clear bacteria. Dynein is a famify ociliated cells in mouse airway epithelium selectively express
cytoskeletal motor proteins which transports various cetlulathe Secl4l3ranscript. Using real-time quantitative polymerase
cargos, provides forces and displacements which are importaohain reaction (rt-PCR), these authors demonstrated that the
for mitosis and drives the beating of eukaryotic cilia andexpression of Sec14I3 transcript is restricted to mouse teache
agella (Lindemann, 199)% One of the responses to respiratory and lung. Moreover, the same results were obtained in the rat
pathogens involves mucus secretion and clearance by cilianpmolog of the Sec14I3 transcriptlérkulova et al., 19991In
motility (Mckenzie et al., 20)3However, electron microscopy rats the Secl14I3 transcript is expressed on the surface layers
has shown that pneumolysin, a key virulence factor obf the trachea and in the ciliated bronchial epithelium in the
S. pneumonigecauses ciliary slowings{einfort et al., 1999In  lung. In a three-dimensional culture of mouse tracheal epighe
the present study we identi ed two dyneins: axonemal dyneircells, Shan et al. (2012proposed that levels of the Secl14I3
heavy chain 8 long form (Spot 6) and dynein heavy chain 2 (SpghRNA were correlated with the di erentiation of ciliated cells.
37). The abundance of the rst dynein was reduced at both timén addition, intranasal infection of adult mice with in uera
points, while that of the second increased at both time pointsvirus resulted in a progressive 20-fold decrease in Sec1R8An
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expression over 10 days post infection. In the present studsegulator of the in ammatory process. Itis a 37-kDa proteirath

we found that levels of the protein produced by Sec14I3 aris implicated in the control of cell growth and di erentiation,

modi ed during S. pneumoniaimfection. At 24 h post infection signal transduction and arachidonic acid release, in aoidito

this protein showed a 3-fold increase in abundance, while3dt 4 intracellular vesicle tra cking. Furthermore, it has also bee

the abundance of this protein was reduced.2-fold compared postulated that lipocortin 1 is a mediator of glucocorticoidiant

to the control. This suggests that the Sec14I3 protein mag hav in in ammation and in the control of anterior pituitary hormae

role during the rst hours of infection, but when pneumococci release Klannon et al., 2002 In the present comparative

invade and cause bacteremia the abundance of this protein goteomic analysis we identied two dierent forms of this

reduced. protein, both with the same isoelectric point but with a di eren
The protein lipocortin 1, also known as annexin 1 (Spotmolecular mass. In the samples collected at 24h spot 19

19), plays an important role in innate immune response ashowed its predicted molecular weight (37 kDa) and a 2-fold

an e ector of glucocorticoid-mediated responses as well as ehange, and at 48 h the spot also showed an increased 1.7-fold
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3 - pl 10

FIGURE 3 | 2D-DIGE images obtained at 24 h(A) and 48 h post infection (B). A protein concentration of 50mg of each sample was minimally labeled with 400 pmol
CyDyes DIGE Fluors: Cy3 for PBS controls and Cy5 f@. pneumoniae TIGR4-infected samples and vice versa to reduce variation @uto labeling. An internal
standard was generated by combining equal amounts of extrats from all the samples generated at 24 or 48 h, respectivelyand labeled with Cy2.

change. Spot 50, also identi ed as lipocortin 1, has an eséthat of lipopolysaccharides (LPS) of pathogenic bactetiae(and
molecular weight of 29.8 kDa and a 1.4-fold change at botl®'brien, 199% as well as during bacterial infectioSlfarif et al.,

24 and 48h. These results suggest that this protein undergo2813, and several studies have described thymidylate kinase as
several processes duriry pneumoniaénfection. In addition a marker for the diagnosis, control of treatment, and folow

to lipocortin 1, we also observed an increase in thymidylateip of malignant disease®(neill et al., 1992; Look et al., 1997;
kinase (spot 67) at both time points. It has been demonstratedliang et al., 2013 including lung tumors Korkmaz et al.,

that the expression of this enzyme is induced by the presen&913.

Frontiers in Microbiology | www.frontiersin.org 6 May 2018 | Volume 9 | Article 928


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Ferrer-Navarro et al. Pneumococcal Effect on Mice Lungs

Nearly all bacteria, including opportunistic pathogens of theplay a key role in preserving lung defense functions in di erent
airway, require an iron source for survivalVginberg, 200p  infection models Benarafa et al., 2007, 2011; Gong et al., R011
Proteins related to iron homeostasis are also a ected during The GTPase superfamily includes a diversity of molecules
S. pneumoniamfection. On one hand, the abundance of ferritin the functions of which are regulated through the binding and
(spot 73), which stores iron in a soluble non-toxic and readilyhydrolysis of guanosine%riphosphate. The expression of one
available form, decreases while, on the other hand, theddmee family of putative GTPases has shown to be selectively inluce
of hemopexin (spots 26, 29, and 30) increases. Hemopexin binty interferon-gamma (IFN-gamma) and in some cases by IFN-
the heme group and transports it to the liver for breakdown andalpha beta or bacterial LP&i(ly and Wall, 1992; Taylor et al.,
iron recovery. A reduction in ferritin abundance demonges.  199§. This induction pattern implicates these putative GTPases
that respiratory colonizers, including pneumococci, obtaon  as part of the innate defense of cells to infection. Howeveiy th
by directly retrieving iron-containing moleculesSiegel and role in this defense has not yet been de ned. In the presertdystu
Weiser, 201p we identi ed two interferon inducible GTPases (Spots 66 and

Using this proteomic approach we also identi ed a protein68) with reduced abundance 24 h post infection, but increased
that has been proposed as a biomarker for discriminating nérmaabundance 48 h post infection. Irga6 (Spot 66) has been idedti
bronchial epithelium from neoplastic lesions from invasiveas a necessary factor in conferring host resistance by relingde
squamous cell lung cancerZéng et al., 2003 This protein is a classically nonfusogenic intracellular pathogen to stataul
the selenium-binding protein 1 (Spot 14), a member of thefusion with autophagosomes, thereby rerouting the intruéter
selenoprotein family that has been shown to covalently bindhe lysosomal compartment for destructiofl{Zeer et al., 2009
selenium Behne and Kyriakopoulos, 2001; Jeong et al., 00%n addition, Tgtp (Spot 68) has been described to have specic
and mediate the intracellular transport of seleniuRofat et al., antiviral activity Carlow et al., 1993but in the present study we
2000. Recently, Zeng et al. proposed this protein as a biomarkdound that the abundance of this GTPase is also increasedgluri
for invasive squamous cell lung cancge(ig et al., 20)3These S. pneumoniamfection.
authors found that abundance of selenium-binding proteirsl i  Among the proteins identi ed we found several involved in
reduced during invasive squamous cell lung cancer. Howevasell cytoskeleton function or reorganization. Electrorcnoiscopy
in the present study, we also found this protein to have lowehas demonstrated tha®. pneumoniaénfection of the lungs
abundance irS. pneumonia@fected lungs at both time points produces cytoplasmic blebs, mitochondrial swelling, anditzll
studied (24 and 48 h). In addition, we also found the abund@ancextrusion, among other cytoplasmic changése(nfort et al.,
of Indolethylamine N-methyltransferase (Spot 35) to be gzt 1989. In addition, neutrophil sequestration is an essential
This protein plays an important role in the detoxi cation of antibacterial defense mechanism in the lung and involves
selenium compounds and has been also proposed as a biomarkeultiple steps, including the activation of transcription faus,
for early meningioma progressios¢hulten et al., 20)6 the production of chemokines, upregulation of cell adhesion

The protein Serpina3K (spot 23) has a relevant role in celinolecules, and enhancement of cell-cell interactiofsa(g
processes during infection. This protein is a serine protenaset al., 200R Among the cell cytoskeleton-related proteins we
inhibitor that has shown to down-regulate the key e ectorgleé  identi ed moesin (Spots 8 and 42). This protein interacts with
Whnt signaling pathwayb-catenin, nonphosphds-catenin, and CD43 (leukosialin, sialophorin). CD43 is able to induce the
low-density lipoprotein receptor-related protein 6. In additi  switching of T lymphocytes from a spherical to a polarized
this protein also plays an important role regulating the reaeti motile morphology, with the formation of a uropod at the
oxygen species system and antioxidaisy( et al., 201yt The rear of the cell perling et al., 1995 It has been shown
Whnt signaling pathway is an ancient evolutionarily conserve CD43 plays an important regulatory role in remodeling T-cell
pathway that regulates crucial aspects of cell fate detetmima morphology through its interaction with actin-binding prates
cell migration, cell polarity, neural patterning, and orggenmesis ezrin and moesin $errador et al., 1998The abundance of
(Komiya and Habas, 2008In ammatory response must be these two acting-binding proteins was modi ed at both time
tightly regulated because uncontrolled in ammation mayde points in our study. Moesin is involved in the formation
to tissue injury. Among the many signaling pathways actidate of lopodia and microvilli-like structures. These are slender
the canonical Wntb-catenin pathway plays an important role cytoplasmic projections that extend beyond the leading edge
in the expression of several in ammatory molecules duringof lamellipodia and they function as antennae for cells to
bacterial infections. The evidence accumulated so far hgmobe their environment lattila and Lappalainen, 20)8It
shown that activation of the Wnlotcatenin pathway reduces has also been demonstrated that the intracellular bacteria
several molecular in ammatory processes triggered by b@atte Ehrlichia are transported between cells through the host cell
pathogens $ilva-Garcia et al., 20).4In the present study we lopodia induced by the pathogen during the initial steps of
found that this protein is less abundant (.6-fold change) infection (Thomas et al., 20)0 In addition, microvilli-like
24h post infection, thereby allowing the activation of thestructures are associated with the internalization of hnt
Wnt pathway, with a 2.2-fold change at 48 h post infection. capsulated Neisseria meningitidisnto vascular endothelial
SerpinblA (Spot 22), also known as leukocyte elastase iahibitcells Eugene et al., 20D2Furthermore, desmoplakin, a key
A, is another serpin presenting a modi cation in abundanceprotein for desmosome formation, is also increased while
during S. pneumonai@nfection. The abundance of this protein ezrin, a protein required for macropinocytosis, is decreased.
is increased at both 24 and 48h. This protein has shown ttnh summary, the abundance of several proteins involved in
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FIGURE 4 | Interaction map of proteins identi ed as calculated by STRING.
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cell shape, cell-cell interaction, cytoskeleton orgaiormatand associated with cytoskeleton organization, vesicle-atedi
vesicle intracellular transport is modi ed. It is worth meahing  transport, and wound healing. In addition, we observed
that some of these proteins have a high molecular weighthanges in the abundance of some proteins previously
outside the range of proteins suitable for 2-D electropharesi proposed as biomarkers for diseases other than infection
However, in the present study we found these proteins tdyS. pneumoniae

have a low molecular weight compared with the predicted Our results contribute to providing better knowledge of the
molecular weight. This suggests a great reorganization @fathogenesis of respiratory infection causedSypneumoniae
cytoskeleton structures related to the transport of vesieles and in particular the e ect of these bacteria on alterationuing
well as pathogens through the cell in addition to cell-celtissue.

interactions.

Protein Relationships ETHICS STATEMENT

The output of a proteome analysis either in a shotgun approacithe animal studies in this study were performed in strict

or as in the present study with a more targeted methodgccordance with the German regulations of the Society for
usually includes a long list of the factors identied which Laboratory Animal Science (GVSOLAS) and the European
are associated with a probability score and ideally also geaith Law of the Federation of Laboratory Animal Science
quantitative value. In order to understand and interpret the agsociations (FELASA). All experiments were approved
results of the systemic response of the proteome toachallengg, the Ethical Board Niedersichsisches Landesamt fiir
the list must be classied and ltered. The rst problem is \erpraucherschutz und Lebensmittelsicherheit, Oldenburg

the assignation of an identi er to each protein. While genej, Germany (Permit No. 33.9-42502-04-13/1260).
names have been standardized, protein names can di er between

di erent databases and even within the same database. Inrord

to avoid confusion in the names/entries of the proteins w UTHOR CONTRIBUTIONS
looked for the gene names of each entry identi ed in this work
This information was obtained from the Uniprot knowledge
database.

Potential relationships among the proteins identi ed were
analyzed with the STRING database of known and predicte
protein-protein interactions which include direct (physital
and indirect (functional) associationsStklarczyk et al., ACKNOWLEDGMENTS
2019. Figure4 shows the results, andiable 2S provides ) ) i
statistical details of the relationships. According to thelhe research leading to these results has received funcing f
STRING analysis the most enriched processes from thibe IM_I (Innov_atlon Me_d|C|ne Initiatives) Project Combating
data obtained were the regulation of vesicle-mediated parts Bacterial Resistance in Europe—COMBACTE under grant
(G0.0060627), wound healing (GO.0042060), and cytoskelet 11:5523 and Translocation, under grant 115525. In addition,
organization (GO.0007010). These Gene Ontology entriddis study was supported by grant 2014SGR0653 from the
had the best false discovery rate, although response tos strédepartament (_je Universitats, Recerca|Sc_>c_|etat_ dela Infor’mac:w
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shows three clearly represented nodes. The rst of which is
the brinogen system which is involved in wound healing. The Supplementary Material for this article can be found
Secondly, in the middle of the interaction map, there areonline at: https://www.frontiersin.org/articles/10.388nicb.
all the cytoskeleton proteins involved in vesicle-mediated®018.00928/full#supplementary-material
transport as well as cytoskeleton organization. Finally €8 Sy 15| List of proteins identi ed.
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with enolase. The presence of these proteins can be explain?ﬂ'e 2S | Detai_ls of the relationships among the proteins identi ed acording to
. . . STRING analysis.
by the dierent energy requirements by the cells during
infection. Figure 1S | Silver stained images of all the replicas used in this studfhe mass
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pp g 9 jury dataset identi er PXD006393 and 10.6019/PXD006393. (https/www.ebi.ac.uk/
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