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AVANT PROPOS
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possible une bibliographie exhaustive sur le domaie cette thése. Par
ailleurs, la these est présentée sur articles gaiblicceptés ou soumis,
associés d’'un bref commentaire donnant le sensgéé travail. Cette
forme de présentation a paru plus en adéquation lageexigences de la
compétition internationale et permet de se coneemsur des travaux qui
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RESUME

Les rickettsies sont de petites bactéries a Gragatif associées a
différentes especes d'arthropodes. Leur natureceitulaire stricte a
longtemps été un obstacle a la compréhension desamsénes
moléculaires responsables de leur pathogénicitéegtient mal connus.
L’adhésion bactérienne, qui est une étape clefimleabkion des tissus de
I'héte, met en jeu les protéines rOmpA et rOmpickettsial outer
membrane proteins), identifiées depuis longtemps comme des antgene
de surface majeurs des rickettsies. L'objectif @¢tecthése a été de
caractériser une autre adhésine potentielle Ritkettsia prowazekii
récemment identifiée, soit Adr2. La stratégie meseceuvre a été basée
sur la production d’anticorps monoclonaux spéusigde cette protéine,
dont une forme recombinante a été exprimée. Cat aybermis, non
seulement de localiser Adr2 a la surface des fsikesi mais aussi
d’apporter la preuve de son réle dans le phénonmrasif puisque les
anticorps anti-Adr2 diminuent significativement [ytotoxicité des
rickettsies sur les cellules épithéliales.

Un autre aspect de la pathogénicité que nous asfomisié concerne
la mobilité des rickettsies du groupe boutonneaorgcfion attribuée a la
protéine RickA lorsque ce travail a été initié. tésolution des images
obtenues par immunofluorescence, ou par microsagpctronique apres
marquage immunogold, montrent que I'expression tk/ARest non-
polarisée et répartie sur la surface entierBidkettsia conorii.

Enfin, plusieurs protéines recombinantes ontuétisées dans des
tests de screening sérologiques avec des séruipatidats infectés par
diverses rickettsies, avec des résultats encountgyea

L’ensemble de ces résultats contribue a une medlleonnaissance

de la pathogénicité des bactéries du geRikettsia.
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ABSTRACT

Rickettsiae are characterized by their strictly intracellulacation, as
Gram-negative bacteria growing only within the ewkéic host cell
cytoplasm. Accordingly, the molecular mechanismspoasible for
invasive mechanisms are largely unknown. Adhessoa key step for
bacterial invasion of host tissues and involves tlokettsial outer
membrane proteins rOmpA and rOmpB, known for a lomg as major
rickettsial cell surface antigens. The aim of thissis was to gain a better
understanding of another newly identified rickettsiadhesin from
Rickettsia prowazekii, called Adr2. This task was achieved through the
production of a monoclonal antibody (mAb) specfbic the recombinant
protein and that allowed localization of Adr2 ag¢ thacterial cell surface.
The inhibition of rickettsiae-induced cytotoxicityvith this mAb
confirmed the role of Adr2 in the invasion process.

Considering the putative role of the actin-basedtilityo in the
pathogenesis of the spotted fever group rickettglaeG), we then
focused our second part of work on the localizatbriRickA, a protein
specific for the SFG rickettsiae and thought todsponsible for bacterial
motility. Immunofluorescence assay combined withinamunogold
electron microscopy yielded good-resolution imaged showed a non-
polarized expression of RickA that was found orite entire bacterial
surface ofRickettsia conorii.

Finally, twenty recombinant proteins targets evacreened with
sera of patients infected with various rickettsidée thus evidenced
several putaive markers allowing to discriminateeation caused either
by Rickettsia typhi or by Rickettsia conorii.

On the overall, we believe that our results impreke knowledge

about the pathogenicity of bacteria from Biekettsia genus.
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|. GENERALITIES

The genusRickettsia includes bacterial obligate intracellular parasites
associated with arthropods (tick, mite, flea, aicd)land that primarily
target the microvascular endothelium. In the lagb tdecades, new
rickettsial pathogens have been associated withehutimess around the
world. Clinically, the common denominator in alckettsioses is the
development of increased microvascular permeapiégding to cerebral
and non-cardiogenic pulmonary edema (Olano, 20B&sed on their
antigenicity and intracellular actin-based motjlityickettsiae were
initially classified into the typhus group (TG) lnding R. prowazekii and
R. typhi, and the spotted fever group (SFG) which includesenthan 20
different species among whidR conorii and R. rickettsii (Raoult and
Roux, 1997).

Within the last decade, the availability of complgenome sequences
of several rickettsial species (Table 1), allowexm dgain a better
knowledge not only about their evolution, but addmut their metabolic
capacities and the molecular mechanisms involvetieir pathogenicity
(Walker 2007; Balragt al., 2009). Accordingly, besides the TG and the
SFG a third group includingR. bellii and R. canadensis has emerged
(Blanc et al., 2007).

15



Table 1. List of rickettsial genomes sequenced

Strains Size (Mb) Genbank Reference
R. prowazekii str. Madrid E 1,11 AJ235269.1 Andersson et al, 1998
R. conorii Malish 7 1,27 AE006914.1 Ogata et al , 2004
R. typhi str. Wilmington 1,11 AE017197.1 McLeod et al, 2004
R. sibirica 246 1,25 NZ AABW01000001 |Malek et al, 2004
R. felis URRWXCal2 1,59 CP000053.1 Ogata et al, 2005
R. bellii RML 369-C 1,52 CP000087.1 Ogata et al, 2006
R. massiliae MTU5 1,41 CP000683.1 Blanc et al, 2007
R. rickettsii str. Lowa 1,27 CP000766.1 Hackstadt et al, 2008
R. peacockii str. Rustic 1,3 CP001227.1 Felsheim et al, 2009
R. africae ESF-5 1,29 CP001612.1 Fournier et al, 2009
R. prowazekii Rp22 11 CP001584 Bechah etal, 2010
R. heilongjiangensis 054 1,3 CP002912.1 Duanetal, 2011
R. rickettsii str. Sheila smith 1,26 CP000848.1 Unpublished
R. africae ESF-5 1,27 NZAAUY01000001 |Unpublished
R. akaris str. Hartford 1,23 CP000847.1 Unpublished
R. bellii OSU 85-389 1,52 CP000849.1 Unpublished
R. canadensis str. McKiel 1,16 CP000409.1 Unpublished
R. japonica 1 In progress University of Tokyo
R. prowazekii str. Madrid E vir 1,3 In progress BCM-HGSC
R. prowazekii Nuevo Leon Amblyomma tick In progress BCM-HGSC
R. prowazekii Rp22 In progress Unité des Rickettsies
R. sbvaca 13-B In progress Unité des Rickettsies
R. raoultii In progress Unité des Rickettsies
R. sibirica 246 1 AABWO00000000 |University of Maryland
R. grylli 2 AAQJ00000000 [TIGR
R. typhi B9991CWPP In progress Los Alamos National laboratory
R. typhi TH1527 In progress Los Alamos National laboratory
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The advent of several complete rickettsial genomguences also
highlighted the genetic basis for metabaotigferences as well as for
common traits. Thus, froma careful comparative bioinformatic analysis,
it was established that rickettsiae contain fiveomansporters called the
surface cell antigen (Sca) family (Blamt al., 2005). These proteins
indeed possess 3 domains, a leader sequence thigt@setransport
across the cell membrane, a passenger sequencea d@nghsporter
sequence that is inserted a-barrel into the outer envelope to transport
the passenger sequence to the outer surface oélihsall. In addition to
the newly identified proteins Scal, Sca2, and St@B exist as split
genes (interrupted into 2—4 open reading framesit ilkast 1Rickettsia
speciesthis family includes ScaO, previously known as r@mand
present only in the SFG while Sca5 (rOmpB) is prese all Rickettsia
species. Sca4 (geneD) which shares sequence #wyniles not an
autotransporter, because it lacks the transpomenath (Blancet al.,
2005).

As observed for other intracellular bacteria, ritkia pathogenicity
involves sequential steps starting with recognitaod adherence to the
host cells. This crucial step results in the ineagf the endothelial cells
through induced phagocytosis. Rickettsiae thenpeséi@m phagosome
into the cytosol, where replication takes placediieg to direct cell
damages and death (Baletjl, 2009). In addition to opening the way for
bioinformatic analysis, the advances in rickettgahome sequencing,
have contributed to improve the knowledge about thelecular
mechanisms involved in the pathogenicity of thesetdria. Advances in
the evaluation of the pathogenesis of rickettsiadease include
identification of rickettsial adhesins, a host ceficeptor, signaling

elements associated with entry of rickettsiae bjuaed phagocytosis,
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rickettsial enzymes mediating phagosomal escape,hast actin-based

rickettsial cell-to-cell spread.

Two putative rickettsial ligands recognized by ha=til surface
proteins were thus identified. One ligand corresisoto the C-terminal
extremity of rOmpB called th@-peptide. Other putative ligands are
proteins of unknown function encoded by the gené$281 and RC1282
in R. conorii as well as by RP827 and RP82&rprowazekii and called
Adr for rickettsial adhesins (Renes@b al., 2006). The lysis of the
phagosomal membrane that precedes rickettsia esttmpthe cytosolic
compartment was shown to be mediated by the upaggnl of genes
coding for enzymes sharing a membranolytic actjvigmely hemolysin
C (tly C) and phospholipase pi¢l) (Renesto et al, 2003; Whitworth T
et al, 2005). Historically, the actin-based motility waepicted as a major
feature allowing to differentiating SFG and TG metisiae. Here again, it
Is the comparative analysis Bf prowazekii (TG) andR. conorii (SFG)
genomes that allowed to identify RickA as a protenmdowed for the
capacity to a promote the polymerization of host cgtoskeletal actin
through the activation of Arp 2/3 (Ogadhal., 2001; Gouiret al, 2004),
an hypothesis recently revisited (Baleggl., 2008, Klebat al., 2010).

Availability of the genome sequences and prote@pjaroaches also
favor the development of serological tools inclggdinmonoclonal
antibodies (mAbs) which are useful for immunoflusmencebased
localization ando demonstrate the functional activity selectedjets.
Here, we summarized available data concerning seeofi antibodies in
the field of rickettsiae, either as diagnostic $oof in more basic resaech

applications.
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II. AN OVERVIEW OF ANTIBODIES AS USEFUL TOOLS FOR
DIAGNOSIS OF THE RICKETTSIOSIS AND THEIR CONTRIBUTI ON
IN EXPLORATION OF RICKETTSIAL BIOLOGY

[1-1. Introduction

Rickettsiae cause life-threatening rickettsioses which exisnarily
in endemic and enzootic foci that occasionally gise to sporadic or
seasonal outbreaks. Rickettsial pathogens are yhighkcialized for
obligate intracellular survival in both the vertater host and the
invertebrate vector. While studies often focus iy on the vertebrate
host, the arthropod vector is often more importantthe natural
maintenance of the pathogen. The epidemiology ahdw diseases
caused by rickettsiae is intimately related tolitedogy of the vector that
transmits (Azad and Beard, 1998

Tick-borne rickettsioses are caused by bacteriangahg to the SFG.
These zoonoses, which are among the oldest knoetorveornediseases
include the well-known Rocky Mountain spotted feyier rickettsii) and
the Mediterranean spotted feveR. (conorii). More recently, emerging
SFG rickettsiosis werndentified in differents countries and are causgd b
various species a®R japonica (Japan), R. conorii subsp. caspia
(Astrakhan, Africa, and KosovolR. africae (sub-Saharahfrica and the
West Indies),R. honei (Australia, Tasmania, ThailandR. slovaca
(Europe),R. sibirica subsp mongolitimonae (China, Europe, and Africa),
R. heilongjanghensis (China and the Russian Far EaByaeschlimannii
(Africa and Europe)R. marmionii (Australia),and R. parkeri (United
States). The last rickettsig probably the best illustration, & parkeri
was considerech nonpathogenic rickettsia for more than 60 years.
Furthermore,the pathogenicity ofR. massiliae has been recently

demonstrated, 13 years after its isolation fronksticOther recently
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described rickettsiae, including. helvetica strains (Europe and Asia)
have been presented as possgd¢ghogens (reviewed in Parodh al.,
2005). Rickettsiae are transmittéatough the tick bite, which generally
implies that the rickettsialmcalize to the salivary glands of the tick.
Therefore, the precise molecular mechanisms reggendor the
adaptatiorof rickettsiae to different host conditions and feactivatiorof
virulence are unknown.

In contrast to 15 or more validated and/or propasgdborne SFG
species, only three named medically important tiskd species are
associated with insects. These insect-borne rgkettare comprised of
two highly pathogenic specie®. prowazekii (the agent of epidemic
typhus) andR. typhi (the agent of murine typhus), as wellRsfelis, a
species with unconfirmed pathogenicity (Gillespaieal., 2009). These
flea- and louse-borne rickettsiae are transmittedhttmans through
contamination of broken skin and mucosal surfagesfected tick feces.
Due to its survival in dried louse feceR, prowazekii can also be
transferred through aerosols (Becleibl., 2008).

In general, and athough the clinical presentaticars vary with the
causative agent, the SFG rickettsiosis syndromessanilar. Among
common symptoms that typically develop within 1-8eks of infection
are fever, headache, malaise, and sometimes nandezomiting. Most
tick-transmitted rickettsioses are accompanied lbgsh or an eschar at
the site of the tick bite (Parolet al., 2005). The flea-borne disease
induced byR. typhi present symptoms that are shared with other
infectious diseases. Most symptoms are nonspeaifct require further
tests to make an accurate diagnosis (Bigtnal., 2008). Except for
epidemic louse-borne typhus (Bechethal., 2008), rickettsial diseases

strike mostly as isolated single cases in any @der neighborhood.
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Thus, diagnosis of rickettsial infections is oftéifficult. An history
of exposure to the appropriate vector tick, lodes, or mite is helpful
but cannot be relied upon. While many rickettsigedses cause mild or
moderate illness, epidemic typhus and Rocky Mourgabtted fever can
be severe and may be fatal in 20%—-60% of untrezisels.

[I-2. Antibodies as tools in diagnosis of rickettsiosis

Among the approaches developped to diagnose ricgisttare the
serologic diagnosis, the immunodetection of rickad from blood or
tissues and the isolation of bacteria. To dateorkory diagnosis of
rickettsioses is mainly based on various PCR asmag$NA sequencing
which allows convenient and rapid identification rafkettsiae, even in

non referenced laboratories (La Scola and Raoc2®&7 L

Serologic diagnosis

Serological tests are the easiest methods for idgndsis of tick-
borne rickettsiosedistorically, the rickettsial diagnosis was suppdrt
by the Weil-Felix test based on the detection dibaxlies to various
Proteus species which contain antigens with cross-reactipgopes to
antigens from members of the gerRiskettsia, with the exception oR.
akari. With the development of techniques for growingkettsiae, the
complement fixation test was then adapted for #teation of antibodies
specific for rickettsiae. A microagglutination tdsised on the detection
of interactions between antibodies and whole riskegt cells was also
developped. However, due to the requirement oh hegnounts of
purified rickettsial antigens, not available comanglty, this method not
been widely used. Other techniques include theestihemagglutination

and the latex agglutination tests that detect adids to an antigenic

21



erythrocyte-sensitizing substance used to coahegytes or latex beads,
respectively (reviewed in La Scola and Raoult, 2997

In the early 1986, these methods were replaced by others, easier to
handle and sharing higher sensitivity and spetyfidike enzyme-linked
immunosorbent assay (ELISA) that was first intraetli¢or detection of
antibodies againdR. typhi andR. prowazekii (Halle et al., 1977) and
later adapted to the diagnosis of Rocky Mountaottsgd fever (Clements
et al., 1983). The rickettsial immunofluorescence ag#a#) adapted to
a micromethod format is the test of choice for Herodiagnosis of
rickettsial diseases (Philipet al., 1976). The micro-IFA allows
simultaneous detection of antibodies against sévelettsial antigens
starting with a drop of serum in a single well @ning multiple
rickettsial antigen dotslt is considered as the “gold standard” technique
and it is used as a reference technique in mosta#dries. Western blot
and line blot assays are also used in routine @ednsidered as powerful
serodiagnostic tool for seroepidemiology (Raoulb&sch, 1995).

The drawback of ELISA, IFA and western blot, isttledl these
methods require laboratory platforms specialized twlture and
purification of rickettsiae. Moreover, and whileAlks currently the test
of choice for serologic diagnosis of rickettsiafeiction, cross-reactive
antibodies between rickettsiae species are oftesergbd, rendering

difficult the serologic identification.

I|mmunodetection of rickettsiae

Biopsy specimens of the skin with a rash arounddsien, preferably
petechial lesions, and tache noire specimens armatdst common
samples used. Immunodetection methods may alsedzkta detect

microorganisms from their arthropod vectors. Slidesair-dried and
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fixed in acetone before being treated with polyalar monoclonal

antibodies conjugated with immunofluorescent labels

| solation of rickettsiae

In the past, only research laboratories that habdbety level 3
containment and personnel with extensive experiemcecultivating
rickettsiae were able to isolate these small anctigtintracellular Gram-
negative bacilli from clinical specimens. The céagation shell vial,
technique, first developed for cytomegalovirus udf was adapted for
the isolation ofR. conorii (Marrero and Raoult, 1989). This method,
which has led to a significant increase of labaratosuitably equipped to
isolate rickettsiae, allows detection 48—72 h postulation. Isolation of
rickettsiae is of great importance as the ultimdiagnostic goal is
recovery of the bacterial agent from a tick or sigma (La Scola and
Raoult, 1996).

Molecular methods

Molecular methods based on PCR and sequencing dreadgled the
development of sensitive, specific and rapid tdotsboth the detection
and identification of rickettsiae in blood, skiropsy specimens, and even
ticks. Primer sets targeting various rickettsiahgg have been described
and can be used in any laboratory with suitablditias (Brouquiet al.,
2004; Fournieet al., 2004).

In summary, several diagnostic methods are usedritiettsia
detection. In the specialized laboratories, she&l culture, molecular
biology and serodiagnostic with IFA or adsorbed tess blot are used
systematically. Because it is difficult to diagnosekettsial infection

early after infection occurs, administration ofilaigtic treatment before a
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definitive diagnosis is still made (Pelletier anca LScola, 2010).
Preventive measures are complicated because tddk@f effective and
safe rickettsial vaccines (Walker, 2007). To detd@itiently bacteria in
clinical samples, we need to dispose of highly sees specific and

available detection tests.

[11-3. Antibodies as tools for physiopathological nvestigations

From the first description of rickettsiae as hunmmathogens, the
rickettsiosis remained poorly understood diseafks. useof antibodies
was helpful to dissectsome specific aspects gplthogenesis of these
obligate intracellular microorganisms. A few exae®plare detailed

below:

-Role ofrOmpA as a bacterial ligand

This 190 kDa immunodominant surface-exposed prateithought for
long to be involved in adhesion of rickettsiae tsthcells, based on the
protective effect against rickettsial infectionsanimal models afforded
by the recombinant truncated rOmpA or DNA plasmittaling this
protein (Mc Donalcet al., 1987; Li and Walker, 1988; Vishwanathal .,
1990; Sumner et al.,, 1995; Crocquet-Valdeset al., 2001).
Immunoblotting and immunofluorescence assays aoefir the absence
of rOmpA fromR. rickettsii lowa, as hypothesized from the comparative
genomic analysis ofR rickettsii Sheila Smith (virulent) and lowa
(avirulent) strains that highlighted a deletionuléag in defect of rOmpA
expression in the latter (Ellisabal., 2008).
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-rOmpB mediates bacterial invasion and constitueeprotective antigen
for SFG rickettsiae

The mammalian receptor Ku70 was identified as weol in the
rickettsial invasion process, a process whereithkettsial autotransporter
protein rOmpB, intervenes as bacterial ligaWcrtinezet al., 2005,
Chanet al., 2009). In a recent paper, Chatral. (2011) developed mAbs
which specifically recognize a conformation presenthe folded, intact
rOmpB passenger domain. They demonstrated that suéhs are
sufficient to confer immunityn vivo. Analysesin vitro suggest that this
protection involves a mechanism of complement-ntediakilling in
mammalian blood, a means of rickettsial clearara has not been

previously described.

-Scal promotes adherence to nonphagocytic mammaliaells
Bioinformatic analysis of SFG rickettsiae alloweal itlentify the Sca
protein family, predicted as outer surface protgiBgnc et al., 2005).
However, very little is known about the function{d)these Sca proteins,
with the exception of Sca0 (rOmpA) and Sca5 (rOmpBstern-blot
and immunofluorescence staining were achievedrooonorii using a
polyclonal antiserum directed against the N-terinpwation of the Scal
passenger domain (amino acids 29 to 327). Datangatalemonstrated
that Scal is present on the surfaceRotonorii isolated from infected
mammalian cells and involved in their adherencédst cells (Rileyet
al., 2010).

-Evidence for the regulation of rOmpA expression
During their life cycle, bacteria from theickettsa genusmay adapt to
diverse environments in the ticks and mammals. rTéaptation strategy

most probably results from a selective gene exmesss depicted for
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other tick-borne pathogens. Accordingly, it wasesled, by RT-PCR and
immunofluorescence assays, that rOmpA expressionucaergo major
changes. Thus, rOmpA is strongly detected whenretisiae propagated
within Vero cells while poorly expressed in bacecollected from tick
hemolymph (Rovenget al., 2006). Similarly, variation in rOmpA but not
in rOmpB expression was also evidencedRnmassiliae during the
Rhipicephalus turanicus life cycle (Ogawa et al., 2006). When inoculated
from arthropod vectors to human beings, rickettamst probably exhibit

a proteic profile different to that observed froacteria grown in culture.
Ex-vivo experiments aimed at characterizing this hostquah interaction

should thus be analyzed with caution.

-The phagosomal escape involves a rickettsial gihadipase D

As several other pathogens of the geriusteria, Shigella and
Mycobacterium, rickettsiae rapidly gain access to the cytosoinéécted
cells through phagosomal vacuole escape. Whileirthelvement for a
phospholipase A (PLA;) in the entry vesicle lysis was for proposed
(Winkler and Miller, 1982), the completion of ridksal genomes
revealed the absence of Piéncoding gene. The first phospholipase
identified within a rickettsial genome was tReconorii phospholipase D
(PLD). Its role as virulence factor was demonstitdteough the capacity
of anti-PLD antibodies to inhibit the cytotoxicitgn endothelial cells
(Renestat al., 2003).
These data are summarized Figure 1.
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Figure 1
Schematic representation of rickettsia physiopathalgy

Rickettsiae express outer membrane proteins inoudiOmpA,
rOmpB and Scal that are known to be involved inbiheing to the host
cells as it is also the case for Adr2. Their euticyreceptors were not
yet identified, expect for rOmpB thought to intdradcth the membrane
protein Ku70. The bacteria then invade human emtiathcells via the
process of inducephagocytosis and rapidly escape from the phagosome
into the host cytoplasm. Lysis of phagosome is atedi by bacterial
membranolytic proteins namely phospholipase D (PBBYJ hemolysin
(tlyC). Thus, bacteria gain the cytosolic comparitmand possibly the
eukaryotic nucleus where they replicate. For rickaé exhibiting a
motile phenotype, cell-to-cell spreading in whicltkA was thought to
play a role is observed while expressed over tligeebacterial surface
(reviewed in Blaragt al., 2009).

Specific events for which experimental investigatiavere achieved
using mAbs were pointed out in red.
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II-4. Monoclonal antibodies — Generalities and futue prospects

Among the techniques employed by pathologists egmibse and
study infectious diseases there is a long histbth@use of mAbs. MAbs
are generatedn vitro either by hybridoma technology or recombinant
DNA techniques (Kohler and Milstein, 1975). Brieftp produce mAbs,
one removes B-cells from the spleen or lymph naafesn animal that
has been challenged several times with the antf@mterest (Figure 2).
These B-cells are then fused with myeloma tumds ¢blbridomas) that
can grow indefinitely in culture (myeloma is a Biceancer). Large
amounts of mAbs can thus be produced. The antibdohen the different
clones are then tested for their ability to bindhe antigen (for example
with a test such as ELISA) or immuno-dot blot, ahd most sensitive
one is picked out. MAbs can be produced in celtucel or in live
animals. When the hybridoma cells are injectedhégeritoneal cavity of
mice, they produce tumors containing an antibodi-rfluid called
ascites. Production in cell culture is usually prefdd as the ascites
technique may be very painful to the animal.

MADbs are homogenous immunoglobulins that, by dedinj
recognize one epitope and have markedly higherifspectivity than
polyclonal serum. Advantages of mAbs formulations guperior in
homogeneity, constancy, pathogen specificity, lowrdity, enhancement
of immune function. Advances in biotechnology haseabled the
development of antibody-based drugs for use firgteating cancer, and
recently, for treating infectious diseases. Thecaffy of such antibodies
has been demonstrated in varigasvitro studies, animal models and
clinical trials for a variety of both viral and ldadal pathogens.

Some concrete and efficient applications concerrting fied of

rickettsiae are described below.
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Figure 2

The different steps of the expression of monoclonahtibodies
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OUTLINE OF THE THESIS
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In this work we first focused our interest on atéetharacterization of
R. prowazekii adhesins thought to play a major role in adhesmah eost
cell invasion process. Two distinct adhesins, dahelrl and Adr2, and
which display a high sequence homology, were ihtidaken in
consideration. However, for unexpected reasondaied to express the
recombinant Adrl (RP827) as a soluble protein. Gméyrickettsial Adr2
encoded by RP828 was cloned, expressed and puifiedmount
sufficient for immunizations. The production of m&lwas achieved
through the fusion of mouse myeloma cells and sptedls from RickA-
immunized mice. Both sensitivity and specificity tbe mAbs anti-Adr2
were evaluated by western blot. Their efficiency neutralize R.
prowazekii entry into host cell was then investigated.

In the second work, we also generated selective srtAlgain further
insights into cell-to-cell spreading, another magrent of rickettsia
pathogenesis. More specifically, our aim was toaliae RickA in R
conorii. While this protein was found able to promote racti
polymerisation (Gouiret al., 2004), its role in rickettsia motility has been
the subject of debates (Balmijal., 2008; Klebaet al., 2010). Based on
the lack of peptide signal, its localization as ammbrane protein is for
long questionnable. Immunofluorescence and immunlectren
microscopy are the strategies displayed to case@ixdmine this aspect.

In the last part of this work and based on theedd#ht potential
rickettsial recombinant protein markers, we ingsed the
discrimination of infection betwedR typhi andR. conorii by ELISA.

These works were described in the 3 publicatiorsgmted below.
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Article 1 — Preamble

Rickettsia prowazekii is the etiologic agent of epidemic typhus and
Brill-Zinsser disease (Bechatt al., 2008). This is a louse-borne human
pathogen which has caused large outbreaks in isiigatvhere lack of
hygiene and cold weather favour louse proliferatldamans are exposed
to R prowazekii through direct contact with contaminated body éous
feces. Rickettsidoegins its life cycle in the human host by invadthg
endothelial cells via the process of induced phgigscs. Then, it rapidy
escapes from the phagosome into the host cytophdsene it replicates
and eventually causes the invaded cell to burstik¥vaet al., 2007,
Balrajet al., 2009).

Understanding the molecular mechanisms responsible R
prowazekii virulence is an important challenge. Using two elsional
polyacrylamide gel electrophoresis (2D-PAGE) cormebdinwith high
throughput matrix-assisted laser desorption/ioromattime of fight
(MALDI-TOF) the first proteome reference maps ottb®. conorii and
R. prowazekii were established (Renedbal., 2005). This achievement
in turn led to the identification of two putativeckettsial ligands
recognized by endothelial cells and called Adrl Adi2 (Renestat al.,
2006).

Recognition of and binding to the host cell is ay k&tep for
pathogenesis. This is particularly true when cogrand) the fact that these
strictly intracellular bacteria must enter hosis# replicate and survive.
Here, in order to get better knowledge about tbketisial Adr2 adhesin,
we produced mAbs directed against this protein. th@ purpose, the
recombinant Adr2 protein fromR. prowazekii was cloned, expressed and
purified to immunize mice. The capacity of the akdir2 mAb to inhibit

rickettsiae-induced cytotoxicity was also investigh
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ARTICLE INFO ABSTRACT
Article history: Background: Rickettsia prowazekii is the etiological agent of epidemic typhus and is an obligate intra-
Received 8 October 2010 cellular bacterium that grows as a parasite freely within the cytoplasm of a eukaryotic host cell. Previous

Received in revised form

17 January 2011

Accepted 24 January 2011
Available online 1 February 2011

studies have shown that rOmpA and rOmpB which belong to the family of rickettsial cell surface antigens
are involved in vitro in the adhesion of Rickettsiae to epithelial cells. Recently, two putative rickettsial
adhesins have been identified using high resolution 2D-PAGE coupled with mass spectrometry. In this
study, we further characterize and describe the adhesin Adr2 from R. prowazekii.

Methodology/Principal findings: Using an overlay assay coupled with mass spectrometry two adhesins, Adr1

K ds: . . .. . ”
R?);; ‘::)‘z,xr/aszekii (RP827) and Adr2 (RP828), were identified from the R. prowazekii proteome Recombinant R. prowazekii
Adhesins Adr2 was expressed through fusion with Dsbc in Escherichia coli, purified and concentrated, thus allowing
Monoclonal antibody production of specific monoclonal antibodies, as confirmed by western blot assays. Finally, inhibition of

rickettsiae-induced cytotoxicity with monoclonal anti-Adr2 antibody has showed a greatest impact on
bacterial cell entry at 8 h post-infection (ca50%) and then decreased progressively to attempt 18% of
inhibition at day 7. These, correlated to the inhibition of rickettsiae-induced cytotoxicity with monoclonal
anti-rOmpB antibody. Thus, Adr2 is sufficient to mediate R. prowazekii entry into the cell at early stage of
mammalian cell infection.
Conclusions: Our results suggest that R. prowazekii Adr2 could be the main actor promoting the entry of
rickettsiae into the host cells. The present study opens the framework for future investigations for better
understanding of the Adr2 -mediated mechanisms involved in adhesion/invasion or intracellular survival
of R. prowazekii.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Rickettsia prowazekii is the etiological agent of epidemic typhus. This
bacterium is an obligate intracellular parasitd tgraws freely within the
cytoplasm of its eukaryotic host cell rather than phagosomes or
phagolysosome [1]R. prowazekii can be isolated from shell vial cell
cultures, which has replaced classic animal- andfbryonated egg-—
based culture methods [2, 3]. The pathogen exhiistow generation
time (8-12 h), undergoes steady multiplication bsés the host cell by
releasing hundreds of infectious bacteria [3]. Ustiding the
mechanisms involved in this unique intracytoplaspacasitism was the
goal of current study.

Bacterial cell surface proteins are involved in stqoarasite
interactions and are targeted by the adaptive rsspof the host immune
system [4]. Adhesion is a key step for bacteriahsion of host tissues,
and adhesins are bacterial surface proteins tltaigneze receptors on
host cells. The expression of various genes duattgesion can activate
the pathogenic process [5]. Proteins as well agtstral organelles on
bacterial surface mediate adhesion. The bacteaalponents may be
capsule, lipopolysaccharide, toxins and adhesins.

The R japonica rOmpB autotransporter proteins function in
rickettsial adherence to and invasion of Vero cfdls These proteins
belong to a large family of outer membrane prot&mswn as the surface
cell antigen (Sca) family [7]. Rickettsial entrytanthe host cell is
mediated by the rOmpB protein, which binds to tlesthcell receptor
Ku70, a component of the DNA dependent proteinden8]. Cholesterol
also acts as a membrane receptorRoprowazekii binding [9-12]. The

rOmpA protein is an immunodominant, surface-exposgitransporter
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present only in the rickettsial spotted fever gr¢up, 13] and may be
involved in the initial adhesion &. rickettsii to the host cell [14]. In the
previous study, two putative rickettsial ligandg€agnized by host cell
surface proteins were identified using high resofu2D-PAGEcoupled
with mass spectrometry [15]. The results showed thae ligand
corresponds to the C terminal extremity of rOmpalied B-peptide, the
second one being a protein of unknown function dadadby RC1281 in
R. conorii. RC1281 is located downstream of its paralog, RC1282
Their orthologous genes iR. prowazekii are respectively RP827 and
RP828 encoded proteins share striking homologiesy Bre respectively
termed Adrl and Adr2 for adhesion &ickettsiae. Because of the
presence of a signal peptide in Adrl and Adr2 dm&lrtsignificant
sequence homology with membrane proteins, theyylikaem ap barrel
structure within the outer membrane, a locationsiant with their
putative function as adhesins. Adrl and Adr2 argutously present
within the Rickettsia genus and may play a critical role in their
pathogenicity. However, the precise role of thessegmins has not been
investigated [15].

First, our attention was to characterize the oflthese two adhesins
Adrl and Adr2 in rickettsial entry mechanisms te Host cell. However,
we failed expression of recombinant protein AdrP8R7) and only the
rickettsial gene Adr2 (RP828) could be cloned, egzped and purified in
the amounts sufficient for mice immunizations. Weduced monoclonal
antibody (mAb) anti-Adr2 which was used to detemnihe neutralizing

effect ofR. prowazekii entry into host cell.
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2. Results
2.1. Distribution of Adrl and Adr2 within bacterial species

The sequence similarities of the putative adhe&ord and Adr2 for
all studied rickettsial species are shown in Sulfdl. Adrl and Adr2 are
conserved across all rickettsial species, and tlghebt sequence
similarity was found betweeR. sihirica andR. africae Adrl (98%) and
betweenR. sibirica andR. rickettsii Adr2 (99%). The similarity between
Adrl and Adr2 sequences was about 40% among &kttstal species.
When comparing the rickettsial ORFs (Open ReadiragnE) coding for
Adrl and Adr2 against the NCBI database, usingotastP software, we
found that these proteins have homologs in othetebal species (more
than 30% amino acid sequence identity) (Fig. 1)eSEhhomologs were
found predominantly among tlweproteobacteria, but were also identified
in y-proteobacteria such &scherichia spp andSalmonella spp (Fig. 1).

2.2. |dentification of the rickettsial adhesins using the overlay assay

To identify proteins expressed on the surfaceRoprowazekii, an
overlay assay was used. As illustrated in Fighi, technique allows for
the localization and identification of the rickedls adhesins. Adrl
(RP827) and Adr2 (RP828) have a theoretical mobecwleight of 23
kDa and 26 kDa, respectively. To further charazgethe adhesins, the
separation of the protein was carried out in 2D-EA&hd detected by
silver staining. Following silver staining (Fig. 2Aintensely stained
protein spots were excised from the gel, and masbisted laser
desorption ionization time of flight mass spectrampmgMALDI-TOF
MS) was used for identification and analysis. A pamson of the 2D-
gel/MALDI-TOF MS analysis and the overlay assay destrated that
the spots identified in both methods were the prestiadhesions iR.
prowazekii, RP827 and RP828. Interestingly, we have missed
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identification of RP827 inRprowazekii and homolog of RP828 iR,
conorii [15]. We identified RC1281 which shares sequenceadiogy
with RP827 and sca®-peptide) respectively iR. conorii. Only RP828
and B-peptide were identified ilR. prowazekii. Moreover, we identified
immunoreactive spot ml which corresponds to prahHa (Mus
musculus), but failed identification of other 2 immunoreaet spots m2,

m3. Thus, this work completes and confirms previassiits [15].

2.2.1. Cloning, expression and purification of rickettsial adhesins

Initially, two R. prowazekii genes encoding Adrl and Adr2 were
selected for cloning and expression experimentsubyg Gateway
technology (Invitrogen, Carlsbad, CA, USA). Howeveespite using 2
different constructions (with N terminal Histag #9 and Histag-
thioredoxine fusion), we have successfully attemptee expression of
only one protein oR. prowazekii. Thus, Adr2 was purified in soluble
form in sufficient yield by a Nickel affinity chroatography (suppl. M2)
for further experiments. In the case of two différAdrlconstructions the
cloning was successful, but expression of reconmbifi@sion proteins
(Dsbc- Adrl, trx-Adrl and trx-Adr2) ire. coli Rosetta (DE3) pLysS
strain failed. The migration profile of the recomdnt fusion protein is
shown in Fig. 3A (Coomassie staining) showing Dghft2 fusion
protein about 55 kDa, which corresponds to 26 kDr2Aprotein in
fusion with DsbC (28.4 kDa). The identity of recamdnt protein Adr2
was confirmed by western blot using an anti-Hisbhaty (Fig. 3B) and
by MALDI-TOF MS, respectively.

The genes encoding: groEL and RP059 were subsdgudahed
according to manufacturer's instructions (Gateway lon{bg
Technology/Invitrogen Life Technologies). Then, egsion of clones

containing an N-His6 tag plus a fusion protein tadoxin (TRX) [16]
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that enhances expression of the fusion partnerl8J/was performed as
described below. The identity of these proteins @reecked by MALDI-
TOF as described for Adr2. Purified recombinanttgires were used to
generate mADbs included as controls in 137 neugtidiza assay (see 4).

2.3. Production of monoclonal antibodies against Adr2

Monoclonal antibodies (mAbs) were generated agéestecombinant
R. prowazekii Adr2. The antigenic profile of the recombinant piotwas
analyzed using western blots and silver staininga lwestern blot, the
monoclonal antibody obtained from immunized micéhviR. prowazekii
Adr2, recognized proteins at the positions corradpg to the theoretical
location of Adr2 (Fig. 4A). The corresponding sihatained spot was
identified by MALDI-TOF MS (Fig. 4B) as Adr2 protei

2.4. Inhibition of R prowazekii-induced cytotoxicity with anti-Adr2
monoclonal antibody
WhenR. prowazekii was pretreated for 20 min with increasing titers

of anti-Adr2 monoclonal antibody and then addedL829 cells, cell
cytotoxicity measured after 1h of incubation wa$6a3{dilution 1:100)
and 40% (dilution 1:10), respectively. At the satmae of sampling,
inhibition of rickettsial entry assessed by rOmpBwas 53% (dilution
1:10) and 33% (dilution 1:100), respectively (F3g. The % of inhibition
assessed by negative specificity controls was ab®&utor both mAbs:
groEL and RP059. However, the greatest value abitnbn was obtained
for 8h sample with the % of inhibition for Adr2 akidc0% (dilution 1:10)
and 43% (dilution 1:100). Indeed, the values oletdifor rOmpB were
57% (dilution 1:10) and 43% (dilution 1:100). Thishibition was
antibody concentration dependent for both Adr2 a@dpB at 8h of

incubation. Indeed, the % of inhibition was lesanthl0% for both
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controls: GroEL and RP059. We observe decreased ithibition for
both rOmpB and Adr2 at the time of sampling 24M)H2nd 168h and
ranging from 38% to 18% (Adr2, dilution 1:10), fra36% to 8% (Adr2,
dilution 1:100) and 48% to 36% (rOmpB, dilution @)142% to 17%
(rOmpBdilution 1:100), respectively. No significantariation was
observed for GroEL and RP059, except at 24h timeawhpling, the
inhibition was 20% for groEL. The negative controbnsists on
uninfected cells incubated with buffer only andwbkd noisy background
of non specific cytotoxicity which ranged about 30%addition, Adr2 is
sufficient to mediatéR. prowazekii entry into the cell at early stage of

mammalian cell infection.

3. Discussion

In the present study, first, we selectedRinprowazekii genome the
genes encoding for Adrl (RP827) and Adr2 (RP828gtian previous
work [15], sequenced and constructed the phylogémiee showing the
distribution of putative Adrl and Adr2 within bagtd species including
Rickettsiae, a- and y-proteobacteria. Secondly, we identified R
prowazekii proteome adhesins Adrl and Adr2 and showed inbibitif
Rprowazekii entry into the host cells by using monoclonal ardibs
generated by mice immunization with recombinantdiugprotein Adr2-
Dsbc, rOmpB [19], as well as with recombinant pircgeTRX-GroEL
(RP626) and TRX-spo0J (RP059), respectively. AlramedRickettsia
spp. share these both adhesins (Suppl. M1). Prewtudies reported
other adhesins differentially expressedRickettsia like the surface cell
antigen (sca) family proteins and the outer mendbnamteins, rOmpA
and rOmpB [14, 20]. These genes have been usedtutdy ghe
phylogenetic relationships betwe&nckettsia spp. TheAdrl and Adr2

gene sequences show some heterogeneity betRekettsia spp., in
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accordance with the four distinct rickettsial greyp.g., the spotted fever
group, the typhus grou®. canadensis andR. bellii). A highly resolved
phylogenetic tree at the group level was constductsing theRP828
sequences (Fig. 1).We used overlay assays along aviproteomic
approach to identify the adhesins [21]. From a eredtract, proteins
were separated using 2D-PAGE with 6-11 strips (Ejgwhich allowed
for better resolution of the protein than the poegly optimized
conditions [15]. This approach allows for the lozafion and
identification of the rickettsial adhesins using MA-TOF MS. Both
RP827 and RP828 were detected. We observed thepstaen of results
using the overlay assay, as seen in Fig. 2. Thexefthe protein
identification was confirmed using both an overkgsay and western
blot.

The expression and purification of recombinant AGRP828) was
performed as previously described [18Rickettsae are obligate
intracellular growth requirement of the bacteriasg® a challenging
obstacle to their genetic manipulation [22, 23].nMuwous expression
vectors are available, and the choice of a veapedds upon the protein
to be expressed [22]. We have tested two diffecenistructions in our
study: protein in fusion with DsbC and Trx, respeai. Only this DsbC
-RP828 could be expressadvivo. We have also chosen an improed
coli strain for codon usage (Rosetta pLysS). Rare codoasnot only
strongly associated with low yield of protein exgg®n due to ribosome
stalling and abortive translation [24, 25], butoalsiplicated in frameshift
and amino acid misincorporation [26]. Despite diede efforts to
overcome technical limitations, from both seleciedially adhesins
(RP827 and RP828), we have successfully attempiedexpression of
only RP828 in fusion with DsbC. The purification @fsoluble RP828 in

large amounts required for mice immunization, h#s aevealed a
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difficult task, but finally achieved by using nidkeaffinity
chromatography.

BLAST and phylogenetic analyses demonstrated tHa82R and
RP828 have homologs in other bacteria from diffeggnyla. Some of
these bacteria, such Beucella spp. andsalmonella spp., are intracellular
pathogens that bind to and enter the host cell eéilis have been shown
to play a major role in the early steps of infeatithey target a host cell
receptor, allowing the bacteria to colonize or meeanternalized in the
host cell. Thus, adhesins are mainly involved tenactions with the host
cell to promote entry [27]. However, the inhibitiohrickettsiae induced
cytotoxicity with monoclonal anti-Adr2 antibody hatowed a greatest
impact on bacterial cell entry at 8h post- infegctiGaround 50% of
inhibition) and then decreased progressively tenapt 18% of inhibition
at day 7. These, correlated to the inhibition afkettsiae-induced
cytotoxicity with monoclonal anti-rOmpB antibody.hds, Adr2 is
sufficient to mediateR. prowazekii entry into the cell at early stage of
mammalian cell infection. However, the method usedthis work
allowed only global appreciation of this phenomeramd remains the
focus on more detailed mechanisms of further studius, this result is
expected if we consider rOmpA, rOmpB and RP827atse involved in
entry mechanisms oORickettsiae into the host cell. Thus far, rOmpA
(sca0) and rOmpB (scab), have been shown to peatecin adhesion of
Rickettssae to mammalian cellsin vitro [8, 14, 20, 28]. Recently,
Cardwell et al., [29] shown that Sca2 protein is sufficient todna¢e
adherence to and invasion Bf conorii infected cultured mammalian
epithelial and endothelial cells. Inhibition (ca%8pof these phenotypes
with purified soluble Sca2 protein confirms thatasion of host cells is
specifically mediated by Sca2 [29]. However, theoPforotein sequence

identity is about 25% foR. typhi, which is likeR. prowazekii belongs to
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Typhus group (TG) [29]. Its role within TG remaitasbe elucidated. The
ability of R. prowazekii to induce internalization into mammalian cells is
likely governed by numbered adhesin-receptor icteyas which
involved several partners as RP827, RP828, rOmpiieims, Sca2
protein (Fig. 6). Indeed, the identification of maadian receptors
involved in adhesins-mediated uptake of mammalialis ¢s should be
undertaken in ongoing studies.

Monoclonal antibodies against adhesins are an lextebol to study
these interactions between rickettsial adhesins lost mammalian
receptors, may also be an efficient therapeutiaatgeblock binding to
target cells and inhibit bacterial entry into theshcell. NadA-specific
antibodies have been effective in the controlNofmeningitidis [30].
Rickettsial surface proteins have been used to ymedmonoclonal
antibodies that conferred protective immunity innga pigs and mice
[14]. In addition, prophylactic vaccination with fegkins can prevent
bacterial infection [31]. Despite that the monoebantibodies against
RP828 produced in this study have not inhibitedicieffitly the
adhesion/entry ofRickettsia to the host cell; however, the further
orientations should focus on infectivity neutraliaa assaysin vivo.
Monoclonal antibodies may also be used to elucidagRickettsial
physiological and pathological mechanismsOientia tsutsugamushi, a
monoclonal antibody was used to characterizefésclycle in endothelial
cells [30]. Adrl and Adr2 may act as broad-spectuatcine targets for
all Rickettsia spp. since they are well conserved in Riekettsia spp

examined.
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4. Conclusion

Adhesion and invasion are the crucial stages afatd intracellular
infection of host cells, and adhesins are criticddacterial virulence. We
shown that Adr2 is probably one of several factamgolved in
adhesion/entry ofR. prowazekii into host cell. Further investigations
involving Adr2 and other adhesins may lead to tlewetbpment of

antimicrobials to prevent the emergence and recoeref infections.

5. Materials and Methods
5.1. Propagation of R. prowazekii and DNA purification

R. prowazekii (URRPM22) was propagated at 32°C in monolayers of
murine fibroblast L929 cell (ATCC CCL 1, Europeanll€ction of Cell
Cultures 85011425) in Eagle’s minimum essential iomad (MEM,
Invitrogen, Paisley, UK) supplemented with 2% fdtaVine serum (FCS,
Gibco) and 2% L-glutamine (Gibco). Total genomic AMWas extracted
from infected cells using the QlAamp DNA Mini KiQ{agen, Hilden,

Germany).

5.2. Cloning

The R prowazekii RP827 , RP828, groEl, RP059 genes were
amplified using primers designed for Gateway clgniiable 1) and the
Expand High Fidelity PCR System (Roche Diagnosttaylan, France).
Genes were amplified with 30 cycles of denaturaf@mn30 sec at 94°C,
annealing for 45 sec at 50°C and elongation forir2 ah 68°C, followed
by termination for 5 min at 68°C in a PE 9600 thaircycler (Applied
bio systems, Courtaboeuf, France). The resultingR R@oducts were
purified through PEG precipitation and insertedoithe pDONR201
vector (Gateway Cloning System, Invitrogen, USA) lige BP
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recombination reaction, and according to the mastufar s instructions.
The products of the recombination reactions wesnsfiormed into
competent DH& cells and selected on LB-agar plates containing
kanamycin (5Qug/mL). Clones were confirmed using sequencing aed t
dRhodamine Terminator Cycle Sequencing Ready Reuaéiit (Applied
Biosystems, Foster City, Ca, USA). The second stgpateway cloning
was gene transfer into a destination vector (pO@dby the LR reaction
(Gateway Cloning System, Invitrogen, Carlsbad, C4SA). The
resulting expression plasmids were transformed cumpetent DH&
cells, selected on LB-agar plates with ampicilli&0 (ung/mL) and
confirmed by PCR.

5.3. Expression and purification

The expression and purification of recombinant qrst were
performed as previously described [18, 32]. Briefie plasmids
encoding Adrl or Adr2, as well as groELand RP_05&ewused to
transformE. coli strain Rosetta (DE3) pLysS (Novagen, Madison, WI,
USA). For expression of the recombinant proteiragtéria were grown
in the auto-induction medium ZYP5052 (1.4 litersB@°C for 4 h at 200
rom [33]. Following this incubation, the temper&wvas lowered to
17°C, and the cells were pelleted after 18 h. Thetdyial pellet was
resuspended in lysis buffer (50 mM Tris, 300 mM NaCO0 mM
imidazole pH 8.0, 0.25 mg/ml lysozyme and 1 mM PY&#kd frozen at -
80°C for at least 1 hour. After thawing the baetepellets and adding
DNAse | (21g/ml) and MgSO4 (20 mM), the lysed cells were dérged
to separate the soluble fraction from the bacteledlris. The protein was
purified using a nickel affinity column. For thisiqpose, the supernatant
containing the recombinant protein DsbC-Adr2 waadkxd on a 5-ml
HisTrap crude nickel column (GE Healthcare, ChdlfSh Giles, UK)
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equilibrated in buffer A (50 mM Tris pH 8.0, 300 mNRCI and 10 mM
imidazole) (Suppl. M2). The column was then wasiéd five volumes
of buffer B (buffer A with 500 mM imidazole) to remme endogenous
nickel-binding proteins. The protein was elutedwbuffer C (buffer A +
250 mM imidazole). The protein-containing fractiomere pooled and
stored in 50% glycerol at -20°C. The identity oé tisolated protein was

confirmed using mass spectrometry.

5.4. Production of mAbs against Adr2 (RP828), rOmpB, groEL and stage
sporulation protein (RP059)

The monoclonal antibody (MAb) rose against rOmpBs weoduced
as previously described [19]. The remaining MAbsrevproduced by
inoculation of 6- to 8-week-old immunocompetent BHEL mice
(Charles River Laboratories, St. Aubin Les Elbé&uwgnce) with a total of
25 ug of purified recombinant proteins Adr2, groEL, BBQespectively,
with CpG adjuvant, respectively, as described jmesly [34,35]. Three
days after the last injection, the mice were euttsah and the spleen was
removed aseptically. Splenocytes were isolated megared for fusion
with mouse myeloma cell line NS-1, as described. [3§bridoma clones
were selected in RPMI medium (Invitrogen, Carlsb&h, USA)
containing 15% FCS supplemented with HAT mediumvi{fngen,
Carlsbad, CA, USA). Colonies were screened usindelaibA after 10
days. The isotypes of the MAbs were determined arthimmunoType
Mouse Monoclonal Antibody Isotyping kit with antree to mouse
immunoglobulin M (IgM), IgA, 1gG1, IgG2a, IgG2b, drigG3 (Sigma
ChemicalCo.). The antiserum was affinity- purifiedy use of
MAbTrap™ Kit (GE Healtcare) according to the marutdaer’s
instructions. Serum levels of of recombinant protgpecific IgG was

determined by ELISA, as previously described [33]e higher dilution
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of each affinity- purified antibody recognizing thecombinant protein
was estimated. In parallel, the protein contenteinted fraction was
estimated by modified Bradford method (Bio-rad), pseviously
described [37]. The protein concentration in eltfoaction was: 11.96
ug/ml (Adr2), 8.39ug/ml (rOmpB), 8.23ug/ml (GroEL), 9.37pug/ul
(RP0O59) respectively. The specificity of mAbs rdisegainst groEl and
RPO059 was assessed by immunoblotting (Suppl.M3).

541 ELISA

ELISAs was performed as previously described [36]hwminor
modifications. Microtiter plates were coated sepgnaith 40 ug of each
recombinant protein from this study in 1Q0 of carbonate buffer
overnight at 4°C. The coated wells were washed plibsphate buffered
saline (PBS) containing 0.05% Tween 20 and blocakital 100l of 3%
non-fat milk in PBS for 1 hr at room temperatureTYRHybridoma
supernatant (5@Ql) was then added as a primary antibody and theegpla
were incubated for 1 hr at RT before washing wiBSPsupplemented
with 0.1% Tween 20. Following the washes, 10M®f goat anti-mouse
biotin was added, and the plates were incubated for at RT washed
with 0.1% Tween 20 in PBS. The plates were therubated with
streptavidin for 1 hr and washed with 0.1% Tweenr2BBS. Following
this wash, 10Qul of ortho-phenylenediamine (OPD) was added, amd th
plates were incubated for 2—3 min at RT. After 1@ of incubation with
OPD at room temperature, the reaction was stopptd 200 mL/well
NaOH 1 M. Color development was assessed with @oplate reader
(Multiskan EX, Labsystems, Thermo Fisher Scienti¥altham, MA) at
a wavelength of 490nm. Any samples exhibiting abaoce above or

similar to the positive control was considered asifve. A positive
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control consisted in polyclonal positive serum Rfprowazekii and a

negative control consisted in pre-immune negatarars.

5.5. Sample preparation for 2D-electrophoresis
R. prowazekii RP22 was propagated in a confluent monolayer of

murine fibroblast L929 cell line and purified orrenografin gradient as
previously reported [37]. Purified bacteria weredg by sonication in a
solubilizing buffer (7 M urea, 2 M thiourea, 30 mikis, 4% wiv
CHAPS) and centrifuged (10,00x20 min, 4°C) to remove cell debris
and unbroken cells. Soluble proteins were predgutaising the PlusOne
2-D Clean-Up Kit (GE Healthcare, Chalfont St. Gjl&#K). The final
pellet was resuspended in solubilizing buffer, afiie protein

concentration was determined using the Bio-Rad Difeih Assay.

5.5.1. 2D electrophoresis and silver staining

Immobiline DryStrips gels (13 cm, pH 6-11, GE Heeadtre, Chalfont
St. Giles, UK) were rehydrated overnight in 280ehydration buffer (7
M urea, 4% w/v CHAPS, 12l/ml DeStreak, 0.5% v/v immobiline pH
gradient (IPG) buffer (GE Healthcare, Chalfont GiiesUK) containing
30 ug of solubilized proteins. IEF was carried out adowg to the
manufacturer’'s protocol (IPGphor Il, GE Healthcak#). Prior to
electrophoresis in the second dimension, the sig® equilibrated for
15 min in equilibration buffer (30% v/v glycerol¥2w/v SDS, 6 M urea,
50 mM Tris-HCI, bromophenol blue, pH 8.8) contagi65 mM DTT.
This step was then repeated using equilibratiofebsupplemented with
100 mM iodoacetamide. The strips were then embeddéd% agarose,
and the proteins were resolved by electrophorésmugh a 10% SDS-
polyacrylamide gel (EttanTM DALT, GE Healthcare,dlfbnt St. Giles,
UK) at 5 W/gel for 30 min, followed by 17 Wi/gel fd~5 h. Following
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electrophoresis, the gels were silver-stained, digital images were
generated using transmission scanning (ImageSca@terHealthcare,
Chalfont St. Giles, UK) to identify the proteingod®s excised from the
gel were identified using MALDI-TOF MS and a Brukéftraflex

spectrometer (Bruker Daltonics, Wissembourg, Framnee described

previously [38].

5.5.2. Overlay Assay

Overlay assays were performed as previously destrii5]. R
prowazekii extracts (3Qug) were separated using 10% SDS-PAGE. Both
silver staining and an overlay assay were thenopadd. Resolved 2D
gels were transferred onto nitrocellulose membrghesns-Blot transfer
medium, pure nitrocellulose membrane, Bio-Rad, Hles; CA, USA)
for 2 h using a semi-dry transfer unit (Hoefer TE, GE Healthcare,
Chalfont St. Giles, UK). Membranes were blockedPBS supplemented
with 0.2% Tween 20 and 5% non-fat dried milk (PB8e€&n- Milk) for
1.5 h. After blocking, the membranes were incubdtedl.5 h at 4°C
with biotinylated Vero cells (1:100). The reactigpots were detected
using peroxidase-labeled streptavidin (1:1000; &=sdickinson, San
Jose, CA) and chemiluminescence (ECL; GE Healthaahalfont St.
Giles, UK).

5.6. Western blot

Following the transfer of rickettsial proteins, thetrocellulose
membranes were blocked in PBS-Tween-Milk for 1 foleeincubation
with the serum of a mouse immunized with recomhbinadr2 (1:100
dilution in PBS-Tween-Milk). Following al h incubat, the membranes
were washed three times for 10 min in 0.2% PBS-ha&& and probed
with a 1:1000 dilution of a horseradish peroxidassjugated goat anti-
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mouse secondary antibody (GE Healthcare, ChalfanGifes, UK). The
blots were washed with 0.2% Tween 20 in PBS, amndiaminescence
was used to detect protein bands (ECL, GE Heakhd3dhalfont St.
Giles, UK). The resulting signal was detected ompétfilm ECL (GE
Healthcare, Chalfont St. Giles, UK) using an aut@dailm processor
(Hyperprocessor, GE Healthcare, Chalfont St. Gilds). We used to
work with freshly transferred proteins into therodgellulose membrane.
We have never used twice the same membrane foreWideslotting

experiments.

5.7. Inhibition of R. prowazekii-induced cytotoxicity on L929 cells

L929 cells grown in MEM supplemented with 4% fetallf serum
and 2 mmol/L L-glutamine, in microtiter plates, weinoculated with
3000 pfu of R. prowazekii/well [35, 39]. To examine whether Adr2
monoclonal antibody could inhibit the cytotoxicityf R. prowazekii,
bacteria purified on sucrose gradient were incub&we 20 min at 4°C,
with increasing dilutions of antibody, before inatibn with L929 cells
[35]. After 1h, 8h, 24h, 120h (5 days) and 168l&ys) of incubation at
37°C in 5% CO2, the cell culture supernatant wamored, and cell
monolayer were incubated for 1h at 37°C with B®f neutral red dye
(0.15% in saline [pH 5.5]). The viability of baaggehas been checked by
inoculation of cell monolayer with the remainindl @ulture supernatant.
The same conditions were applied for specificitytoals: (i) positive
control performed with rOmpB mADb [19], which is kmp that rOmpB
protein is involved in rickettsial entry [12], (iinhegative controls
performed with mAbs raised against GroEL and RP@&&h are most
likely do not involved in cell cytotoxicity. Dye n@absorbed by the viable
cells was removed by 2 washes with PBS (pH 6.5)alky, the dye
absorbed by the cells was extracted by the additid®Oul of ethanol in
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PBS (pH 4.2), and the optical density at 492nm wassured with a
microplate reader (Multiskan EX, Labsystems, Thefrgher Scientific,
Waltham, MA). At least three independent assaysvparformed. The
results were expressed as a percentage of cytayoristained withR.
prowazekii incubated with the buffer alone. The graphs wemapited
with GraphPad Prisme software (version 3.0, Gragh®aftware, San
Diego, CA, USA).
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Figure 1

Distribution of Adrl and Adr2 in bacterial species

Rickettsial Adrl (RP827) and Adr2 (RP828) ORFs wemmpared
against the NCBI database using the BLASTP softward homologs in
other bacterial species were identified and it glagwn in phylogenetic
tree.
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Figure 2

Recognition of adhesins Adrl and Adr2 using the ovlay assay
Rickettsial proteins were separated in the firshafision over a pH
gradient (pH of 6-13) and then separated using BAGE in the second
dimension. The 2D gel was silver stained for MSelaslentification of
the spots (A) or transferred to a nitrocellulosenbeane and subjected to
an overlay assay (B).
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Figure 3

Purification of the rickettsial adhesin Adr2

During the purification process, different fractoaf the protein extract
were separated using SDS-PAGE and stained with @ssim blue (A).
The identity of purified protein was confirmed ugiwestern blot with an
anti-his antibody (B). T = Total, S = Soluble, WAash, E = Elution.
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Figure 4

Specificity of monoclonal antibodies against Adr2

Detection of rickettsial Adr2 (RP828) using mona@b antibody
obtained from immunized mice. THe prowazekii protein sample was
separated using 2D-electrophoresis and visualizsgusilver staining
(B) or western blot with anti- Adr2 (RP828) monawb antibody (A)
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Figure 5

Inhibition of R. prowazekiiMadridE-induced cytotoxicity with anti-
Adr2 monoclonal antibody

R. prowazekii MadridE (3x103 bacteria per well) was pretreated 20
min with increasing titers of anti -Adr2 (RP828iitiarOmpB, anti-groEL
and anti-RP059 mAbs before infection on L929 celisthe sampling
points post-infection: 1h, 8h, 24h, 120h (5 days) 468h (7days). The
percentage of remaining viable L929 cells was estioh by staining with
neutral red at each time of sampling. To estimagerélative cytotoxicity
levels, the cytotoxicity level oR. prowazekii MadridE pretreated with
buffer alone was considered to be 100%. The negatwtrol consists on
uninfected stained L929 cells. The % of inhibiti@f rickettsial
cytotoxicity was calculated for each mAb.
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Figure 6

Model of R. prowazekiinteraction with mammalian cells

The rickettsial entry to the host cell is likelyvgoned by interactions
between rOmpB and its receptor Ku70, most likelythi adhesins Adrl
and Adr2, by unknown mechanism. Based on the madeSFG
Rickettsiae, we can suppose that Scaz2 is also involved inebattentry;
however, Sca2 of TG shares only 25% of homologyh vVBFG Sca2
protein. Mammalian cholesterol is involved in baiete interaction.
Following rickettsia entry into host cells througiduced phagocytosis,
bacteria rapidely escape from the vacuole (possideof PLD, TlyC) to
gain the cytosolic compartiment and possibly thelews of mammalian
cell where R prowazekii replicates. The mechanism of cell-to-cell
spreading for immobile T@®ickettsiae remains unknown. The rickettsial
secretion system T4SS translocates effectors hmatié contribute to the
intracellular survival oR. prowazekii.
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Table 1

Gene Protein Strain Primers used

RP827 Dsbc-Adrl (MadridE/RP22 F:5-GGGG ACA AGT TTG TAC AAA AAA GCA GGC Ttcgatcatgatatgaattgttctgtag -3'
R:5-GGGG AC CAC TTT GTA CAA GAA AGC TGG GTC CTA catatcaaatcttaatcctgccattaag- 3'

RP828 DsbC-Adr2 (MadridE/RP22 F:5-GGGG ACA AGT TTG TAC AAA AAA GCA GGC Ttcgagtgcattgataatgaatgg- 3'
R:5-GGGG AC CAC TTT GTA CAA GAA AGC TGG GTC CTAtataccaaatcttacacctactgtc- 3'

RP827 TRX-Adrl |MadridE/RP22 F:5' GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAAACCTGTACTTCCAGGGT-GATCATGATATGAATTGTTICTGTAGATTCA-3'
R:5- GGGGACCACTTTGTACAAGAAAGCTGGGTCttatta- CATATCAAATCTTAATCCTGCC- 3

RP828 TRX-Adr2 |MadridE/RP22 F:5' GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAAACCTGTACTTCCAGGGT-GAGTGCATTGATAATGAATGG- 3
R:5- GGGGACCACTTTGTACAAGAAAGCTGGGTCttatta-TATACCAAATCTTACACCTACTGTC-3'

60 KD

CHAPERONIN

(groEL) RP626 | TRX-groEL |MadridE F:5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAAACCTGTACTTCCAGGGT-ACAACGAAACTTATTAAACACG-3'
R:5-GGGGACCACTTTGTACAAGAAAGCTGGGTCttatta-GAAGTCCATACCACCCATGCCAC-3'

Stage 0

sporulation

protein J (spo0J)

RP059 TRX-spo0J |MadridE F:5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAAACCTGTACTTCCAGGGT-GTGAAAAATAAAGGGCTAGGGC-3

R:5-GGGGACCACTTTGTACAAGAAAGCTGGGTCttatta- ATTTAA GATAATATTAAAT-3'




Supplementary material

Suppl.M1: Similarity of Adr sequences inRickettsiaspp.

The sequences similarity of the putative adhesidslAand Adr2 for all
sequenced rickettsial species.
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Suppl.M2: The sheet of Adr2 recombinant protein praluction

Adr2

Ehation in 50% buffer B.

Pool fractions wash E4-E7 Vol: 6 mL ; 0,09 mg/mI. soit 0.56 mg.
Pool fractions elution FO-F4 Vol - Oml ; 1.12 mg/mL soit 10, Img.
Conservation on 50% glycérol : Pool 18 ml in :

[ Tris 25 mM pH 8, NaCl 150 mM, Imidazole 125 mM, Glycerol 50 %

2.5 of the pool is loaded on a PD10 equilibrated in Tris 25 mM, 150 mM Nacl, pH7 2.
elution in 3.5 ml

Concentration of the pool (Nanodrop): 0.39 mg/ml (1.4 mg in total).

NICKEL APFINITY: AKTA XPRESS

Date Column Buffer A Buffer B
06/06/08 |His Trap Ni | Tns 50 mM pH 8.0, NaCl 300 mM, Tris 50 mM pH 8, NaCl 300 mM,
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Suppl.M3: SDS-PAGE and corresponding Western blot @rformed
with mAbs anti-groEL and anti-RP059.

The recombinant protein () groEL and RPO59 respectively were
resolved on 10% acrylamide SDS-PAGE. The correspgntlVestern
blot was performed with either anti-GroEL or an®#®59 monoclonal
antibody at the dilution 1:10.

groEL groEL

1043~
104 by 104.3
94.6 94.6
51.6 - 51.6
36.8—~
36.8
36.8 28.5- -
28.5 28.5
19.5 19598 o
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Article 2 — Preamble

SFGrickettsiae are obligate intracellular pathogens able to mdatpu
the actin cytoskeleton, thus enabling cell-to-cefireading during
infection. The genomic comparison of motile SFGhwite non-motile
TG bacteria allowed to evidenced that bacterianftbe SFG, able to
form actin comets and to move in the cytoplasntode for a protein
sharing a domain organization similar to the a&ssembly-inducing
protein ActA, responsible for actin polymerisation Listeria species
(Ogata Het al., 2001). It was later demonstrated that tReconorii
RickA can effectively activate Arp2/3 and induceim@olymerizationn
vitro (Gouin et al., 2004, Jenget al.,, 2004). The precise molecular
mechanisms leading to RickA-mediated rickettsia iliptwere not
elucidated. First, and based on the lack of pegsigeal, its localization
as a membrane protein was for long questionnafladdlition, and while
bacterial factors involved in motility are usuagiglarized, in the case of
RickA the polarization was not clearly determin€hisson and Brown,
2006, Stevenet al., 2006).

The aim of this work was thus to carefully analylze localization of
RickA, usingR. conorii as model. Two approaches were used starting by
immunofluorescence assays on infected cells. Loatin was then
refined by immunogold coupled to transmission etettmicroscopy
analysis. The results obtained were depicted & fghper presented

above.
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Article 2

NEwW MICROBIOLOGICA, 34, 209-218, 2011

Transmission electron microscopy as a tool
for exploring bacterial proteins: model of RickA
in Rickettsia conorii

Manohari Vellaiswamy, Bernard Campagna, Didier Raoult

Unité de Recherche sur les Maladies Infectieuses et Tropicales Emergentes, URMITE, CNRS UMR 6236 - IRD 198,
Faculté de Médecine, IFR48, Université de la Méditerranée, Marseille, France

SUMMARY

Rickettsia conorii, the etiologic agent of Mediterranean spotted fever, belongs to the spotted fever group of Rickettsia.
It is an obligate intracellular bacterium that grows within the cytoplasm of its eukaryotic host cells. It is motile in the
cytoplasm of infected cells and RickA is reported as critical protein in this aspect. However, the subcellular localiza-
tion of RickA remains uncertain. We describe a simple method allowing RickA protein to be localized by immuno-
fluorescence assay (IFA) and transmission electron microscopy (TEM). By using IFA we showed the global expression
of surface protein RickA in R. conorii organisms.

The TEM results showed that RickA is widely expressed over the entire bacterial surface of R. conorii.

KEY WORDS: Rickettsia conorii, RickA, Immunogold, Monoclonal antibody, Transmission electron microscopy
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INTRODUCTION
Rickettsiae are bacteria highly specialized for obligate ingthdar

existence in both mammalian cells and arthropodovec(Raoult and
Roux, 1997; Winkler, 1990). Historically, they halveen classified into
three groups based on immunological cross-reagtant vector species:
“spotted fever group” (SFG) with agerf&s conorii, R. rickettsii and R.
raoultii, the “typhus group” (TG) withR. prowazekii andR. typhi and the
“scrub thyphus” (STG) (Raoult and Roux, 1997). Huer this
classification is probably simplistic, because sdfiekettsia spp. do not
conserved these criteria of classification (Mertgl., 2009; Merhej and
Raoult, 2010). For example, SFG rickettsiae arendf as living in
ticks, but exceptions includ®. akari (transmitted by mites) an@d. felis
(transmitted by cat and dog fleas) (Merlegjal., 2009; Merhej and
Raoult, 2010). Recently, a “transitional group” luding these 2
rickettsial speciesR felisandR. akarii) has been proposed (Gillespte
al., 2007; Gillespieet al., 2010; Merhejet al., 2009). The SFG group
bacteria, in contrast to TG, have the capacity awvenfrom cell to cell
and within the cells.

Exploitation of the host-cell actin cytoskeleton asucial for several
microbial pathogens to enter and disseminate witkifs, thus avoiding
the host immune response (Carlsson and Brown, 28@8/enset al.,
2006).

It was proposed that actin in rickettsial tailsnigcleated by host Arp2/3
complex and the bacterial proteinskA (Balraj et al., 2008a; Gouiret
al., 2004) and recently discovered Sca2 (Haglwhdal., 2010). The
rickettsial gene ickA of SFG Rickettsiae was identified through a
comparative analysis d®. conorii and R. prowazekii genome (Ogatat
al., 2001).
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It encodes for a 517- amino acid proteickA (Gouinet al., 2004; Gouin

et al., 2005) which shares some similarities in its o&ykterminal region
with human WASP family proteins able to activatep2iB in vitro
(Gouinet al., 2004; Jengt al., 2004). Because genetic manipulations are
still difficult, the role ofrickA in the motility of Rickettsiae has not been
formerly demonstrate(Balraj et al., 2008b).

Its function was in part supported by the abseatemotility of R
peacockii, a strain for whiclrickA is disrupted by an insertion sequence
IRSpel (Simsekt al., 2005).RickA activates thé\rp2/3 complexin vitro
and stimulated motility ofickA-coated beads iKenopus extracts (Gouin
etal., 2004; Jenget al., 2004). Therefore, sevenabints remain unclear.
RickA was found to be expressed on the bacterial suffaoeinet al.,
1999; Gouiret al., 2004), but the amino-acid sequenceidtA does not
display any signal sequence or C-terminal motift tbauld act as a
membrane anchor (Gouiat al., 2004). The experiences withckA
transfected cells designed to drive expressiorhefprotein in the inner
face of the plasma membrane, showed tiekA is a surface protein
expressed oR. conorii involved in Arp2/3 activation and inducing actin
polymerization (Gouiret al., 2004). It has been showmatrickA protein
was expressed on the surface Ro€onorii using immunofluorescence
(IFA) (Gouin et al., 2004) and inR. raoultii by using monoclonal
antibody through western blot (Baleijal., 2008c).

However, it is unknown howickA is addressed to the bacterial surface
and whether the type IV secretion system predidigdthe genome
sequence is involved in targeting to the surfaceui{et al., 2004)
(Figure 1). Indeed, the ultrastructural studies fiofe structure of
Rickettsiae by using electron microscopy were conducted ia 183"
(Hase, 1985; Silvermae al., 1974; Silvermaret al., 1978; Silverman,
1991; Silverman and Wisseman, Jr., 1978) and aitnedompare the
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physical conformation of the outer envelope Rotketsiae by electron
microscopy, revealed some differences witRiokettsiae from TG and
SFG when compare toO. tsutsugamushi (Silverman et al.,
1978;Silverman and Wissemair,, 1978). The TG and SH&ckettsiae
shared togethewith E. coli very similar configuration ofthe outer
envelopes (Figure 2) (Silverman aNdisseman, Jr., 1978). However,
together withO. tsutsugamushi, the SFG Rickettsiae possess additionally
to “microcarpuscular layer”, the slime layer, ex@rto the cell wall
which is probably the locus of major group-specdrtigens (Silverman
et al., 1978). Based on the model Rf conorii surface expressed protein
(Gouinet al., 2004), the aim of the present study was to dematesthe
surface localization afickA protein in theR. conorii by using combined
approaches: immunofluoresce assay using rackik monoclonal
antibody (Balrajet al., 2008c) and TEM analysis through immunogold

labeling.

MATERIALS AND METHODS

Eukaryotic cell lines and bacterial strains

R. conorii strain seven were propagated within murine fibrsibla
monolayers, L929 cell line (ATCC CCL 1) or Africagreen monkey
kidney cells (Vero cell, ATCC C1587) in Eagles mmuim essential
medium (MEM, Gibco, Invirtogen, Paisley, UK) supplented with 4%
foetal calf serum (FCS, Gibco) and 1% L-glutami@&b€o) in 150 cm2
tissue culture flasks at 32°C as described (Badragl., 2008b). The
rickettsiae were harvested when the Vero cells were engorgdshbieria
(3 to 7 days), which corresponded to exponentiadsphof growth.
Supernatant of infected rickettsial cell culturentining rickettsiae and
detached host cells, were collected and centrifuiage200 x g for 10 min

to eliminate cells and free rickettsiae were petleby 8000 x g for 10

74



min. This bacterial sample was used to prepare inaftworescence
assay (IFA) slides. Bacterial growth was monitoogdGimenez staining
(Gimenez, 1964). Additionally, the quantificatioh lmacterial DNA has
been performed as internal control of replicatibime standard curve used
in routine diagnostic was applied for DNA quantfion at the same
sampling times as for monitoring by Gimenez staniithe specific
primers to detect genomic DNA froR conorii were used, coding for
putative acetyltransferase F. 5-TTG-GTAGGC- AAG-GACTA-AGC-
AAA-3' and R: 5-GGAAGT- ATA-TGG-GAA-TGC-TTT-GAA-3,
sondeFAM-GCG-GTT-ATT-CCT-GAA-AAT-AAG-CCGGCA TAMRA
(Bechah Yet al., 2011;Bechalat al., 2007).

Immunofluorescence assay

Anti-RickA monoclonal antibody was previously dabed (Balrajet al.,
2008c). Bacterial suspension was spotted on 1&Ne#s using pin head
nib and slides were air dried and fixed with 100%tmanol for five
minutes at room temperature (RT). Slides were iated for 30 minutes
at RT in humidified condition with mouse monoclonahti+tickA
antibody (1:100) diluted in PBS-Tween (0.1%) witlovime serum
albumin (BSA 3%, Euromedex, France).

After two times PBS-Tween (0.5%, 5 min each) washesnd antibody
were probed with antimouse IgG conjugated biotil@00; Beckman
Coulter Company, France) diluted in PBS-Tween (Q.®th BSA (3%)
for 30 minutes at RT. Further washing was performedPBS-Tween
(0.5%, 5 min each) for two times. Then slides wareubated with
streptavidin conjugated to fluorescein isothiocyan@:500; Bioscience
BD pharmingen, France) for 30 minutes at RT. Aftgo washes with
PBS-Tween (0.5%, 5 min each) slides were air-daied cover slips were
mounted on slides with DAPI (4, 6- diamidino-2- pkikndole, Prolong
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Gold Antifade Reagent. Molecular Probes) from adyeo use solution
and examined under an olympus BX-51 epifluorescemceoscopy at X
100 magnification for image analysis. A naive mossaim was used for
negative control. Table 1 summarized the contiwds were used in this

study.

Transmission electron microscopy

Transmission electron microscopy (TEM) analysis wasducted on
L929 cells infected withR. conorii. A 125 cm2 flask infected with
R.conorii for 96 h was carefully collected and pelleted byntdfugation

before fixation in 2% glutaraldehyde (Electron Miscopy Sciences,
Hatfield, PA, USA) and cacodylate buffer (0.1 M)eonight at 4°C. After
washing with cacodylate buffer (0.1M), the samplee further fixed

for 1 h at room temperature with 2% osmium tetrexi(D.1M),

dehydrated in an ascending series of ethanol (36%1a0%) and
embedded in Epon 812 resin (Electron Microscop\ergms). Ultrathin
sections (70 nm) were transferred on 300 mesh hiegemvar/carbon
grid (TAAB Laboratories, England).

The grids were pre-treated twice with 50 mM NH4@&I| PBS (5min

each). After washing with PBS for four times (5 reiach), the grid were
pre-incubated with solving solution | (PBS, BSA (1%ormal goat
serum 1% (NGS, DAKO, Denmark), Tween20 (0.2%) feo times (5

min each) in 2% osmium tetroxide (0.1M). The gridlere incubated
1h30 with monoclonal mouse amickA antibodies (1:50) diluted in
solving solution I. After washing 4 times (10 miac@) with solving

solution [, grids were incubated 90 mins with anbuse IgG biotinyled
antibody (1:100, Beckman Coulter Company, Frandejedl in solving

solution I. Following gentle washing with BSA (0.1% PBS for two

times (5 min each), the grids were pre-incubateal times (5 min each)
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with solving solution II (PBS, Fish skin gelatin®.§1%), Aurion
Immuno Gold Reagents & Accessories, Netherlandbg @rids were
incubated for 1h30 min with streptavidine (1:40Jdy@0 nm conjugate
reagent (Aurion Immuno Gold Reagents & Accessoréstherlands),
diluted in solving solution Il. The specimens arastved with incubation
solution Il for two times (5 min each).

Finally, the grids were washed in distilled water 2 times (10 min each)
and stained with uranyl acetate (3%, Prolabo, Fpmt water. Then,
grids were allowed to dry at room temperature kefexamined on a
Philips Morgagni 268D electron microscope (FEI Camyg Limcil-
Brevannes, France). A negative control was caoigdy using serum of

naive mice.

Statistical analysis

One hundred individual fields were taken and gadiples were counted
for inner membrane (IM), outer membrane (OM) andcsp around
rickettsia (ECS). We have performed one-tailed quhirtest (Graphpad

Prism software). The graphs were also compiletii;mgoftware.

RESULTS

Detection and localisation ofickA in R. conori

As illustrated in figure 3A, fluorescence labelliogrickA was amplified
using biotin-streptavidin conjugate and showed ittt protein was
expressed on the surfaceRfconorii. In all negative controls (Table 1)
there was no fluorescence intensity over the batwurface (Figure 3B).
The distribution of RickA irR. conorii is shown in figure 4.

The number of gold particles present within inneenmbrane (IM) and
outer membrane (OM) were less when compared wamtimber of gold

particles present outside of rickettsiae (ECS) Imat statistically
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significant. The ECS corresponds to the zone wisclound outside of
rickettsial organism sampled from supernatantRofconorii culture.
However, we found that the most significant diffese £=0.0024) was
observed between the number of gold particles iloadlon IM and OM.
The significant t-testp=0.0316) was also observed for number of gold
particles localized on OM in comparison with tho$&CS. However, no
significant difference was observed if we compdre hnumber of gold
particles localized on IM of the cell in comparisaith those of ECS
(p=0.2747).

DISCUSSION

The present study showed the surface expressiorcid in R. conorii
using antirickA specific monoclonal antibody in IFA (Figure 3A)uo
results skewed with the work of Gouwghal. who demonstrated thaitckA
is localized at the surface of the bacteria uskdy ¢videnced where actin
polymerization occurs (Gouiet al., 2004). We can hypothesize that
rickA found in ECS may be indirectly involved as a natitn-promoting
factor (NPS) which mediates actin nucleation (Fegliy. Actin is one of
the most abundant proteins in eukaryotic cells exidts in two forms,
ATP-bound monomeric (G) actin and ADP-bound filatoeis (F) actin
(Stevenset al., 2006). Polymerization of actin requires ATP lojgsis
and it is tightly regulated by monomer- and filamebinding proteins
that also maintain the free monomer pool and medtaipping, Cross
linking, bundling or severing of actin filamentdé®enset al., 2006).

An initial nucleation step creates free barbed ehgsuncapping or
severing of flaments ade novo nucleation of monomers (Stevegtsal .,
2006). This step is stimulated by cellular factors, as plax Arp2/3,

which in turn, are activated by proteikisown as NPFs such as Wiskott-
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Aldrich syndromeproteins (WASP family proteins) (Figudg. In thel.
monocytogenes model, the conformationathanges of Arp2/3 complex
induced byNPFs might allow these subunits to mimic barbedsetad
serve as template for polymerization (Stevetnal., 2006). Surprisingly,
Serioet al. did not identify a cellular actin nucleator (AfBZomplexe)
in R. parkeri, suggesting that it is not required for actin-lbagekettsial
motility (Serioet al., 2010).

Therefore, in the case &lickettsae, the molecular mechanism of actin
assembly and organization, as well as the exa@& odl nucleation
activators likerickA and sca2, is still obscure (Baletjal., 2008a;Gouin
et al., 2004; Hagluncket al., 2010;Klebaet al., 2010; Sericet al., 2010).
Both well conserved genes among SFKGkettsiae: R. conorii rickA
(Gouinet al., 2004) andR. ricketts sca2 a member of a family of large
autotransporter proteins (Kleletal., 2010), were reported to be required
for motility and virulence. Indeed, when Sca2 wasntated by
transposon insertion, the Sca2 mutant bacteria @togenerate actin
comet tails (Klebaet al., 2010). Probably, the sca2 N-terminus which is
structural homolog of formin homology 2 domain, iisvolved in
nucleation of unbranched actin filaments, procedgiassociated with
growing barbed ends, requires profiling for effrdieelongation, and
inhibits the activity of capping protein (Haglured al., 2010). RickA
includes proline-rich regions sharing the homolegih WASP proteins
and is considered as NPF. The surface localizaifotte rickA protein
might allow its secretion and acting as NPF invdlven actin
polymerization. However, the contributionr@fkA protein in this process
has not been completely elucidated.

Many questions remain unanswered: the mechanisnmckA secretion
how isrickA targeted to the surface of host cell, as welldastification
of other NPFs and the role of T4S (Figure 1). Webpect to recent data,
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the mechanism of actin-based motility is still undgudy and the
rickettsial as well as host cell factors involvadhis process remain to be
determined. The recent work of Seabal. (Serioet al., 2010) showed
that numerous host cell proteins are involvedRimparkeri infection and
actin-based motility (profiling, fimbrin/T-plastingapping protein and
ADF/cofilin) (Serioet al., 2010).

Interestingly, Fimbrin/T-plastin and profiling arequired forR. parkeri
motility, but they are not indispensable for monocytogenes and S,
flexenerii motility (Serioet al., 2010). The bacterial motility depends on
bacterial species and can differ among SFG diffesgains and species.
In this report we address only the questionicifA protein localization in

R. conorii bacterium (Figure 1). IFA is commonly used techeido
monitor the global expression of bacterial proteitowever, this
technique is frequently performed in combinatiorthwother modern
approaches which yielded better image resolutiodeéd, TEM enables
the study of small details in the cell down to natamic levels.

The possibility for high magnifications has made TEM a valuable tool
in both medical and biological research (Robind®86). TEM has been
successfully applied to determine the subcellwaalization of bacterial
protein Hfq (Diestraet al., 2009) and the extracellular site evidence of
virulent plasmid pYV harbored bYersinia pseudotuberculosis (Simonet

et al., 1990), as well as expression of IcsA and ActAtloe surface of
Shigella flexneri (Nhieu and Sansonetti, 1999)isteria monocytogenes
(Cossart and Kocks, 1994) and surface expressiorcld in R. raoultii
(Balraj et al., 2008c). However, by using TEM, we demonstrated that
RickA is widespread iflR. conorii (Figures 4 and 5). It has been shown
that other bacterial components like IcsA, ActA,BImA are known to
be responsible for intracellular motility and exhiba polarized
distribution (Goldberg and Theriot, 1995; Koddtsal., 1993; Stevenst
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al., 2006). Such polarizatiomas not observed farckA which was found
to be expressed over the entire bacterial surfaée aonorii in the study
of Gouinet al. (Gouinet al., 2004) as in our study (Figures 3 and 4).
Thus, ourresults skewed with the results of this grai@ouin et al.,
2004).

CONCLUSION

In conclusion, we have shown the global expressfainckA in R. conorii
cell by using IFA approach (Figure 3). The resoltsSTEM showed that
gold particles were distributed over the entirdaee of R. conorii. This
result emphasizes the importance of disclosingl#tiailed mechanism of
rickA secretion and it's targeting to the host cell scef and to determine
the host receptors and factors involved in the dyoa of actin-tail
formation and its motility inside the cell. For tué prospects it will be
suitable to fractionate the different bacterial pamiments and to
demonstrate the presence or absenceiadA in each compartment.
Localization of proteins in cells has largely rdligpon the use of specific
antibodies. The results presented here show thariakA monoclonal
antibodies provided the same labeling pattern lerost the entire

bacterial surface.
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Table 1.The controls included in IFA experiments
+/- indicates whether the antibody added or not.

Negative ~ Monoclonal Normal Anti-mouse

controls antibody MOLSE Serum biotin
Rick A

| - + +

2 1 - -

3 - - +

4 _ ] ]

+i- indicates whether the antibody added or not.
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Figure 1

Summary of rickA protein roles in rickettsial physiopathology

rickA is involved in actin polymerization (transformatiof monomeric
actin G to filamentous actin F). An initial nucleet step creates free
barbed ends by uncapping or severing of filamentemovo nucleation
of monomers. The complex of actin- relating protgknp) 2/3 involved
in actin nucleation seems to be activated by ntickegpromoting factors
(NPFs) as WASP proteins amttkA. However, the mechanism of actin
polymerization in the model oRickettsae has not been completely
elucidated. Several questions remain without respdgrey boxes): (i)
rickA protein secretion, (i) how the Arp2/3 complexaatine is activated
by rickA, (iii) There are other bacterial cofactors invalven actin
polymerization, (iv) Is the T4S is involved in tetmg rickA to the cell
surface? (v) Is T4S is involved in host genes r&yuh? (vi) How
Rickettsiae spread in the cell and from cell to cell? The ¢gjoaswhich is
the object of this study concerns thekA localization inR. conorii cell.
To respond to this question, IFA and TEM were penfed.
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Figure 2

A) Schema of the cell membrane and B) Model of eitdtal surface
membrane assembly. a) Schematic model of TG and FBéléttsiae of
the cell membrane, outer envelope (cell wall) adg@ent extracellular

layers. Rickettsiae are characterized by a specific membrane structure

The outer envelopes of SFG Rickettsiae are aswelld)An outer leaflet
(OM) with additional “microcorpuscular layer” (ML&and ended with
external slime layer (SL), 2) The peptidoglycanelayPS) is localized
between the OM of the cytoplasmic membrane (CM)thednner leaflet
(IM) of the cell wall; (Adapted from Silverman et.,a(Silverman and
Wisseman, Jr., 1978) b) Surface membrane assemid®ckettsiae. In

the rickettsial assembly, the rickettsial body fednfirst, and the
rickettsial envelope subsequently formed over tayl{Hase, 1983). The
previously proposed mechanism of rickettsiae asgembas follow: 1.

The body of nascent Rickettsia took a definitivenfpa fuzzy material
mainly composed of lipoproteins is formed over tloely, and graduatly
separate the emerging rickettsia from the surroyghditoplasm. 2. The
assembly of the rickettsial limiting membrane oe fticketsial surface
along the fuzzy zone occurs in close associatigdh vibosomes. 3. The
surface ribosomes are associated with rickettsiabnpa membrane,
although the plasma membrane of the assemblingttgik is difficult to

recognize. 4. The short projections of membranereld¢d from the
surface ribosomes into the fuzzy zone, and as ttgiké double

membrane assembled, these projections of membi@me,the septa of
membranewhich stay connected with the surface bafsimes and the
outer membrane (OM) across the periplasmic spa8g (FAdapted from
(Hase, 1985) and the image of ribosome has be@ty feevailable on
internet:http://biology.kenyon.edu/courses/biol X1l4#p05/RNA_riboso

mes.qi)
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Figure 3

Detection of surface expression ofrickA protein by indirect
immunofluorescence

3A. Detection of RickA expression by IFA. Host eilte R. conorii was
fixed in methanol, incubated withickA anti-mouse monoclonal antibody
(1:100) followed by an anti-mouse biotin (1:100(Gtained with
streptavidin FITC (1:500) and visualized by epifiescence microscopy
(magnifications 100X), showed thatkA was expressed at the surface of
R. conorii. 3B. the right panel corresponds to negative control.
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Figure 4

Localization of rickA (TEM)

4A. TEM analysis performed dr. conorii cultured on L929 cells using
rickA anti-mouse monoclonal antibody followed by bioamd with
streptavidin gold (10 nm); the arrows indicatesdtstribution ofrickA in
R.conorii cells inner membrane (IM), outer membrane (OM) and
extracellular space around rickettsies (ECS). 4R:gdtive control
performed using serum of naive mice.
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Figure 5

Histograms showing the distribution of gold particks inR. conorii

Gold particles were counted for one hundred indigidfields. The gold
particles were localized in inner membrane (IM)teounembrane (OM)
and extracellular space around rickettsies (ECYjraoh was plotted by
using graphpad prism software.
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Article 3 — Preamble

While serology is the most used diagnostic method rickettsial
infections, the lack of specificity and sensitiigmain a major drawback
(La scola and Raoult, 1997). Cross-reactions pirgbaesult from
antigenically similar epitopes, but the possibilifiyco-infections can not
be excluded.Many studies have reported great interest in using
recombinant proteins rather than purified bacteriammunodiagnosis.
The aim of the present work was to propose anieffiacdiagnostic test,
based on recombinant proteins, for the detectioR. @fowazekii andR.
rickettsii. To realize our purpose, 45 and 48 target genés fowazekii
andR. rickettsii were selected for recombinant expression usingwzste
technology. The choice of targets was not arbitraxy resulted from the
large expertise of our laboratory in the field mkettsiae. Twenty of the
recombinant proteins obtained were screened by ALW#h sera of
rickettsioses patients. Results obtained demosesirat satisfactory
performance allowing to select discriminating maskef R. typhi andR.
conorii infection, respectively which may be useful fortedgion of

rickettsiae in clinical samples.
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ABSTRACT

Rickettsia is Gram-negative obligate intracellulzacteria that cause
arthropod-borne diseases of humans, including typgRutyphi and R.
prowazekii) and spotted feversR( conorii, R. rickettsii). Diagnosis of
rickettsioses is usually based on diverse seradbgresting of patient
serum. The diagnostic antigen used for indirect umaflorescence assay
(IFA) considered as the reference method is dortk whole purified
bacteria. Deficiencies of this antigen include (potential of
crossreactivity within different rickettsial spegjeas well as with other
pathogens, (ii) the difficulty to obtain sufficieamount of antigen due to
the requirement for highly specialized laboratolgtiorm in intracellular
bacteria culture; (iii) finally, discriminate diagsis of rickettsioses is still
a great challenge, considering the fact that dinpcture is most often
not specific. There is therefore a need for segubatic tests
improvements, especially for a test able to makeramnination between
Rickettsia from typhus group (TG) from Rickettsfaspotted fever group
(SFG). In this aim, we have cloned and expressedrakproteins oR.
prowazekii and R. rickettsii using GATEWAY approach. Then, 20
recombinant protein targets were screened with sérpatients with
rickettsioses by ELISA. We have identified sevepatential markers
which allowed discriminating infection due to Rphy with those caused
by R. conorii. These antigens may be useful for the detection of

Rickettsiae in clinical samples.
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INTRODUCTION

Members of the geneffdckettsia are fastidious bacterial organisms that
are obligate intracellular parasites that resideéhm cytosol of the host
cells and in an arthropod host (La & Raoult, 19%Qcolovschi,
Mediannikov, Raoult, & Parola, 2009Rickettsiae have undergone
evolutionary genome reduction as results of the sunctions that are
provided by the host, i.e., genes encoding metaleolzymes.

There are four Rickettsia species that frequerdlyse incapacitating, life
threatening illnessRickettsia prowazekii, R. rickettsii, R. conorii, andR.
typhi.

Actually, the clinical manifestations of most ritlstoses are
characterized by a continuous spectrum gaped bgasppce of some
worldwide reemerging cases. However, some examm@hswed
inconsistent clinical manifestations hardly cortethwith geographical
context, which makes clinical diagnosis uncertdin. date, laboratory
diagnosis of rickettsioses is based on various P&3Rays, DNA
sequencing which allows convenient and rapid idieation of
rickettsiae, even in non referenced laboratoriestola& Raoult, 1997).
However, the diagnosis of rickettsial illness iswtamed by serological
testing (La Scola& Raoult, 1997). Several convergilomethods were
used in serology: historic Weil-Felix test (WeilRelix, 1916; Eremeeva,
Balayeva, & Raoult, 1994), the complement-fixatitest (Shepard,
Redus, Tzianabos, & Warfield, 1976), the microatigation test (Fiset,
Ormsbee, Silberman, Peacock, & Spielman, 1969) twed indirect
hemagglutination test detects antibodies to angenit erythrocyte-
sensitizing substance (Anacker, Philip, Thomas,asger, 1979). Lately,
these methods became obsolete and were replatied early 1980th 20
by others easier to handle and guaranteed bettesitisgy and

specificity: (i) ELISA, first introduced for detaoh of antibodies against

97



R. typhi andR. prowazekii (Halle, Dasch, & Weiss, 1977) considered as
highly sensitive and reproducible, allowing thefeliéntiation of IgG and
IgM, then extended to diagnosis of RMSF (Clemestital., 1983) and
scrub typhus (Dasch, Halle, & Bourgeois, 1979; Cridanchalay, &
Eamsila, 1980), (ii) IFA in format of micromethodhwh is to date,
considered as reference test (Philip, Casper, GrejsiPeacock, &
Burgdorfer, 1976). The advantage of micro-IFA ig thimultaneous
detection of several antibodies to a number ofetiskal antigens in a
single well with the same drop of patient serunallidws isotyping of Ig:
IgG, IgM and IgA which with detection of IgM prowd a strong
evidence of recent active infection, although thegdosis may be
compromised. Western blot and antigen adsorptienbean also used in
routine and is considered as powerful serodiagnogtol for
seroepidemiology, especially applied for doubtfllses and allows
confirmation of serologic diagnosis obtained by w@mtional methods
(Sompolinskyet al., 1986; Raoult & Dasch, 1989b; Raoult & Dasch,
1989a; Raoult & Dasch, 1995). The drawback of ELISARA and
adsorbed western blot in routine, is that they ireqihe laboratory
platforms specialized in culturing of Rickettsiaendain antigen
purification. However, the serologic evidence ofetction occurs no
earlier than the second week of illness for anyicKettsial diseases (La
Scola& Raoult, 1997). In practical, several diadmmomethods are used
for Rickettsiae detection. In the specialized labares, molecular
biology, serodiagnostic with IFA and adsorbed weshdot and shell vial
culture are used systematically. Because it idicdlf to diagnose
rickettsial infection early after infection occurgdministration of
antibiotic treatment before a definitive diagnasisnade (Pelletier & La,
2010). Preventive measures are complicated becafigbe lack of

effective and safe rickettsial vaccines (Walker,020 To detect
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efficiently bacteria in clinical samples, we neex dispose of highly
sensitive, specific and available detection tests.

The aim of the present work was to propose aniefficdiagnostic test
based on recombinant proteins for detectionRofprowazekii and R.
rickettsii. To realize our purpose, first we have selected ifiovivo
expression 45 and 48 genes targetdRRoprowazekii and R. rickettsii,
respectively. From this selection, we have sucodigsdttempt to express
about 50% of targets using Gateway technology (&melli R et al.,
2011). Finally, we have screened 20 of all theseminant proteins by
ELISA and selected discriminate markers Rf typhi and R. conorii
infection, respectively which may be useful foretion of Rickettsiae in

clinical samples.

MATERIAL & METHODS
2.1) Choice of protein targets for cloning and expssion

The choice of protein targets was defined acogrdd previous studies
showing an important role of rickettsial proteinksigh can be detected by
human antibodies (Renestbal., 2005; Renesto et al., 2006), as well as,
proteins involved in physiopathological proces®skA (Balraj et al.,
2008; Balraj, Nappez, Raoult, & Renesto, 2008), RBVIrOMPA, adr2
(Renestoet al., 2006) which therefore offer opportunities foreith
application in medical diagnosis/vaccine and subset] studies
(Tablel). This list of genes to be cloned was sgbsetly enlarged foR.
prowazekii andR. rickettsii because of the low success rate. Indeed, in the
first series of targets (13 target fBr prowazekii and 12 targets foR.
rickettsii) to be cloned, respectively 6 and 3 clones haea lobtained for
these pathogens (SM1) (VincentellieRal., 2011). Since the cloning and
protein expression of intracellular bacteria such Rickettsiae cause

problems in case of membrane proteins, insolubte smuble form etc,
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so we decided to select the majority of solublggaf(SM1). The nucleic
acid sequences of ORFs were extracted from genbbmery (NCBI).
The predicted signal peptide (http://bp.nuap.nagayac.jp / sosui /
sosuisignal / SOSUIsignalDB /) sequence was removed

2.2) Construction and identification of recombinant expression
plasmids

DNA of R. prowazeki strainMadrid E andR. rickettsii strainSheila Smith
was extracted using commercially available kit (@i, Chatsworth, CA)
according to manufacturer's instructions. Twentyrgéds were
subsequently PCR amplified (Expand High FidelityRP8ystem, Roche
Diagnostics, Meylan, France) using specific prinestaining at their 5’
and 3’ ends the respective attB1 and attB2 recoatloim sites. Each
purified PCR product was transferred according tanufiacturer’s
instructions (Gateway Cloning Technology/Invitrodafe Technologies)
in a first recombination step (BP) into the pDONR2(@ctor to generate
an entry clone used in a second recombination €} with the
destination Gateway vector pETG-20A to generateresgion clones
contain an N-His6 tag plus a fusion protein thiarad (TRX) (Canaan et
al., 2004; Vincentelli Ret al., 2011) that enhances expression of the
fusion partner (Vincentelli et al., 2003; VincefitelCanaan, Offant,
Cambillau, & Bignon, 2005; Vincentelli Bt al., 2011). The resulting
entry and expression clones were transformed intook DH5a cells,
and constructions were confirmed by DNA sequencaigd PCR

screening, respectively.

2. 4) Expression and purification of recombinant poteins
All steps of expression and purifications were peried as previously
described (Sekeyovet al., 2010; Vincentelli Ret al., 2011). Briefly,
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expression vectors carrying the 20 targets werestoamed intoE. coli
strain Rosetta (DE3) pLysS (Novagen). The growthddmons, induction
and harvest was done as previously described (WitetteR et al., 2011).
The bacterial pellet was resuspended in lysis b§@mM Tris-HCI pH
8.0, 300mM NacCl, 0.1% Triton X-100, 1mM ethylenadinetetraacetic
acid [EDTA], 0.25 mg/ml lysozyme and 1mM phenylmasiilphonyl
fluoride [PMSF]) and frozen - 80°C for at leastduh After thawing the
bacterial pellets and the addition of DNAse ugénl) and MgSO4 (20
mM) the lysed cells were centrifuged to separagestiiuble fraction from
the bacterial debris. The pellet was used for syles®t steps of
purification. The proteins were purified by affynithromatography based
on the affinity of the Histidine tag (HHHHHH) witNickel ions. The
pellet fraction of the lysate was solubilised irffeu A (50mM Tris-HCI,
300mM NaCl, 250mM Imidiazole pH 8.0) containing 8®hHCI and
centrifuged to separate the supernatant contairtireg recombinant
proteins and pellet with the cellular debris. Tloéubilzed proteins were
loaded on a Nickel affinity chromatography Hist(&E Healthcare) and
eluted in denaturant condition in the buffer B feufA + 6M urea,
imidazole 250mM, pH 8.0). The fractions containipgoteins were
pooled and stored in 50% glycerol at -20°C. Totapression was
visualized by SDS-PAGE according to standard pa¢Cleveland,
Fischer, Kirschner, & Laemmli, 1977; Towbin, Sta@he& Gordon,
1992). The identity of recombinant protein was aoméd by mass

spectrometry.

2.5) ELISA

Modified ELISA assay was performed as previouslyaided (Sekeyova
et al., 2010). Briefly, 96 well plates (immunolon4, vwwere coated
overnight at +4°C with purified recombinant protél® ug/ml, 10Qu per
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well) diluted in carbonate-bicarbonate buffer (15nM42C0O3, 35mM
NaHCO3, pH 9.6). The following steps were perfornamtording to
standard protocols (Sekeyoetal., 2010). The human sera were diluted
1/1000 in PBST-milk. Alkaline phosphatase-conjudageat anti-human
IgG (whole molecule) (Sigma) (1/5000), alkaline gploatase yellow
para-nitro-phenyl phosphate (pNPP) (Sigma) wered use described
(Sekeyoveet al., 2010). The reaction was read with a microplatder
(Multiskan EX, Labsystems, Thermo Fisher Scienti¥altham, MA) at
a wavelength of 405 nm and data analysed by Grapli?sm (San
Diego, CA). A positive control consisted in pos#tiserum with active R.
typhi andR. conorii infection; a negative control consisted in negativ
serum. Each serum sample was tested at least ircatep The cut-off
was determined as described (Sekeyevaal., 2010). Any samples
exhibiting absorbance above the cut off value wassiclered as positive
(Figure 1A&B).

2.6) Human sera

In this study, 10 patients sera (grdRptyphi) with an infection due t&
typhi and 28 sera the patients diagnosed for ad®veonorii (group R.
conorii) infection diagnosed at the Unité des Ritdies

(Marsellle, France) were included in this studyeafgiving informed
consent (Table2). The diagnosis was based on ggraloed PCR assays
targeting (Socolovschet al., 2009). A control group (group HBD)

consists in 10 healthy blood donors

102



3) RESULTS AND DISCUSSION

Here, we describe the tools for detection of Ritshkae in clinical samples
using recombinant rickettsial proteins. In this aiwe produced 20 and
23 recombinant proteins & prowazekii andR. rickettsii with 20 which
we used for ELISA. Finally, we screen them for thHeest
serodiagnosticmarkers forR. typhi and R. conorii discriminate

serodiagnosis.

Selection of genes targets for protein expression

Initially, 12 and 13 protein targets have beerecdeld for cloning and
expression oR. prowazekii andR. rickettsii, respectively (Table 1, SM1).
However, the success rate of cloning and expresgamvery low (46%

and 25%, respectivelyRickettsiae are obligatly intracellular bacteria,
their genetic manipulation is strongly limited imese conditions
(Renesto, Ogata, Audic, Claverie, & Raoult, 200B)e first attention

was to choose the genes described as immunogenipatent’s or

immunized animal’s sera (Table 1, SM1). Consequetiik list of targets
was enlarged taking care to remove highly hydropholnembrane
proteins of high MW known to be difficult to manipte. This choice

was determined by technical limitations and it @ntcoversial when

considering that the majority of immunogenic progeiare surface
proteins, described as sca family proteins withtkeattsial species, i.e.,
rOmpB ubiquitous in all Rickettsiae and rOmpA praseonly in SFG

group.

Indeed, the genes sca5 (rOmpB) and rOmpA are skt in diagnosis by
PCR (Parola, Paddock, & Raoult, 2005). They are rtiwest reacting

proteins in adsorbed western blot. This study ogehe opportunity to

screen for diagnostic usage other not yet knowwlimcs the protein

targets (SM1). In the context of growing interes$t synthetic gene
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synthesis, optimization of sequence for codon usabeh has been
identified as the single most important factor inokaryotic gene
expression (Lithwick & Margalit, 2003). Therefoitbe improvecE. coli

strain for codon usage (Rosetta BL21 pLysS) wagl.ub®wever, an
analysis of codon usage remains to be performedt ftequently, the
problems of protein expression occur after clorshgwing mutation or
another unknown phenomenon (Vincentellal., 2005). A low yield of
expression may probably be due to their cellulaictty or another of

numbered parameters required for successful pretgiression.

ELISA a diagnostic tool for detection of rickettsises

Two species of the typhus groug.typhi and R.prowazekii, are
pathogenic for human beind?. typhi causes murine typhus (MT), a flea-
transmitted disease that occurs in warm climatesligh, Capo, Mege, &
Raoult, 2008)R. prowazekii is responsible for epidemic typhus (ET), a
disease of cold months when poor sanitary conditeme conductive to
lice proliferation (Bechatet al., 2008). ET was thought to be a sporadic
disease (Bechadt al., 2008), but now is considered as a re-emergirg du
to its increasing prevalence during political cartfl associated with large
human migration i.e. camps of refugees associatiéid veakdown of
social conditions (Gillespie, Ammerman, Beier-Sext8obral, & Azad,
2009) and variation in ecology of rat-flea cycleRf typhi infection in
North and Central America, involves commensal rapgssum, cat flea
(Gillespie et al., 2009). Outbreaks of MT were reported in Africa,
Australia, Thailand, China, Kuweit, Spain and Pgaly but it remains
often unrecognized in Africa (Mouffok, Parola, & &dt, 2008) and in
South-West Asia (Niangt al., 1998; Watt & Parola, 2003). The cohort of
patients infected by R. typhi in the present studyonly n=10.

Considering infection due tB. typhi as sporadic in Europe (Bechah
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al., 2008), our cohort represents 1 year collectiopatients diagnosed in
Rickettsial Diagnosis Reference Unit, Marseillearkre. Almost all of
our patients are imported MT from a travel from emit zones (Parola,
Davoust, & Raoult, 2005; Bitart al., 2009). Even if prevalence of MT
iIs worldwide, remains under diagnosed because epeaific clinical
symptoms. Not all (<50% of cases) of patients fraun study presents
rash (Table 2) considered as hallmark of rickdttsiseases often
transient or difficult to observe. Athralgia, myegor respiratory and
gastrointestinal symptoms, as well as, neurologjossmay also occur.
Thus, the clinical picture of MT can be confoundeith other diseases
(Azad, 1990). Moreover, the clinical features, sumh fever, rash,
regional lymphoadenopathy are commonly present igk-dorne
rickettsioses, i.e. MSF caused in the Mediterrarez@a and Europe by
R.conorii. The main clinical difference between MT and MSIpiesence
of coetaneous eschar following the tick bite R conorii infected
patients. However, in the absence of eschar, theglof both, MT and
MSF can be easily confounded. Serologic tests laentost frequently
used and widely available methods for diagnosisiakettsioses (La &
Raoult, 1997; Shepardt al., 1976). However, the cross reactions
between the different rickettsial species make rofisnation difficult.
Adsorbed western-blot is very helpful in diagnd$#12). In the present
study, the results of western blot were decisiveestablishment of
diagnosis and were performed for the majority aigmds diagnosed in
our laboratory. When the non adsorbed WB doesiowwatoncluding,
then adsorbed WB is performed (SM2). In some ca§&performed on
absorbed serum (SM2 (F, H)) hardly contributes mgmbosis. Finally
diagnosis is based on clinics and several diagntsits. To facilitate the
discrimination betweeR. typhi andR. conorii patients, we screened in

this aim 20 recombinant proteins (10Rfprowazekii (group typhus) and
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10 of R. rickettsii (group MSF)). Four recombinant proteins were found
to cross-react with both, sera infected Whyphi andR. conorii (Table
3). This result is not surprising because they glto well conserved
bacterial proteins: groEL, Adr2, murC and EF-Tu l{iea3). Adr2 is
ubiquitously presents within Rickettsiae and astsrme of putative ligand
recognized by host cell surface proteins. Rickattsntry into the host
cell is mediated by the rOmpB protein, which atexcho the host cell
receptor Ku70, a component of the DNA-dependentteprokinase
(Uchiyama, Kawano, & Kusuhara, 2006; Uchiyaehal., 2006). Several
tested in this format recombinant protein were rihsinate for diagnosis
of infection due toR. typhi, despite their origin: targets fromR.
prowazekii (RP0O16, groEL, RP173), as well as, targets flRamickettsi
(PLD, Scal0O, EF-Tu, A1G_00215) supporting alreadgudnented the
cross-reactivity among Rickettsia species. Intergt, among these
targets we found ScalO protein belonging to a |degeily of outer
membrane proteins known as the surface cell antigoa) family
proteins and PLD involved in rickettsial adhereaoel invasion of Vero
cells. However, these results may be underestimatedidered a small
cohort of R. typhi infected patients. Thus, it will be suitable tdidate
these diagnostic targets on larger study populatione individual
protein could be enough discriminate for diagnasiSFG, except three
targets already used for diagnosis of both, MT lsli&F: groEL, adr2 and
EF-Tu .Considered the results, diagnostic test WYSE can be
interesting to use in routine, because of rapiditis realization, low cost
and possible development of high put screening hvimequired only
small amount of patient’s sera (less thah).1However, ELISA will be
recommended to be use in parallel with IFA refeeemsethod and
adsorbed western-blot which is more sensitive allmlva an earlier

diagnosis than IFA. The main drawback of adsorbestern blot is time-
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consuming, required large amount of both: paties€sum samples and
bacteria. Moreover, the specific choice of bacttribe tested is based on
patient's anamnesis and the epidemiological datptin@zation of
recombinant proteins based ELISA may be an integestiternative for

diagnosis of rickettsial diseases.

Conclusion

This study was designed for production of recomhinaoteins useful
for Rickettsiae detection in clinical samples. W ér successfully cloned
and expressed 43 rickettsial proteins. Finally, selected several
promising antigenic markers & typhi andR. conorii infection by using
ELISA which can be alternative method for rickettsliseases diagnosis.
Despite interest of this test in clinical routirtbe larger panel of sera
should be tested before and not yet tested recambproteins remain to

be screened.
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Figure 1

The reactivity of sera from patients infected Rytyphi, R. conorii, as
well as sera from blood donors (control group) asgaithe various
recombinant proteins were tested by ELISA. Theedéht recombinant
proteins used as antigens are listed along thesx(Ax The recombinant
proteins ofR. prowazekii, strain MadridE; B. recombinant proteinsRf
rickettsii strain Sheila Smith) The axis y shows the normédliresults
(unity of absorbance A405/cut-off measured for emuiigen). The points
of scatter which exhibit the value of report >1 eomsidered as positive.
The cut264 off value was defined as mean 1.5 SDA4®5 value
obtained with control group.
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The reactivity of sera from patients infected by R. typhi, R. conorii, as well as the sera from blood donors
{control group) were tested against the various recombinant proteins by ELISA. The different recombinant
proteins used as antigens are listed along the x axis (A, The recombinant proteins of R. prowazekii, strain
MadridE; B. recombinant proteins of R. rckettsii strain Sheila Smith)

The axis ¥ shows the normalized resufts (unity of absorbance A405/cut-off measured for each antigen). The
points of scatter which exhibit the value of report =1 are considered as positive. The cut-off value was
defined as mean £1.5 5D of A405 value obtained with control group.
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Table 1

Orthologs of R.conorii in R.prowazekiiand R.rickettsiselection of

protein targets for cloning and expression based
Immunoproteomic studies
R B - =
conorii | 5" | prowazekii A ikt
2Pole | AIG_00130
1 | RCO019 | seal RPO17
RPO18
) 0 =1 -
2 |Rco17s | Rpla RP137 | AIG 01020 (plA)
3 | RCO184 | pepa RP14) | AIG 01050
4 |RC0233 | duaK RPI85 | AIG 01337 (DmaK)
5 | RC0300 | wnknown = A1G 01695
6 | RC0397 | unknown : -
7 | rcooes | Grogr. | BP626 | AIG_05315
8 |RC1008 | Tuf RP661 [AlG 05563
=N = =
9. | RC108S [rompn | FE794[A1G_06030
10 | RC1234 | atpC RP300 [ AIG_06755 (atpC)
AIG 06950
11 | RC1266 | maf RP81S
12 | RC1281 | adrl ppg7 | A1G_0THS
13 | RC1282 | adr? Rpgg | ALG_070%0

Table 2

Base-line characteristics of the 48 subjects inalied in this study

on

Characteristics Cases Cases Control group
R. typhi infected subjects fl.' ;‘;}::::‘n infected [l—]];].;l[t}l;m blood donors
n=10 n=28 n=10

Demographic factors

Sex

Male 6 21 No data available

Female 4 7 No data available

Age (years) (Mean £5D) 41.745 52.5+16.9 No data available

Age (vears) male {Mean £51)) 45.7+9.3 50.4+16 No data available

Age (years) female (Mean #SD) | 35.75 243 58.7420 No data available

Diagnosis clinical picture, serology, WB, molecular biology
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Table 3

Test-operating parameters of 20 recombinant prot@s included in
the present study

Lm’ R conorii R_Mamm Marker of rickettsiose
in name Tocns hE Se & VFF | VFN A Se —SE VFF ‘I_'PN I A Se & VFF | VPN | L A
[ R promazeidi ME
groEL; §0 kD chaperonin EPG6
70 | 100 | 100 T 03 [ 100 | 100 53 - 0.321 684 | 100 | 100 4545 | - 0316 | Marker RophikR conorii
Cell surfac izen Scal
P SEEME” * RPOLG
6 | 86 a9 04 | 18 o0 833 28 1.785 | 0913 20 1] ez 25 29 079 Marker Rophi
m‘! ¥ - RPEIE a0 100 | 100 T 04 &1 100 | 100 48 - 039 605 | 100 | 100 40 - 030 Marker RpphideR. conorii
DO]\-ITADJ'E PEAM 447-T68 RDIGD
oy 30 100 | 100 0 07 18 100 | 100 30 - 0.82 i | 100 | 100 25 - 07e
Aminopeptidase A ~ ~
| [EC:3.4111)pepa RP142 20 | loo | 100 55.55 (13} 25 100 | 100 125 0.75 237 | 100 | 100 2564 078
hypothetical proein BRG31 | BPG31
21 100 | 100 6235 0.6 21 100 | 100 3125 - 0.785 26 100 | 100 26 - 074
)W' i -
S RP612
methyltransfermse
10 100 | 100 53 [ 1] 21 100 | 100 3125 - 0.785 18 100 | 100 I3 - 0.82
UDPMN-aceryinmramate-—-L- | BP24T
ligase ¢ 2 T0 | W 873 75 033 | 57 o0 o4 43 in 048 60.5 | 90 2 373 605 | 044 Marker Rpphi & R conorii
stagall protem J
(spoll) o
0 | =0 50 50 1 36 o0 50 25 0.36 107 53 o0 &7 0 0353 | 105
:igm.l] TeCogniton pertcle 1T
P 70 100 | 100 77 03 i 100 | 100 37 - 0.67 47 100 | 100 33 - 053 Marker Rophi
R rickerrsii Sheila Smith
FOF1 ATP synthase subumit AlG 06755
¥ () 50 100 | 100 a7 03 11 100 | 100 2835 - 0.80 i | 100 | 100 25 - 07e
Ivpohetcal protem AGL_02180
L ) i) 0 | %0 57 53 08e | 14 0 80 n 143 085 16 o0 86 s 1.58 | 00835
hypothatical protein A1G_02185
ALG02IES (VapS1) VBl Mg |oo |20 |60 067 |7 oo |&7 |26 o7l o3 |16 |oe0 |es |22 |1 |ooss
‘Bypothatical protem ATG_08970
A5 : d T | W00 | 100 T 0.3 36 100 | 100 36 - 0.64 45 100 | 100 32 - 055 Marker Royphi
cell surface amtigen-like AlG 06915
E Scal3 (Scald) [1] o0 o 47 111 o0 [1] 24 o 111 L] 1] o 16 [1] 111
S0 promem ALG 00540
(1] o0 i} 47 1 |7 90 &7 26 0.7 103 5 o0 &§7 20 0.53 | 105
cell surface mtigen-like ALG 00203
F Seall) (Sealt) T 100 | 100 7 03 50 100 | 100 41 - 05 35 100 | 100 7 - 045 Marker R nphi
diydrofolate reductase ALG 00215
(1] 100 | 100 T 04 43 100 | 100 38 - 0.57 47 100 | 100 i3 - 052
ypothesical protein ALG 05015 . r . o .
41605015 (Rick RickA) 70| 100 | 100 77 03 EL 100 | 100 37 0.61 47 100 | 100 33 052 Marker R pphi
elongztion facter Tu AlG 05565
TO | 00 | 100 T 0.3 53 100 | 100 43 - 046 58 100 | 100 38 - o4z Marker Royphi&il conorii
Test-operating parameters !

Sensitnaty (Se) = pesitive result with patientstotal mumber of patients
Specificity (Sp) = negative result with control grouptotal number of mdradual blood donor
Positive predictive value (PPV) = TRATP+FP); true positive (TP), false positive (FP)
Negative predictrve value (MNPV) = TN/TN=FN); tue negatrve (T2}, false negative (F1)

L = Sa/(1-5p) = (TP/patients) (FPindividual blood donor)
A= (1-Se)/Sp = (FM/patients) (TNfindividnal blood donor)
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Supplementary Material

SM1

Listing of all rickettsial ORFs selected for clogimnd expression. The
table is divided ontdR. rickettsii and R. prowazekii targets. In grey is

presented the first series of experiments targetimgnunoreactive

proteins.
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Protein name

cell surface antigen

locus_tag

A1G_00130

Strain

RR Sheila Smith

Expression
&purificati
on

ELISA

peptide signal or THM

MNKLTEQHLLKKSRFLKYSLLASIAVGAAIPFE

2 | 50S ribosomal protein L1 A1G_01020 (rplA) | RR Sheila Smith| -

3 leucyl aminopeptidase A1G_01050 RR Sheila Smith| -

4 molecular chaperone DnaK ?ng—lglsgs RR Sheila Smith| ~

5 hypothetical protein A1G_01695 A1G_01695 RR Sheila Smith| -

6 chaperonin GroEL A1G_05315 RR Sheila Smith| -

7 elongation factor Tu A1G_05565 RR Sheila Smith| ~ tested g;\KAKFERTKPHVNIGTIGHVDHGKTSLTAAITIVLAKTGGA

8 outer membrane protein B (cell surface antigen) A1G_0603( RR Sheila Smit | - MAQKPNFLKKLISAGLVTASTATIVASFAGSAMGAAI

9 FOF1 ATP synthase subunit epsil A1G_06755 (atpC | RR Sheila mith | + testec MNATILVKIITPLSIA

gy Maf-like protein S EiE RR Sheila Smith| *

11 | hypothetical protein A1G_07045 A1G_07045 RR Sheila Smith| + MKKLLLIAAASTALLTSGLSFA

12 | hypothetical protein A1G_07050 A1G_07050 RR Sheila Smith| - MKKLLLIAATSATILSSSVSFA

3/12=25%

13 | outer membrane assembly protein (asmA) Al1G 9267 RR Sheila Smith| - THM : KYSLIIFISIILLLIVIPFFIPL

14 | asmA DOMAINE 1-705 aa AlG_02675 RR Sheila Smitl + THM : KYSLIIFISIILLLIWPFFIPL

15 | hypothetical protein ALG_06970 (PLD) AlG_06%1D RR Sheila Smith| + tested THM : NNKFIEISIAFILGLSI

16 A1G_02185 + tested
hypothetical protein A1G_02185 (VapB1) VapB1 RR Sheila Smith|

17 + tested THM1 : MGLIIDTAIIIALER

AG1_02180 THM2 : GQTYISPIVLTELLIGVDR

hypothetical protein ALG_02180 (VapC1) VapCl RR Sheila Smith THM3 : KCLAFIEYVKSLFTILPFGIEEV

18 AG1_0218C +
hypothetical protein A1G_02181 (VapC2) VapC2 RR Sheila Smith

19 | hypothetical protein A1G_07220 (VapC3) AGl 072apC3| RR Sheila Smitf -

20 | bifunctional N5-glutamine S-adenosyl-L-methi@sependent +
methyltransferase/tRNA (m7G46) methyltransferase 1GA07200 RR Sheila Smitl

21 | cell surface antigen-like protein Scal3 A1G_06915 Scal3 RR Sheila Smith  + tested

22 | cell surface antigen-like protein Scal0 A1G_00295 Scal0 RR Sheila Smith  + tested

23 | O-sialoglycoprotein endopeptidase A1G_00390 RR Sheila Smit| +

24 | cell surface antigen-like protein Sca8 A1G_ 01440 RR Sheila Smit| +

25 | cell surface antigen-like protein Sca8 A1G 01445 RR Sheila Smit| -

26 | scaffold protein AG1_04120 RR Sheila Smit| +

27 | O-antigen export system ATP-binding protein RfbE A1G_00015 RR Sheila Smitl +

28 | Mrp protein A1G_00940 RR Sheila Smit| +

29 | UDP-3-O- A1G_00045 RR Sheila Smitl +

3C | UDP-N-acetylglucosamine acyltransfere A1G_0003! RR Sheila Smit | +

31 | dihydrofolate reductas A1G_0021! RR Sheila Smit | + testec

32 | folate synthesis bifunional protein A1G_0022! RR Sheila Smit | +

33 | Sco2 protein precursi A1G_0026! RR Sheila Smit | + THM : IIKIFIALAMITGIIFLCLLYSS

34 | soj protein A1G_00540 RR Sheila Smith + tested

35 | stage O sporulation protein J A1G_00545 RR Sheila Smith -

36 - THMZ1 : NIINLIAAIILSLSIIFGWQYFV

THM2 : AIDFGWFYIITKPVFYAMNFFYG
THMS3 : NFGVSILIVTVIIKLLMFTLANK

putative inner membrane protein translocase comporiedC A1G_00475 RR Sheila Smitl THM4 : AGCLPILVQIPVFFESIYKVLYVT




37 | S-adenosyl-methyltransferase Mraw A1G_04755 RR Sheila Smitt| -
38 | penicillin-binding proteir A1G_0474! RR Sheila Smit | -
39 | UDP-N-acetylglucosamine 1-carboxyvinyltransferas A1G_04875 RR Sheila Smithh -
40 | 3-deoxy-D-manno-octulosonic-acid transferase GA10700 RR Sheila Smitt] - THM : YYALSFILLPVYFIIRLLIG
41 | antitoxin of toxir-antitoxin systen A1G_0492! RR Sheila Smit | - MAIFMTVITNRISNA
42 | peptidoglycan-associated lipoprotein precursor A1G_06560 RR Sheila Smit - MKTKITLAFLALCMLAGCN
43 | S-adenosylmethionine synthetase (adometK) A160D6 RR Sheila Smith| -
44 | hypothetical protein A1G_0501(RickA) A1G_0501! RR Sheila Smit | + testec
45 | partie B-peptide de sca5 (A1G_06030) A1G_06030 RR Sheila Smit -
23 10/23 tested 15/45 with PS or TM=33% of membramegims
positive/45
=51% of
expressed
proteins
R. prowazekii
1 Cell surface antigen Scal (SPLIT GEI RPO1¢ RP Madrid E - testel MNKLTAQNLLKKSRFLKYSLLTSISVGAVMAIPVE
2 Cell surface antigen Scal (SPLIT GEI RPO1’ RP Madrid E -
B (g;lllls)urface antigen Scal (SPLIT GENE)190 KD ANENGPRECURSOR RPO18 RP Madrid E -
4 50S ribosomal protein L1 (rpl RP13’ RP Madrid £ i
8] Aminopeptidase A [EC:3.4.11.1](pef RP14: RP Madrid E + testet
6 | DnaK RP185 RP Madrid E -
7 aroEL; 60 kD chaperonin RP626 RP Madrid E + testet w\AKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIILAKTGGA
8 Elongation factor EF-Tu (tuf) RP661 RP Madrid E + w\AKAKFERTKPHVNIGTIGHVDHGKTSLTAAITIILAKTGGA
9 ompB, sca5; Outer membrane protein rOr RP70: RP Madrid E - MAQKPNFLKKIISAGLVTASTATIVAGFSGVAMGAAM
10 | atpC; ATP synthase epsilon chain [EC:3.6.1 RP80( RP Madrid E -
11 | maf; Nucleotid-binding protein implicated in inhibition of septuiormaticn | RP81! RP Madrid E +
12 | Unknow/ADRI1 RP82’ RP Madrid £ - MKKLLLIAATSTALLTSGISFA
13 g . . wF tester PS :MKKLLLIATASATILSSSVSFA
Putative outer surface protein/ADR2 RP828 RP Madrid E THM : LLLIATASATILSSSVSFAECID
6/13=46%
14 | DNA repair protein RECN (recN) RP182 RP Madrid E -
15 | patatin B1 precursor (pat RP60: RP Madrid E -
16 | UDP-N-acetyimuramate--L-alanine ligase RP247CGnu RP Madrid E + tested
17 | ) 3-demethylubiquinone-9 3-methyltransferase 6P RP Madrid E + tested
18 | hypothetical protein RP6S RP63: RP Madrid E + testet
19 | adenylate kinase RP638 RP Madrid E - MIVIFLGPPG
20 | response regulator PleD RP237 RP Madrid E -
21 | ) hypothetical protein RP67% RP67! RP Madrid E +
22 | UDP-3-O- IpxC RP254 RP Madrid E -
23 | hypothetical protein RP6¢ RP68t RP Madrid £ - THM :SYTQNLLSFKNIIGLMLIIFAGI
24 | hypothetical protein RP6¢ RP68¢ RP Madrid E + SFKNIIGLMLIIFAGILFYAYIL
25 | hypothetical protein RP691 RP691 RP Madrid E -
26 | O-antigen export system A’-binding protein RFBE (rfbE RPOO! RP Madrid E -
27 | capsular polysaccharide biosyrsis protein Capl RP33! RP Madrid E -
28 | S0OJ protein (soj) RP058 RP Madrid E -
29 + tested
stage O sporulation protein J (spo0J) RP059 RP Madrid E
30 -
preprotein translocase subunit SecB RPO70 RP Madrid E
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30

preprotein translocase subunit Se RPO7( RP Madrid E
31 + tested THM :KISISKLTILLLTIFYYHISFA
DOMAINE PFAM 447-768 omp: RP16( RP Madrid £
32 + MKQNIYSPLVSIIIPVYN
minor teichoic acids biosynthesis protein ggab g RP33¢ RP Madrid E
33 + tested
signal recognition particle protein RP173 RP Madrid E
34 | hypothetical protein RP789 RP789 RP Madrid E +
35 | hypothetical protein RP527 RP527 RP Madrid E -
36 +
S-adenosy-methyltransferase Mra\ RP56¢ RP Madrid E
37 | methionyl-tRNA synthetase RP683 RP Madrid E -
38 -
preprotein translocase subunit SecA RP0575 RP Madrid E
39 +
DOMAINES Cterm 606-906 SecA RP0575 RP Madrid E
40 - MTLKLGIVGLPNVG
) translation-associated GTPase RP604 RP Madrid E
41 | thioredoxin reductase (trxB1) RP445 RP Madrid E + MKITTKVLIIGSGPAGLSAAIYTAR
42 + MKTKITLAFLALFMLAGCN
peptidoglycan-associated lipoprotein precursor)(pal RP771 RP Madrid E
43 | HEAT shock protein (hsp22) RP273 RP Madrid E - MLKYIPAIFAIILSSNIA
44 - THM : KYSLIFITILLLHIPFFIPL
outer membrane assembly protein (asmA) RP347 RiFitVE
45 -
DOMAINE asmA 1-711 aa RP347 RP Madrid E
46 - THM :FIAVSISFILGIALGIYVESTYY
hypothetical protein RP819 (PLD) RP#1D RP Madrid E
47 -
S -adenosylmethionine synthetase metK (adometK) 77RP RP Madrid E
48 -
ompB, sca5; Outer membrane protein rOmpB (sc&3-1%43, RP704,
partie B-peptide) RP0688 RP Madrid E

20/48=42 | 10/22 tested by 17/48 with PS or THM=35%
% ELISA

expressed

protein:

43/93=46% iin total expressed proteins

In bold and table in grey : first series of expexith THM: transmembranary region;
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SM2

On the left part of figure (A to D) are shown soexamples of cases with
R. typhi infections.

On the right part of figure (E to H) are shown soexamples of cases
with R. conorii infections. The graphs which display the resutienf IFA
are shown on the right. On the axis X are showndifferent rickettsial
antigens screened with patient’s serum, on the ¥axere shown the Ab
titer IgG/IgM.

The first WB corresponds to primary WB performedhwnot adsorbed
serum of patients. The following WBs, if preserd, gerformed with
adsorbed by different rickettsial antigens (chasecording to the clinical
context and results of primary WB) sera.
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CONCLUSION
AND PERSPECTIVES
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The Rickettssa genus is a group of obligate intracellular
proteobacteria that includes human pathogens rs#gerfor the typhus
disease and spotted fevers, and which are assbcrate arthropods
vectors (Raoult and Roux, 199Mast ten years, the advent of whole
genome sequencing has fundamentally improved r&saar rickettsial
pathogenicity. The putative role of some proteinscritical steps of
rickettsiae-host cell interactions was highlight®dalker, 2007; Balragt
al., 2009). However, and while these post-genomicestigations
contributed to gain a better knowledge about risk&tpathogenicity,
several points remain to be clarified.

The aim of my thesis was to use mAbs as new spedoidils to explore
rickettsia pathogenicity. Indeed, and as reviewadthe Introduction
section,antibodies can indeed be used not only for diagmdsuat also for
experimental purpose.

Our first objective was to further characterizekeitsial adhesins
Adrl and Adr2from R. prowazekii. Because the failure to express
recombinant Adrl protein, we focused our invesioye on Adr2. Using
an overlay assay coupled with mass spectrometryfjrateconfirmed its
role as a bacterial ligand recognized by hostprelleins. Recombinaii®.
prowazekii Adr2 was then expressed through fusion with DsbE.aoli,
purified and concentrated, thus allowing productidrspecific mAbs, as
shown by western blot assays. The capacity of mAdsinhibit
rickettsiae-induced cytotoxicity, firmly demonswdtthe role of Adr2 as
a virulence factorArticle 1). These findings led us to conceive some
complementary investigations. Thus, and while wedenced that
inhibition of rickettsiae-induced cytotoxicity oatad in vitro, infected
animal models could also be used to confirm theselts and reinforce
the crucial role played by Adri this respect, anti-Adr2 mAbs could be

intraperitoneally administered to mice prior thekattsial challenge.
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Non-challenged, anti-Adr2 treated and challengetteated mice will be
used as controls. Body weight, physical behaviad dealth also be
recorded both prior and post- infection (Clehial., 2011). Another main
concern to be addressed in the field of rickettsrdty, is to identify the
eukaryotic proteins interacting with Adr2. Such estigations could be
carried out by yeast two-hybrid approach.

Exploitation of the host-cell actin cytoskeletonasicial for several
microbial pathogens to enter and to disseminateinvtells, thus avoiding
the host immune respong®. conorii has the capacity to use the actin-
based motility system for promoting cell-to-cellrspding (Teysseiret
al., 1992). The RickA protein that contains a domaith homologies
with WASP-family proteins was thought to functios a nucleation-
promoting factor that directly activates the Arp2&mplex (Gouiret al.,
2004; Simseet al., 2005). Fromn vitro actin branching assay performed
with recombinant RickA, the involvement of additadnbacterial or
eukaryotic factors in reorganizing Arp2/3 compleangrated Y-branched
networks into parallel arrays was also suggestesig(Jet al., 2004).
Because genetic manipulations were unfeasiblerdleeof RickA in the
motility of rickettsiae was not formerly demonséat Instead, some points
remained unclear. Thus, and while RickA was fotmde expressed on
the bacterial surface, both signal sequence andopldbic domain that
are respectively required for secretion and mensb@amchorage of this
protein are lacking (Gouigt al., 2004). Moreover, experiments achieved
on R. raoultii evidenced that the motile phenotype could be didgr@non
the host cells and unrelated to the level of Riekression (Balragt al.,
2008). The results obtained in our studyticle 2) confirm that RickA is
expressed over the entire bacterial surfade gbnorii and do not exhibits
a polarized distributionas other bacterial components known to be

responsible for intracellular motility including 44, ActA or BimA
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(Goldberg et al., 1993; Kocks et al., 1993; Stewenal., 2005). Our data
fit well with the recently published work of Klelsh al. (2010). Indeed,
these authors took advantage of recent developmemharinerbased
transposon systems for rickettsia transformatiod damonstrated that
Sca2 mutant does not produce actin comet tailggesiiye of its role in
actin-based motility.

The third part of my research focused on the sagrdistic test
improvement. In diagnostic approach, various methedre replaced by
new method which is easier to handle and guarartteddr sensitivity
and specificity. For this reason efficient diagmostest based on
recombinant proteins was started. Twenty recombipanteins targets
were screened with patient sera by ELISA. We beliat some of these
markers could be helpful in discriminating the otfen due toR. typhi
and R. conorii from clinical samplesArticle 3). While the number of
studies involving engineering recombinant protesnstill low, they could
offer an interesting alternative to improve thegtiasis of infection with
these fastidious microorganisms.

In conclusion, and while clearly experiments rentaibe done, |
believe that this work has to a better knowledgihefmolecular

mechanisms involved in rickettsia pathogenicity.
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