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ABSTRACT

Lungs are the first organ to encounter asp
h

agai nst these diverse invaders. For t he most
comprised of resident epithelmmaulnecelelld,s mueu s
in defending the host from infection. Onl vy i
breached, i's an infectious ademphmooeoBrkel pu
aur),usfound i n st lod anmotrer itchranna2r0e% of the popul
bacteri al l ung pneumonia after vir aolbsiemfvedt iao
di fferent pattern of visul efioéebdawchgr i gehaeer:
comparSed atusnéesti on only. We hypothesized that
tri g3erasaurmoeubse more vVvirulent or t heS. h eaaulrtehuys
colonization. Previous sttardg eetss uhcaidvihegn g hmrwand & & &
Il n the current study we I nSesavigRruBgnasesent| o
S. acayeasoxicity against i mmune cells in the
l ung surfactant prot &ct aatmhes®msi mMmonancekles ft
behind this protection, weegelmdotnesd raitred|l ¢ mMad¢
by the SeeRpS&Sneémwto gene regul atory system. We
commonadiads yfound in | ung surf a.t amncty, e opsaol xmictiatt
and virulence transcription. Pal mitate recapi

and modul atuveceusence as seen by cytotoxicity
was also foundS.t oatdoeiescs,l yalatchoughh the preci s

needs to be elucidated. Thi s Swmo rako aperuosvei rdse sa rae
to aspirate t henglsacatnedr inuont .ignatpon @tuhtemalir uy . Furt h
these studies reinforce the potential of surf.

strategy for secondary bacteri al pneumoni a.
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CHAPTERE

| NTRODUCTISOMPHOLOCOCCUBNRUREUS

LUNG PATHOGENESI S

Staphyl ococcus aureus

Staphyl ococals oaSkmneaywsr ieaussa tthaeadt eni ams- bet we
50% ohfumphoep ul,aand ozt aphyl ococcal diseases affec:
year | nGotrhwe &8.x2S2 V6 Bt ree i 2a0I0Ma s hr ewadadl.7 ; e K.i alg
2016 Histori cadalsy,f aettheids ipsaotllh8o8gde by Fri edri ch R
dutebt s golademn icboaltoert enoi d pi gmMeOmtes h(uinidtrieyday & a 2
ago, sk-hmisabpattihneggen over shadowed by mbredédi hdt ha

cholera, small pox, typhuysebdpl | 2w & evhrea |, f arndaf r

of ghe®dlat hcare concern as the organism can inf
muscl e, heart and | ung and can effectively s
clinical conseqgenseecmwafehuastot oommepsalbuwtr galns e m

a pathogen -$8980tedvhen w&andi bioticsi nwelh@s poietga lr
Thr oughloa 0 st,h enreetshiisctia nltihriisa cr tad rnisaa bebneei s petdhea r
incidences were .| okead iilzleidB .troa,shrossupsiottaklinsown as
spread rapidlyag ommbhac teyairrleyd 2MIEFs esd rlae mwe e n
members and cldosne nao ede dthieconh®Pa¢ s mbaked € ®menn @
strains in KWoowrmh &sneUSAB®0OO giomatLién§s) Afnrgeerh @ s

hypervirulent 8ahdacydevtvaver stslhim Kamag .salf t


https://journals.asm.org/doi/10.1128/msphere.00071-16?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed

2
2016 Further mor e, resistance also expanded to
aminoglycosidesand |woeiomgqudnobhodohesas by horizon
(vomli ¢f. a2ONlowh ernte ar e (eaennc oVMIZSAIt aa)srtawlasSns of
aurwhsch are relsisé aamntitloi 6hiec] asdancomycin, al
duegrntowbbt . . muHlteimieg s tssttraani ns have especially bee
hospital acquired infections, wi t hHarREB8r dlei ng
2018 Globally, ot her strains | i keonuSiAladalds, ¢ dJ S A
ma nlye tchoanldi ti ons | i ke bacteremia, endo&amdgi ti s
et 28011 Wor | d®i decaessess 94@anoaiad digrmad ihsi duiaf seehde
(GBD2RI0t is estyi POBOJ tmat bbotic resistant ba:

annu@®bNegi ), 2 hfawreusbe on the forefront of th

S. auseasptantantogiesn very accust omed stua vii wh anlgi
many different environments in .bbthabhedédt by a2
skin, mucos a, perineum, phar ynxandgaostthreori ndievsett

Syst(eWes tehte RaNOBy)st codMmomiugebisund in the anter
20% of t he human popul ati on ar e perststent
KorzeneowsaRARAD¥). s U b pnooptu | oamt ldgd gchaerrr Sl. o aadosuieesufs

al so mor®. pawmbkkadtoe s psc thael leyn dsdgrecaes @t €faosunn d o n

the skin or the nares i s usWealtlleea it @btpreai n t |
alz0)lBurt heamalrecanriage increasssr gdry chiranicre sp
recei vingobdg#dl a30.81F(0r t hheu n6aOn% poofpul ati on t hat

carriers, this bacterium is found in the nare


https://www.nejm.org/doi/10.1056/NEJM200101043440102?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200www.ncbi.nlm.nih.gov
https://journals.asm.org/doi/full/10.1128/mbio.02272-17?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org
https://journals.asm.org/doi/10.1128/msphere.00071-16?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
https://www.sciencedirect.com/science/article/pii/S1473309905702954?via%3Dihub
https://journals.asm.org/doi/full/10.1128/mbio.02272-17?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org
https://www.nejm.org/doi/10.1056/NEJM200101043440102?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200www.ncbi.nlm.nih.gov

3
t he popul ation are nonca$.ria&urrsklmdho ugehv erh eg eetx e
behind noncarriage are unknown, there are sugog¢
deter mi nentxdDI4S)o.l | i d

This pathogen can cause a variety of di seas:s

pneumoni a, bone and joint i nfections, endocar
i nfedtuieon®o iIits wide aUnmlaiykefotvhenmn|l gpatcltodargs ow
few toxins, this pathogen i s abiltes twi rculleonnc ez e
composed of adheetornifsaacf(bemol ysins, cytol yt

i mmunomodul atory proteinsl i keupperroatnetiingse-ns a n ds u
i nhibitory proteinsi)jnt e faemeneusnedstched nd rfeaccotgonri st if

donate to morbiSgatuiledamg@Ciné tettglai2B®BY a@z 0 a2)0.14

Exotoxins |ike the cywobolmytnigc | leiudao ewhoool mes n rttaanpgoes
i mmuecneel ' s | i ke macrophages, monocytes, neutr o]
cells dtAl ahGb4) S. Baosawmsavoid both the i1innate
Ssystems, many therapeutic and kaweeirmbenedsetrreadt e

ineffRlcomre a2)0.14

Becausd@ai vivesal ence factSorsatamgans sy pegehn@di
expression under speciffwe compexe st thy Dugimms .t h
able to make the switch between persisting ir
phenotype by measuring bacterial density thr ot
reading envut onmmgnoaWheisltes gitshteermes .i s 3.0 wailbgaecu e r i

able to survive asymptomatically for | ong per


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4038136/
file:///E:/Documents/Voyich%20Lab/Dissertation/Cheung
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4054254/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4054254/
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by dmoevqul atice@cviorsl aamt il there i s. T £ hamhrgenii g
phenotype isachaodctlt erilzéeshbyl e, surviving in
silentoboaylvari anth phacot ke i g alR)@hilcsem t her e
are enougB. basctweudxdme shytpeer virul ent pat hogeni ¢
production ofatibacOmeamwmd ¢ dhleomioz e prominent vi
systiempsort ant for 3$©Bc SaeRfPwlnssiimfl ec tfioansr egul at
factors such as hemol ysins, | eucoci Yopgpeghsupe
al 2009; eNyga@atat. aZ2,0bhat goaner?2®1.These factors
estabdaeawennkaecti on i n t hescayrer eenot ol bohcead nIoync ltaens.
aureusvive and travel in the bbaodabgouthkiobr
hasira-] ake albiivea tiyn tmeutrophils allowing it to
|l oca(Gonesitam2000he cont exSt.s awrsdeears ivwhsi cphot ent

various virulence facttohmwtalmdn 6 elc tdce besasrslipyun 01 e d i

S. aBneumoni a

Pneumonia is a bacterial or wviral ianmnfdecti o
are i nffTHhermeedacteelédalb p npeeur molplia &0ieeDaetreys ny etalre US
( Reguentat&a2024) . T h e buascutaelg € parl &tumeerpeti @ac occus pne
HaemophilusandtffdpkeylzacoclKosataunWHAKL3toricall
staphyl ococcal pneumoni a has bRnreenu ntoonmnao nc afuosre
USA300 sS.radmsbeeuesh on a st eadwyndi s¢ apihydeo®cdC@ @
i' s associ atandorwiiitdhi tiyn cernega steoa ft3 &d{aPlagreask e ra2,0 1 2

Prince. 2013


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7872022/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2384112/
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A secomeampiniea. a bacteri al pneumonioa f ol |
mi xed bacter(iiale.prbeawcmotrhidetlvep o@esmesnimul t aneous
i nf edtsmoanre) common thmeu e inp @I. marayc Wpiereaulanloni a t h e
devel opsabg ussaelfFy is observed irmrttR€004)er
I nfl uenza is one of the viral infections wher
influenza cases ar e nff®lclt oeseld 001 &a) nbicaacntdeheet tail 0 B C
t hiamcr eases nlos ttalondma rikeydtindf | uehe@Xetoona2016,;
Heron 2016et. K@QOH®nienkhktel®dd,8 Spanish flu whioch
wor |l dwe ideh e€it mear2)Oulp2 9t5d¢% of t he mortalities were
pneumonia that e me&utgoe dt haen di nniottiBaalc gveigrhaal® 0i2r2f) e c t
Even now, ther & 93100 Ob eatnwmeueart 3,enf thescWeir cormse i (me r u

et. a2000f2)t.hese, many deat hs ar e ¢ ausTehde bhye ahl atcht

burdéacopemrdawmomnimot only | imited to influenza.
in cases of other respiratory viral I nfection
metapneumovirus, measl!l es, respiratory syncyt

(Shr ov 2020;, aRM0dg9 o

It i s importandi $daaegdes si amtde rtihalS.| aug eiusf
uisncgl umpi ng factor B to ,atith&h@ahbitte r(drsaadd edgdirti loe
2012hpat hogen i s inhal ed tarnadcbhtepan,mmpme rtti end/s tah mr o
i nt oaltvlreeo |l at nl| t metalses plaacosexeproisaed t o pulwihoincahr y s
coats al veloslhbairi a2uHE48ec,e ammé ¢ uikvesul ence factors

that the |l ung environmenfForsedampbeeent her bmng


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7107318/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7107318/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3993393/
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l ow i n snuucthrrimesntasnd i s coated ihPi weurcdad)hdenep os e d
itds i n Stheaeclowmgls nates expression of sur face
components recognizing adhesive matrix mol ecul
factors to evade t heet . ianknbGln2e)ampesermhi pPamnlket i n
proteins to adhereamnd @qeétr wid Ptaecge adRide2d i r wval | s
epi thel i al cell s, Hl a toxisaanfsakmaworyosaghet
of ciliary beat fregagecy,anidnpreeaancadi Vazaul &
(Parkera20lRubeck ®Wwar ddoANd0& eg adbhmpaegi ahdl i al g
mucosalS.| ian@ivnagd,e s t he compl ement system with F
(Prince 2013). |l t Si saabebsont meas ropadeés ahat -
macr opamdy &g thief tcyt oki ne ete.sab0bk 2)a ti(w@®ruasosmop on e n |
Ssystemplgrulpaoesdemagi ng vVvirulence f sotlarbd esu
modul i ns, andctL wukAdAHl Sajokktianuget s ADAM1I0 in the

systemic dissemination and increased pathol o
infl ammatory cyto&kt.nekl®lihaubesbsBYDn (tkirtgiert al v
macr oparadggeRBRVL aids in increased coeltona2zZ&lt7i)on ¢
aureabso uses its wide array of cytolytic toxi:
f 0S. aclteas ance from t hS |aumegeu(gPe ricseidsetu RiGrtBrya
epithelial cell s, mamcd opihtalg e st dh&in e lrqmeaarom ti esshygpahp d
and continue ted Z0dl@)nhiezre t(hPaanr kPegrr s-gsmponenthe
system has al so been f osuervdeupeagr tijnd aitcd ri iogpns i me s p

for regul ating many of t helndil uelnemc eh afsa cbtecerns


https://journals.asm.org/doi/10.1128/msphere.00059-21?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
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modul ate the |tumgpg e gud.a daemnreenutk et nod enSed dnR P utgehm
which controls HIa, (Bl giA@®&dn a2 uaM8aBt gomad)@ Vo

On cSe. adeéeesmines there Aggqguonrowng hs ebrapchieegeiead wi
further with disseminationriamd dad®)ORuie rthei on
numewvousl ence fac,t oUSAI®RA ad tl eeadr msbkoovéewn t o caus
infl ammatory negcrwat &li nR A epumeohnanicaa chiaye d isascekd o f
al veol ar &Xae lreintse ovteu r fel, u ih@& maoarcrchuarud ,at iaom, | ung

consol Kdeettt a2 @ bd&t.ra2;01P2ri nce 2013

Lung Surf ocnhbakhtf eaftt bas

To successfully |l aunch a bacteri al l ung i n
dominate the primary interactions that Shappen
aur,eust has an ease of passage since it alre

intermittent carriersS.anabmpeatshettemd kaatrareiras
daily, we do nodt sSgamemamwyni @arsi marcyyuse the host

clear the patyhwogtemdyi Hp welven ,t bi s defense i s ©b

after a primary viral infection), we can el uc
t his, we must i nvestigate the changesviirnmlt he
infection. For exampl e, influenza is known to
rel eas éeéWevinrhieatm®dl RPhe pyr irooédlret ype | Ii np ntehuemolcuynt ges:
to produce lung seeft st amtes sWistuhhd matcttalme i s m
properly. Abnor mal |l evel s of |l ung surfactant

fibrosi s, emphysema, cystic fibrosestsakCO@D,


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6057542/
https://journals.asm.org/doi/10.1128/msphere.00059-21?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7107318/
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Furthermore, drastic changes i n pul monary su
pneumoniaeats. d20Vhla8RCoZSARS ections are similarly ¢
type |l pneumocytteel bodedoby deadli Mibdetst stciha |

et. a2,080. a2)021

o
PSP i
Unsaturated PC O H o g
25% DPPC v\/\/\/\/\/\/\n/ I
& 41% o)

Figure 1. Compositi AnObaeafai hedg f samf dctoamrcthooal v
mammal i an l ungs. PL: phosphol i pids; PC: p
phosphatldylcholine; PG: phosphatidyl gtycerol
A/ B/ C/ D: surfactant pPraactreai mMOBY)/i BStQ/QX.3 ulrak enf DR

This aforementionedptongi sucdbmptaxt compasé
and 10% MHuatedi nal2)@21 Most | i pi ds ar e phosp
di pal mitoyl phosphatidyl cho,l iansdn soére giuPrP&Ch dirse tahre
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ABSTRACT

In this study. we identify that lung surfactant significantly reduces production of Staphyviococcus aureus
(S. aurens) membrane damaging toxins. Data demonstrate that natural surfactant from mice and rats and
commercially available surfactant Infasurf® protect human primary cells (neutrophils and peripheral
blood mononuclear cells) from S. aureus cytolytic activity. Supernatants from S. aureus grown in
surfactant showed significant reduction in plasma membrane damage against primary human cells as
compared to supernatants grown without surfactant. This reduction was not due to a direct bactericidal
effect of the surfactants on S. aureus growth. Rat and mouse surfactants downregulated the gene
expression of the S. anreus two-component system saeR/S that is responsible for production of virulence
factors which are important during lung infection and cause membrane damage in host cells. Rat and lung
surfactants also reduced transcript abundance of SaeR/S-regulated genes lukF-PV., hia, and higA.
Interestingly, commercially available surfactant Infasurf® did not recapitulate the effect of natural
surfactants and did not decrease gene transcription of the virulence genes tested. These data suggest that
components of surfactant protect lungs from S. aureus by suppressing S. aurens virulence factors and

have implications for the role of surfactant in host defense against S. aureus.
IMPORTANCE

This study explored the influence of lung surfactant on Staphviecoccus aureus (S. aureirs) toxin
production. We demonstrate that natural and commercially available lung surfactants minimize the
cytolytic capacity of S. aurens supernatants against primary human cells. Data indicate that reduction was
partially due to surfactants reducing transcript abundance of virulence factors. This work identifies a

novel role for surfactant and suggests its importance in modulating severity of S. aurens lung infections.
INTRODUCTION

Pulmonary swrfactant is a lipid-rich complex within the alveoli that prevents atelectasis during respiration

by maintaining surface tension at the air-liquid mterface (1. 2). Lung surfactant predominantly produced
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by alveolar type II epithelial cells and is composed of 90% lipids. of which
dipalmitoylphosphatidylcholine (DPPC) is the most abundant (3), and 10% proteins (1-4). The four lung
surfactant proteins important for alveolar integrity and surfactant homeostasis (5) are SP-A, SP-B, SP-C,
and SP-D, of which SP-B and SP-C are responsible for the structural stability of the surfactant (2, 6).
Historically. lung surfactant has primarily been described as an interface for the oxygenation of our
bodies; however, more recently data has emerged showing that lung surfactant has immunological
properties (7. 8). Components of lung surfactant play a role in anti-angiogenesis (9) and can inhibit the
generation of reactive oxygen interinediates in neutrophils and monocytes (10). Vesicles containing lung
surfactant components, like DPPC, have been shown to decrease macrophage inflammation by inducing
expression of innate immune receptors, including Fe receptors, CD11b, scavenger and mannose receptors,

and complement receptor CR1 or interfering with toll-like receptor mediated inflammatory responses (3).

In addition, abnormal levels of lung surfactant have been associated with many respiratory problems,
among which are pulmonary fibrosis, cystic fibrosis. and COPD, (3) as well as during infection e.g.
influenza A virus (11). During lower respiratory infections with influenza A virus, alveolar type II cells
are preferentially targeted (12). Infection of these cells leads to measurable disruptions in swrfactant
production (13). In a previous study. we identified that antecedent influenza A virus infection in mice
increased virulence gene expression in S. aurens compared to virulence gene expression during S. aureus
lung infection only (14). Taken together, these observations provided the basis for the current study to
investigate whether surfactant may directly impact virulence gene expression and toxin production in S.
aurens. Our results demonstrate that the presence of natural as well as commercially available lung
surfactants prevent membrane damage in neutrophils and peripheral blood mononuclear cells by S aureus
toxins. Murine and rat lung surfactants repressed transcription of S. aureus secreted toxins, whereas
commercially available surfactant did not decrease transcripts of virulence genes tested. This work adds
to our knowledge of the role of surfactant in healthy lungs and implies that lung surfactant has a role in

reducing the pathogenicity of bacterial infections.
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MATERIALS AND METHODS

Bacteria Strains and Culture Conditions

Staphylococcus aureus (S. aureus) PEGE-type USA300 strain LAC (15) was used in all experiments.
Unless noted otherwise, overnight and sub-cultured bacteria (1:100 dilution of overnight) were grown in
20 mL of tryptic soy broth (TSB; EMD Millipore) supplemented with 0.5% glucose with shaking (250
rpm) at 37°C. Optical density at 600 nm (ODeoo) was measured using a NanoDrop 2000c¢
Spectrophotometer (ThermoFisher Scientific) and colony forming units (CFUs) were determined by

plating diluted samples on tryptic soy agar (TSA: EMD Millipore) and enumerated the following day.
Lung Surfactant Extraction and Growth Assays

Pulmonary surfactant isolation was performed using an adaptation of the method described in Inselman ez
al. (16). Briefly, murine (C57BL/6) or rat (F344BN) lung tissue (0.2 g) was homogenized in 3 mL of ice-
cold Dulbecco’s phosphate buffered saline (DPBS) using a tissue grinder. Homogenate shury was passed
through a 70 pum cell strainer followed by centrifugation at 300 x g for 10 minutes at 4°C. The supernatant
was collected and placed in microcentrifuge tubes for centrifugation at 18.000 x g for 30 minutes at 4°C.
The resulting supernatant was aspirated and discarded. The remaining surfactant pellet was resuspended
in 1 mL of DPBS at 60°C. For experiments, this was considered 100% surfactant. Research grade
Infasurf® was purchased from Onybiotech. For experiments investigating growth in surfactant, 1 mL of
surfactant (at varied concentrations) was added to 4 mL of TSB pre-warmed to 37°C and inoculated with

50 pL of overnight culture. Samples were incubated for five hours at 37°C with shaking (250 rpm).

Relative Quantitative Real Time RT-PCR

Transcription of S. aureus genes was assessed using TagMan® real time reverse transcriptase-PCR (RT-
PCR) as previously described (17-19). Briefly. sub-cultured strains were harvested at mid-exponential

(ME; ODgoo = 1.5) or early stationary (ES: ODsoo = 3.0) phase of growth, mechanically disrupted using a
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FastPrep FP120 cell distupter (ThermoFisher Scientific). and RNA purified using RNeasy Kit (Qiagen) as
described in (17). TagMan® real-time RT-PCR was performed using primer and probe sets as published

previously (14).

Human PMN or PBMC Plasma Membrane Integrify Assays

Heparinized venous blood from healthy donors was collected in accordance with a protocol approved by
the Institutional Review Board for Human Subjects at Montana State University. All donors provided
written consent to participate in the study. Human polymorphonuclear leukocytes (neutrophils or PMNSs)
and/or peripheral blood mononuclear cells (PBMCs) were isolated under endotoxin-free conditions
(<25.0 pg/ml) and cell viability and purity of preparations were assessed using a FACSCalibur Flow
cytometer (BD Biosciences) as described in (17) and (20). Assays intoxicating PMNs with extracellular S.
aureus proteins were performed as previously described (21, 22). Briefly, supernatants from S. aureus
sub-cultured for 5 h in TSB with glucose were sterile-filtered (0.22 pm. Avantor) and diluted in DPBS.
PMNs or PBMCs (1x10°) were exposed to varied dilutions of S. aureus supernatant. Samples were
incubated at 37°C for 60 min then stained with propidium iodide (PI: ThermoFisher Scientific) following

the manufacturer’s protocol and then analyzed by FACS as in (22).

RESULTS
Lung surfactant protects immune cells from S. aureus toxin-mediated membrane damage.

To test the hypothesis that surfactant influences S. aureus virulence, we investigated the role of surfactant
on S. aureus toxin production. In these assays. we compared plasma membrane damage in human
neutrophils and peripheral blood mononuclear cells (PBMCs) following exposure to S. aureiis
supernatants grown in the presence or absence of varied concentrations of mouse or rat lung surfactant
(Fig 1A-D). Neutrophils exposed to supernatants grown in 10% mouse surfactant demonstrated a

significant reduction in plasma membrane damage and had an average of 2.39+0.39% propidium iodide
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(PI)-positive cells compared to 47.39+8.63% Pl-positive cells from supernatants grown in TSB only (Fig
1B). S. aureus grown in rat surfactant also demonstrated significantly reduced plasma membrane damage
e.g. 3.17+0.33% PI positive in 10% rat surfactant compared to neutrophils exposed to supernatants from
S. aureus grown in TSB only at 60.67+8.44% PI-positive (Fig 1C). However, unlike mouse surfactant, rat
surfactant maintained its ability to significantly reduce plasma membrane damage at a concenfration as
low as 0.2%. Similarly, growth in mouse or rat surfactant significantly reduced PBMC plasma membrane
damage from S. awreus supernatants. PBMCs exposed to supernatants harvested from S. aurens grown in
10% mouse surfactant or 2% rat surfactant were 8.26+0.72% and 13.70+2.68% PI-positive, respectively,
compared to control at 38.90+8.50% PI-positive (Fig 1D). The reduction of membrane damage in cells
was not due to decreased bacterial growth in the presence of surfactants and no significant differences in

bacterial growth was seen in cultures grown with or without surfactant (Figure 1E and 1F).

We next assessed whether this same protective effect could be observed with commercially available
surfactant. For these experiments, S. aureus was grown in varied concentrations of Infaswf®. Similar to
above, supernatants were harvested and plasma membrane damage in neutrophils and PBMCs was
assessed. Growth in 1% Infasurf® provided significantly reduced PI uptake in PMNs. An average of
12.31+2.79% propidium 1odide (PI)-positive cells compared to 38.53+6.05% Pl-positive cells from
supernatants grown in TSB only was observed (Fig 2A). This concentration of Infasurf® also reduced
death of PBMCs. Without surfactant, PBMCs were 33.21+3.31% PI-positive when exposed to
supernatants versus 23.80=+2.75% Pl-positive with 1% Infasurf® (Fig 2B). As with mouse and rat
surfactants, growth in Infasurf® did not impact bacterial viability (Fig 2C). Interestingly, higher
Infasurf® concentrations no longer protected neutrophil cells from membrane damage from S. aureus
supernatants (Figure 2A). It has been shown with another commercially available artificial surfactant,

Surfactant TA®, that neutrophils treated with this surfactant had changes consistent with apoptosis (23).

We tested if plasma membrane damage was occurring at higher concentrations of Infasurf®. However,
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we found that higher concentrations of Infasurf® without any S. aureus supernatants did not yield a

higher amount of propidivm iodide (PI)-positive cells (Supplemental Figure 1).

Lung surfactant modulates S. gurens gene expression.

To investigate if the reduction of S. aurens toxin production in supernatants was due to an effect of
surfactant on transcription of genes, we first investigated transcript abundance of saeR, the response
regulator of the S. aurens SaeR/S system. The SaeR/S system is a two-component system of S. aureus
responsible for controlling virulence gene expression (24-26). Additionally. we and others have
previously identified a role for SaeR/S in S. aureus lung infections (14, 25). In the current study. S.
aurens was grown to mid-logarithmic and early stationary phases of growth with or without surfactant.
The relative fold decrease of saeR compared to control was: -0.29+0.04 for mouse surfactant and
0.30=0.11 for rat surfactant at mid-logarithmic phase (Figure 3A). Transcript was also reduced at early
stationary phase (-0.40=0.01 for mouse swfactant and -0.48=0.22 for rat surfactant) (Fig 3A). For growth
in Infaswrf®, the relative fold change of saeR compared to control was: +0.14=0.05 in mid-logarithmic

phase and -0.04+0.30 in early stationary phase (Fig 3B).

We next assessed S. aureus virulence genes. lukF-PV. hla. and higA that contain the SaeR-binding
domain (20) and that have been shown to be differentially regulated during murine lung infection (14).
Compared to control treatment with DPBS. we observed decreases in the abundance of transcripts
encoding various toxins when S. aureus was grown to either mid-logarithmic or early stationary phase
with mouse and rat surfactants (Fig 4). At mid-log phase. the relative fold decrease of lukF-PV. hia. and
higA compared to control for mouse swfactant was: -0.68+0.33, -1.14=0.23. -0.180.01. respectively (Fig
4A). Similarly, the relative fold decrease of [ukF-PV. hla. and hlg4 compared to control for rat surfactant
was: -0.43+0.26, -0.61=0.12. -0.12+0.04, respectively (Fig 4C). At early stationary phase. the relative fold
decrease of lukF-PV. hla. and higA compared to control for mouse surfactant was: -0.80+0.15. -
0.57+0.33. -0.23+0.05, respectively (Fig 4B). For rat surfactant, the relative fold decrease of lukF-PV.

hia, and hlg4 compared to control was: -0.83+0.22, -0.57+0.30, -0.37+0.18, respectively (Fig 4D).
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In confrast to the resulfs seen with natural surfactant, presence of Infasurf® upregulated S. aureus
virulence transcripts by mid-log phase. When grown in Infasurf® to mid-log phase. lukF-PV., hla. and
higA expression was upregulated compared to control by: +0.56=0.28, +0.12+0.09, +0.04+0.17,
respectively (Fig SA). When grown in Infasurf® to early stationary phase, there was a reduction in JukF-
PV, and ila compared to control: -0.03+0.06, -0.24+0.20, respectively (Fig 5B). However. higA was

increased in the presence of surfactant as seen in mid-exponential (+0.19+0.07) (Fig 5B).

DISCUSSION

In this study we demonstrated that when S. aureus is grown in the presence of mouse, rat and
commercially available lung surfactant Infasurf®, there was a significant decrease in the membrane
damaging ability of secreted S. aureus toxins against human neutrophils and PBMCs (Figures 1 and 2).
With concentrations of Infasurf® over 1%, we noticed increased membrane damage in cells. However,
this was not due to a direct effect of Infasurf® on neutrophil or PBMC membrane integrity (Supplemental
Figure 1). We also confirm that decreased cytotoxicity against these immune cells was not due to
surfactant directly impacting S. aureus growth. This is an important observation since others have shown

that surfactant components, including SP-A. SP-D (27) and free fatty acids (28) can be bactericidal.

To investigate if the decrease in cytotoxicity in neutrophils and PBMCs was regulated at the level of
transcription, we first investigated gene expression of saeR, the response regulator of the two-component
gene regulatory system SaeR/S. SaeR/S regulates numerous adhesins, toxins, and immunomodulatory
proteins important in neutrophil evasion (29) and is important in mouse models of S. aureus lung
infections (14, 25). Specifically. we demonstrated that S. aureus pathogenesis following antecedent
influenza A infection was SaeR/S dependent (14). Growth of S. aureus to mid-log and early stationary
phases in the presence of mouse and rat surfactants decreased saeR transcript abundance (Figure 3).
Genes regulated by SaeR/S that encode proteins associated with plasma membrane damage (30) and
associated with S. aureus lung infections (14, 25, 30) were also downregulated, suggesting that

surfactants regulate toxin production at the level of gene transcription.
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Our observations with Infasurf® were inconclusive. This surfactant slightly increased the transeription of
virulence genes and upregulated saeR at mid-logarithmic phase and had a varied response at early
stationary phase. Similar to our results, a report published by Ishii er a/. tested another commercially
available surfactant, Surfacten®, that like Infasurf® is derived from bovine lungs (31). Although there
were differences in experimental conditions. including strain used, growth conditions and assay used for
transcript analysis, this study demonstrated that lukF-PV. hia. and hlgA were not significantly influenced
by the surfactant at late logarithmic phase (31). We conclude that Infasurf® may be protecting cells
through another mechanism or perhaps the timing of when it impacts virulence gene expression is

different than that observed with the mouse and rat surfactants.

The observed differences in the influence of surfactants on S. aureus virulence gene expression and toxin
production may be due to differences in mammalian surfactant composition. It is known that rat surfactant
has a higher phosphatidylcholine concentration than mouse surfactant which is different in composition
from bovine surfactant (32). Specific swfactant lipids which have been shown to attenuate inflammation
and alter the host response (33) may be at different concentrations in these surfactants. There are reports
that lung surfactant proteins SP-A and SP-D are involved in pathogen opsonization (3. 5). puncturing
microbial membranes (3. 27), suppressing microbial growth, aiding in detoxifying bacterial LPS, and
modulating phagocytosis and inflammatory responses by alveolar macrophages (3. 4). SP-D has also been
shown to be able to bind to immune cell receptors. modulate complement activation. and regulate activity
of phagocytic cells (5). Ishii et al. suggested lipid components in surfactant like palmitate can increase
virulence expression of S. aureus (31). The authors suggest surfactant components may cause membrane
stress, friggering S. aureus virulence gene expression through stress response regulator SigB (31). There
are other reports of free fatty acids which induce membrane stress and impair growth of S. aureus (28,
34). However, our concentration of swrfactant did not impair S. aureus growth. Future studies will
investigate the differences in composition of surfactants of both lipids and proteins to determine the

effectors responsible for our observations of reduced virulence gene expression and secreted toxin
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production following growth or exposure to surfactant. Future studies will also investigate additional
commercially available surfactants. Of note, at the time of this study we were unable to obtain other

commercially available surfactants for research purposes.

In summary., this study identified a putative role for surfactant in protection of the lung from S. aureus
infection. Our data suggest that surfactant may provide a first line of defense in healthy lungs against S.
aureus infection. This would provide a logical explanation for the observation that despite the high
number of individuals who are colonized with S. aureus in the nares (29, 35), providing frequent
opportunity for exposure to the lungs due to natural aspiration. primary S. aureus lung infections are not
common. We hypothesize that surfactant suppresses S. aureus virulence so the pathogen can be cleared
with innate immune defenses. It follows that distuption of swfactant abundance or composition may

predispose individuals to S. aureuns lung infection as occurs following influenza A virus infections (14).
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FIGURE LEGENDS

Figure 1. Surfactant from mouse and rat lungs protect human primary cells from S. aurens-
mediated cytotoxicity. A) Representative flow cytometry plots of data displayed in B) and C). S. aureus
was grown to early stationary phase in TSB with varied dilutions of B) mouse or C) rat lung surfactant. S.
aureus supernatants were harvested, diluted to 1:50 final concentration. and incubated with human PMNs
for one hour. Plasma membrane damage was assessed using propidium iodide (PI) uptake and analyzed
by flow cytometry. D) Human peripheral blood mononuclear cells (PBMCs) exposed to S. aurents
supernatants diluted to 1:5 final concentration following growth in 10% mouse or 2% rat surfactant
(concentration determined in B and C), and plasma membrane damage assessed with PL. S. aureus CFUs
collected after growth in mouse (E) or rat surfactant (F). Dash (-) represents cells without exposure to
supernatants or sirfactant while 0% represents cells with exposure to only supernatants. Data are from 3
biological replicates for B). D). E) and F). 6 biological replicates for C) and F). *P <0.05. **P < 0.005
and *#**P < 0.0001 one-way ANOVA followed by Dunnett’s multiple comparison test. NS = not

significant.

Figure 2. Commercially available surfactant Infasurf® protects human primary cells from S.
anrens-mediated cytotoxicity. A) S. aureus was grown to early stationary phase in TSB with varied
dilutions of Infasurf® and S. aureus supernatants were harvested, diluted to 1:50 final dilution, and
incubated with human PMNs for one hour. Plasma membrane damage was assessed by PI staining and
flow cytometry. B) Human peripheral blood mononuclear cells were exposed to S. aureus supernatants
harvested as in (A) following growth in 1% Infaswf® (determined in A). and plasma membrane damage
assessed. C) S. aureus CFUs collected after growth in Infasurf®. Dash (-) represents cells without
exposure to supernatants or surfactant while 0% represents cells with exposure to only supernatants. Data

are from 5 biological replicates for A) and C). and 8 biological replicates for B). *P <0.05 and **P <
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0.005 one-way ANOVA followed by Dunnett’s multiple comparison test for A). B), and C). NS =not

significant.

Figure 3. Lung surfactants impact transcription of S. anrens saeR. S. aureus was grown in mouse
(black) or rat (gray) surfactant (A) or Infasurf® (B) to mid-logarithmic or early stationary phase. RNA
was harvested and subjected to TagMan® RT-PCR. Gene franscripts were normalized to gy»B. Data
shown are the mean fold-change of S. aurens saeR relative to treatment with S. aureus only. Error bars

indicate mean + SEM of 3 biological replicates for each surfactant tested.

Figure 4. Mouse and rat lung surfactants decrease transcription of S. anreus virulence genes. S.
aurers was grown in mouse (A and B black bars) or rat surfactant (C and D gray bars) to mid-logarithmic
phase (A and C) or early stationary phase (B and D) of growth. RNA was harvested and subjected to
TagMan® RT-PCR. Gene transcripts were normalized to gyrB. Data shown are the mean fold-change of
indicated gene relative to treatment with S. aureus only. Error bars indicate mean + SEM of 3 biological

replicates for each surfactant tested.

Figure 5. Commercially available surfactant Infasurf® modulates transcription of S. aureus
virulence genes. S. aureus was grownt to mid-logarithmic (A) or early stationary phase (B) of growth in
TSB with 1% Infasurf®. RNA was harvested and subjected to Taghan® RT-PCR. Gene transcripts were
normalized to gyrB. Data shown are the mean fold-change of indicated gene relative to treatment with S.

aureus only. Error bars indicate mean + SEM of 3 biological replicates.

Supplemental Figure 1. Commercially available surfactant Infasurf® does not cause plasma

membrane damage in human PMNs. TSB with varied dilutions of Infasurf® was incubated for five
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hours with no bacteria and samples were centrifuged. diluted to 1:50 final dilution. and incubated with
human PMNs5 for one hour. Plasma membrane damage was assessed by PI staining and flow cytometry.
Dash (-) represents PMN control without treatment. Data are from 3 biological replicates. NS = not

significant by one-way ANOVA followed by Dunnett’s multiple comparison test.
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CHAPTER THREE

PALMATIBSUPPRESSES STAPHYLOCOCCUS AUREUS
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Abstract

Staphyl oco(Scusaluaemesuasn opportunistic patho
anterior nares of more than 20% of the popul a
however, heal t 8y adeabhstarypiecsal oy mani fest |
study we identified $.hadwudming psruaduaccttianmn a red rre
abundance of virulence genes. This study cho:
predominant free f atntdy aa cciodnpiom klau mgp $4 wrafeamoibann
in lung surf aHetraentn,, DMEPC ested the Shypaoudrhewss s

virulence during i nt erWec tfioamadwntithtteatth epgnhme m e di t tr |

S. auweamponent system SaeRS responsible for g
in neutrophil evasion and |l ung infection. Cytc
human neutrophils by reducing tBe membBuonghedd:

factorsalBal mxthatbeted a @&i.rasteushkedbibarpnset
Mor eover, i n the presenceS.ofavroetuhs epnacl emigteantee eax
was further repressed by pal mitate. Coll ectiwv

surfactant thatScaavideukendyg gedel axgressi on :
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InNnt roducti on

Staphyl ocd®.cusuraearsau spat hogen that can col o
ranging from skin, bones, joints, muscl es, h
anterior -5n0a% ecsh uotfdpePpu |l ati on et MBI hT uwaRhlat hough
carriSer sabafeashe in the pathogen daily, pri mar
heal thy <car i Si.erasiiseklswepvevyal ent cause of deva:

pneumonia after a primargti2@d@RRPlienZbeceAiisnmni adcti d

i s usually i1 dentical to dtheg®dlo.he. aTothededrsean
behind the hi§hemaseeostidange batteri al pneumon
investigate the lung envinbhmentaaAdvithes cihah
space susceptible to bacterial colonization. 7
t hmacteria must overcome to cause an infectiol

opsoni Ai mpdOSBRINg surfactant proteins, and pa
neutrophbt |I2s010(3Wu. Ot her t FKkahnmo wthh epsreo t macrte vwe lblar r
known that def ect or deficiency ofdylsdmgcsuph
( Torek s2a10.5 ; Cehtr ad0leé.6 3 . Moreover, there are seve
bacteri al i nfections aftdaande SpaRSawiorly al dtees
in the amount of (IMimrg sdagrcthdllg.Gekn QaDIP.1 p sedio v alls.
201Bherefore, pul monary suffasdametsemntsemns ikteyfi
aspiration into the lungs.

Lung surfactpamtt ei B aorglpax t hat | ower s s

breathing. I't i s made up of 9t0Bke Ipipiods pahrod i p0 %
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and in this dgmpadmi bBRCpbosphatidyl(dHuelki md . i s

202DpPPC is made up of two groups of palmitic

group. Pal mitic acidi,s atb® hkonoDtwnalasndpaantmi ft ae
surfactant, making up e8 02®WIlo4f; ettDotady0 O fl ae¢ tSgadlanc d d
2002) . Pal mitate has been shown to interact w
host, pal mana@it@®g ehrmisc aenft fRedtlt7s) (azhhdancgan i nduce 1

production i n eeéwWwOI02phi ITsh e(rVea natreen a variety olf
acids |ike palmitate having bactericidal effe
(Arestalc 28002 heatf.sal 99 ®;t 2d@b.&) . Pal mi tate at high
ofBaciddSuphy!| ocs@MG aosocsopSe,u ®pt ococc uSst rpemd wmaorcical
pyog,eSntaept ocolcicutse rbioavi mo nablred/t o0 g b a eeaseorn gp ylt direir s
(Yoonn 2811.8) .

Given this evidence, we thought palmitate
context of lung infections. Preliminary studi
potenti al to protecS. hauamatno $nyetu tcr otpcx il iss f(rBor ¢
hypothesized that palmitat®. fawnedusendangndup
host I mmune cell s. Il n this work, -baeteriovi da
concentr arte gounlsaStdeosvuakreeids eqpenes by repressing th
study uncovers that palmitate not onlySacts t
aureasgi ns. Experiments show that theé&.praasense
supernatants towarTadakemumamgeitrnmune oawel ldat a hig

in lung surfactant have a protective role agai
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carrierS. ocadmeas®al get primary pneumonia. Whil
anti bacteri al effect and its physiological re
to determine the exact mechanisms ofomcbPP@ of

on bacteri al pat hogens.

Materials and Met hods

Bacteria Strains and Culture Conditions

Staphy!l oc oPcFcGIEYy p&au USWIAS ACDigep OPwas used in
experiment s. Unl ess not-cecul tourhedad wh ety emivaae née g da |
20 mL of tryptic soy broth (TSB; EMD Millipoa
dilution) with shaking (250 r p#y wats 3IneAG.ur@pt
a NanoDrop 2000c Spectrophot ometer (Ther moFi
(CFUs) were determined by py/l aatgianrg (dliSAut eEdMDs aMh

and enumerated. the following day

Reagents and Preparations

Pal mitate (sodium palmitate)38ps PBeafohase:

experiment, pal mitate was dissolved ifni nlal mL
concentration of 0.18 M. Subsequent dilutions
For detergent study, palmitate wasapbapar ec

sodium dod®8DB| asdlI8filatleunt i ons, criticaCM@) cel | €

was dissolved in DPBS at 60AC and further dilt



4 8
pal mitate, andlped@dnar E&D&s Mol IB3O@wsnM, 00T 0 2mM,
mM, respectively.
For gel experiment s, samplSss aveemmel ir elswfsfpeern
boiled at 95AC for 10 mi n.SDRAGLEe igred swernedl sse ma

Silver stain (BioRad).

Growth Assays

For experiments ilBO&sdl miatrblnheadP@rSo wirhMLi, 8 0 0
pal mwiaat eeddehul st oof4 W8Bmedeto 37AC and ionfocul
overnight culture. Samples were incubated for
For experi merctud) avsiiviphe rpr8et aad wsdeuilstounrm ed f or 5 h i
glucose werld egtamr i0eaB 2 0r ) and heinl, utsaupeirmabDBB

incubated with various co3np@nds for varied t

Rel ative Quanti-RGR i ve Real Ti me RT

Transcr iSpt i ®@wreaodss was assessed using Taqgh
transePrCRptPaBIRe as previpoevliyudeéeeytc Ry @ch as¥tady i c h
al2z005; eMoy®Ie.D)Br i ecfullyt,urseudo st r ai n se xweornee nhtairavl e s(t
ORos 1.5) or earlegpsgsBad) ophaye (&S; gOdDwWwt h, mect
a FastPrep FP120 cell di srupter (Ther moFi sher
(Qiagen). TaqnMRCGRET was |l perfhgormeidmer and probe s
lbelamwd -dibdmdgead wase damsi ngi d& htechggta Yy@etdhod as de

previ(Nwgadeytr da011.0; evio 2DI6.BH; evio 2DIP.A
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Tabl e -BRBCRg®RMTIi mers and probe stegdlleBces from Bort
RFPCR Pr i

Sequence
and Pro

gy If Bvd 56CAAATGATCACAGCTTT-GBTACAC

gy mB s 56CGGCATCAGTCATAATHACGAT

gypPpBobe [56AATCGGTGGCGACTTTGATCTAGC

h|fawd 56CAACAACACTATTGCTAGG-BIBCCA

hlrav s S6CCTGTTTTTACTGTAGTAITT6GCT T

hlpar obe 56ATGAATCCTGTCGCTAATX®CGCA

hl ¢ Avd S6ACTTATTTGACAAGACGGBAACTG

hl g&s 56CCACTTTGAATTAAAGGAGGITAAT

hl gAobe |[56CAGCAGCAAGAGACTATTT-BG@TCC(

|l uk wd 56GCGTCATCATTATCATIBT GCAA

| uk &xs 56TCTTTCTTATTTTGGTVTTGBGAGAC

l ubAobe |[56CAGCAACGACTCAAGCAAATBGAC

| uPMEwd [S6TTGCTTTTGCTATCCAABACAGTT

| uPMLvs |[56TCGGAATCTGATGTTGXAGTTG

| uPNMpr ob|]56TGCAGCTCAACATATCACACZTI GT

Human PMN or PBMC Pl asma Membrane Integrity A

Heparinized venous blood from healthy donor

approved by the Institutional Review Board fo
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donors provided written Huomasre npto ltyom@raphtd rcu gplad a
(neutrophils or PMNs) and/or peripheral bl ood
endotfaxien con2l5t0 apgamk cel l viability and pu
assessed usingFlawFA@SOanleiteur ( BD Bposwvienséy)
(Ny g aatr d011.0; evto2dIPB Assays intoxicatiSngaBMHES sw
proteins were perfor Ngdeas2dpt.z2ve ©l2Dl M Beserfil
supernata.ntessdrwdshur ed for 5 h in T8EBtered ¢§DL
em, Avantor) and diluted % nwOP8B8Sex PMdNesdotr o PBMC
S. asupesnatant . Samples were tiaicrudbodtwidt lmtpr3a
iodide (Pl; Ther moFisher Scientific) foll owing¢

a FACSCalibur Flow cytometer.

Results and Discussi on

Pal mPrtoatteecrhasn P MNSs. farTorxe uns
Medi it leldi n g

| npraevi o uPsr esdttuedcyb e(sallbbany 4 t e Hwp Ohea pddeemmonst r at
supernatant sS.haagvreesutee di nf rnoamt ur al surfactants f
significantly reduced toxicity to human neut
(PBMCs) . I n the <current study we aimed to d
phenotyptls weelhe wsurfactants. When grown to e;
18®M pal mitate, there-fwhsctaippgmoxfi madvledryy af @ wmi
( Fi gA)r,.e Als such, for al/l additional assays des

adjust for the |®ssaaeklBlbsoumhemfgrsavar tiimgpal mi t
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is not novel as fatty acids have been shown 1t ¢
et 2a0l1.2) . Supernatan$s a6i guwafti oamatrlyy phadeced
damage of human polymorphonucl ear neutrophils
Next, we wanted to assess i f pal mitate had
expectations, preli i ndray e¢dee mpirrsreiBs eawd @ @pRatl
growth did not have & {frrFotgadotievte€) e f fmooate are phk

needed to make the concl us$.onadyt@ads PBMCs talraen

A B C
1010 * 50~ * 25- ns
) (2]
' | 0 |
g 40+ S 20- -
100 = o \ a
Q — -
E g 30 - 2 15
T f 5
5 . O 20- @ 10
108 a o
tm— T 5-
S =2
107 T 0 j 0 T
- + - + - +

Figadar eGrowt h iinnfplauSemiceeasty¢ ws oxi ci t yS.agawamsus P M|
grown to early st at(i+gn aorry-)viodt@hsoeaM imiAt)EBRS &t evi it & |
concentration of( +d”AdC wiutllt8afvite pla Iwmitthat e at ear |

gr owt hSupheasheat ants were harvested, diluted to
hum&n polymorphonucl earCpeut pbphial s b( BMNs )moaoc
(PBMEC)Y one hour. Pl asma membrane damage was

uptake and analyz@damhyspgl awed ySbBdhe omga8n bi ol o
replifoat A%, .*BPB ,<0.nd5 Cd nma i*rt Pkt 0A)0,05B) , and C)
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Pal mMb dt eSha uersRiursu lGemlBxepr essi on

To investigate the reason behind pal mitate
pal mitate is modul ati ng St.h ea dvuieruusl ge ngcreo wgtehn.e Qeux
target, t he SaeRSmponeindnpsyiatudmube nses neutr

controls virulence gene expression of toxins t
f 0. alluegs i nf ectéato.nad BbT)g.ogWeld ueleat-Pra@ MR®

det ersmiggRene regul at i onhaaste sv.a rTihoeu sp rgersoenthe po f |
aurgusewt hr edlgppuMnat ed eax @R ansicw n-ggwdonentgradwnphas
cell, but not i-grewnl gebtat{BnguyepBAre demon s
the SaeRS system early on in growth. These re
found tthitemnceantr atiwnedfi patbwd awet k i s etnhi bit
al 2021). Earlier literature has also noted ot
sever al mechani sms i1ncluding: membr ane <curvat
bil ayer net negative chargenrefsp@Qaes® by f[SatetSy
et 2&11.7) . This finding is not exclusive to pal
acid have beemeduwluantde tex pdroewsnsi on oé &l Sa R 1t;r ¢
Neumanna2015) . It has been even further sugge:
and other regul atory protei net.fa200n2 1bi.n dlihnigs tio
complicated i f we consider internalizecétpal mi

al 2020). While we did not attempt to narrow

—+

ranscription with our experirmgnutl atewetcanstrci

saeR
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We then wanted to validate this finding by
of cytolytic toxins contr eltl 200.60,y attohy@OdB8th)e.RS
Transcriptional analysis was per flowukneBl HbgABen
(hl pA anduPWWe( obser veextplommtenat ami g hase, pal m
downegul akadduN whi lgs only srhdeguwltdtye d owWhi gu
Il nterestingly, bl ulkarmBdi \5 tvaetoi eeqafr yt epch aisre t he
pal mitate codmmpared htmo chmicgppadirm| s whhwe & modest t
responses to the presence of palmitate (Figur e
sagRwhere pal mitateds effect r-eexppr cersesretdi atl h ep heax
showed no changephbays detarimgkesd as e vnaahriyghmak ABhe e
anldudPN r efslaesdrtriedidee se t oxi ns ar e scyosnterno |elNeydg abayr dt
2010) .

To advance these findings we have started
transcrS.ptawmewmwgg RNA sequencing (RNAseq). To
experiments at wearly stati onasrayehRp g AudedB.r eR NAoste q

significantly modul at ddidvt weaasr |syi gsnteahtuitcanmaerdyy, b

early stationary phase. RNAesxmonreenddsaal t @d obe o
TaqMafni ndi ngs. Al |l thesaea erxeas wlft d ufinalt |c foil o sli izeea |
few bacteria reach the |l ungs and sense the e

guorum sensing systems which then repress vir

observedt(R2®21T)d. So, we may pot enteixaplolnye nbtei ad
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phase by palmitate which is overpowered by a
when the bacterium is trying to spread and in

c c

0 o

Eo.z- w1

S 04 3 mm higA

g - g B [ukAB
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2 0.0 2 04 . JukF-PV

> . >

30.1 3

%-0.2— g_1_

© c L

-0.3- <

E 5

T

_0"0'4 I ) %'ZIIII[IIIIIII

w ME  ES e . x

FigurPeal Zni t ategdigemes ex pi1Se s aiscaeaisd sel ect t oXxi
mi-dxponenti al .Sgr cawtale umgWwieosMn ( +) -)o r1OaMpi at | hnotubta t(e
mi-dxponé MeEphrdasredo ear |l y( BEplaaseoenaanmpd RNA was he
subject edE t etaiTREMaR. Gene transcrigtys BData noq
di spl ayed arceh atfhgepp)gnfe ainn diod &1 ed i gen e oS.t raeuatermesn
onlay respechi pbage ofvor A) -eaxnpdo ncecnmp aarl.e dDleacaemif
di spl ayed°®°SHBM wo fmeanbi ol.ogi cal replicates

Having demonstrated that pal mitatSe mudelust

early on during growth, we wanSt.e daatnod uassesue srso phh
interactions that would normally occur early
exper iSmemtwaeugr ownx poon emitdi al phase and then e

neutrophils and varied conabéghAreaut ko, n danédiA Bp a |l n
virulencer gzinR®BPCRsi mdWeval soeasvfescsheds part of

VIl Secretion System, speiga@inat gedcénsébeepresen
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and pul monal gpesta rd20xd®hintti onal | yf awwd i ic ifvaetstyiag at
acid kinase necessary for i nc®.r pourapie dnr aorfe § at
( Ri cedezanl2.0) . For thiS.sagrefwese-gapponmaerni al p ha
exposed simultaneously to varied concentratio
PMNs-regul ated the expression of thet. a®Bhld4d as
Despite the nstafonghiexpgessi due to presence o0
expression compared to when there was just ba
manner ( Fihd,lareex Bos urFeort o pal mitategal aPblst hms
(Figurel 3% ButklA8haved similarly in this assa

experiments where we -roebgswelravteidonsiogfnibotclhnof do

exponential phase (Figure 2B) ,noadna mpawrt afx pirred
these two toxins (Figure 3). Both were poten
concentrations of palmitate i nchlkghauddl, tahnids s

| uk AB untl,anpdl mi t ate repressed the strong expre
I n context of infecti-onghwéewi banment aotntiee I
i's the most abundant free fatty as@ied, fbacteervii
For eslg€@ne, only the presencer eo@dgulbatterd PtMNiss agn«
3) . Fi hakRAyhef-eegabkauipon in both presence of

Fatty acid ki nasdeul(aRaeksA)t hien dsiirgencatlliyn gmoof t he S
fatty acid intraeaté®dllud)adupoovlo (Biiscsehati onsh
be i mpoBStaauréosencd. @QROAEF] . Overall, t his ac

transcriptional response differs between just
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effeSt @awiews ence gene expressi orne gwhiad e dwa wnl
presence of PMNs . This is physiol ogS.cadudrye usel

encounters neutrophils but also senses the pr
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FiguPal &i t at e enhoadiuilvaet egse nre e xSp.r easgse enens od f viamrti eo
in the presence afwamal gtrroovnRk ptoos emitdi a l phase an
varepdal mitate concentrations and PMNs for 1 ho
t o TaEqrMmienl REPCR. Gene transcrgpt BDweaedhnsespmalee
me a n -cfhaalnd-e)go f i ndi craetleadt igveenet oSt reeniygat Dat &l
di spl ayed®°SHM wo fme3a nb i atl egy.i ¢ al replic

Pal mintteetrBac st § vy avliotxdi unss

Al t hough we identifie8. thdatraapssst mi paten mac
producti on, providing an explanation for how
we wanted to tackle was i f palmitate could di

investi at ewtabBusgrown to early stationary ph:
preincubated foril188r OMdpalPh&Np eneentbs awiet Il amage
after one hour of i nchhlati am. | Wkitlaemtpal mmecat e :
|l ong preincubation of toxins with palmitate |
This indicates that pal mitate has a direct e f
toxinstha&t vpal mitate could i1 nteract with toxi
whet her palmitate could directly -pmotkrat e d MNMIs
pal mi oateari ed timepoints and t hesn iegxhpto steodx itco
on PMNs, but not comparable to PMNs exposed
Regardless of the preincubation ti me, pal mita
PMNs as there were no oditfrfodrse n(cSeusp pcl cennpeanrtead tFo

To understand the direct interaction betwe
pal mitate was degrading toxins during the pre
toxins were incubated with pgPAIGEIOt atoeanpfacre GO o

toxins only to toxins treated with palmitate.
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k Da, 15 kDa and 13 kDa (Figure 4B). Al though

identity of the secreted factolrsloded&®onrsutl he

Suppl ement al Table 1). Several additional exnp
factors ar e i mpacted by pal mitate. Ulti mat el
el ectrophoresis followed by mass spectrometry

No With
Palmitate  Palmitate

>
w

Ladder

180
130

Hm 0 min incubation 100
=3 30 min incubation 70
Ea 60 min incubation ”

40

% PI positive PMNs

35

25

15

10

Fi gdPercdubatS.onnsofpes nat ants with palmitate re
PMNAA)S. awasugrown to eafblyasuptcoabayt phasee
diluted to 1:50 final coamoe nwi(hhdmd nOM amall mirted
37AC for 1 hour, then incubated with human PM
assessed using propidium iodide (Pl) uptake ¢
bi ol ogi cal rwe [ lhi cea treos nmfbatnSsANs h* oPw T<nGmr aOgSN O V A

foll owed by Tukeyds mul-RAQH egxcloaopfape s on-t aasb.
incubated ewliA®G wadwsttlarted ttadi enaty phase. Sup
preincubated with or without 180 OM palmitate
stained oMmAGE 9reBD®%s i ndicate differences in b
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Suppl emental Table 1S. Pabbeusnssi zes of vari ou:
Gene Protein Size Source
hla 33 kDa Bhakdi et al., 1991
hlgA 32 kDa Staaliet al, 2021
lukED LukE 32 kDa, LukD 34.3 kDa Duet al, 2018
lukAB LukA 37 kDa, LukB 35 kDa DuMontet al, 2014
lukFS LukS 33 kDa, LukF 34 kDa Kanekoet al, 2004
Common Chemical Surfactants do not Reduce Cyt
ofS. a 8ercerudst xidn s

Al | det ergehusdging t hose choanvsa sti ncgri bf c dla
concentration (CMC), which is the concentrat.
mol ecul es, begin toSfoamupéamnararertrs twerntesexpd
and chemical detergents saponiThwedstatdi wmr dede

concentrati onsexpFoesaerd lyi sSt.a sassauyparswteat alrett € r gent
choice and PMNs for 1 hour. 'Bdllmitti sotne ofad tas pCr
5) . réberenddpat met 28@ concentration used for
of t'hef 1t/ e CMC. Among the different chemical
recapitul ate the effect of the biological det ¢
mi cermdyadtd he mechanism behind thé&uptbteectiese s

ot her biological detergents remain to be done
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Palmitate Saponin
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LAasudbul turedstuati bnnaampkephasants were harves
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Tween80 ar

e ail,

mi cell e
F29 | mMs :

deet er ge a nRMNatt

0.

v3a7rAiCe & ocro nlc

concentration (CMC) for
00693 mM,

012 mM, re.

di ssol ved@lias mBPBM8® mbr anee daenh gles iwag mrsopi di um

and analyz
bars sheoai
comparison
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not common. Previous work highlighted the
reus Bofgetg RadiPB(edt ecbesabay at eldvofb.aptet her
uci date the mechanism behind how |l ung surf act
udy investigated the influence of Spabmreaste
rul ence. We showed that Spabmeeatgeéedeliaceodr s
man neutr opbwhegul|lPa&lerdatitalteee s o mponent system
ith key toxins it regul ates. Pal mi 6at aeufeush
rul ence factors when incubated wi tSh mauttrusp

creted toxins althshghegtddhhemiobasler dat e ogpe wtas
Literature has previously noted a potentia
en suggested before that fatty acids may b
milarly, Sdelausetucm@wm o0 bind b 1PpBEyYphoMhiigi
phai & okxnamwn t oF JpSetlde&I8MLNli.ispidds e(ct bi ndi ng may
terfering with toxins binding to actual I mm
done to elnuicsind abteeh itnhde tnheec hpar ot ect i ve ef f eci
fections, the effect of pal mi t aStter ephoobdbeu
eumamiflaemophi | usemaif hs eiha aNeeex td estteerpnsi noefd t hi s
to assess the protective effect of pal mita
t hogens. This work wunderscores the i1importa
cterial ®.atdeomgendermdrkset rates that component s

cterial pathogenesi s.
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SUuppl ement al Dat a

RNAseq Gene Regulation Genes Affected by COG Types
4303 Function Unknown (S)
200 Replication and repair (L) —
00 Cell wall/membrane/envelop biogenesis (M) e ———

Amino acid metabolism and transport (E) e ——

1000 Energy production and conversion (C) —_—
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Human PMBsncubated with or withvaut ed80 8OMbpal
aureas grown to eamrlupeshatiaohar wepkadar vest e
concentnrdataidadre,d @ o sampl 8 AfCof oirncdu hatuiron Pl asn
was assessed using propidium iodide (PlI) wupta
3bi ol ogi cavli trhe plriroamédBPFSEMshB TwWwavgalxy N OVA f ol | owec
by Tukeydéds multiple comparison test
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Abstract

Pneumonia is the sixth | eading eda2al23).f de¢
Usual l vy, bacteri al pneumonia complicates an
pneumoni a eicncfuercst iaosn aorcoa secondary infection,

by bacteria which det eriminnds atdh en gs & we rmotryb i adfi t
the early lung col onitaaplyl oscEe@ceurssa)upead euosjteen
virulence factors that initiate an infection

|l usgr f actsgretcsivhrnfdact ant componamtes kaawaowm d pFal

virul &nceaaduprotect host i mmu,neduwreildg ifmnfoerc tbi
natural def enTsheesr earies wee agkaepn eid8. kaiowe teslaglel v broag
to presence of l ung surfact aSht .a tHoeerdedi en, s wref asc

component palmitate to understand kari gepat hoe
stullly,agrews in pal mitcate ewSsepdBhmduehsi tcah syest ei n
shown to cleave fibronectin, fibri.Angesaopgé&nnc
mut ant sasrsapiBd,e moAGt ray teat axidaicteyd agai nst PMNs
| ysBxsp.eri ments swesdgeEKpnesdioon foll owing incub
surfactant. Additi onadettxp@s @éneeds.s avweorxeu cso n d L
directlewiitnht eprad onti tcalteeaved neutesphinE omdck ancik v e«
Further studies willtlhap®Ba8stoneshabkioshamdeof ol

how it interacts with | ung surSf.acatuanreta.ectd mmo n e
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InNnt roducti on

Pneumonia is a common cause for hospital a
the main causes of death of children in devel
pneumonia s a maj or cause of mor ai diithyf eant

Staphyl ocofcuaumbsemancer ni nngeainsti omtot pat hogen a
cause of secondarBorbgpedra?@l 8Ppree/dmarsi Bmaqudi e s
Chaplthefeede monst rsautref achthakmii uage, a predomi nant
surfacta&nt ,aviredibbea c e .

Data col | ecTtwodd e mt Cfhigepdt autp on of t he gene e
protease SspB following growth in p&l mauates
extracell ul ar proteases have been shown to i
damage €PabAhll&k;etkaallt®lk3ga.nmafsiufst eemacel | ul ar pr c
whifcihwree exfoliative ttoxelnls adlse@oinem bdred fprodwe
S. asteasnse{Raimb2@yr. Tthepnr oémasmesengproduced b
strainet GdmABA coimxeirs tn eolfp rket gpgamea cedsnpsl ABLCDPDEF
zinc metall opfadlirezystauneolpyosepsdasdsshappbppa
(sspB and se(ispal spor ok recavsre aest . V830 A0R)a.miRrewt eas e
usual ly happeexnpso ndduratsimagla ppost t he sy ntchoanpil £ tcoefd c
(Karlkssah®01r)hough there are Smamly pPgostpase dae Rl
play an i mportantdepémrdemt qgluom g neta leaReOi2yi@t.i © n

a positiwvé pegutlasers al so r eswhoinlseé b3 aer A oirs ma ¢
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regutasponsi bl es df bpe sawlihtecsh nfs,om one sytshteem t o
changeafrdigygmcol oni zvaet isfthKaagtee s s e @ 0 hatg.asdi0O15) .

The four majuareoplryostiena,sesseri ne praortempeet ¥8t
for bacteri al i nf ectietn aaknlbilhtos)sie vs @l eti evd hprsd t
variety of di fferent functionsdegoage omobe el n
fibrinogen, evadbey tihnehiibmnui nneg styhsebieceapdIig.thent
Juse&to. a2014) , aid iIin nuterti ear2t0 2®¢ q u idsaintaigen t (hRa
matrix, inhibit neutrophil chemoe¢taxaasOMhia)na i nc
secreted proteases ar e kaloswathetgaotaode elmaret enroisu mdp:
prteismsgBuad ace pr ot edibm nAlianmgd pfrielt re®iiddg)g. mda mzheer
suggested that this iradlemntghfe epxattrhascgeel hl @usl eaorw mportoe
reprsesaenttransition from adhedi a2018)invasive f

Since secreted proteases are potent, in or
four mainupeoltgasrs V&ar E&spBodude®&cpsh zymogen
prperocgPsedeaetocal @lh7e) .protease exPs piBseda i my stthais
protease part of stpdéBoOrtarnosiclreidp timmr@anmaupuirdantoit oel
SspB, aureolysin matures serine protease SspA
form eBRadW.5) . Hoiweveot @ahssrict requi sémént a
able to produce Sestp Aa2dhfidh &SIslpyB, (aRsa mainroetzher r egu
Sspwlor ks as the i nheti20bls; e@ftHaRh® ORs5P[BS haavn c | e a
fibronectin, feitbra aoh@iemi § g ¢ & iBuiradtsatka2 0 0OWhH i ¢ h

aids in translocatspB o&ntiwerpathogamdem wit!l
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vascular | eakage andetnd2a@GashpBe patl iso $lasclan( Bunp
S. aaveuding i mmune cel(lHealbyaXdlge)s.tti BmB pcsam i
monosytrepressabigli t(yiteg.hah &Modifaux t her divert i
away S.roamceugidan easvpe €CO®1CDBD31 on phagocytes.
receptorsapaptedgelirociyn osi { Shmagmaal bfgpetalges
2019) .

This study found that cysteine protease Ss
observation prompted us to form the hypothesi ¢
S. albwegspathogenesi s. SSs.p Bauroeeduuscse ch gcay tnostt o xieaui

affected blood Iysis. We hypothesized tShat Ssj

aureosgins, however, whether the protease cl ea
be determined. Euretalveargrmo reef,f i Ss eB&cy of vari ou
remai ness ttaob ébned hedt ure studies will need to inv
protease in lung infections.

Materials and Met hods

Bacteria Strains and Culture Conditions

Staphyl oc oRFEGIEy paeureSUAS3 00 sterta2ad0.6&) ACwyd Di ePpe
exper iSmemtsgs.easn JE2 Ferys ed) ad LALOdDB¢ ant s used
have been genamat dasGph ¢ wwERBRYy. a2ML3 ant s wer ¢
generated through met hoedesl .de2sOclr8 )b.e dF oore falrle g »
ones with nor mal humaoaulstuuend baetra@iigatcahndurs

mL of tryptic soy broth (TSB; EMD Millipore)
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with shaking (DpoOicpim) dans i3tgydCavtas 6 n@ as mr € D u
NanoDrop 2000c Spectrophotometer (Ther moFi she
were determined by plating diluted samples o

enumerated the foll owing day.

Reagents and Preparations

Pal mitate (sodium palmitate)38ps PBafohase:d
experiment, pal mitate was dissolved in 1 mL
concentration of 0.18 M. Subsequent dilutions

SaureasomissmBnprotein (Aviva, CAT: OPCAO041¢
concentratd.onauePeuarsbfiineadnt LukAB (1 BOTO BB)i owaes va fc
1.812 mg/ nd.. PNdupratein (Anti bodySystem, CA
mg / mL .

E-64 protease inhibitorAlwas cphur-ZBPs 67T acm
Protease I nhibitor Tablets (Ther moFi sher, CAT

protease inhibitor cocktail

Surfactant Extracti on

Pul monary surfactant isolation was perfor mi
previouslgt egdIOdel mBni@57NB)/ @nurriante ((F344BN) | un
was homogeni zedlidn D3I rhle cacfo biscgghosphate buffer
grinder. Homogenate slaeMrcel Wastpassed ot 6ogle
at 300 x g f4Q. 1T0h emisnuupteersn asttant was col |l ected

tubes for centrifuljytmiomulads TLBe 0M®s uxl tg nfgors u
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aspirated and discarded | eaving a pellet. The
at 060 For experiments, this was considered 10
purchased from Onybiotech. For experiments [

surfactant (at varied concewmdrmrmed oma )3 i@ ud d e

wit kL 5®0f overnight culture. Samples were incukt

rpm).

Gel s

For gel experi ments, sAMipdDexE aveemml ir elswfsfpeern
boiled at 95AC for 10 mi n.SDMAWGLEe igred swernael sse pa
Silver stain (BioRad).

Folri gui d c h rnoansast ocsgpredci-@/mM@S)r yi dent i fitdhati on
Sskepr navwvanessepar-aAGHEH, hWapssmsdBEsed and WYeinten i tSyt

Mass Spetacometyy

Growth Assays

For experiments investigating growth in 18
pal mitate wasoadd&Bampmed.Bo mBAC. Growth in s
10% mouse surfactant, 2% -caltt sues aweme tl,L noc ullé
of overnight culture. Samples were incubated
For experiments wupbrn8taapeduwlstour ed for 5 h i

glucose wearld egtaglr iAM@a2R2or) and diluted in DPB:

incubated with various c8mAGunds and PMNs for
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Rel ative Quanti-RGR i ve Real Ti me RT

Transcr iSpti ®awgreeods was assesEtsedalust nme TaeM
transePrCRptPaBIRe as previously destc2®ORO¢d @iogv e bl
alz2z005; eMoy®dIed) . Boculetf hryed ssitor ai n se xweornee nhtai ravl e s(t
ORos 1.5) or earlepgsBabd) ophaye (&S; gO®ODwWwt h, mect
a FastPrep FP120 cell di srupter (Ther moFi sher
( Qi agen)E r efamilgnve® ORI was pRrifrnemedarsd rgaoRarsd of

sspaBe | istéel.ow Table 1

Tabl e 1. Primer amdydRxjohsemsd Bquences of

Gene & Probe/Primer Sequence
sarRForward Primer ACTTGAAATGTTGCGTTGACTA
sarRReverse Primer CATGTGAACCTTGCTACAACA
sarRProbe AAACCACTCCTCTGATGCACATCT
sarAForward Primer CGTTGTTTGCTTCAGTGATTCGTTTA
sarAReverse Primer CGAGCAAGATGCATCAAATAGGGAGG
sarAProbe CTTTCTCTTTGTTTTCGCTGATGTATGTC
sspBForward Primer CTGTATCCCAAGGATTCCAGTAAA
sspBReverse Primer TCCTTGCACAAAGTGTATCTCA
sspBProbe AGCGCATGTCCTAAATGTGGGTCA
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Human PMN or PBMC Pl asma Membrane I ntegrity A

Heparinized venous blood from healthy donor
approved by the Institutional Review Board fo
donors provided written Huomasre npto ltyom@rapht d cu gplad a
(neutrophils or PMNs) and/or peripheral bl ood
endotfaxien conditions (<25.0 pg/ ml) and cell vi
using a FACSComkit burn ocBRo®BNncyts9 as MNegaxati deeld. pr
2010; e&top®dIPAh Assays intoxicatiSng apMMti swintsh wex
performed as pr evidet s2i@0yl.2d eeskcl2ddtbke )d. ( Blyigefal vy, s
froéem asuwvdbdwlstured for 5 h in TEBtwreeml éfDaBBee)
and diluted in DPBS% ®WMN® @x pBBKGs tSol xahlrieaids
supernatant. Samples were incubated at 37AC f
Ther moFi sher Scientific) foll owing the man uf

FACSCal i bur Fl ow cytometer.

For PMN chemokine experi ments, P MNNs wer e
for myl metl Rivglygngl,al anhook at 0.5 mg/mL in met!
concentration in RPMI was added to 2 mLs of PI
after which 0.2 mL of LPS (stock in water at

mg/ mL and i2n chuobuartse donf oirce. BMNS Gax esg@em tnrait faung

extracted.
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Bl ood Lysis Experiments

S. awaesusgrown as described-cabbueedai fbr gbt
Sampl5epPrergepotted on a sheep blood agar pl ate
37AC for 24 hours, and then at 4AC for 24 ho

measured with | magelJ.

Results and Discussion

CystRrione asRe g8 $3.B easbartehuosgeni ci ty

Since palmitate, a comppmnesnsaeuwrfe ulbuenngc es ujrufsat
l ung sumwkadtharetsd,i gSat eadp rseetidened sepdo n e tpo esence
pal miAtneotnegy t he fseewrpent @tdeibnys ear | y-PAGERtanmnalay yi
demonsarracaed appr @i rsDtageB iyglur leat was seen in s
exposed to palmitatelL6GMS/ MSoti diemtdd rssepdd $t. hed as m pbl
aurevystei nawhprca2 ekadaei t s r mpavtassreda nMfa@ 002) . I n i ts
for m, siist e4 MMaksBza tmi a2)0Mh2d ch we have al sowheSnser vec
aureas grown widtah apaldmiit§ditoedmncrogn fii $ en@ dWw doe/k
which demogsbwahednt hhe presence of S.ataur eawcs

proteases | i kher sfscp &22@ihd SspB (


https://www.sciencedirect.com/science/article/pii/S0021925819720237?via%3Dihub
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0045952

80

Whole bug  Whole bug Supernatant Supernatant
no with no with
Ladder  palmitate palmitate  palmitate palmitate

180

td

70
55 P
40

35
25

Fi gudrGeg owt halimm t@tds eicnrdeutcieon of a .LAACt eivrer ati gh
cultures were grown ticrulTSu@aewit ol | glhn@ec ys @ htalsen i 3
or wilt8héodMupal mi . &HWPPSB®ES gel with culture with
supernatants was stained Silver stain and rep

To invebyi gatie protease i s consistSEsnpBy pr
knock owersetdmedathedSwi bdERBB80 baskgprp)ndas( wel |
ashransposJoEn2 Isitbrraarny whi ch derives from the US
its native @t.asdhBldX)atghppe bk enir ds omanmtudiemnce fact o
PVL toxeh. aDboe@ep), witR&t isheompasmaitdyvel y | es
CompatiARg andms sLppdBZt ol yti c capacity asgaenstat &M
dilutions tdheaeamemupt€r sntad eyt tso tamadi @f f ect dswpeB t o |
coul d dindgerbreedi0glYeA , because JB2gbhepkesnat ant
concentdamrthe®eoused t he same MNfsf eexxthi (bFitgeuwr eno2 @)
damage from superlnacdkaisnpgs nifem @imc asttirnag ntsh at Ssp
cytotoxS.ciagFeoafssre 2B and 2C). | sshhBscegi imolbsr
cytotoxicity | ewvsepBhbwt LtAICI swimeahyoube expl ai ned

backgr®Grumvwsh n otf | ubeyn cleadcskp Bdofut due t o small i n
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pal matatéde concelfFtlUamasarc dosngd for tadl acxpemt mk
t hi s (DRingh) r2e P2 gV i d uhdasslr ad trulraaids t e i n & ¢ pp& oot neoat seed
intracegltlotloaSi.ciatdye@aufst rain towards epiatdhealoi al
effect oncynort exiet &ztnjea) HXI e, we are finding t
involved in cytotoxBScntg &gpBnss kmmwnetoel Ing
(Si nggth. a20a@mbl 201@eitially thought tShataul3sepB
cytotoxicity agamonshupéeenapheerébl sviefl cBuBNWE stpBa tHo w
del etidndosthdmoeore membr a®d& Mdaatmalg:e5(dait laumipd n s hov

as it does with PMNs.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8443034/
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urSess pB. Mo Bul aatweysd Wd oxi ci tySagasneas PMNE AC a
@ssw8rger own to earl|l wishaandn@MyalprhiStsaat8e0r e u s

rnatants were harvestsedfordilLA€Cedadlgrfo unna
ground, Bnesdspeafttiubaltyd wihdhyrhp maasiPeMdsnd or
AGsspBr (ER a@aogsds fJERWECE grown to early s
asupesnatants were harvested, diluted to

ckground and JE2 background, respectivel vy,

asma membrane damage was assessed ubowg pr
t ormmedtrr YA, .B.CFJsd cOIl | ected aftDeramgdoWER. $or all
ta are freml3clhitelsodioc*adr M, 0, P&i*rees t0.f0dDr5
and C.

(@]

>oc >
® 0T
5 X @

WOUOO TDowmrounu T
P T O

To commnivews etihgeatii mpgppBtSomfapeae o germd Dicd | ysi
various proteaseusmsrhgeba posogdwans Whb#degpedand mut arl
wer e grfoiviwneudrmsd t hen pl at ed toonisseheée @pr Bl wad pha
bl oodWhilsé sytshes ara@amad pifo tleés(wleaumuuttaawetsse mi | ar
thel ysi sofsasrpgBat amt LAC background compared to o

consi stentFliyBugmdi t ehtadtp@@ pl ay a r ol ey siimsdleleaqgd
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t her e havehibretemnn g ecbpeotritcsr ah ity ket Milean naansde Ss p B
et. a2020) . More experiments are needed to und:

l ysi s.

* % ns

0.5

Lysis area (normalized to LAC)

Strains

Fi g@mrsep@ay imevol $edabnead.S.ysamsueastsududrteur ed
for 50 thOBiressh wilt8pal mi t@ulet ures were spotted
which was incubated for 24 hours in 37AC and
nor mal i z eDda ttao alBBeC dlroogn ¢ aMi trhe pelrircoartmebssf iS5 € Ms h o wi r
*P <0.065, **P < 0.00wagndNOVA * PJ Is kGadyw eODul dtyi @n e
comparison test. NS = not significant.

sspBanscript ni & BlereaBaéeamodadat e and
Nat bruanlg Sur factants

A variety of el ements regul ate protease pr
SarV, Sar X, Sar zZ, Arl| RS,Gion@dY ,a2)Bdatd,n gMgrhle,s ea n dS
i's a prominent protreagel! atega |l @at od u witviaac R d fe wmr
repressorTofi SaedtpiBgda tpet chtaews e | ptainAgaivRat dr s
be affected upooompgpopead rneilt.tadaecRtMNEB8sS NS wieo e e x [

PMNepal mixpoeuruBNMiNenl y sl ightly mosdusRag Aar exp
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ssgBi guExpos)sure to palmitate IinOnégseéd ehpepr es
sspBt he expression was upregul ated after expos

t o PMNs.

b
w
(9]

sarR sarA sspB

1.5+ 0.8 1.0

0.6+ 0.5+

1.0

0.4 0.0+

0.5+

0.2 -0.54

0.0- 0.0~ A0t

Fold change (Log,) expression
Fold change (Log4o) expression
Fold change (Log4,) expression

\?'0 6\\@@ Q““\e \,v_(; 6&‘?}0 Q‘xs\e \5’0 .{{5@ Qee‘b
0 x & x &
o * o *
o o o T
N W F

Fi gdr eModul aarsparysRepB presenceocor@MNPal mwbaus

grown -@xpomaeant i al p ha8&éMpand dnoaPdfiNass efdo rt o1 hour &
RNA was harvested and-PERbj Getned tranTaqMpnB R
gyr BData di spl ayecdh aanrgee tohfe immeda actaiftveedd tgo&Snter eat r
aureuobky. Data di sSpEMyedd S8hobwomeagncal replicat

To understand the relevance of SspB in cont
ofsspvere investigated in the presence of pal n
pal mistsgtBes, s | irgehgtullyatupd glay i mhdni ¢ phasbyamd yst r ¢
stationdgrFy gbphasihs st o be expected as SarA re
profoundly duri ngHolwaetveerr , g mowtske , plraagses.and t he
sur fact abngr ol nmcf tsgsdir refgiu dematr At e-mogar i t h midownhase
regulsath&d early stati 6Bhaa®d Tphheas@i f(fFeargaus@® bet

regul ation in the presence of | ungr csladssfpaBct ant
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under the conditions tested or different coneceé

may i ns$spBinmet he l.ung surfactants

1.0 0.0+

0.8

-0.5
0.6

0.4+ 1.0 T

Fold change (Log,g) expression
1

Fold change (Log4,) expression

Fold change (Log4o) expression

5. GenesEkEBhpvassioos Seseunwastugmtoswn i n 18
(A), or 10% mouse surEfteoc thomgta,r i 2% mi &
|y stationary phase ( CBE RTPRNRA wiaesn eh a
s wgeyreBDaotranast hewn &£bea ngSe e ocafueraenu sf oslsc
S.trn@atmsesnEr wot h P SEM ophdBcht el mganoal
and C.

3 <

re
I'tate
or ar
scC pt
ti t
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t
e
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e
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|l nvest iSgpB igeBatddfe rHD 8Pt obei ns

SspB was invobBbvedoyveosexuci hyg against PMNs
hasweirggested that proteases may <cl eave secrete
enviroHKomeeatt sa2@h 8w . a2 Wpb)n.dellelt i on ofnpreasasert
abundance etlxlhpitlmaxnn, PSMs, Luk AR, moRNdsvienamale my a

observedt.(&2001a3) . A waesruigngee Sheapdiaatidiiboax i N E€Li nds a


https://pubmed.ncbi.nlm.nih.gov/23233325/

8 6

al 19%99) aureolysin is known to conGirmdta.tdile st
2019 )Alyssot,eimes pirmt etalsleirk Bi®a c et o&@ occ al pyrogen
producSeéd elpy ococcawnms cdymgeenmens secr et €dr el @l enc
2011

Given this ebakkpotohuegi,zend t hat presence o0
secretion, stpecriddecad | yi SslpB, SapiemnatlbA@T bef so
JE&Znd respective mutant strains showed no dif
SDPAGH ata no9t Asdndown on of pursiufpieedha$SamBspipo e
stralie®ae did not s@awaamypyNdshbesweadeSspMawri fie
able tpurcilfiae@ t oxi nsnd fPAILptrernve tu,s Isu WAIE a e mc
SspB activity happfemreds ovmd ho n i1t hnik anyesttsehsasl u b s t
20l MNeither an instantaneous combinahowm mpife Ss
i ncubation of theacyxtiai e dpramtyd dhd ex gwit®h ei t he
Many other experiments were conducted to det
productlAC,amredsELmEr e grown in palmotaatepn,asldown
pur iSsippgBds i ncubated SwipphemahmatbatBie gssayd) wer ¢

inhi bit cysteine protease activity (Suppl ement


https://pubmed.ncbi.nlm.nih.gov/31645429/
https://pubmed.ncbi.nlm.nih.gov/21707787/
https://pubmed.ncbi.nlm.nih.gov/21081759/
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2 hr instantaneous 2hr instantaneous
incubation incubation
LukAB LukAB PVL PVL
SspB LukAB + + PVL + +
Ladder  °nly only SspB  SspB  only SspB  SspB

FigbrePurSs p@8eaels not ilnukeABicaP wh UWShp@t:dAa dti on
was incubated withdiwWAHK @oar 2P Vilo u(rast alt: 4307 AC o
without incubation instantaneouslPYAGESNkklder st

Given we could not f&ndahowusSspBwe nwereact Ise
in seeing if it cleaves any host proteins. Ba
SspBpBiSeaverse Caytiocrh has an amtagomapsit ssaphbea
A can tchCecE@REBhemoki n® nr eme e pRricen dddlcsmO0il &hi | ar |l y,
Srept qpcyoocgepinse s ease CX&EhWBed e@ia.ta2 Orihd )s. pr ompt ed
test i f SspB may also be cleavingUrfyontkumatelp
we coul domolkduisfefeer ences bet ween PMN secreted f
with or withoutl phoughed h8spBaz2z® Isha ghitzad e

which are around si(zris)wrfe several chemokines


https://www.frontiersin.org/articles/10.3389/fcimb.2017.00166/full
https://pubmed.ncbi.nlm.nih.gov/20158613/

8 8

SspB PMNs + PMNs + PMNs +
only DPBS SspB SspB
Ladder (1/10) (1/100)

— ——

v
[

25 (- - —
e @

. | — — —
10 " - — -

FigurePurSs pBhag!| eatre mokpirmedsubcye dP MNsman PMNs wer
exposed to FMLF for 20 minutes on ice, stimul:
was extracted and S p@&8tubated with/ pdd0i Eoeadentr
37AC. Silver stain waPsAQkEergfedr.rmed on the 15% S

One final thought waSs taluanteuisfi tpalsmiithat déesil g
it i s possible thatsosmegpghiing pmodhePd gtnmd csiue d \a
of ung surfactant proteins is not wel lsisntcuedi ed
degr adatA oanl faofwaRIm eaggregate and att®&chkatd pul
al 2®2evious | ittehSmtpBrel cAdpead it Redaty a@ adan@) y k a
a cysteine protease hbas( Zbhedgennga R OLILSNsgat £ @ c tt aon tc u
composed of 4 prit &8 M-SP aviDd c Bvhharc&6 3P 24 266 , an
kDa in size, respectietl| g2 oPbowsdtshmalydehse il OBr8e Kb I
to form var{Rubi ona2 0Tibome myyesti gate i f SspB cail
l ung sumnufradti awa sSsiprBovu Ib ot eadbdaseur f acad werMasT.y H

c hanwgeerdse f f incoutldticest laemmount of p&n @eTrhpareesemndem t o


https://journals.asm.org/doi/10.1128/msphere.00059-21?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
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l ighter bands for | anes with purified SspB on
A, on rat surfactantD,at3 543 Dkadbamay i mén d&Bd-¢ t ve e 8
25 kDa whicBh an€&ySHre g8Pe &t hdrdhaekicteissrmaly t o de
Ss pB aa@tgiavlintayg s wrrfoaetianmst i ng with i nvestigati |

puri f-BedSBPafDd SP

Mouse Mouse Rat Rat
TSB TSB surfactant  surfactant surfactant surfactant
Ladder  _sspp +SspB -SspB +SspB -SspB +SspB

150
130
100

70
55

40

R

w

[}
-~
. \‘-‘.’

Figd8Perified SspB may be cl ed®wirnd iledndgdspdBr f(dc
incubated in TSB, TSB with 10% mouse surfactar
at 3SYA€Cemwast piemfiohten®od PBSE gel

Concl usi ons

Bacteri al pneumonia is a severe infectious
mortality, and i Bpaavuseasguamingntofl dmdgecol oni
pneumonia. From its nor mal @pgetssentcreafi fni dked ainr
where it encounters l ung surfactant. Al t houg

anti bacteri al pr8peauresSehaai esbppressices so
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which ensure its survivalalimmteaheohmpogentUpbdour
sur f awcet adchits, tbaér @ | mi tSat ea ussteiewugl satteeidne pr ot eas
Whil ew8spBot i1involved in manhigs ngy s opesdievpd et
the poBenagupésragtaa misdPoPEINS I addugesasSspB to | o
own virulence to avoid being found by patroll
the $aumpB.was al so found to have a role Si.n bl o
aurgasns nutrients or travels iIin thembi aodstr
strains i n mouseepsmosdeansd pinnecunuodniinag nsodel s, to
on pathogenesi s.

Data demonstr ateegdul SastpeBl veaas lwyp duri ng gr owt
points to its role in early |l ung p&taluagarsesi S
neutrophil riendtue acy ti @tweXx ibqiviSssptBi gweatse d eigfa ade n g
toxinmsur met hods di d nprAdtt hgoiuvgeh cSosmpcBl ws idv en orte U le
we were aonmapll et dloy Sspudllee dvuetsa tt heaatlits smay be t hat
aureolysin pl aysSaurreodsei nisn acsl eiatv ihnags kbeeye n s h o w
guanand yover al |l cydtot a2x(bacthItsegp B( haamsi rbeezen s hown

ot her pBuwrnkelaB0,07Altpdadssstithdte more compl ex prot:

need to be investigated to determine a mechan

Finally, we could not determine i f SspB aff
Given past |l iterature findings and suggesti ol
degrade |l ung surfact anett. dalr9i9mMg , p nweeu maoan isao (i Bhovu

cleaved various | ung surfactant proteins. Our


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2064037/
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l ung surfactant proteins SspB can digest. How
is produced during lung infection is that Ss
digesting the proteins whiaomhcmabntadi mctt he i 2tyr. L

wi || continue to investigate SspB to identify

Suppl ement al Dat a
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Suppl ement AIPu Fii fosiupeper-ieud atwe dpal mihtas eno ef fect
cytot oPurciistip@tl i Sal dilution of 1:100) GMs pre
pal mitate foiS.1alwasugabwB7A6 eardpersnaaetaeotnsar y
harvested and ncdiulbat ed ismatme | grseFtod | foiwisadgnpdtlitdiast, i
wernecubated with human PMNs for one hour. Pl &
propidium iodide uptake and analyzed by fl ow
Error bars °iStEdW Pat<® nB&W nANOVA f ®OU h mdeste dnmub vt i p | ¢
comparisdNB tcestot significant.
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* %k

ns

ns

ns

ns

1010 NS ns ns ns ns

CFU/mL

Suppl emegtzaleLAC grown in palmitate wit®&. and v
aurwas grown to early stationary phawédiwhth g
have been use&slpB opr eknaholbstdtganPpd @ hetg. a?0,15and

protease inhibitagaicosktgeher &l64cwotr &isne prot
i nhibitor bl ocks all action of serine protea
ami nopetFiUbda sves.e col | eDattead atriree frmreoxnt 3dwabyi.@l o gi
error bamsasSkEMwWP ng0. 05, *WRYy<AOGOVASf Dinlkdesywe d b
mul tiple comparison test. NS = not significan


https://pubmed.ncbi.nlm.nih.gov/11447146/
https://pubmed.ncbi.nlm.nih.gov/26398197/
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CHAPTER FI VE

CONCLUSI ONS AND FUTURE STUDI ES

Concl usi ons

Bacteri al pneumonia continues to cbmplicat
mi |l lliiogd obal | gt .(&Balk24a)r. The situation is furtdtl
susceptibility of lTung pathogens | i ke MRSA to

hi ghlighting the need to study |l ung i nfsecti on:
This work investigates preventative |l ung defe
pul monary surfabtahbsitinfpomt batiegi al pat hoge
t he mechanisms behind the protective action,

bacteri al virul ence, and give merit to furth

approach.

Whil e it was previously known that l ung
anti bacterial properties, not many reports as:
pat hogenesi s. I n Chapter 2, wet dee momsstt rbayt esdu p g
S. awnews ence and cytotoxicity against I mmu n
surfactant r-reepg welsasti endy SiarelRISence factor s. Dat a

surfactants and a c odrenreirvce da lsluyr Saavcat @ yeaebol seo ebdocvic &
against human neutrophils and PBMCs.
I n Chapter 3, we identified one of the po

protective effect of whole surfactants. We uUsS:¢
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found in lung surfactants, pal mitate, was abl
l ung surfactants. Similar t o suwergfud cattaen tkse,y ptaolx
protect ne@trapyhedsoxiroim y. Al though previous
(pal mitate included) for antibacteri al prope:
demonstrates transcri®.tieouwrad u bkeefnfceec tasn do ff upratl hme ri

this acti omati mpaen sPotoeer aat eowas al so shown t c

S. asupesnatants which is a novel finding tha
The finding of the bacterial suppression by
the pathogenb6és response to palmitate. Thi s r ¢

protease SspB. pawmarcespdryse to the presence

appears to be i mportant i n -ptahteh ocgoemt e xntt eorfa cltu no
al so able to r ®&dua.erAelytshootuogxhi ctietsyt eodf, It 1 s not
i's abl eS.t oatdoismyesst however, It appears to be im
proteins. Further research is needed to expan
SspB.

Al | in all, this data combines to create

surfactSantawuakBdgure 1 shows how the presence o

bacterial virulence by influencing the SaeRS :
and in lung surfactant components | iSke apalemist
produces virulence factors I|Ii ke SspB that ma

surfactant. Collecteselthe timportdanhae uotled g
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understand why secondary bacteri al pneumoni a

surfactant composition and abundance.

4 Alveolar
’ macrophage

S. aureus ’
nasal carriage .

Figure 1. LongpsEsfsaei aunsLeumcges have several na
defenses against bacteri al pat hogens. I n this
which coats alveoli and is produced by type
surfactant rigadhBcoefduogt®s okyci mpacting the reg
find which part of pul monary surfactant achi
component of Il ung surfactant, and det ér minmded |
directly impact toxins (B)S. Riowaluley ,neClpa mtt eera ¢
secreted in response to the presence of pal mi
Future Studies
Having discovered that Il ung surfactant pl a;

infections, there arehssgsveestanvskBnues to expa
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Det er mi Acitn@v etploen elrutnSu rifnact ant
Responsi bPt et eoti 6he

Al t hough we have identified palmitatebds ca
surfactant, the goal to narrow down the c¢o0mg
protective action stil!]l remai nts.i SAsc amp/a seme do fi

|l i pid component sPraesviweulsll yas wgr ditygiontsh.esi zed t
behind sforéobhethnse obs hmpldwor nand demonstrated

Three that pal mitateg wasf ac tcaomiSoa lzdnie o etaids it eydiu

Howe wsairr,f act antands dcacnap lperxesented did not I nv
protelinmsg ofuTd alcea g@int t o identify more componen
S. aur eubeanncaecetdvvea t s up If atbdyiamisr eat i ng hean f detf amte

addi nsgu rtfhaegtr mwtt h.l madt avating the proteins did
of the protecSioasocopaePNMBAsaht emlifyghklyeg ngurcfad ¢ tn
that iitpneteihe em@ompounds in | ung surfactants
Anot her group that has previously shown that ¢
anpmeumococcal activity used trypsin and founoc

due to |ipids ratledar atB&88)proberondo¢(@oongoadur
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*

% PI positive PMNs

Fi gwr e Heat i nactivation of dode mpooOteiedscens.
pr ot ecTtoi Wiataatct i vate the proteins in surfactant
| nfasurf were incubaS.e dawaate usgerfoGunf otro 3ela rnhiyn usttes
TSB with unttrrecaatteedd o0lr0O % enaotu s e , 2% r&.t swrrdust
supernatants were harvested, diluted to 1:50
one hour at 37AC. Plasma membrane damage was &
are 3rbimol ogi ckrlr orre pblarcsa Ci8rEdM c*aPt e<n@eee@ebnANOVA

foll owed by Tukeyod nNS t=i pnloet cso ngpnairfiiscoann tt.e s

Having established that it is not due to p
ot her major effectors in the |l ung surfactant
investigated palmitate for urfiadirtohteu gdhuep alomii

showed esfifsmisltalrung ssthfeanstedhnete € may be more ani



103
behind (tThhi sledfefrand th.e p orsesv ibd s vvegritkil gtadireg ® tmp ,0 ne
of mice following i(Bforgegna A& 0aifrad ly lHierdfea avt, id ante
to find which | ipids were awiftehc ttehde bhye lagn afn fBitL
i s abaweebd t ool to explore | ipidome meeéetbalic
2019). With tghaitsh etmoedll e tc hméea rh asvpee ci es whi Ah wer e
vi ks GA)y.e We have found major trends-ad kemyds
et HeFri gumed3B) ycerophosphocholines being maj ol
(Fi B8Q)r.e | nwoatdlser i n ambhfect spebyesntfheepbasphat
choline Hetnd€hedreae i s iIimportant for growth a
with choline serve <central roles i n membrane
(Bermhtara@ 022). Al though this may just be a tr
possible that species with choline heldhdss hav
met hod had significantecliiensi twaetrieaisd egnsta nfg treala pal

mol ecul ar species were actually processed by
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1.588

Fi gadreBi o PANdomi c trends of mock .MomdknldAVI Anf e

infected | ungsdawer epolsdr viensfteecdd nG8 &ande spap fr
growmhpl e |l ungs were provided to Avant.i Pol ar
modi fied BIligh Dyer @St M&c tainoan yfso Isl ocawedd sbeyp alr
(Borgogna 2019) . Raw dat aOfwalsO 4p0r otcoetsasl e dnotl hercouul
mol ecul ar species were processed. CirCllear rep
circles have nomnadatushalRRgeg!| ehesgessdbave a

whereas teal-sbaAshopwssittrievredsZ acr oss Bt haendl 7 s
show main trends.

While palmitate is a free fatty acid, l ung

|l i pid structuresprot powippe s siels| enmyyth deothledsié bl

t hat have pal mitate. Furthermore, there are
phospholipids in |l ung surfactantps ewhbob gagu
demonstrated t hat diacyl phospholipids i ncl ud

phosphatidyl glycerol, shbboaphayil eyhiamos$ amo In e
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anti bacteri al effects while |ysophospholipids
|l ysophosphatidyl choline, and pal mi-t ey €& ndleynsto p

antibacteri al activity which Itihtey aetohbediBsd Hat t r

Hence, fatty acids and | ysophospholipids foun
futuretogtdetesmine i f there are muilaiinp@drei rvear i C
model s ofS.s emismfdaatyi on Aoswsiimdatt uenzai | | hel p

Speaigdeasr get enrteasxagddrysi bl e for.Foheltihpistdemit ¢ vanael
compamealgt hy mouse -l ufneglcuseg St a faluurednegat etdo | ung:
inflaedzaaunéelsusegd hel p i dentify | ipid specie
i nfectArooom this |ist, we would thetarhkea rahalcd itvc

agaiSnsta.ureus

UnderisntghMedc hanio®Pmdtsdct i on

Al t hoemghadv seen t hat vi-rreud welnactee dg einne st haee rper ¢
surfactant sweanmdu gta | unyd emthsetcahn dhercmlga rsiug mtsahcetiarnt s
componenS.s alftffecuwst yl ibpi d haitd.t eamehbhg@mdt hey ar e

si gnatt wdoomp onemsorsytldm.i si ratl sroe Ité twehrarhi rsaur f act an

to the secreted factors. Pal mitate was shown |
S. auneCklahprteedrt i s unknown i f this interacti ol
and what the nature of this interaction i s.

Est ablixiosghe Sinfufsa@mtnaubte dThaeg apy

It still needs to be detaenrmiace dmd bt [cyo mume e

neonates with respimagt cgrey vei satsr eas st rseyant direonnie o
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against| biagt echiaaban spr esent ed suggest surfactan
In Chad&wber I nfasurf was aschyoewons otxoi crieedyucaegai nst P
when the bacterium was gwewobsarvdae surdamscermran
by I nfasurf compared to natur al surfactant s,
greateandckfdlrrecul d .IHenicreyvedtti ggaetnead ns t o be seel
treat meftoropthecmerexpPpe mice with a secondary b

commeravail bl eats udrifd&f cegfacattsf ecs eeni f t he surf e

can poevewerat the bacteri al infection.
Overall, this work broadens our wunderstand
The protective effects of |l ung surfactants t h:

pat hogensStrewpdlocasc uasn tdimpreenomdn il auesa nidn fsl huceunlzda e b
investigatedRegatdtesses datdi es. this dissertat
susceptible to bacterial pneumonia and introd
option. Thus, we hiogpse tthoatprwimplt Kruitrug eu s ttuad a

for bacteri al pneumoni a.
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Abstract: Staphylococcus aureus (S. aureus) is a prominent Gram-positive bacterial pathogen that ex-
presses numerous cytotoxins known to target human polymorphonuclear leukocytes (PMNs or
neutrophils). These include leukoddin G/H (LukGH, also known as LukAB), the Panton-Valentine
leukocidin (PVL), y-hemolysin A/B (HIgAB), y-hemolysin B/C (HlgBC), leukocidin E/D (LukED), a-
hemolysin (Hla), and the phenol-soluble modulin-a peptides (PSMa). However, the relative contri-
bution of each of these cytotoxins in causing human PMN lysis is not clear. In this study, we used a
library of cytotoxin deletion mutants in the clinically relevant methicillin-resistant S. aureus (MRSA)
isolate LAC (strain ST8:USA300) to determine the relative importance of each for causing human
PMN lysis upon exposure to extracellular components as well as following phagocytosis. Using
flow cytometry to examine plasma membrane permeability and assays quantifying lactose dehy-
drogenase release, we found that PVL was the dominant extracellular factor causing human PMN
lysis produced by USA300. In contrast, LukGH was the most important cytotoxin causing human
PMN lysis immediately following phagocytosis with contributions from the other bicomponent leu-
kocidins only observed at later time points. These results not only clarify the relative importance of
different USA300 cytotoxins for causing human PMN destruction but also demonstrate how two
apparently redundant virulence factors play distinctive roles in promoting S. aureus pathogenesis.

Keywords: Staphylococcus aureus; MRSA; USA300; neutrophil; leukocidin; cytotoxicity; virulence;
pore-forming toxin; PVL; LukGH

1. Introduction

Staphylococcus aureus is a common Gram-positive bacterium that is a major cause of
human morbidity and mortality, associated with more than 1.1 million deaths worldwide
[1] and responsible for over 1.7 billion US dollars in medical costs in the United States
alone in 2019 (2,3]. Widespread antibiotic resistance and the lack of an effective vaccine
limit our ability to treat and prevent infections caused by this pathogen. In particular,
methicillin-resistant S. aureus (MRSA) identified by pulsed-field gel electrophoresis
(PFGE) as USA300 is currently the dominant clinical isolate in the United States [4-9].

The capacity of S. aureus to cause a wide variety of disease in both humans and ani-
mals is attributed to the diverse and seemingly redundant array of virulence genes ex-
pressed by this organism [10,11]. These include numerous adhesins that bind to specific
host molecules, pore-forming toxins that impair the integrity and function of different
host cells, and immunomodulatory proteins that directly manipulate the host immune
response. For example, the USA300 genome encodes more than seven prominent pore-
forming toxins known to be active against different human cell types [12-18]. These
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include five bicomponent leukocidins - leukocidin G/H (LukGH, also known as LukAB),
Panton-Valentine leukocidin (PVL), y-hemolysin A/B (HigAB), y-hemolysin B/C (HlgBC),
and leukocidin E/D (LukED) - as well as a-hemolysin (Hla) and the phenol-soluble mod-
ulin-a peptides (PSMa). Given the multitude of S. aureus virulence genes with apparent
overlapping function, parsing out their relative importance in promoting different aspects
of disease has remained difficult.

Polymorphonuclear leukocytes (PMNs or neutrophils) are the most common circu-
lating immune cells in humans and play an important role curtailing S. aureus pathogen-
esis [19-21]. Previous studies have shown that human PMNs are susceptible to intoxica-
tion by HIgAB [22-30], HigCB [22-27,29-33], PVL [22-24,29-38], LukGH [22,24,28-
30,35,39-45], LukED [22-24,30,46], Hla [39,47], and PSMa [37,39,48-53]. However, the ma-
jority of this research has examined the cytotoxicity of single virulence factors and often
relied upon purified proteins used in excess to what is normally produced by S. aureus.
An unbiased comprehensive analysis comparing relevant concentrations of each of these
virulence factors has been lacking. As such, the contribution of each pore-forming toxin
produced by S. aureus towards lysing human PMNs is not clear.

In this study, we used a library of cytotoxin deletion mutants in USA300 to determine
the relative importance of each in causing human PMN destruction. Our results show that
PVL is the dominant extracellular cytotoxic factor causing PMN lysis that is produced by
USA300, while LukGH is the primary cause of initial PMN destruction following phago-
cytosis of USA300. These findings show the potency of PVL, and LukGH largely depends
upon the context of intoxication and indicate these bicomponent leukocidins play distinct
roles in promoting pathogenesis.

2. Materials and Methods
2.1. Bacteria Strains and Culture Conditions

Bacteria were cultured at 250 rpm and 37 °C. Overnight cultures grown in tryptic soy
broth (TSB; EMD Millipore, Burlington MA, USA) were used to start subcultures in a 14
mL culture tube containing 5 mL TSB (1:100 dilution) unless otherwise stated. S. aureus
PFGE-type USA300 strain LAC used in this study has been described previously [54]. Ge-
nomic mutations of mutants used in this study (Table 1) were performed as previously
described [55-59] using primers listed in Table 2. All mutants used in this study under-
went whole-genome sequencing and the breseq computational pipeline [60] to confirm
the desired mutation as well as verify that no off-target mutations have occurred or that
these strains have lost endogenous plasmids. To generate complementary plasmids, PCR
amplification was performed using primers listed in Table 2 with the indicated restriction
enzyme sites and cloned into pRB473 as previously described [61].

Table 1. USA300 isolates used in this study.

Strain Genes Deleted; Compl ted Toxin Genes Present (| = Downregulated)
USA300 strain LAC none higABC, IukED, lukGH, pol, hla, and psma [54]
USA300AagrABCD agrABCD LhigABC, UukED, JukGH, Lpol, Uhla, and Lpsm [11,13,16]
USA300AsacPQRS saePORS UhlgABC, UWkED, [IukGH, Lpvl, Lhla, and psma [13,59)

USA300AariRS arlRS LhlgABC, IukED, YIukGH, Lpol, hla, and psma [62)
USA300AHIgABC higABC IkED, lukGH, pvl, hla, and psma
USA300AIukGH 1ukGH hlgABC, IukED, poi, hla, and psma
USA300AIukED IukED hlgABC, lukGH, poi, hla, and psma
USA300Apul pul higABC, IukED, lukGH, hla, and psma
USA300Apsm-aAhla psm-a and hla higABC, IukED, lukGH, and pol
USA200AM- hIgABC, lukGH, and PVL IKED, la, and psma
gABCAIKGHApul & ' s S il
USA00ANL hlgABC, lukGH, and IukED poi, hla, and psma

SABCAIukGHAIUKED
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SABCAIkGHApvlAluk  KlgABC, ukGH, pol, IKED; higABC

ED pRB473-higABC-
comp

o e DI“"GHA' pol, IukGH, and IukED KigABC, hla, and psma
USA300AptiAl-
GABCAIKED pol, higABC, and IukED 1ukGH, hla, and psma
USA300ehigABCelukG
HepulelukED higABC, lukGH, PVL, and IukED hla and psma
USA300AK-
ABCAIKGHApolAluk higABC, lukAB, s}:’; IKED, hla and a2
EDAhlaApsm P
USA300AK-
SABCAlukGHApuiAluk MSABC, 1ukGH, pol, ZED, pol com- T
ED pRB473-pvl-comp pleten prae
USA300AI-

T, " hla,
compl tod ¢ABC, hla, and psma

USA300AhI-

gABCAIKGHApolAluk  higABC, lukGH, pol, IukED; IukED

IukED, hla, and psma

ED pRBA73-JukED- complemented
Comp
USA300ehlgABCelukA -
BopolelukED pRB473.  MSABC, lukGH, pvl, IKED; lukGH IkGH, hla, and psmat
lukGH-comp complimesied
Table 2. Primers used in this study.
Primer S e

agrABCD-Top_fwd

5'- GGG GAC AAG TTT GTA CAA AAA AGC AGG CGA AGC GCC CGA AAT AAT ATT TAA
CAC-3'

agrABCD-Sphl-Top_rvs

5'- GGT GGT GCA TGC CTC CTC ACT GTC ATT ATA CGA TIT AG - &'

agrABCD-Sphl-Bot_fwd

5'- GGT GGT GCA TGC GTC AGT TAA CGG CGT ATT CAA TTG - 3'

agrABCD-Bot_rvs

5"- GGG GAC CACTTT GTA CAA GAA AGC TGG GTG TAA GCC CTCTGC TGA TAT G - 3

SaePQRS-Top_Fwd

5'- GGG GAC AAG TTT GTA CAA AAA AGC AGG CGA AGGC GGA AGT CAT TAC ACA AAC
-3

SaePQRS-Sphl-Top_Rvs

5'- GGT GGT GCA TGC CTC CCA TTA ATG AGG GCTTC -3’

52ePQRS-Sphl-Bot_fwd

5'- GGT GGT GCA TGC CTC GGA GAG ATT GCA ATT GG - 3'

saePQRS-Bot_Rvs

5"- GGG GAC AAG TTT GTA CAA AAA AGC AGG CGT CAT ATG GCC GTT AAA CCA CA -
3

arlRS-Sall-Top_fwd

5'- TGT CGA CCT CATATT ACGACTTTTTC - 3°

arlRS-Pstl-Top_rvs

5"- CTG CAG TAA ACC TAA AGT GTC GTA AG-3'

arlRS-Sacl-Bot_fwd

5'- TCA CTA TTG AGC TCT TTG TTA AAG TAG - 3’

arlRS-BamHI-Bot_rvs

5'- AAA TGG ATC CTA TCA TAA AAT TAG TCGC AAG-3'

hlgABC-Sphl-Top_Fwd

5'- GGG GAC AAG TTT GTA CAA AAA AGC AGG CGT TCG TCA TGA TGA GCG TG - 3

hlgABC-Sphl-Top_rvs

5'- GGT GGT GCA TGC GGT CGC AGG CGT TTA TAT AG - 3'

hig ABC-Sphl-Bot_Fwd

5'- GGT GGT GCA TGC GTG ACG ACCGTIG- ¥

higABC-Sphl-Bot_rvs

5'- GGG GAC CAC TTT GTA CAA GAA AGC TGG GTG CGC TAA ATC AAG GGA TG - 3"

lukGH-Sphl-Top_fwd

5'- GGG GAC AAG TTT GTA CAA AAA AGC AGG CCA ATC AGG GTG GGA CAA AAC-3

lukGH-Sphl-Top_rvs

5'- GGG GGT GGT GCA TGC GAC GTG CAG TGT ATG AATCITG - ¥

lukGH-Sphl-Bot_fwd

5'- GGT GGT GCA TGC GAT TGA TAT TTG TTG ATA TGT ATC GAC ATG TG - 3'

1ukGH-Sphl-Bot_rvs

5'- GGG GAC CACTTT GTA CAA GAA AGC TGG GTC AAT GAT TTG AAC ATA GGC GCA
AC-%

lukED-Sphl-Top_fwd

5'- GGG GACAAG TTT GTA CAA AAA AGC AGG CGA AGT TAA GGC CTA CTT CAA TTG
TC-3%

TukED-Sphl-Top_rvs

5'- GGT GGT GCA TGC GAA ACT AAT CCT GGA GTATAACTGTTAG- 3

1ukED-Sphl-Bot_fwd

5'- GGT GGT GCA TGC CTA CTG ACA AAGTTG CAGCTA AC- 3

lukED-Sphl-Bot_rvs

5" - GGG GAC CAC TTT GTA CAA GAA AGC TGG GTG TGC TCG TCG TCA AGA C- 3’
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PVL-Sphl-Top_fwd

5'- GGG GAC AAG TTT GTA CAA AAA AGC AGG CCT CAT ATCATC GCCTITGICC - ¥

FVL-Sphl-Top_rvs

5' - GGT GGT GCA TGC GGA ATC AACTTC ACTGGA TAG G -3

PVL-Sphl-Bot_fwd

5 - GGT GGT GCA TGC CTA ACG ACA ATG TTG CAGCTAATA G- ¥

PVL-Sphl-Bot_rvs

5- GGG GAC CACTTT GTA CAA GAA AGC TGG GTG AGA AAG CCGC AAGTGG TG - ¥

PSMa-Top_fwd

5" - GGG GAC AAG TTT GTA CAA AAA AGC AGG CGT CGT CTA CCTTTC CAT GC - 37

PSha-Sphl-Top_rvs

5" - GGT GGT GCA TGC CTC AGG CCA CTA TAC CAA TAG - 5

PSMa-5phl-Bot_fwd

5 - GGT GGT GCA TGC CAG CGA TGA TAC CCA TTAACA TTACC -3

PSMa-Bot_rvs

5 -GGG GAC CACTTT GTA CAA GAA AGCTGG GTC GAA TGC AAG CCAACCAC-¥

hla-Top_fwd

5'- GGG GAC AAGTTT GTA CAA AAA AGC AGG CGA AGT CCA TAC AAA ATC CGC ATC -
3

hla-BamHI-Top_rvs

5 - GGT GGT GGA TCC CTA TCT ACT TGA TTT GCT TTC CTG AC- 3

hla-BamHI-Bot_fwd

5 - GGT GGT GGA TCC CAA TTT CGA GGG TTA GTCAAAGTT G -3

hla-Bot_rvs

5'- GGG GAC CACTTT GTA CAA GAA AGCTGG GTG CAA TACTIT ATT GTC CCA TGA
TTAGIG-3

pvl-EcoRl-comp_fwd

5'-AGGCAGG GAATTC GTTTGG TAA TGA ACGGGT TTT TTT CG - 3

pvl-BamHI-comp_rvs

5 - GGT GGT GGA TCC CAA TTA AGA CGT GGT TAC CCT AATATA G- 3

hlgABC-Sacl-comp_fwd

5'- GGT GGT GAG CTC CAG TTA ATT CCGA AAA CGCTTA CAAATG G- ¥

hlg ABC-BamHI-comp_rvs

5'- GCT GGT GGA TCC CTG TTG GCC ACC GTG -3

lukED-Sacl-Comp_fwd

5 - GGT GGT GAG CTC CCA TGA GAG TAG AAG CTT CAG - 3

lukED-BamHI-Comp_rvs

5 - GGET GGT GGA TCC GAA GTT AAG ACCCACTTC AATTGT C -3

lukGH-EcoRl-oomp_fwd

5'- GGT GGT GAA TTC GTA TCA ACG ATC TTA TTA ACG CTG -3

lukGH-BamHI-comp_rvs

5'- GGT GGT GGA TCC CTA CAT TCT ATG TAG CAG GCA AC-3'

2.2, Humman PMN Purification

Human polymorphonuclear leukocytes were isolated under endotoxin-free condi-
tions (<25.0 pg/mL) using freshly drawn heparinized venous blood from healthy donors
with written informed consent as previously described [56-58,61-66]. Cell viability and
purity of preparations were assessed using a FACSCalibur (BD Biosciences, Franklin
Lakes, MJ, USA) or SES20EON flow cytometer (Stratedigm, San Jose, CA, USA) to ensure
that only preparations containing 295% PMMNs with 295% viability were used. Human
PMMNs were used immediately following isolation.

2.3. Cytotexicity Assays

Intoxication of PMNs with extracellular 5. aureus proteins was performed as previ-
ously described [56-58,61,63,65,66]. Briefly, 5. aureus strains subcultured for five hours in
TSB were centrifuged (5000= g for 5 min), and the collected supernatant was immediately
tested for PMN cytotoxicity. To examine the cytotoxicity of 5. aureus supernatants grown
in different media types, 5. aureus was subcultured in Luria-Bertani broth (LB), Todd-
Hewitt broth with 0.2% yeast extract (THY), or brain-heart infusion broth (BHI) where
indicated. To intoxicate PMNs, 20 uL of freshly collected 5. aureus supernatant was com-
bined with 100 pul. Roswell Park Memorial Institute (RPMI) 1640 Medium {Corning
Cellgro, Corning, NY, USA) containing 5 = 105 freshly purified human PMNs in a serum-
coated well of a 96-well plate. Intoxicated PMNs were incubated at 37 °C for 60 min, or
other times where indicated, and then examined for plasma membrane permeability to
propidium iodide (PI; ThermoFisher Scientific, Waltham, MA, USA) using a FACSCalibur
(BD Biosciences) or SES20EQON (Stratedigm) flow cytometer. Lactate dehydrogenase
(LDH) release was measured using a Cytotoxicity Detection KitPLUS (Roche Diagnostics,
Indianapolis, IN, USA) with an Epoch2 microplate spectrometer (BioTek Instruments,
Winooski, Vermont, USA) following the manufacturer's protocol.
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