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INFLAMMATION

Cause of
inflammation

Physiological

purpose

e Microbial infection
e Noxious substances
e Tissue stress
e Tissue injury

e Defense from microbial infection
e Expulsion of noxious substances

e Tissue repaire

e Adaptation to stress
e Tissue dammage

e Autoimmune diseases
e Disease of homeostasis
e Fibrosis, metaplasie, cancer




HOMEOSTATIS AND INFLAMMATION

e Maintains the stability of
Homeostasis biological system

. e Result of perturbations that
Inflammation exceed the homeostatic capacity
of the system

Inflammation Inflammation
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Metchnikoff's theory of inflammation

Prolonged inflammation causes harm in
Pathological inflammation bystander normal tissues and promotes
inflammatory diseases

protective response mediating the

Physiological inflammation
| 2\ elimination of injurious agents
Harmony/disharmony

Physiological inflammation is a
1845-1916

Homeostasis

Nature Reviews | Molecular Cell Biology

Alfred Tauber
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INFECTION MEDIATED-INFLAMMATION

[Pathogens Induce various levels of inflammation in the host }

Inflammation caused by infection leads to increased
production of mutagenic compounds as reactive oxygen
species (ROS)/reactive nitrogen species (RNS) and

S subsequent oxidative DNA damage .

These in turn cause further inflammation and
exacerbation of DNA damage
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CHRONIC INFLAMMATION AS A DRIVING FORCE IN
THE GENESIS OF DNA DAMAGE

.. . . . DNA damage
Chronic inflammation is an important 1 ‘\
modulator of mutation susceptibility }
T
Cellular Transient cell :
senescence cyche arrest R '
SASP Repair  —
Cytokine
( socretion ]

h im"'..;'::?w 1 I P —— }‘/

inflammatson - RNS
Nakad and Schumacher
Frontiers in Genetics 2016
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THE IMMUNE SYSTEM RESPONDS TO DNA DAMAGE
/ l Chronic

Premature aging _ ,
Cancer inflammation

Damaged endogenous DNA triggers inflammatory gene expression.
DNA damage response (DDR) orchestrates DNA damage checkpoint activation

DNA SENSING/ACTIVATION OF IMMUNE
SIGNALING

Protein complex of replication protein A

(RPA)
Activation of TLR9 signalling

Various bulky lesions

CFDs  6-arvs

Vy <%0 ,¢

Double strand breaks

m Non-homologous end joining Mrell-Rad50-Nbs1 (MRN) complex
, , A - - ' Induction of IFN-stimulated genes

ERK1/2 MAPK signaling

DNA damage-binding protein 2,
DNA glycosylases

Interstrand crosslinks

m Interstrand crosslink repair - MutS proteins
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Staphylococcus aureus

Gram-positive bacterium that is carried by up to 50% of healthy people

Fatty acid modifying enzyme (FAME)
Y ik - Panton-Valentine S \ \/ -
Lipase leukocidin (PVL) 2 \ =
: Enterotoxins
B il S f;z:(e:;zm R Toxic shock syndrome toxin -1 r\.-——;;"'
Wiictocapsu’e ‘ Exfoliative toxins A, B ,.___""_\.
Cell wall (peptidoglycan) . / e //-\\/-"'\\[ —)

/ + Clumping factor
+ Fibrinogen-binding protein
o -Toxin - ~—Capsular + Fibronectin-binding protein A

B -Hemolysin polysaccharide + Fibronectin-binding protein B

1 = |
¥ -Hemolysin ? . |,| types 5 and 8 + Collagen-binding protein A
& -Hemolysin / A + Coagulases
Phospholipase C A 4 wHESINS + Polysaccharide/adhesin
Metalloprotease (elastase) \\

Hyaluronidase, hyaluronate lyase
—— Penicillin- Damaged tissue

Invasins

g'r';‘t’é’i‘r?s Extra-cellular matrix (ECM)
Lipoteichoic acid - / . Foreign material
[j-Lactamase it "L—Ribitol teichoic acid
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Staphylococcus aureus is responsible for a
wide range of infections in human and animals

Pneumonia

‘l‘ Infective

d‘ endocarditis

Osteomyelltls

Menstrual toxic
shock syndrome

Soft tissue
infections

Nature Reviews | Microbiology

Human:
Pneumonia, osteomyelitis, meningitis, endocarditis, Da"’}’ cattle.: .
sepsis, chronic infections as bone and joint infections Chronic mastitis
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S. aureus, FACULTATIVE INTRACELLULAR PATHOGEN

Bacterial cell

Membrane

Cell wall
Capsule

OK)—‘ngc

Senall colony variam

Bsomaterial surface Extracellular Host cells

o0
matrix s o.lL 3

Adhesion and biofilm formation Invasion Inflammation

Foster T. et al, Nat Rev Microbio, 2016
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Many pathogens such as Helicobacter sp., Chlamydia sp., Salmonella sp., or
Escherichia coli induce DNA damage in the host, demonstrating that it may lead to
genomic alterations and cancer-associated transformation

Does Staphylococcus aureus induce DNA
damage in host cells?
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S. aureus INFECTION

Control cells S. aureus-infected cells

45 min

6 days

12 days

TEM
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S. aureus-induced DNA damage

SA

/
¥ Oxidative stress

—

Cell cycle arrest

7 yH2AX

NNV

DSBs T DDR activation
" 53BP1
T™

CeII death
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S. aureus induces DNA damage HelLa

yH2AX yHZAX yH2AX
Control
Control Control Control
S. aureus MOI 1:25
= S aureus MOI 1:50
Etoposide
Etoposide Etoposide Etoposide ,
ks _..A.M.:/M
_ : “u\
[
3
S. aureus S. aureus S. aureus o f
Ja)
O \
¥ "r
A‘\\.;‘\'.51:‘:A;m;”l"l“l"l";\k- T T I' I‘l L l‘m L]
yH2AX
*yHZAX is a marker for DNA damage
in the absence of apoptosis
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S. aureus triggers DNA repair

HelA

S. aureus MW2 S. aureus MW2

Control6h S. aureus MW26h + KU559226h Control 24 h S. aureus MW2 24 h 4+ KU 55922 24 h
i
oo
o
n

MG-63

S. aureus MW?2 S. aureus MW?2

Control6 h S.aureus MW26h +KU559226h  Control 24 h S. aureus MW2 24 h KU 55922 24 h
i
o
o
n

*SBBPI is the early repair protein

*To define whether the formation of 53BP1 foci was associated with a canonical DDR comprising the triggering of
the ATM kinase-signaling pathway, HeLa and MG-63 cells were treated with the ATM inhibitor KU-55933.
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S. aureus induced ROS-mediated DNA damage
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* ROS can trigger DNA damage in the host cells
* N-acetyl-L-cysteine (NAC) is an inhibitor of ROS
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S. aureus prompts a ROS production, which induces 8-oxoG DNA lesion

HelLA
Control 6 h Etoposide 6 h S. aureus MW2 6 h
G) - ' .
S
090 Control 24 h Etoposide 24 h S. aureus MW2 24 h

* Mutagenic lesion 8-0x0G is most often
involved in oxidative DNA damage
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Are S. aureus virulence factors PSMs and LPL
iInvolved in DNA damage?

Secreted virulence
factors

Phenol-solubles
modulines
(PSM)

PSMa, PSMB,
6-toxine

Lipoproteins

A pathogenicity island that contains a cluster of

lipoprotein-encodin enes, Ipl
Pop 99 P Membrane bound

virulence factors
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Phenol-soluble modulins peptides (PSMs)
define the virulence potential of S. aureus.

PSMal-PSMa4
psmad psmal

O-toxin 20-25 amino acids |
SAUSAI00 0423 SAUSA3I00 0424 | ndhF

psma3 psmal  (sausA300 0425)

PSMB 44 amino acids a o
SAUSA300_1065 | E.&UE.&S!DD_‘IOGE
i psmfi1 SALISA300_1070

PSMal-PSMa4 are encoded in the psma ISAUSA300_1067)
operon

hid

. (SAUSA300_1963)

PSMB1 and PSMB2 are encoded in the psmf » —
operon RNAII ugli'B ager aglm

(SAUSA300_1969) | (SAUSA3D0_1901) (SAUSA300_1902)

agrl}

O-toxin is encoded within the coding BALSA300_1000

d-toxin fMAADI ISTIGDLVEWIIDTVNEFEEE 26 (0)

Sequence fOI‘ RNAI”, the RNA effector PSMotl fMEITACT IKVIKSLIEQFTCGK 21 [#1)
molecule of the accessory gene regulator PSMS szt remeoiiociam 2 (1)
) ESHIE® -MDFTEVITSIIDLIKTCIQARG 22 (+1)

(AGR) quorum-sensqu System PSMEl FMEGLFNATKDTVTAATNNDGAKLETSIVS IVENGVELLGKLFGF 44 [-2)
EMECLAEAT ANTVOAADOHDSVELCTSIVDIVANGVCELLGELFCF 44 (-1.0)

Peschel and Michael Otto, 2013
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OVERVIEW OF PHENOL-SOLUBLE MODULIN ACTIVITIES

Cell cycle arrest
Almeida S. (post-doc)
Filho R et al. (PhD)
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Nature Reviews | Microbiology

Peschel and Michael Otto, 2013
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Pivotal role of S. aureus PSMal—4 toxins in the induction

of host DNA damage
b C d

Cell count
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yH2AX
— Control = Control = Control == Control
= LAC (WT) pTX,16 = LAC (WT) pTX,16 = LAC (WT) pTX;16 = LAC (WT) pTX;16

== LAC Dpsmabhld pTX,16 == LAC Dpsmabhld pTX,16 == LAC Dpsmabhld pTX,16 == LAC Dpsmabhld pTX;16
Etoposide LAC Dpsmabhld pTX,a1-4= LAC Dpsmabhld pTX ,81-2 LACDpsmabhld pTX,hld

S. aureus LAC (WT) pTXA16 contains plasmid pTXA16 (blue line)
PSM-deficient deletion mutant LAC Apsmafhld pTXA16 (yellow line)
Complemented mutant LACApsmafhld pTXAal-4 (blue-green line, b)
LACApsmafhld pTXAB (blue-green line, c¢) and

LACApsmafhld pTXAhld (blue-green line d)

Constructed in the Michael Otto laboratory, NIH, USA
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Bacterial Lipoproteins

ﬁ A

COOH i
!H 'H !ﬂ,
Inner membrane Diacylated Triacylated

Gram-positive

lipoprotein lipoprotein

EEN Signal peptide
HE Fatty acyl chain

After crossing the cytoplasmic membrane Lgt (prolipoprotein diacyl glyceryl
transferase) transfers a diacylglyceride to the polypeptide chain and Lsp
(lipoprotein signal peptidase) cleaves the signal peptide

— LN '\IS ITUT
AGRO

INRA - & o

| QUALIMENT |

"= SCIENCE & IMPACT



Lpls dampen DNA damage of infected cells

Cell count
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Etoposide USA300AIpl

Mutant USA300A/p! in which the entire Ipl cluster was deleted and the
complemented mutant USA300A/pl (pTX30-Ipl) were constructed in the
Fritz Goetz laboratory, University of Tubingen, Germany
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S. aureus clinical isolats

Three couples of S. aureus isolates were selected from patients P1, P2, P3
who were diagnosed with initial acute (i) and recurrent (r) staphylococcal BJI

Patient P1 Patient P2 Patient P3

45j 47i 51i
46r 48r 52r

Genomic comparison did not reveal mutations in the major regulatory systems
(agr, sar, sigma genes) or in virulence genes between initial and recurrent strains
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S. aureus recurrent isolates induce stronger DNA damage than
initial acute isolates

6h
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S. aureus recurrent isolates express a lower
amount of Lpls than initial acute isolates

Patient 1 Patient 2 Patient 3
451 46r 47i 48r 51i 52r

25 P1: 45i vs 46r
P2: 47i vs 48r
P3: 51i vs 52r

b Lpl
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Staphylococcus aureus Lpl
Lipoproteins Delay G2/M Phase
Transition in HelLa Cells

Minh-Thu Nguyen !, Martine Deplanche®, Mulugeia Negs !, ¥ves Le Loir®, Lowou Peisl,
Friedrich &tz ** and Nadia Berkova ™
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DNA DAMAGE DURING INFECTION

DNA repair Cell cycle arrest Apoptosis

Level of DNA damage
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Does Staphylococcus aureus induce
cell cycle arrest in host cells?




M
(mitosis)

G2 G1
(Gap2) (Gap 1)
EUKARYOQOTIC
CELL CYCLE
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S phase ase
(DNA synthesis) division
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i
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28]
g ]
E ]
=&
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CELL CYCLE ANALYSIS

State Phase Abbre Description
viation
quiescent/ Gap0 G A resting phase where the cell has left the cycle and has
senescent c stopped dividing.
Gapl Gl Cells increase in size in Gap 1. The G;
checkpoint control mechanism ensures that everything is
ready for DNA synthesis.
Synthesis S DNA replication
Gap2 G During the gap between DNA synthesis and mitosis, the
2 cell will continue to grow. The G, checkpoint control
mechanism ensures that everything is ready to enter the M
(mitosis) phase and divide.
Cell division | Mitosis M Cell growth stops. Division into two daughter cells. A Mitosis

checkpoint iensures that the cell is ready to complete division.

CyCIOm Od U I I nS is a term for bacterial

effectors that interfere with the eukaryotic cell cycle and may
affect pathogen virulence.
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http://www.vet.cornell.edu/labs/cytometry/cellcycleprotocols.cfm

HelLa

S. aureus induced a G2/M phase delay

Cell count
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S
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CELL CYCLE REGULATION

Two key classes of regulatory molecules,
cyclins and cyclin-dependent kinases.

Cdk 1
g Cycline B

Dephosphorylation of Cdk1 at the late
G2 phase activates Cdkl/cyclinB1
complex and triggers mitotic entry.

S. aureus-induced accumulation of phosphorylated Cdk1

Western blot Control cells Cells +S. aureus

L — 32 kD p-Cdk1

40 80 120
40 80 120

W R e R <— 412 kD B-actin

o
0

Control 5:1 10:1
20:1

S. aureus MOI
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Intracellular bacteria in asynchronous,
G1- and G2-phase enriched Hela cells

1. E+07 ~
1. E+06 -
1. E+05 -

1. E+04 - I I I I I

1. E+03

Asyn Asyn Asyn
MOI 50:1 T20

Log CFU/10° Hela cells
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OPEM (J ACCESS Freely svailable online @ PLOS | oNE

Staphylococcus aureus-Induced G2/M Phase Transition
Delay in Host Epithelial Cells Increases Bacterial Infective
Efficiency

Ludmila Alekseeva™**?, Lucie Rault**?, Sintia Almeida®™**, Patrick Legembre®, Valérie Edmond®,
Vasco Azevedo®, Anderson Miyoshi®, Sergine Even®*?, Frederic Taieb®, Yannick Adot-Bonnemains’,
Yves Le Loir™?, Nadia Berkova®™®*

May 2013 | Violeme 8 | Bswe 5 | «63279
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Gel-filtration chromatography of S. aureus
supernatants

Fractions 23-25 induce G2/M transition delay

280 nm
S. aureus
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100
| ch .
00 ' - G2IM
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1 : A i
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. © whd o b 0
i A FL2-&
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SA ] 'r 2 N § 1743%
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00
\ SA #g i 5 &0
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\ : ur 8 .. G1 61+7%
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Detection of PSMa peptide derivatives in S.
aureus chromatography fractions

Uniprot Entry Gene Name Description Peptide sequence | X!Tandem SEC Fractions
e-value identification

PSMA1_STAAW psmA1l Phenol-soluble modulin alpha 1 GIIKVIKS 1,7€-3 e

. 23,24
PSMA1_STAAW psmAl Phenol-soluble modulin alpha 1 IIAGIIKV 1,2E-2

. 23,24
PSMA1_STAAW psmAl Phenol-soluble modulin alpha 1 IIKVIKS 1,8E-2
PSMA1_STAAW psmAl Phenol-soluble modulin alpha 1 LIEQFTGK 1,1E-2 O P 2

. 23, 25
PSMA1_STAAW psmAl Phenol-soluble modulin alpha 1 IIAGIIKVIKS 3,2E-5
PSMA3_STAAW psmA3 Phenol-soluble modulin alpha 3 FKDLLGKF 8,8E-4 2 2
PSMA3_STAAW psmA3 Phenol-soluble modulin alpha 3 AKLFKF 4,7E-2 24,25,26
PSMA3_STAAW psmA3 Phenol-soluble modulin alpha 3 FFKDLLGK 3,6E-2 =
PSMA3_STAAW psmA3 Phenol-soluble modulin alpha 3 FVAKLF 3,6E-2 &
PSMA3_STAAW psmA3 Phenol-soluble modulin alpha 3 FVAKLFKF 4,7E-3 2
PSMA2_STAAW psmA2 Phenol-soluble modulin alpha 2 GIIKFIKG 4,6E-2 =
PSMA2_STAAW psmA2 Phenol-soluble modulin alpha 2 IIAGIIKF 1,1E-3 23
PSMA2_STAAW psmA2 Phenol-soluble modulin alpha 2 IIKFIKGL 5,1E-3 =
PSMA4_STAAW psmA4 Phenol-soluble modulin alpha 4 IIDIFAK 4,2E-4 23,24, 49
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PSMal and PSMaz2 induce the
G2/M phases transition delay

Control cell 25h
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Internalized LAC wt replicates inside Hela cells in
contrast to its isogenic LACApsma mutant
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S. aureus-induced G2/M transition delay is strain-dependent

Control cells DMEM
G2/IM G2IM
100 35+6% 100 - 18+6%
g0 20 S
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80 80
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Structural classes of antimicrobial peptides.
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Rabbit kidney a-defensin-1

12-100 amino acids
Positively charged
Amphiphilic

-Important effector molecules of
the innate immune system
-Adaptive immune system
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MRNA levels of HBD-1, -3 and -9 in PSMal-treated cells
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Phenol-soluble modulin & induces G2/M phase transition
delay in eukaryotic HeLa cells
Martine Deplanche,* ™ Rachid Aref ELAouar Filho,* "' Ludmila Alekseeva,* S
Emilie Ladier,*" Julien Jardin,*' Gwénaéle Henry,*' Vasco Azevedo,’ Anderson Miyoshi,

Laetitia lflvlt:nmd,II| Fredernic Laurent,"" Gerard Lina,"" Francois Vandenesch,""
Jean-Paul Steghens,| Yves Le Loir,*" Michael Otto,” Friedrich Gotz,** and Nadia Berkova**

29, 1950-1959 (2015). www.fasebj.org
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CONCLUSIONS

S. aureus triggers ROS-mediated DNA damage thus affecting the genome integrity
DNA damage depends on the balance between the levels of PSMa and Lpls

Host cells detect the DNA damage and transiently block cell cycle progression in
the G2/M phases

PSMsa and membrane-anchored Lpls are responsible for a G2/M arrest

S. aureus-induced cell cycle alteration is associated with an increased bacterial
intracellular proliferation as well as with the decreased production of antibacterial
peptides

These findings open a new avenue for the development of innovative therapeutic
strategies that either suppress DNA damage or boost DNA repair during S. aureus
infection
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