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Increasing evidences demonstrate that microorganism andieir products protect against
bacterial and viral pathogens through various mechanismsacluding immunomodulation.
Streptococcus pneumoniae endopeptidase O (PepO), a pneumococcal virulence
protein, has been proven to enhance the phagocytosis oStaphylococcus aureusand
Streptococcus pneumoniaeby macrophages in our previous study, where we detected
the down regulation of SH2 domain-containing inositol phoghatase 1 (SHIP1) and the
up regulation of complement receptor 3 (CR3) in PepO-stimated macrophages. In the
present study, using SHIP1 over-expression plasmid and CR3iRNA, we proved that
the down regulation of SHIP1 and the up regulation of CR3 medte the enhanced
phagocytosis of S. aureus and S. pneumoniae by PepO-stimulated macrophages.
The down regulation of SHIP1 also mediates the up regulatioof CR3. To further
determine whether PepO protects against respiratory pathgens, we constructed a
mouse model with intranasal infection ofS. aureus or S. pneumoniae and found that
PepO signi cantly promoted their clearance. The down reguation of SHIP1 and the up
regulation of CR3 also play a role in this process. This studgrovides a new preventive
and therapeutic option for respiratory infectious diseaseand lays the theoretical basis
for the development of PepO as an immunomodulation agent.
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Lietal. PepO Promotes Bacterial Clearance

INTRODUCTION and degrading phosphatidylinositol-3,4,5,-trisphosphate  at
the phagocytic cupHoran et al., 2007; Cremer et al., 2009
Infectious diseases account for 6 in 10 threats to glObdt”ﬂE& However, whether SHIP1 down regu|ation is correlated wiité t
2019 according to the world health organization (WHO), argon phagocytosis by PepO-stimulated macrophages and the related
which antimicrobial resistance has aroused increasirgnéitin.  mechanisms remain to be proven.
Antibiotic therapy has rescued millions of lives and markedl  SHIP1 has been proven to inhibit phagocytic activity
reduced morbldlty and mortality worldwide. ParadOXica"y mediated by Comp]ement receptor 3 (CRB-Mran etal., 200)7
antibiotic therapy simultaneously increases suscepyibttit a  However, we detected the increased expression of CR3 in PepO-
range of infection and colonization of antimicrobial-reisist  stimulated macrophages. Therefore, we speculated that SHIP1
pathogens Bu e and Pamer, 2013; Ng et al., 2013; Theriot may participate in the regulation of phagocytosis by PepO-
et al., 2014; Schubert et al., 2015; Langdon et al., 2018aHja stimulated macrophages via modulating CR3 expression lewel. T
etal., 201p To combat antimicrobial-resistant pathogens, manyest this speculation, we transfected macrophages with pHBLV-
approaches including limits on antibiotic use and developn@nt CMV-SHIP1 plasmid for over-expression of SHIP1 or with CR3
more e ective antibiotics have been implemented. Howevee, thsiRNA for knock down of CR3 and then explored the e ect of
antimicrobial resistance is still growing. There is an urigeeed  pepO on these cells' phagocytic function. In the present study,
to develop new and more e ective ways to combat antimicrobialwe showed that the enhanced phagocytosi$ oureusind S.
resistant pathogens. pneumoniady PepO-stimulated macrophages was mediated by
An eXCiting diSCOVer is that administration of protective the down regu]ation of SHIP1 and the up regu|ation of CR3.
commensal bacterial species shows potential to redugsH|P1 down regulation also mediated CR3 up regulation. To
antimicrobial-resistant infections Hamer, 2016; Thiemann determine whether PepO protects against respiratory pathogens,
et al., 2017; Keith and Pamer, 2)1%everal studies have we constructed a mouse model with intranasal infectionSof
suggested that reestablishment with normal intestinakrobota aureusor S. pneumonia@nd found that Pepo Signi Cantly
reduces colonization by vancomycin-resistant enterococgromoted their clearance. The enhanced clearanc®. gfureus
(VRE), antimicrobial-resistant Klebsiella pneumoniaeand and S. pneumoniaalso correlated with the down regulation
Escherichia co(iubeda et al., 2013; Singh et al., 2014; Caballeigf SHIP1 and the up regulation of CR3. This study provides a
et al., 2015; Stripling et al., 201Many studies have shown new preventive and therapeutic option for respiratory infeatio

that administration of several commensal bacterial speciefiseases and lays the theoretical basis for the developnient o
protects againsCIostridium di cile infection (Van Nood et al., Pepo as an immunomodulation agent_

2013; Bue et al., 2015; Lewis and Pamer, 2017; Deng et al.,
2019. However, there are many concerns about developing th
live microorganism into preventive or therapeutic agents forﬁ/IA-I_ERI'A‘LS AND METHODS
their potential pathogenicity, possibility of acquiring drititic ~ Mice
resistance, and dicult guarantee of purity, uniformity, @8n Speci c-pathogen-free male and female, 6-8 weeks old C57BL/6
e ectiveness Ramer, 2016; Zitvogel et al., 201Tdentifying mice were purchased from Beijing HFK Bioscience Co.,
a single component owing the benecial eects of liveLtd. (Beijing, China) and maintained at Chongging Medical
microorganism may be the solution to the above problemsJniversity. All mice were maintained with sterile water
(Zitvogel et al., 207)7 Several studies have proven that somexnd mouse chowad libitum under barrier conditions. All
microbial products protect against viral and bacterial pa#® experimental procedures were approved by the Ethics Committee
through various mechanisms including immunomodulation of Chongging Medical University.
(Steed et al., 2017; Webster et al., 2017; Jacobson et 8)., 201

Streptococcus pneumoniaandopeptidase O (PepO) is Bacterial Strains
a ubiquitously expressed pneumococcal virulence proteid39, a standard strain db. pneumonigevas purchased from
(Agarwal et al., 20)30ur previous work has proven that PepO the American Type Culture Collection (ATCC). A standard
enhances the phagocytic function of macrophages in a miR-15Grain of S. aureusnumbered ATCC 29213 was obtained
dependent mannerao et al., 2017 and macrophages play from the Children's Hospital of Chongging Medical University.
an important role in the clearance of respiratory pathogenshe strains were seeded on the Columbia sheep blood agar
(Lovewell et al., 2014; Byrne et al., 2015; Eichinger etGil5;2 (PANGTONG, Chongging, China) and cultured in 5% g@t
Lemon et al., 2005 indicating that PepO may protect against 37 C overnight. Then the bacteria were suspended in phosphate
respiratory pathogens partially through immunomodulation. bu er solution (PBS) with a nal OQ¥ggvalue of 0.5.
Even so, the exact molecular mechanisms involved in this
process are still unclear. In the previous study, we detectddreparation of PepO Protein
the down regulation of SH2 domain-containing inositol Preparation of PepO protein has been described in details
phosphatase 1 (SHIP1) in PepO-stimulated macrophages amdeviously {ao et al., 2017 The NPC-charged column
proved that SHIP1 down regulation was targeted by miR-155hromatograph used for PepO puri cation was purchased from
Several studies have shown that SHIP1 negatively regulees GE Healthcare (Buckinghamshire, United Kingdom). Polymyxi
phagocytic function of macrophages via various mechanism8 agarose used for lipopolysaccharide (LPS) removal was
including inhibiting the release of proin ammatory cytok&s purchased from Genscript Corp. (New Jersey, USA). The PepO
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TABLE 1 | Primers used in this study. Quantitative PCR (Q-PCR) AnalySiS
Total RNA was extracted from transfected PEMs with the use

Primer name Nucleotide sequence (5 3% ¢ pNAiso Plus reagent (TaKaRa) and reversely transcribed in

SHIP1 forward AcTTTecTeeAacTaTceeT  CDNA with the use of PrimeScript RT reagent Kit (TaKaRa)

SHIP1 reverse TTGGGCAGAATCCTGTAAG ~ according to the manufacture's instruction. For quaniivat

CR3 forward GAGGCCCCCAGGACTTTAAC  analysis, the mixture of cDNA, primers, and TB Green premix

CR3 reverse cTTeTTeaTeAGeGaaTTea EX Tagll (TakaRa) was amplied in a Bio-Rad real-time PCR

<i SHIPL UGCAAGAAGUCACCAGCAU ~ Machine at an annealing temperature of 60and for an
AUGCUGGUGACUUCUUGCa  extension time of 10's. The ampli cation _for GAPDH was us_ed

< CR3 GCAUCACCAUGAGUGCCAL  8S en_dogenous reference. After completion of the ampli agtio
AUGGCACUCAUGGUGAUGE the Bio-Rad software was used to analyze the PCR products. The

relativell CT values were used for determining quanti cation
and the relative expressions of SHIP1 and CR3 in vector plasmid
and scrambled siRNA groups were used as controls. The primers
Hsed are listed iffable 1

preparation contained no detectable LPS when it was detegted
the Limulus Amoebocyte Lyase assay, and the concentramibnswestem Blot Analysis

rPepO preparation were determined by BCA assay. After washing with pre-cold PBS, transfected PEMs were lysed

with the mixture of RIPA (BiYunTian, Shanghai, China) and
Cell Culture SDS loading buer. Then the samples were collected, boiled

Four days after intraperitoneal injection of 1 ml paroline, 3—for 10min, and centrifuged at 12,0009 for 10min to remove
5 male C57BL/6 mice were sacriced for peritoneal exudat&€!l debris. An equal volume of protein was separated by SDS-
macrophages (PEMs) isolation. Male mice were used to colleBACGE and transferred to a PVDF membrane (Millipore, Bedford,
more cells. The cells were harvested by peritoneal lavage wit!A)- After blocking with 5% defatted milk at 3T for 2h,
13 ml sterile PBS containing 5mM EDTA. After centrifugation th® membrane was probed with anti-SHIP1 (Millipore, Bedford,
and washing with Dulbecco's modi ed Eagle's medium (DMEM)MA) or anti-CR3 (Novusbio, CO, USA) monoclonal antibody
(HyClone, Barrington, IL, USA), the total viable cell numser at 4 C overnight. After washing for 3 times, the membrane was
were determined with the use of a Neubauer chamber and 593cubated with corresponding horseradish peroxidase-tbel
trypan blue solution. Then the cells were seeded on 6-well cejfcondary goat anti-mouse or goat anti-rabbit antibodies7aC
culture plate (8 10°/well) or 24-well cell culture plate (5 for 1 h followed by 4 washing procedures. The antigen-antibody
1Pwell) and cultured in 5% C@ at 37 C for 1h. After compl_exes were detected usir_19 a Bio-Rad chemilum_inesce_nce
removal of suspension cells, the remaining adherent celte wedetection system, and the protein expression was quanti eagisi
cultured in DMEM supplemented with 10% heat-inactivatedQuantity one software.
(56 C, 30min) fetal bovine serum (FBS) (Biological Industries .
Kibbutz Beit Haemek, Israel) and 1% peniciIIin-streptomycinF)hag‘:)cytc_)SIS Assay )
(HyClone, Barrington, IL, USA) and treated as describedWwelo Fc_)r quantitative anaIyS|s,_the transf(_acted PEMs were stiradla
Flow cytometry analysis was used to determine the purityVith PepO for 24h and infected witl$. aureusat a MOI of
of cultured cells. The results showed that the percentage &f20 or D39 ata MOI of 1:100 at 3Z for 30 min, a time point

macrophages was above 90% (data not shown), so we did nepen there is no bacterial death. After washing with PBS for 3
detect its purity in the latter experiments. times, 100m pre-cold double distilled water (dd0D) was added.

The samples were collected and placed & fr 15 min to fully
burst the PEMs. Following a series of dilution, the bacteraen
Cell Transfection Assay seeded on the Columbia sheep blood agar and cultured in 5%
The siRNAs (siSHIP1, siCR3, and scrambled siRNA) wer€0O, at 37 C overnight. The bacterial colonies were counted.
purchased from Chongging LaiBoSi Biotechnology Co., LtdFor qualitative analysis, the transfected PEMs were stindlilate
(Chongqing, China). Their sequences are listed Tiable 1~ with PepO for 24h and infected with FITC-labelel aureus
Plasmids pHBLV-CMV-SHIP1 and pHBLV-CMV-MCS were at a MOI of 1:50 or FITC-labeled D39 at a MOI of 1:100 at
purchased from HanHeng Biotechnology Co., Ltd. (ShanghaB7 C for 30 min. After washing with PBS for 3 times, PEMs were
China). PEMs were transfected with siRNA or plasmid usingxed with 0.4 ml 4% paraformaldehyde for 15 min followed by 3
Lipofectamine 2000 (Invitrogen) according to the manufaelsl washing procedures and stained with DAPI for 10 min followed
instruction. After incubation of siRNA or plasmid DNA with by another 3 washing procedures. The phagocytic bacteria were
Lipofectamine 2000 in appropriate proportions and xed observed under a Nikon Eclipse 80i microscope equipped with a
volumes for 20 min, the liposome-DNA mixture was added intoNikon Intensilight C-HGFI.
PEMSs cultured in serum-free and antibiotic-free DMEM. Five
hours later, the cells were cultured in DMEM supplemented withFlow Cytometry Analysis
10% heat-inactivated FBS and 1% penicillin-streptomycin foPEMs were collected and washed twice with pre-chilled PBS.
another 24 h. After blocking with CD16/32 antibody for 20 min, cells were
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stained with APC-labeled CD11b antibody in the dark for 3Gimi macrophages with SHIP1 over-expression and found that it was
After washing with PBS for 2 times, the cells were resuspendetightly increased in the absence of Pefg@y(re 3B), which to

with PBS for analysis. some extent explained this increased tendency. Howevehein t
absence of PepO, CR3 level in macrophages with SHIP1 over-
Intranasal Infection of Mice expression did not decrease as expected, which suggestsRBat C

Female C57BL/6 mice were used for infection experimentéxpression regulation by SHIP1 should be more complicated.
because they are more susceptibl&tgneumoniaeThey were Taken together, these results indicate that the down reiguiaf
anesthetized with pentobarbital and held in a supine positiorBHIP1 mediates the enhanced phagocytoss. @ureusnd D39
with the head down. Thirty microliter PBS containing a singleby PepO-stimulated macrophages.
compound (30mg pHBLV-CMV-SHIP1 or pHBLV-CMV-MCS . .
plasmid, 0.4 nmol siCR3 or scrambled siRNA, 19 PepO, 1 The Up Regulation of CR3 Mediates the

1¢% CFUs ofS. aureusr D39) was dropped slowly into their Enhanced Phagocytosis of S. aureus and

nares with a micropipette at an interval of 24 h. Plasmids pHBLV-G pneumoniae by PepO-StimuIated
CMV-SHIP1 and pHBLV-CMV-MCS, siCR3, and ScrambledMaCI‘OphageS

;IORol\llADV:raéZnL—J;?goIfgiI:e\r:“é(t)atlragzggfvgrin?:gs:lgpf(gn iia:%i Our previous study has proven that PepO stimulation leads to
hours’ later, the mice were sac-r’i ced for co)I/Iection of nr:l/aaig e the up regulation of CR3 in macrophages. To determine whether
uids. lun ,tissues and blood. The number of viable or a?s's the up regulation of CR3 mediates the enhanced phagocytosis of
» 1ung tIs; ’ - . ' . S. aureusnd S. pneumoniaby PepO-stimulated macrophages,
were determined by (_:ountlng bacterial colony-forming wnit we transfected PEMs with CR3 SiRNA for knock-down of
(CFUs) on the Columbia sheep blood agar. CR3, then the e ect of PepO on the phagocytic function of
o . macrophages was determineBligure 2A shows the e ective
Statistical AnaIyS|s . ) . knock-down of CR3 in PEMs. As shown Irigures 2B,D the
All analyses were performed with the use of Prism 5 statis,tlcel1]umber of phagocytosefl. aureusnd D39 within PepO-treated
softwarz (IaadJoI.Ia,. CA,SLIJDSABThe datr; are shown as rne"1"ﬂacrophages was signi cantly smaller in the CR3 siRNA group
d stan_ ard b eviation (ANgVAI erence edtweclen gr?:UpS I‘INa?han in the control group, with more obvious decrease of D39
eterr_mne y_two-way . test or stu (_antstest._ orall  humber. Moreover, the percentage of FITC positive macrophages
experiments, di erence witl? < 0.05 was considered signi cant. was signi cantly decreased in the CR3 SiRNA group with PepO
treatment, as compared with the control groupigures 2C,B.

RESULTS The quanti cation was shown in the right panelskéifjures 2C,E

. . Unexpectedly, we did not see any e ect with CR3 knock down
The Down Regulation of SHIP1 Mediates in the absence of PepO. A possible reason for this nding
the Enhanced Phagocytosis of S. aureus maybe that other signaling pathways responsible for phagsisyto
and S. pneumoniae by PepO-Stimulated compensate for CR3 knock down in macrophages, and that the
Macrophages phagocytosed bacteria in the absence of PepO are relatigsly le

ghese results indicate that the up regulation of CR3 mediates
the enhanced phagocytosis 8f aureusand D39 by PepO-
stimulated macrophages.

Our previous study has proven that PepO stimulation leads to th
down regulation of SHIP1 in macrophage&0 et al., 20071t is
still unclear that whether the down regulation of SHIP1 nads
the enhanced phagocytosis & aureusand S. pneumoniae . .
by PepO-stimulated macrophages. To answer this question, th-ehe Down Reg_UIatlon of SHIPl Mediates

transfected PEMs with pHBLV-CMV-SHIP1 plasmid for over-the Up Regulation of CR3 in

expression of SHIP1, then the e ect of PepO on the phagocytiPepO-Stimulated Macrophages

function of macrophages was determinédgure 1A shows the Previous studies have shown that SHIP1 negatively regufaes

e ective over-expression of SHIP1 in transfected PEMs withouactivity of CR3 Dianne et al., 2001; Horan et al., 2001 is
PepO treatment. The number of phagocytosedaureusand  still unclear that whether the expression of CR3 is regulated
D39 within PepO-treated macrophages was signi cantly smalleby SHIP1 in the current system. To answer this question,
in the SHIP1 over-expression group than in the control groupPEMs were transfected with pHBLV-CMV-SHIP1 plasmid or
with more obvious decrease of D39 numbdfigures 1B,0.  SHIP1 siRNA followed by PepO stimulation, then the expression
In addition, macrophages which internalized FITC labeed of CR3 was determinedrigures 3A,B shows that both CR3
aureusand D39 were shown ifrigures 1C,E The percentage transcripts and protein were decreased in macrophages with
of FITC positive macrophages was signi cantly decreaseden thSHIP1 over-expression in the presence of PepO. In contrast,
SHIP1 over-expression group with PepO treatment comparethey were increased in macrophages with SHIP1 knock down
with the control group, with a similar percentage to thein the presence of Pepdrigures 3C,D. The quanti cation of
medium group. The quanti cation was shown in the right panelsthe protein levels of SHIP1 and CR3 was shown in the lower
of Figures 1C,E Interestingly, Figure 1B shows an increased panels ofFigures 3B,D We also used ow cytometry analysis
tendency in the bacterial number of SHIP1 over-expressioto measure CR3 levels on transfected macrophages with PepO
group in the absence of PepO. We detected CR3 level ineatment. As shown irFigures 3E,FF CR3 level was decreased
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FIGURE 1 | The down regulation of SHIP1 mediates the enhanced phagocy#is of S. aureusand S. pneumoniaeby PepO-stimulated macrophages.(A) Immunoblot
showed the effective over-expression of SHIP1 in PEMB,D) PEMs were transfected with pHBLV-CMV-SHIP1 plasmid or pHBLXZMV-MCS control plasmid for 24 h
followed by PepO stimulation for another 24 h and infectionfoS. aureus(B) or D39 (D) for 30 min. The number of phagocytosed bacteria was determiad. Data are
shown as averaged ( SD) bacterial number of three independent repeated experiemts. (C,E) PEMs were treated as described in(B) and infected with FITC-labeled
S. aureus(C) or FITC-labeled D3Y(E) for 30 min. Representative pictures (original magni cation 40) from one of the three experiments are shown. The quanti cdon
is shown as the averaged ( SD) percent of FIT€ macrophages from three independent repeated experimentsScale bar, 10mm. Statistical analysis was performed
by two-way ANOVA test. **p < 0.001, *p < 0.05, ns, not signi cant; OE, over-expression; Con, control

in SHIP1 over-expression group while increased in SHIP1 siRN£ be determined. To address this question, female C57BL/6
group compared with the control group, which is consistentmice were administrated intranasally with PepO followed by

with the western blot analysis. These results indicate $tiP1

an intranasal infection ofS. aureusor D39, a standard strain

negatively regulates the expression of CR3 in PepO-stimulated S. pneumoniaeTwenty-four or forty-eight hours later, the
macrophages, and the down regulation of SHIP1 mediates the upice were sacri ced and their nasal lavage uids and lungsawe

regulation of CR3 in our experiments.

PepO Promotes the Clearance of S. aureus
and S. pneumoniae in C57BL/6 Mice

harvested for determination of the number of vialdeaureusr
D39. As shown irFigures 4A-D, the number of viablé&. aureus

or D39 in nasal lavage uids and lung tissues was signi cantl
smaller in the PepO group than in the PBS group at each time

Many studies have shown that macrophages play a dominant rofeint, with the highest decrease occurring in the lung tissoe

in the clearance of respiratory pathogehsy{ewell et al., 2014;

PepO group at 48 h. These results indicate that PepO promotes

Byrne et al., 2015; Eichinger et al., 2015; Lemon et al.,)201the clearance o&. aureusnd D39 and alleviates their infection
PepO can enhance the phagocytic function of macrophageis C57BL/6 mice.

indicating that it owes the potential as an immunomodulation

Our above results have shown that the enhanced phagocytosis

agent. Whether it protects against respiratory pathogens iesna of S. aureusind D39 by PepO-stimulated macrophages depends
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FIGURE 2 | The up regulation of CR3 mediates the enhanced phagocytosief S. aureusand S. pneumoniaeby PepO-stimulated macrophages.(A) Immunoblot
showed the effective knockdown of CR3 in PEMs(B,D) PEMs were transfected with CR3 siRNA or scrambled siRNA for4h followed by PepO stimulation for
another 24 h and infection ofS. aureus(B) or D39 (D) for 30 min. The number of phagocytosed bacteria was determiad. Data are shown as averaged ( SD) bacterial
number of three independent repeated experiments(C,E) PEMs were treated as described in(B) and infected with FITC-labeledS. aureus(C) or FITC-labeled D39
(E) for 30 min. Representative pictures (original magni cation 40) from one of the three experiments are shown. The quanti céon is shown as averaged ( SD)
percent of FITC macrophages from three independent repeated experimentsScale bar, 10mm. Statistical analysis was performed by two-way ANOVA test
**p < 0.01, *p < 0.05, ns, not signi cant; Con, control.

on the down regulation of SHIP1 and the up regulation of The Down Regulation of SHIP1 Plays a
CR3 (vao et al.,, 2017 To determine whether the enhanced Role in the Enhanced Clearance of
clearance 0B. aureuand D39 in PepO-treated mice is assouate%_ aureus and S. pneumoniae in

with SHIP1 and CR3, we detected the expression of SHIP .

and CR3 in cells from bronchoalveolar lavage uifsgure 4E epO-Tr(_eated Mice ) ]
shows that the SHIP1 protein was down regulated in the Jo determine whether the down regulation of SHIP1 is
PepO group compared with the PBS group, while the CRB€cessary for the enhanced clearanceSofaureusand D39
protein was up regulated in the PepO group compared witHn PepO-treated mice, female C57BL/6 mice were transiently
the PBS group both after 24 and 48h PepO treatment. Thisansfected with pHBLV-CMV-SHIP1 plasmid via intranasal
quanti cation of SHIP1 and CR3 levels was shown in the righ@dministration, then the eect of PepO on the clearance
panel ofFigure 4E These results suggest that SHIP1 and CR3 a®f S. aureusand D39 was examined. SHIPL level in cells
associated with the enhanced clearanc&.cdureusind D39 in  from bronchoalveolar lavage uids was measured by western
PepO-treated mice. blot analysis, and the e ective over-expression of SHIP1 was
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FIGURE 3 | Regulation of CR3 expression by SHIP1 in PepO-stimulated PEV(A-F) PEMs were transfected with pHBLV-CMV-SHIP1 plasmid, pHBL\GMV-MCS
control plasmid (A,B,E), SHIP1 siRNA, or scrambled siRNAC,D,F) for 24 h followed by PepO or medium stimulation for another 2. SHIP1 and CR3 transcripts
were determined by Q-PCR analysis, and SHIP1 protein was detmined by WB analysis. CR3 protein was determined by WB and owvcytometry analysis.
Representative bands from three independent repeated expéments are shown. Data are shown as mean (SD) of three independent repeated experiments.
Statistical analysis was performed by two-way ANOVA test**p < 0.001, *p < 0.05, Con, control; OE, over-expression.
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FIGURE 4 | PepO promotes the clearance ofS. aureusand S. pneumoniaein C57BL/6 mice. (A—D) C57BL/6 mice were intranasally administrated with PepO or an
equivalent volume of PBS for 24 h followed by an intranasalfiection of S. aureus (A,B) or D39 (C,D) for 24 or 48 h. The number of viableS. aureusor D39 in nasal
lavage liquids and lungs was determined. Data are shown as avaged ( SD) bacterial loads of at least ve mice per group from one re@sentative experiment of two.
(E) Immunoblot showed the expression of SHIP1 and CR3 in cells frorhronchoalveolar lavage uids after 24 and 48 h PepO treatmentRepresentative bands from
three independent repeated experiments are shown. Statigtal analysis was performed by student's-test. ***p < 0.001, **p < 0.01, *p < 0.05.

shown in Figure 5A. As shown inFigures 5B,D the bacterial dierence in bacterial loads of D39 in lung tissues between
loads in nasal lavage uids were signi cantly increasedtie t the two groups with PepO treatment, the bacterial loads in
SHIP1 over-expression group at each time point with PepCSHIP1 over-expression group showed an increased tendency
treatment, as compared with the control group. The bacteriatompared with the control groupHigures 5C,B. These results
loads ofS. aureusn lung tissues at 48 h were also signi cantly indicate that the down regulation of SHIP1 plays a role
higher in the SHIP1 over-expression group than in the controlin the enhanced clearance &. aureusand D39 in PepO-
group with PepO treatment. Although there was no signi canttreated mice.
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FIGURE 5 | The enhanced clearance ofS. aureusand S. pneumoniaein PepO-treated mice is associated with the down regulatiomf SHIP1.(A) C57BL/6 mice were
transiently transfected with pHBLV-CMV-SHIP1 plasmid or pBLV-CMV-MCS control plasmid via intranasal administratiofor 24 and 48 h. The effective
over-expression of SHIP1 was determined by WB analysi¢B—E) After transfected with pHBLV-CMV-SHIP1 plasmid or pHBLV-CM-MCS control plasmid, mice were
intranasally administrated with PepO for another 24 h foleed by an intranasal infection ofS. aureus(B,C) or D39 (D,E) for 24 and 48 h. The number of viableS.
aureusor D39 in nasal lavage uids and lungs were determined. Data arshown as averaged ( SD) bacterial loads of at least ve mice per group from one
representative experiment of two. Statistical analysis veaperformed by studentst-test. **p < 0.01, *p < 0.05, OE, over-expression; Con, control.

The Up Regulation of CR3 Plays a Role in siRNA via intranasal administration, then the e ect of PepO on
the Enhanced Clearance of S. aureus and the clearance o6. aureusand D39 was examined. CR3 level in
S. pneumoniae in PepO-Treated Mice cells from bronchoalveolar lavage uids was measured by weste

To determine whether the up regulation of CR3 is necessary fdtlot analysis, and the e ective knock-down of CR3 was shown in
the enhanced clearance 8f aureusand D39 in PepO-treated Figure 6A Figures 6B—Eshows that the bacterial loads in nasal
mice, female C57BL/6 mice were transiently transfected @R3  lavage uids and lung tissues were signi cantly higher ie t@GR3
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FIGURE 6 | The enhanced clearance ofS. aureusand S. pneumoniaein PepO-treated mice is associated with the up regulation o€R3. (A) C57BL/6 mice were
transiently transfected with CR3 siRNA or scrambled siRNAi& intranasal administration for 24 and 48 h. The effectivenock down of CR3 was determined by WB
analysis.(B—E) After transfected with CR3 siRNA or scrambled siRNA, mice we intranasally administrated with PepO for another 24 h fielved by an intranasal
infection of S. aureus(B,C) or D39 (D,E) for 24 and 48 h. The number of viableS. aureusor D39 in nasal lavage uids and lungs were determined. Data arshown as
averaged ( SD) bacterial loads of at least ve mice per group from one re@sentative experiment of two. Statistical analysis was p@srmed by student's t-test.

** < 0.001, **p < 0.01, *p < 0.05, Con, control.

SiRNA group than in the control group at each time point, with DISCUSSION
the highest increase occurring in the lung tissues of CR3 siRNA ) _
group at 24 h. Taken together, these results indicate thatgn Our previous study has detected the down regulation of

regulation of CR3 plays a role in the enhanced clearanc®.of SHIP1 and the up regulation of CR3 in PepO-stimulated
aureusand D39 in PepO-treated mice. macrophages. However, the relationship between their
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changed expression and the enhanced phagocytic functiosf additional strains of these species including antibiotic
of PepO-stimulated macrophages has not been proven. lIresistant isolates (e.g., methicillin-resistarf8taphylococcus
this study, we provide evidence that PepO enhances thmureus (MRSA) or antibiotic resistantS. pneumonige
phagocytic function of macrophages in a SHIP1 and CR&nd additional species including gram-negative bacteria
dependent manner. The down regulation of SHIP1 mediateée.g., Pseudomonas aeruginosa E. col) still needs to be
the up regulation of CR3 in PepO-stimulated macrophagedurther determined. Theoretically speaking, PepO can also
Furthermore, PepO promotes the clearanceSfaureusand promote the clearance of these organisms, because it plays
D39 from nasopharynx and lungs, and the down regulatiorthis role via enhancing the phagocytosis by macrophages.
of SHIP1 and the up regulation of CR3 also play a role irEven so, further experiment data are still needed to support
this process. the hypothesis.

At least to our knowledge, in this study we rst proved PepO is a multifunctional pneumococcal virulence protein.
the regulation of CR3 expression by SHIP1. The regulatiodgarwal et al., demonstrated that it facilitates host cetasion
of CR3 activity by SHIP1 has long been investigated imnd evasion of innate immunity through interaction with
previous studies [fianne et al., 2001; Horan et al., 2007 plasminogen, bronectin, Clq, and C4BPAdarwal et al.,
while less attention has been given to the regulation o£013, 201§ Our work proved that PepO promotes innate
CR3 expression. This study provides new evidence that tHenmune activation via TLR2 and TLR4 signaling pathways
expression of CR3 is also regulated by SHIP1. Unexpected(yhang et al., 2016; Yao et al., 2017; Shu et al., )2020
we found that both knockdown and over-expression of SHIPIThese conclusions seem to contradict each other. Agarwal
lead to the up regulated expressions of CR3 transcriptst al., concentrated on the role of PepO as a virulence
and protein in macrophages without PepO stimulation. Theprotein during pneumococcal infection, and we focused
possible reason may be that the regulation of CR3 expressi@am its role as a pathogen associated molecular pattern
by SHIP1 is dynamic and needs to be balanced. SHIP&ithout infection, which constitutes the dual character of
probably not merely inhibits CR3 expression. Under a certairvirulence factor. The innate immune activation e ect lays
circumstance, it may also promote CR3 expression. Numerouke basis for PepO as an anti-microbial agent, and this
studies have demonstrated that SHIP1 is a multifunctionaé ect is associated with TLR2/4 activation, which indicates
protein controlled by various regulatory inputs and reguate that protein with similar function may be a new source of
downstream signaling via multiple meanSauls and Marshall, antimicrobial agents.
2017. Both activation and inhibition of SHIP1 inhibit the In summary, this study demonstrates that PepO promotes
phosphoinositide 3-kinase signaling pathw&yn@ et al., 2007; the clearance db. aureusind S. pneumoniaom nasopharynx
Fuhler et al., 2012; Fernandes et al., J0Another possibility and lungs, and the down regulation of SHIP1 and the up
for this unexpected nding is that SHIP1 over-expressionregulation of CR3 play a role in this process. Our study provides a
activates other signaling molecules, which may mediate theew preventive and therapeutic option for respiratory infeatio
up regulation of CR3. Based on the complexity of immunediseases and lays the theoretical basis for the developnfent o
cell signaling regulation by SHIP1, we speculate that thepO as animmunomodulation agent.
regulation of CR3 expression by SHIP1 should be a complicated
process and to understand this process, further investigado DATA AVAILABILITY STATEMENT
still needed.

Streptococcus pneumoniaad S. aureusare dominant The original contributions presented in the study are inchad
colonization bacteria in the upper respiratory tragtg(nlickova in the article/supplementary material, further inquiries cha
et al., 2006; Thapa et al., 2017; Dunne et al., 2018; Lo et alirected to the corresponding authot/s.
2019. Both S. aureusstrain and S. pneumoniaestrain used

in our study were strong pathogenic strains. PepO promoteg TH|CS STATEMENT
the clearance of these strains from nasopharynx and lungs,

con rming its protective e ect as an immunomodulation agent. This animal study was reviewed and approved by the Ethics
The protective e ects of gastrointestinal microorganism @ineir - Committee of Chongqing Medical University.
metabolites against infections have long been investigaie
previous studies W{beda et al., 2013; van Nood et al., 2013AUTHOR CONTRIBUTIONS
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2019, while less attention has been given to the respiratorperformed the experiments. HZ, TY, WX, and XZ analyzed the
microorganisms, especially respiratory pathogens. At leastit ~ data. HZ and XZ wrote the paper. All authors contributed to the
knowledge, this study proved for the rst time that product article and approved the submitted version.
from respiratory pathogens can also play protective roles again
respiratory infections. FUNDING
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