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Résumeé

Une approche omique intégrative révéle des déterminants de viru-
lence de Yersinia pestis et des candidats biomarqueurs de la peste

Yersinia pestis est le bacille hautement virulent responsable de la peste, une zoonose
ré-émergente généralement transmise par les puces se nourrissant sur des mammiféres
bactériémiques. Les trois principales formes cliniques sont i) la peste bubonique, la forme
la plus fréquente résultant de la piglre par une puce infectée, ii) la peste pulmonaire trans-
mise par voie aérienne entre individus et iii) la peste dite septicémique, la forme la plus fou-
droyante. Dans les trois formes, les bactéries atteignent la circulation sanguine et conduisent
a la mort. Nous avons utilisé une approche intégrative de biologie des systemes afin de dé-
couvrir les facteurs bactériens qui jouent un réle critique dans la phase bactériémique de la
peste, une étape nécessaire a sa transmission dans le réservoir animal et a la progression
de la maladie chez 'homme.

Nous avons tout d’abord mis au point les conditions de culture de Y. pestis dans le
plasma humain afin de générer un atlas protéique. Nous avons implémenté et optimisé une
méthode d’extraction des protéines et validé son utilisation en environnement de sécurité de
niveau 3. Un protocole original d’analyse protéomique aprées croissance des bactéries dans
le sang a ensuite été mis au point afin de compléter les données plasmatiques. Nous avons
obtenu le protéome de Y. pestis le plus complet a ce jour, couvrant plus de 2800 protéines.
Parmi celles-ci, 1500 ont été détectées dans les bactéries associées aux monocytes et
polynucléaires neutrophiles.

En parallele, nous avons développé un site internet — Yersiniomics — afin d’analyser
et visualiser ces données. Nous avons collecté les génomes complets ainsi que les ex-
périences transcriptomiques et protéomiques publiées, représentant plus de 300 conditions
biologiques in vitro et in vivo intégrées dans la base de données. Ce site unique permet d’ac-
céder a la collection de données de I'espece Yersinia la plus compléte actuellement, grace
a un navigateur génomique interactif intégrant 'ensemble des expériences au niveau de
chaque gene. Une visualisation des données de couverture de séquencage des ARNs ainsi
que des plages de couleur représentant les données transcriptomiques et protéomiques ont
été implémentées.

Nous avons ensuite sélectionné 47 protéines dont I'expression était modulée lors de la
croissance bactérienne dans le plasma humain et/ou présentant un profil intéressant en utili-
sant Yersiniomics, puis nous avons inactivé les genes correspondants. Létude des souches
mutantes nous a permis d’identifier plusieurs protéines impliquées dans ’homéostasie du
cuivre, une subtilase, une protéase et des lipoprotéines nécessaires a la croissance de
Y. pestis dans le sang humain et/ou a la virulence chez la souris.

Nous avons notamment démontré que la lipoprotéine SlyB joue un réle critique pour la
virulence dans les trois formes de peste et pour la croissance de Y. pestis dans le sérum et le
sang. Un mutant de délétion slyB montre une sensibilité accrue aux composés de la réponse
immunitaire innée, tels que le complément et les protéases et peptides anti-microbiens des
polynucléaires neutrophiles, et montre une survie réduite dans des macrophages humains.



Ces phénotypes pourraient dériver d’'une augmentation de I'instabilité et de la perméabilité
de la membrane externe, et d’'un déréglement du protéome de I'enveloppe bactérienne.

Enfin, nous avons exploité nos modeles expérimentaux pour découvrir de nouveaux
biomarqueurs de la peste. Nous souhaitons détecter les microARNs systémiques différen-
tiellement exprimés lors de I'infection par Y. pestis, utilisables comme biomarqueurs pour
le diagnostic précoce de la maladie. Nous avons criblé 179 microARNs a un stade précoce
de la maladie dans un modele de peste pulmonaire chez la souris et établi la preuve de
concept de cette approche en identifiant trois candidats prometteurs. Nous développons
maintenant une approche de criblage non biaisé basée sur le séquencage des microARNs
totaux appliquée aux différents stades de la maladie.

Mots-clés

Yersinia pestis, peste, bactériémie, protéomique, base de données multi-omiques, fac-
teurs de virulence, stress membranaire, immunité innée, microARNs, biomarqueurs pré-
coces



Abstract

Integrative omics profiling reveals Yersinia pestis virulence determi-
nants and host candidate biomarkers of plague

Yersinia pestis is the highly virulent etiological agent of plague, a reemergent zoonosis
generally transmitted by fleas feeding on bacteremic mammals. The three clinical forms of
the disease in humans are i) bubonic plague, the most frequent form resulting from the bite
of an infected flea, ii) pneumonic plague, an airborne disease transmitted between individ-
uals, and iii) septicemic plague, the most fulminant form. Bacteria reach the bloodstream in
all three forms and spread to multiple organs ultimately leading to death. We used an inte-
grative systems biology approach to investigate the poorly characterized bacteremic phase
of plague, an essential stage for plague transmission in reservoirs and disease development
in humans.

First, we set up culture conditions of Y. pestis in human plasma to generate a protein at-
las. We implemented and optimized an acid-based protein extraction method and validated
inactivation of bacteria in a biosafety level 3 environment. We further established an original
protocol for proteome analysis of bacteria grown in whole blood to enrich data obtained in
infected plasma. We detected more than 2,800 proteins, representing the most complete
proteome of Y. pestis today. Interestingly, a pool of 1,500 proteins was detected in bacteria
associated with monocytes and neutrophils.

In parallel, we developed an interactive website called Yersiniomics to help visualize and
analyze these data. We gathered Yersinia genomic, transcriptomic and proteomic public
data representing more than 300 in vitro and in vivo experiments, which were integrated in
a unique database. Yersiniomics allows access to the most complete dataset collection of
Yersinia species through an interactive genome browser displaying results of every exper-
iment for each gene on Yersinia reference genomes. Visualization of RNA-Seq coverage
and differential analysis heatmaps for transcriptomic- and proteomic-data were also imple-
mented.

We then selected 47 proteins of Y. pestis based on Yersiniomics data and their expression
profile during bacterial growth in human plasma and inactivated their corresponding genes.
Phenotypic study of the mutants led to identification of several proteins involved in copper
homeostasis, as well as a subtilase, a protease and lipoproteins of unknown function that
were required for Y. pestis optimal growth in human blood and/or full virulence in a murine
model of septicemic plague.

Notably, we demonstrated that the lipoprotein SlyB is critical for virulence in the three
forms of plague in mice and for Y. pestis growth in human blood and serum. A Y. pestis slyB
deletion mutant is characterized by an increased susceptibility to innate immunity compo-
nents, such as complement, neutrophil proteases and antimicrobial peptides, as well as a
reduced survival in human macrophages. These phenotypes possibly result from increased
outer membrane instability and permeability and imbalance of the bacterial envelope pro-
teome.

Lastly, our experimental models were exploited to discover new biomarkers of Y. pestis
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infection. In a murine model of pneumonic plague, we aimed at detecting differentially ex-
pressed systemic microRNAs which could be used as early diagnostic biomarkers of the
disease. We screened 179 microRNAs at an early stage of infection and could establish
the proof of concept of this approach by identifying three promising candidates. We are
now developing an unbiased screening approach based on microRNA sequencing applied
at different stages of plague.

Keywords

Yersinia pestis, plague, bacteremia, proteomics, multi-omics database, virulence factors,
membrane stress, innate immunity, microRNAs, early biomarkers
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Chapter 1

Yersinia pestis lifecycle

The newly defined Yersiniaceae family, originating from the split of the Enterobacteri-
aceae family in 2016 [1], encompasses the Yersinia type genus which includes 26 species
[2]. Three of them are known human pathogens: Yersinia pseudotuberculosis and Yersinia
enterocolitica cause self-limited enteritis [3] and Yersinia pestis is the etiological agent of
plague [4]. Due to the presence of known virulence factors, the recently described Yersinia
wautersii species is considered as a potential human pathogen [5]. The Yersinia genus also
includes the fish pathogen Yersinia ruckeri [6], the insect pathogen Yersinia entomophaga
[7] and 20 environmental species (Fig 1.1). Y. pseudotuberculosis and Y. enterocolitica
are enteric pathogens transmitted by the oro-fecal route causing gastro-enteritis and pos-
sessing the ability to cross the intestinal barrier and colonize deeper organs in immuno-
compromised hosts. Interestingly, their virulence towards humans was parallely acquired in
different branches of the Yersinia genus [8]. On the other hand, Y. pestis is a clonal species
recently emerged from Y. pseudotuberculosis around 6,000 years ago [9]. By a series of ge-
netic gains and losses, Y. pseudotuberculosis turned from a pathogen causing a self-limited
enteric disease into a highly virulent and deadly pathogen with a very different life cycle [8].
Y. pestis is known to be the cause of at least three pandemics: the Justinian plague from
541 to 750 common era (CE), the second pandemic from 1346 to 1772 ce which began with
the infamous Black Death episode from 1346 to 1353 ck, and the third pandemic beginning
in the middle of the 19" century, responsible for the current plague foci worldwide [10].

1.1 Y. pestis cycle in the environment

1.1.1 The vectorial transmission of plague

Plague is a zoonosis, primarily occuring in the environment. The first accurate descrip-
tion of Y. pestis was made by Alexandre Yersin, a Swiss-French physician and disciple of
Louis Pasteur, during a plague outbreak in Hong Kong in 1894 [12]. In 1898, during an-
other outbreak in Mumbay, the pasteurian Paul-Louis Simond performed the first experiment
showing that fleas were a vector of the disease [13]. Although highly controversial at the
time, this observation was confirmed in the following years [14—16]. It is now well admitted
that plague is mainly transmitted between mammals by the fleas, such as the Oriental rat flea
Xenopsylla cheopis or the ground squirrel flea Oropsylla montana, which are contaminated
during a blood meal on a bacteremic mammalian host. During subsequent blood meals, the
fleas can infect other animals, mainly rodents, which can develop the disease depending
on their susceptibility. This is the main hypothesis of plague maintenance at low incidence
in the environment, representing the enzootic cycle of the disease (Fig 1.2A). During out-
breaks in a wild animal population, called epizootics, a spillover to human can occur and
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Figure 1.1. Phylogenetic reconstruction of the 26 Yersinia species based on the 500 genes of the
Yersinia cgMLST [11]. lllustration adapted from [2].

cause sporadic cases or plague outbreaks (Fig 1.2B) [17]. Other ways of transmission can
also occur depending on the ecological context, such as ingestion of rodents by carnivores,
contacts between urban and rural rodents, aerosol contamination or infected flea carriage
by domestic animals [4].

Simond’s first mechanistic hypothesis for flea-mediated transmission was that bacteria
were transmitted by flea feces on the skin, entering the body by the breach created upon
feeding [13]. However, the English medical entomologist Arthur W. Bacot observed in 1914
bacteria-mediated blockage of the flea proventriculus which led to regurgitation of the bacilli
during feeding [18, 19]. Three types of fleas regurgitation are now described: i) an early
phase transmission, also called mass transmission, which occurs in the first days after flea
infection and is poorly efficient, requiring many fleas to infect a new host, ii) a more ef-
ficient late-stage transmission caused by blockage of the flea proventriculus upon biofilm
formation, which occurs later after infection of fleas that cannot feed anymore and iii) an
intermediate partially blocked state in which fleas can feed but maturation of the biofilm al-
ready interferes with the proventriculus function [20]. A unified mode of transmission based
on proventriculus colonization was proposed in which the kinetics of biofilm maturation is
the main factor explaining the variability in transmission efficiency between early-phase and
late-stage transmission [20]. Epidemiological models based on the rapid epizootic dynamics
suggest the early-phase transmission to be responsible for the epizootics in wild rodent pop-
ulations, but remain controversial due to the low efficiency of this type of transmission and
the high variability in transmission efficiency depending on the flea and host species [20]. A
recent report only partially supports a putative role of the early-phase transmission in epi-
zootics depending on host susceptibility and blood characteristics, as previously reported
[21, 22].

The vector mediating human plague outbreaks and particularly during the medieval Black
Death is more controversial. Indeed, the presence of the eastern flea X. cheopis could not
be proven in Europe, contrary to the human flea Pulex irritans, which however displays a
very low transmission efficiency. Medieval and modern epidemiological data also suggest
that direct transmission by pneumonic plague could hardly mediate the outbreak dynamics
[28, 24]. Other vectors, such as the human lice Pediculus humanus humanus, have been
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proposed to mediate human plague transmission [25]. As lice cannot regurgitate bacteria
while feeding, it has been suggested that bacteria enter the body from lice feces on the skin
upon self-scratching. However, this mechanism remains hypothetical [17].

1.1.2 Maintenance of the plague enzootic cycle

Independently of the vector species, the low efficacy of bacterial uptake and regurgita-
tion from fleas requires a very high bacteremic level in the mammalian host, above 108-107
bacteria per milliliter of blood [26]. The infectivity period of the host is presumably quite
short, as at this level of bacteremia, the mammalian host hardly survives more than a few
days. This high mortality and short infectious time raise questions about the plague main-
tenance in the environment, as a subtle balance has to be found in infection to prevent
either host or disease extinction. A widespread explanation is the presence of heteroge-
neous resistance of the main host reservoir population, allowing long-term maintenance of
host population by renewing the pool of susceptible hosts [27-29]. Mechanisms of hetero-
geneity have been hypothetized such as immunisation by sublethal infection [22] or natural
selection [28, 30]. Other hypotheses include telluric reservoirs, as Y. pestis can survive in
soil, persistence of bacteria in fleas, or a transient stage in protozoa [17, 27]. A mecha-
nism of maintenance in a fully susceptible species has also been proposed, highlighting
the metapopulation spatial arrangment of some rodents species, where the disease spread
from burrows to burrows by a percolation mechanisms which could allow higher persistence
through extinction-recolonization [28, 31-33]. In this model, some resistant species were
also proposed as alternate host disseminating the disease between spatially distinct foci
during epizootic episodes [32]. The metapopulation dynamics hypothesis remains however
controversial, as empirical data only weakly support this model today [34].

1.2 Y. pestis cycle in the mammalian host

1.2.1 Bubonic plague

Y. pestis infection of the mammalian host often occurs after the bite of an infected flea
into the dermis (Fig 1.2C). In a model of intradermal (ID) injection in the ear pinna of mice,
bacteria are subjected to a strong bottleneck, where only a few of them migrate through
lymphatic vessels to the draining lymph node (dLN). Bacteria can be detected as quickly
as 10 minutes after injection, suggesting an extracellular way to reach the dLN following
the lymph flow [35]. A strong neutrophil recruitment is observed at the site of injection, but
occurs whether bacteria or sterile PBS is injected. After ID injection, bacteria are mainly
associated with neutrophils and to a lesser extent to macrophages. Neither neutrophil de-
pletion not dendritic cells (DC) migration ablation affected bacterial transport to the dLN,
supporting the hypothesis of extracellular transport via lymph [36]. In a natural model of in-
fection by flea bite, neutrophil recruitment was only observed for bites of infected flea and its
intensity correlated with the number of injected bacteria. Macrophages were recruited after
the bite regardless of the presence of bacteria, and DCs showed a moderate recruitment
driven by the infection. No specific associations or significant movement was observed be-
tween bacteria and these cell types at early time points [37]. These studies underline the
importance of the infection model, where different outcomes are observed between artifi-
cial injection of bacteria grown in laboratory culture media and flea pre-conditioned bacteria
injected by bites. Another study indeed showed upregulation of bacterial anti-phagocytic
factors in the fleas [38], and fleas possibly inject effectors dampening inflammation during
its blood meal. Despite their methodological differences, these studies suggest an extra-
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Figure 1.2. Simplified scheme of Y. pestis cycle in the environment and evolution of clinical forms in
humans. (A) The enzootic cycle is maintained by the transmission of Y. pestis by fleas that are in-
fected by feeding on bacteremic hosts. They can then infect more or less susceptible rodents during
subsequent blood meals. (B) Epizootic episodes in the wild population can lead to spillover to the
human population, causing epidemics. (C) After injection of Y. pestis in the dermis, bacteria reach
the lymph node via the lymphatic vessels, where they replicate, triggering formation of swollen lymph
node called bubo and causing bubonic plague. (D) If bacterial replication is not controlled in the lymph
node, hematogeneous dissemination from the bubo can cause a secondary septicemic plague. Pri-
mary septicemic plague can also occur if bacteria are directly injected into the bloodstream by fleas.
(E) During septicemia, bacteria can reach and colonize the lungs, causing secondary pneumonic
plague. (F) Primary pneumonic plague is inter-individually transmitted by the cough or any exposure
to contaminated fluids. Dissemination from the lungs also lead to secondary septicemic plague.
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cellular route of migration from the injection site to the dLN. However, other studies, using
injection into the hind paw or footpad, showed the importance of phagocytes and antigen-
presenting cells (APC) receptors such as Langerin (CD207), CCR7, CCR2, sphingosine-
1-phosphate (S1P) or CD209b for efficient bacterial dissemination [39—41]. These studies
are supported by a recent work combining flow cytometry and single-cell RNA-Seq showing
bacteria associated with migratory DCs into the dLN [42]. This result is mitigated by the use
of subcutaneous injection, less representative of a natural flea infection than ID injection due
to differences in dermis and subcutaneous immune composition [43]. Survival of Y. pestis
inside macrophages and to a lesser extent in neutrophils has been demonstrated [44—46]
and bacterial-mediated necroptosis of infected phagocytes is proposed as a mechanism of
bacterial dispersal to the dLN and secondary lymph nodes [47]. This suggests complemen-
tary roles of early extracellular migration mediated by the lymph flow and subsequent and
slower intracellular trafficking allowing optimal dissemination to the dLN, secondary lymph
nodes and ultimately the whole organism.

In the lymph node, bacteria can replicate, provoking a disorganized neutrophil response
which unefficiently control bacterial proliferation [48]. A massive influx of neutrophils, medi-
ated by a strong cytokine induction such as CCL3 (coupled with neutrophil CCR1 receptor),
is observed along macrophage and DC influx [39, 42]. Y. pestis subverts this immune re-
sponse by neutrophil functional inactivation [42, 49] and cell apoptosis [50]. In mice, lymph
nodes show necrosis in the first 24 hours [39], and late inflated lymph nodes appear necrotic,
surrounded by a gelatinous and hemorrhagic capsule in a rat model of bubonic plague [48,
50]. The resulting swollen lymph node, named bubo, gave its name to the associated dis-
ease - bubonic plague.

1.2.2 Septicemic plague

In mice, these rapidly occurring hemorrhages have been recently suggested to come
from a vasculature disruption by bacteria, opening tight junctions between endothelial cells,
leading to dispersion from the bubo to the whole body via the bloodstream and causing
secondary septicemic plague [51] (Fig 1.2D). Blood vessels disruption allows bacteria to
colonize secondary organs from the bloodstream [51], in addition to a proposed intracellular-
mediated way from the lymph node to the thoracic duct [39]. In the rat model, bacteria can be
detected in blood and spleen as soon as 36 hours post infection, sign of hematogenous dis-
semination. Increased level of IFN-y, TNF-o and IL-10 were detected in bacteremic rat sera.
IFN-v levels, along with thrombocytopenia and increased level of circulating neutrophils and
macrophages, seem to correlate with the bacteremia level, consistent with human plague
[50]. In mice, thrombocytopenia could be explained by an atypical disseminated intravascu-
lar coagulopathy characterized by a specific activation of the intrinsic pathway of coagulation,
possibly due to opening of tight junctions of the endothelium by bacteria and contact of the
subendothelial extracellular matrix with blood [52]. Circulating bacteria can be observed in
the spleen vasculature, mostly aggregated around the white pulp. From the bloodstream,
bacteria can also colonize other lymph nodes by disrupting the endothelium from the lumen
[51]. After dissemination, bacteria multiply exponentially in colonized tissues [50], where
they primarly target neutrophils and macrophages [53].

Primary septicemic plague can also occur if bacteria directly enter the bloodstream, via
a wound, or when the flea directly injects bacteria into the bloodstream, which is thought to
occur in up to 30% of human plague cases [54].
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1.2.3 Pneumonic plague

Following hematogenous dissemination, bacteria can reach the lungs in which they repli-
cate and induce a secondary pneumonic plague, characterized by pneumonia and cough
(Fig 1.2E) [4]. Primary pneumonic plague can then be caused by airborne transmission
of Y. pestis by coughing individuals, or by inhalation of infectious droplets from any con-
taminated sources (Fig 1.2F). Primary pneumonic plague exhibits a characteristic bipha-
sic course, that has been studied in various animal models [55-58], beginning with a pre-
inflammatory phase during which bacteria replicate in the lungs, followed by a pro-inflamma-
tory phase causing lung damage, pneumonia and secondary septicemic plague after dis-
semination into the bloodstream [55]. During the pre-inflammatory phase in mice, Y. pestis
directly targets alveolar macrophages and neutrophils [59]. During this phase, bacteria also
prevent neutrophil recruitment by dampening production of chemoattractants, allowing early
bacterial replication which would be impaired by neutrophil influx [60]. Bacteria activate pro-
inflammatory IL-1(3 and IL-18 shortly after entering the lungs, but a simultaneous activation of
IL-1 receptor agonist promotes the pre-inflammatory phase [61]. Laser capture microdissec-
tion and RNA-Seq analysis of lung lesions in infected mice showed that Y. pestis also inhibits
leukocyte migration and cell apoptosis [62], the latter being probably caused by degrada-
tion of Fas ligand [63]. It is thought that bacteria can then disseminate in the organism by
hijacking APCs using host receptors such as CD205 [64]. Replicating bacteria along with
an influx of neutrophils lead to a switch from the pre-inflammatory to the pro-inflammatory
phase between 24 and 48 hours post infection. The necrotizing pneumonia characteris-
tic of the pro-inflammatory phase is mainly caused by the massive influx and activation of
neutrophils [59]. A recent study highlighted the complexity of this biphasic response by
showing the importance of the myeloid differentiation primary response protein 88 (MyD88)
to mediate primary pneumonic plague [65]. Deletion of murine MyD88 gene, involved in the
signaling cascade of the inflammatory response, led to a reduced chemokine production
and neutrophil influx at the early stage, 18 hours post infection, correlating with a higher
bacterial burden in the lungs. However, MyD88 deficiency also led to reduced bacterial load
in the lungs at 48 and 72 hours post infection, suggesting the necessity of a primary bacterial
clearance to allow access of a subset of bacteria to a replicative niche. In addition, MyD88-
/- mice showed reduced lung lesions but were more susceptible to secondary septicemic
plague, suggesting a tight balance between host damage and bacterial clearance in the dif-
ferent phases of the disease [65]. Importantly, instillation may lead to secondary septicemic
plague with or without lung colonization depending on the experimental procedure [66].

1.2.4 Rare forms of plague

Consumption of raw or undercooked meat infected with Y. pestis can cause pharyngitis
and invasion of the cervical lymph node, leading to pharyngeal plague [17]. Some rare com-
plications of septicemia can also occur, such as meningitis, which has been observed mostly
in young patients [67, 68]. Even rarer infections or complications include osteomyelitis [67,
69], myocarditis [67] or endophthalmitis [70, 71].
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Chapter 2

Y. pestis determinants of plague

As a highly virulent pathogen, Y. pestis has been thoroughly studied to better understand
its pathogenesis mechanisms [4, 9, 72]. In addition to the pCD1 plasmid-encoded type 3
secretion system (T3SS), shared by the three human pathogenic Yersinia [8], Y. pestis under-
went several genetic events which led to its very specific lifestyle and virulence. Acquisition
of virulence factors encoded by plasmids pMT1 and pPCP1, and loss of gene functions by
pseudogenization leading to specialization are hallmarks of its specific adaptation.

2.1 Bacterial determinants of vectorial transmission

It was thought that Y. pestis first evolved to induce pulmonary infection by the acquisition
of an ancestral allele of the plasminogen activator Pla [73]. However, one of the hallmarks of
plague today is its vectorial transmission by the flea. To survive in the flea gut environment,
the first evolution of Y. pestis from Y. pseudotuberculosis could have been acquisition of the
ymt gene carried by the pMT1 plasmid, encoding Yersinia murine toxin, a phospholipase D
allowing bacteria to better survive toxic compounds derived from blood digestion in the flea
[74]. It was recently suggested that the importance of ymt to colonize the flea depends on
the host blood status [75]. Ancestral virulent Y. pestis strains which lack Ymt could have
survived in animal hosts with specific blood characteristics. Acquisition of ymt allowed bac-
teria to expand their host range to maintain the enzootic cycle [75]. Y. pestis also relies on
lipopolysaccharide (LPS) modification enzymes and on the oxyR and rovM transcriptional
regulators to resist antimicrobial peptides, reactive oxygen species and adapt to metabolic
changes in the flea, respectively [20].

Additionally to factors allowing bacterial survival into the flea, Y. pestis also produces
factors involved in biofilm formation to block the flea and better disseminate. Major biofilm
factors are produced by the haemin storage locus hms, responsible for cyclic-di-GMP and
extracellular matrix production, and repressed by the Rcs phosphorelay [20]. Importantly,
pseudogenization of rcsA and a frameshift mutation in Y. pestis rcsD are important evolu-
tionary steps allowing to fine-tune biofilm formation in the flea [74, 76]. Biofilm formation also
depends on factors such as the two-component systems OmpR/EnvZ [77] and PhoP/PhoQ,
the small RNA chaperone Hfq, and the cyclic adenosine monophosphate (CAMP) receptor
protein (Crp).

Finally, loss of urease activity by mutating the ureD gene decreases Y. pestis virulence
in flea and is necessary for flea colonization [78].
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2.2 Virulence factors involved in plague

The best studied virulence factors, shared by the three human pathogenic Yersinia spe-
cies, are the T3SS effectors encoded on the pYV plasmid (pCD1 in Y. pestis). This secretion
system injects Yersinia outer proteins (Yops) in hostimmune cells such as macrophages and
neutrophils [53], preventing phagocytosis, cell activation, and inducing cell death pathways
[79, 80]. The T3SS activity is necessary for disease progression in any form of plague [51,
59, 81-83]. A Y. pestis strain cured of T3SS is highly attenuated in any form of plague, and
is considered as a BSL-2 agent in France and other countries, in contrast to its parental fully
virulent strain which requires manipulation in BSL-3 environment.

Determinants necessary for bacterial survival in the host or to induce the various forms
of plague have been extensively reviewed [9, 72]. We will focus on the main factors in the
following sections.

2.2.1 Virulence factors involved in bubonic plague

The plasminogen activator (Pla), encoded on the pPCP1 plasmid and specific to Y. pestis
among the Yersinia, is required for bubonic but not septicemic plague [54]. Pla is a broad
range protease cleaving plasminogen into plasmin, as well as a plethora of other substrates.
Although the virulence of a strain deficient for Pla activity is highly reduced in bubonic plague,
the function of Pla during infection remains mysterious. Its activity on coagulation and fibri-
nolysis in vivo suggests a role in fibrin clot dispersal, facilitating bacterial dissemination from
the point of injection in the skin. However, a study suggests a role of Pla in bacterial mul-
tiplication in the bubo but not in dispersal from the site of injection since no difference was
observed for a pla mutant strain [84]. Other authors have suggested that Pla could cleave
Y. pestis own proteins allowing other functions, or cleave extracellular substrates to acquire
nutrients [85].

Y. pestis encodes a chromosomal pigmentation locus (pgm) flanked by 1S700 insertion
sequences which can recombine at high frequency, leading its loss [86]. The pgm locus
encompasses the ripA gene, required for intracellular survival in macrophages [87], and the
high pathogenicity island (HPI), a mobile element encoding the yersiniabactin siderophore
which is found in other bacteria [88]. Yersiniabactin has been shown to be required to induce
bubonic plague when injected by peripheral route, by providing bacteria with the necessary
iron sequestred by the host [81, 89].

The master regulator of virulence rovA is required for full virulence of both Y. pseudotu-
berculosis and Y. pestis. While RovA regulates the invasin in Y. pseudotuberculosis, it has
a different regulatory role in Y. pestis which bears an inactive inv gene. Y. pestis RovA reg-
ulates the pH6 antigen PsaA, an antiphagocytic factor. The rovA and psaA mutants display
similar virulence attenuation in bubonic plague by a mechanism that is still unkown [90].

The pMT1 plasmid encodes the Caf pseudocapsule, which is highly abundant in bacteria
grown at 37°C and exhibits anti-phagocytic properties [46, 91]. While Caf has been reported
to be required for full virulence of Y. pestis in a murine model of bubonic plague transmitted
by flea bite [92], contradictory results for Caf requirement in bubonic and pneumonic plague
models accumulated over the years [93, 94].

2.2.2 \Virulence factors involved in pneumonic plague

Apart from the T3SS effectors required for the characteristic biphasic profile, few vir-
ulence factors contributing to pneumonic plague are known [59, 60, 83]. Although host
microenvironments in lymph nodes and lungs are different, Pla plays a role in lung colo-
nization and pneumonia [95], by degradation of the Fas ligand FasL, leading to decreased
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apoptosis [63]. Pla is regulated by Crp, the central regulator of carbon catabolite repression
allowing metabolism of lung carbon sources, which is itself regulated by the RNA chaper-
one Hfqg. Both Crp and Hfg have been shown to be required for pneumonic plague [96].
Additionally, Pla and Caf could modulate Y. pestis resistance to lung antimicrobial peptides
[97]. Pla, Ail and Psa play a role as adhesins allowing optimal injection of effectors by the
T3SS [98—-100]. A recent transposon screen identified new factors required for bacterial
adhesion in the lungs, including YPO3903, which regulates PsaA fimbria and additional ad-
hesins [101]. Finally, the bactericidal/permeability-increasing protein (BPI)-inducible protein
BipA promotes Y. pestis resistance to neutrophil killing in the lungs during the early phase
of primary pneumonic plague [102].

2.2.3 Virulence factors involved in septicemic plague

Y. pestis blood survival and dissemination have been less studied than bubonic and
pneumonic of plague. The T3SS and Psa are required for full virulence of Y. pestis after
intravenous (1V) injection, underlining the importance of immune cell neutralization during
septicemia [53, 81, 82, 103], but neither Pla [54], the pgm locus [89], Caf [92] nor RovA [90]
are essential for proficient septicemic plague.

The main factor required for resistance to complement is the adhesin Ail, a major com-
ponent of the bacterial outer membrane (OM). Intriguingly, a Aail mutant becomes sensitive
to bactericidal activity of a wide range of mammalian sera, but remains resistant to mouse
serum [104]. Ail is required for all forms of plague in rat models but not for pneumonic
plague in mice models, and contradictory results were found depending on the methodol-
ogy used for septicemic plague models [105]. Ail displays pleitropic activity on the comple-
ment system, by recruiting and binding the human Factor H, C4b-binding protein (C4BP) and
vitronectin, inhibiting the principal, alternative and terminal pathways of the complement cas-
cade, respectively [106]. In addition to complement resistance, Ail confers other properties
such as adhesion, invasion and Yops delivery [106]. Interestingly, a recent study showed
that sensitivity to human serum of a Aail strain is abrogated in the flea [107]. Although most
of the literature on Ail-mediated serum resistance revolves around binding and inhibition of
complement factors, recent findings suggest that most of Ail activity could originate from
its envelope stabilization properties. Ail could indeed bind LPS, favorizing OM stability and
integrity and mediating resistance to envelope stresses [108, 109]. In the next section, we
will develop the maintenance of Y. pestis envelope integrity and its role during infection.

2.3 The bacterial envelope at the interface with the im-
mune system

In addition to virulence factors mentioned above, Y. pestis and pathogenic bacteria in
general evolved mechanisms to resist stresses encountered in the host. Among others,
these stresses include pH changes, oxidative, nitrosative or osmotic stresses, exposure
to cationic antimicrobial peptides (CAMP), proteases, or to the membrane attack complex
(MAC) of the complement system. Many resistance mechanisms take place at the bacterial
envelop, which will be the focus of the following section.
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Figure 2.1. Structure of Y. pestis envelope. The inner membrane is composed of a symmetric phos-
pholipid bilayer containing anchored lipoproteins or inserted transmembrane proteins such as ABC
transporters. The outer membrane is composed of an asymmetric lipopolysaccharide-phospholipid
bilayer, in which (3-barrel outer membrane proteins such as porins, Ail or Pla are inserted, in addi-
tion to lipoprotein anchored in the phospholipid leaflet. Both membranes encompass the periplasm
containing a thin peptidoglycan layer, covalently attached to the outer membrane by the Lpp Braun
lipoprotein. The periplasm also contains soluble periplasmic proteins involved in various mechanisms
such as nutrient transport or virulence.

2.3.1 The classical diderm envelope structure

Y. pestis is a Gram-negative bacterium, possessing a diderm envelope structure (Fig 2.1).
The envelope is constituted from an inner membrane (IM), an outer membrane (OM) and a
periplasm space (PP), containing a thin peptidoglycan (PG) layer. The IM is a symmetrical
bilayer composed of phospholipids (PL), whereas the OM is constituted of PL in the inner
leaflet and LPS on the outer leaflet [110]. Whereas the OM has long been thought to be
a permeability barrier, its mechanical role to maintain cell integrity and compensate for the
thin PG layer is now well accepted [111].

The lipopolysaccharide. The LPS is composed of lipid A, a core polysaccharide and an
optional O-chain, or O-antigen (Fig 2.2). Y. pestis does not possess any O-antigen, thus the
OM outer leaflet is alternatively called lipooligosaccharide (LOS) [112]. The classical lipid A
structure characterized in Escherichia coli possesses 6 acyl chains leading to hexa-acylated
LPS, but different levels of acylation can be observed depending on bacterial species and
growth conditions. Due to several mutations, Y. pestis produces hexa-acylated LPS at room
temperature but tetra-acylated LPS at 37°C, the mammalian host temperature [113-115].
The lipid A and the core contain negatively charged phosphate groups, and LPS molecules
are compacted together thanks to divalent cations such as calcium or magnesium [116,
117], which give part of its mechanical properties to the OM [111]. The hydrophilic nature
of sugars composing the LPS core and O-antigen, along with the hydrophobic nature of
the lipid bilayer, offers an efficient permeability barrier to Gram-negative bacteria, which can
however be destabilized in various ways [118].
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Figure 2.2. Classical lipopolysaccharide (LPS) structure of E. coli, constituted of a hexacylated lipid
A attached to a core polysaccharide and finishing by a repeating oligosaccharide chain of various
length (O-chain or O-antigen). Y. pestis lipooligosaccharide (LOS) does not contain any O-chain,
and is characterized by a tetra-acylated lipid A when grown at 37°C. Divalent cations help to pack
and stabilize the LPS by binding to negative phosphate groups of the lipid A.

Outer membrane proteins. Roughly 70% of the exposed area of the OM is composed of
outer membrane proteins (OMPs) which are specific B-barrel proteins inserted into the OM
thanks to the Bam machinery [111]. These OMPs can serve as porins allowing solutes and
nutrients to cross the OM, or as virulence factor interacting with the external environment
such as Pla or Ail in Y. pestis.

Lipoproteins. Lipoproteins are specific processed proteins that are anchored in the OM
in majority but also in the IM. While most of lipoproteins face the periplasm, some cross
the OM and can even be exposed to the surface [119]. It is the case of the first lipoprotein
discovered, the Braun lipoprotein Lpp [120]. This protein is thought to be the most abundant
protein in E. coli with 1 million copies per cell, representing 10% of its mRNA and 8% of
the translation process load. About a third of the Lpp, called periplasmic or bound Lpp, is
covalently linked to PG and participates in the integrity and sizing of the cell envelope. The
remaining two-thirds, called free Lpp, is spanning through the OM, non-covalently linked to
several OMPs and can be exposed to the surface [111, 120].

The periplasmic content. The PP also contains soluble periplasmic proteins that carry
various functions, such as nutrient import, protein processing or pathogenesis. Some sol-
uble periplasmic proteins such as MalE, TauA or OppA are linked to specific substrates
(maltose, taurine and oligopeptides, respectively) that can be imported into the cytoplasm
by specialized ATP-binding cassette (ABC) transporters, whose genes are often transcribed
as operons along with genes of their periplasmic protein counterparts (MalEFG, TauABCD
and OppABCDF, respectively) [121]. Other soluble periplasmic proteins allow to transport
components between the membranes, such as LolA from the Lol pathway and LptA from
the Lpt pathway, respectively exporting the lipoproteins and the LPS from the IM to the OM,
or MlaC from the Mla pathway, transporting PL between membranes [121, 122].

Some periplasmic proteins are chaperones such as Skp or SurA, folding OMPs to present
them to the Bam machinery, which will insert them in the OM [123], and others such as DsbA
can add disulfide bonds for oxidative protein folding [124]. Finally, some proteins act as viru-
lence factors such as the ecotin which binds to neutrophil elastase (NE), inhibits its protease
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activity, and is required for full virulence of diverse bacteria such as Y. pseudotuberculosis
[125-127].

2.3.2 Role of the envelope stress responses in plague pathogenesis

Diderms evolved several sensors in their envelope, allowing to sense abnormality in the
assembly or integrity of this complex structure. These sensors and the mechanisms they
trigger are called the envelope stress response (ESR, Fig 2.3A). These sensors often consist
of two-component systems (TCS) or phosphorelays [128]. They have been associated to
virulence in many infection models [129, 130].

The CpxA/CpxR TCS. The CpxA/CpxR TCS senses a range of envelope stresses such
as defect in protein secretion across the IM, misfolded periplasmic proteins, or the NIpE
OM lipoprotein mislocalization in the IM [131]. The TCS is activated by degradation of the
periplasmic negative regulator CpxP, leading to autophosphorylation of CpxA and phospho-
rylation of the transcriptional regulator CpxR. A previous report initially involved CpxA in the
T3SS function [132], however the Cpx response is not necessary for Y. pestis full virulence
[133]. In contrast, it was later shown that CpxA inactivation led to accumulation of phospho-
rylated CpxR which downregulates the T3SS [134] and the global regulator RovA, regulating
the Psa fimbriae among other virulence factors [90, 135-137]. Cpx is thus involved in com-
plex regulatory loops and presumably plays a role in environmental survival to prevent costly
production of enveloppe-associated virulence factors.

The oF response. The oF response involves several IM proteins such as the anti-oF fac-
tor RseA or the DegP protease, in coordination with periplasmic proteins, which can sense
the specific C-terminus of misfolded OMPs in the periplasm. The oF response can be al-
ternatively triggered by periplasmic LPS present in unusual quantity or shape. Activation
of the oF response consists on a proteolytic cascade leading to the release of RpoE in the
cytoplasm. The oF response is composed of two arms: i) a protein arm, where the RpoE
regulator activates the expression of chaperones and proteases to remove misfolded OMP
from the periplasm, and LPS biosynthesis and ii) an RNA arm, led by the RpoE-induced
sRNAs which downregulate translation of OMPs and Lpp to allow the protein arm to re-
store envelope homeostasis [131, 138]. Although the oE response has been poorly studied
in Y. pestis, it has been shown that RpoE over-expression leads to increase production of
outer membrane vesicles (OMV) [139]. In Y. pseudotuberculosis, ot is required for growth
in stress conditions [140] and regulates part of the T3SS [132, 141].

The Psp response. The Psp (phage shock proteins) response senses inner membrane
defects. Although the exact signals are not clearly defined, Psp response is known to be
activated by a change in proton motive force (PMF) or mislocalization of inner membrane
proteins [131, 142]. Interestingly, the Psp has been well characterized in Y. enterocolitica
and is known to be induced by T3SS expression and more precisely by the secretin. Mis-
localization of the OM secretin to the IM could indeed change the PMF. Psp is required for
Y. enterocolitica survival during expression of T3SS virulence factors [143].

The Rcs phosphorelay. The Rcs (Regulator of capsule synthesis) phosphorelay senses
membrane integrity defect [144]. As mentioned previously, Rcs mutations lead to a change
in regulation in Y. pestis. Some observations made in Y. enterocolitica such as T3SS regu-
lation by Rcs remain to be characterized in Y. pestis [141]. However, the contribution of Rcs
in biofilm formation in the flea is well documented [20, 74, 76].
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Figure 2.3. Y. pestis virulence-associated envelope mechanisms. (A) The CpxA/CpxR TCS nega-
tively regulates virulence factors such as the RovA regulator or the T3SS, which is induced by the oF
response and only viable in presence of an effective Psp response. (B) PhoP/PhoQ and OmpR/EnvZ
TCS are essential for plague pathogenesis through LPS modification, intracellular survival and other
unknown mechanisms. (C) LPS modification helps resist antimicrobial peptides and escape TLR4-
mediated recognition by the host immune system. (D) Membrane integrity is maintained by abundant
proteins such as the Braun lipoprotein Lpp and the outer membrane protein Ail. Full and blunted
arrows respectively represent activation and repression. Dashed and red arrows are mechanism
proven only in Y. pseudotuberculosis and Y. enterocolitica respectively. Adapted from [131, 138,
143].
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2.3.3 Role of environmental sensing in plague pathogenesis

Other envelope sensors can sense environmental changes, such as Fe®* and AI®* levels
for the PmrA/PmrB TCS [145] or low Mg?* for the PhoP/PhoQ TCS [146], and regulate
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transcription patterns in response to these stimuli. Several Y. pestis TCS confer resistance
to neutrophil killing [147], and among them, PhoP/PhoQ and OmpR/EnvZ are required for
bubonic, pneumonic and septicemic plague [133] (Fig 2.3B).

The PhoP/PhoQ TCS. The role of PhoP/PhoQ in Y. pestis pathogenicity is diverse and
spans from innate immunity resistance to biofilm formation in the flea [146]. This TCS
can sense low pH, low Mg?* and CAMP, potentially encountered during intracellular life.
PhoP/PhoQ is necessary to resist intracellular and extracellular macrophage and neutrophil
killing [147, 148]. Intracellular low Mg?* sensing induces the magnesium importers MgtB
and MgtC, required for bacterial metabolism. PhoP could also negatively regulate RovA
and the fimbriae PsaA [149], but this regulation was not observed by others [150]. The role
of PhoP/PhoQ on LPS modification and its impact on pathogenicity is detailed in the next
section.

Interestingly, PhoP/PhoQ is widely shared among pathogenic bacteria and the two most
conserved members of its regulon are phoP itself and the OM lipoprotein gene slyB [150],
which has been experimentally confirmed in E. coli [151], Salmonella enterica [152], Shigella
flexneri [153], Pseudomonas aeruginosa [154] and Y. pestis [150]. It is thought that SlyB
broad conservation is due to its activity as negative regulator of PhoP/PhoQ, which was
demonstrated in S. enterica [150], but another study pointed out that it was not the case in
E. coli and that the conserved negative regulation of PhoQ would rather come from the
PhoP/PhoQ-regulated small peptide MgrB, which was shown in E. coli, S. enterica and
Y. pestis [155]. Several studies pointed out the role of SlyB in membrane integrity mainte-
nance [154, 156], but its mechanism and putative role in virulence remain to be elucidated.

The OmpR/EnvZ TCS. OmpR/EnvZ can detect osmolarity changes, low pH or nutrient
deprivation in the environment [157]. In addition to be the only other TCS with PhoP/PhoQ
known to be necessary to Y. pestis virulence, it promotes plague transmission by flea by
sensing nutrient in the flea gut allowing metabolic adaptation of bacteria [77]. OmpR has
been shown to upregulate OmpF, OmpC, OmpX and OmpR itself in Y. pestis, which differs
from the regulation in E. coli [158]. The exact mechanism of OmpR/EnvZ requirement for
full virulence remains to be deciphered.

2.3.4 Immune escape by LPS modifications

LPS is the major conserved Gram-negative bacterial component exposed to the surface.
The host evolved mechanisms to detect LPS and trigger a protective immune response to
bacterial infection. In a perpetual arm race, pathogens developed mechanisms to evade
this immune response [159, 160] (Fig 2.3C).

Change in lipid A net charge. As described above, PhoP/PhoQ TCS is important for
plague pathogenesis and more particularly to resist neutrophil and macrophages killing [147,
148]. O’Loughlin et al. showed that resistance to neutrophil granules can be partly explained
by PhoP/PhoQ regulation of Ugd and PmrK, which mediate addition of 4-amino-4-deoxy-L-
arabinose (Ara4N) to lipid A. This modification reduces the phosphate-dependent negative
charge of LPS, confering protection against CAMPs [161]. Ugd and PmrK have previously
been identified as required for optimal survival of Y. pestis into macrophages [162]. A trans-
poson screen also identified the galU gene as responsible for LPS core modification and
Ara4N decoration, and its mutation reduced Y. pestis survival in macrophages and resis-
tance to CAMP [163]. However, Ara4N addition and CAMP resistance tend to be greater at
lower temperature rather than at 37°C, sign of adaptation for better fitness into the flea and
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improved disease transmission [115, 164, 165]. Hexa-acylation of LPS at lower temperature
was also thought to be necessary for flea transmission but this hypothesis was experimen-
tally ruled out [166]. PhoP/PhoQ TCS also mediates LPS core modification, but its role in
virulence is unknown [167].

LPS tetra-acylation. Y. pestis harbors a deletion in the JpxL gene, which transfers a sec-
ondary laurate chain to lipid A, along with a mutation in the outer membrane acyltransferase
gene pagP, mediating the addition of palmitate to lipid A, allowing bacteria to maintain a
tetra-acylated lipid A at 37°C. These mutations are thought to mediate immune evasion by
reducing LPS recognition by Toll-like receptor 4 (TLR4), enhancing Y. pestis virulence [168—
170]. However, reduced acylation could potentially lead to increased permeability of the
outer membrane [171]. Additionally, PagP is thought to reduce PL load in the outer mem-
brane when OM stress leads to loss of LPS, higher PL content in the outer leaflet and OM
symmetrization. It has been recently shown that Ail interacts with LPS to counteract the side
effects of these mutations, and helps to maintain its integrity at 37°C [108, 109].

Absence of O-antigen. Several mutations lead to loss of the O-antigen in Y. pestis [172].
This absence probably allows a better interaction with virulence factors such as Pla and their
optimal activity towards big macromolecules which would by sterically hindered by the O-
antigen [173, 174]. LOS core structure is also responsible for an optimal binding and activity
of Ail [175].

2.3.5 Structural integrity maintenance under stressed conditions

Envelope integrity is required for bacterial survival, but some structural factors are more
specifically associated to virulence (Fig 2.3D).

Ail. As described above, Ail was first described as a complement resistance factor and is
thought to recruit Factor H, C4BP and vitronectin among other molecules. It is additionally
an adhesin promoting T3SS function and Yop injection. However, recent studies pointed
out the structural role of Ail to maintain LPS integrity, and particularly the tetra-acylated
form produced at 37°C [106, 108, 109]. A Aail mutant had a decreased capacity to induce
oF and the heat shock sigma factor SigH when grown at 37°C, leading to morphological
changes and increased lysis when entering stationary phase. It has been hypothesized that
Ail provides a local thickening and rigidity of the membrane, and that its deletion increases
PL flow from the inner leaflet to the outer leaflet of the OM. The phospholipase A PIdA, which
removes over-abundant PL from the outer leaflet, could increase PL transport from the IM,
leading to IM contraction and increased turgor pressure, ultimately leading to bacterial lysis
[109].

Lpp. As one of the most abundant protein in E. coli, the role of Lpp in bacterial physiology
has been extensively studied. It is known to be responsible for the right periplasmic sizing
and signal transduction from the OM to the cytoplasm. Interestingly, the RNA regulatory arm
of oF includes the micL. sSRNA which specifically targets the Lpp mRNA and reduces its trans-
lation during envelope stress, possibly to alleviate Lol or Bam pathways [120, 138]. Although
an Alpp mutant can grow normally in laboratory media, Lpp is required for Y. pestis patho-
genesis thanks to its envelope integrity maintenance properties, which have been suggested
to synergize with properties of the LPS modifying acyltransferase MsbB (LpxM) [176—178].
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Chapter 3

Global approaches to study
plague pathogenesis

In the last 30 years, advances in physics, nano-technologies and computer science al-
lowed exponential growth of computational power and development of ever more precise
and powerful technologies that could be applied to biological research. In this section we
will briefly summarize recent technological advances and omics approaches which allowed
a better understanding of Yersinia infections with a focus on the plague pathogen Y. pestis
[179, 180].

3.1 Genomics

3.1.1 First Yersinia genome sequences

In 2001, the first whole genome of a Yersinia species, the genome of the Y. pestis CO92
strain, was sequenced using the Sanger technology [181]. Shortly afterwards, sequences
from other Y. pestis strains [182, 183] and from its ancestor Y. pseudotuberculosis allowed
comparative genomics analysis, shedding light on the evolutionary events that led a mildly
virulent enteric bacteria to become a highly virulent vector-borne pathogen [184].

3.1.2 Second generation sequencing

The next-generation sequencing (NGS), also called second generation sequencing or
massively parallel sequencing [185], widely represented by the Illumina technology, cur-
rently allows routine sequencing of clinical strains or genetically-modified laboratory strains.
Growing genome sequencing projects coupled to new analytical tools led to refinement of
the Yersinia species structure and description of new species [2, 11] and to a better under-
standing of Y. pestis worldwide spread in the last centuries [186].

3.1.3 Sequencing of ancient DNA

Recently, technological developments coupled with next-generation sequencing allowed
to analyze ancient bacterial DNA retrieved from dental pulp of plague-deceased remains
[10]. Ancient DNA analysis from the Neolithic, first and second pandemics refined our knowl-
edge on Y. pestis evolution and spread for the last 5,000 years [187—190]. Additionally, this
approach applied to human genetics recently revealed the selective pressure that Black
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Death had on the human genome, leading to several immune disorders today [191]. De-
spite these new data, debates remain around the persistence or reintroduction of plague in
Europe during the second pandemic [10, 192].

3.1.4 Third generation sequencing

The sequencing of single DNA molecules allows to perform the so-called long-read se-
quencing, also known as third generation sequencing [185]. Mainly represented by the
PacBio technology at first, and now joined by the Oxford Nanopore technology, third gener-
ation sequencing allows to easily reconstruct high-quality complete genome when combined
with second generation sequencing. As of the first trimester of 2023, 200 genome assem-
blies of Yersinia species were published at the complete or chromosomal level [193].

If third-generation sequencing is mostly used for complete genome sequencing, Nanopore
sequencing recently allowed to characterize the multimerization of the pPCP1 plasmid in
Y. pestis and was proposed as a bacterial identification and analysis tool [194]. Additionally,
recent research in our laboratory unraveled the potential of long-read sequencing to tackle
genetic questions such as genome rearrangement and plasmid identification in Yersinia
species (see appendix A.2 and A.5)

3.2 Transcriptomics

With the first complete genome sequences from the beginning of the century, unbiased
approaches to measure gene expression emerged, using first DNA-hybridization macro-
and micro-arrays, then progressively replaced by NGS-based sequencing of cDNA or RNA,
called RNA-sequencing or RNA-seq (Fig 3.1A). Various expression conditions representing
environmental diversity, stresses, in vivo infection or mutations were analyzed over the years
[193].

3.2.1 Macro- and microarray-based transcriptomics

The first applications of arrays to the study of plague were performed by several groups
worldwide in parallel. The very first transcriptomes of Y. pestis were published by Motin et
al. and Han et al. in 2004 [195, 196]. In the following years, the latter group massively used
microarray to characterize expression profiles of a human-avirulent strain from the biovar
Microtus in various stress conditions and the impact of several gene mutations [197]. The
first transcriptome of Y. pestis in vivo was published by Lathem et al. in 2005 using a mouse
model of pneumonic plague that unraveled important genes for lung colonization by Y. pestis
[55]. Shortly after, Sebbane et al. published the bacterial transcriptome in a rat bubo [54].
Transcriptomic studies of bacteria grown in human plasma were then performed in France
by Chauvaux et al. to study septicemic plague [198] and compare Y. pestis with Y. pseudo-
tuberculosis [199]. To investigate Y. pestis natural cycle, the bacterial transcriptome in the
flea was characterized [38]. Global regulators such as the PhoP/PhoQ TCS were studied
in vitro and in the flea [150, 200, 201]. From 2004 to 2015, some microarrays experiment
were performed on Y. pseudotuberculosis and Y. enterocolitica but the majority of studies
focused on Y. pestis (Fig 3.1B).

3.2.2 RNA-sequencing-based transcriptomics

From 2012, microarrays were progressively replaced by RNA-seq (Fig 3.1A). More ex-
periments were performed on Y. pseudotuberculosis and Y. enterocolitica and expression
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Figure 3.1. Number of Yersinia biological conditions analyzed by genome-wide transcriptomics from
2005 to 2022 collected on the Yersiniomics database [193]. (A) Number of biological conditions
per technologies (arrays or RNA-seq) from 2005 to 2022. (B) Number of biological conditions per
species analyzed by macro- or microarrays from 2005 to 2022. (C) Number of biological conditions
per species analyzed by RNA-seq from 2005 to 2022.

34



data of the fish pathogen Y. ruckeri [202, 203] and the insect pathogen Y. entomophaga [204]
were introduced (Fig 3.1C). A broad RNA-seq comparison of stresses applied to Y. pseudo-
tuberculosis easily accessible online was recently published [193, 205].

Methodological advances led to the development of dual RNA-seq allowing analysis of
both bacterial and host expression profiles during infection. First applied to Y. pseudotuber-
culosis [206, 207], recent dual RNA-seq studies were performed in lungs of mice infected
with Y. pestis in a model of pneumonic plague [208] and in trunk kidney of channel catfish
infected with Y. ruckeri [203].

Contrary to hybridization arrays, RNA-seq is not biased by gene annotation and only
relies on genomic sequence. This allowed more efficient discovery of non-coding regulatory
RNAs such as small RNAs [209—-215] and riboswitches [206, 215] and to map transcriptional
start sites (TSS) [206, 213, 215] in Yersinia species. RNA immunoprecipitation and cross-
linking immunoprecipitation further allowed to decipher Hfg-mediated regulation in Y. pestis
[216]. RNA-sequencing coverage of stranded experiments also allowed to discover anti-
sense RNAs, one of which has been shown of importance in our laboratory (see appendix
A4).

3.3 Proteomics

To date, most of the Yersinia proteomics studies have been performed on Y. pestis. One
of the first organism-wide experiment dates back to 2006 and consisted in identifying protein
localization in soluble or insoluble fraction of bacteria as well as their differential abundance
at several temperatures in culture medium with or without calcium [217]. This study used
semiquantitative mass spectrometry (MS) based on Fourier-transform ion cyclotron reso-
nance (FTICR-MS). Using spot intensities of proteins separated by 2D gel electrophoresis
and identified by MS, a simultaneous study analyzed the temperature and calcium regula-
tion of some proteins [218], and later studies focused on protein expression response to iron
starvation, as well as the OM and periplasmic proteomes [219-221]. Advances in liquid chro-
matography - tandem mass spectrometry (LC-MS/MS) technologies, including the invention
of the Orbitrap [222], allowed deeper proteome acquisition. Notably, the Pacific Northwest
National Laboratory (PNNL) aggregated and processed many proteomes to create a tool
that differentiates naturally occurring and laboratory strains of Y. pestis [223], encompass-
ing data from different studies [224—226] as well as PNNL archives [227]. These data were
generated using various shotgun LC-MS/MS technologies such as linear ion trap technolo-
gies and/or Orbitrap mass spectrometry for identification. Proteomes of natural isolates
from Georgia were also characterized by LC-MS/MS, revealing differences in expression of
several important factors such as the Caf pseudocapsule [228].

More recently, a proteomic study investigating Y. pestis Microtus strain 201 using Orbi-
trap LC-MS/MS technology (Thermo Fisher QExactive) was the first to characterize Y. pestis
secretome. It led to identification of two novel secreted virulence factors [229], which func-
tion as E3 ligases during infection [230]. The same group used a multi-omic approach
combining RNA-sequencing and LC-MS/MS to identify small open reading frame (sORF)-
encoded peptides (SEP), refining Y. pestis genome annotation [231]. Proteogenomics and
multi-omics approaches had already previously been used to correct Y. pestis annotation
[224, 232]. Proteome profiling has also been recently used to compare Y. pestis strains of
various antimicrobial susceptibilities [233].
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3.4 Metabolomics

Most global metabolic studies of Y. pestis were addressed in silico, based on genomics
validated by phenotyping [234, 235], or combined with transcriptomic or proteomic data
[221, 236, 237]. Only one study used experimental metabolomics integrated in a multi-
omic approach, revealing a specific glutamate metabolism possibly regulated at the post-
translational level for a virulent Y. pestis strain at mammalian host temperature compared to
lower temperature and avirulent strains [225].

3.5 Interactomics

The determination of protein-protein interaction (PPI) between bacterial proteins and
other bacterial or host proteins allowed identification of mechanism for bacterial metabolism
or virulence. First studies were performed by pull-down assays on individual proteins, fol-
lowed by yeast two-hydrid (Y2H) screening allowing scale-up to hundreds of PPI identifica-
tions [238]. Despite the labor-intensive and time-consuming work required for Y2H assays,
application of a high-throughput methodology allowed to screen hundreds of thousands of
PPI for Bacillus anthracis, Francisella tularensis and Y. pestis proteins [239]. This study iden-
tified 4,059 protein-protein interactions between 1,218 Y. pestis proteins and 2,108 human
proteins, leading to new mechanistic insights and characterization of proteins of unknown
function.

3.6 Transposon-based screening

In addition to genome, gene transcription level and protein abundance comparisons,
transposon-based mutational screen approaches have been used to study Yersinia patho-
genesis. These approaches rely on a library of mutants generated by random transposi-
tion in the genome. This library can then be used to screen various phenotypes. The first
signature-tagged mutagenesis (STM), developed in 1995, consisted in unique tags inserted
into the transposon, depletion of specific mutants being revealed by hybridization arrays
[240]. It was successfully applied to enteric Yersinia species in in vivo models of infection
[241-243] and to Y. pestis in murine models of bubonic [244] and pneumonic [245] plague
to reveal new virulence factors. To circumvent the small number of tagged transposons in
STM, another technique called transposon site hybridization (TraSH) was developed, based
on genomic DNA hybridization on microarray [246] and was applied to discover new Y. pestis
genes involved in bacterial survival in macrophages [163]. Application of NGS to trans-
poson screening opened new possibilities and led to the development of techniques such
as transposon sequencing (Tn-seq) or transposon-directed insertion sequencing (TraDIS)
[247]. These approaches were recently used to identify essential genes in Y. pestis [248—
250] and Y. pseudotuberculosis during growth in laboratory media [251] or during antibiotic
stress [252] and Y. pestis genes required for spleen colonization [248] and lung adherence
[101]. New screening technologies based on clustered regularly interspaced short palin-
dromic repeats interference (CRISPRI) coupled with NGS are now emerging with numerous
advantages [253]. One of these techniques, called CRISPRi-seq, was recently success-
fully applied to streptococcal pulmonary infection [254, 255] and could be a useful tool to
investigate Y. pestis pathogenesis.
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3.7 Omics studies of host response

Omics technologies have also been used to study host response during Y. pestis in-
fection. In 2001, an ex vivo setup analyzed the transcriptomic response of human whole
blood neutrophils after incubation with avirulent and virulent Y. pestis strains [256]. It was
later followed by a study of the proinflammatory response induced by Y. pestis in human
monocytes [257]. The host proteomic response of infected cells was reported as soon as
2004 using 2D gel electrophoresis, comparing putative biomarkers of infection with the three
pathogenic Yersinia species [258, 259]. A more recent RNA-seq experiment reported host
immune modulation of a human macrophage cell line infected by Y. pestis, identifying the
RIG-I-like receptor pathway as a response pathway to Y. pestis infection [260].

Host responses in in vivo infection models were also reported. A transcriptomic study of
the bubo environment was performed using microarrays in 2010, showing the absence of im-
mune response during bacterial proliferation [49]. Very recently, single-cell RNA-sequencing
of infected bubos allowed to better understand the cell composition and dynamics during
bubonic plague in mice [42]. The spleen transcriptional response had also been analyzed,
after intraperitoneal injection of Y. pestis in mice [261]. The host response modulation during
the course of pneumonic plague is also of interest due to its particular biphasic nature and
transcriptome kinetics were recently studied in murine and non-human primate (NHP) mod-
els of infection [58, 208, 262, 263]. Multi-organ transcriptomic analysis revealed differences
in lungs response compared to spleen and liver response in mice infected with virulent or
avirulent strains [263, 264]. Expression analysis of infected NHP blood showed a very dy-
namic transcriptional rewiring of immune pathways during the first 24 hours of infection [58].
To complete the NHP transcriptome kinetic analysis, a plasma metabolomic study was also
performed in this model, revealing an early inflammation and oxidative stress involving lipid
pathways, an increased energy demand as well as a potential hepatic dysfunction [265].

37



Chapter 4

Innovation In plague diagnosis

4.1 Plague epidemiology and clinical presentation

Plague is a reemerging zoonotic disease which causes regular outbreaks in low-income
countries such as Madagascar. It is endemic in many other countries all over the world, such
as Democratic Republic of Congo (DRC), Peru, United States of America (USA) or central
Asia (Fig 4.1) [17, 266].

[ No plague cases reported between 2000-2018

7] 1 to 10 plague cases reported between 2000-2018

[] 11 to 100 plague cases reported between 2000-2018 :

[] 101 to 500 plague cases reported between 2000-2018 E_E_‘ -
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Figure 4.1. Worldwide distribution of plague cases reported by the World Health Organization (WHO)
from 2000 to 2018. lllustration reprinted from [17].

The most frequent clinical form of the disease results from the bite of a Y. pestis-infected
flea in the dermis, causing bubonic plague, leading to unspecific symptoms such as fever,
headache and chills, and more characteristic painful swollen lymph nodes, called buboes.
The incubation time range from 2 to 6 days and hematogenous dissemination leads to a
fatality rate of 40 to 60%, mainly caused by septic shock if left untreated [4].

After dissemination in the organism and onset of secondary septicemic plague, bacteria
can reach the lungs and cause a secondary pneumonic plague. Primary pneumonic plague
can then be transmitted between individuals by the cough or inhalation of contaminated
droplets. Primary pneumonic plague presents a short incubation time of 1 to 3 days and
leads to 100% mortality if left untreated. Although rare (around 2% of the cases in the USA
for instance), pneumonic plague is an extremely serious condition due to its unspecific flu-
like symptoms and pneumonia followed by bloody sputum, quick progression of the disease
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and high mortality [4, 9, 56].

Primary septicemic plague is defined as a positive blood culture without detectable bubo
[4], and is thought to arise when the flea directly injects bacteria in the bloodstream, which
occurs in 10% to 30% of cases [54, 267, 268] or any direct contact between blood and bac-
teria. Unspecific sepsis symptoms often lead physicians to apply general sepsis treatments
targeting Gram-negative bacteria, however their lack of efficacy on Y. pestis leads to 30%
to 50% mortality [4].

Although antibiotic treatment is efficient against plague if carried properly [269], it should
be administered very early, especially for pneumonic or septicemic plague as death can oc-
cur only a few days after the onset of non-specific symptoms. These characteristics make
early pneumonic plague diagnosis a major stake for clinicians in low-income countries but
also for the military, Y. pestis being a potential bioweapon. Y. pestis is classified as a cat-
egory A pathogen and Tier 1 Select Agent by the American Centers for Disease Control
and Prevention. It is also one of the high-priority agents in the French government strategic
axis on Emerging Infectious Disease - Chemical, Biological, Radiological and Nuclear Risk
Mitigation.

4.2 Yersinia pestis infection diagnostics

4.2.1 Current diagnostic workflow

In addition to the clinical manifestations of the disease and the context of infection (e.g.,
recent travel in endemic areas, contact with wild or sick animals), clinicians can rely on
different tools to diagnose plague [270, 271].
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v

Biochemical assays PCR

Figure 4.2. Current global workflow for plague diagnostics. (A) Suspected case of plague are rapidly
screened at the point of care by RDT. (B) PCR and qPCR are performed in laboratories to confirm
the cases. (C) Bacteriological isolation is performed on CIN plates in central laboratories, following
by (D) identification by MALDI-TOF or biochemical assays and (E) confirmation by phage lysis or
PCR. PCR: polymerase chain reaction. gPCR: quantitative PCR. RDT: rapid diagnostic test. CIN:
cefsulodin—irgasan—novobiocin. MALDI-TOF: matrix assisted laser desorption ionization - time of
flight. lllustration adapted from [9].

Immunoassays - Rapid Diagnostic Test. Plague rapid diagnostic tests (RDT) have been
developed and used since the beginning of the 2000s. They are based on lateral flow assay
and use antibodies to detect Y. pestis pseudocapsule protein F1 in clinical samples. They
can be used at the point of care and give a result as quick as 15 minutes after sampling
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Figure 4.3. PCR workflow for plague diagnostic. A multiplexed gPCR is performed on the highly
abundant but unspecific pla gene and on the less abundant but specific caf? gene. Discordant or
uncertain results from the multiplexed gPCR is confirmed by standard PCR on the pla, caff and inv
genes, the size of the latest being specific to Y. pestis. More than 2 positive PCRs out of the three
targets is considered as a positive result. lllustration reprinted from [274].

from bubo aspirate, sputum or blood (Fig 4.2A). They are used to quickly screen suspected
plague cases [9, 272].

Molecular biology assays. From clinical samples, quantitative PCR (qgPCR) and conven-
tional PCR can be performed in a few hours to detect bacterial DNA (Fig 4.2B). The gPCR
detects the pla gene, located on the pPCP1 (or pPla) plasmid present in around a hundred
copies in Y. pestis, allowing a high sensitivity. However, the pla gene was recently iden-
tified in other bacteria [273]. Multiplexing with the specific caff gene encoding Y. pestis
pseudocapsule is thus necessary. If the gPCR shows uncertain or discordant results, a
conventional PCR can be done on pla, caf1 and the inv gene, whose amplification leads to
a 400-base pairs product in Y. pseudotuberculosis, or a 1100-base pairs product in Y. pestis,
which bears an insertion of an IS71541 element in the invasin gene (Fig 4.3) [9, 274].

Bacteriological culture. For along time, bacteriological isolation remained the gold stan-
dard for plague diagnostics. Culture on cefsulodin—irgasan—novobiocin (CIN) plates allows
to specifically isolate Y. pestis after 2 to 3 days of incubation (Fig 4.2C). Isolates can then
be identified with biochemical assays and/or matrix assisted laser desorption ionization -
time of flight (MALDI-TOF) mass spectrometry (Fig 4.2D). Confirmation of the identification
is performed by phage lysis or PCR specific to Y. pestis (Fig 4.2E) [9].

4.2.2 Limitations of current approaches

RDT and bacteriological culture. Previous studies assessed RDT sensitivity and speci-
ficity relative to bacteriological culture [275]. However, these studies were biased by the very
low sensitivity of the latter technique in sputum of patient suspected of pneumonic plague,
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and by methodological flaws as culture was performed only when the RDT was positive
in some studies. The 100% sensitivity [275] previously reported for RDT should thus be
interpreted with caution. A recent modeling study indeed highlighted the limitations of cur-
rently used RDT during the 2017 plague outbreak in Madagascar, especially to diagnose
pneumonic plague, for which sensitivity was estimated at 28% for RDT and 7% for the “gold
standard” bacteriological culture [276]. The RDT specificity was evaluated at 82% to di-
agnose pneumonic plague, a suboptimal result for a low-incidence disease. In addition to
its poor sensitivity, the 2 to 3 day-long bacteriological culture is inappropriate for the quick
medical care required for a potentially fulminant disease. In addition, the RDT relies on pres-
ence of the F1 capsule and therefore cannot detect virulent strains of Y. pestis lacking the
capsule-encoding caf operon described experimentally [277, 278] and observed in nature
[279].

Finally, a recent analysis of the 2022 plague outbreak in DRC underlined the absence of
an efficient and accessible pneumonic plague diagnostic tool [280].

Molecular biology assays. Molecular-based diagnostic methods such as qPCR perform
better than RDT and culture (80% sensitivity and 100% specificity) but require more ex-
pensive equipment, trained personnel and are more difficult to perform at the point of care.
Moreover, similar to all other techniques, they are limited by the amount of bacterial material
(protein or DNA) found in the biological sample and thus can hardly be used shortly after
infection during the pre-symptomatic stage.

Early diagnosis. In addition to the absence of a high-performance rapid test to diagnose
symptomatic patients, there is a total lack of pre-symptomatic diagnosis method. In murine
models, pneumonic plague is lethal in less than 72 hours after Y. pestis intranasal instillation.
Itis characterized by a long 36 hours pre-inflammatory phase followed by a pro-inflammatory
phase [55]. In a non-human primate model, aerosolization of 200 bacteria can lead to death
in 96 hours without apparent clinical sign [56]. The extremely quick course of the disease, the
prolonged asymptomatic phase, and the risk of inter-human transmission during pneumonic
plague require the setup of early diagnostic tools to identify the disease before bacterial
systemic dissemination.

4.3 New diagnosis approaches

4.3.1 Molecular biology-based approaches

Various multiplexed PCR targeting the Y. pestis specific gene YPO2088 were described
[281, 282]. A loop-mediated isothermal amplification (LAMP) assay was also developed,
abrogating the need for complex and expensive thermocycling machines [283], while oth-
ers examined the convenience of portable conventional thermocycling machines [284] or
new micro-cycling techniques [285]. Several approaches were proposed to detect bacte-
ria from whole blood, such as a non-specific enrichment method to gain sensitivity when
performing PCR [286] or an NGS-based pipeline [287]. Third generation sequencing is in-
creasingly used to detect pathogens in environmental or biological samples, and application
to Y. pestis detection or plague diagnostics has been considered [194, 288-290]. Recently,
a MALDI-TOF misidentification of Y. pseudotuberculosis as Y. pestis in a blood culture was
resolved by Nanopore sequencing [291]. CRISPR-based tools are also in development for
sensitive detection of the plague agent, such as Cas12a-based platforms detecting specific
sequences of Y. pestis [292, 293] or Cas13a-based detection tools set up for the detection
of the lcrV gene [294].
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4.3.2 LC-MS/MS identification

Mass spectrometry-based approaches were designed to detect peptides from the most
abundant extracellular proteins of Y. pestis after immunocapture. It was applied to the Pla
protease, the Ymt toxin or the receptor for the yersiniabactin siderophore Psn (also known as
FyuA) on environmental samples [295] or with the tip of the T3SS protein LcrV and the Caf
pseudocapsule on dried blood spots, which could be helpful for clinical sample preservation
and transport from remote areas [296]. A non-specific enrichment method was also reported
to identify Y. pestis proteins in whole blood with a high sensitivity by mass-spectrometry
[286].

4.3.3 Plasma proteomics for circulating biomarkers

Plague diagnostic methods can be improved by using host biomarkers instead of bacte-
rial protein or DNA to allow early diagnosis of the disease, when bacteria are present at low
level in tissue compartments and before hematogenous spread and systemic dissemina-
tion. One strategy is to use host biomarkers as a diagnostic approach. For example, human
plasma is increasingly being used to discover biomarkers of disease, despite the technical
difficulties encountered when studying the highly complex plasma proteome. Mostly applied
to the cancer research field, technological advances such as depletion of the most abundant
proteins from plasma or extensive sample fractionation allowed to increase sensitivity [297],
while high-throughput pipelines and fast microliter-based sampling and analysis were de-
veloped [298-300]. A recent study described usual cell contaminants to discriminate good
from bad quality plasma samples, defining good practices for proteomic-based biomarker
discoveries [301, 302]. While LC-MS/MS approaches have not been applied to plague di-
agnostic yet, the recent metabolomic study of plasma from plague-infected NHP measured
hundreds of proteins during the course of infection using panels combined with the Luminex
technology. Gautam et al. could identify 12 proteins at early time point and 11 proteins at
late time point post-infection that were differentially regulated, including proteins involved in
the coagulation cascade [265].

4.3.4 MicroRNA-based approaches

Another host biomarkers-oriented approach relies on the use of circulating microRNAs
as an innovative tool for diagnostics [303]. MicroRNAs are key regulators of gene expres-
sion. They are often secreted, stabilized by protein complexes or in vesicles [304]. Their
systemic dissemination and stability in biofluids [305, 306] allow their quantification in blood
product (plasma or serum), urine or interstitial fluid. More than two thousand mature miRNAs
have been identified in human [307], allowing identification of specific signatures of biolog-
ical processes, including pre-symptomatic and symptomatic phases of infections such as
malaria and tuberculosis [303, 308]. Development of miRNAs-based innovative diagnosis
tools could be used for point-of-care diagnostics, using biofluid such as interstitial fluid [309—
312], and new detection methods such as CRISPR/Cas13a-based [313] or fluorescent-
based technologies [309].
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Objectives of the thesis

My thesis has two distinct objectives, ranging from a better fundamental understanding
of Yersinia pestis interaction with its host during infection to clinically applicable methods for
a better plague diagnosis.

The first goal is to better characterize the crucial but understudied bacteremic phase of
plague. By relying on advanced methods of high-throughput analysis and systems biology,
we initially want to study protein expressions of host and bacteria in experimental setups rep-
resentative of plague bacteremia. To do so, we need to implement methodological pipelines
allowing the proteomic study of Y. pestis in complex samples such as human plasma or
whole blood in the burdensome biosafety level 3 environment.

We then plan to implement a global online database of Yersinia omics data, which gath-
ers published genomics, transcriptomics and proteomics experiments performed on Yersinia
species and linked to other general annotation databases. This tool would allow to better
analyze our own proteomics data and provide an accessible and user-friendly website to the
whole Yersinia scientific community for studying bacterial systems biology.

Based on data retrieved from these pipelines and tools, we next intend to select several
proteins of interest and delete their respective genes. We will study mutant strains in ex-
perimental setups representative of Y. pestis bacteremia to discover and characterize new
factors involved in survival in blood and/or virulence.

The second goal is to develop new tools for the early diagnosis of plague, and more
precisely the very fast-developing and deadly pneumonic plague. As current diagnostic
tools relying on the detection of bacterial components in the host are not suitable for the
early diagnosis of plague, we aim at discovering host biomarkers representative of early
infection with Y. pestis.

To this end, we will set up a model of pneumonic plague and optimize blood sampling
in mice. Using this model, we will then screen host circulating microRNAs in blood. A
screen at early time points after pulmonary infection would allow to detect a new signature
of pneumonic plague, which could be a first step in the development of a diagnostic tool.
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Chapter 5

Dual proteomic sighature of
blood infection by Yersinia pestis

5.1 Objectives and summary

To better understand the understudied Yersinia pestis bacteremia, we relied on recent
technological improvement in mass-spectrometry and chose a global approach consisting
in analyzing the bacterial proteomes after incubation in human plasma and whole blood. We
first set up and bench-marked new sample preparation pipelines then chose and validated
the most convenient one to use in a biosafety level 3 environment. Y. pestis incubation in
human plasma revealed a major reshaping of bacterial protein landscape. We identified
a metabolic shift towards important pathways such as methionine biosynthesis and iron
acquisition, expanding previous transcriptomic results from our laboratory.

We then aimed at studying the bacterial and human proteomes of Y. pestis grown in
whole blood to mimic more closely bacteremia and complete results obtained in plasma.
However, dual proteomic study of microorganisms and their hosts in complex matrices re-
mains challenging due to the very high protein dynamic range of samples. We thus con-
structed a dual proteomic pipeline of Yersinia pestis in human blood based on a bacterial
pure culture used for library construction, an immune cell specific enrichment and a non-
specific bacterial enrichment from blood. This provided the most complete Y. pestis pro-
teome as of today. Remarkably, proteomic profiling in human blood highlights a greater
Yersinia outer proteins intoxication of monocytes than neutrophils. Human proteome analy-
sis confirmed the immunocapture-based specific cell enrichment. Our study unravels global
expression changes and points to a specific pathogenic signature during infection, paving
the way for future exploration of proteomes in the complex context of host-pathogen inter-
actions.

5.2 Article

See next page.
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Abstract

Emerging and reemerging infectious diseases represent major public health concerns.
The urgent need for infection control measures requires deep understanding of molecular
pathogenesis. Global approaches to study biological systems such as mass-spectrometry
based proteomics benefited from groundbreaking physical and bioinformatical technologi-
cal developments over recent years. However, dual proteomic study of highly pathogenic
microorganisms and their hosts in complex matrices encountered during infection remains
challenging due to high protein dynamic range of samples and requirements imposed in
biosafety level 3 or 4 laboratories. Here, we constructed a dual proteomic pipeline of Yersinia
pestis in human plasma and blood, mirroring bacteremic phase of plague. We provide the
most complete Y. pestis proteome revealing a major reshaping of bacterial protein landscape
in human plasma. We identified a metabolic shift towards important pathways such as me-
thionine biosynthesis and iron acquisition. Remarkably, proteomic profiling in human blood
highlights a greater Yersinia outer proteins intoxication of monocytes than neutrophils. Our
study unravels global expression changes and points to a specific pathogenic signature dur-
ing infection, paving the way for future exploration of proteomes in the complex context of

host-pathogen interactions.
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Introduction

Infectious diseases emerging and reemerging worldwide are major public health issues.
The understanding of microbial pathogenesis necessary for infection control immensely ben-
efits from technological progress. In particular, the current omics era shows spectacular
advances allowing affordable, fast and reliable genome sequencing and deep-coverage
of whole-genome transcriptomes. Simultaneously, whole-proteome exploration is quickly
gaining ground as the next step for functional studies in system biology. Classically, pro-
teomics pipeline includes 3 steps: sample preparation, followed by data acquisition in mass-
spectrometry and in silico data analysis. In the last decade, many breakthroughs focused on
sample preparation, leading to more efficient protein extraction protocols such as Filter Aided
Sample Preparation (FASP) (Wisniewski, Zougman, et al. 2009), Single-Pot Solid-Phase-
Enhanced Sample Preparation (SP3) (Hughes et al. 2014), Suspension Trapping (STrap)
(Zougman et al. 2014) and detergent-free method known as Sample Preparation by Easy
Extraction and Digestion (SPEED) (Doellinger et al. 2020). Meanwhile, mass-spectrometry
and data management constantly improved, supported by development of the Orbitrap tech-
nology (Hu et al. 2005) and impressive growth of computational power, allowing deeper and
quicker acquisition of proteomic data. However, complex samples are still challenging to
tackle. Culture-independent bacterial identification by proteo-typing in complex matrices
such as blood or urine using tandem mass-spectrometry for clinical diagnosis is in its in-
fancy (Roux-Dalvai et al. 2019; Kondori et al. 2021), and very few dual-proteomics research
studies investigating complex host-pathogen interactions have been published (Geddes-
McAlister et al. 2021; Ball et al. 2020; Willems et al. 2021; Leseigneur et al. 2022; Masson
et al. 2021). Additionally, research on highly virulent microorganisms is restricted by regula-
tory requirements for safety purposes. Mandatory sample treatment steps generally include
pathogen inactivation and pathogen DNA and RNA elimination in biosafety level (BSL) -3 or
-4 laboratories.

Yersinia pestis is the highly virulent bacillus responsible for plague, a quickly fatal human
disease if left untreated. This reemerging disease whose epidemics had a considerable
death toll in human history generally manifests as bubonic plague following bites from fleas
infected with Y. pestis. Primary pulmonary plague is the second form of the disease, which
occurs by inhalation of infected respiratory droplets or aerosols usually emitted by an infected
patient. In some cases, injection of Y. pestis by fleas directly into the bloodstream leads to so-
called septicemic plague (Perry et al. 1997). In the three forms of the disease, bacteria reach

the blood resulting in systemic infection. While plague pathogenesis has been investigated
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for decades, the bacteremic phase of the disease remains to be fully deciphered.

Here, we report the design of experimental pipelines allowing characterization of human
and bacterial proteomes in plasma and blood infected with Y. pestis. We first applied protein
extraction methods to Y. pestis comparing the SPEED method (Doellinger et al. 2020) based
on trifluoracetic acid (TFA) lysis, the standard bead-beating lysis in urea followed by the
FASP method (Wisniewski, Zougman, et al. 2009), and sonication in sodium dodecyl sulfate
(SDS) followed by buffer exchange and the FASP method (Wisniewski, Zougman, et al.
2009). SPEED surpassed the other methods, allowing quick, efficient and safe sample
preparation in BSL-3 environment with fully virulent Y. pestis. It was thus further used to
conduct the first dual proteomic study of a bacterial species in human plasma and human

blood, revealing the pathogenic proteomic signature of Y. pestis.

Results

Comparison of urea-, SDS- and TFA-based methods for Y. pestis proteomics. To
study Y. pestis proteome, we first used the avirulent Y. pestis CO92 strain lacking pCD1 in a
BSL-2 environment. Bacteria were grown on lysogeny broth with 0.002% pork hemin (LBH)
agar plates at 37°C for 24 hours. We compared the three following protein extraction pro-
tocols: i) urea-based method: bacterial lysis by bead beating in 8M urea buffer, followed by
reduction-alkylation and digestion using the FASP method, ii) SDS-based method: bacterial
resuspension in 4% SDS buffer, heating at 95°C and lysis by sonication, followed by buffer
exchange with 8M urea, reduction-alkylation and digestion using the FASP method, and iii)
TFA-based SPEED method: bacterial lysis upon TFA acidification, followed by neutralization
with 10 volume of 2M Tris base, reduction-alkylation and digestion.

Three protein quantification methods were compared to assess their compatibility with
urea, SDS or TFA-Tris buffers. Bradford (Bradford 1976), BCA (Smith et al. 1985) and Qubit
assays were only compatible with one buffer each, and not with 10% TFA-2M Tris base buffer
(Table 1). Consequently, we implemented protein quantification by tryptophan fluorescence
spectroscopy (Wisniewski and Gaugaz 2015) which was compatible with the three buffers
(Table 1, Fig EV1).

After data-dependent acquisition (DDA) analysis of triplicates using an Orbitrap mass-
spectrometer, we could detect a total of 1,587 proteins with at least one of the protocols,
1,390 bacterial proteins with the urea-based protocol, 1,444 proteins with the SDS-based
protocol and 1398 proteins with the TFA-based protocol (Fig 1, Table EV1). Overall 1,194
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proteins were common to the three protocols, 30 proteins were only detected using the urea-
based protocol, 72 proteins were specifically detected using the SDS-based protocol and
34 proteins were exclusive to the TFA-based protocol (Fig 1). A total of 189 proteins were
detected using urea- or SDS-based protocols but not by using the TFA-based protocol. While
the three protocols led to similar Y. pestis proteomes, the TFA-based protocol surpassed
both bead-beating and sonication methods, which required a fastidious centrifugation step,
by its quick implementation, high-throughput potential and application to very small amount
of biomass, which is important when dealing with precious purified fractions from complex
samples. Moreover, the minimal number of steps of the SPEED method reduced the risk of
experimental errors and variability. These benefits led us to choose the SPEED method to

further investigate Y. pestis proteome in BSL-3 environment.

Inactivation of virulent Y. pestis using the SPEED method in BSL-3 environment.
Mass spectrometric analysis of virulent Y. pestis proteome performed in BSL-1 platform re-
quires bacterial inactivation according to French regulatory protocols from Agence Nationale
de la Sécurité du Médicament (ANSM). Y. pestis CO92 was grown on LBH agar plates at
37°C for 24 hours. Bacterial proteins were extracted using the SPEED method. To validate
absence of viable bacteria, lysogeny broth (LB) was inoculated with TFA lysates before and
after neutralization and incubated under agitation at 28°C for 72 hours. Absence of growth
measured by optical density at 600 nm certified inactivation of viable bacteria in both sam-
ples. To assess absence of bacteriostatic effect of the inactivating agent, the LB samples
were spiked with 1 to 2 bacteria and incubated 72 hours at 28°C. Growth measured at 600
nm revealed absence of bacteriostatic effect of the inactivating agent. Y. pestis specific
phage assay was used to assess the absence of contamination of the spiked sample (add
reference and/or in MM). To fulfill the French “Micro-Organismes et Toxines” (MOT) regu-
lation, bacterial DNA degradation was assessed by PCR on Y. pestis caf, yopM, and pla
genes after a 30-minutes dialysis to remove inhibiting salts. While amplicons correspond-
ing to the three genes were detected when PCR was performed on Y. pestis DNA used as
positive control, they could not be detected when PCR was performed on SPEED samples.
Together, our results indicate that the SPEED method allows bacterial inactivation and DNA
degradation directly after bacterial lysis and, consequently, that the following reduction, alky-
lation and digestion steps and mass spectrometry can be performed in a BSL-1 environment

(without MOT regulation).
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Proteomic reshaping of Y. pestis grown in human plasma. To identify Y. pestis proteins
expressed in conditions mimicking human bacteremic phase of plague, we first compared
proteomes of bacteria grown in human plasma or in culture media. Proteomes of the fully
virulent Y. pestis CO92 strain were characterized in six BSL-3 culture conditions (Fig 2A): i)
inoculum grown overnight on LBH agar at 25°C (125), ii) inoculum grown overnight on LBH
agar at 37°C (137), iii) growth in chemically defined medium M9 at 37°C inoculated with 125
(125-M9), iv) growth in M9 at 37°C inoculated with 137 (I137-M9), v) growth in human plasma
at 37°C inoculated with 125 (125-Plasma) and vi) growth in human plasma at 37°C inoculated
with 137 (137-Plasma). The two different inoculum temperatures reflect the origin of bacteria
entering the bloodstream: 25°C mimics direct transmission from fleas in primary septicemic
plague and 37°C mirrors hematogenous dissemination from the bubo or lungs in secondary
septicemic plague.

We identified 2,382 proteins across all samples, from a total of 3,915 coding sequences
and small open reading frame-encoded proteins (Table EV2) (Cao et al. 2021; Parkhill et
al. 2001). Optimization of Orbitrap-based mass-spectrometry in DDA mode led to a gain
in the number of proteins detected compared to our initial proteomic analysis, which iden-
tified 1,587 proteins (see above). From 2,025 to 2,205 proteins were identified in LBH and
M9 samples (Fig 2B). The number of protein identifications was reduced to 1,825-1,878 in
plasma samples, presumably due to presence of human proteins (Fig 2B). The most exten-
sive detection was achieved in the LBH sample grown at 25°C in which 2,205 proteins were
identified in the three replicates compared to the 2,033 proteins detected in LBH samples
grown at 37°C. Detection of proteins of lower abundance could have been prevented at 37°C
by the presence of highly produced proteins in the samples at that temperature, such as F1
pseudocapsule (Table 4) and type three secretion system (T3SS) (Demeure et al. 2019)
(Fig 4D).

Comparison of differential abundances of the proteins between samples revealed exten-
sive proteome reshaping across conditions (absolute fold change > 2 and adjusted p-value
< 0.01, Fig 2C). Expectedly, a shift in temperature and culture medium (125 vs 125-M9, 125 vs
125-Plasma) was associated with the highest number of differentially abundant proteins, with
439 and 444 proteins (taken into account only the proteins detected in both comapred condi-
tions), respectively (Fig 2C). Temperature shift alone also induced major proteome changes
when 125 was compared to 137 (404 differentially abundant proteins). A change of culture
medium (187 vs I37-M9, 137 vs 137-Plasma, 137-M9 vs 137-Plasma) led to slightly fewer differ-
entially abundant proteins with 375, 309, 247 proteins, respectively (Fig 2C). More modest
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changes were observed when only shifting the inoculum temperature in M9 (117 proteins
for 125-M9 vs 137-M9) and in plasma (118 proteins for 125-Plasma vs 137-Plasma). A full de-
scription of numbers of differentially abundant proteins between each condition, as well as
numbers of proteins present in one condition but absent in another are indicated in Fig EV2.

To assess influence of donors on the proteome of Y. pestis grown in plasma, we com-
pared proteomes of bacteria grown in the plasma of four different donors inoculated with
125 and 137 in triplicates. For each donor, we identified between 1,486 and 1,696 proteins
common to the three replicates (Fig EV3, Table EV3), slightly different numbers than in our
initial proteome analysis (see above, Fig 2B). Comparison of differentially abundant proteins
of samples derived from the four different donors identified approximately 100 proteins with
the 25°C inoculum, and 70 proteins with the 37°C inoculum, showing a good reproducibility
of proteomes when Y. pestis was grown in plasma of different donors.

Together, our results reveal a major expression remodeling upon growth in human plasma

at 37°C.

Proteomic signature of Y. pestis grown in human plasma. Gene set enrichment anal-
ysis (GSEA) was performed on the gene ontology (GO) biological process terms for the 9
comparisons. Most of the enriched terms between samples grown in different media were
related to metabolism, such as amino acid processes, purine synthetic processes such as
inosine monophosphate (IMP) biosynthesis (depleted in 137 compared to M9 and plasma),
tricarboxylic acid cycle (enriched in the 125 and 137 inoculi), carbohydrate transport (enriched
in the 125 derived cultures) (Fig 3, Table 2). In particular, methionine biosynthesis related
proteins such as MetE, MetR, MetF or MetAS were enriched in plasma compared to M9
(Fig 3, 4A), consistent with adaptation to nutrient composition of plasma and in line with
transcriptomic observations in murine models of plague (Sebbane et al. 2006; Lathem et al.
2005). In addition, iron transport was enriched in plasma samples compared to LBH or M9,
represented by the proteins involved in biosynthesis of the yersiniabactin siderophore and
other iron uptake systems such as YfeAB (Fig 3, 4B, Table 2), consistent with the low con-
centration of free iron in human plasma and extending transcriptomic data (Chauvaux et al.
2007). We also observed higher levels of proteins encoded by the virulence plasmid pCD1,
including T3SS effectors, in M9 compared to plasma and LBH (Fig 3, 4C, Table 3). Low
calcium is one of the stimuli inducing T3SS expression and secretion (Perry et al. 1997).
The low concentration of calcium in M9, i.e., 0.1 mM, compared to 1 mM of free ionized cal-

cium in human plasma (Bisello et al. 2008), even in the presence of the calcium ion chelator
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acid-citrate-dextrose (ACD) serving as anti-coagulant, may thus be a trigger. Another signal
sensed by Y. pestis RNA thermometers to activate expression of the T3SS regulon is the
human host temperature of 37°C (Perry et al. 1997). Accordingly, when 125 and the other
proteomes derived from 37°C cultures were compared, T3SS effector proteins were pro-
duced more abundantly at 37°C than 25°C (Fig 3, 4D, Table 3). Similarly, the caf operon
encoding Y. pestis pseudocapsule is highly upregulated at 37°C (Demeure et al. 2019). Ex-
pectedly, we detected high levels of Caf1M, Caf1A, Caf1, and the regulator Caf1R when
Y. pestis was grown at 37°C (137, 125-M9, 125-Plasma, 137-M9, 137-Plasma) but not at 25°C
(125) (Table 4). In addition, pseudocapsule proteins were more abundant when cultures
were started with a 37°C inoculum (I837-M9 and 137-Plasma) than with a 25°C inoculum
(125-M9 and 125-Plasma) (Table 4). Thus, Y. pestis growth in human plasma is character-
ized by a radical metabolic switch, induction of iron uptake machineries and calcium- and

temperature-dependent expression of important virulence determinants.

Dual proteomics of Y. pestis in human blood. To refine our model of bacteremia ex vivo,
we investigated Y. pestis grown in whole human blood. A proteotyping study used blood
cell lysis to deepen detection of bacterial peptides and identify Staphylococcus aureus, Es-
cherichia coli and Candida albicans for clinical diagnosis (Kondori et al. 2021). Although
this protocol enables proteomic analysis of bacteria in whole blood, it precludes identifica-
tion of human proteome, which is useful to understand host response to infection. Thus,
we set up an original pipeline allowing to analyze both bacterial and human proteomes in
whole blood. We first compared growth of Y. pestis in whole human blood using ethylenedi-
aminetetraacetic acid (EDTA), acid-citrate-dextrose (ACD) or heparin as anticoagulant. We
selected ACD, as Y. pestis grew the best in this blood compared to heparin- and EDTA-
anticoagulated blood, reaching 102 bacteria/mL after an 8 hour-incubation (Fig EV4). Hu-
man blood is a highly complex biological fluid characterized by a high concentration of red
blood cells (~ 4.5-12.10° cells/mL), and lower concentrations of platelets (~ 150-475.10°
cells/mL) and white blood cells (= 5-10.10° cells/mL). Neutrophils constitute the vast major-
ity of white blood cells (40-60%), followed by lymphocytes (20-40%) and monocytes (2-8%),
eosinophils ranging from 1 to 4% and basophils 0.5 to 1%. The high number of human cells
compared to bacteria in our sample (108 bacteria/mL) and the vast dynamic range of hu-
man proteins abundance (=~ 10'), makes characterization of dual proteomes a very difficult
challenge. We thus set up a pipeline to enrich Y. pestis associated to relevant immune cells,

neutrophils and monocytes (Arifuzzaman et al. 2018; Pujol et al. 2005; Spinner et al. 2014;
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Dudte et al. 2017; Osei-Owusu et al. 2019). After 8-hour incubation of bacteria in ACD-
anticoagulated human blood, we purified these cells by immunomagnetic separation. Using
CD66b neutrophil-specific antibodies and CD14 monocyte-specific antibodies, 2.10° viable
neutrophils and 6.10* viable monocytes were recovered per milliliter of blood, which account
for around 10% of the total neutrophil and monocyte populations. Besides technical issues,
cell loss could be due to reduced lifespan of neutrophils ex vivo and Y. pestis capacity to
induce cell death (Marketon et al. 2005; Osei-Owusu et al. 2019). From 108 bacteria per
milliliter of whole blood, 4.10° bacteria were associated to the neutrophils fraction (1/25™
of total bacteria), and 5.10° bacteria were associated to the monocyte fraction (1/200™ of
total bacteria). This approach allowed to lower sample complexity and to switch from the
initial ratio of 108 bacteria to 5.10° human cells (1:50), to ratios of 4.108 bacteria to 2.10°
neutrophils (20:1) and 5.10° bacteria to 6.10* monocytes (8:1). We then extracted proteins
using the SPEED method and analyzed samples by mass-spectrometry using a DIA mode.
To this end, we created two spectral libraries (Fig 5). The first library was constructed using
the antibody-mediated cell enrichments combined with a Nanotrap® enrichment, which had
previously been shown to concentrate Y. pestis bacteria from whole blood and bacterial pro-
teins from lysates (li et al. 2021). The second library was constructed from Y. pestis grown
in LB broth at 37°C to obtain the deepest peptide library. We identified 1,366 bacterial and
4,187 human proteins in the neutrophil fraction, and 877 bacterial and 3,969 human proteins
in the monocyte fraction (Table EV4). It is, to our knowledge, the first report of a pipeline
allowing semi-quantitative dual proteomics extracted from a complex matrix such as infected

whole blood, which could moreover be applied in a BSL-3 environment.

Library depths and normalization strategies. Nanotrap enrichment led to a good pep-
tide coverage of bacterial proteins that were very abundant in blood, such as MetE, MetF or
MetR, which were also enriched when Y. pestis was grown in human plasma (Fig 4A). Sim-
ilarly, T3SS proteins, such as YscX (Gurung et al. 2022; Day et al. 2000) and YopK, YopB,
YopD, YopT, YopH, whose secretion is induced in contact to host cells (Osei-Owusu et al.
2019) were identified. We could identify more than 2,800 bacterial proteins during the sec-
ondary library construction consisting in a DDA analysis of the fractionated pool of Y. pestis
grown in LB. To our knowledge, it is the most complete proteome of a Yersinia species. DIA
analysis led to identification of 1,366 bacterial proteins in the neutrophil fraction, 877 bac-
terial proteins in the monocyte fraction, 1,681 bacterial proteins in the Nanotrap enrichment

samples, and 2,335 bacterial proteins in Y. pestis grown in LB (Table 5). Hierarchical clus-
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tering (Fig 6A) and principal component analysis (Fig 6B) based on MS peaks associated to
bacterial and human proteins showed an excellent clustering of the replicates as well as an
enrichment of bacterial and human proteins upon Nanotrap capture. The smaller number
of bacterial proteins identified in the monocyte fraction compared to the neutrophil fraction
(Table 5 and Fig 6A) are in line with the number of bacteria per cell, ranging from 8 bacteria
per cell in monocyte to 20 bacteria per cells for the neutrophils (see above).

We tested several normalization strategies to take into account the different ratio of bac-
teria per cell in both fractions. These strategies are detailed in Table 6. The differential anal-
ysis was performed taking into account either the proteins identified in at least one sample
(strategies A, H, Ya and Yc), which allows to identify proteins which are detected in one
condition but not the other, or in at least two samples per condition (strategies A2, H2, Ya2
and Yc2), which reduces the number of protein considered in the analysis but also reduces
the rate of false positive identification. Most of the differential analysis below will thus result
from this second set of strategies.

The A2 strategy consisted in normalizing the intensities of both human and bacterial
proteins by equalizing the medians of the human proteins in the samples across the two
conditions, and to perform a differential analysis on proteins which were detected in at least
2 replicates per condition. When using this strategy, the lower ratio of bacteria per cells in
the monocyte fraction compared to the neutrophil fraction was validated when analyzing the
differential abundance of the bacterial proteins. Indeed, a GSEA on biological processes GO
terms and KEGG pathways revealed an enrichment of translation and ribosomal processes
in the neutrophil fraction, considered here as house-keeping processes, and the associated
enriched protein logs(fold change) were centered around 2.5 (5.6 fold change) (Fig 7A and
B). This effect was also observed when we normalized only the bacterial proteins based on
the median of each conditions separately (strategy Yc2, Fig 7C), resulting in a "rotated” vol-
cano plot, where a large set of proteins mainly corresponding to ribosomal proteins seems
to be uniformly upregulated in the neutrophil fraction (Fig 7C). The calculated 5.6-fold ratio
based on ribosomal proteins was higher than the previous calculated ratio based on bac-
terial enumeration (8 viable bacteria per monocyte and 20 viable bacteria per neutrophil,
resulting in a 2.5-fold ratio) which could be explained by the lower intracellular survival of
Y. pestis in neutrophils compared to monocytes (Arifuzzaman et al. 2018; Pujol et al. 2005;
Spinner et al. 2014; Dudte et al. 2017; Osei-Owusu et al. 2019). When normalizing only
the bacterial proteins by equalizing the median of the samples from the two conditions taken

together (strategy Ya2), we observed a shift of the ribosomal proteins to the non differentially

Article: Page 10 of 42 59



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

abundant group when performing an enrichment analysis on non differentially abundant pro-
teins (Table 7). As the number of identified proteins in the monocyte was much lower than in
neutrophils, due to the lower number of bacteria per cell and subsequent reduced sensitivity,
most of the less abundant proteins in the monocyte fraction could presumably not be de-
tected. Only upregulated proteins in the monocyte fraction, identified in both the monocyte
and neutrophil fractions, could be measured and compared, resulting in a very asymmetrical

volcano plot (Fig 7D).

Proteomic signature of Y. pestis in whole blood fractions. Interestingly, using the Ya2
normalization strategy, most of the non-secreted pCD1 encoded proteins were not differen-
tially abundant, such as the T3S apparatus (T3SA) proteins YscL (cytoplasmic complex),
YscN (ATPase), Yscd (MS-ring forming proteins), YscC (outer membrane secretin), YscW
(pilotin), YscF (needle subunit), LcrV (needle tip), or regulators and chaperones such as
LcrG (negative cytosolic regulator), LcrH/SycD (YopBD chaperone), YscB (YopN chaper-
one), YPCD1.73c (chaperone), or YerA/SycE (YopE regulator) and YscE and YscG (putative
Yop translocation proteins) (Plano et al. 2013). On the other hand, secreted proteins of the
pCD1 plasmid such as the T3SS effectors (here, YopH, YopE, Yopd, YopK, YpkA/YopO and
YopM), the host-membrane pore-forming complex proteins YopB and YopD, the secreted
gatekeeper YopN, or the secreted protein YscX (Gurung et al. 2022; Day et al. 2000) were
more abundant in the monocyte fraction compared to neutrophil fraction. It was also the
case for the molecular ruler YscP, serving as a needle length control protein, and the inner
membrane platform protein LcrD/YscV, interacting with YscX, although both proteins were
never shown to be secreted in eukaryotic cells. To validate the hypothesis that monocytes
were more intoxicated with Yops than neutrophils, we used the A2 normalization strategy
and validated the higher abundance of Yops in the monocyte fraction when normalized by

human protein abundance (Table 8).

Human proteome signature upon Y. pestis infection of whole blood fractions. We
could identify 4,187 human proteins in at least one replicate of the neutrophil fraction and
3,969 human proteins in at least one replicate of the monocyte fraction (Table EV4). Among
the most abundant human proteins in monocytes based on PG quantities, we identified
the monocyte differentiation antigen CD14, annexin A2, interleukin-1 beta (induced in non-
intoxicated macrophages by YopJ-mediated inflammasome activation in neighboring intox-
icated cells (Orning et al. 2018)), the galectin-1 (shown to interact with YopJ/YopP to re-

duce nitric oxide production in macrophages (Jofre et al. 2021)), or the gamma-interferon-
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inducible lysosomal thiol reductase (Table EV4). Among the most abundant human proteins
in neutrophils, we identified the carcinoembryonic antigen-related cell adhesion molecule
(CEACAM) 1, 6 and 8 (also respectively known as CD66a, CD66¢ and CD66b, specific for
granulocytes and neutrophils), the protein S100-A12, S100-A8 and S100-A9 (the most abun-
dant proteins in neutrophils (Tardif et al. 2015)), S100-P, annexin A3 (induced in neutrophils
during sepsis (Toufiq et al. 2020)) or galectin-10 (Fig 7B). The most abundant human pro-
teins in both fractions were the histone proteins (H2B type 1-O, H2A type 1-B, type 3, type
1-C, H4, H3.1, H1.3), cytoskeleton proteins (actin cytoplasmic 1 and 2, profilin), hemoglobin
and albumin, but most interestingly we could find almost all neutrophil cytoplasmic compo-
nents such as S100-A8 and S100-A9, and granule contents such as neutrophil defensin 3,
cathepsin G, neutrophil elastase, lactoferrin, azurocidin, lysozyme C or myeloperoxidase.
Using the H and H2 normalization strategies and performing a GSEA on biological pro-
cess GO term, we identified neutrophil-specific terms in the most enriched processes in the
neutrophil fraction, such as "neutrophil activation” or "leukocyte degranulation”, as well as
terms related to actin cytosqueleton and motility, or carbohydrates metabolism (Fig 8A). On
the other hand, enriched terms in monocytes were mainly related to translation and metabolic
pathways linked to aerobic and mitochondrial respiration (Fig 8A). Among the protein only
identified in the neutrophil fraction, an enrichment of lipid metabolism-related proteins was
observed. The proteins only identified in the monocyte fraction were again related to transla-
tion and mitochondria, as well as major histocompatibility complex class Il (MHC 11) (Fig 8B).
These data are in line with the enrichment of the specific cell types we targeted. Indeed, in
addition to cell-specific terms such as neutrophil granule or the monocyte MHCII, neutrophils
are known to mainly rely on a glycolytic metabolism (Kumar et al. 2019; Injarabian, Devin,
et al. 2019; Jeon et al. 2020), which could explain the enrichment of aerobic metabolism in

the monocytes and a higher carbohydrate metabolism in the neutrophils.
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Discussion

Dual proteomics to study bacterial host-interaction in ex vivo or in vivo conditions is chal-
lenging due to the high complexity of the host proteome and the high dynamic range be-
tween bacterial and host protein abundance. Moreover, application of protocols in a BSL-3
environment can be more difficult to implement and perform due to safety procedures and
regulation.

Our pipeline, based on a non-specific enrichment from blood and a pure culture for the
spectral library preparation and host cell purification for sample complexity reduction, and
an efficient, safe and sample-economical TFA-based protein extraction, could overcome all
these problematics. Using a Y. pestis model of bacteremia, this pipeline allowed us to work
in a BSL3 environment, fulfilling the French regulation on MOT agents, and allowing the dual
proteome study in a very high-complexity matrix, human whole blood. First, we benchmark
then validated the TFA-based protein extraction method - SPEED - in a BSL-3 environment,
confirming the bacterial inactivation when extracting the proteins, and allowing to compare
bacterial proteins abundance after incubation in laboratory media or human plasma. We
validated and expanded previous transcriptomic study (Chauvaux et al. 2007) by obtaining
more sensitive and functionally relevant data. We then developed a new and affordable
pipeline based on the SPEED extraction to study bacteria incubated in human whole blood
and identified more than 5,500 proteins in the cellular fractions, composed of around 4/5 of
human proteins and 1/4 of bacterial proteins, validating the possibility to use this pipeline for
dual proteome studies. The cellular enrichment can be performed under a hood in a BSL-3
environment before the inactivation by protein extraction, eliminating the need for expensive
cell-sorting instrument or fixation step. Differential analysis of bacterial protein abundances
showed a higher injection of Y. pestis T3SS effectors in the monocytes than in the neu-
trophils, suggesting a higher affinity to target the monocyte, a better access to them in our
experimental setup or a higher survival of bacteria in contact with the monocytes compared
to the neutrophils, allowing a greater intoxication of the former cell type. The normalization
method was validated by the fact that most of the translation-associated proteins such as the
ribosomes, and metabolic pathway proteins, were not differentially abundant between both
fractions. Human proteome analysis confirmed the good purification of CD14+ and CD66b+
cells, based on cell-specific GO terms and cell metabolic pathways, but a very high abun-
dance of neutrophil components in both fractions was observed. This could imply a high
degranulation of the neutrophils, followed by phagocytosis or macropinocytosis of the gran-

ules and/or dead neutrophils. Furthermore, it was recently shown that A100A8/A9 were
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not released along with degranulation but upon formation of neutrophil extracellular traps
(NETSs), suggesting activation of the NETosis in our infection model (Sprenkeler et al. 2022),
as S100-A8 and A9 were not only found abundantly in neutrophils but also in monocytes.

Based on our methodology, future studies could consist in comparing fraction proteomes
of infected and non-infected blood samples, to better understand the immune cell response
to bacterial infection in a relevant ex vivo environment, and to expend the fractionation to
other cell types such as platelets, T-cells or red blood cells, depending on the relevance for
the pathogen under study. This method, using few milliliters of blood, could also be applied
to the blood of bacteremic animals in in vivo conditions. Further improvement in sensitivity
could also be achieved by implementing hybrid spectral libraires based on DDA and DIA
runs (Willems et al. 2021), as well as using the sensitive bacterial proteome first obtained in
human plasma to enhance our spectral library used in whole blood.

Challenges remain to better characterize the bacteria in the bacteremic phase of dis-
eases. One of them is the comparison of the bacterial proteome between high-complexity
and low-complexity samples. We could indeed compare bacterial protein abundance be-
tween bacteria associated to neutrophils and monocytes as the host proteome background
was very similar. Similarly, we could compare the proteomes of bacteria incubated in LB
or human plasma, as a simple centrifugation and successive washes could separate the
bacteria from the plasma. However, it remains difficult to compare protein abundance of
cell-associated bacteria with that of a pure bacterial culture in laboratory media. One solu-
tion could be to add a host protein background during the protein extraction process to the
bacterial pure culture to mimic the sample complexity without altering protein expression.
Another challenge is the study of free bacteria not associated to cells in whole blood, as
our technique only applies to cell enrichment. A way to solve this issue could be to use
bacteria-specific antibodies coupled to magnetic beads, such as antibodies against the F1
pseudocapsule for Y. pestis, and enrich bacteria from the blood. However, this approach
would presumably also enrich cell-associated bacteria, and a second orthogonal separation
method such as differential centrifugation would be required to separate cell-free and cell-
associated bacteria. Moreover, the short life span of neutrophils once blood is drawn from
the host at 21 percents oxygen, greatly limits truly relevant models of bacteremia (Monceaux
et al. 2016; Injarabian, Skerniskyte, et al. 2021).

We believe that our methodological development successfully applied in challenging en-
vironments, such as BSL-3 laboratories, validates the proof of concept of studying host-

pathogen interactions of highly pathogenic bacteria in complex human samples.
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Methods

Strains, culture media and human material. The avirulent Y. pestis CO92 pCD1- strain
was used for protein extraction setup in BSL2 environment. The fully virulent Y. pestis CO92
was used for validation in a BSL3 environment, and incubation in human plasma and whole
blood. Bacteria were routinely cultivated on LB agar plates supplemented with 0.002% pork
haemin, or in liquid LB under agitation at 180 rotations per minute (rpm), at 25°C or 37°C.
M9 was prepared by supplementation with 2 mM MgSO4, 0.1 mM CaCl2, 1% glucose, 1%
casamino acid and 1 mM Thiamine-HCI. Frozen human plasma and fresh anticoagulated
human blood (Citrate Dextrose) was ordered to Etablissement Frangais du Sang (EFS).
Whole blood inoculation were realized with a 25°C preculture on LBH plate. For bacterial
enumeration, bacteria were serial diluted in phosphate-buffered saline (PBS) and plated on
LBH agar plate, then incubated at 28°C for 48h. When enumerating bacteria after incubation
in human whole blood, 0.1% triton X100 was added in the first dilution to lyse eukaryotic cells.
Viable purified cells were counted in a Malassez chamber after addition of 0.1% Trypan blue

ata 1:1 ratio.

Urea-based protein extraction. The washed bacterial pellets were resuspended in 1 mL
of a urea lysis buffer composed of urea 8M, TrisHCI 100 mM, pH 8.5, vortexed, transferred
in a 2 mL tube with 0.1mm glass beads (Micro-organism lysing VK01, Bertin Corp), then
beaten in a Precellys24 in a cold chamber for 90 seconds at 5500rpm. The tubes were cen-
trifugated 5 minutes at 15 000g, then 500uL of supernatant were transferred in a Amicon®
Ultra tube 30kDa (Merck Millipore) and centrifugated at 14 000g for 20 minutes. The flow-
throughs were discarded, proteins were resuspended in 450uL urea 8M, TrisHCI 100mM, pH
8.5, before addition of 50pL of tris(2-carboxyethyl)phosphine (TCEP) 100 mM and chloroac-
etamide (CAA) 400 mM and incubation for 5 min at 95°C. The tubes were centrifugated at
14 000g for 10 minutes, then 300uL ammonium bicarbonate (ABC) 100 mM pH 8.0 was
added, following by centrifugation at 14000g for 10 minutes (3 times). The proteins were

resuspended in 350uL ABC 100 mM and quantified as explained below.

SDS-based protein extraction. The washed bacterial pellets were resuspended in 1mL
of a SDS lysis buffer composed of SDS 4%, TrisHCI 100mM, TCEP 10 mM, CAA 40 mM,
incubated for 5 minutes at 95°C and sonicated for 10 seconds. The tubes were centrifu-
gated at 16 000g for 5 minutes, the supernatants were transferred in a Amicon® Ultra tube

30kDa (Merck Millipore) and centrifugated at 14 000g for 20 minutes. The flow-throughs
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were discarded, and 450uL urea 8M, TrisHCI 100 mM, pH 8.5 were added, following by
centrifugation at 140009 for 20 minutes (2 times). 100pL urea 8M, TrisHCI 100 mM, pH 8.5
were added, following by centrifugation at 14 000g for 15 minutes (3 times). Then 300uL
ABC were added, following by centrifugation at 14000g for 10 minutes (3 times). The pro-
teins were resuspended in 350uL ABC 100 mM, pH 8.0 and quantified as explained below.

TFA-based protein extraction. The washed bacterial or cell pellets were resuspended in
5 volumes of TFA compared to the pellet (for example 20 pl of TFA for a pellet of approxi-
matively 4 pL) for 10 minutes, then transferred in clean 1.5 mL protein low-binding tubes to
assure sample sterility in the tubes. 10 volumes, compared to the TFA volume (for example
200 pL) of Tris 2M were added, then 24 uL of TCEP 100mM, CAA 400 mM (for a final con-
centration of TCEP at 10 mM and CAA at 40 mM). The tubes were incubated at 95°C for
5 minutes, then the proteins were quantified as explained below, volumes were adjusted to

achieve the desired quantity of proteins to digest, and 5 volumes of water were added.

Protein quantification. Bradford, BCA and Qubit assays were performed as described by
the supplier. Bovine serum albumin (BSA) standard resuspended in Urea 8M, TrisHCI 100
mM, pH 8.5 or SDS 4%, TrisHcl 100 mM, pH 8.5 or TFA 10% - Tris 2M was used to assess
the buffer compatibility with the different assays. Tryptophan standard was performed using
pure L-tryptophan dissolved in distilled water. 50uL of samples were aliquoted in a black
96-well (or alternatively 384-well) plates and measured with a Xenius spectrophotometer
(or alternatively Synergy H1M microplate reader - BioTek) with an excitation wavelength of

280nm and an emission wavelength of 360nm.

Protein digestion and desalting. For the comparison of urea-based, SDS-based and
TFA-based protein extractions, proteins were digested using Sequencing Grade Modified
Trypsin (Promega - V5111) with a 1:50 ratio (enzyme:protein) at 37°C for 12h before stopping
the digestion by addition of TFA to reach a final pH les than 2. Then, digested peptides were
desalted on 50mg Sep-Pak C18 cartridge (Waters - WAT054955). The peptides were eluted
twice with a acetonitrile (ACN) 50%, formic acid (FA) 0.1% buffer and once with an ACN
80%, FA 0.1% buffer. Finally, the peptide solutions were speed-vac dried and resuspended
in ACN 2%, FA 0.1% buffer. For each sample, absorbance at 280 nm was performed with a
NanodropTM 2000 spectrophotometer (Thermo Scientific) to inject an equivalent of DO = 1.

For the Y. pestis incubation in human plasma and in human whole blood, digested pep-

tides were desalted using Stage-Tips method (Rappsilber et al. 2007) using C18 Empore
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disc and eluted with ACN 80%, FA 0.1%. Finally, the peptide solutions were speed-vac
dried and resuspended in ACN 2%, FA 0.1% buffer. For each sample, absorbance at 280
nm was performed with a NanodropTM 2000 spectrophotometer (Thermo Scientific) to inject

an equivalent of DO = 1.

Peptide mixing and pre-fractionation. A pool of 100 ug of all SPEED digested samples
was used to obtain a spectral library for the DIA approach. To do this, an equivalent amount
of each digested sample was pooled together before proceeding to a peptide fractionation
using a manual workflow based on Stage-Tips or an automatic workflow with the AssayMAP
Bravo (Agilent).

Manual workflow was performed with a poly(styrene-divinylbenzene) reverse phase sul-
fonate (SDB-RPS) Stage-Tips method as described in (Rappsilber et al. 2007; Kulak et al.
2014). The pooled sample (20ug) was loaded into 3 SDB-RPS (EmporeTM, 66886-U) discs
stacked on a P200 tip and 8 serial elutions were applied as following: elution 1 (Ammonium
formate (AmF) 60mM, ACN 20%, FA 0.5%), elution 2 (AmF 80mM, ACN 30%, FA 0.5%),
elution 3 (AmF 95mM, ACN 40%, FA 0.5%) , elution 4 (AmF 110mM, ACN 50%, FA 0.5%),
elution 5 (AmF 130mM, ACN 60%, FA 0.5%), elution 6 (AmF 150mM, ACN 70%, FA 0.5%)
and elution 7 (ACN 80%, ammonium hydroxide 5%).

Automatic workflow was performed using the AssayMAP Bravo with the Fractionation
v1.1 protocol. The dried pooled sample (80 pg) was resuspended in 20 mM ammonium
formate, pH 10 before a high pH reverse phase fractionation. RPS cartridge (Agilent Tech-
nologies, 5 pL bead volume, G5496-60033) were primed with 100 uL ACN 80%, FA 0.1%
and equilibrated with 70 uyL 20 mM AmF, pH 10. The samples were loaded at 5 pL/min
followed by an internal cartridge wash and cup wash with 50uL of 20 mM AmF, pH 10 at 5
pL/min. Step elution was performed with 60 pL of ACN 10%, 20%, 30%, 40%, 50%, and
80% in 20 mM AmF, pH 10 at 5 pL/min. A preexisting volume of 20 pL containing the same
elution buffer was present in the collection plates upon elution.

All fractions were speed-vac dried and resuspended with ACN 2%, FA 0.1% before injec-
tion. For all fractions, iRT peptides were spiked as recommended by Biognosys (Biognosys

- Ki-3002-1).

LC-MS/MS for DDA and spectral libraries creation. In all proteomic analyses, a nanochro-
matographic system (Proxeon EASY-nLC 1200 - Thermo Scientific) was coupled online with
a Q ExactiveTM HF mass spectrometer (Thermo Scientific).

For the comparison of urea-based, SDS-based and TFA-based protein extractions, 1 ug
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of peptides was injected into a reverse phase column (EASY-SprayTM - ES902 - Thermo
Scientific: 25cm x 75 pm ID, 2.0 um particles, 100 A pore size,) after an equilibration step
in 100% solvent A (H20, FA 0.1%).

For comparisons of Y. pestis protein abundances after growth in human plasma or labo-
ratory media and for the spectral library creation for the characterization of Y. pestis interac-
tion with its host after incubation in human whole blood, 1 pg of peptides was injected into a
reverse phase column (home-made column, 45cm x 75 pm ID, 1.9 um particles, 100 A pore
size, ReproSil-Pur Basic C18 - Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) after
an equilibration step in 100% solvent A (H20, 0.1% FA).

Peptides were eluted with a multi-step gradient from 2 to 7% buffer B (ACN 80% / FA
0.1%) in 5 min, 7 to 23% buffer B in 70 min, 23 to 45% buffer B in 30 min and 45 to 95%
buffer B in 5 min at a flow rate of 250 nL/min for up to 132 min. Column temperature was
set to 60°C. Mass spectra were acquired using Xcalibur software using a data-dependent
Top 10 method with a survey scans (300-1700 m/z) at a resolution of 60,000 and MS/MS
scans (fixed first mass 100 m/z) at a resolution of 15,000. The AGC target and maximum
injection time for the survey scans and the MS/MS scans were set to 3.0x10%, 100ms and
1.0x10°, 45ms respectively. The isolation window was set to 1.6 m/z and normalized collision
energy fixed to 28 for HCD fragmentation. We used a minimum AGC target of 2.0x103 for
an intensity threshold of 4.4x10*. Unassigned precursor ion charge states as well as 1, 7,
8 and >8 charged states were rejected and peptide match was disable. Exclude isotopes

was enabled and selected ions were dynamically excluded for 45 seconds.

LC-DIA-MS for DIA Forthe Y. pestis incubation in human whole blood, two libraries for DIA
were constructed from i) CD14 and CD66b cell enrichments + Nanotrap®-enriched Y. pestis
and ii) pure culture in LB at 37°C. Mass spectra were acquired in DIA mode with the XCalibur
software using the same nanochromatographic system coupled on-line to a Q ExactiveTM
HF Mass Spectrometer. For each sample, 1 ug of peptides was injected into a reverse
phase column (home-made column, 45¢cm x 75 pm ID, 1.9 pm particles, 100 A pore size,
ReproSil-Pur Basic C18 - Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) after an
equilibration step in 100% solvent A (H20, 0.1% FA). Peptides were eluted using the same
multi-step gradient and temperature. MS data was acquired using the Xcalibur software with
a scan range from 295 to 1170 m/z. The DIA method consisted in a succession of one MS
scan at a resolution of 60,000 and 36 MS/MS scans of 1 Da overlapping windows (isolation

window = 25 m/z) at 30,000 resolution. The AGC (Automatic Gain Control) target and max-
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imum injection time for MS and MS/MS scans were set to 3.0x108, 60 ms and 5.0x10°, auto

respectively. The normalized collision energy was set to 28 for HCD fragmentation.

Bioinformatic analyses MaxQuant analyses: DDA raw files were processes using Max-
Quant software version 1.6.10.43 (Cox and Mann 2008) with Andromeda search engine
(Cox, Neuhauser, etal. 2011). The MS/MS spectra were searched against a UniProt Y. pestis
database (3,909 entries the 25/04/2019). Variable modifications (methionine oxidation and
N-terminal acetylation) and fixed modification (cysteine carbamidomethylation) were set for
the search and trypsin with a maximum of two missed cleavages was chosen for searching.
The minimum peptide length was set to 7 amino acids and the false discovery rate (FDR)
for peptide and protein identification was set to 0.01. The main search peptide tolerance
was set to 4.5 ppm and to 20 ppm for the MS/MS match tolerance. Second peptides was
enabled to identify co-fragmentation events. The “match between runs” feature was applied
for samples having the same experimental condition with a maximal retention time window
of 0.7 minute. One unique peptide to the protein group was required for the protein identifi-
cation. Quantification was performed using the XIC-based LFQ algorithm with the Fast LFQ
mode as described in Cox, Hein, et al. 2014. Unique and razor peptides included modified
peptides, with at least 2 ratio count were accepted for quantification.

Spectral libraries generation: DDA raw data were directly loaded into Pulsar and spectral
library generation was done using a personal Y. pestis CO92 database containing 3,991
entries, including 3,915 unique proteins from the initial CO92 Sanger sequencing (Parkhill
et al. 2001), reannotated by RefSeq (Accession GCF_000009065.1_ASM906, accessed in
2020) and 76 small open frame (sORF) encoded peptides (SEP) recently identified (Cao
et al. 2021) and the UniProt Homo sapiens database (20,361 entries the 03/03/2023). We
applied the default BGS Factory Settings for both Pulsar Search and Library Generation.
Briefly, full tryptic digestion allowing two missed cleavages, carbamidomethylation as a fixed
modification on all cysteines, oxidation of methionines, and protein N-terminal acetylation as
dynamic modifications were set. We used the search archive properties to create specific
Y. pestis and human libraries as well as a combine library with a control of the FDR.

Spectronaut analyses: Spectronaut v. 16.0.220606 (Biognosys AG) (Bruderer et al.
2015) was used for DIA-MS data analyses. The data extraction was performed using the
default BGS Factory Settings. Briefly, for identification, both precursor and protein FDR were
controlled at 1%. For quantification, peptides were grouped based on stripped sequences

and Qvalue was used for precursor filtering. MaxLFQ was used with no imputation and no
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cross run normalization strategies.

Statistical analysis. Protocol comparison and plasma analysis: To find the proteins more
abundant in one condition than in another, the LFQ intensities quantified using MaxQuant
were compared. Only proteins identified with at least one peptide that is not common to
other proteins in the FASTA file used for the identification (at least one "unique” peptide)
were kept. Additionally, only proteins with at least two intensity values in one of the two com-
pared conditions were kept for further statistics. Proteins absent in a condition and present
in another are put aside. These proteins can directly be assumed differentially abundant
between the conditions. After this filtering, intensities of the remaining proteins were first
log-transformed (log2). Next, intensity values were normalized by median centering within
conditions (Quentin Giai Gianetto 2023). Missing values were imputed using the impute.mle
function of the R package imp4p (Q. Giai Gianetto et al. 2020). Statistical testing was con-
ducted using a limma t-test thanks to the R package limma (Ritchie et al. 2015). An adaptive
Benjamini-Hochberg procedure was applied on the resulting p-values thanks to the function
adjust.p of the cp4p R package (Quentin Giai Gianetto et al. 2016) using the robust method
described in Pounds et al. 2006 to estimate the proportion of true null hypotheses among
the set of statistical tests. The proteins associated to an adjusted p-value inferior to a FDR
(false discovery rate) level of 1% and an absolute log2(fold-change) superior to 1 have been
considered as significantly differentially abundant proteins. Finally, the proteins of interest
are therefore those which emerge from this statistical analysis supplemented by those which
are considered to be present from one condition and absent in another.

Whole blood analysis: To find the proteins more abundant in one condition than in an-
other, the intensities quantified using Spectronaut were compared. Only proteins identified
with at least one peptide that is not common to other proteins in the FASTA file used for the
identification (at least one "unique” peptide) were kept. Depending on the normalization and
differential analysis strategy used, only proteins with at least one intensity values in one of
the two compared conditions, or at least two intensity values in both compared conditions
were kept for further statistics. In the first case, proteins absent in a condition and present
in another are put aside. These proteins can directly be assumed differentially abundant
between the conditions. After this filtering, intensities of the remaining proteins were first
log-transformed (log2). Next, depending on the normalization strategy, intensity values only
for bacterial or human proteins were normalized either by median centering within condi-

tions or by median centering on all conditions (Quentin Giai Gianetto 2023). This method
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consists in estimating the median of intensities in a sample j (med,), to substract this me-
dian to all the intensities x in the sample j and to add the average of median intensities
(y = = — med; + average(med,)). Missing values were imputed using the impute.slsa
function of the R package imp4p (Q. Giai Gianetto et al. 2020). Statistical testing was con-
ducted using a limma t-test thanks to the R package limma (Ritchie et al. 2015). An adaptive
Benjamini-Hochberg procedure was applied on the resulting p-values thanks to the function
adjust.p of the cp4p R package (Quentin Giai Gianetto et al. 2016) using the robust method
described in Pounds et al. 2006 to estimate the proportion of true null hypotheses among
the set of statistical tests. The proteins associated to an adjusted p-value inferior to a FDR
(false discovery rate) level of 1% and an absolute log2(fold-change) superior to 1 have been
considered as significantly differentially abundant proteins. Finally, the proteins of interest
are therefore those which emerge from this statistical analysis supplemented by those which
are considered to be present from one condition and absent in another.

We used the R package clusterProfiler v4.6.2 for enrichment and gene set enrichment
analysis (Wu et al. 2021). For the bacterial proteome in plasma, the GSEA function was used
based on UniProt accession number and mapped to a personal annotation file extracted
from the CO92 Gene Ontology terms downloaded from the QuickGo website accessed in
April 2023 (Binns et al. 2009). The enrichKEGG function was used with the online KEGG
dataset for the ype organism accessed in April 2023, based on the CO92 loci. Analysis were
performed with the detected proteins as statistical background. For the human proteome
analysis, the gseGo was used with the org.Hs.eg.db v3.16.0 as annotation database and
statistical background, and the gseKEGG was used with the online annotation for the hsa

organism accessed in April 2023 as annotation database and statistical background.

Comparison of bacterial proteome after growth in human plasma or laboratory media.
The fully virulent CO92 strain was cultivated overnight for 20h on LBH plate at 25°C or
37°C. Frozen human plasma (Donor A) was thawed, centrifugated at 8600g for 10 minutes
and filtrated on 0.22 um filter to remove precipitates. Bacteria were resuspended in 3mL
PBS from overnight growth on LBH plates, and the optical density at 600nm (OD600) was
adjusted to 0.25 for the 25°C preculture and 0.67 for the 37°C preculture. 200uL of each
inoculum were inoculated in 2mL of preheated human plasma or 2mL of preheated M9
media, then incubated at 37°C for 8h under agitation at 150rpm in 14mL polypropylene
tubes with round bottom, in 3 replicates. The inoculum and the 8h-growths were pelleted by

centrifugation and washes 3 times with cold PBS, following by centrifugation at 10000g for
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10min at 4°C. Bacterial pellets were then lysed with 10uL TFA for the inoculum and the M9
growths, and 20uL TFA for the plasma growths, and processed as explained above in “TFA-
based protein extraction”. To assess reproducibility of protein expression between different
plasma donors, the same experiment was realized with Donor A and 3 other donors (B, C

and D).

Comparison of monocyte- and neutrophil-associated bacterial proteome. The fully
virulent CO92 strain was cultivated overnight for 20h on LBH plate at 25°C. Bacteria were
resuspended in 3mL PBS and the OD600 was adjusted to 0.25. 200uL of the inoculum were
inoculated in 2mL of preheated human blood at 37°C, and 2mL of preheated LB in 14mL
polypropylene tubes with round bottom, in 5 replicates. The tubes were incubated under
agitation at 37°C for 8h under agitation at 180rpm.

For the immune cell purifications, 1ml and 3mL of the blood incubations were aliquoted,
filtered on 30um mesh to remove clogs and aggregates, in 5 replicates. StraightFrom®
Whole Blood kits (Miltenyi Biotec) were used to selectively enrich either monocytes (CD14
beads) or neutrophils (CD66b beads). 50uL of CD66b beads were added to the 1mL blood
and 150uL CD14 beads were added to the 3mL blood, incubated for 15 minutes at 4°C and
transfer in conditioned Whole Blood Columns (Miltenyi Biotec) following the kit instructions.
After 2 washes with PBS + 2mM EDTA, 0.5% BSA, the cells were eluted with 4mL Whole
Blood Column Elution Buffer (Miltenyi Biotec) and centrifugated at 500g for 10 minutes at
4°C. The supernatants were removed, the cells and associated bacteria were lysed with
80uL TFA and proteins were processed as explained above in “TFA-based protein extrac-
tion”.

For the first library construction, Y. pestis were enriched from whole blood with magnetic
Nanotrap® Microbiome A particles (Ceres Nanosciences, Inc) after the 8h-incubation, in 5
replicates. In 15-mL tubes, 1mL of Nanotrap® beads were added to 4mL of blood, shortly
vortexed, then incubated at room temperature for 30 min with regular quick vortexing. After
the addition of 6mL of PBS, the tubes were vortexed and put on a magnetic rack for 10
minutes. The supernatants were discarded, the tubes were removed from the magnetic
rack, TmL PBS was added and the tubes were vortexed. The mix of beads and cells were
then transferred in 1.5mL protein low-binding tubes and pelleted on a magnetic rack for 10
minutes. The supernatants were discarded, and the pellets were washed a second time
with 1mL PBS. After a third magnetic pelleting, the cell pellets were lysed with 100ul TFA

and processed as explained above in “TFA-based protein extraction”.

Article: Page 22 of 42 71



689

690

691

692

693

694

695

696

697

698

699

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

For the second library construction, 4mL of the 8h-incubation in LB were pelleted by
centrifugation at 40009 for 15 minutes at 4°C and washed 3 times with 4mL cold PBS, in 5
replicates. The pellets were then lysed with 80uL TFA and processed as explained above

in “TFA-based protein extraction”.

Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier (Perez-Riverol et al.

2022).
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Figure 1. Venn diagram of identified proteins repartition between the urea-based, SDS-based and
TFA-based protocols.
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Figure 2. (A) Protocol comparing Y. pestis grown on LBH plate at 2 different temperatures and after
growth in M9 or human plasma at 37°C. (B) Venn diagrams of the number of identified proteins
across replicates in the same condition, for samples of Y. pestis grown on LBH, in M9 or human
plasma at different temperatures. Each circle in the Venn diagrams corresponds to a replicate. (C)
Number of differentially abundant proteins between samples after Y. pestis growth on LBH, in M9 or
human plasma at different temperatures. These numbers only consider the proteins detected in both
conditions. Condition in the blue rectangle is grown at 25°C and conditions in the red rectangles are
grown at 37°C. Numbers in green are associated with change in temperature culture, numbers in
blues are associated with a change in media grown at 37°C, and numbers in red are associated with
a change in inoculum temperature in the same medium.
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Figure 3. Dot plot representing the gene set enrichment analysis (GSEA) of the biological process
terms from the gene ontology (GO) for the 9 proteomics comparisons. Each comparison is analyzed
twice: i) with the whole data set comprising the proteins only present in one or the other conditions
(marked "all”) and ii) with the proteins detected only in both conditions (marked "trimmed”). The dot
color represents the normalized enrichment score (NES) of the GO term in the GSEA. The dot size
represents the adjusted p-value of the enriched GO term (control of the false discovery rate by the
Benjamini-Hochberg correction).
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Figure 4. Volcano plots showing differentially abundant proteins between Y. pestis grown in different
conditions. The displayed dots represent proteins detected in both condition of the comparison. In
blue are the proteins which are significantly differentially expressed, considering a threshold of 1 for
the absolute value of the log2(foldchange), and a value of 1% for the unadjusted p-value. (A-C) M9
at 37°C with a 25°C inoculum (125-M9) versus Y. pestis grown in human plasma at 37°C with a 25°C
inoculum (I125-Plasma) with (A) a focus on regulated metabolism proteins and the corresponding
annotated genes, (B) a focus on regulated iron acquisition proteins and the corresponding annotated
genes and (C) a focus on T3SS regulated proteins and the corresponding annotated genes. (D)
25°C inoculum on LBH plate (125) versus 37°C inoculum on LBH plate (137), with a focus on T3SS
regulated proteins and the corresponding annotated genes.
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Figure 7. (A-B) Ridgeplots of enriched (A) GO biological processes or (B) KEGG pathways after
performing a GSEA on Y. pestis protein differential abundances between the neutrophil and mono-
cyte fractions using the A2 normalization strategy. The curve represent the density of proteins in
the enriched terms depending on the fold change of these proteins. (C-D) Volcano plots showing
differentially abundant Y. pestis protein between the neutrophil fraction and the monocyte fraction
using (C) the Yc2 strategy and (D) the Ya2 strategy. In blue are the proteins which are significantly
differentially expressed, considering a threshold of 1 for the absolute value of the log2(foldchange),
and a value of 1% for the unadjusted p-value.
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Figure 8. (A) Dotplots of enriched gene ontology (GO) biological processes after performing a gene
set enrichment analysis (GSEA) on human protein differential abundances between the neutrophil
and monocyte fractions using the H2 normalization strategy, with a focus on the 50 most enriched GO
terms in monocytes (left) or in neutrophils (right). Data are ordred by normalized enrichment score
(NES). (B) Dotplots of enriched GO biological processes after performing an enrichment analysis on
human proteins only detected in monocytes (left) or in neutrophils (right) with the H normalization
strategy. The dot size represents the number of proteins counted in this GO term. Terms are sorted
by gene ratio. The dot color represents the adjusted p-value of the enriched GO term (control of the

false discovery rate by the Benjamini-Hochberg correction).
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Expanded View Figure 1. Tryptophan standard measured by fluorescence (excitation: 280nm,
emission: 360nm) in a plate reader for the three lysis buffer: (A) urea 8M, (B) SDS 4% and (C) TFA

10% - Tris 2M
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Expanded View Figure 2. Differentially abundant protein and protein present and absent in the
different comparisons. Each cell corresponds to the comparison A versus B (column versus row). In
yellow are the number of proteins present in A and absent in B, in blue are the numbers of proteins
present in both conditions and differentially more abundant in A versus B.
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Expanded View Figure 4. Incubation of Y. pestis CO92 in 2mL of whole blood anticoagulated with
EDTA, ACD or heparin.
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Table 1. Compatibility of Bradford, BCA, Qubit and tryptophan fluorescent assay with Urea 8M, SDS
4% and TFA 10% - Tris 2M lysis buffer for protein quantification.

Extraction method

Urea 8M SDS 4% TFA 10% - Tris 2M
Bradford Compatible  Incompatible Incompatible
Measure BCA Incompatible Compatible Incompatible
method Qubit Compatible Incompatible Incompatible
Tryptophan fluorescence Compatible = Compatible Compatible
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Table 2. Log,(fold change) of protein abundance for proteins involved in metabolism and iron uptake.
"15” states for proteins only detected in the first condition and "-15” for proteins only detected in the
second condition. Protein in enriched terms are in bold.

Comparison
. 125 137 137 125-M9 137-M9
Locus Protein
Vs Vs Vs Vs Vs

137 137-M9 137-Plasma I25-Plasma 137-Plasma
Purine biosynthesis

YPO1636  PurB 0.8 -0.2 -0.5 0.4 -0.2
YPO1775  PurT 0.7 -1.3 -1.6 0.4 -0.2
YPO2387  PurR 0.1 -0.3 -0.5 0.3 -0.1
YPO2772  PurF 0.7 -1.2 -1.6 0.5 -0.3
YPO2828 PurM 1.3 -1.3 -1.3 0.4 0.0
YPO2829  PurN 0.9 -1.6 -1.0 0.8 0.6
YPO2870 GuaA 0.6 -0.1 -0.7 -0.2 -0.6
YPO2871 GuaB 0.7 -0.6 -0.6 -0.2 0.0
YPO2921 PurL 1.4 -1.9 -1.8 0.7 0.0
YPO3076  PurE 1.8 -2.5 -2.3 0.7 0.1
YPO3077  PurK 3.0 -4.3 -3.6 1.4 0.7
YPO3728  PurH 1.1 -1.6 -1.6 1.0 -0.1
YPO3729  PurD 0.9 -1.8 -1.5 1.0 0.2
Iron uptake and metabolism
YPO0281 HmuT 2.3 -2.9 -3.3 0.0 -0.5
YPO0282 HmuS 0.7 -1.7 -1.1 0.6 0.6
YPO0283 HmuR -0.9 -2.0 -2.3 -0.7 -0.3
YPO0955 1.9 -2.1 -2.2 1.4 -0.1
YPO0956 0.5 -1.8 -1.6 1.1 0.2
YPO1537 15.0 0.0 0.0 -5.3 0.0
YPO1753  FcuA 1.7 -2.1 -1.7 1.4 0.4
YPO1906 FyuA  -2.0 -0.7 -2.6 -1.3 -1.9
YPO1907  YbtE -1.8 0.0 -2.2 -1.9 -2.1
YPO1908  YbtT -1.6 -0.8 -3.0 -1.9 -2.2
YPO1909  YbtU -1.7 0.2 -2.2 -2.1 -2.4
YPO1910 Irp1 -1.6 -0.2 -2.6 -1.8 -2.4
YPO1911 Irp2 -2.1 -0.2 -2.5 -1.8 -2.2
YPO1912  YbtA 0.0 0.0 -15.0 -1.1 -15.0
YPO1913  YbtP -1.6 -0.8 -2.9 -1.2 -2.0
YPO1914  YbtQ -3.0 -1.2 -3.4 -1.5 -2.3
YPO1916  YbtS -2.6 0.3 -2.2 -2.0 -2.5
YPO1941 0.3 -0.5 -0.4 -0.1 0.1
YPO2439  YfeA 1.2 -1.0 -4.1 -2.7 -3.1
YPO2440 YfeB 0.5 -0.7 -2.6 -2.1 -1.9
YPO2650  Nrdl 0.0 -2.2 -2.4 -2.3 -0.6
YPO2960 FbpC 0.3 -0.6 -0.5 -0.5 0.0
Tricarboxylic acid cycle
YPO0348 AspA  -0.7 1.4 2.7 1.1 1.2
YPOO0359 -1.6 0.9 1.5 0.0 0.6
YPOO0897 SdhE 0.5 -0.9 0.0 0.6 0.9
YPO1108  GItA -0.4 0.9 0.9 0.0 -0.1
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YPO1109 SdhC -1.2 15.0 15.0 0.0 0.0
YPO1110  SdhD -0.3 15.0 15.0 0.0 0.0
YPO1111  SdhA -0.7 0.9 1.6 1.1 0.7
YPO1113  SucA -0.3 1.4 1.9 0.9 0.4
YPO1114  SucB -0.3 0.9 1.1 0.7 0.2
YPO1115 SucC 0.1 0.8 1.2 0.8 0.4
YPO1116  SucD -0.2 1.1 1.4 0.6 0.3
YPO1641 lcd -0.1 0.9 0.5 0.1 -0.4
YPO2221  AcnA -1.3 1.8 2.4 2.0 0.6
YPO2264 FumC 0.3 0.8 -0.3 -1.5 -1.0
YPO3415 AcnB -0.3 1.1 1.7 1.1 0.6
YPO3418  AceF 0.2 -0.9 -0.1 0.7 0.8
YPO3419 AceE -0.1 -0.7 0.1 0.6 0.7
YPO3724  AceK 1.7 2.3 6.2 -1.2 4.5
YPO3725 AceA 0.5 1.4 1.5 -0.8 0.1
YPO3726 AceB 1.1 1.7 0.9 -1.3 -0.8
Amino acid
YPOO0035 GItS 0.5 15.0 -0.8 0.0 0.0
YPO0584  SstT 0.8 15.0 -0.6 -0.1 -15.0
YPO1318 MetN2 1.2 15.0 15.0 0.0 0.0
YPO1321 0.5 15.0 -0.3 1.0 -15.0
YPO1846  Tcyd -1.0 2.1 1.4 0.1 -0.6
YPO1853  PutP 0.7 15.0 15.0 0.0 0.0
YPO4110 -15.0 15.0 15.0 0.0 0.0
YPO4111 1.6 2.2 3.8 3.0 1.6
Methionine
YPOO0O114  Metd -0.1 0.3 -0.9 0.3 -1.2
YPOO0117  MetF 15.0 -15.0 -15.0 -4.1 -7.2
YPO0287 3.7 1.0 2.1 -0.7 1.1
YPO0681 MetC 0.6 0.6 0.0 -0.7 -0.5
YPO0931 MetK 0.5 0.1 -1.1 -0.4 -1.2
YPO1073 MetN -0.2 -1.0 -1.7 -0.8 -0.7
YPO1522 MetG 0.2 0.4 0.1 0.2 -0.3
YPO3722 MetH 1.4 -0.1 1.9 0.6 2.0
YPO3727 MetA 0.3 -0.6 -5.1 -4.5 -4.5
YPO3788 MetE -0.6 1.3 -2.0 -5.3 -3.3
YPO3789 MetR 0.0 0.0 -15.0 -3.9 -15.0
YPO3949 Asd 1.0 0.1 -0.6 -0.6 -0.7
Tryptophan
YPOO0157  TrpS 0.6 0.3 0.2 0.0 -0.1
YPO0169 PabA 1.2 -0.4 -2.1 0.0 -2.3
YPO0453  TrpR -0.7 -1.9 -0.7 1.4 1.2
YPO1773 PabB -0.3 -1.1 -0.5 1.0 0.6
YPO2203  TrpA -0.2 -0.5 -0.1 0.9 0.5
YPO2204  TrpB -0.4 -0.6 0.2 0.6 0.7
YPO2205 TrpCF 1.2 -2.5 -0.4 2.2 2.1
YPO2522  YbiB 0.5 0.7 -0.5 -0.5 -1.1
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Table 3. Log»(fold change) of protein abundance for proteins involved in the type 3 secretion system
(T3SS). "15” states for proteins only detected in the first condition and ”-15” for proteins only detected
in the second condition.

Comparison
. 137 137 125-M9 137-M9
Locus Protein
Vs Vs Vs Vs
137 137-M9 I37-Plasma I125-Plasma 137-Plasma

YPCD1.05¢  SycE -6.6 -1.1 0.1 1.7 1.2
YPCD1.06 YopE -7.7 -2.0 -0.1 2.8 1.9
YPCD1.19¢ YopK -15.0 -2.2 0.7 4.3 2.9
YPCD1.20 YopT -15.0 -2.2 15.0 0.0 15.0
YPCD1.21 SycT 0.0 -15.0 0.0 0.0 15.0
YPCD1.26c YopM -15.0 -0.8 1.2 2.0 2.0
YPCD1.28¢c  YopD -9.3 -1.3 0.8 2.5 2.2
YPCD1.29¢ YopB -15.0 -1.6 1.0 3.9 2.7
YPCD1.30c LerH -15.0 -1.4 0.5 2.8 1.9
YPCD1.31c  LerV -8.5 -1.3 0.9 3.6 2.2
YPCD1.32¢c LcrG -9.2 -1.5 1.6 4.8 3.1
YPCD1.33¢ LcrR  -15.0 -2.0 15.0 15.0 15.0
YPCD1.34c LerD -15.0 -2.0 0.9 3.0 2.9
YPCD1.35¢ YscY -15.0 -1.7 1.4 3.0 3.1
YPCD1.36c YscX -15.0 -2.0 0.8 3.1 2.9
YPCD1.37c  SycN -6.5 -2.5 0.0 2.7 2.5
YPCD1.38c TyeA -150 -1.6 0.3 2.7 1.9
YPCD1.39c YopN -15.0 -0.1 0.8 0.9 0.9
YPCD1.40 YscN -15.0 -1.7 1.0 3.5 2.7
YPCD1.41 YscO -15.0 -25 1.8 4.5 4.3
YPCD1.42 YscP -15.0 -1.5 1.4 4.4 2.9
YPCD1.43 YscQ -15.0 -0.9 1.3 2.7 2.2
YPCD1.44 YscR 0.0 -15.0 0.0 15.0 15.0
YPCD1.46 YscT 0.0 -15.0 0.0 15.0 15.0
YPCD1.47 YscU -15.0 -2.2 1.0 3.2 3.2
YPCD1.48 YscW -150 -0.8 -0.3 1.2 0.5
YPCD1.49 VirF -15.0  -1.1 0.2 2.7 1.3
YPCD1.51 YscB -9.2 -1.7 0.7 2.7 2.4
YPCD1.52 YscC -15.0 -2.6 0.7 5.0 3.4
YPCD1.53 YscD -15.0 -2.8 0.9 5.7 3.6
YPCD1.54 YscE -4.0 2.2 -0.2 2.6 2.0
YPCD1.55 YscF -6.2 -2.5 0.3 3.7 2.8
YPCD1.56 YscG -3.9 -2.3 -0.1 3.2 2.2
YPCD1.57 YopR -15.0 -2.6 0.7 15.0 3.4
YPCD1.58 LerO -15.0 -3.7 1.6 15.0 5.1
YPCD1.59 Yscd -150 -34 0.3 4.5 3.6
YPCD1.60 YscK -6.4 -1.7 0.8 3.5 2.5
YPCD1.61 YscL -15.0 -1.6 0.5 3.0 2.1
YPCD1.62 LerQ -3.5 -0.5 0.0 -1.4 0.5
YPCD1.67c  YopH -5.2 -1.8 1.4 3.6 3.2
YPCD1.71c¢  Yopd -15.0 -1.2 1.4 6.3 2.6
YPCD1.72¢c  YopO -15.0 -0.6 1.0 2.1 1.5
YPCD1.95¢  SycH -1.5 1.0 0.5 -0.6 -0.5
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Table 4. Value of log1o(LFQ) for the caf operon encoding Y. pestis pseudocapsule. ND: Not Detected.

Protein Sample
125 137 125-M9 I25-Plasma 137-M9 [137-Plasma
CaffR ND 8.52 ND ND 7.69 8.35
CaffiM ND 104 8.88 9.41 10.1 10.4
CaffA ND 966 8.14 8.41 9.43 9.70
Cafl ND 10.1 8.98 9.26 10.5 10.0

Table 5. Number of bacterial proteins identified after the DIA analysis of the blood fractions, the
Nanotrap enrichment and the pure culture in LB. The replicate 4 of the monocyte fraction was removed
due to a contamination with red blood cells during cell purification.

Sample
Neutrophils Monocytes Nanotrap Pure culture
Replicate 1 944 440 1,215 2,280
Replicate 2 992 532 1,223 2,270
Replicate 3 939 483 1,146 2,275
Identified Replicate 4 844 N/A 1,162 2,270
in Replicate 5 784 277 1,306 2,279
At least 1 replicate 1,366 877 1,681 2,335
At least 2 replicates 1,011 446 1,346 2,326
All replicates 575 148 857 2,176

Table 6. Normalization and differential analysis strategies for whole blood fraction analysis. The
number of samples where the peptide were found (last column) was only taken into account during
the differential analysis and not during normalization, which was based on all peptides. Yp: Y. pestis.
Hsa: Homo sapiens. Spl: sample. Cond: biological condition (monocyte or neutrophil fraction).

Median Normalized Protein
Name Description Dataset . found in
normalization on
at least
A All Hsa+Yp on all spl Hsa 1 spl
A2 All (2 spl) Hsa+Yp on all spl Hsa 2 spl/cond
H Hsa Hsa on all spl Hsa 1 spl
H2 Hsa (2 spl) Hsa on all spl Hsa 2 spl/cond
Ya Yp all Yp on all spl Yp 1 spl
Ya2 Yp all (2 spl) Yp on all spl Yp 2 spl/cond
Yc Yp by cond Yp by cond Yp 1 spl
Yc2  Yp by cond (2 spl) Yp by cond Yp 2 spl/cond
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Table 7. Enrichment analysis of KEGG pathways for bacterial proteins with an absolute log,(fold
change) less than 1 between neutrophil and monocyte fraction after Ya or Ya2 normalization strategy.

KEGG ID Description ?:t?: Bac:(gtzgund p-value adjusted p-value
Ya normalization
ype03010 Ribosome 47/142 54/557 7.3E24 3.0E22
ype01200 Carbon metabolism 26/142 65/557 4 5E3 6.3E72
ype00020 Citrate cycle 10/142 17/557 3.1E3 6.3E2
Ya2 normalization
ype03010 Ribosome 46/121 50/229 3.4E™M 5.1E1

Table 8. Differential abundance of the pCD1 plasmid proteins between neutrophil and monocyte
fractions, with Ya2 and A2 normalization strategies. Logs(fold change) less than -1 are represented
in bold. T3SA: type 3 secretion apparatus.

Log,(fold change) Log,(fold change)

Locus Protein Role Norm. Ya2 Norm. A2

YPCD1.05¢c YerA/SycE regulator -0.5 1.7
YPCD1.06 YopE effector -3.8 -1.6
YPCD1.19c YopK effector -2.5 -0.3
YPCD1.26¢ YopM effector -3.8 -1.6
YPCD1.28c YopD translocon -4.1 -1.9
YPCD1.29¢ YopB translocon -4.7 -2.5
YPCD1.30c LcrH/SycD chaperone 0.9 3.1

YPCD1.31c LerV T3SA 0.9 3.1

YPCD1.32c LerG regulator 0.2 2.4
YPCD1.34c LcrD/YscV T3SA -9.3 -6.7
YPCD1.36¢ YscX secreted -2.4 -0.3
YPCD1.39c YopN secreted regulator -3.3 -1.1
YPCD1.40 YscN T3SA -0.1 1.9
YPCD1.42 YscP T3SA -9.0 -4.3
YPCD1.48 YscW T3SA -1.5 0.8
YPCD1.51 YscB chaperone -0.3 2.0
YPCD1.52 YscC T3SA 0.4 2.6
YPCD1.54 YscE T3SA -04 1.8
YPCD1.55 YscF T3SA 0.3 2.5
YPCD1.56 YscG T3SA -0.8 1.5
YPCD1.59 Yscd T3SA -0.7 1.2
YPCD1.61 YscL T3SA -0.9 1.2
YPCD1.67c YopH effector -3.1 -0.9
YPCD1.71c YopJ effector -4.5 -2.3
YPCD1.72c  YpkA/YopO effector -3.3 -1.1
YPCD1.73c chaperone -0.4 1.7
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Chapter 6

Yersiniomics, a multi-omics
interactive database for Yersinia
species

6.1 Objectives and summary

One a the main challenges emerging with the new omics technologies is the massive
amount of data that are generated by different laboratories all over the world, as described
in chapter 3. Worldwide repositories have been created to store experimental results, how-
ever most files are in a raw format, precluding research without bioinformatical knowledge
to explore these data. The lack of a simple and centralized way to exploit these data led us
to design Yersiniomics, a web-based platform allowing straightforward analysis of Yersinia
omics data. Yersiniomics contains a curated multi-omics database at its core, gathering
200 genomic, 317 transcriptomic, and 62 proteomic data sets for Yersinia species. It inte-
grates genomic, transcriptomic, and proteomic browsers, a genome viewer, and a heatmap
viewer to navigate within genomes and experimental conditions. Based on previous pub-
lications, we designed an RNA-sequencing bioinformatical pipeline allowing a consistent
analysis and display of all 26 public RNA-seq experiments encompassing 425 sequencing
runs. For streamlined access to structural and functional properties, Yersiniomics directly
links each gene to GenBank, the Kyoto Encyclopedia of Genes and Genomes (KEGG),
UniProt, InterPro, IntAct, and the Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING), and each experiment to Gene Expression Omnibus (GEO), the European Nu-
cleotide Archive (ENA), or the Proteomics Identifications Database (PRIDE). This platform
also allowed us to explore and analyze data generated previously in our laboratory (chapter
5) in light of all the other published data sets.

6.2 Article

See next page.
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ABSTRACT The genus Yersinia includes a large variety of nonpathogenic and life-threat-
ening pathogenic bacteria, which cause a broad spectrum of diseases in humans and
animals, such as plague, enteritis, Far East scarlet-like fever (FESLF), and enteric redmouth
disease. Like most clinically relevant microorganisms, Yersinia spp. are currently subjected
to intense multi-omics investigations whose numbers have increased extensively in recent
years, generating massive amounts of data useful for diagnostic and therapeutic develop-
ments. The lack of a simple and centralized way to exploit these data led us to design
Yersiniomics, a web-based platform allowing straightforward analysis of Yersinia omics
data. Yersiniomics contains a curated multi-omics database at its core, gathering 200
genomic, 317 transcriptomic, and 62 proteomic data sets for Yersinia species. It integra-
tes genomic, transcriptomic, and proteomic browsers, a genome viewer, and a heat-
map viewer to navigate within genomes and experimental conditions. For streamlined
access to structural and functional properties, it directly links each gene to GenBank,
the Kyoto Encyclopedia of Genes and Genomes (KEGG), UniProt, InterPro, IntAct, and
the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) and each experi-
ment to Gene Expression Omnibus (GEO), the European Nucleotide Archive (ENA), or
the Proteomics Identifications Database (PRIDE). Yersiniomics provides a powerful tool
for microbiologists to assist with investigations ranging from specific gene studies to
systems biology studies.

IMPORTANCE The expanding genus Yersinia is composed of multiple nonpathogenic
species and a few pathogenic species, including the deadly etiologic agent of plague,
Yersinia pestis. In 2 decades, the number of genomic, transcriptomic, and proteomic stud-
ies on Yersinia grew massively, delivering a wealth of data. We developed Yersiniomics,
an interactive web-based platform, to centralize and analyze omics data sets on Yersinia
species. The platform allows user-friendly navigation between genomic data, expression
data, and experimental conditions. Yersiniomics will be a valuable tool to microbiologists.

KEYWORDS Yersinia, genome, transcriptome, proteome, database, RNA-Seq, mass
spectrometry, microarray, multi-omics, synteny

he genus Yersinia comprises 26 Gram-negative bacterial species which belonged to

the family Enterobacteriaceae until 2016 and which are now part of the new family
Yersiniaceae (1). Although this genus includes mostly nonpathogenic environmental
species, several important animal and human pathogens are also present in the group.
Yersinia enterocolitica and Yersinia pseudotuberculosis are phylogenetically distant Yersinia
species (2); however, the parallel acquisition of a diverse set of virulence factors (invasins,
siderophores, and a type Il secretion system) has endowed both species with the capacity
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Yersiniomics, a Yersinia Multi-Omics Database

to invade the gastrointestinal tract of mammals and to cause enteritis, following an oro-
fecal infectious cycle (3). Enteric yersiniosis is the third most reported bacterial foodborne
zoonosis in Europe (4). In the United States, Y. enterocolitica is classified as a priority
pathogen by the National Institutes of Health (NIH). In Africa, recent evidence indicates
that Y. enterocolitica causes human digestive disorders with a frequency similar to that
reported in other continents (5). Yersinia pestis, on the other hand, is a clone that recently
emerged from Y. pseudotuberculosis (6) and acquired the capacity to infect fleas and to
cause plague in humans through acquisition of novel virulence factors and massive gene
inactivation (7). Plague is still endemic in the Americas, Africa, and Asia (8), and the major
pneumonic plague outbreak in Madagascar in 2017 is a reminder that Y. pestis is a severe
threat to human populations (9, 10). Two other animal pathogens, Yersinia ruckeri and
Yersinia entomophaga, have the capacity to cause disease in fishes and insects, respec-
tively (11, 12). Y. ruckeri is responsible for enteric redmouth disease, one of the most im-
portant disease of salmonids, which leads to significant economic losses (11). Y. entomo-
phaga has a commercial interest for pest management, as it can infect and kill a wide
range of insects (13).

Pathogenic Yersinia spp. have been instrumental models to understand the evolution
and mechanisms of pathogenicity in the bacterial world. The invasin of Y. pseudotubercu-
losis was the first bacterial factor reported to promote bacterial internalization within
mammalian nonphagocytic epithelial cells (14, 15). The subsequent identification of 81
integrins as receptors for invasion (16) set the general basis to understand how bacterial
surface effectors subvert mammalian cellular functions (phosphoinositide metabolism,
Rho GTPase signaling, and actin polymerization) to invade host cells and tissues (17-20).
The Yersinia type lll secretion system was one of the first to be thoroughly characterized,
making it possible to decipher the exquisite manipulation of phagocytic and immune
functions by a bacterial pathogen through injection of bacterial effectors within the cyto-
plasm of host neutrophils, macrophages, and dendritic cells (21, 22).

Like several other important bacterial pathogens, members of the genus Yersinia
have been investigated using omics approaches. In the last 2 decades, the ever-grow-
ing pace of technological innovation led to generation of a massive amount of data
produced by omics methods, such as whole-genome sequencing combining short (such
as lllumina sequencing) and long (such as PacBio or Nanopore sequencing) reads, DNA
hybridization array (macro- and microarrays) for gene expression analysis, RNA sequenc-
ing (RNA-Seq), and semiquantitative mass spectrometry (Fourier-transform ion cyclotron
resonance [FTICR-MS] and liquid chromatography-tandem mass spectrometry [LC-MS/
MS]). Data type-specific databases allowing the deposition of these data have been cre-
ated, e.g., GenBank (23) for genomes, Gene Expression Omnibus (24) and ArrayExpress
(25) for microarrays, European Nucleotide Archive (26) and Sequence Read Archive (27)
for RNA-Seq, and ProteomeXchange (28) for mass spectrometry. However, integration of
these data in a genus- or species-dependent manner is currently restricted to a few
model organisms (29-31), and pathogenic-microorganism-specific integrated data found
in databases like PATRIC (32) have not been updated with recent experiments.

Here, we present a unique curated multi-omics database gathering 200 genomic,
317 transcriptomic, and 62 proteomic data sets originating from Yersinia spp. since the
beginning of the omics revolution. This database was constructed using the Bacnet
platform (33); we contributed to improvements of this platform. Indeed, with omics
technologies evolving rapidly, new data formats, such as LC-MS/MS shotgun, which
was absent from the first Bacnet-based website, were implemented (31). For several
reference genomes, we implemented integrated views at the gene level of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) for biochemical pathways (34), UniProt
for protein information (35), InterPro for protein domain signature (36), IntAct for mo-
lecular interactions (37) and the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) for protein interactions (38). Raw reads from 425 RNA-Seq runs were
consistently processed and analyzed with our bioinformatic pipeline, and a quality con-
trol and differential analysis report is available for each experiment which
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FIG 1 Yersiniomics database construction pipeline and tools. Genomes were collected on the RefSeq database (GenBank). RNA-Seq raw data (.fastq files)
were collected on the ENA browser and then processed as read counts and fold change. Fold changes from microarray experiments were collected on GEO
or from tables and supplemental tables in publications. Fold changes from proteomic experiments were collected from tables and supplemental tables in
publications. Data sets were integrated into Yersiniomics and can be consulted via three omics browsers (genomics, transcriptomics, and proteomics) and
three viewers (gene, genome, and heatmap).

encompassed replicates. Processed omics experiments are easily browsable, linked to
their Gene Expression Omnibus (GEO) (24), European Nucleotide Archive (ENA) (26) or
Proteomics Identifications Database (PRIDE) (39) repositories, and directly viewable at
the gene level or according to experimental conditions on the dedicated Yersiniomics
website that we have implemented (https://yersiniomics.pasteur.fr/).

RESULTS

From public databases, we collected genomic sequences, raw RNA-Seq data, micro-
array data, and mass spectrometry data that we processed and integrated into the
Yersiniomics website (https://yersiniomics.pasteur.fr/). Yersiniomics relies on 6 principal
tools (Fig. 1): (i) three omics browsers (“genomics,” “transcriptomics,” and “proteomics”)
in a table format allowing navigation among the different genomes and biological con-
ditions of the experiments implemented in the database; (ii) two omics data set view-
ers, called “genome viewer” and “heatmap viewer,” allowing navigation among tran-
scriptomics and proteomics results; and (iii) a gene viewer allowing navigation among
the genes of a specific genome, to quickly access associated entries in external data-
bases and to browse associated omics data.

Database functionalities. (i) The omics data set browsers. From the Yersiniomics
home page, three omics browsers are available: genomics, transcriptomics, and proteo-
mics (Fig. 2, middle panel).

From the genomics browser, 200 complete Yersinia genomes are sorted according
to their phylogenetic relatedness, based on the 500 genes of our recently proposed Yersinia
core genome multilocus sequence typing (cgMLST) scheme (40) (Fig. 3). Displayed informa-
tion related to genomes includes species name, the most recent assignation proposed by the
French Yersinia National Reference Center and determined via our cgMLST, the number of
chromosomes and plasmids, the chromosome and plasmid total size, the lineage and subline-
age (when applicable) based on single nucleotide polymorphisms (SNP) analysis for
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FIG 2 Yersiniomics home page. In the top panel, shortcuts to strain gene viewers of Y. pestis, Y. pseudotuberculosis, Y. enterocolitica, Y. ruckeri, and Y.
entomophaga are implemented. In the middle panel, three buttons lead to the genomics, transcriptomics, and proteomics browsers. The bottom panel

allows the user to load previously saved genome viewers and to download omics processed data.

Y. pestis (41, 42) and on our cgMLST (40) for the other Yersinia species, the biotype and sero-
type (when relevant), the isolation source, year and country, the number of genes, rRNAs, and
tRNAs, and the assembly ID, linked to GenBank, and its FTP link. A specific genome can be
opened in the gene viewer (see below) by double clicking on it, and several genomes can be
selected to export a summary table. Genomes are highlighted in blue in the table when
searched with the search box, and genomes selected in the table are highlighted in red on
the phylogenetic tree displayed on the left, which can be exported in SVG format (Fig. 3).

The transcriptomics and proteomics browsers work in a similar way and summarize
the biological conditions of transcriptomic and proteomic Yersinia experiments (Fig. 4).
Biological condition names follow a nomenclature encompassing the main important
information about each experiment: species name, strain name, whether it addresses a
wild-type (WT) or a mutant strain (when applicable), culture temperature, culture me-
dium/phase/time point (when applicable), other information relevant to comparisons
(when applicable), the technology used, and the year of data deposition or publica-
tion. For example, “Pestis_KIM6+_WT_37C_HIB_pH6_NextSeq500_2021" refers to an
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FIG 3 The genomics browser. A Yersinia phylogenetic tree is displayed on the left panel, and the strains information (name, lineage, isolate source, number
of genes, etc.) is available on the right panel as a searchable table. Selected strains are automatically highlighted on the phylogenetic tree. An updated

tree can be downloaded in SVG format.

RNA-Seq experiment using the lllumina NextSeq500 platform deposited in 2021 and
measuring RNA levels of a Y. pestis KIM6+ strain grown at 37°C in heart infusion
broth (HIB) at pH 6. “Pseudotuberculosis_YPIll_Mutant_rovA_25C_Log_Agilent_2014"
refers to an experiment performed with an Agilent microarray in 2014 using a Y. pseu-
dotuberculosis YPIIl strain mutated at the rovA locus and grown at 25°C to logarithmic
phase. Complementary information, such as details on the strain microarray, the genome
on which the RNA-Seq experiment was mapped, the DESeq2 (43) differential analysis
report for RNA-Seq data, the publication reference with a link to PubMed, and the link to
the GEO (24), ENA (26), or PRIDE (39) entry, can be found in the table columns. A search
bar can be used to explore the biological conditions of each experiment, and some filters
are accessible, such as the reference genome used, the data type (“Gene Expression” for
microarray experiments or “RNA-Seq”), as well as the selection of a specific mutant or
growth phase. The proteomics browser also implements a “protein localization” column
(i.e., supernatant, whole cell, or soluble or insoluble fraction), as well as the number of
proteins detected in each experimental condition.

After selecting one or several biological conditions, their associated transcriptome
or proteome values can be visualized in two ways: as a heatmap viewer or as a genome
viewer. The heatmap viewer is a sortable table with each line corresponding to a gene
in the genome and columns displaying expression comparisons of two biological con-
ditions using a color code proportional to the fold change, facilitating tracking of
highly differentially expressed genes. A log,(fold change) cutoff, set to 1.5 by default,
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FIG 4 The transcriptomics browser. Transcriptomics data sets are browsable in the main panel on the right and can be filtered through the search bar or with
the preset filters on the left. Information on biological conditions, such as culture temperature, medium, growth stage, strain used, mutation, associated
publication, and DESeq?2 differential analysis report for RNA-Seq experiments, is accessible in the different columns of the table. After one or several lines are
selected, the associated biological conditions can be viewed in the genome viewer or in the heatmap viewer by clicking on the buttons at the top.

can be set to any other value, or to 0 to display the whole genome. This view allows
comparison of different results such as Y. pestis RNA abundance in infected C57BL/6
mouse lungs versus growth in brain heart infusion broth (BHI) (44), Y. pestis RNA abun-
dance after growth in human plasma versus growth in lysogeny broth (LB) (45), and Y.
pestis RNA abundance in infected brown Norway rat bubos versus growth in LB (46)
(Fig. 5A).

The genome viewer (Fig. 5B and C) displays a value on the y axis (the number of
mapped reads or the fold change in RNA or protein, for example) and corresponding
genes on the x axis, allowing navigation of the genome. Depending on the data type,
different information is plotted. For microarray experiments where only biological con-
dition comparisons are available, fold change between two conditions is plotted as
“relative expression data.” For RNA-Seq experiments, stranded or unstranded read cov-
erage is plotted as “absolute expression data” (Fig. 5C) and fold changes can be plotted
as “relative expression data.” For proteomics data, both relative and absolute (intensity;
Fig. 5C) expression data can be plotted if available. A multi-omics view of different
comparisons can be plotted this way, such as infected brown Norway rat bubos versus
growth in LB (46), Y. pestis RNA abundance in infected C57BL/6 mouse lungs versus
growth in BHI (44), and infected human plasma versus growth in LB (45) (Fig. 5B). A
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FIG 5 (A) Heatmap viewer. Heatmap view of the yersiniabactin siderophore ybt operon in the CO92 strain genome, displaying three in vivo and ex vivo
experiments comparing (from left to right): Y. pestis RNA abundance in infected C57BL/6 mouse lungs versus growth in BHI (44), Y. pestis RNA abundance
after growth in human plasma versus growth in LB (45), and Y. pestis RNA abundance in infected brown Norway rat bubos versus growth in LB (46). (B)
Genome viewer. Multi-omics view showing the relative expression of the yersiniabactin siderophore ybt operon in the CO92 genome for the following

(Continued on next page)

March/April 2023 Volume 11 Issue 2 10.1128/spectrum.03826-22 7

99

Downloaded from https://journals.asm.org/journal/spectrum on 13 April 2023 by 157.99.174.128.



Yersiniomics, a Yersinia Multi-Omics Database

multi-omics view of absolute expression can also be plotted on this viewer, such as the
two RNA-Seq stranded coverages, 37°C growth in planktonic and biofilm states in TMH
medium supplemented with glucose (47), and LC-MS/MS data showing protein abun-
dance after 8 h growth at 26°C or 37°C (48) (Fig. 5C). A specific view can be saved and
downloaded in a .gview file with the “Save data selection” button. The .gview file can
later be uploaded in a new session with the “Load data selection button” or from the
home page.

For the 26 RNA-Seq experiments which included replicated samples, a quality con-
trol and differential analysis report is accessible from the transcriptomic browser in the
“DESeq2 report” column. This column links to an interactive web page where different
charts and tables make it possible to assess the overall quality of the experiment and
bioinformatic pipeline. For example, the 36 Y. pseudotuberculosis YPIIl samples gener-
ated by Avican et al. to create an RNA atlas of human pathogens exposed to different
stresses can be examined (49). Mapped read counts are heterogenous between sam-
ples, but more than 2.5 million reads could be mapped for all runs except for the run
SRR11998801 (Fig. 6A). Based on the feature counts, hierarchical clustering and interac-
tive three-dimensional (3D) principal-component analysis (Fig. 6B) showed a good clus-
tering of sample replicates. Run SRR11998801 differed from the two other replicates of
the same condition. Interactive volcano plots allow rapid exploration of the up- and
downregulated genes in every computed comparison within the same experiment,
such as the bile acid stress condition versus untreated condition YPIII (Fig. 6C). Sortable
tables, which can also be filtered by locus name or gene name, allow further explora-
tion of regulations, and the processed data can be downloaded in CSV format. We rec-
ommend using Mozilla Firefox to benefit from all the functionalities implemented in
the RNA-Seq reports.

(ii) The gene viewer. From the home page, a quick access to the gene viewer for
reference strains is implemented (Fig. 2, top). In the gene viewer, each gene is accessible
via a gene list or a graphical view after a specific Yersinia genome is selected (Fig. 7). A
search bar makes it possible to quickly filter the list by gene name, gene locus, or any
field present in the “General information” panel as described below.

For a specific open reading frame (ORF), information such as gene locus, name,
product, position, strand, and size (in base pairs and amino acids) can be found under
the “General information” panel. A link to the GenBank protein and the number of
genomes presenting a homolog in the Yersiniomics database is also present, in addi-
tion to the graphical view presenting the genetic environment of the gene. Other gen-
eral information extracted from the “features” field of the GenBank GFF file is also
displayed. A synteny based on the SynTView software (50) was also implemented for
some reference genomes: Y. pestis CO92 and KIM, Y. pseudotuberculosis 1P32953 and
YPIII, and Y. enterocolitica Y11 and 8081 (Table 1). As synteny data are heavy to down-
load and the SynTView software requires a significant amount of memory and compu-
tational power, loading is optional and conditioned to the “Show synteny” button in
the “General information” panel. After the loading of SynTView, the software displays
the beginning of the genome. When clicking on or searching a gene in the Yersiniomics
gene viewer panel, SynTView automatically centers on the corresponding gene. The soft-
ware allows the user to browse the genetic environment and conservation of each gene
among other closely related genomes present in Yersiniomics. SynTView allows the user
to explore syntenic organization and dynamically zoom in on a position by genomic
location or go directly to specific genes by name. The view is linked with dynamic inter-
actions with other specialized views (circular view and dot plot).

FIG 5 Legend (Continued)

Microbiology Spectrum

conditions (from top to bottom): infected brown Norway rat bubos versus growth in LB (46), Y. pestis RNA abundance in infected C57BL/6 mice lungs
versus growth in BHI (44) and infected human plasma versus growth in LB (45). Induction of the yersiniabactin operon is observed both in vivo and ex vivo.
(C) Genome viewer. Multi-omics view showing the absolute expression of the pseudocapsule caf operon in the CO92 pMT1 plasmid for the following
conditions (from top to bottom): two RNA-Seq stranded coverages, growth at 37°C in planktonic and biofilm states in TMH medium supplemented with

glucose (47), and LC-MS/MS data showing protein abundance after 8 h growth at 26°C or 37°C (48) where the caf operon is induced.
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FIG 6 DESeq2 differential analysis report. (A) Mapped read counts of the 36 Y. pseudotuberculosis YPIIl samples exposed to different stresses generated by
Avican et al. (49). (B) Interactive 3D principal-component analysis based on mapped read counts showing good clustering between replicates among the
36 samples exposed to different stresses. (C) Interactive volcano plot of the bile acid stress condition versus untreated condition for the YPIIl strain,

allowing the user to rapidly explore the up- and downregulated genes.

The “Homologs” panel represents the 200 genomes present in the Yersiniomics
database next to the phylogenetic tree (Fig. 8). For each genome, the homologous
locus, old locus, and linked GenBank protein ID are displayed, next to the BLASTP
results, such as the percentage of coverage and percentage of similarity on the cov-
ered region, or the BLAST E value and bit score. The “Bidirectional” column indicates if
the best BLASTP hit of the homologous gene is reciprocal. Genomes are highlighted in
blue in the table when searched with the search box, and genomes selected in the ta-
ble are highlighted in red on the phylogenetic tree displayed on the left. The product
of the percentage of coverage times the percentage of similarity is displayed alongside
the gene locus in the phylogenetic tree, which can be exported in SVG format. The cor-
responding gene can be opened in its own gene viewer by double-clicking on its line
in the homolog table, facilitating navigation between Yersinia homologs and access to
their respective omics data.

For genomes presenting transcriptomic data sets such as microarray or RNA-Seq
data, the panel “Transcript differential expressions” displays the fold change of the
gene in each available transcriptome comparison (Fig. 9). These fold changes can be fil-
tered with a cutoff to select over- or underexpressed genes over a certain threshold. A
fold change of +15 or —15 corresponds to the absence of the transcript under one of
the conditions. A fold change of exactly 0.0 indicates the absence of transcript under
both conditions or that the information for this gene under these conditions could not
be retrieved. For most of the RNA-Seq data, if replicates were measured, the P value

March/April 2023 Volume 11 Issue 2

10.1128/spectrum.03826-22 9

101

Downloaded from https://journals.asm.org/journal/spectrum on 13 April 2023 by 157.99.174.128.



Yersiniomics, a Yersinia Multi-Omics Database Microbiology Spectrum

Home ° Gene Viewer &

* Transcriptomics or

Selectgenome | Yersinia pestis CO92 * Bl e i Chromosome/Plasmids | 1 -NC_003143.1 v RefSeq Browse and download annotation table
Search YPO1906 - fyuA - YPO_RS10515
General information  Homologs =~ Transcript differential expressions = Transcriptomes = Protein differential abundances = Proteomes e  UniProt @ oo |ntActds STRING
YPO1886 - YPO_RS 10415
YPO1887 - YPO_RS 10420 - +
YPO_RS10425 2135.29bp. 2136.25kbp 2137 2kop 2138.15kbp. 2139.11kbp 2140.06kbp 2141.01kbp 2141.96kbp 2142.92kbp 2143.87kbp 2144.82kbp
|
YPO_RS22130 Versinia pestis COS2 : 4653728 (bp)
YPO1890 - YPO_RS 10430 - ey
YBOIB82=YROLRS10435 YPO_RS10435 YPO_RS22135 ek N izt e ybiT
YPO1893 - YPO_RS 10440
YPO1894 - YPO_RS10445
YPO1895 - YPO_RS10450 Locus: YPO_RS10515 - YPO1906 Strand: - Begin: 2140840  End: 2142861  Size bp: 2022 Nucleotide sequence Proteinid: WP_002212885.1 Note: A
Features: Misc: gene 2140840
YPO1896 - YPO_RS10455 N — Homologs in 200/200 Yersinia genomes 2142861
o Size aa: 673 Gene:fyuA  Product: siderophore yersiniabactin receptor FyuA AaG s eaquone kit locus fag! PG5 B
YPO1897 - YPO_RS 10465 = R Select map height: Select position: Select color option: ~
YPO1898 - YPO_RS21825 @ - .
= = 5 bp2134829 - bp 2148872 Gene @ heatmap O
YPO1900 - (istA) - YPO_RS10475 el .
YPO1901 - (istB) - YPO_RS10480
YPO_RS10485 LJ%J
YPO_RS10490 |
YPO1902 - YPO_RS10495 Local view Gene List Dot plot Circular
YPO1904 - YPO_RS 10500
YPO_RS22135 —
sk 2134.83kb 2137.23kb 2139.64kb 2142.04kb 2144.45kb
'YPO1906 - (fyuA) - YPO_RS10515 left | full | right |
YPO1907 - (YbtE) - YPO_RS 10520 1
YPO1908 - (ybtT) - YPO_RS10525 3
YPO1909 - (ybtU) - YPO_RS10530 i

YPO1910 - (irp1) - YPO_RS10535
YPO1911 - (irp2) - YPO_RS10540

YPO1912 - (ybtA) - YPO_RS10545
YPO1913 - (ybtP) - YPO_RS10550
YPO1914 - (ybtQ) - YPO_RS10555
YPO1915 - (ybtX) - YPO_RS10560
YPO1916 - (ybtS) - YPO_RS 10565
YPO1917 - YPO_RS 10570 = 2

B Voseudot FDAARGOSS82 14

FIG 7 The gene viewer general information panel. Information about the fyuA/psn gene of Yersinia pestis CO92 (YPO1906) is displayed, such as the RefSeq
new and old locus names, the length of the gene and protein, the gene position in the genome, and a graphical view of the surrounding genomic region.
Nucleotide and amino acid sequences can be visualized and downloaded. A search bar to find other genes in the genome is available in the left column. A
switch between the chromosome and the plasmids is available in the upper banner next to the “Chromosome/Plasmids” label. For several reference strains,
synteny can be shown in the SynTView software. Selection of a gene on the Yersiniomics gene viewer automatically searches for the corresponding gene
in SynTView. Genomes are aligned on the searched gene, which is shaded in yellow. Homologous genes are displayed with the same color. Genes of the
reference genome can also be searched in the “Gene List” tab. Genome rearrangement between the reference and another genome can be visualized in
the “Dot plot” tab. The “Circular” tab allows the user to map all the genomes on the reference genome on a circular plot.

and adjusted P value were computed and are displayed with the comparisons. The
results can be filtered using a cutoff on the P value. For the microarray experiments
and the RNA-Seq experiments without replicates, the P value and adjusted P value
were set to 0.0 and the experiments cannot be filtered using the P value. Each compar-
ison can be selected and displayed in two different ways, in the genome viewer or in
the heatmap viewer, as detailed above. For RNA-Seq data, an additional panel called
“Transcriptomes” displays the transcripts per million (TPM) normalized value (51) of the
raw read counts mapped to the gene, allowing the user to assess whether the gene is
highly transcribed.

For genomes presenting semiquantitative proteomic data, a similar panel called
“Protein differential expressions” displays the fold change for the abundance of the
gene-encoded protein in the available comparisons, very similarly to the “Transcript
differential expressions” panel. The same customizable fold change cutoff is available,
as well as the genome viewer and the heatmap viewer. A protein which is detected
under one condition and not the other will also have a log,(fold change) set to +15 or
—15. Experiments can also be filtered using the P value, and adjusted P values are
shown next to the P value when present or set to 0.0 when they were not computed
or not retrieved from publications. To assess for the presence of a protein in a semi-
quantitative or nonquantitative proteomic experiment, the “Proteomes” panel displays
the biological conditions in which the protein was detected, with its associated raw
value (label-free quantitation [LFQ] or FTICR intensity) when available.

For several reference strains, dynamic access to KEGG, UniProt, InterPro, IntAct, and
STRING was implemented at the gene level (Table 1). When a specific gene is selected,
these tabs are automatically linked to the corresponding entries in each website. This
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TABLE 1 Genomes with computed synteny and access to external databases

Strain Synteny KEGG, UniProt, InterPro STRING
Y. aldovae 670-83 Yes Yes
Y. aleksiciae 159 Yes

Y. alsatica SCPM-O-B-7604 Yes

Y. canariae NCTC 14382 Yes

Y. enterocolitica 1055Rr Yes

Y. enterocolitica 2516-87 Yes

Y. enterocolitica 8081 Yes Yes Yes
Y. enterocolitica FORC_002 Yes

Y. enterocolitica WA Yes

Y. enterocolitica Y11 Yes Yes

Y. enterocolitica YE53/03 Yes

Y. entomophaga MH96 Yes
Y. hibernica CFS1934 Yes

Y. hibernica LC20 Yes Yes
Y. intermedia Y228 Yes Yes
Y. massiliensis GTA Yes Yes
Y. mollaretii ATCC 43969 Yes Yes
Y. occitanica ATCC 33639 Yes
Y. occitanica Y225 Yes

Y. occitanica Y231 Yes

Y. pestis 91001 Yes

Y. pestis A1122 Yes

Y. pestis Angola Yes

Y. pestis Antiqua Yes

Y. pestis CO92 Yes Yes Yes
Y. pestis D106004 Yes

Y. pestis D182038 Yes

Y. pestis El Dorado Yes

Y. pestis Harbin 35 Yes

Y. pestis Harbin 35bis Yes

Y. pestis KIM10+ Yes Yes
Y. pestis KIM5 Yes Yes Yes
Y. pestis Nepal516 Yes

Y. pestis PBM19 Yes

Y. pestis Pestoides F Yes

Y. pestis Shasta Yes

Y. pestis 2176003 Yes

Y. pseudotuberculosis 1 Yes

Y. pseudotuberculosis ATCC 6904 Yes Yes
Y. pseudotuberculosis EP2+ Yes

Y. pseudotuberculosis IP31758 Yes

Y. pseudotuberculosis IP32953 Yes Yes

Y. pseudotuberculosis IP32953bis Yes

Y. pseudotuberculosis MD67 Yes

Y. pseudotuberculosis PA3606 Yes

Y. pseudotuberculosis PB1+ Yes

Y. pseudotuberculosis YPIII Yes Yes

Y. rohdei YRA Yes Yes
Y. ruckeri Big Creek 74 Yes

Y. ruckeri SC09 Yes
Y. ruckeri YRB Yes

Y. similis 228 Yes

aSpecies nomenclature proposed by the French Yersinia National Reference Center.

allows very quick access to diverse information, such as the implication in biological path-
ways in KEGG (Fig. 10A), the Alphafold prediction structure in UniProt (Fig. 10C), the protein
domains and Pfam families in InterPro, protein-interacting partners identified with methods
such as a yeast two-hybrid screen against human proteins (52) accessible in IntAct
(Fig. 10D), or other metalinks such as co-occurrence in abstract computed in the STRING
database (Fig. 10B). A button allows the user to directly open the corresponding website
in a new tab of the web browser. Due to cookie policies, we recommend using
Mozilla Firefox to access the STRING tab embedded in Yersiniomics.
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FIG 8 The gene viewer homolog panel. The table of the fyuA homologs in the Yersiniomics database is displayed on the right, with the gene locus, the
BLASTP results (such as percent coverage and percent similarity on this coverage), the E value and bit score, and the name of the corresponding strain.
The product of the percentage of similarity times the percent coverage, as well as the name of the homologous gene, are also displayed on the
phylogenetic tree on the left and highlighted when selected. A multi-fasta protein file of the selected homologs can be downloaded.

Data loading. From the home page, two buttons allow the user to load a .gview file
previously saved from the genome viewer and to download transcriptomics and proteo-
mics processed data (Fig. 2, bottom panel). These data are sorted in the “Transcriptomes”
and “Proteomes” directories, each one subdivided into strain-specific directories. Excel
files showing genes in rows and biological conditions or comparisons of the selected
strain in columns are available to download in each directory, i.e., log,(fold change) table
(Table_LOGFC_strain_name.excel), associated P value (Table_PVALUE_strain_name.excel),
and associated adjusted P value (Table_PADJ_strain_name.excel) for the comparisons,
TPM-normalized counts for RNA-Seq experiments (AIIRNA-SeqTPM_strain_name.excel),
and intensity values for proteomes (Table_Expr_strain_name.excel). The TPM-normalized
count can then be used by each user to compare gene expression within the same sam-
ple or compute coexpression networks.

Genomic data set description. We collected 200 assemblies of Yersinia genomes,
among which 10 were sequenced twice (annotated “bis”) by different laboratories with
different technologies (such as Sanger or combination of Illumina and Nanopore or
PacBio sequencing). Of the 190 unique genomes, we gathered 61 Y. pestis, 24 Y. pseudo-
tuberculosis, and 37 Y. enterocolitica genomes. In addition, 37 strains of the fish pathogen
Y. ruckeri were also collected, as well as one complete genome of the insect pathogen
Y. entomophaga and 30 genomes of nonpathogenic Yersinia (Table 2).

In the genomics browser, the “Name (GenBank)” column refers to the GenBank tax-
onomic assignation, but particular attention should be drawn to the “Most recent as-
signation (cgMLST)” column, where 9 strains were reassigned by the cgMLST scheme
developed in our laboratory (40).

Of note, the RefSeg-reannotated locus name, recognizable by its “..._RS...." pat-
tern, was used to access the genes differing from the initial widely used locus name,
such as “YPO...." for Y. pestis CO92 or “YPTB..."” for Y. pseudotuberculosis 1P32953. We
added this previous name in a column named “Old Locus” in the heatmaps and this old
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FIG 9 The gene viewer transcript differential expression panel. After selection of a log,(fold change) cutoff, comparison of biological conditions is dispatched
in three panels. For RNA-Seq experiments, results are also filtered by selecting a P value cutoff. The top panel shows upregulated conditions and
corresponding fold change, P value, and adjusted P value. For example, fyuA expression is upregulated 180-fold in the rat compared to growth in LB at 37°C
and upregulated 46-fold compared to growth in LB at 21°C.The middle panel shows downregulated conditions and the corresponding fold change. Expression
of fyuA is decreased 6.2-fold in exponential phase compared to stationary phase in BHI at 26°C and decreased 4.5-fold in the presence of streptomycin at 37°C
compared to the untreated condition. The lower panel displays condition comparisons in which fold change is below the selected cutoff and P value, when
available. The conditions can be displayed with the genome viewer or the heatmap viewer via the two buttons on the top right.

locus is present after the RefSeq locus name in the gene list of a genome, separated by a
dash, and followed by the gene name in parentheses. For example, the mioC gene in the
C092 genome can be found as “YPO_RS01005 - YPO0001 (mioC).”

The Y. pestis community widely uses the CO92 and KIM locus names to refer to genes,
using the formats “YPO...” and “y...,” respectively. However, the KIM “y..." locus can be
found only in the KIM10+ genome annotation in GenBank, a strain lacking several plas-
mids (pCD1/pYV and pPCP1/pPla) compared to its parental strain, KIVI5. To map the RNA-
Seq data to the most complete genome but conserve the known locus numbers widely
used by the Y. pestis community, we reannotated the old locus of the KIM5 genome with
the KIM10+ old locus using a systematic BLAST search between both genomes’ open
reading frames.

Of note, the YPIIl genome in GenBank lacks the pIB1 plasmid (the YPIIl pYV virulence
plasmid coding for a type Il secretion system). Thus, this plasmid was not included in
the database.

Transcriptomics data set description. Transcriptomic experiments were collected
for Yersinia reference strains such as Y. pestis C092, KIM, 91001, and Pestoides F,
Y. pseudotuberculosis YPIIl and IP32953, Y. enterocolitica 8081 and Y11, Y. ruckeri
CSF007-82, and Y. entomophaga MH96 (Table 3). Of note, some strains’ data are
mapped on genomes of other strains, such as Y. pestis 201 Microtus, whose microar-
ray data were generated using CO92 microarray, or RNA-Seq data that were mapped
to strain 91001 Microtus strain, as the strain 201 sequence is assembled only at the
scaffold level. This is also the case for Y. ruckeri CSF007-82, whose complete
assembled genomic sequence is not available, and RNA-Seq data were mapped to
its genetically closest sequenced strain, QMA0440. We gathered 151 biological
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conditions analyzed with microarrays and 425 RNA-Seq runs coming from 32 proj-
ects, accounting for 166 biological conditions when aggregating replicates.

Most of the microarray data (100 conditions) were mapped to the Y. pestis CO92 ge-
nome, as it was the first Y. pestis genome fully sequenced and the first available micro-
array. Several experiments with strains such as Y. pestis 195P, 201, GB, and KIM and
even Y. pseudotuberculosis 1P32953 and YPIIl used the CO92 microarray; thus, subse-
quent data are available on the CO92 genome on Yersiniomics. A total of 9 biological
conditions were mapped on the Y. pestis KIV genome, 8 on Y. pestis Pestoides F, 20 on
Y. pseudotuberculosis YPIIl (encompassing 8 IP32953 experiments), 8 on Y. pseudotuber-
culosis PB1+, and 6 on Y. enterocolitica 8081.

Of the 166 RNA-Seq biological conditions, 44 were mapped on the Y. pseudotuber-
culosis YPIIl genome. A total of 30 come from the Y. pestis 201 Microtus strain and were
mapped to the close relative strain 91001. Additionally, 24 biological conditions were
mapped to the Y. enterocolitica 8081 genome, 17 were mapped to the Y. pseudotuber-
culosis IP32953 genome, 11 to the Y. enterocolitica Y11 genome, 9 to the Y. pestis CO92
genome, 8 to the Y. enterocolitica Y1 genome (of which 4 come from strain 8081), 8 to
the Y. entomophaga MH96 genome, 7 to the Y. pestis KIM5 genome, 4 to the Y. ruckeri
SC09 genome, and 2 to the vaccine strain Y. pestis EV76 genome, and 2 biological condi-
tions with the Y. ruckeri strain CSF007-82 were mapped to its close relative QMIA0440.
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TABLE 2 Numbers of complete Yersinia genomes®

No. of genomes

Yersinia species Unique complete Sequenced twice
Y. pestis 61 6

Y. enterocolitica 37 1

Y. ruckeri 37

Y. pseudotuberculosis 24 3

Y. intermedia

Y. occitanica

Y. massiliensis

Y. bercovieri

Y. hibernica

Y. aldovae

Y. aleksiciae

Y. alsatica

Y. canariae

Y. entomophaga
Y. frederiksenii
Y. kristensenii

Y. mollaretii

Y. rohdei

Y. similis

[N ST ST RO G )

Total 190 10

aSpecies nomenclature proposed by the French Yersinia National Reference Center.

A summary of the 154 Y. pestis experiments can be found aggregated by culture tem-
perature and strain (Table 4), culture medium and strain (Table 5), and genetic status and
strain (Table 6).

Proteomic data set description. Many Y. pestis proteomes have been aggregated
and processed by the Pacific Northwest National Laboratory (PNNL) to create a tool
that differentiates naturally occurring and laboratory strains of Y. pestis (53), encom-
passing data from different studies (48, 54, 55) as well as PNNL archives (56). These
processed intensity data sets were kindly shared by Eric D. Merkley. These data repre-
sent most of the 32 biological conditions which used whole-cell lysates of Y. pestis ref-
erence strain CO92 and were analyzed via shotgun LC-MS/MS using linear ion trap
technologies and/or Orbitrap mass spectrometry for identification (Thermo Fisher LTQ
XL/LTQ Velos). Proteomes also include 5 biological conditions from one study investi-
gating Y. pestis Microtus strain 201 using Orbitrap LC-MS/MS technology (Thermo

TABLE 3 Number of omics biological conditions mapped to reference strains

No. of conditions

Reference strain Microarray RNA-Seq Mass spectrometry
Y. pestis CO92 100 9 32

Y. pestis KIM 9 7 24

Y. pestis Microtus 91001 30 6

Y. pestis Pestoides F 8

Y. pestis EV76 2

Y. pseudotuberculosis YPIII 20 44

Y. pseudotuberculosis IP32953 17

Y. pseudotuberculosis PB1+ 8

Y. enterocolitica 8081 6 24

Y. enterocolitica Y11 11

Y. enterocolitica Y1 8

Y. ruckeri SC09 4

Y. ruckeri QMA0440 2

Y. entomophaga MH96 8

Total 151 166 62
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TABLE 4 Number of Y. pestis transcriptomic experiments according to culture temperature
and strain

No. of expts

Culture temp (°C) Y. pestis strain used Array RNA-Seq

10 201 1

21 195P 2
EV76 1
KIM6+

26 201
C092
Pestoides F

28/37 C092

28 C092
KIM5
KIM53

30 C092

37 195P
201
C092
EV76 1
GB 2
KIM53 4
KIM6+ 2
Pestoides F 4

45 201 1

Multiple 201 1

(o]

21

[EURET R NN N N N
S

RN
0 O

Fisher QExactive), the first and only study defining the Y. pestis secretome (57). In addi-
tion, 24 biological conditions from 2 studies focus on the Y. pestis strain KIM (12 in
FTICR, 12 in 2D gel electrophoresis plus LC-MS/MS) and used cell fractionation to deter-
mine protein localization (58, 59) (Table 3).

Data set exploration and validation. One dual RNA-Seq experiment providing
gene expression profiles in a murine pneumonic plague model (60) did generate RNA-
Seq raw data; however, gene content and differential expression were not analyzed.
Our systematic processing pipeline allowed us to process and validate these data.

The in vivo experiment comparing transcripts of the Y. pestis KIM strain in OF1-
infected mouse lungs versus HIB cultures confirmed most previous results described in
the seminal microarray experiment in a pneumonic plague model that used the CO92
strain infecting C57BL/6 mice or grown in BHI (44): the methionine biosynthesis path-
way genes metA, metE, metF, metK, and metR were among the most upregulated genes
in the lungs in both studies. Similarly, the yersiniabactin operon (y2404 to y2394 in the
KIM strain) was the most upregulated operon at 1 h, 24 h, and 48 h postinfection, high-
lighting the importance of metal acquisition by bacteria in their mammalian host. The
pH 6 antigen psaA gene, encoding fimbriae required for virulence, was downregulated
48 h postinfection in both studies but was upregulated 1 h postinfection in the latter
experiment. The cold shock-responsive gene ¢cspD and genes involved in the detoxifi-
cation of reactive oxygen species, such as katA and katG (katY), encoding catalases,
and sodB, encoding superoxide dismutase, were downregulated in both studies, and
nitric oxide-induced hmpA was even more upregulated in the experiment using the
KIM strain than in the experiment based on the CO92 strain. However, the plasmino-
gen activator pla was downregulated 24 h postinfection and not at 48 h postinfection
in the study using the KIM strain, in contrast to the study using the CO92 strain.
Similarly, cspAT and cspA2 were upregulated in the lungs infected with the CO92 strain
but downregulated in the study by Israeli et al. (60). Discrepancies between these
results could be explained by differences in Y. pestis strains and mouse lines as well as
culture conditions of bacteria in vitro.
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TABLE 5 Number of Y. pestis transcriptomic experiments according to culture medium and
strain

No. of expts
Culture medium? Y. pestis strain used Array RNA-Seq
BAB broth GB 2
BHI 201 2 9
C092 7 1
Custom C092 8
Pestoides F 8
DMEM KIM5 1
HIB C092 19
KIM53 2
KIM6+ 2
Human plasma C092 5
LB 195P 4
201 2
C092 1
KIM6+ 3
Macrophages C092 2
KIM5 3
MHB KIM53 5
TMH 201 34 1
C092 6
In vivo 195P 1
201 2
C092 1
KIM53 3
KIM6+ 2
Unknown 201 6
EV76 2

9BAB, blood agar base; DMEM, Dulbecco’s modified Eagle medium; MHB, Mueller-Hinton broth.

DISCUSSION

Over the last 2 decades, the omics revolution has generated an impressive number of data
sets which are often difficult to analyze in depth without any prior bioinformatic knowledge.
In addition, only a fraction of generated and processed data is generally accessible and/or
used in research articles. Here, we aimed at exploiting Yersinia omics data published over the
last 20 years to make them accessible in a user-friendly way to biologists without familiarity
with deep bioinformatics. We thus constructed and processed a database gathering 200 ge-
nomic, 317 transcriptomic, and 62 proteomic data sets of Yersinia species, which are brows-
able at the gene level and according to experimental conditions on the custom-made
Yersiniomics website (https://yersiniomics.pasteur.fr/). Notably, three previous studies (60-62)
did not measure differential gene expression under their biological conditions. These data
were thus processed and included in Yersiniomics. One of these studies confirmed for the
most part previous results obtained using a similar microarray approach. Other recent
RNA-Seq studies did not make their raw sequencing data publicly available and could not
be included in our database for now (63-66). To expand information on genes of interest,
dynamic links to external databases were implemented for several reference strains, allow-
ing the user to access KEGG pathways, UniProt annotation, InterPro domains, IntAct inter-
actors and STRING networks at the gene level. These links also facilitate the access to other
data, such as GO terms and Alphafold structure predictions, implemented in UniProt.

As new data and data types continue to be published, we intend to update and
upgrade the Yersiniomics database with newly published RNA-Seq and LC-MS/MS
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TABLE 6 Number of Y. pestis transcriptomic experiment according to strain and genetic
status

No. of expts

Strain used Genetic status? Array RNA-Seq

195P WT 5

201 cobB 1
fur 2
fyuA
fyuA deletion GCA
hfq pHfq
hfq pHfg-FLAG
lerG 1
ompR 3
oxyR 1
pHfg-FLAG 1
phoP 2
resB
resD pesyisresD,

WT pFLAG

yfiQ

zur 1
WT 26 13

N = NN

pseudotb

- W NN

C092 crp pCD1~ 2
pCD1~ 4
pgm
pbgm luxS
pgm ypelR
pgm ypelR yspIR
pgm ypelR yspiIR luxS
pgm yspl
pgm yspl ypelR
pPCP1~

wv

o= NN=NN-=

EV76-CN WT 2
GB dam 1

KIM5 WT 4
KIM53 WT 5 5

KIM6+ pCD1~ 5
psaE 1
WT 1
Pestoides F WT 8

aWT, wild-type strain; mutant strain (mutated locus).

data, with omics data generated in our laboratory, and with already available data
types such as small RNAs (61-68), transcriptional start sites (TSS) (67-69), and ribos-
witches (67, 69). New analyses, such as gene ranking using TPM counts for each RNA-
Seq experiments, will also be implemented. Ultimately, mutant phenotypes associated
with specific gene locus could also be added based on signature-tagged mutagenesis
screening (70-75), high-throughput transposon site hybridization procedure (76), or
more recent next-generation sequencing using techniques such as transposon-inser-
tion sequencing or transposon-directed insertion sequencing (77-81).

MATERIALS AND METHODS

Genomic data collection. Genomic data were browsed on the NCBI database with the keyword
“Yersinia” (https://www.ncbi.nlm.nih.gov/data-hub/genome). Assemblies were filtered at the “chromosome”
or “complete” level, and “chromosome” assemblies were manually curated to verify data completeness. The
most recent RefSeq annotated assemblies were downloaded in December 2022.
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Transcriptomic data collection. Microarray data were collected on Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/), and the differential expressions calculated by data depositors were directly
used when available. Alternatively, tables and supplemental tables were downloaded from articles and for-
matted. RNA-Seq data sets were browsed on the European Nucleotide Archive (https://www.ebi.ac.uk/ena/)
using the keywords “Yersinia” and “transcriptome,” “RNA-Seq,” or “RNASeq” and on the Sequence Read
Archive (https://www.ncbi.nlm.nih.gov/sra/) using the keyword “Yersinia” and selecting the “RNA” source.
Raw data, consisting of sequencing reads in fastq format, were downloaded from the SRA FTP server http://
ftp.sra.ebi.ac.uk/vol1/ via the ENA website.

Proteomic data collection. As the treatment of LC-MS/MS raw data from the PRIDE repository is
more complex and highly dependent on the mass spectrometry technology used, we directly retrieved
the calculated differential expression from the tables and supplemental tables published in the literature
when available. Alternatively, processed intensity data were kindly provided by their authors when data
were not available online.

Genomic data processing. Genomes were directly processed through the Bacnet platform (33) and
implemented in Yersiniomics. From the collected genomes, a phylogenetic tree was reconstructed using
the 500 genes of our Yersinia cgMLST scheme recently developed in our laboratory (40). The 500 genes
were concatenated and aligned using MAFFT v7.453 (82). Phylogenetic reconstruction was performed
using IQTREE v2.0.6 (83), and the tree was rooted on Yersinia entomophaga MH96 (84), as it is the most
ancestral branch of the genus Yersinia (40). The tree was drawn using Iroki (85). The taxonomic classifica-
tion of the 66 Y. pestis genomes was based on the presence of SNPs defining the lineages, following the
nomenclature developed in previous works (41, 42). Y. pseudotuberculosis 1P32953 genome was also
included in the analysis, to recover the ancestral genotypes. Briefly, either short-read sequencing data or
contigs were mapped onto the Y. pestis CO92 reference genome (NC_003143) using the Snippy pipeline
with default parameters (https://github.com/tseemann/snippy) to identify variants in the chromosome.
Identified variants were inspected, and those falling within repetitive sequences (i.e., IS) were excluded,
while variants associated with putative recombination events were identified using Gubbins v3.2.0 (86)
and filtered out. The final set of variants (n = 14,273) was then used to reconstruct a maximum-likelihood
phylogeny using IQ-TREE 2 (83) to classify the different Y. pestis genomes present in Yersiniomics into
known evolutionary branches (0.PE2, 0.PE4, 0.PE3, 0.ANT, 1.0RI, 1.IN, 1.ANT, 2.ANT, 2.MED, and 4.ANT).
For the other species, lineages were assessed from cgMLST.

Homolog database and synteny. A protein BLAST search was automatically performed for each
gene of each genome against the other genomes to construct the homolog database, using the
BLAST+ command-line tool v2.13.0 (87). Synteny was constructed using a best-hit bidirectional BLAST
search and implemented in the SynTView framework (50). The tool was reprogrammed from Flash to
JavaScript with the HTML5 2d Canvas JavaScript library Konva (https://konvajs.org/), which enables
high-performance animations. Drawing strategies were developed to ensure that graphical outputs remain
below the technological limits of drawing more than 10,000 dynamic graphical objects, using a mix of
static and dynamic objects. SynTViewJS can be used on a public web application at https://plechat.pages
.pasteur.fr/syntviewjs/. The code repository is at https://gitlab.pasteur.fr/plechat/syntviewjs.

Transcriptomic data processing. Downloaded microarray fold change tables were processed through
the Bacnet platform. RNA-Seq raw data were processed using Sequana v0.14.6, Sequana-rnaseq v0.17.0,
and Sequana-pipetools v0.10.0s (88), implementing the following software with default parameters: reads
were trimmed using fastp v0.20.1 (89), processed reads were then aligned on the selected reference ge-
nome with Bowtie2 v2.4.4 (90), and strandedness was automatically identified by the Sequana pipeline.
Mapped reads were then quantified using featureCounts (package subread v2.0.1) (91), and differential
analysis was performed on raw read counts using DESeq2 v1.38.2 with R v4.2.1 with default parameters and
Cook's cutoff enabled (43). P values and adjusted P values were calculated using default DESeq2 parameters
consisting, respectively, of the Wald test and the Benjamini-Hochberg correction. Fold change and adjusted
P value tables were extracted from DESeq2 results and processed using the Bacnet platform. BAM files gen-
erated by the Sequana pipeline were converted to strand-specific .wig files using the strand_cov function
from the stranded-coverage package (https://github.com/pmenzel/stranded-coverage.git) and then proc-
essed using the Bacnet platform. Raw read counts from featureCounts were also normalized using the TPM
method (51) to be displayed in the transcriptome panel of the gene viewer.

Proteomic data processing. For the differential analyses of one condition versus another, proteins
identified in the reverse and contaminant databases and proteins “only identified by site” were first dis-
carded from the list of identified proteins. Then, only proteins with at least three quantified intensities in
a condition were kept. Differential expression was performed using LFQ when at least 1 unique peptide
was detected and at least 2 peptides were quantified in a condition. A normalization was applied within
the same condition centered on means of the medians (92). Remaining proteins without any intensity
value in one of two conditions were considered quantitatively present in a condition and absent in
another. They were therefore set aside and considered differentially abundant proteins. Missing values
were imputed using the SLSA method thanks to the R package imp4p (93). Differential analysis was per-
formed with a limma t test and an adaptative Benjamini-Hochberg correction to adjust the P values with
the cp4P R package (94). Proteins with a fold change less than 2.0 were considered not significantly dif-
ferentially abundant. Statistical testing of the remaining proteins (having a fold change greater than 2.0)
was conducted using the limma t test (95).

These calculated fold changes were formatted and processed using the Bacnet platform, in parallel
to fold change tables downloaded from published articles.

Yersiniomics website design. Yersiniomics was constructed with the Bacnet platform (33), based
on Java and Eclipse e4 RCP/RAP API, and we contributed to its most recent update.
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Links to external databases. The link to the KEGG database website uses the KEGG species identi-
fier (“ype” for Y. pestis CO92) and the old locus name (for instance, “YPO0001” for the mioC gene of
Y. pestis C092), dynamically queried by URL in the form “https://www.genome.jp/entry/ype:YPO0001.”
UniProt accessions are dynamically retrieved and parsed with the KEGG species identifiers and the old
locus name using KEGG REST Application Programming Interface (API), queried by URL in the form
“https://rest.kegg.jp/conv/uniprot/ype:YPO0001.” When a UniProt accession is retrieved (“AOAOH2W280"
for the “YPO0001” old locus name of Y. pestis CO92), UniProt and InterPro are dynamically queried by URL in
the forms “https://www.uniprot.org/uniprotkb/AOAOH2W280" and “https://www.ebi.ac.uk/interpro/protein/
UniProt/AOAOH2W280,” respectively. IntAct is dynamically accessed with the old locus name by URL in the
form “https://www.ebi.ac.uk/intact/search?query=YPO0001” or “https://www.ebi.ac.uk/intact/search?query=
YPO0001%20A0A0H2W280" if a UniProt accession was retrieved. A STRING URL is dynamically retrieved with
the STRING species identifier (“214092" for Y. pestis CO92) and the old locus name, querying the STRING API
in the form “https://version-11-5.string-db.org/cgi/network?taskld=bl0ggHbfGxqi&sessionld=b41GkPqd7zjt.”
The retrieved URL is then accessed.
Data availability. The source code of the Yersiniomics website, based on the Bacnet platform, is
available on the GitHub repository https://github.com/becavin-lab/bacnet/. All processed data can be
directly downloaded from the Yersiniomics website.
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Chapter 7

Yersinia pestis lipoprotein SlyB
promotes plague pathogenesis
via envelope stress tolerance

7.1 Objectives and summary

Based on our plasma proteomics results (chapter 5) and the Yersiniomics database
(chapter 6), we selected 47 Y. pestis proteins and deleted their corresponding genes in or-
der to investigate their role in bacteremic phase of plague. The 47 mutants and the parental
strain were compared for their capacity to survive in human blood and in a murine model of
primary septicemic plague. Among mutants whose growth was defective in human blood
and whose virulence was attenuated in mice, we identified the AslyB mutant. SlyB is well
conserved in bacteria, including pathogenic bacteria [150], and suggested to be involved
in maintenance of membrane integrity [154, 156]. We showed that a Y. pestis AslyB mu-
tant displays decreased resistance to complement-mediated killing, intracellular survival in
macrophages and resistance to neutrophil-mediated killing. Proteomic analysis of the mu-
tant revealed a potential periplasmic leakage presumably resulting from weakening of the
outer membrane and inducing a metabolic rewiring. Altogether, these defects led to an over-
all attenuation of virulence of Y. pestis in murine models of plague. To our knowledge, this
is the first study uncovering the importance of SlyB in resistance to innate immunity and
bacterial pathogenesis.

Of note, proteomic analysis combined with long-read Nanopore genome sequencing of
theAslyB mutant strain very recently revealed a 70-kb duplication flanked by insertion se-
quences. This duplication could be reversible and/or present heterogeneously in the mutant
population, as a clone derived from the slyB mutant for slyB complementation does not carry
the duplication. Most importantly, results described in this chapter should be validated using
a AslyB mutant lacking this duplication to assess its implication in the phenotypes observed.
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7.2 Results

7.2.1 Identification of genes potentially involved in Y. pestis survival
in human blood and in mice

Characterization of Y. pestis early dissemination after intravenous injection of mice.
As in vivo models of septicemic plague were less studied than models of bubonic or pneu-
monic plague, we first set up an infection model using the fully virulent Y. pestis CO92 strain
and OF1 mice, which were inoculated intravenously with 10° to 10° bacteria. We observed
that the bacteria progressively disappears from the bloodstream (Fig 7.1A) and that bac-
teria were mainly found in the liver and spleen 4 hours after injection (Fig 7.1B), as it was
observed for other pathogenic bacteria inoculated in mice by the IV route that were trapped
in the liver and killed by neutrophils [314]

A 105+ B 107
105 106 e ._ol_.
ol e " a. |ele
2107, . £ 10
5 103 $ts S 10t *
2 e 38 . ° 0O 1044
O o024 ° : H 3 $ E
. . ° o 103_
1014 [
102+ +
100 T T T T 1 T T =2
0 1 2 3 4 5 Spleen Liver Lungs
Time (hours)

Figure 7.1. (A)Y. pestis CO92 burden in the blood after intravenous injection of 10° to 108 CFUs in
OF1 mice. Each dot represents an individual mouse, followed over time. The orange line represent
the median. (B) Bacterial burden in the spleen, liver and lungs 4 hours after intravenous injection of
10% to 108 CFUs in OF1 mice. Three lung samples were below the limit of detection of 30 bacteria.
The means and standards deviation are represented for 6 different mice.
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Screen of Y. pestis mutants reveals several loci potentially involved in human blood
survival. Based on the proteome of Y. pestis grown in human plasma crossed with the
omics data that we gathered on the Yersiniomics database, we selected and inactivated 35
loci encompassing 47 genes. We compared survival of the wild-type CO92 strain (WT) to
that of these mutants after incubation for up to 24 hours in human blood (Fig 7.2 lower panel).
Several mutants invalidated for factors such as YPOO0337 (putative subtilase), YPO2373
(lipoprotein SlyB), YPO2531 (putative membrane protein ElaB), YPO2541 (protein of un-
known function), YPO3276 (hypothetical copper oxido-reductase) or YPO3610 (hypotheti-
cal protein) had a survival decreased by more than 50% compared to that of the WT strain.
Among them, the YPO2373 and YPO3276 mutants also showed a decreased virulence after
intravenous injection in mice. (Fig 7.2 upper panel).
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Figure 7.2. Screen of Y. pestis mutant survival in human blood and in mice. Mortality of OF1 mice
7 days after intravenous injection of 10-20 bacteria (upper panel). Dark grey bars represent the
strains with less than 60% of lethality after intravenous injection in mice. Survival of Y. pestis CO92
(WT) and mutants after 24 hours of incubation in human blood, shown as the percentage of survival
normalized by the CFUs of the WT (lower panel). A different blood donor was used for each replicate.
The means and standard deviations are represented. Dark red bars represent mutants with less than
50% survival in human blood
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7.2.2 Characterization of the AslyB mutant

The slyB mutant shows a decreased survival in human blood and decreased virulence
in mice. Deletion of slyB led to a 5 to 10-fold decreased capacity of Y. pestis to survive in
blood of 3 different donors (Fig 7.3A). We could consistently restore the WT level of survival
in human blood by reintroducing the slyB gene in the mutant strain (Fig 7.3A). To assess if
slyB was required for pathogenesis in the three main clinical forms of plague, we determined
mice survival upon infection with WT, mutant and complemented strains using three infec-
tion methods reproducing the natural routes of infection in humans: intravenous injection in
the tail vein, mimicking primary septicemic plague, intra-dermal injection in the ear pinna,
mimicking the bite of a flea and causing bubonic plague, and intra-nasal instillation mim-
icking primary pneumonic plague. Virulence attenuation of the mutant after IV inoculation
(Fig 7.3B) confirmed results obtained 7 days post-infection (Fig 7.2 upper panel). Deletion
of SlyB also decreased Y. pestis virulence in models of bubonic and pneumonic plague.
We could indeed observe a consistent reduction of virulence in all these forms of plague,
restored by the complemented strain (Fig 7.3B). Complementation restored WT levels of
virulence in the 3 murine models of plague (Fig 7.3B).
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Figure 7.3. (A) Survival of the WT, AYPO2373 (AslyB) mutant and AslyB::slyB complemented
strains for up to 26 hours and 30 minutes of incubation in blood of 3 different donors. The mean and
standard deviation of 2 technical replicates are represented for the mutant and complemented strains.
(B) Mice survival after intravenous injection of around 20 CFUs (left), intradermal injection of around
100 CFUs (middle) or intranasal instillation of around 10,000 CFUs (right) of the WT, AslyB mutant
and AslyB::slyB complemented strains. Each group contains 7 mice. Infections were performed
in triplicate and data shown are representative of the results. Displayed p-values are calculated
between the WT and AslyB mutant using Mantel-Cox log-rank test.
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The slyB mutant is more sensitive to innate immunity killing mechanisms. During
the infectious process, Y. pestis encounters multiple host defenses, from soluble molecules
such as the complement system to immune cells such as macrophages and neutrophils.
To assess the role of the complement cascade on decreased survival of the SlyB mutant in
human blood, we incubated the WT, mutant and complemented strains at 37°C in human
normal serum, heat-inactivated serum and laboratory culture media supplemented with cal-
cium as control. The slyB mutant grew at the same rate as the WT and complemented strains
in LB broth and chemically defined M9 medium supplemented with calcium (Fig 7.4A and
B). In contrast, growth of the mutant was slightly impaired in human serum after 7 hours of
incubation (Fig 7.4C). It was restored to WT levels upon heat-inactivation of complement
after 7 and 10 hours of incubation (Fig 7.4D). Of note, growth of the mutant was affected
after 24 hours of incubation in decomplemented serum, suggesting that other compounds
contribute to bactericidal activity of serum in addition to complement.
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Figure 7.4. Growth of the WT, AslyB mutant and AslyB::slyB complemented strains at 37°C in:
(A) lysogeny broth (LB) supplemented with 2.5 mM calcium chloride, (B) M9 minimal media supple-
mented with 2.5 mM calcium chloride, (C) human normal serum (one donor) and (D) heat-inactivated
human serum (one donor). The means and standard deviation of 2 technical replicates are repre-
sented for growth in LB and M9.

Given that neutrophils and macrophages are primary lines of defense against bacte-
rial infection in blood and in deep organs, and that Y. pestis quickly encounters these cells
in the three major forms of plague, we assessed the susceptibility of the slyB mutant to
killing by these cells. By selectively depleting neutrophils from human blood, we could ab-
rogate the survival difference between the WT and slyB mutant strains for up to 15 hours
(Fig 7.5A), suggesting a role of neutrophils in controlling the slyB mutant. To investigate
further neutrophil killing mechanisms, we exposed the slyB mutant to neutrophil extracellu-
lar traps (NETSs) and to the recently described proteoglycofili (PGF) [315], which are deco-
rated with neutrophil granule components such as myeloperoxidase, lactoferrin, neutrophil
elastase (NE) and cationic antimicrobial peptides (CAMP) such as the cathelicidin LL-37.
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Contrary to incubation in PBS, we observed that Y. pestis could survive and grow in pres-
ence of NETs and PGF after 7 hours of incubation at 37°C (Fig 7.5B), which could possibly
be due to acquisition of nutrients from degraded neutrophil products by bacterial proteases
such as Pla [97]. Most importantly, we could observe a growth defect of the slyB mutant
compared to the WT and the complemented strains treated with NETs and PGF . In addition
to a reduced resistance against neutrophil killing, we also observed a reduced intracellular
survival of the slyB mutant in human blood-derived macrophages (HBDM) after 5 hours of
incubation (Fig 7.5C).
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Figure 7.5. (A) Survival of the WT, AslyB mutant and AslyB::slyB complemented strains for up to
25 hours of incubation in human blood (one donor), with or without depletion of neutrophils. The
means and standard deviations of 2 technical replicates are represented. (B) Survival of the WT,
AslyB mutant and AslyB::slyB complemented strains after 9 hours of incubation in PBS (8 technical
replicates), purified proteoglycofili (PGF, one donor, 4 technical replicates) or purified neutrophil ex-
tracellular traps (NETs, one donor, 4 technical replicates). Statistical testing was done using Tukey’s
multiple comparison test. ****: p-value < 0.0001. ns: non significant. The means and standard
deviations are represented.(C) Intracellular survival of the WT, AslyB mutant and AslyB::slyB com-
plemented strains in human blood derived macrophages (one donor, 4 replicates) at 5 hours post
infection. Statistical testing was done using Dunnett's multiple comparison test. **** : p-value <
0.0001. ns: non significant. The means and standard deviations are represented.
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The slyB mutant is more sensitive to membrane stress, cationic anti-microbial pep-
tide and serine protease. Since phagocytes produce membrane-targeting compounds
and SlyB had been involved in membrane stress tolerance in vitro [154, 156], we tested
the effect of the detergent sodium dodecyl sulfate (SDS) and of the cationic antimicrobial
peptide polymyxin B (PMB) on the slyB mutant incubated in M9 minimal medium. We ob-
served an increased bactericidal effect of these membrane destabilizing compounds on the
slyB mutant (Fig 7.6A) compared to the WT and complemented strains. To relate mem-
brane stress susceptibility to neutrophil killing, we next tested the effect of specific neutrophil
components on the slyB mutant. After exposing WT and mutant strains to increasing con-
centrations of purified NE, LL-37 and bactericidal/permeability-increasing protein (BPI), we
observed a dose-dependent defect in survival of the mutant after treatment with NE and LL-
37 (Fig 7.6B). No effect could be detected after exposure to BPI, which could be explained
by the necessity of cofactors such as PLA, to induce bacterial killing [316], or by the specific-
mode of action of BPI through lipid A binding, compared to CAMP, LL-37 or the broad range
protease NE.

A Non treated (M9) Sodium dodecyl sulfate (SDS) Polymyxin B (PMB)
108-3 108 108
107 107 107+
- = -
E E . E
S 108 S 10 S 1084
s L s
o o (3]
105 105 1054
104 +——r——v—"T—T———7— N 104+
0 5 10 0 5 10 0 5 10
Time (hours) Time (hours) Time (hours)
WT - AslyB AslyB::slyB
B - . Bactericidal/permeability-
Cathelicidin (LL-37) Neutrophil elastase (NE) . . /p - Y
increasing protein (BPI)
ns * * ns ns *% ns ns
oy ] = oy [ ] w ] I, "y m LR
108 108 108
- - .
E E E
S5 10 3 105 3 10
w L w
o o o
104 ﬂ i 10 10
N & & & $ & & & $ Gl G 8*
o 50 & ¢ & &
a° s 2 & & & @
R NG ¥ A
[edwr & asys

Figure 7.6. (A) Survival of the WT, AslyB mutant and AslyB::slyB complemented strains in M9
minimal medium (left panel), or in M9 supplemented with 0.01% sodium dodecyl sulfate (SDS, mid-
dle panel) or 10 pg/mL polymyxin B (PMB, right panel). (B) Survival of the WT, AslyB mutant and
AslyB::slyB complemented strains after 9 hours of incubation in M9 (non treated: NT, 6 technical
replicates), or in M9 supplemented with purified cathelicidin (LL-37, 2 technical replicates per concen-
tration, left panel), purified neutrophil elastase (NE, 2 technical replicates per concentration, middle
panel) or purified bactericidal/permeability-increasing protein (BPI, 2 technical replicates per con-
centration, right panel). Values were log-transformed and statistical testing was done using Siddk’s
multiple comparison test. *: p-value < 0.05. **: p-value < 0.01. ns: non significa. The means and
standard deviations are represented.
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The slyB deletion induces loss of periplasmic content. To better understand the role
of SlyB in Y. pestis physiology, we analyzed the proteomes of whole cell lysate of the WT
and mutant strains grown to mid-exponential phase (OD600=0.6) at 37°C in LB broth (Sup-
plementary Data S1). Without calcium or magnesium ions supplementation, we consid-
ered this condition as imposing a mild membrane stress to bacteria. When analyzing the
cellular component Gene Ontology (GO) terms associated to the most differentially abun-
dant proteins by gene set enrichment analysis (GSEA), we observed an enrichment in
periplasmic proteins in the WT strain compared to the mutant strain (GO:0030288, outer
membrane-bounded periplasmic space, normalized enrichment score = 1.78, adjusted p-
value = 2.6x10*, Fig 7.7A). We looked in details at known envelope complexes including
both from periplamic and membrane components, and consistently observed a decrease
in the periplasmic components compared to other proteins in the AslyB mutant, such as a
decrease in LolA abundance compared to LoIBCDE, LptA compared to LptBCDEFG, Skp
and SurA compared to BamABCDD or soluble periplasmic binding proteins of different ATP
binding cassette (ABC) transporters compared to their membrane-bound counterparts (Ta-
ble 7.1 page 137). We hypothetized a stronger protein leakage in the mutant strain, possibly
through a destabilized outer membrane, or formation of outer membrane vesicles releas-
ing the periplasmic content into the medium. We could indeed detect higher levels of the
periplasmic MalE protein in the supernatant of the mutant by Western blotting (Fig 7.7B).

123



A Other @ Periplasmic proteins
| | [Hcp)
104 i % ClpB
o i |
: s ey
z gudl o
© E : Lah ®
ki : S350 van o
: | o2 8 7o #
T | S TR
~— -m:! ’.*. L 2
639 : Bty i,’ @ Ye.bF OsmY
o ! o e
~ = <SR
i .'c » e E.
E % i ®
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ G § 2+ X A
04 E "I\.- ‘ i
4 3 2 1 0 1 2 3 4
Log,(fold change) total = 2157 variables
B M?|E e I
cross-reacting ‘ —— ‘ e .
protein (60-70 kDa) | ~ -
MalE (43 kDa) —
|
Lpp (8kD2) il s
\%
& o & P
BN N
bvg >
Whole cell Supernatant

Figure 7.7. (A) Volcano plot of protein differential abundance for the WT versus AslyB strains.
Proteins that are more abundant in the WT than in the AslyB mutant have a positive fold change.
Soluble periplasmic proteins as annotated by Gene Ontology (GO) are highlighted in blue. The name
of the most differentially abundant proteins are displayed. (B) Levels of MalE and Lpp were analyzed
by Western blot on whole cell extracts and supernatants from the WT, AslyB and complemented
strains grown in LB broth at 37°C using specific antibodies
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The slyB deletion induces mild envelope stress responses. To investigate if protein
loss caused periplasmic stress in the mutant, we looked at abundance of proteins related
to ESR such as cE, Cpx, Rcs or Psp. We could not detect any major differences except for
the Cpx operon proteins which were slightly more abundant in the AslyB strain and the Rcs
response proteins which were slightly more abundant in the WT strain (Table 7.2 page 139).
Importantly, pseudogenization of RcsA as well as a frameshift mutation in ResD occurred
during the emergence of Y. pestis from Y. pseudotuberculosis, modifying its regulatory func-
tion [76, 317].

Activation of these systems being rather mediated by phosphorylation and thus at the
post-translational level, we then looked at the levels of proteins potentially regulated by these
systems. We observed a 2-fold reduced abundance of the Braun lipoprotein Lpp in the
mutant strain that was confirmed by Western blotting (Fig 7.7B). The protein was not detected
in the supernatant, which excludes a leak of this massively abundant lipoprotein, anchored
to the outer membrane and partly to the peptidoglycan. The lower level of Lpp could possibly
involve the oE response through induction of the transcription of the small RNA MicL which
specifically targets the Lpp mRNA and represses Lpp synthesis [318]. As membrane stress
often impacts LPS synthesis and/or modification, we analyzed LPS processing proteins.
Most of the LPS biosynthesis proteins (Lpx) were not differentially abundant, except for the
modifying enzymes LpxT and LpxP, which were slightly more abundant in the WT and AslyB
strain, respectively (Table 7.3 page 139). LpxT is repressed by MicA [319] and LpxP is
activated by RpoE [320] during the oE response in E. coli, suggesting oE response activation
in the AslyB strain.

The absence of SlyB rewires bacterial metabolism. We next analyzed proteomic dif-
ferences of metabolic pathways of the mutant. After removing periplasmic proteins from
our dataset, we performed a gene set enrichment analysis (GSEA) on the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways, and observed an enrichment of sulfur
metabolism components in the mutant caused by the higher abundance of the Tau, Ssu and
Cys operon-encoded proteins (Table 7.4, Fig 7.8A). The yersiniabactin operon proteins, in-
volved in siderophore synthesis required for Yersinia virulence, were more abundant in the
mutant strain (Fig 7.8B). On the other hand, the Lsr operon proteins involved in autoinducer-
2 import and quorum sensing was more abundant in the WT strain (Table 7.4, Fig 7.8C).
In addition, proteins of the pCD1 encoded-type 3 secretion system (T3SS), major virulence
factors of pathogenic Yersinia, were also more abundant in the WT strain. As pCD1-encoded
proteins unrelated to T3SS such as replication and partitioning proteins were not differen-
tially abundant, we expect the difference in T3SS abundance to come from differences in
protein levels rather than in plasmid copy number (Table 7.4, Fig 7.8D).
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Figure 7.8. Volcano plot of protein differential abundance for the WT versus AslyB strains. Proteins
that were more abundant in the WT than in the AslyB strain have a positive fold change. (A-B) Focus
on more abundant proteins in the AslyB strain with: (A) proteins involved in sulfur metabolism such
as the Tau, Ssu or Cys operon proteins highlighted in blue with their name displayed, and (B) pro-
teins of the yersiniabactin operon highlighted in blue with their name displayed. (C-D) Focus on more
abundant proteins in the WT strain with: (C) proteins of the Lsr operon, involved in autoinducer-2 im-
port, highlighted in blue with their name displayed and (D) proteins of the pCD1 plasmid highlighted in
blue. The names of the proteins not involved in the type three secretion system (T3SS) are displayed.
All the other highlighted proteins without names are part of the T3SS.
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To investigate further pathways regulated upon slyB deletion, we took advantage of the
Yersiniomics database we previously constructed by gathering and processing omics experi-
ments on Yersinia species [193]. We analyzed the correlation between protein fold changes
of the slyB mutant and 202 transcriptomic comparison datasets from the Y. pestis strains
C092, KIM and 201, and the Y. pseudotuberculosis strains YPIIl and IP32953 (Supplemen-
tary Data S2). Among the most correlated datasets, we found comparisons between sta-
tionary and exponential phase (AslyB strain being correlated with the exponential phase),
comparisons between growth at high temperature, ranging from 37°C to 40°C, and growth
at lower temperatures, ranging from 25°C to 30°C (the AslyB strain being correlated with
the higher temperatures), but no specific patterns could be observed for the most differen-
tially expressed gene (Fig 7.9A and B). Interestingly, the most correlated experiment was
a comparison between a crp mutant and a WT strain of Y. pestis CO92 at 37°C, the slyB
mutant correlating with the crp mutant condition (Fig 7.9C and D). CRP is a global regulator
mediating carbon catabolite repression (CRP) together with its cofactor cyclic AMP (cCAMP),
allowing change in energy metabolism and carbon source during environmental changes
and infection [321]. We indeed observed that most of the differentially abundant proteins or
operons such as RovA, Tau, Ssu, Ybt or Lsr were differentially expressed in the same way
in the crp mutant (Table 7.5 140). However, we did not detect any difference in the CRP
protein level or in CyaA, the adenylate cyclase producing cAMP, neither a regulation of Pla,
as it was previously described [322, 323].

To a lesser extent, a fyuA deletion mutant in the Y. pestis 201 strain [324] led to a profile
similar to that of the slyB deletion mutant in Y. pestis CO92, in particular the RovA, Tau, Ssu,
Ybt or T3SS proteins. However, the Lsr operon was also upregulated in the fyuA mutant,
in contrast to the slyB mutant. These observations point towards of a metabolism rewiring
upon SlyB deficiency, which could be partly mediated through CRP.
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Figure 7.9. Volcano plot of protein differential abundance for the WT versus AslyB strains, compared

to other published transcriptomics experiments. Proteins that are more abundantin the WT than in the
AslyB strain have a positive fold change. The dot colors highlight proteins whose transcripts are more
that 2 fold up-regulated (red) and 2 fold down-regulated (blue) in other transcriptomic experiments.
The dot size represents the fold change for differentially expressed genes in these transcriptomic
experiments. (A) Y. pseudotuberculosis IP32953 grown in LB broth at 28°C to OD600 3.59 (stationary
phase) versus OD600 0.37 (exponential phase) [325]. (B) Y. pestis KIM53 grown in heart infusion
broth (HIB) at 37°C versus 28°C [208]. (C-D) Y. pestis CO92 pCD1- grown in TMH media for a Acrp
strain versus WT strain in (C) planktonic and (D) biofilm state [323].
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7.3 Discussion

7.3.1 SlyB in Gram-negative bacteria

The SlyB protein is an outer-membrane lipoprotein, described for the first time more
than 30 years ago as a peptidoglycan-associated lipoprotein (PAL) cross-reacting protein
and was first called PCP [326]. The associated gene name pcp can still be found in the
literature or in some databases today. The SlyB name originates from the genetic proximity
of its slyB encoding gene with the slyA gene [327], which was first erroneously identified as
encoding a hemolysin in Salmonella typhimurium, hence called the salmolysin SlyA [328].
In reality, slyA (or rovA in Yersinia species [329]) encodes a transcriptional regulator which
induces the hemolysin phenotype in E. coli but not in S. typhimurium [327]. The SlyA and
SlyB names are still used in the literature today, despite its inaccurate initial annotation.
SlyB function remains still unclear today . SlyB is well-conserved among different bacterial
phyla. It has been established that SlyB is part of the core regulon of the PhoP/PhoQ two-
component system in most species [150], and this has been confirmed experimentally in E.
coli [151], Salmonella enterica [152], Shigella flexneri [153], Pseudomonas aeruginosa [154]
and Yersinia pestis [150]. It is thought that SlyB broad conservation is due to its activity as
negative regulator of PhoP/PhoQ, which was demonstrated in S. enterica [150]. However,
another study pointed out that it was not the case in E. coli and that the conserved negative
regulation of PhoQ would rather come from the PhoP/PhoQ-regulated small peptide MgrB,
which was validated in E. coli, S. enterica and Y. pestis [155]. Other functions of SlyB can
thus be hypothesized.

7.3.2 SlyB, membrane integrity and virulence

SlyB was previously identified in transposon screens as a factor involved in intracellu-
lar survival of E. coli in macrophages [330, 331]. Other studies showed a role of SlyB in
membrane stress tolerance [154, 156], but the implication of SlyB in bacterial virulence and
interaction with the host immune system has not been investigated so far. Using in vitro, ex
vivo and in vivo approaches, we showed that Y. pestis SlyB contributes not only to membrane
stress tolerance but also to pathogenesis in the three forms of plague in mice. Deletion of
slyB had pleiotropic effects on bacterial interactions with host innate immune system, such
as decreased resistance to complement, reduced intracellular survival in macrophages and
a decreased resistance to neutrophil bactericidal compounds. This resulted in an overall
virulence decrease in vivo, where bacteria encounter these host defenses in different envi-
ronments such as the skin, lymph nodes, lungs, the blood, liver and spleen.

It has been shown that the PhoP/PhoQ TCS is important for plague pathogenesis [148]
and more particularly for bacterial resistance to neutrophil killing [147]. O’Loughlin et al.
showed that PhoP/PhoQ-dependent resistance to neutrophil granules can only be partly
explained by regulation of ugd and pmrK, which mediate 4-amino-4-deoxy-L-arabinose (4-
aminoarabinose) addition to lipid A, known to reduce the negative charge of LPS and protect
against CAMPs [161]. We propose that SlyB is an additional PhoP/PhoQ-regulated factor
providing increased resistance to the bactericidal activity of neutrophils.

Importantly, Y. pestis harbors a mutation in the pagP gene and a deletion in the JpxL
gene, maintaining a tetra-acyl lipid A at 37°C. These evolutionary losses are thought to
mediate immune evasion by reducing recognition by TLR4 [168—170]. However, reduced
acylation could also lead to increased permeability of the outer membrane [171]. It has also
been shown that Ail, a major OMP required for Y. pestis virulence, interacts with the LPS and
helps to maintain its integrity at 37°C [108, 109]. One could hypothesize that SlyB contribute
with Ail and other OMPs to maintain the OM integrity in Y. pestis grown at 37°C, by molecular
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mechanisms that remain to be fully deciphered.

7.3.3 SlyB, periplasmic homeostasis and stress response

Consistent with a destabilization and permeabilization of the outer membrane, we ob-
served a dramatic loss of periplasmic proteins in the AslyB mutant during growth in LB,
which could be explained by leakage through the more permeable outer membrane, or by
enhanced outer-membrane vesicule release. Among these less abundant soluble periplas-
mic proteins, we detected virulence-associated proteins such as the serine protease in-
hibitor ecotin, shown to inhibit NE activity [125], and contribute to serum resistance [127]
and Yersinia virulence [126], or the DsbA protein required for stable expression of the T3SS
[124].

Given the importance of the periplasm for nutrient import and cellular processes, it is not
surprising that a decrease in periplasmic soluble proteins leads to an important metabolic
rewiring. We could hypothesize that the WT strain could import specific carbon sources
such as glucose easier and exhaust this source faster than the AslyB mutant, hence in-
ducing a more efficient CRP response. Alternatively, a reduced import of quorum-sensing
signal Al-2 in the AslyB mutant could modify bacterial metabolism, potentially explaining
a proteomic profile resembling the exponential phase. Metabolic changes in response to
the host environment are primordial for bacterial virulence [332] and the role of regulators
such as CRP in virulence has been well described in Yersinia species [96, 143, 213, 322,
323, 333-336]. Metabolic dysregulation caused by an OM perturbation could therefore con-
tribute to the virulence defect of the AslyB mutant. Further studies could define the cause
of the metabolic changes by measuring intracellular cAMP or (p)ppGpp levels, Al-2 release
or other metabolites which could point towards specific metabolic regulation. Importantly,
proteins encoded by the tau, ssu and cys operons involved in sulfur metabolism, clustered
together when analyzing a set of microrrays representative of various environmental condi-
tions and/or mutations in Y. pestis. The cluster was associated to environmental stress, in
line with a signature of enhanced stresses sensed by the SlyB mutant [197].

The Braun lipoprotein Lpp was less abundant in the AslyB mutant, whereas we could
not detect it in the supernatant. Interestingly, Lpp was shown to be downregulated by the
MicL sRNA induced by the cE response to OMP misfolding and periplasmic LPS [318], pre-
sumably to reduce the load of Lpp on the Lol pathway transporting lipoproteins through the
periplasm, and on the Lpt pathways transporting the LPS but also some membrane-crossing
lipoproteins such as Lpp or SlyB, as recently shown [337]. Lpp is one of the most abundant
proteins in Gram-negative bacteria, linking the peptidoglycan to the outer membrane. lts
absence has a major impact on virulence in Y. pestis [176, 177]. Reduction of its level could
also be a hint of a 6E response, that is corroborated by an induction of LpxP and a decrease
in LpxT, LamB or OmpW abundances, all regulated by the oE response [319]. This would
support the idea of an envelope default and particularly of an OMP insertion default into the
OM upon deletion of slyB. However a drastic drop in OMPs was not observed, as we could
expect from a classical oE response [319].

On the other hand SlyB was previously thought to be regulated by the cE stress re-
sponse. In mucoid Pseudomonas aeruginosa, the PA3819 locus of the PAO1 reference
strain was previously annotated as a slyB homolog (PA1053) but was later reannotated as
Ycfd. Its mMRNA was over-expressed upon RpoE (AlgU) induction [338], concordant with the
putative RpoE binding site identified upstream of this gene [339]. Interestingly, this promoter
region was also found at the 5’ end of Salmonella slyB mRNA [339] but its function remains
to be demonstrated [340]. Moreover, we could not detect any RpoE binding site in the 5’ re-
gion of Y. pestis slyB locus. In contrast, the SlyB protein abundance dramatically increased
along with OMPs such as OmpA and OmpW in an RpoE deficient E. coli 0157 strain at early
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stationary phase [341], supporting an RpoE-mediated repression of SlyB in a mechanism
similar to that discussed above for the control of Y. pestis Lpp levels. However, extensive
studies of the RpoE regulon never identified slyB as a target. The parallel increase in SlyB
and OMPs abundances point to a tight molecular association of SlyB with the OMPs that
are known to be repressed by cE [319]. Further characterization of the cE response upon
slyB deletion and of SlyB regulation by RpoE or small RNAs could shed light on feedback
loops involved in the envelope quality control.

While virtually no other major ESR were detected, a mild abundance increase of the
cpx operon proteins was observed in the AslyB mutant. This could explain the decreased
abundance of the T3SS which is regulated by Cpx [134], but also the levels of the global viru-
lence regulator RovA [90] which is repressed by Cpx [135—-137], and regulated by the carbon
storage regulator system Csr [333]. Altogether, these data link envelope stress response ac-
tivated by the slyB deletion to virulence determinants, ultimately leading to reduced virulence
of Y. pestis.

7.4 Methods

7.4.1 Bacterial strains, culture media and blood

The fully virulent Y. pestis CO92 strain was used in this study [181] Bacteria were rou-
tinely grown on LB agar plates supplemented with 0.002% pork haemin (LBH) at 25°C if not
stated otherwise. Frozen human plasma (anticoagulated with acid-citrate-dextrose), frozen
human serum, fresh human blood (anticoagulated with heparin) or buffy coats were provided
by the Etablissement Frangais du Sang (EFS). For mutant screening, fresh blood was stored
at 4°C and used less than 24 hours after collection from donors. For other experiments,
fresh blood was stored at room temperature and used less than 6 hours after collection from
donors. Bacterial growth curves were performed in 10 mL of LB at 28°C, or in 10 mL of
human serum, modified M9 supplemented with 2.5 mM CaCl2 or LB supplemented with 2.5
mM CaCl2 at 37°C, at 180 rotations per minute (rpm) in 125 mL polycarbonate flasks. M9
modified media was prepared by supplementing M9 salts with 2 mM MgSO4, 0.1 mM CacCl2,
1% glucose, 1% casamino acid and 1 mM thiamine-HCI. Serum decomplementation was
performed in a waterbath at 56°C for 30 minutes. For bacterial enumeration, bacteria were
serially diluted 1/10 (20 pl in 180 pL) in phosphate-buffered saline (PBS) and plated on LBH
agar plate. Colony-forming units (CFU) were enumerated after incubation at 28°C for 48
hours, or at room temperature for 3 to 4 days.

7.4.2 Mutagenesis and complementation

Gene deletion was performed as described before [342] Briefly, forward oligonucleotides
were designed with around 50 nucleotides of homology with the beginning of the target
genes and around 20 nucleotides of the beginning a kanamycin resistance cassette. The
reverse oligonucleotides were designed with around 50 nucleotides of homology with the
end of the target genes and around 20 nucleotides of the end of the kanamycin resistance
cassette. PCR products were precipitated overnight in potassium acetate and ethanol at -
20°C, centrifugated at 15,000 g for 30 minutes at 4°C, then 1 mL of 70% ethanol was added
and centrifugated at 15,000 g for 15 minutes at 4°C. Supernatant was discarded and DNA
pellets were dried for 15 minutes in a SpeedVac. The DNA pellets were resuspended in
5 uL of milliQ water and dialyzed on 0.075 um filter for 30 minutes. Dyalized DNAs were
electroporated in electrocompetent Y. pestis CO92 strain harboring the pKOBEG-sacB plas-
mid. Recombinant clones harboring the resistance cassette were selected on LBH plates
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containing 30 pg/mL kanamycin. Absence of the targeted genes was assessed by PCR
using primers inside the target, and insertion of the cassette was assessed by PCR on the
flanking region, using primers outside of the target and inside of the cassette. Curation of
the pKOBEG-sacB plasmid was performed by growing clones on LBH plate without sodium
chloride and with 10% of sucrose. Presence of the virulence plasmids was confirmed by
PCR on the yopM (pCD1), caf (pMT1) and pla (pPCP1) genes.

The slyB mutant was complemented in trans by cloning the gene and its upstream and
downstream regions in the pUC18R6K plasmid which does not replicate in Y. pestis, and har-
bors the miniTn7 transposon with a chloramphenicol resistance cassette. Electrocompetent
cells of the AslyB strain were electroporated with 400 ng of pUC18R6K-miniTn7::slyB and
400 ng of pTNS2 harboring the transposase and which does not replicate in Y. pestis [343].
Selection for the insertion of the miniTn7 was done on LBH plates containing 25 pug/mL
chloramphenicol. Verification of the presence of slyB was done by PCR with primers inside
slyB, and insertion of the miniTn7 was verified with PCR on the flanking regions. Absence
of the pUC18R6K-miniTn7::slyB and of the pTNS2 was assessed by streaking bacteria on
LBH with 100 pug/mL carbenicillin and PCR on the bla resistance cassette. Strains genomes
were analyzed by Nanopore MinlON sequencing to validate the constructions.

7.4.3 Mutant screening in human blood

Parental CO92 and mutant strains were grown for 24 hours on LBH plate at 25°C. Bac-
teria were resuspended in 3 mL PBS, vortexed for 1 minute and the optical density at 600nm
(OD600) was adjusted to 0.25 in 10 mL PBS to reach a concentration around 2x108 CFU/mL.
Fresh blood was divided in 1 to 2 mL aliquots in 14 mL polypropylene tubes with round bot-
tom, pre-warmed for 30 minutes at 37°C under agitation at 180 rpm, then inoculated with
1/10 (100 pL to 200 pL) of the prepared bacteria to reach a concentration of around 2x10”
CFU/mL. Blood was incubated at 37°C under agitation at 180 rpm, and bacteria were enu-
meration at different time points from 0 to 24 hours post-inoculation. At each timepoint, blood
was gently mixed by slowly pipetting with a P1000 pipette, and 20 pyL were added to 180 pL
PBS for bacterial enumeration. Because of the possible variability between donors, growth
of the parental strain was studied in each blood, and growth of each mutant was assessed
in the blood of 2 to 4 donors and compared to that of the parental strain in the blood of the
same donor.

7.4.4 Mice experiments

All mice experiments were performed in a BSL-3 animal facility. 7 to 9-week-old OF1 mice
were purchased from Charles River Laboratory. For intravenous and intradermal injection,
bacteria were grown for 24 hours on LBH plates at 25°C. Bacteria were resuspended in 3 mL
PBS, vortexed for 1 minute and the optical density at 600 nm (OD600) was adjusted to 0.25
in 10 mL PBS to reach a concentration around 2x10® CFU/mL. For intravenous injection, the
suspension was serially diluted 1/10 6 times to reach around 20 bacteria in 100 pL. Mouse
tails were heated with a paper soaked in warm water, and 100 pL of bacterial suspension
were injected in the caudal vein with a 29G needle. The inoculum was verified by plating
100 pL of the suspension on LBH plates between each injection. For intradermal injection,
the suspension was serially diluted to reach 5x10* CFU/mL (100 CFU in 2 pL) and the
inoculum was verified by plating on LBH plates. Mice were anesthetized by intraperitoneal
injection of xylazine and ketamine and 2 pL of the bacterial suspension were injected in the
ear pinna with a NanoFilTM syringe (World Precision Instrument). For intranasal inoculation,
strains were grown in BHI at 26°C under agitation at 250 rpm for 8 hours. OD600 was then
adjusted to 0.05 in 9 mL BHI supplemented with 2.5 mM CaCl2 and incubated at 37°C for
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15 hours under agitation at 250 rpm to reach an OD600 between 2 and 4. Bacteria were
diluted to reach a concentration of 5x10° CFU/mL (1x10* CFU in 20 uL) and the inoculum
was verified by plating on LBH plates. Mice were anesthetized by intraperitoneal injection
of xylazine and ketamine and 20 pL of the bacterial suspension were instilled intranasally
by successive instillations of 5 pL in each nostril. Survival of the mice was followed for 10
days.

7.4.5 Neutrophil depletion from human whole blood

Fresh heparinized blood was filtered on 30 um mesh to remove clumps and aggregates
and separated in 2 aliquots of 4 mL. StraightFrom® Whole Blood CD66b kit (Miltenyi Biotec)
was used to selectively deplete neutrophils. 200 pL of CD66b beads (respectively 200 uL of
PBS as control) were added to 4 mL blood, incubated for 15 minutes at 4°C and transfered
in conditioned Whole Blood Columns (Miltenyi Biotec) following the manufacturer’s instruc-
tions. The first drops of eluted blood were discarded, and the first elution step was kept as
neutrophil-depleted blood (CD66b beads) or control (PBS). Blood inoculation and bacterial
enumeration were performed as described above for mutant screening.

7.4.6 Macrophages intracellular survival

Human blood derived macrophages were isolated and differentiated from buffy coats
as previously described [191]. Briefly, blood mononuclear cells were isolated by density
gradient centrifugation (Ficoll-Paque Premium, Sigma Aldrich, St. Louis, MIl, USA). Mono-
cytes were purified from peripheral blood mononuclear cells by positive selection with mag-
netic CD14 MicroBeads using LS columns (Miltenyi Biotech, Bergisch Gladbach, Germany).
Monocytes were cultured for 7 days at 37°C and 5% CO2 in RPMI-1640 supplemented with
10% heat-inactivated FBS, L-glutamine and M-CSF (20 ng/mL; R&D systems). Cells were
fed every 2 days with complete medium supplemented with M-CSF. 96-well plates were
seeded with 50 pL containing 10* cells per well. Bacteria were grown in 10 mL LB at 28°C
under agitation at 180 rpm to reach an OD600 of 0.4. Bacteria were serially diluted to reach
2x10% CFU/mL (10° CFU/ml in 50 pL) in complete cell media. 50 pL of bacterial suspen-
sion were added on cells at a multiplicity of infection of 10. Plates were centrifugated for 5
minutes at 400 g and incubated for 20 minutes at 37°C with 5% CO2. Cells were washed
three times with 150 pL PBS, then fresh cell medium containing 10 pg/mL gentamicin was
added to cells to kill extracellular bacteria. Cells were incubated for 8 hours at 37°C with 5%
CO2. The medium was then removed and the cell lysed by addition of 100 uL of Triton X100
0.1% for 10 minutes at room temperature. Lysates were serially diluted in PBS to enumerate
intracellular bacteria.

7.4.7 Stress assays

Y. pestis strains were grown overnight on LBH agar plates at 25°C, resuspended in 3 mL
PBS and vortexed for 1 minute. OD600 was adjusted to 0.25 in 10 mL PBS, then serially
diluted to reach 2x10% CFU/mL. 2 uL of bacterial suspension were aliquoted in sterile PCR
plates. 2 pL of stress agents or PBS were added on bacteria and gently mixed by pipetting.
Wells were incubated at 37°C for 7 to 9 hours, then 66 uL of PBS were added in the wells,
mixed by pipetting and serially diluted for bacterial enumeration. PGFs and NETs were kindly
provided by Dr. Benoit Marteyn.
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7.4.8 Mass spectrometry

Sample preparation. Y. pestis WT CO92 strain and AslyB mutant were grown overnight
on LBH agar plates at 25°C, resuspended in 3 mL PBS and vortexed for 1 minute. OD600
was adjusted to 0.25 in 10 mL PBS and 500 pL were inoculated to 4.5 mL of preheated LB at
37°C in 14 mL polypropylene tubes in 5 replicates. Bacteria were incubated at 37°C under
agitation at 180 rpm for 8 hours and 30 minutes to reach an OD600 of 0.6-0.7. Bacteria were
pelleted by centrifugation at 4°C then washed three times with 1 mL of cold PBS. Proteins
were extracted as described in chapter 5. Briefly, pellets were resuspended in 20 L triflu-
oroacetic acid (TFA) for 25 minutes, then neutralized by addition of 200 uL of Tris 2M. Re-
duction and alkylation was performed by addition of 24 pL of tris(2-carboxyethyl)phosphine
(TCEP) 100 mM and chloroacetamide (CAA) 400 mM for a final concentration of TCEP 10
mM and CAA 40 mM, then incubation at 95°C for 5 minutes. Protein concentration was
measured by spectrometry in a 384-well plate with an excitation wavelength of 280 nm and
an emission wavelength of 360 nm. Tryptophan standard curve was performed using pure
L-tryptophan dissolved in distilled water. Proteins were digested with mass-spectrometry
grade trypsin (1:50 ratio) in a Thermomixer at 37°C, 600 rpm for 12 hours. Digestion was
stopped by addition of 20 pyL of TFA. 16 ug of each digested samples were pooled for further
library preparation. Samples were stored at -80°C before further processing.

Protein digestion and desalting. Proteins were digested using Sequencing Grade Mod-
ified Trypsin (Promega - V5111) with a 1:50 ratio (enzyme:protein) at 37°C for 12h before
stopping the digestion with 20 uL of TFA. Then, digested peptides were desalted using C18
cartridge (Agilent Technologies, 5 pL bead volume, 5190-6532) and eluted with acetoni-
trile (ACN) 80%, formic acid (FA) 0.1%. Finally, the peptide solutions were speed-vac dried
and resuspended in ACN 2%, FA 0.1% buffer. For each sample, absorbance at 280 nm
was performed with a NanodropTM 2000 spectrophotometer (Thermo Scientific) to inject an
equivalent of DO = 1.

Peptide mixing and pre-fractionation A pool of all SPEED digested samples was used
to obtain a spectral library for the DIA approach. To do this, an equivalent amount of each
digested sample was pooled together before proceeding to a peptide fractionation using the
Fractionation v1.1 protocol of the AssayMAP Bravo (Agilent). The dried pooled sample (80
pg) was resuspended in 20 mM ammonium formate, pH 10 before a high pH reverse phase
fractionation. RPS cartridge (Agilent Technologies, 5 pL bead volume, G5496-60033) were
primed with 100 yL ACN 80%, FA 0.1% and equilibrated with 100 uL 20 mM ammonium
formate (AmF), pH 10. The samples were loaded at 5 pL/min followed by an internal car-
tridge wash and cup wash with 50uL of 20 mM AmF, pH 10 at 5 uL/min. Step elution was
performed with 60 pL of ACN 5%, 15%, 25%, 35%, 45%, and 80% in 20 mM AmF, pH 10 at
5 puL/min. A preexisting volume of 20 pL containing the same elution buffer was present in
the collection plates upon elution. All fractions were speed-vac dried and resuspended with
ACN 2%, FA 0.1% before injection. For all fractions and individual samples, iRT peptides
were spiked as recommended by Biognosys (Biognosys - Ki-3002-1). LC-MS/MS for DDA
and spectral libraries creation. A nanochromatographic system (Proxeon EASY-nLC 1200
- Thermo Scientific) was coupled online with an Orbitrap Fusion Lumos tribrid mass spec-
trometer (Thermo Scientific). 1 pug of peptides was injected into a capillary column picotip
silica emitter tip (home-made column, 42cm x 75 pm ID, 1.9 pm particles, 100 A pore size,
ReproSil-Pur Basic C18 - Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) after an
equilibration step in 100% solvent A (H20, 0.1% FA). Peptides were eluted with a multi-step
gradient from 5 to 25% buffer B (ACN 80% / FA 0.1%) in 130 min, 25 to 40% buffer B in
20 min and 40 to 95% buffer B in 14 min at a flow rate of 250 nL/min for up to 178 min.
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Column temperature was set to 60°C. Mass spectra were acquired using Xcalibur software
using a data-dependent Top 2s method with a survey scans (300-1200 m/z) at a resolution
of 60,000 and MS/MS scans (fixed first mass 110 m/z) at a resolution of 15,000. The AGC
target and maximum injection time for the survey scans and the MS/MS scans were set to
4.0x10°, 50ms and 5.0x10*, 50ms respectively. The isolation window was set to 1.6 m/z
and normalized collision energy fixed to 30 for HCD fragmentation. We used a minimum
intensity threshold of 5x10*. Precursor ion charge states from 2 to 7 were accepted and ad-
vanced peak determination was enable. Exclude isotopes was enabled and selected ions
were dynamically excluded for 45 seconds.

LC-DIA-MS for DIA. Mass spectra were acquired in DIA mode with the XCalibur software
using the same nanochromatographic system coupled on-line to an Orbitrap Fusion Lumos
tribrid Mass Spectrometer. For each sample, 1 pg of peptides was injected into the same
capillary column picotip silica emitter tip after an equilibration step in 100% solvent A (H20,
0.1% FA). Peptides were eluted with a multi-step gradient from 5 to 25% buffer B (ACN 80%
/ FA 0.1%) in 95 min, 25 to 40% buffer B in 15 min and 40 to 95% buffer B in 10 min at a flow
rate of 250 nL/min for up to 130 min. Column temperature was set to 60°C. MS data was
acquired with a scan range from 300 to 1200 m/z. The DIA method consisted in a succession
of one MS scan at a resolution of 60,000 and 36 MS/MS scans of 1 Da overlapping windows
(isolation window = 25 m/z) at 30,000 resolution. The AGC (Automatic Gain Control) target
and maximum injection time for MS and MS/MS scans were set to 4.0E5, 50 ms and 5.0E5,
54 ms respectively. The normalized collision energy was set to 30 for HCD fragmentation.

Bioinformatic analyses. MaxQuant analyses: DDA raw files were processes using Max-
Quant software version 2.0.3.0 [344] with Andromeda search engine [345]. The MS/MS
spectra were searched against a personal Y. pestis CO92 database containing 3,991 en-
tries, including 3,915 unique proteins from the initial CO92 Sanger sequencing [181], re-
annotated by RefSeq (Accession GCF_000009065.1_ASM906, accessed in 2020) and 76
small open frame (sORF) encoded peptides (SEP) recently identified [231]. Variable modi-
fications (methionine oxidation and N-terminal acetylation) and fixed modification (cysteine
carbamidomethylation) were set for the search and trypsin with a maximum of two missed
cleavages was chosen for searching. The minimum peptide length was set to 5 amino acids
and the false discovery rate (FDR) for peptide and protein identification was set to 0.01.
The main search peptide tolerance was set to 4.5 ppm and to 20 ppm for the MS/MS match
tolerance. Second peptides was enabled to identify co-fragmentation events.

Spectronaut analyses: Spectronaut 17.0.221202.55965 (Quasar) (Biognosys AG) was
used for DIA-MS data analyses. The data extraction was performed using the default BGS
Factory Settings. Briefly, for identification, both precursor and protein FDR were controlled
at 1%. For quantification, Qvalue was used for precursor filtering and no imputation strategy
was used; peptides were grouped based on stripped sequences. Cross Run Normalization
was disabled.

Statistical analysis. To find the proteins more abundant in one condition than in another,
the intensities quantified using Spectronaut were compared. Only proteins identified with at
least one peptide that is not common to other proteins in the FASTA file used for the iden-
tification (at least one "unique" peptide) were kept. Additionally, only proteins with at least
four intensity values in one of the two compared conditions were kept for further statistics.
Proteins absent in a condition and present in another are put aside. These proteins can
directly be assumed differentially abundant between the conditions. After this filtering, in-
tensities of the remaining proteins were first log-transformed (log2). Next, intensity values
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were normalized by median centering within conditions (section 3.5 in [346]). Missing values
were imputed using the impute.sisa function of the R package imp4p [347]. Statistical test-
ing was conducted using a limma t-test thanks to the R package limma [348]. An adaptive
Benjamini-Hochberg procedure was applied on the resulting p-values thanks to the function
adjust.p of the cp4p R package [349] using the robust method described in [350] to estimate
the proportion of true null hypotheses among the set of statistical tests. The proteins as-
sociated to an adjusted p-value inferior to a FDR (false discovery rate) level of 1% and an
absolute log2(fold-change) superior to 1 have been considered as significantly differentially
abundant proteins. Finally, the proteins of interest are therefore those which emerge from
this statistical analysis supplemented by those which are considered to be present from one
condition and absent in another (“ID table” in the S1 Dataset).

We used the R package clusterProfiler v4.6.2 for gene set enrichment analysis [351]. The
GSEA function was used based on UniProt accession number and mapped to a personal
annotation file extracted from the CO92 Gene Ontology terms downloaded from the QuickGo
website accessed in April 2023 [352]. The gseKEGG function was used with the online
KEGG dataset accessed in April 2023, based on the CO92 loci. All analysis were performed
with the detected proteins as statistical background.

Yersinia transcriptomic data were downloaded from the Yersiniomics website and sys-
tematic protein BLAST were performed on the CO92 genome against the other strains
genome to mapped homologous data, as previously described [193]. Correlations between
the datasets were measured using the cor function of the "stats" R package.

7.4.9 Western blotting

Bacteria were grown in the same conditions as for mass spectrometry then cultivated in
50 mL LB in 125 mL polycarbonate flask at 37°C under agitation at 180 rpm for 7 hours,
to an OD600 of 0.9-1. 1 mL of culture was pelleted by centrifugation at 10,000 g for 5
minutes. 45 mL of the culture was pelleted by centrifugation for 20 minutes at 4,600 g.
The supernatant was carefully collected, filtered on 0.22 um PES filter and aliquoted. 10
mL of supernatant were precipitated by addition of 2.5 mL trichloroacetic acid (TCA) at -
20°C overnight. Precipitates were centrifugated at 21,000 g for 10 minutes, then washed
two times with acetone. Bacterial pellets and supernatant precipitates were resuspended
in Laemmli buffer+ $-mercaptoethanol, pH was adjusted by addition of 1.5 M Tris HCI pH
8.8, and heated at 95°C for 10 minutes. Samples were loaded and proteins separated on a
4-12% polyacrylamid gel (Invitrogen) and transferred on a PVDF membrane using the iBlot
transfer device (Invitrogen). The gel was stained for 2 hours with PageBlue (Thermo Scien-
tific) and destained overnight in water. The membrane was blocked with 5% milk overnight,
then incubated with anti-Lpp and anti-MalE antibodies kindly provided by Dr. Nienke Bud-
delmeijer.
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7.5 Tables

Table 7.1. Differential abundance for components of membrane complexes. Periplasmic compo-
nents are highlighted in red. FC is the log(fold change(WT/AslyB)), so positive numbers denote
more abundant proteins in the WT strain.

Complex Substrate Locus Protein Local. FC P-value FDR
YPO1377 LolA PP 1.24 7.7E-6 3.4E-7
YPO1626  LolC IM -0.02 6.2E-1
Lol Lipoprotein YPO1627  LolD M 0.04 3.8E-1
YPO1628 LolE IM -0.002 9.6E-1
YPO2015 LolB oM -0.06 2.2E-1
YPO0495 LptD oM -0.38 1.4E-5
YPO2609 LptE oM 0.09 3.3E-1
Lipo- YPO3439 LptG IM 0.19 1.0E-1
Lpt polysaccharide YPO3440 LptF IM 0.19 1.7E-2
YPO3579  LptC IM 0.26 2.0E-2
YPO3580 LptA PP 0.81 4 .4E-7
YPO3581 LptB IM -0.02 7.4E-1
YPO0494  SurA PP 0.72 1.4E-6
YPO1052 BamA oM 0.22 8.9E-6
Outer YPO1053 Skp PP 1.04 9.0E-6 4.0E-7
Bam membrane YPO1104 BamE oM 0.04 8.7E-1
protein YPO2876 BamB OM -0.02 6.2E-1
YPO3061 BamC oM 0.23 2.3E-5
YPO3278 BamD oM 0.19 5.1E-4
YPO1121 TolQ IM 0.16 2.1E-2
YPO1122  TolR IM -0.13 4.6E-2
Tol-Pal YPO1123  TolA IM 0.24 2.4E-2
YPO1124  TolB PP 0.69 2.6E-6
YPO1125 Pal OM 0.21 1.2E-2
YPO3011 CysM CP -0.52 4.0E-4
Cys Maltose YPO3012 CysA IM -1.03 28E-6 1.4E-7
YPO3014  CysT IM -1.44 9.0E-3 2.4E-4
YPO3015 CysP PP 0.35 1.2E-2
Leucine, YPO3804 LivF IM 0.04 9.5E-1
Liv isoleucine, YPO3805 LivG IM 0.49 5.8E-2
valine YPO3808 LivJ/K PP 1.27 2.6E-4 8.2E-6
YPO0407 LsrG CP 1.48 1.6E-8 3.2E-9
YPO0408 LsrF CP 1.12 6.7E-8  7.7E-9
Lsr Autoinducer-2 YPO0409 LsrB PP 2.75 3.4E-7 2.6E-8
YPO0412  LsrA IM 1.83 43E-5 1.5E-6
YPO0415  LsrK CP 1.49 3.0E-6 1.5E-7
YPO3710 MalMm PP 1.25 1.2E-5 5.1E-7
Mal Maltose YPO3712 MalK IM 0.27 7.5E-2
YPO3714  MalE PP 1.66 2.7E-6 1.4E-7
YPO3715 MalF IM 0.35 2.4E-2
YPO1507 MgIB PP 1.42 1.6E-5 6.6E-7
Glucose,
Mgl galaciose YPO1508 MglA IM 0.32 1.4E-5
YPO1509 MgIC IM 0.77 9.2E-2
YPO3572 MilaC PP 1.27 1.5E-5 6.0E-7
Mla Phospholipid
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YPO3573 MlaD IM 0.16 1.4E-2
YPO3574  MilaE IM 0.22 2.2E-1
YPO3575 MlaF IM 0.11 9.6E-2
YPO2182 OppA PP 0.50 1.9E-3
YPO2183 OppB IM -1.10 8.0E-7 5.4E-8
Opp Oligopeptide  YPO2184  OppC IM -0.67 8.4E-5
YPO2185 OppD M -0.96 5.1E-9
YPO2186  OppF IM -0.91 7.7E-9
Glycine, YPO2645 ProX PP 2.35 2.1E-7 1.8E-8
Pro betaine, YPO2646  ProW M 1.34 1.4E-6 8.4E-8
proline YPO2647  ProV M 1.16 2.3E-9 8.3E-10
YPO3623 SsuE CP -3.67 1.5E-6 8.8E-8
Se Sulfonate YPO3624 SsuA PP -1.39 1.5E-5 6.0E-7
YPO3625 SsuD CP -2.22 7.9E-8 8.8E-9
YPO3627 SsuB IM -0.85 3.1E-1
YPO0182 TauA PP -1.52 1.1E-5 409E-7
Tau Taurine YPO0183 TauB M -3.48 1.8E-6 1.0E-7
YPO0184 TauC IM ND in WT
YPO0185 TauD CP -3.84 1.8E-8 3.4E-9
7L 7192+ YPO2060 ZnuC M -0.13 7.3E-2
YPO2061 ZnuA PP 1.12 5.7E-5 2.0E-6
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Table 7.2. Differential abundance of proteins involved in envelope stress response and two-
component systems.
Complex Locus Product Local. Log,(WT/AslyB) P-value FDR
YPO0073  CpxA IM -0,47 1,7E-4
YPOO0074  CpxR CP -0,26 2,5E-4
Cpx YPOO0075  CpxP PP -0,50 1,4E-3
YPO1067 NIpE OM 0,33 1,3E-4
YPO3382  DegP PP 0,80 9,7E-7
YPO0136 OmpR CP 0,06 2,5E-1
OmMPRENZ  vpoo1s7  Emz M 0,07 9,9E-2
YPO1633 PhoQ M 0,06 1,1E-1
PhoP/PhoQ  vpo1634  PhoP  CP 0,07 3,6E-1
PmrA/PmrB YPO3507 PmrA CP 0,46 1,5E-01
YPO3508 PmrB IM 0,19 2,6E-01
YPO2349  PspC M 0,16 7,6E-03
Psp YPO2350 PspB IM 0,28 2,2E-02
YPO2351 PspA CP 0,24 4,6E-05
YPO2352 PspF CP 0,25 8,6E-03
YPO1070 RcsF OM 0,46 2,7E-03
Res YPO1217  RcsC M 0,32 7,3E-03
YPO1218 RcsB CP 0,98 1,0E-05
YPO1219  RcsD M 1,11 5,5E-05 1,9E-06
YPO1051 RseP M -0,04 1,3E-01
YPO2711 RpoE CP 0,13 1,7E-2
YPO2712  RseA IM 0,06 7,3E-1
oE YPO2713  RseB PP 0,42 6,4E-5
YPO3156 ClpX CP 0,19 1,7E-4
YPO3157 ClpP CP 0,22 6,6E-4
YPO3568 DegS M 0,17 1,9E-2
Table 7.3. Differential abundance for LPS synthesis and modification proteins.
Complex Locus Product Log,(WT/AslyB) P-value regulation
YPOO0561 LpxC 0.04 7.5E-1
YPO1054 LpxD 0.04 6.8E-1
YPO1056 LpxA 0.03 2.7E-1
YPO1057 LpxB -0.03 7.8E-1
LPS YPO1276  LpxT 0.73 8.0E-4 oE repressed
YPO1396 LpxK 0.20 4.3E-2
YPO2063 LpxM -0.05 2.9E-1
YPO3075 LpxH 0.11 2.5E-1
YPO3632 LpxP -0.68 41E-3 oFE activated
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Table 7.4. Gene set enrichment analysis (GSEA) results based on KEGG pathways and performed
on the protein differential abundances between the WT and AslyB mutant strain. NES: normalized
enrichment score.

KEGG ID Description gene set size NES adjusted p-value
ype00920 Sulfur metabolism 22 -2.6 1.4E-06
ype03070 Bacterial secretion system 33 1.9 3.1E-06
ype02024 Quorum sensing 37 1.7 9.9E-04

Table 7.5. Operons showing the same regulation pattern for AslyB mutant in proteomics and Acrp
mutant in transcriptomics. Differential expressions are Logs(fold change).

Aerp/WT  Acrp/WT

Operon Locus Protein WT/AslyB (planktonic) (biofilm)
YPO2991 CysK -0.37 -0.78 0.71
YPO2992 CysM -0.36 0.33 1.88
YPO3011  CysM -0.52 0.37 0.83
Cys YPO3012 CysA -1.03 1.96 2.27
YPO3014 CysW -1.44 2.31 2.88
YPO3014  CysT ND 1.64 2.83
YPO3015 CysP 0.35 -0.77 2.00
YPOO0589 FadH 0.77 -1.99 -3.04
YPO2074 FadD 1.12 -2.97 -3.07
YPO2744 FadL 0.42 -2.60 -3.12
YPO2746 Fadl 0.69 -2.17 -1.99
Fad YPO2747  FadJ 0.72 -1.23 -1.53
YPO3244 FadE 1.04 -1.02 -1.78
YPO3766 FadB 1.05 -5.27 -5.73
YPO3767 FadA 1.13 -4.02 -4.16
YPO3768  Fadl 0.28 -0.10 0.70
YPO2894  IscA 0.74 -1.59 -0.96
lsc YPO2895 IscU 1.01 -0.54 -0.82
YPO2896  IscS 0.59 -1.65 -1.20
YPO2897  IscR 0.88 -1.19 -1.66
YPO0407  LsrG 1.48 -2.83 -3.11
YPO0408  LsrF 1.12 -2.50 -3.67
YPO0409  LsrB 2.75 -3.93 -4.29
Lsr YPO0410  LsrD ND -4.13 -3.89
YPOO0411 LsrC ND -3.73 -4.66
YPO0412  LsrA 1.83 -4.74 -5.68
YPO0415  LsrK 1.49 -0.31 0.30
YPO3300 LuxS 0.27 0.70 1.13
YPO1301 PsaE 1,51 -2,01 -1,62
YPO1302 PsaF 1,10 -2,95 -1,70
Psa YPO1303 PsaA ND -9,11 -2,22
YPO1304 PsaB ND -7,78 -3,83
YPO1305 PsaC ND -3,43 -0,55
YPO2374 RovA 2,45 -1,62 -1,42
YPO3623 SsuE -3.67 0.03 1.73
YPO3624  SsuA -1.39 1.27 0.81
Ssu YPO3625 SsuD -2.22 2.70 1.53
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YPO3626 SsuC ND 1.90 1.15
YPO3627 SsuB -0.85 2.26 1.27
YPO0182  TauA -1.52 0.89 1.76
Tau YPOO0183 TauB -3.48 1.65 212
YPOO0184 TauC NDinWT 2.47 2.57
YPOO0185 TauD -3.84 0.78 1.86
Uvr YPO1865  UvrY 0.86 -0.73 -0.36
YPO1866  UvrC 0.76 -0.68 -0.26
YPO1906  FyuA -1.76 3.17 2.34
YPO1907  YbtE -1.52 417 2.37
YPO1908  YbtT -1.52 4.25 2.94
YPO1909  YbtU -1.70 4.24 2.49
YPO1910 Irp1 -1.76 3.98 2.25
Yersiniabactin ' YPO1911 Irp2 -1.61 3.96 2.52
YPO1912  YbtA ND 1.51 2.68
YPO1913  YbtP -1.97 3.02 3.64
YPO1914  YbtQ -1.81 3.69 3.43
YPO1915  YbtX ND 4.89 3.65
YPO1916  YbtS -1.50 2.93 1.71
YPO0623 1,38 -2,83 -3,64
YPOO0624 1,59 -2,85 -3,14
Unknown YPO0625 1,74 -5,07 -3,97
YPOO0627 1,03 -3,74 -3,23
YPO0628 1,40 -1,63 -1,48
YPO1241 ND 3,36 1,33
Unknown YPO1242 -2,00 2,39 0,82
YPO1243 -1,42 1,50 0,79
YPO1244 -1,61 1,84 0,75
YPO3048 1,41 -2,00 -1,36
Unknown YPO3049 1,74 -1,36 2,17
YPO3050 2,09 -3,80 -3,98

141



Chapter 8

MicroRNAs as biomarkers of
plague

8.1 Objectives and summary

Plague is a fulminant disease with a high-fatality rate and as such it requires efficient
diagnostic tools to control outbreaks that periodically occur in low-income countries such
as Madagascar or in case of biological warfare. In absence of such tools for early and
reliable clinical diagnosis of plague, our aim is to discover early diagnostic biomarkers of
pneumonic plague and extend their application to bubonic and septicemic forms of plague.
Since plague, and particularly primary pneumonic plague, is a very fast-progressing dis-
ease with a pre-inflammatory and pre-symptomatic phase [55], current diagnostic tests for
plague need to be substantially improved [276]. Past and present plague diagnosis relies
on detection of proteins or DNA of Y. pestis, which compromises early disease identification
and timely treatment.

Our working hypotheses are i) that early pre-symptomatic phase of pneumonic plague
could be better identified by host response in biofluid rather than detection of bacterial com-
ponents in infected tissues or sputum, and ii) that stable circulating host miRNAs signature
could be a powerful tool to diagnose pneumonic plague with high specificity in host plasma.
We thus propose to use host biomarkers, i.e., stable circulating miRNAs, to diagnose early
infection, when bacteria are present at low level in tissue compartments and before blood-
stream spread and systemic dissemination.

To identify candidate miRNAs, we setup a murine model of pneumonic plague and
screened 179 circulating miRNAs using RT-gPCR panels. We observed a robust 2-fold
upregulation of 3 circulating miRNAs as early as 24 hours post infection. These miRNAs
have not been described in other pneumonic infections before and could serve as putative
early biomarkers of pneumonic plague. These encouraging preliminary results led us to
optimize blood sampling and quality control of our experimental setup and to establish a
miRNA-sequencing pipeline at various time points post infection to better characterize cir-
culating biomarkers of pneumonic plague.

8.2 Results and discussion

8.2.1 Murine model of pneumonic plague

We first needed to set up a reproducible and well characterized murine model of primary
pneumonic plague in our laboratory. Based on the literature, we chose the model from
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Lathem et al. because it was the first to thoroughly describe the course of the disease [55]
and was subsequently used in other studies from this laboratory. Host response to Y. pestis
infection was thus studied in this model, which shows that upon intranasal instillation of 5,000
bacteria, pneumonic plague is characterized by a pre-inflammatory phase for the first 24
hours, during which the number of bacteria is multiplied by 100. After systemic dissemination
around 36 hours post-infection (hpi), a switch to the pro-inflammatory phase of plague occurs
48 hpi, resulting in pneumonia, lung destruction and death 72 hpi [55]. Using the same
Y. pestis CO92 strain and experimental setup, we determined the bacterial burden in lungs
and spleen at various time points post infection, and could faithfully reproduce bacterial
development in the lungs and the systemic dissemination previously described (Fig 8.1).
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Figure 8.1. CFUs in the spleen (triangle) and the lungs (dot) at 1 hour, 24 hours and 48 hours after
intranasal instillation of 5,000 Y. pestis CO92 in C57BL6/J mice. 10" CFUs is the limit of detection.

8.2.2 Blood sampling setup and optimization

As cell-free miRNAs circulate in low abundance in host blood, and the volume of plasma
is less than half of the volume of whole blood, we needed to optimize blood sampling in
mice to maximize the sampled volume. Cardiac puncture under terminal anesthesia was
chosen because of the high sampling volume and the minimal contamination of blood with
exogenous material which could occur from sub-mandibular sampling or drawing of blood in
the chest or armpit cavity after vein sectioning. We reviewed screening studies comparing
miRNAs detection from serum or plasma, and despite some contradictory results depending
on sampling and screening methods [353—-355], we chose to use plasma as it was shown
to have a higher sensitivity than serum when using miRNA-sequencing. As recommanded
by the manufacturer of the miRNAs analysis kit, blood was sampled with EDTA as anticoag-
ulant, as heparin inhibits reverse transcription and PCR steps. First samplings resulted in
hemolysed blood, a major source of miRNA contamination in plasma. Therefore we tested
several needle length and width to maximize the success rate of sampling with minimal
hemolysis.
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8.2.3 Preliminary microRNAs RT-qPCR screen

Sample quality controls. After optimization of our infection model, we aimed at estab-
lishing the proof of concept that circulating miRNAs could be differentially expressed shortly
after infection. For this purpose, we screened 179 systemic microRNAs by RT-qPCR 24
hours post infection, during the preinflammatory phase of pneumonic plague, compared
to uninfected mice. Each infected mouse was paired with an uninfected mouse all along
the experiment and each paired samples were processed together, from infection to gPCR
screen. Replicates were done on different dates, with a maximum of two replicates per day.
We assessed quality of the various processing steps (Fig 8.2). Hemolysis derived from blood
sampling was variable between samples. The ACt(miR-23a-3p) — Ct(miR-451a) indicator
of hemolysis ranged between 3 and 6 (Fig 8.2A), an acceptable value being around 4 [356].
Spiked internal controls were consistent between samples and internally within a sample
(Fig 8.2B), validating the different processing steps (total RNA extraction, miRNA-specific
reverse transcription and miRNA-specific gPCR). The percentage of amplified miRNA tar-
gets below the Ct cutoff of 40 was consistent among the 20 samples (Fig 8.2C).
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Figure 8.2. Quality control of the 20 samples used for the miRNAs screen. (A) Hemolysis plot
showing the ACt of miR-23a-3p (hemolysis independant) minus miR-451a (hemolysis dependant). A
lower score indicates a lower hemolysis. (B) Ct values for spiked control UniSp2, UniSp4 and UniSp5
(control for the RNA extraction) and cel-miR-39-3p and UniSp6 (control for the reverse transcription
and gPCR). (C) Percentage of target miRNAs in the screen with a Ct lower than 40 (in green) or
greater than 40 (no Ct, in blue)
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Circulating miRNAs differential expression. Data clustering by principal component
analysis or hierarchical clustering could not reveal any cluster pattern (data not shown), sign
of a high variability between mice independently of the housing, infection status or date of the
experiment. Removal of the most hemolysed samples from the analysis did not change this
observation. However, a paired differential analysis based an all samples could identified
three candidates with a fold change higher than 2 and a p-value below 0.05: miR-133a-
3p, miR-133b and miR-1-3p (Fig 8.3). Interestingly, miR-1 and miR-133a are clustered on
the human genome and coregulation of these 3 miRNAs have been previously observed in
several experimental models [357-359].
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Figure 8.3. Volcano plot of up- and down-regulated circulating miRNAs expressed by infected or
non-infected C57BL/6 mice (10 per group), 24 hours after intranasal inoculation of 5,000 Y. pestis.
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Biomarker analysis. Strikingly, most of the upregulated miRNAs were not detected in
other in vitro, in vivo, or clinical studies looking for biomarkers of other respiratory infections
with pathogens such as Mycobacterium tuberculosis [360, 361], SARS-CoV-2 [362] and
community acquired pneumonia (CAP)-mediating pathogens [360, 363]. Some miRNAs
such as miR-136 or miR-376c were detected as up-regulated in both Influenza virus infection
models [364] and pneumonic plague model (Table 8.1). miR-376¢ has also been identified
as a circulating biomarker for various cancers such as breast cancer [365], colon cancer
[366], gastric carcinomas [367], or glioma [368]. The three most differentially expressed
miRNAs, miR-133a-3p, miR-133b and miR-1-3p, were not overexpressed in other model
of pulmonary infections, but have been associated to cardiovascular diseases [369] such
as myocardial infarction [370, 371] or coronary artery disease [372]. Interestingly, miR-133
was shown to be slightly downregulated during pulmonary disease such as tuberculosis or
asthma in elderly patients [373]. In addition, miR-133a was shown to negatively regulate
bronchial smooth muscle (BSM) contraction via RhoA, and miR-133a downregulation leads
to BSM hyperresponsiveness [374]. Of note, RhoA is targeted by the Yersinia effector YopT
[375] and YopE [9]. However the interaction bewteen Y. pestis and BSM during pneumonic
plague has not been reported.

These preliminary results reinforce our hypothesis that a specific signature of plague
could be achieved through this methodological approach. However, we cannot exclude that
the regulation of the 3 identified miRNAs is inflluenced by our experimental setting, e.g., the
presence in the inoculum of minute amount of BHI broth in which bacteria were grown. This
potential flaw will be corrected in the following experiments.

Table 8.1. Differential expression of miRNAs in early infection using a pneumonic plague murine
model as compared to influenza A and other respiratory infections. Mtb: Mycobacterium tuberculosis.
CAP: community acquired pneumonia

Pneumonic Respiratory
miR plague p-value infections Other
Log,(inf/uninf)

miR-1-3p 1.21 0.02 Up in heart diseases

miR-133b 1.12 0.01 Down in Mtb [373] Up in heart diseases
miR-133a-3p 1.07 0.01 Down in Mtb [373] Up in heart diseases
miR-376¢c-3p 0.80 0.07 Up H7N9 [364] Up in various cancer
miR-208a-3p 0.77 0.17
miR-495-3p 0.70 0.18
miR-193a-5p 0.69 0.29 Up in CAP [363]
miR-136-3p 0.69 0.11 Up in H5N1 [364]
miR-136-5p 0.59 0.21 Up in H5N1 [364]
miR-127-3p 0.57 0.03
miR-485-3p 0.56 0.02

8.2.4 MicroRNAs screen during pneumonic plague

Experimental procedure improvements. The first qPCR screen demonstrated the proof
of concept that circulating miRNAs could be early biomarkers of infection during pneumonic
plague. These results allowed me to obtain an Institut Pasteur Junior seed grant for PhD
student to explore new approaches and evaluate innovative protocols. To improve our miR-
NAs screen, reduce its variability and apply it to a greater number of conditions such as
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different time points of pneumonic plague progression, we refined blood sampling by per-
forming intracardiac puncture after dissection. This improved drastically the success rate of
sampling, reducing the number of mice necessary for the experiment, along with a reduc-
tion of hemolysis. We implemented a systematic Nanodrop measure for hemolysis [376]
and switched from EDTA anticoagulant to sodium citrate, which allowed ever more limited
hemolysis during sampling.

MicroRNA-sequencing. Previous reports showed that RT-qPCR had the highest sensi-
tivity and was more cost-effective than miRNA-sequencing (miRNA-seq) [377]. However, re-
cent improvements and drops in price of high-throughput sequencing led us to favor miRNA-
Seq to screen biological fluids in an unbiased manner and to potentially discover new circu-
lating miRNAs [378]. Coupling miRNA-Seq to RT-gPCR panel can even be done to achieve
better sensitivity [378]. Comparisons of library protocols led us to chose QiaSeq miRNA kits
(Qiagen) for library preparation and sequencing [379-382].

Pneumonic plague time course. We selected the 6 hours, 24 hours and 48 hours time
points post infection, representative of very early and early pneumonic plague, during the
pre-inflammatory phase, and of the switch to pro-inflammatory stage [55]. We could sam-
ple 2 mice per condition per time point and we repeated the experiment 4 different times.
Nanodrop assessment for hemolysis was generally concordant with the ACt(miR-23a-3p) —
Ct(miR-451a) value (Fig 8.4). During the first replicate experiment, most of the ACt values
ranged between 0 and 1.5 (Fig 8.4), a far better score than during RT-qgPCR screen (see
above). Ct values for endogenous miRNAs (miR-103a-3p and miR-191-5p) and UniSp6
RT control were consistent with previous RT-gPCR screen experiments (data not shown).
MiRNA-seq library preparation and sequencing are currently pending.
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Figure 8.4. Comparison of two hemolysis assays of the first blood sampling replicate for the miRNA-
seq (2 mice per condition per time points). A miRNA-specific RT-gPCR based method (blue bars),
computing the ACt(miR-23a-3p) — Ct(miR-451a) and a Nanodrop-based approach (orange line),
computing a lipemia-independent hemolysis score as follow: A414 nm - Asgs nm + 0.16*Azgs nm [376].
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8.3 Methods

8.3.1 Mice experiments

All experiments were performed in a BSL-3 animal facility. 7-week-old C57BL6/J mice
were purchased from Charles River Laboratory and were acclimated for at least one month
in the animal facility. Experiments were performed on 10 to 12-week old mice for RT-gPCR
screen and on 12 to 15-week-old mice for miRNA-seq. Y. pestis CO92 strain was grown
in BHI broth at 26°C under agitation at 250 rpm for 8 hours. OD600 was then adjusted to
0.05 in 9 mL BHI supplemented with 2.5 mM CaCl2 and incubated at 37°C for 15 hours
under agitation at 250 rpm to reach an OD600 between 2 and 4. Bacteria were diluted to
reach a concentration of 5x10° CFU/mL (1x10* CFU in 20 pL) and the inoculum was verified
by plating on LBH plates. Mice were anesthetized by intraperitoneal injection of xylazine
and ketamine and 20 uL of the bacterial suspension (or PBS for control mice) was instilled
intranasally by successive instillation of 5 pL in each nostril. After terminal intraperitoneal
injection of xylazine and ketamine at 6-, 24- or 48 hours post infection, 300 to 600 pL of whole
blood was collected by intra-cardiac puncture with 60 pL of 50 mM EDTA as anticoagulant
for the RT-gPCR screen, or after opening the chest and with 60 pL of 3.2% sodium citrate
as anticoagulant for the miRNA-seq screen. For bacterial enumeration in organs, lungs and
spleen were collected and lysed with 5 mL of PBS in gentleMACS M tubes using an Octo
Dissociator (Miltenyi) with the RNA_2 program. Lysates were serially diluted in PBS, plated
on LBH plates and allowed to grow for 48 hours at 28°C for bacterial enumeration.

8.3.2 Plasma collection, miRNA extraction and RT-qPCR screen

Plasma was collected in a BSL-3 laboratory by centrifugation of blood at 800 g for 10
minutes at room temperature, then filtrated by centrifugation at 5000 g for 5 minutes in
SpinX 0.22 um filter (Costar) to remove any bacteria and remaining platelets and other cells.
For miRNA-seq experiment, absorbances at 385 nm and 414 nm were measured in 2 pL
of plasma using a Nanodrop (Thermo), and the lipemia-independent hemolysis score was
computed as follow: As14 nm - Asgs nm + 0.16*Asgs nm [376]. MiIRNAs were extracted from 150
to 200 pL of plasma with the miRNeasy kit (Qiagen). miRNAs-specific reverse transcrip-
tion was performed with the miRCURY LNA RT Kit (Qiagen). cDNA levels were measured
in a CFX384 Touch Real-Time PCR Detection System (BioRad) using the miRCURY LNA
Serum/plasma miRNA Focus PCR Panel for human (Qiagen) in a 384-well plate format,
which includes gPCR internal controls and 179 primers specific for circulating miRNAs in
humans, from which 138 were also described in the mouse. The RNA Spike-In Kit For RT
for miRCURY LNA miRNA PCR experiments (Qiagen) was used as a miRNA extraction and
reverse transcription control, and UniSp6 from the miRCURY LNA RT Kit (Qiagen) as a re-
verse transcription control. Hemolysis was assessed using the Ct differences of miR-23a-3p
(hemolysis independent) with miR-451a (hemolysis dependent).

8.3.3 Data analysis

Ct values were compiled and analyzed using the online tools provided by Qiagen on the
GeneGlobe website (https://geneglobe.qiagen.com/fr/analyze). Data normalization
was performed using the geNorm algorithm [383] on the miR-486-5p, miR-532-3p and miR-
151a-5p reference miRNAs. The p-value was calculated using a paired two-tailed Student’s
t-test.
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Conclusion and perspectives

This thesis gave me the opportunity to study Y. pestis infections from a number of dif-
ferent perspectives, spanning over various disciplines, techniques and methods. The two
principal aspects, the fundamental study of bacteria-host interactions during plague bac-
teremia and the setup of a new plague diagnostic method, could further be subdivided in 4
distinct projects: i) a first part involving methodological and technological developments for
dual proteomics analysis of complex samples in BSL-3 conditions, ii) a second bioinformat-
ical and software engineering part which consisted in gathering, processing and displaying
omics data on a user-friendly web application, iii) a third part based on an infection biology
approaches, including bacterial genetics, animal experimentation in relevant infection mod-
els, and phenotypic characterization in vitro, and iv) a last part focused on applications of
infection biology, consisting in methodological development for identification of molecular
biomarkers of infection in vivo .

These diverse complementary research directions gave rise to important tools and re-
sults already published or prepared for submission, and revealed beneficial for many other
projects of our laboratory (see appendix A page 174). Our study based on sophisticated
approaches provides a wealth of information that will be useful for future investigations of
bacterial pathogenesis and opens the door to the next generation of diagnostic tools.

Dual proteomics of blood infection by Yersinia pestis

Our dual proteomics methodological development applied in a BSL-3 environment, pre-
pared for submission, opens two main perspectives.

First, we propose to apply our fractionation pipeline to other cell types, depending on
the pathogen studied, and the development of cell sorting if available. The comparison of
fraction proteomes of infected and non-infected blood samples would give an interesting
insight into host response to infection. We also propose to expand our pipeline to in vivo
studies with its application to blood of bacteremic animals. We could improve the DIA library
by implementing hybrid spectral libraries based on DDA and DIA runs [384] and using the
extensive proteome we obtained after bacterial growth in human plasma. To analyse the
bacterial proteome in whole blood compared to laboratory culture, we propose to spike to
the bacterial pure culture various amount of host protein background during the protein ex-
traction process to mimic sample complexity without altering bacterial protein expression.
Finally, bacterial enrichment by immunocapture could allow the proteomic study of free bac-
teria circulating in the blood.

Secondly, proteomic results obtained after growth of Y. pestis in plasma can be further
analyzed. Y. pestis metabolic switch in the bloodstream has not been functionally studied so
far, while it is known to play a role in virulence in other bacteria (see appendix D 187). Further
mutagenesis and functional studies of mutants would thus be useful to perform based on
our blood proteomics data.
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The Yersiniomics database

Our multi-omic database was recently published [193] and was warmly welcomed by the
Yersinia scientific community. It is now routinely used in our laboratory to study gene regu-
lation, have a quick access to all gene annotations and analysis our most recent RNA-Seq
and mass spectrometry data generated in the laboratory. We could also partially understand
an unexplained phenotype we observed owing to systematic RNA-seq analysis performed
on Yersiniomics (see appendix A.4 page 175).

However, maintenance of the software and the database in the long run will be necessary
to keep an updated website with the latest published omics experiments. We will need to
transfer this knowledge to permanent personnel of our institute. We also propose to add
new data types such as recently published small RNAs, transcriptional start sites or genome-
wide transposon-based screening data. A harder task will be to gather and cure all published
Yersinia phenotypes associated to gene deletion or mutation and to implement this database
in Yersiniomics. Our tool was also attractive to laboratories working on other bacteria inside
and outside our institute. Our future aim will be to develop bacterial-specific websites in
collaboration with other specialized laboratories and to transfer the structural maintenance,
that we currently carry out in our laboratory, to the Institut Pasteur bioinformatic hub.

SlyB involvement in bacterial virulence

By studying Y. pestis plasma proteome and screening several deletion mutants, we could
bring to light the role of SlyB lipoprotein during bacteremia and more generally during infec-
tion, by enhancing outer membrane resistance to innate immune response. Our study of
SlyB function during infection is however clouded by the recently discovered 70-kb dupli-
cated region inside the mutant strain. Our first priority is to recapitulate the observed pheno-
type with a mutant lacking this duplication in order to verify each result and ultimately publish
our findings.

This new decisive role of SlyB during pathogenesis could have a major global impact on
the study of Gram-negative infection, this protein being widely spread among phyla and
belonging to the core regulon of the PhoP/PhoQ two-components system, known to be
required in several pathogens to promote infection. If we can validate the observed phe-
notypes in Y. pestis, future research directions could consist in validating this phenotype
in enteropathogenic Y. pseudotuberculosis and Y. enterocolitica, as well as in pathogenic
E. coli, Shigella, Salmonella or Pseudomonas species. Structural and mechanistic roles
of SlyB in the outer membrane remain to be deciphered and could be subjected to further
studies in model bacteria such a E. coli.

Our mutant screen also revealed other poorly characterized loci, which seem to be re-
quired for full virulence of Y. pestis. Further research could focus on the characterization of
these specific loci and their associated proteins.

MiRNAs as biomarkers of plague

In the last part of my thesis, we could identify 3 miRNAs especially upregulated 24 hours
after intranasal instillation of Y. pestis. As minute amount of brain heart infusion (BHI) broth
was inoculated in infected but not in uninfected mice, a first validation of these results will
be to quantitate the levels of these miRNAs in experiments where control mice will be inoc-
ulated with the same traces of BHI as infected mice. With this setup, an unbiased miRNA-
sequencing screen is currently ongoing at different time post infection and will draw a more
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exhaustive map of miRNAs circulating during pneumonic plague progression.

To expand these results, we obtained funding (see appendix B.2 page 176) to establish
a comprehensive host miRNAs signature during plague disease progression using different
and complementary experimental settings: murine plague models of bubonic, septicemic
and pneumonic plague, a non-human primate (NHP) model of pneumonic plague that we
will setup in the Infectious Diseases Models for Innovative Therapies (IDMIT) laboratory
of the Commissariat a I'énergie atomique et aux énergies alternatives (CEA), and clinical
samples from healthy individuals and plague patients at the Institut Pasteur of Madagascar,
in collaboration with the Institut de Recherche Biomédicale des Armées (IRBA) for the se-
quencing. The screen would allow the selection of several specific miRNAs which could be
used to develop simple, robust and reliable tools for point-of-care diagnosis in the future. The
secondary aim of this future project is to better understand miRNA-mediated host-pathogen
interactions by studying the function of miRNA expressed during Y. pestis infection.
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Appendix summary

In these appendices, we will summarize other projects and studies we took part to during
my thesis in the Yersinia research unit. My participation in other projects of the laboratory are
listed in the appendix A (page 174) and includes the application of the proteomics pipeline
developed in chapter 5 (appendix A.1); the setup of long-read Oxford Nanopore sequencing
with a recently acquired MinlON device (appendix A.2); the writing of an R pipeline allowing
the annotation of an ordered mutant library constructed in the laboratory (appendix A.3);
the use of omics studies to understand the role of the f/iC locus in plague pathogenesis (ap-
pendix A.4); the mechanism of a recombination event involving a virulence factor of Y. pestis
(appendix A.5) and the set up of a zebrafish model of plague infection (appendix A.6).

A second appendix describes my participation in different grant applications (appendix
B page 176), notably the participation to raise funds for a biotechnological startup hosted in
Paris hospital laboratories (appendix B.1) and the post-doctoral fellowship | obtained from
the Agence nationale de recherches sur le SIDA et les hépatites virales - maladies infec-
tieuses émergentes (ANRS-MIE) (appendix B.2).

The next appendices include a published minireview on macrophage subversion by
pathogens (appendix C page 177), a review in preparation on bloodstream infections (ap-
pendix D page 187) and an original article submitted for publication on a clinical case of
Y. enterocolitica within-host evolution (appendix E page 245).

The last appendix is an expanded summary of my thesis project in French (appendix E
page 245).
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Appendix A

Participation in other projects of
the laboratory

A.1 Proteomics pipeline

Thanks to the benchmark performed for sample preparation for proteomics (chapter
5), we designed an efficient and quick pipeline based on the SPEED method using triflu-
oroacetic acid. In addition to my personal thesis project to study Y. pestis in blood and the
slyB mutant | constructed, we could easily apply this pipeline to other projects of the lab-
oratory on an extensive number of samples. In particular, | helped other members of the
laboratory to prepare and study the proteomes of 50 samples from different Y. enterocolitica
genotypes, 30 samples of various genotypes and mutated strains of Y. pseudotuberculosis,
20 samples of Y. enterocolitica clinical strains (see appendix E) and applied our extraction
methodology to study a Y. pestis mutated at the fliC locus (see appendix A.4).

A.2 Oxford Nanopore Technologies MinlON sequencing

Due to the French regulation on "Micro-Organismes et Toxines" (MOT), sequencing of
Y. pestis nucleic acids in platforms external to the laboratory can be complex. To circumvent
this problem, we purchased a MinlON device from Oxford Nanopore Technologies (ONT)
to routinely sequence strains and plasmids in the laboratory. As a first user, | had to study
and select the different kits proposed by ONT, implement the protocols and set up the bioin-
formatical tools to treat the raw data. A positive unexpected side effect of this long-read
sequencing technology is the possibility to describe genome rearrangement based on in-
sertion sequences (see chapter 7 and appendix A.5), to verify transposon insertion (see
appendix A.3) or to assemble and describe complete plasmids identified in clinical strains
by the national reference center (NRC) hosted in our laboratory.

A.3 Mutant library annotation

One of the project of the laboratory is to construct an ordered library of mutants based
on random transposon insertion. To do so, thousands of random clones were isolated, a
PCR was performed to amplify the transposon insertion region and these small products
were sequenced by Sanger technologies. To automatized the annotation of the transposon
insertion site in the genome, we took advantage of my bioinformatic skills acquired during
my thesis to set up an in-house bioinformatical pipeline in R language. This script takes se-
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quencing files as input and generate tables describing the entire library such as the position
of each mutated genes in the library, the quality of sequencing and confidence in the anno-
tation. This library, still expending, is now used for phenotypic screening, and the previously
described Nanopore sequencing is now used to verify transposon insertion in the genome
and its genomic position.

A.4 The Y. pestis flagellin locus fliC contributes to viru-
lence in the non-motile plague bacillus

The development of the Yersiniomics database and the systematic processing of RNA-
sequencing experiments allowed to explore RNA-seq read mapping on the whole genome.
In addition to give a good visual insight into several experiments on 3’- and 5’- untranslated
regions (UTR), we also detected an interesting anti-sense RNA, which could explain a phe-
notype observed in the laboratory. During my thesis, another PhD student was working on
the fliC locus of Y. pestis, whose deletion decreases virulence during bubonic plague despite
the absence of flagella expression in this bacteria. The failure to detect the FIliC protein and
the discovery of an anti-sense RNA in the mutated locus led us to consider a regulation role
of this anti-sense RNA.

In addition, we took advantage of the proteomics pipeline developed in chapter 5 to
study the proteome of the fliC mutant strain, revealing decreased abundance of virulence
associated factors such as the pseudocapsule F1, highlighting other potential regulatory
effects of the anti-sense RNA or of putative small peptides encoded at the f/iC locus.

A.5 Supervision of a Master student to study p/a deletion
in Y. pestis

Previous reports highlighted the loss of the virulence factor encoding gene pla in ancient
DNA sequenced from the second pandemic [192, 385]. By analyzing the sequences of the
pla deletion region, | identified particular genetic features which could potentially lead to this
deletion. By long-read sequencing of strains from our collection, using the Oxford Nanopore
technology described earlier, | observed a specific recombination event which could drive
pla deletion.

These observations led us to recruit a Master 2 student | supervised to study the molec-
ular mechanism of the pla deletion in an E. coli model and in Y. pestis. Promising results
obtained during the student’s intership, combined with other previous works from the labo-
ratory on this topic, will presumably lead to several publications.

A.6 Set up of a zebrafish model of infection by Y. pestis

Driven by a recent publication from collaborators with members of the laboratory [191],
we wanted to set up new animal models to study specific host genes. In collaboration with
another laboratory from our institute, we chose a zebrafish model of intravenous injection
with Y. pestis in our BSL-3 laboratory. We could successfully inject fluorescent bacteria into
zebrafish larvae and observe neutrophil expansion during infection. Further development
of this vertebrate model could be instrumental to decipher the role of host factors in plague
susceptibility.
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Appendix B

Grant applications

B.1 Fundraising for a biotechnological startup

During the first lockdown due to the COVID-19 pandemic in March 2020, | was con-
tacted by Altevax, a biotechnological startup working on a therapeutic vaccine adjuvant to
treat glioblastoma, to help them raise funding from the French national research agency
(ANR), the French public investment bank (BPI) or venture capitalists. During the two fol-
lowing years, | had the opportunity to coordinate the administrative part of the writing and
submission of collaborative projects to the ANR. | also participated in the setup of an ex-
tensive collaborative project submitted to a hospital-university research program (RHU) for
clinical trials of cancer vaccine candidates. | greatly benefited from this experience, as it
allowed me to write other grant applications and obtain a post-doctoral fellowship.

B.2 Post-doctoral fellowship

Following the first encouraging results from the RT-gPCR miRNA screen (chapter 8), we
submitted and obtained a short-term grant from the Institut Pasteur directed towards PhD
students and post-doctoral fellows working on emerging infectious diseases, to fund the
miRNA-seq setup.

We also submitted a grant application to continue our study on discovery of early biomark-
ers of plague and obtained funding from the Agence nationale de recherches sur le SIDA et
les hépatites virales - maladies infectieuses émergentes (ANRS-MIE), which opened a call
for studies on emerging infectious diseases in collaboration with low- and middle-income
countries. For this project, we created a consortium including the Plague Unit at the Insti-
tut Pasteur de Madagascar (IPM), the Infectious Diseases Models for Innovative Therapies
(IDMIT) laboratory at the Commissariat & I'Energie Atomique et aux Energies Alternatives
(CEA) and the Bacteriological Unit in the Institut de Recherche Biomédicale des Armées
(IRBA). While a PhD student will work under my supervision on murine models of bubonic,
pneumonic and septicemic plague in the Yersinia Research Unit at the Institut Pasteur de
Paris (IPP), | will set up a model of pneumonic plague in non-human primates at IDMIT. IPM
will collect blood samples from human plague cases, while IRBA will be in charge of miRNA
sequencing. IPP, IDMIT and IRBA will test the specificity of the candidate biomarkers in other
pulmonary infection models, and the PhD student in IPP will work on the understanding of
the role of mMiRNA in host-pathogen interactions.
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Appendix C

Minireview: Emerging evasion
mechanisms of macrophage
defenses by pathogenic bacteria

In this minireview published in Frontiers in Cellular and Infection Microbiology in 2020, we
took advantages of our expertise on pathogenic bacteria studied in our laboratory, namely
Listeria monocytogenes, Staphylococcus aureus and Yersinia species, to analyze the latest
discoveries related to macrophage subversion by these bacteria. My personal contribution
concerned the section on Yersinia and the illustrations.
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Macrophages participate to the first line of defense against infectious agents. Microbial
pathogens evolved sophisticated mechanisms to escape macrophage killing. Here, we
review recent discoveries and emerging concepts on bacterial molecular strategies
to subvert macrophage immune responses. We focus on the expanding number of
fascinating subversive tools developed by Listeria monocytogenes, Staphylococcus
aureus, and pathogenic Yersinia spp., illustrating diversity and commonality in
mechanisms used by microorganisms with different pathogenic lifestyles.

Keywords: phagocyte, immune escape, virulence, listeriosis, staphylococcal infection, plague, yersiniosis

INTRODUCTION

As professional phagocytes, macrophages are key components of host first line of defense against
infection. Upon sensing local microenvironmental signals, macrophages display a continuous
spectrum of functional characteristics, known as macrophage polarization, leading to microbicidal
M1 or M2 macrophages associated with tissue repair and inflammation resolution (Locati et al.,
2020). Macrophages detect pathogenic microorganisms by expressing pattern recognition receptors
(PRRs), which interact with conserved microbe-associated molecular patterns (MAMPs). Among
PRRs, Toll-like receptors (TLRs) play a major role in triggering immune responses as they recognize
specifically a wide range of MAMPs, such as lipoproteins, lipopolysaccharide, flagellin, DNA,
and RNA (Fitzgerald and Kagan, 2020). PRRs/MAMPs interactions activate signaling pathways,
ultimately leading to cytokine production and/or phagocytosis (Figure 1). Once internalized,
microorganisms are located in phagosomes, which mature and fuse with lysosomes, creating
phagolysosomes. These acidic vesicles contain multiple antimicrobial molecules such as proteases,
reactive oxygen species (ROS), reactive nitrogen species (RNS), and antimicrobial peptides, which
contribute to degradation of pathogens (Levin et al., 2016). Macrophages also use nutritional
immunity to actively sequester nutrients, thus preventing bacteria to acquire essential factors such
as iron and manganese (Sheldon and Skaar, 2019). In addition, macrophages have been shown to
produce macrophage extracellular traps that immobilize and kill pathogens (Doster et al., 2018).
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Despite this powerful arsenal, macrophages fail to eliminate a
wide variety of pathogens, which evolved complex strategies to
counter and evade host immune system (Baxt et al., 2013). Some
microorganisms prevent immune recognition by modulating
their surface components, secrete immunomodulators to inhibit
macrophage activation, hide in host cells or kill immune cells
directly through toxin secretion and/or indirectly by inducing
apoptosis (Kaufmann and Dorhoi, 2016). Others are able to
evade phagocytosis and antigen presentation and highjack host
cell pathways to acquire nutrients and ensure their survival
(Hmama et al., 2015; Kaufmann and Dorhoi, 2016; Mitchell
et al., 2016). While pathogens share multiple mechanisms,
they developed specific evasion strategies depending on their
pathogenic lifestyle. In this minireview, we will present recent
advances in our understanding of macrophage subversion
by important pathogenic bacteria characterized by specific
life cycles: Listeria monocytogenes, Staphylococcus aureus and
Yersinia spp.

LISTERIA MONOCYTOGENES

Listeria monocytogenes is the etiologic agent of listeriosis,
a foodborne infection whose clinical manifestations range
from self-limiting enteritis in immunocompetent individuals
to life-threatening sepsis and meningo-encephalitis in the
elderly and newborns. Three decades of research established
this facultative intracellular bacterium as a model to study
cellular and infection microbiology (Impens and Dussurget,
2020; Lecuit, 2020). L. monocytogenes fascinating life cycle in
macrophages, i.e., entry, phagosomal escape, replication, actin-
based movement and spread, was first described by Tilney
and Portnoy (Tilney and Portnoy, 1989). This seminal study
paved the way for identification of the major factors required
to bypass cellular defenses and promote bacterial replication,
including the pore-forming toxin listeriolysin O (LLO), PlcA
and PIcB phospholipases, the ActA surface protein necessary
for actin-based motility and their transcriptional activator PrfA
(Radoshevich and Cossart, 2018).

PrfA is the master regulator of virulence in L. monocytogenes.
New facets of its properties have recently been revealed
(Figure 2). PrfA was shown to induce secretion of the chaperone
PrsA2 and the chaperone/protease HtrA, whose protein folding
and stabilizing functions promote bacterial fitness and survival
during infection of macrophages (Ahmed and Freitag, 2016).
In addition, PrfA function has been reported to depend on
the balance between activating and inhibitory oligopeptides
imported by the Opp permease (Krypotou et al., 2019). Cysteine-
containing peptides provides cysteine necessary for synthesis of
glutathione, the PrfA activator, contributing to L. monocytogenes
survival in macrophages. This study uncovers a new mechanism
of regulation of PrfA by controlling the oligopeptide composition
of the environment. It also reinforces the link between
metabolism and virulence previously underscored by the
demonstration of PrfA activation by the global nutritional
regulator CodY (Lobel et al., 2015). Along the same lines, L-
glutamine imported by the GInPQ ABC transporter, has been

shown to be an indicator of intracellular localization and an
inducer of L. monocytogenes virulence genes (Haber et al., 2017).

One of the most important virulence factors positively
regulated by PrfA is LLO. This cholesterol-dependent cytolysin
forms pores in the phagosome membrane, resulting in vacuolar
rupture and bacterial escape to the cytosol. However, it is
expressed at all stages of the intracellular cycle and could be
cytotoxic if active outside of the phagosome. The N-terminal
PEST-like sequence of LLO is essential to restrict its cytosolic
activity and prevent cell killing (Decatur and Portnoy, 2000).
The adaptor-related protein complex 2 Ap2a2, a subunit of the
AP-2 endocytic machinery, has recently been shown to interact
with the PEST-like region of LLO, revealing how cytotoxicity
is controlled (Chen et al., 2018). Recognition of LLO by AP-2
triggers its endocytic removal from plasma membrane and its
degradation, possibly through autophagosomal or multivesicular
body-mediated pathways. The acidic content of the phagosome
is known to be optimal for LLO, which contributes to the
compartmentalization of its activity. The transient exposure of
L. monocytogenes to the low pH of the phagosome imposes
mechanisms of adaptation. The ethanolamine permease EutH is
required for ethanolamine uptake and promotes bacterial growth
at low pH in vitro. Anderson et al. broadened this concept by
showing that EutH is important for L. monocytogenes survival in
the phagosome (Anderson et al., 2018).

Additional new genes involved in the intracellular life cycle
of L. monocytogenes have been identified by the Portnoy’s lab
using an elegant strategy relying on screening a library of himar1l
transposon mutants constructed in a Cre/Lox-based suicide
strain that failed to replicate in macrophages upon activation
of ActA (Reniere et al, 2016). The spxAl gene encoding a
putative disulfide stress transcriptional regulator and the ohrA
gene encoding a peroxiredoxin domain-containing protein of
the organic hydroperoxide resistance subfamily, were required
for L. monocytogenes survival in the phagosome and optimal
replication in bone marrow-derived macrophages. The yjbH gene
encoding a putative thioredoxin and the arp] gene encoding
an amino-acid permease were required for L. monocytogenes
spread from cell-to-cell. This study confirmed the contribution
of the PplA lipoprotein to L. monocytogenes intracellular life
cycle. Processing of PplA leads to secretion of a peptide, which
has been previously shown to be required for vacuolar escape
(Xayarath et al., 2015). L. monocytogenes glutathione synthase
gene gshF was expectedly identified in the screen, as glutathione is
an allosteric activator of PrfA (Reniere et al., 2015). Overall, these
findings point to an important role of redox metabolism during
L. monocytogenes/macrophages interactions.

After rupture of the phagosomal membrane, bacteria replicate
in the cytosol. Our understanding of the mechanisms by which
L. monocytogenes evades cell defenses and survives intracellularly
has significantly improved in the last 5 years. Besides its
spectacular role in actin-based propulsion of bacteria, ActA has
long been known to play a key role in escape from autophagic
recognition by recruitment of the Arp2/3 complex and Ena/VASP
at the bacterial surface (Birmingham et al., 2007; Yoshikawa et al.,
2009). Several studies confirmed the importance of ActA and
the role of PlcA and PlcB in escape from autophagy (Tattoli
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leading to macrophage responses, including formation of the phagocytic cup. (3) Internalized bacteria reside in phagosomes, from which nutrients and essential
factors such as iron and magnesium are transported to the cytoplasm, restricting their supply to bacteria. Macrophages combine this starvation strategy with a
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effective immune response.

et al., 2013; Mitchell et al., 2015, 2018). In addition to their
contribution to vacuolar rupture, phospholipases are required
for bacterial multiplication in infected cells by subverting the
autophagic process, possibly by blocking LC3 lipidation. Listeria
monocytogenes also escapes innate immune response by inducing
mitophagy in macrophages (Zhang et al,, 2019). Secretion of
LLO triggers oligomerization of the mitophagy receptor NLRX1,
resulting in increased mitophagy, lower levels of mitochondrial
ROS and increased bacterial survival. Another mechanism

evolved by L. monocytogenes to evade macrophage oxidative
defenses is secretion of the nucleomodulin OrfX (Prokop et al.,
2017). This PrfA-regulated virulence factor has been shown to
inhibit ROS and NO production in infected macrophages. OrfX
is targeted to the nucleus and interacts with RybP, a regulatory
protein that controls infection. OrfX decreases RybP levels,
thereby promoting bacterial survival.

Listeria monocytogenes also subverts cellular processes by
producing extracellular vesicles. Coelho et al. demonstrated
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FIGURE 2 | for phagosomal escape. (L3) Once in the cytosol, bacterial growth and virulence are mediated by the master regulator PrfA, which is activated by CodY
and glutathione (GSH). The Opp permease ensures importation of cysteine-containing oligopeptides to allow glutathione synthesis by GshF. Full expression of Listeria
virulence genes requires appropriate amounts of L-glutamine imported by the high-affinity ABC transporter GINPQ. PrfA triggers secretion of PrsA2 chaperone and
HtrA chaperone/protease, whose functions are required for invasion and intracellular growth. (L4) Listeria induces mitophagy through the oligomerization of NLRX1
receptor by LLO, lowering ROS levels, and promoting bacterial survival. Listeria also controls ROS levels by secretion of the nucleomodulin OrfX, which interacts with
the regulator RybP. (L5) ActA inhibits xenophagy along with PIcA and PIcB, which block LC3 lipidation. Listeria intracellular survival also depends on Ap2a2-mediated
control of LLO cytotoxicity by restricting its cytosolic activity. (L6) Besides ActA, YjbH, and Arpd are required for efficient bacterial spread from cell to cell. (L7) Listeria
produces extracellular vesicles (EV) containing many virulence factors, including LLO, to promote macrophage death and control innate immunity response.
Staphylococcus aureus: (S1) Staphylococcus aureus is phagocytosed by macrophages. The moonlighting metabolic protein pyruvate dehydrogenase, once
lipoylated by LipA, suppresses macrophage activation by lipopeptides through binding to TLR1/2. LipA also decreases RONS production. (S2) Staphylococci reside
and multiply in mature phagosomes, through sensing of acidification by GraXxRS and activation of several genes allowing bacterial replication and resistance to
antimicrobial peptides (AMP). (83) S. aureus also modulates metabolic fluxes to induce a starvation-like state of macrophages, triggering autophagy. (S4) Secretion of
alpha-toxin Hla and leukocidin AB (LukAB), besides having a direct cytotoxic effect, inhibits macrophage phagocytosis and promotes biofilm formation. Through a yet
unknown intermediate, biofilm conditioned medium attenuates NF-kB activation by increasing KLF2 expression. Pathogenic Yersinia, i.e., Y. enterocolitica (light
purple), Y. pseudotuberculosis (purple), and Y. pestis (dark purple): (Y1) In the lungs, Yersinia adheres to alveolar macrophages through Pla, which shows
immunosuppressive properties. (Y2) Injection of Yops, virulence effectors, in macrophages through the T3SS allows manipulation of host cell pathways. In absence of
YopM, YopE, and YopT activate the inflammasome by dephosphorylating pyrin. (Y3) Once translocated into the host cell, LerV is glutathionylated, promoting binding

to RPS3, suppressing apoptosis and increasing necroptosis. Yopd inhibition of TAK1 leads to activation of RIPK1 and induction of necroptosis or apoptosis of
targeted macrophage. Yopd also inhibits MAPK and NF-kB pathways, inhibiting pro-IL-18 production and limiting pro-inflammatory response. YopP inhibits RIPK1
phosphorylation by p38MAPK/MK2, triggering macrophage apoptosis and activation of cell death effectors gasdermin D and E. (Y4) Macrophages intoxicated with low
levels of Yopd can release IL-18 upon uptake of inflammasome from highly intoxicated dead cells, possibly by efferocytosis. (Y5) N-formylpeptides released by Y.
pestis are recognized by host receptor FPR1, promoting immune cell chemotaxis toward bacteria. Adhesion of bacteria to macrophage is mediated by FPR1/LcrV
interaction, which allows the assembly of type three secretion system. (Y6) Sphingosine-1-phosphate released from dead cells attracts new phagocytes, which in turn
are targeted by Yersinia released from necroptotic cells, ultimately promoting infection.

that L. monocytogenes secretes vesicles that contain many
virulence factors, including LLO and PlcA (Coelho et al., 2019).
These vesicles mediate LLO-dependent macrophage toxicity,
consolidating the emerging concept of extracellular vesicles as
prominent weapons in host-pathogen interactions.

STAPHYLOCOCCUS AUREUS

Staphylococcus aureus is a highly successful facultative
intracellular opportunistic pathogen, which has developed many
mechanisms to counter host immune defenses. This arsenal
allows bacteria to infect virtually any human tissue, leading
to diverse clinical manifestations, ranging from mild to severe
skin and soft tissue infections to life-threatening endocarditis,
necrotizing pneumonia or septicemia (Tong et al., 2015).
S. aureus secretes several toxins that can directly and specifically
interfere with cellular functions, trigger cell death or damage
immune cells (Spaan et al., 2017). This pathogen is also able
to withstand phagocyte-mediated killing. Though most studies
on S. aureus/phagocyte interactions focused on neutrophils (de
Jong et al., 2019), macrophages also gained attention as they may
be “Trojan horses” used by bacteria to disseminate throughout
the body. Accordingly, S. aureus can resist phagocytic oxidative
and nitrosative killing, antimicrobial peptides and nutritional
immunity (Flannagan et al., 2015). Here, we present recent
findings uncovering novel mechanisms developed by S. aureus
to evade macrophage-mediated killing (Figure 2).

Contrary to L. monocytogenes, which quickly escapes
phagosomes and replicates in the cytosol, S. aureus resides and
multiplies in mature phagolysosomes in murine and human
macrophages (Flannagan et al., 2016). Bacteria divide in mature
phagolysosomes and trigger macrophage death by apoptosis
or necroptosis rather than membrane disruption. Acidification

of the phagolysosome, usually a bactericidal mechanism,
is sensed by S. aureus through the GraXRS regulatory
system (Flannagan et al., 2018). It triggers transcription of
genes involved in adaptation to the phagolysosome hostile
environment such as resistance to antimicrobial peptides. This
adaptation is independent of toxin production, as mutants of
the Agr quorum sensing system or SaeR, two major regulators
of toxin production, and alpha phenol soluble modulin
mutants can still replicate in macrophages. Interestingly, this
seems in contradiction with previous reports showing that
agr expression was induced in THP1 macrophages and by
acidic pH (Tranchemontagne et al., 2015). Strains, cell lines
and methodological differences could explain discrepancies
between these studies, as discussed by Flannagan et al. (2018).
Multiplication of S. aureus in mature phagolysosomes, ultimately
leading to cell death and bacterial dissemination, is compatible
with the “Trojan horse” hypothesis.

The link between metabolism, immunity and virulence has
recently gained attention. Once inside macrophages, S. aureus
exploits host cell metabolism to ensure its own proliferation.
Methicillin-resistant S. aureus infection of HeLa cells and
bone marrow derived macrophages from BALB/c mice has
been shown to modulate cellular metabolic fluxes, depleting
notably glucose and amino acid pools (Bravo-Santano et al,
2018). These changes induce a starvation-like state of infected
cells, activating AMPK and ERK pathways and triggering
autophagy. Inhibition of autophagy blocked S. aureus replication,
suggesting that metabolic activation of autophagy is essential
for intracellular bacterial proliferation. Proteins involved in
bacterial metabolism may also play a role in immune evasion,
as revealed by the study of moonlighting proteins (Wang et al.,
2014). These multifunctional proteins are highly conserved in
bacteria. In addition to their cytoplasmic role in metabolism and
stress response, some of them are released outside of bacteria
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where they contribute to virulence properties such as tissue
adhesion and immune escape. For instance, S. aureus can blunt
macrophage activation by modification and secretion of the
moonlighting protein pyruvate dehydrogenase (PDH) (Grayczyk
et al,, 2017). The authors showed in this study that bacterial
lipoic acid synthetase LipA adds a lipoic acid on the E2 subunit
of the PDH complex, yielding lipoyl-E2-PDH whose role in
the cytoplasm is to convert pyruvate to acetyl-CoA. The lipoyl-
E2-PDH is excreted by bacteria and suppresses macrophage
activation through specific binding and inhibition of TLR1/2
heterodimer activation. The same group also showed that LipA
decreases production of ROS and reactive nitrogen species
(RNS) by NADPH oxidase and iNOS, respectively, both in vitro
and in a mouse model of S. aureus infection (Grayczyk and
Alonzo, 2019). Together, these studies support the concept that
specific cytoplasmic proteins moonlight outside bacteria and link
metabolism and virulence.

Staphylococcus aureus capacity to form biofilms is important
for successful immune escape. A biofilm matrix surrounding
bacteria prevents recognition and phagocytosis by immune cells.
In addition, biofilms may directly dampen immune response by
polarizing macrophages toward an anti-inflammatory phenotype
(Thurlow et al, 2011). More recently, it was shown that
S. aureus growing in biofilms subverts immune responses
through active secretion of virulence factors (Scherr et al,
2015). The authors demonstrated that alpha-toxin Hla and
leukocidin LukAB have a synergistic action resulting in inhibition
of macrophage phagocytosis and induction of cytotoxicity,
promoting biofilm formation in a murine model of S. aureus
orthopedic implant infection. Another group showed that
biofilm-conditioned medium was responsible for attenuated
NF-kB activation due to increased expression of the anti-
inflammatory transcription factor Kruppel-like factor 2 in
RAW264.7 macrophages (Alboslemy et al., 2019). While bacterial
molecule(s) responsible for KLF2 induction remain(s) to be
identified, these findings confirm the importance of virulence
factor secretion to suppress macrophage functions in addition to
the role of biofilms as a physical barrier.

YERSINIA

The Yersinia genus includes three human pathogenic species:
the two enteropathogens Yersinia enterocolitica and Yersinia
pseudotuberculosis, as well as Yersinia pestis, the etiological agent
of plague. The three species harbor the pCD1 plasmid coding
for a type three secretion system (T3SS) and Yersinia outer
proteins Yops, potent virulence effectors that are injected in
target cells. In contrast to L. monocytogenes and S. aureus,
pathogenic Yersinia are well-equipped to manipulate host cells
from the outside, by mechanisms recently reviewed (Pinaud
et al.,, 2018; Demeure et al., 2019). Translocation of Yops into
host immune cells modulates pyroptosis/apoptosis. Apoptosis
is triggered via caspase-8 activation by YopP/], while YopM
and YpkA activate caspase-3. Pyroptosis can be regulated by
Yops acting on caspase-4/5, pyrin, NLRP3, ASC, RhoGTP or

caspase-8. YopP/J and YopE also interfere with MAPK and NF-
kB signaling. Depending on the phase of the disease, Yersinia
spp. trigger pro- or anti-inflammatory responses. Yops can also
prevent phagocytosis: YopH, YopT, YopE, and YpkA/YopO can
block phagocytosis signaling and modulate GTPases or actin. In
addition to Yops, capsular antigen fraction 1 (F1) and Psa fimbria
(pH 6 antigen) prevent macrophage adhesion and phagocytosis.
Psa and Ail outer-membrane protein enhance Yops delivery, and
Ail and Pla outer-membrane protein promote cell attachment
and invasion.

Recent studies refined our understanding of Yersinia
interactions with macrophages, in particular subversion of cell
death processes (Figure?2). Y. enterocolitica YopP has been
shown to inhibit phosphorylation of the master regulator of
cell fate RIPK1 by p38MAPK/MK2 (Menon et al., 2017). Upon
suppression of MK2 activity, RIPK1 autophosphorylates and
triggers macrophage apoptosis to promote infection. Along
the same lines, in a murine model of bubonic plague, Y. pestis
Yop] induced RIPK1-dependent necroptotic cell death causing
bubo necrosis. Necroptosis was delayed by pro-survival factors
such as FLIP, allowing Y. pestis to replicate inside macrophages
before cell death. Sphingosine-1-phosphate secreted by dying
cells attracted new phagocytes, which could be infected by bacilli
released from necroptotic cells, ultimately enhancing spread of
Y. pestis (Arifuzzaman et al., 2018). Gasdermin D (GSDMD)
and gasdermin E (GSDME) are cell death effectors triggering
cell membrane permeabilization and potassium efflux upon
cleavage by caspase-1/4/11 and caspase-3/7, respectively. Two
studies recently reported an additional pathway controlling
gasdermin processing. In murine macrophages infected with Y.
pseudotuberculosis, Yop] induced cell death by inhibiting TAK1
and by RIPK1/caspase-8-dependent cleavage of gasdermin D
(GSDMD) and gasdermin E (GSDME) downstream of TLR4-
TRIF activation (Orning et al., 2018; Sarhan et al., 2018). Orning
et al. suggest that Yersinia spp. inhibition of TAKI results in
cell death with features of both apoptosis and pyroptosis and
in GSMD-dependent activation of the NLRP3 inflammasome
leading to IL-1P release. Sarhan et al. hypothesized that
IL-18 production requires an heterogeneous population of
infected macrophages. Macrophages with levels of Yop] too
low to block MAPK signaling retain their capacity to produce
pro-IL-1p which is then possibly matured by efferocytosis of
dead cells, or uptake of ASC/NLRP3 inflammasomes released
from dead cells that were heavily intoxicated. Interestingly,
human macrophages are resistant to cell death induced by
TAK1 inhibition and produced little if any IL-1f (Sarhan
et al., 2018). This resistance and TLR4 hypo-responsiveness
to Y. pestis tetra-acylated LPS presumably contribute to the
initially silent preinflammatory phase of plague. Macrophage
infection with Yersinia spp. can trigger activation of the NLRP3
inflammasome but also caspase-1 inflammasome assembled
upon RhoA-sensitive pyrin activation (Orning et al, 2018;
Medici et al., 2019). RhoA-targeting YopE and YopT trigger
inflammasome assembly, in absence of YopM that inactivates
pyrin. In Y. pseudotuberculosis, YopE and, to a lower extent
YopT, were recently shown to induce dephosphorylation of pyrin
Ser205, thereby activating the inflammasome (Medici et al,
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2019). This study reveals that RhoA specificity of Yops affects
pyrin activation.

Selective destruction of immune cells by Y. pestis is alandmark
of plague, allowing bacterial multiplication and systemic spread.
The plague receptor on human immune cells has recently been
identified by the Schneewind’s group (Osei-Owusu et al., 2019). A
CRISPR-Cas9 screen in U937 macrophages linked Y. pestis T3SS-
mediated killing to N-formylpeptide receptor FPR1, a member
of the GPCR family that triggers immune cells chemotaxis and
cytokine production upon sensing N-formylpeptides released
by bacteria. Binding of the T3SS cap protein LcrV to FPR1
was necessary for assembly of the translocon and injection of
effectors, which subvert signaling pathways and trigger cell death.
Of note, FPR1 is not essential for Y. pestis effector translocation
in mouse macrophages. Importantly, this study identified human
FRP1 R190W as a potential plague resistance allele. The same
group discovered that Y. pestis LerV was glutathionylated
at Cys273 with host-derived glutathione, a posttranslational
modification required for successful infection in mice and rats
(Mitchell et al., 2017). Macrophage ribosomal protein S3 (RPS3)
was identified as a ligand of LcrV. RPS3 is a component
of ribosomal 40S subunit and a regulator of apoptosis, DNA
repair and innate immune response. Glutathionylation of LerV
promoted RPS3 binding, reduced the rate of effector injection,
suppressing apoptosis, increasing necroptosis and IL-1p and IL-
18 release, triggering an inflammatory response correlated with
increased virulence.

An early preinflammatory phase is critical for Y. pestis
proliferation in lungs and progression of pneumonic plague.
While importance of Yops in this early phase has long been
known, a recent report refined the role of the plasminogen
activator protease Pla in the progression of primary pneumonic
plague (Banerjee et al., 2019). Using human precision-cut lung
slices, human primary alveolar macrophages and a murine
intranasal infection model, the authors showed that Pla was
required for bacterial adherence and optimal effector secretion
into alveolar macrophages, the primary host cells targeted
by Y. pestis in the early phase of pneumonic plague. They
further showed that Pla contributes to dampen inflammatory
cytokine production in the human lung model, establishing its
immunosuppressive properties and supporting its role in the
preinflammatory phase of pneumonic plague.
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Appendix D

Review article: Bacterial
determinants of bloodstream
Infections

In this review, we present a comprehensive overview of molecular mechanisms evolved
by pathogenic bacteria to survive and replicate in blood. After a focus on complement sub-
version that | personally reviewed, we also discuss cellular subversion, metabolic determi-
nants as well as regulatory components playing a critical role in bacteremia, specifically
reviewed by Hebert Echenique-Rivera.
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Abstract

Bloodstream infection is a major public health concern associated with high mortality
and high healthcare cost worldwide. Bacteremia can trigger fatal sepsis whose prevention,
diagnosis and management have been recognized as a global health priority by the World
Health Organization. In addition, infection control is increasingly threatened by antimicro-
bial resistance which is the focus of global action plans to generate a One Health response.
In-depth knowledge of the infection process is needed to develop efficient preventive and
therapeutic measures. Pathogenesis of bloodstream infection is a dynamic process result-
ing from invasion of the vascular system by bacteria, which finely regulate their metabolic
pathways and virulence factors to overcome blood immune defenses and survive. In this re-
view, we highlight our current understanding of bacterial factors involved in pathogenesis of
bloodstream infection and discuss their interactions with molecular and cellular components
of blood.
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Bacteremia, bacteria, infection, pathogenesis, blood, virulence factors, immunity

Article: Page 2 of 57 189



1 Introduction

Bacteremia is the presence of viable bacteria in the bloodstream. It sometimes results
from activities such as toothbrushing, dental extraction or other minor medical procedures,
leading generally to transient and asymptomatic colonization of blood before bacterial elim-
ination by the immune system [1]. On the other hand, it can constitute a bona fide step of
bacterial pathogenesis. Bacteria can enter the bloodstream directly from a breach in the
vascular system upon catheterization, surgery, intravenous drug injection, arthropod bite or
injuries such as accidents, falls and cuts. Blood can also be colonized as a complication of a
primary infection site, e.g., following pneumonia, meningitis, peritonitis, or skin, soft tissue,
bone, joints, biliary and urinary tract infections. Bacteria can then colonize other organs
by hematogenous spread triggering secondary infections such as infectious endocarditis or
osteomyelitis. Uncontrolled bloodstream infections ultimately lead to sepsis, septic shock
and death [2].

Bloodstream infection is a major public health issue worldwide. Sepsis is estimated
to affect 31.5 million individuals leading to 5.3 million deaths annually, and its control has
been declared a health priority by WHO [2—4]. The incidence rate of bloodstream infections
has been estimated to range from 113 to 204 per 100,000 person-years in North America
and Europe [5]. In the same population, short-term fatality rates and mortality rates were
13-20% and 20-37 per 100,000 person-years, respectively [5]. Bacteria most frequently
isolated from blood are Staphylococcus aureus and Escherichia coli. A worldwide sentinel
study from 1997 to 2016 highlights inverse frequency trends with S. aureus decreasing from
22 to 18%, while E. coli rising from 18 to 24% [6]. Urinary tract infection is the leading source
of E. coli bloodstream infection. A recent systematic review of the literature indicates an es-
timated incidence rate of E. coli bacteremia reaching 48 per 100,000 person-years in high
income countries [7]. This rate increases over 100 in 55-to-75-year-olds and over 300 in
75-t0-85-year-olds. The average estimated case fatality rate of E. coli bacteremia is 12%
[7]. Skin infection is the most common cause of S. aureus bloodstream infection, which is
associated with high morbidity and mortality [8, 9]. Far less frequent bacteria responsible
for bloodstream infections are Klebsiella pneumoniae, Pseudomonas aeruginosa, Entero-
coccus faecalis, Staphylococcus epidermidis, Enterobacter cloacae, Streptococcus pneu-
moniae, Enterococcus faecium and Acinetobacter baumannii, representing 2 to 7% [6]. In
low-resource regions, Salmonella enterica is a major cause of bloodstream infections [10,
11].

Bloodstream infections are associated with high mortality, long hospital stays and high
healthcare costs, in particular those acquired by critically ill patients in intensive care units
[12-14]. Emergence and spread of multi-drug resistant clones are additional concerns
limiting therapeutic options and increasing the economic burden of bacteremia manage-
ment. Prevalence of antibiotic-resistant enterobacteria isolated from bloodstream infections
more than doubled in 20 years, reaching 15,8% in 2016 [6]. In contrast, global prevalence
of oxacilline-resistant S. aureus slightly decreased among both hospital- and community-
acquired isolates [6]. Although bloodstream infections due to antibiotic-resistant bacteria
currently represent a minority of cases, they can cause a higher fatality and mortality risks
and a heavier economic burden per infection than susceptible isolates [8, 15—17]. Beyond
the high hospital costs associated with bloodstream infection care, long term disabilities
following severe sepsis have major socioeconomic impacts [18].

Bloodstream infection pathogenesis is a complex and dynamic process. In broad outline,
it can be divided in several steps starting with vascular system invasion by bacteria possibly
upon dissemination from a primary site infection, followed by interactions with blood im-
mune components potentially triggering sepsis, and in some cases, metastatic spread to
secondary sites of infection. Successful bloodstream infection relies on the capacity of bac-
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teria to overcome host immune defenses based on tissular barriers, immune cells, soluble
messengers and antibacterial factors. Invading bacteria face phagocytosis by neutrophils,
monocytes and macrophages. Killing occurs by generation of toxic levels of reactive oxy-
gen and nitrogen species, fine tuning of nutrient metal homeostasis and production of an-
timicrobial peptides and proteases [19, 20]. In blood, complement kills bacteria directly by
formation of the lytic membrane attack complex and indirectly by mediating macrophage
ospono-phagocytosis [21]. Other blood antibacterial defense components include platelet
microbicidal proteins (PMPs) and kinocidins released by alpha-granules, interleukin-26, de-
fensins and nutritional immunity proteins such as transferrin, hemopexin and haptoglobin
[22—-24].

Here, we review the molecular mechanisms evolved by bacteria to counteract host de-
fenses and survive in the bloodstream. We focus on bacterial determinants identified in ge-
nomics studies based on cutting-edge technologies and whose function in blood has been
investigated ex vivo and in animal models.

2 Complement inhibitors

2.1 The complement system

The complement system is one of the most important component of innate immune re-
sponse. It has been extensively reviewed elsewhere [25]. Briefly, the complement cascade
can be activated by three different pathways: the Classical Pathway (CP), the Lectin Pathway
(LP) and the Alternative Pathway (AP) (Figure 1). The three pathways lead to the activa-
tion of the Terminal Pathway (TP). In a nutshell, the CP is activated by binding of the C1
complex, composed of the C1q sub-units scaffold and the C1s and C1r proteases, to im-
munoglobulins (lg) bound to an antigen. The LP is activated by Mannose-Binding-Lectin
(MBL) or ficolin, complexed with MASP1 and MASP2 proteases, and bound to specific tar-
get carbohydrates. Both complexes will then recruit and cleave C4 and C2 components into
C2a, C2b, C4a and C4b components. C2b and C4b subsequently form the C3 convertase
C4b2b (formerly known as C4b2a), cleaving C3 in C3a and C3b, when C4b is not degraded
by the coordonated action of C4b-binding protein (C4BP) and the Factor | protease.

The AP is first activated by C3b and factor B deposition on bacterial surface. The de-
posited C3b is a product of the soluble C3 convertase, composed of C3 bound to H20 and
factor B, or of C3 convertases from the other pathways, the AP also serving as an am-
plification loop. C3b bound to factor B and stabilized by properdin (Factor P) forms a C3
convertase, C3bBb (or C3bBbP). Factor | can cleave C3b in inactive C3b (iC3b), an op-
sonin binding to Complement receptor 3 (CR3). Factor D activates the AP by cleaving factor
B, generating C3(H20)Bb and C3bBb. Factor H and factor | prevent activation of AP.

C3 convertases cleave C3 in C3a and C3b. C3a is a multifunctional peptide required
for chemotaxis, which binds C3a receptor (C3aR), and activates immune cells. C3b is an
opsonin binding to complement receptor 1 (CR1), and is essential for propagation of the
complement cascade. C3b binds to all C3 convertases forming C5 convertases C4b2b3b
(CP/LP) and C3bBbC3b (AP), which cleave C5 in C5a and C5b. C5a is a chemoattractant
for immune cells. Upon membrane binding, it triggers the TP. C5b deposition recruits C6,
C7, C8 and C9 that insert and polymerize in the bacterial membrane, forming the membrane-
attack complex (MAC), a pore forming complex resulting in bacterial lysis. MAC assembly
can be negatively regulated by vitronectin (mediated by heparin), clusterin, CD59 or the
cartilage oligomeric matrix protein (COMP).

Many components of the complement cascade can be targeted by pathogenic bacteria.
Hundreds of factors have been shown to interact with complement components. Factors
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Figure 1. The complement pathways

specific to S. aureus [26], E. coli [27, 28], K. pneumoniae [29], Haemophilus [30], Borrelia
[31], Leptospira [32], Streptococcus [33, 34] , Salmonella [35] or Neisseria [36, 37] and
general evasion mechanisms [38—41] have been extensively reviewed. The following section
gives an overview of the main factors from clinically relevant pathogenic bacteria involved in
complement resistance (Figure 2, Table 1)

2.2 Bacterial factors targeting components of the classical and lectin
pathways

The CP is activated by binding of C1 complex (C1q, C1rand C1s) to Ig bound to bacterial
surface. Some bacteria have evolved strategies to prevent this activation, such as inhibition
of Ig interaction with C1q mediated by Sbi [42] or SpA proteins [43] in S. aureus. SpA also
suppresses B cells response during bloodstream infection [44]. Importantly, surface com-
ponents such as capsule or lipopolysaccharide (LPS) are crucial in CP/LP evasion. Cap-
sules are major determinants of bacterial pathogenesis, involved in several steps of infec-
tious processes, such as adhesion and escape from immune responses, in particular in the
bloodstream. Polysaccharidic capsules contribute to resistance to complement-mediated
killing and inhibition of phagocytosis. Physical and chemical properties of capsules, as well
as other surface polysaccharides such as exopolysaccharides (EPS), promote complement
evasion by decreasing IgA, IgG or IgM binding to the surface, thereby reducing CP activation.
Capsules have been shown to reduce Ig binding and promote serum resistance in N. menin-
gitidis [45, 46] and Streptococcus [47]. In Kingella kingae, the pamABCDE operon involved
in galactan EPS synthesis is important for virulence in a rat infection model and to resist the
complement CP but only when the csaA capsule gene was also mutated, resulting in an EPS
and capsule double mutant [48]. Other functions of capsules in complement evasion are de-
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veloped in sections below. LPS is a complex molecule specific to Gram-negative bacteria
that consists of a lipid A membrane anchor, an oligosaccharidic core and chains of carbohy-
drates, the O antigen. Core LPS have been shown to interact with mannose-binding lectin
(MBL) in Neisseria gonorrhoeae and Salmonella enterica. LPS structure is suggested to be
the determinant of MBL binding level, which is reduced by O-Antigen and sialic acid [49].
Lipooligosaccharide (LOS) structure, a particular type of LPS found in Haemophilus spp and
Neisseria spp, is also crucial for complement evasion. H. influenzae prevents binding of IgM
by changing LOS structure through expression of galactose-containing oligosaccharide, re-
ducing complement activation and killing by neutrophils [50]. Furthermore, phase-variable
LOS biosynthesis gene IgtC is required to minimize C4b deposition on H. influenzae surface
[51]. N. gonorrhoeae also reduces C4b deposition upon PorB binding which is enhanced by
lipid A phosphoethanolamine [52]. Like capsules, LPS acts on several other components of
the complement system that are developed in following sections.
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Figure 2. Examples of bacterial factors targeting the complement components and regulators. Tar-
geted complement components are in green, membrane associated bacterial factors are in blue and
secreted bacterial factors are in red.

Other components of the CP and LP are targeted by bacteria: Pseudomonas aeruginosa
produces proteases such as AprA degrading C1s protease and C2 (and also C5a) [53] or
PaAP and PaE that degrade C1q and C3 [54]. Borrelia burgdorferi encodes the BBK32
lipoprotein which binds C1r and promotes bloodstream survival [55, 56]. Polyfunctional
factors such as the Pic autotransporter of E. coli can cleave C2, C3, C3b, C4 and C4b [57].
Analysis of B. burgdorferi transcriptome upon temperature shift and growth in human blood
identified the adhesin OspC gene as one of the top upregulated genes [58]. The role of
OspC in bacterial survival in blood was demonstrated in a later study showing its binding to
C2 and C4b [59]. Bordetella pertussis encodes the surface autotransporter BrkA that has
the ability to decrease C4 deposition, reducing serum killing activity [60].
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S. aureus has been shown to target all C3 and C5 convertases, including those of CP/LP,
by expressing the staphylococcal complement inhibitor protein SCIN inhibiting C4b2b [61,
62] or the extracellular complement-binding protein Ecb and the extracellular fibrinogen-
binding protein Efb targeting C4b2bC3b [62], thereby promoting bloodstream infection in a
murine infection model [63]. Other pathogens can cleave or bind C1-Inh, a serine protease
inhibitor that negatively regulates C1r and C1s (CP) or MASP-1 and MASP-2 (LP). B. pertus-
sis encodes Vag8 expressed on Outer Membrane Vesicles (OMV), that degrades C1-Inh at
a distance from bacteria, activating the CP and the LP away from the bacterial surface [64].
E. coli StcE metalloprotease can cleave and also recruits C1-Inh on host cells, protecting
adherent bacteria from complement [65].

Most importantly, a majority of bacteria involved in bloodstream infections produce fac-
tors interacting with the main negative regulator of CP and LP pathways, the C4-binding
protein (C4BP), to prevent complement activation. Among others, Streptococcus encodes
the protein H [66] and the M capsule [67], E. coli interacts with C4BP through Nipl [68] and
OmpA [69] proteins, and N. meningitidis expresses the porins PorB1 [70] and PorA [71] to
resist serum killing.

2.3 Bacterial factors targeting components of the alternative pathway

As for C4BP, most invasive bacteria evolved one or several factors targeting the main
negative regulators of the AP, factor H (FH), factor H-like (FHL-1) and factor H-related protein
(FHR-1) [72]. FH degrades C3b owing to proteolytic activity of factor I, and prevents C3b
and factor B association. Many bacterial membrane proteins have been shown to recruit
FH and promote survival in serum or blood, such as Acinetobacter baumannii OmpA [73],
Aggregatibacter actinomycetemcomitans Omp100 [74], E. coli OmpW [75] or N. meningitidis
factor-H binding protein fHBP [76]. Expression of the NspA protein initially shown to be
increased in a microarray analysis of N. meningitidis incubated in human blood [77], was
later demonstrated to interact with Factor H, like sialylated LOS, promoting serum resistance
in Neisseria spp. [78-80]. The numerous bacterial factors interacting with FH are listed in
the table 1.

Other components of the AP can also be targeted. For instance, the factor B is de-
graded by Salmonella spp PgtE protease [81], the C3 convertase C3bBbP is inhibited by
S. aureus SCIN [61, 62], Efb and Ecb [62], like the CP/LP C3 convertase. Efb and Ecb can
also interact with the AP C5 convertase C3bBbC3b [62], promoting bloodstream infection in
mice [63]. In P. aeruginosa, the lytic polysaccharide monooxygenase (LPMO) encoded by
cbpDpromotes survival of the bacterium in human blood and virulence in mice by lowering
the activity of AP C5 convertase C3b2Bb, thereby attenuating MAC assembly [82]. C3 con-
vertase can also be targeted indirectly. Streptococcus SpeB protease has been shown to
cleave properdin (factor P), which stabilizes C3 convertase [83]. Lastly, other factors target
the AP by unknown mechanisms, e.,g., type-Il O-antigen from Burkholderia pseudomallei
LPS is required for AP resistance and virulence in three animal models of melioidosis [84].

2.4 Bacterial factors targeting general components of the system

C3 is a central component of complement cascades, common to the three activation
pathways. Some pathogenic bacteria have evolved factors degrading C3 , such as the ther-
molysin protease of Leptospira interrogans [85, 86] or the NalP protease of N. meningitidis
[87]. Other proteins such as S. pneumoniae exoglycosidases NanA, BgaA and StrH act on
human glycoconjugates on bacterial surface to reduce C3 deposition [88]. Degradation of
C3b is often due to binding of plasminogen (PLG) and/or plasmin by bacterial factors such

Article: Page 7 of 57 194



as moonlighting elongation factor EF-Tu in A. baumannii [89], P. aeruginosa [90], or B. an-
thracis [91], Salmonella spp protease PgtE [92] or S. aureus staphylokinase [93]. Some
bacterial factors binding plasmin/PLG also target C4BP, Factor H or vitronectin (see Table
1).

Capsules, in addition to prevent Ig binding, can also reduce C3 deposition and opsoniza-
tion, thereby reducing phagocytosis and promoting survival in mice, as it has been observed
with the Vi capsule of Salmonella entericaTyphi [94, 95]. Examples of capsule-mediated in-
hibition of C3/C3b deposition resulting in serum resistance exist in numerous pathogens
such as H. influenzae [96], K. pneumoniae [97], B. anthracis [98], Streptococcus [47] and
B. pseudomallei [99]. Other surface polysaccharides such as P. aeruginosa EPS also me-
diate resistance to complement by decreasing C3 binding [100]. LPS and more specifically
the O-antigen has been shown to reduce C3 binding in Francisella tularensis and convert
rapidly C3b to iC3b [101]. The O-antigen is thought to efficiently bind C3 away from bacterial
surface, thereby reducing complement-mediated lysis.

Another complement general protein targeted by pathogenic bacteria is factor |, the pro-
tease responsible for degradation of C4b via C4BP (CP and LP) and degradation of C3b via
FH (AP). Factor | is recruited by clumping factor CIfA of S. aureus, increasing C3b cleavage
[102]. Agonists of C5 have been described, such as the S. aureus superantigen like protein
7 (SSL7), preventing its cleavage in C5a and C5b [103]. Degradation of C3a, C3 and C3b,
plasmin binding by S. aureus Sbi and Efb result in reduced chemotaxis [104] and inhibition of
C5a by S. aureus CHIPS impairs neutrophil recruitment in a mouse peritonitis model [105].

In A. baumannii genomic analysis of a hypervirulent clinical isolate identified a sponta-
neous transposon insertion in the gir6 gene encoding a glycosyltransferase that modifies
acetylation of the capsule. Absence of capsule modification by Gtré protects bacteria from
C3b deposition, phagocytosis and clearance from blood, resulting in lethal infection in mice
[106].

2.5 Bacterial factors targeting components of the terminal pathway

Deposition of C5b on bacterial membrane leads to insertion and assembly of the MAC
through the recruitment of C6, C7, C8 and C9. C5b can be degraded by Streptococcus SpeB
protease [107]. C5b-C6 interaction is inhibited by E. coli TraT protein [108], promoting serum
survival. Borrelia factors BGA66 and BGA71 bind C7, C8 or C9, preventing MAC assembly
[109], as Streptococcus phosphoglycerate kinase Pgk does with C5, C7 and C9, reducing
hemolytic activities of human serum [110]. Gram-positive bacteria naturally resist to the TP
owing to their thick peptidoglycan wall preventing MAC insertion. Gram-negative bacteria
evolved strategies reducing MAC efficacy on their outer membrane such as synthesis of
the capsule in Neisseria [36], and production of LPS bearing anionic polysaccharide repeat
units (A-LPS) by Porphyromonas gingivalis [111]. As described above, LPS and O-antigen
have a central role in complement resistance, possibly due to reduction of membrane fluidity
affecting MAC insertion [112] or to the deposition of complement components and MAC
away from bacterial outer membrane, as it has been shown in Salmonella spp [113, 114]
and K. pneumoniae by electronic microscopy [115].

Inhibitors of MAC assembly such as heparin-regulalted vitronectin, clusterin, COMP or
CD-59, can be recruited or mimicked. H. influenzae proteins F and H have been shown
to interact with vitronectin and promote bacterial survival in serum [116, 117]. The Ldp
moonlighting protein of P. aeruginosa can bind both clusterin and vitronectin to inhibit the
TP and promote bacteria survival in serum [118]. Ubiquitous surface protein A2 of Moraxella
catarrhalis, UspA2, can bind COMP, inhibiting MAC activity in serum and phagocytic killing
by neutrophils [119]. Lastly,Borrelia spp express a CD-59 like molecule binding C9 and
reducing bactericidal activity of serum [120].
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2.6 Bacterial factors targeting multiple components of different com-
plement pathways

Some bacterial factors are Swiss-knifes able to interact with multiple components of
the different complement pathways, allowing protection at different levels of the activation
cascades. For example, Streptococcus protease SpeB cleaves C1-INH, C2, C3, C3b, C4,
Cba, C6, C7, C8, C9 and degrades properdin, assuring inactivation of complement at all
stage of the cascade [83, 121, 122]. Streptococcal C5a peptidase ScpA can also cleave C3
and C3a [123].

Salmonella encodes a surface protease, PgtE, that cleaves C3b through plasminogen
activation, C4b, C5, [92], factor B and factor H [81], promoting serum survival. Intriguingly,
PgtE is a homolog of Yersinia pestis Pla virulence factor that has been shown to activate
plasminogen but does not affect bacterial survival in serum or during bloodstream infection
[124, 125].

Other bacterial factors can inhibit CP, LP and AP by simultaneously binding to C4BP
and FH. It is the case for S. aureus SrdE/Bbp [126] or Leptospira interrogans LigAB [127].
Other factors can even bind vitronectin in addition to C4BP and FH, inhibiting the TP. This is
the case of Streptococcus PspC [128-133], L. interrogans moonlighting enolase [134] and
Yersinia enterocolitica adhesin YadA [135—-137]. In addition Yersinia and Salmonella encode
Ail and Rck, respectively, homologous proteases shown to bind FH, C4BP and heparin, re-
cruit vitronectin and inhibit MAC formation by blocking its insertion and C9 polymerization,
enhancing serum resistance in Salmonella spp [138—140], Y. pestis [141-145], Y. enteroco-
litica [135, 137, 146] and Yersinia pseudotuberculosis [147].

2.7 Complement exhaustion

As mentioned above, B. pertussis Vag8 expressed on OMVs degrades C1-INH and ac-
tivates complement away from bacterial surface [64]. Similar observations have been re-
ported with Neisseria OMVs exhausting complement components and allowing bacterial
serum survival [148], LPS expressed on P. gingivalis OMVs [149], Vibrio cholerae OMVs
expressing OmpU recognized by natural human IgG [150], and A. actinomycetemcomi-
tans OMVs contributing to serum resistance [151]. Furthermore, streptococcal NanA neu-
raminidase removes sialic acid from platelets and host cells (see the following section),
important for FH binding, thereby activating and exhausting complement on host cells [152].

2.8 Bacterial factors involved in complement resistance by unknown
mechanisms

Phenotypic observations of bacterial isolates or experimental approaches using screens
such as Tn-Seq TraDIS, TraSH, INSeq identified factors required for complement resistance
by hypothetical mechanisms. This is the case for the capsule and LPS-mediated resis-
tance phenotype that has been observed for more than 40 years in E. coli, P. aeruginosa,
Salmonella spp or K. pneumoniae. Although the main mechanisms of resistance described
above have been deciphered in some bacteria, it remains to be studied in others. For in-
stance, the increased complement fixation on unencapsulated E. coli remains to be fully
characterized [153]. It has been shown that an E. coli K1 capsule-negative mutant in the
neuC gene encoding the UDP N-acetylglucosamine 2-epimerase, which catalyzes forma-
tion of N-acetylmannosamine, has a decreased resistance to complement, deficient growth
in human serum and in a model of infection of neonatal rats [154]. Polysialic acid capsu-
lar K1 polysaccharide which is strongly expressed in blood by E. coli could possibly bind
FH and prevent complement activation [28]. Similarly, the LPS has long been shown to be
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important for complement resistance in E. coli [154—157] but its precise mechanism is still
being investigated. In a UPEC strain, a point mutation in the gene wzy encoding the O-
antigen polymerase has been identified by genomic analysis and affects serum resistance
[156]. More recent studies using a TraDIS approach in E. coli screening growth of mutants
in human serum identified the gene waal/ involved in LPS biosynthesis as a candidate nec-
essary for survival in serum. The waaW gene encodes a UDP-galactose:(galactosyl) LPS
alphat,2-galactosyltransferase, which is involved in the synthesis of the R1 and R4 LPS core
oligosaccharides. Inactivation of this gene prevents attachment of O-antigen side chains to
the core oligosaccharide of LPS. Growth of the waalWmutant is defective in human serum
and in a model of infection of neonatal rats [154]. In Salmonella, the O-antigen can con-
tribute to serum resistance owing to decreased MAC efficacy or MBL binding (see previous
sections). Newly discovered mechanisms are still being unraveled. It has been reported that
O-antigen glucosylation mediated by glycosyltransferase activity of the gtr operons provides
resistance to serum killing [158]. However, the exact molecular cause for this resistance is
currently unknown. Another role of the O-antigen in K. pneumoniae is the protection to
the complement mediated killing. Deletion of the wbbO gene encoding the galactosyltrans-
ferase necessary for O-antigen synthesis did not affect C3 binding nor resistance to serum
or blood mediated killing. In contrast, wbbO deletion affected the capacity of K. pneumoniae
to cause bacteremia in a mouse model [159].

O-antigen and capsular polysaccharide variability between strains are also factors that
influence serum and whole blood susceptibility. By mutating the capsule gene kpsD and
the O antigen gene waal in three different types of O-antigens in uropathogenic E. coli, it
was shown that O1, O6 and O18 antigens were required for survival in human serum. The
role of the capsule was less clear and linked to O-antigen type in serum, but both K1 and
K2 capsular antigens promoted survival in whole blood [160]. The molecular mechanisms
remain to be identified.

In Vibrio vulnificus, Tad pili have been reported to contribute to resistance to AP-mediated
lysis, favoring invasion and septicemia in a murine infection model [161] by an unknown
mechanism. A transposon screen of EXPEC mutants affected in growth in swine serum
identified colanic acid biosynthesis gene wcaF, O-antigen biosynthesis genes rmICD, lipid A-
core biosynthesis genes waaBGIP and enterobacterial common antigen (ECA) biosynthesis
genes wceAD , suggesting their role in evasion from the complement system. Mutations
in rmID, waaG or wecD decreased bacterial load in blood in a murine infection model of
infection [162]. Importantly, some phenotypic heterogeneity was observed in a UPEC strain
after exposure to serum and to the complement system. Subpopulations of serum-resistant
and serum-sensitive strains subsequently appeared but the mechanism is unknown [163].

3 Bacterial factors subverting blood cell defenses

3.1 Phagocytes

Complement activation plays an important role in phagocytosis through opsonization of
bacteria by complement components (C3b and iC3b), facilitating their uptake by macrophage,
monocyte and neutrophils. This phenomenon called opsonophagocytosis is widely counter-
acted by bacterial factors described in previous sections. Capsule protection from opsonin
and Ig deposition is the main mechanism protecting bacteria from this phenomenon. Non
capsulated E. coli are more susceptible to opsonophagocytosis by neutrophils and mono-
cytes [153]. In S. aureus, capsule reduces opsonin deposition and macrophage phago-
cytosis, promoting pathogenesis in vivo [164]. It has also been suggested that C3 on
the cell wall beneath the capsule layer is less accessible by phagocyte receptors [165].
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C3/C3b deposition and neutrophil uptake are decreased by the capsule in B. anthracis [98],
K. pneumoniae [97] or Streptococcus spp [47, 166]. C3/C3b deposition and macrophage
uptake are also decreased by H. influenzae capsule [96] and Salmonella Vi capsule [94,
95]. Additionally, the capsule can hide pathogen-associated molecular patterns (PAMPS)
such as lipoteichoic acid (LTA) or peptidoglycan (PG) from pattern recognition receptors
(PRRs), dampening immune responses. It is the case for E. faecalis capsule that hides
C3 bound to the surface and prevents LTA recognition by macrophages, thereby decreas-
ing opsonophagocytosis and macrophage activation [167]. Enterococcal polysaccharide
(EPA) decorations have also been shown to reduce phagocytosis and are critical for viru-
lence in models of zebrafish bloodstream infection [168] and mouse peritonitis [169]. Other
bacterial factors also decrease opsonophagocytosis, such as the exoglycosidases NanA
neuraminidase, BgaA and StrH inS. pneumoniae. These proteins act on human glycocon-
jugates on the surface of bacteria to reduce C3 deposition and prevent opsonophagocytosis.
[88]. C3 and IgG cleavage by the PrtH protease of P. gingivalis also decreases opsoniza-
tion and subsequent neutrophils uptake [170]. The enterococcal surface protein EIrA re-
duces adherence to macrophage and internalization, and promotes infection in a mouse
peritonitis model [171]. In N. meningitidis, a comparative proteomic analysis from bacteria
isolated from different niches after infection using a murine model identified NMCO0101, a
putative membrane protein without functional assignment, as potentially important for blood
survival [172]. A NMCO0101 mutant strain is more resistant to phagocytosis compared to the
wild-type strain. The same study shows that a guaB mutant, lacking a putative inosine-50-
monophosphate dehydrogenase involved in purine nucleotide biosynthesis protected bac-
teria from macrophage-mediated bacterial clearance [172]. In S. pyogenes, M-related pro-
tein Mrp4 interacts with human fibrinogen, reducing C3b deposition and subsequent op-
sonophagocytosis [173].

S. aureus lacking the structural gene encoding sortase A srtAreduce their capacity to
prevent phagocytic clearance in blood. Sortase A anchors important virulence factors to the
cell wall such as CIfA, which interferes with complement and coagulation activation (see the
following section) and the adenosine synthase A AdsA, an enzyme that converts adeno-
sine monophosphate to adenosine. Abscess formation was dependent on AdsA and could
be rescued by exogenous supply of adenosine, suggesting that S. aureus exploits the im-
munomodulatory attributes of adenosine to escape host immune responses [174]. Another
phagocytic evasion mechanism developed by E. coli and N. meningitidis is erythrocyte bind-
ing via CR1, protecting bacteria from uptake and oxidative burst [175]. In S. mutans a pro-
teomic analysis in plasma led to identification of the autolysin AltA which binds fibronectin
and contributes to resistance to phagocytosis by neutrophils and survival in the bloodstream
in a rat infection model [176]. In P. aeruginosa exotoxin A (ETA) has been shown to be impor-
tant for bacteremia and virulence in a model of leukopenic mice after oral administration of
bacteria [177]. Pathogenic bacteria can also directly attack phagocytes to prevent immune
response. In B. anthracis the lethal toxin LT is required to impair neutrophil functions and
preventing killing of the vegetative bacteria [178, 179]. In S. aureus expression of leuko-
cidins such as HIgAB, HIgCB and LukAB, is upregulated in human blood but single mutants
of these factors show little virulence defect in vivo, presumably due to leukocidin redun-
dancy [180, 181]. It has been further shown that the leukocidin LUKED is essential in murine
bloodstream infection by targeting neutrophils [182]. S. aureus SaeP and SaeQ accessory
proteins of the two-components system (TCS) SaeSR, are important in the interactions with
human neutrophils. Mutations in saeP increase cytotoxicity against neutrophils ex vivo and
increase bacterial survival. In contrast, deletion of saeQ does not affect interaction with neu-
trophils but is required to cause bacteremia [183]. SaeP increases secretion of extracellular
proteins causing significantly more damage to the plasma membrane of human neutrophils.
The enhanced cytotoxicity of saeP mutant towards human neutrophils correlated with an
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increased expression of bi-component leukocidins known to target these cells. The dou-
ble mutant saePQ shows a significant increase in survival following neutrophil phagocytosis
similar to that of a AsaeP single mutant and increases the virulence in a model of murine
bacteremia. These data provide evidence that SaeP modulates the Sae-mediated response
of S. aureus against human neutrophils and suggest that saeP and saeQ modulate patho-
genesis in vivo by mechanisms that need further investigation [183]. In S. agalactiae, the
B-hemolysin/cytolysin (3H/C) encoded by cylE is important for survival in human blood and
reduces clearance in the bloodstream of mice, due to the induction of cytolysis and apoptosis
of phagocytes [184]. In S. suis, the muramidase-released protein MRP has been shown to
interact with human fibrinogen, triggering aggregation and exhaustion of neutrophils via an
aXB2 integrin-dependent mechanism and promoting bacteria survival in blood [185]. In S.
mutans, the glucan binding protein C GbpC has been shown to be important in bacteremia.
The mutant of GbpC survived better in blood of infected rats, since the mutants are less sus-
ceptible to phagocytosis by neutrophils [186]. Another S. mutans factor playing a role in the
interaction with phagocytes is the protein antigen ¢ PAc. A PAc mutant is less susceptible
to phagocytosis in human polymorphonuclear leukocytes and more virulent in a rat model
of bacteremia. PAc is important for phagocytosis susceptibility to human neutrophils and
the lack of this protein in some clinical isolates could potentially increase the risk to develop
bacteremia [187].

Some pathogenic bacteria that do not escape phagocytosis encode factors allowing in-
tracellular survival. Streptococcal BH/C is necessary for expression of a carotenoid pigment
preventing oxidative damage and enhancing survival inside phagocytes [184]. In S. pneu-
moniae a mutant deficient for an Id-carboxypeptidase, the DacB lipoprotein, has a decreased
intracellular survival in murine macrophages and a decreased spread into the bloodstream in
a mouse infectious model [188]. More recently, the S. pneumoniae aquaporin mutant aqpC,
which acts as an oxygen porin, was reported to play a role in virulence. The mutant has a
decreased resistance to H202 and NO and affects pneumolysin release, thereby markedly
reducing damage to macrophages, affecting its survival in macrophages, and significantly
reducing mice lethality [189]. S. aureus antioxidant staphyloxanthin (STX) is an important vir-
ulence factor promoting intracellular survival in phagocytes, presumably through resistance
to reactive oxygen species (ROS) produced by the phagosomal NADPH oxidase. STX con-
tributes to S. aureus resistance to hydrogen peroxide (H202) and survival in human blood
[190]. A microarray analysis in N. meningitidis identified an operon controlled by the iron
uptake regulator Fur. Deletion of one of the gene of this operon encoding NMB1436-38, a
protein of unknown function, increases sensitivity to hydrogen peroxide increasing suscep-
tility to neutrophil killing and impairing the capacity of bacteria to survive in blood in a murine
infection model [191].

In addition to phagocytosis, neutrophils can trigger NETosis, a specific cell death pro-
gram that promotes formation of neutrophils extracellular traps (NET) by releasing a net
made of DNA, histones, granular proteins and antimicrobial peptides, trapping and degrad-
ing pathogenic microbes [192]. Some bacteria encode endonucleases or DNAses to evade
NETSs, increasing their survival in blood, such as for S. pyogenes Sdal DNAse [193]. In
S. suis the ypzA gene encodes a cell wall anchored LPXTG protein of unknown function
whose expression is upregulated in blood during infection in a mouse model and which is
required to prevent phagocytosis by macrophage and for full virulence in infected mice [194].

3.2 Platelets and coagulation factors

Circulating platelets have important functions in thrombosis and in modulating immune
and inflammatory responses. Several pathogenic bacteria subvert the coagulation cascade
and platelet functions. Y. pestis T3SS effector YopM has been shown to inhibit thrombin
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and ristocetin-induced platelet aggregation. YopM could thus prevent platelet functions and
be important for initial stages of infection [195]. It has been further proven in vitro that
Y. pestis T3SS and the plasminogen activator Pla are important for thrombi destabiliza-
tion and NET escape [196]. However, Pla is not necessary in a septicemic plague model
[124]. S. aureus can also inhibit coagulation. In addition to interacting with IgG and C1q
[197], staphylococcal superantigen-like protein 10, SSL10, binds prothrombin and factor
Xa. The y-carboxyglutamic acid (Gla) domains of these proteins are important for binding
and inhibiton of coagulation by SSL10 [198]. Efb contributes to S. aureus survival in the
bloodstream through interaction with fibrinogen and complement factors inhibiting phago-
cytosis [199]. Additionally, two coagulases, Coa and von Willebrand factor binding protein
vWbp, activate prothrombin to cleave fibrinogen, and CIfA allows staphylococci to associate
with the resulting fibrin cables, promoting agglutination and infection severity in a mouse
model of sepsis [200]. CIfA binding to fibrinogen further improves its antiphagocytic ef-
fect [201]. SSL5 interacts with GPlbc, resulting in activation of platelets. SSL5 enhanced
platelet aggregation in a plasma-free, reconstituted blood model suggesting that this mech-
anism can contribute to S. aureus-induced thrombocytopenia [202]. A similar activation of
human platelets has been reported for other Gram-positive bacteria, such as Fc-gammaRil|
and complement-mediated platelet activation by B. anthracis peptidoglycan [203]. Pepti-
doglycan also contributes to disseminated intravascular coagulation (DIC), important in the
pathogenesis of B. anthracis infection [204]. In S. pneumoniae, ineuraminidases targeting
surface sialic acids are critical for FH-mediated complement regulation on cells, including
platelets. The NanA neuraminidase in catalyzes release of sialic acids from platelets in an
ex vivo model. Removal of sialic acid residues by NanA increases complement activity in
blood, while absence of NanA blocked complement triggering and hemolytic activity indicat-
ing that NanA subverts activation of iinate immune response [152]. Furthermore, the S. pyo-
genes M1 protein is able to form a complex in plasma with fibrinogen, Ig and complement
components. These complexes bind the surface of platelets, enhancing their phagocytosis
by monocyte, contributing to thrombocytopenia [205]. In addition to its complement inhibi-
tion S. pyogenes secreted streptococcal inhibitor of complement protien SIC has also been
shown to interfere with the contact system of the coagulation cascade, promoting growth
in plasma and dissemination in a mouse model of sepsis [206]. Moreover, a more recent
study showed that SIC interacts with plasminogen, reduces fibrinolysis and protects against
killing within fibrin clots [207]. Among Gram-positive bacteria, S. agalactiae is remarkably
resistant to platelet killing. S. agalactiae possesses a capsule polysaccharide (CPS) with ter-
minal 2,3-linked sialic acid (Sia) residues that mimic a common epitope present on human
cell surface glycocalyx. Bacteria engage inhibitory Sia-recognizing Ig superfamily lectins
(Siglecs) expressed on platelet surface to suppress their activation. A S. agalactiae mu-
tant deficient in CPS Sia is more sensitive to killing by human platelets, thrombin-activated
platelet releasate and synthetic platelet-associated antimicrobial peptides [208].

4 Bacterial metabolic factors and nutritional immunity

4.1 Energy source and carbon source

Nutritional requirements needed by the different pathogenic bacteria during the blood
phase of infection can be divided between nutrients obtained from the media and bacterial
metabolic pathways that are needed during the infectious process. Also the pathways nec-
essary for the generation of energy for biological functions during this phase are described.
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4.1.1 Energy Source

Tricarboxylic acid cycle. In S. pyogenes a TRASH screening identified 2 genes involved
in energy production and conversion,acoB and citF. Growth of mutants for these 2 genes was
attenuated in human blood [209]. In S. aureus a STM screening identified mutations in odhB
encoding a subunit of the oxoglutarate dehydrogenase complex and the aconitase gene
citB which convert alpha-ketoglutarate into succinate and citrate into isocitrate, respectively.
Virulence of both mutants was impaired in a murine model of bacteremia [210].

4.1.2 Carbon source: transport of sugars

Glucose. Phosphoenolpyruvate-phosphotransferase system (PTS) is a global regulatory
network connecting sugar uptake with signal transduction. This system is found only in
bacteria, where it catalyzes transport and phosphorylation of numerous monosaccharides,
disaccharides, amino sugars, polyols, and other sugar derivatives. To carry out its catalytic
function in sugar transport and phosphorylation, a PTS uses phosphoenolpyruvate (PEP) as
an energy source and phosphoryl as donor. PTS is the main system used by bacteria for the
uptake of sugars and sugar derivatives as well as for signal transduction. PTS is made up of
distinct proteins, including two cytosolic components, enzyme | (El) (pts/) and phosphocar-
rier protein Hpr (ptsH), and several membrane-bound sugar-specific enzyme lIs (Ells). Each
Ell is composed of two cytosolic components (ElIA-B), an integral membrane domain (EIIC)
and in some cases a fourth component (EIID). The second system for transport of glucose is
a non-PTS transport based on permeases that are driven by proton motive forces. By using
an IVET screenin E. coli , the mutant in the gene bg/G encoding a 3-glucoside-metabolizing
enzyme involved in the PTS system was shown to be attenuated in a competitive infection
model of septicemia [211] but the clear role of this gene in bacteremia needs further inves-
tigation. Also, in N. meningitidis one component of the PTS system involved in transport
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of glucose was identified to play a role in blood survival. The PTS system is incomplete in
N. meningitidis, but the HPr encoded by ptsH is present. A ptsH mutant is more sensitive to
complement killing, has a defective growth in human serum and in infected mice, including in
mouse blood. The factor for which the mutant elicits a higher sensitivity to complement still
needs to be identified and the role of ptsH seems to be related to stress resistance [212]. In
S. pyogenes a TRASH screen in human blood allowed to identify a sugar metabolism related
gene,fruA, coding for a fructose-specific component of the PTS system, which contributes
to growth in human blood [209]. Later, another study in S. pyogenes identified mutations in
the genes fruR and fruB, components of the canonical PTSfru (fructose) impairing survival
in human blood, neutrophils and monocytes [213]. The fruB gene encoded the enzyme
1-phosphofructokinase while FruR is the fructose-responsive regulator. Interestingly, the
phenotypes of the mutants were not reproduced in murine blood or in a mouse model of
infection, suggesting that FruR and FruB could be important for S. pyogenes survival in a
human-specific environment [213]. In E. faecium, the combination of RNA-seq and Tn-seq
screening in human serum of a vancomycin resistant clinical isolate allowed to identify a
gene encoding a component of the PTS system important for virulence. The gene corre-
sponds to the phosphotransferase system subunit ManY_2 and is predicted to form the II1A
component of a permease system. Deletion of this gene led to decreased growth of the
mutant in human serum and virulence attenuation in a zebrafish infection model [214]. The
S. pyogenes metabolism heavily depends on glucose. Deletion of the glukokinase gene
nagC involved in PTS-independent glucose import blocks utilization of glucose. The study
defined that this PTS-independent system is the primary player in glucose transport, survival
in human blood and in lesions at the local site of infection in a skin infection model in mice
pathogenesis. [215].

Carbon. In N. meningitidis the utilization of carbon sources was shown to be essential
during the bloodstream infection phase. This was demonstrated by linking the activity of
the LctP lactate permease, involved in the central carbon metabolism, and the sialic acid
biosynthesis pathway in modulating the response to complement-mediated killing [216]. An-
other example is given by an INSeq analysis in a murine model of bloodstream infection by
Serratia marcescens, which identified the gene pgm, encoding a phosphoglucomutase that
converts glucose into pyruvate with acapsule-deficient phenotype and is linked to the cen-
tral glucose metabolism. A glycolytic mutant of pfkA encoding a phosphofructokinase also
exhibited reduced replication in human serum and in a mouse infection model [217].

In swine E. coli (ExPEC) a transcriptomic analysis of bacteria in blood from infected an-
imals identified important pathways for generation of energy. The mutation of ArbsDACB
ACcitCEFXG involved in ribose and citrate pathways showed reduced fitness in host blood
and reduced virulence in infected mice [218]. Deletion of AhybABCDAhycEFG encoding
NiFe hydrogenases 2 and 3 involved in anaerobic respiratory chains, impairs growth in swine
blood and in mice [218]. D-serine degradation by Proteus mirabilis mediated by the DsdA
protein using this mechanism as carbon-source was also shown to be essential for blood-
stream infection in vivo [219].

In S. pyogenes a TRASH screen in human blood identified the gene spy 1794 involved in
transport and carbohydrate metabolism as required for survival in blood [209]. In S. pneu-
moniae mutation of the Idh gene encoding the lactate dehydrogenase had defective glucose
metabolism and decreased virulence in mice infected by the IV or intranasal routes [220].
S. pneumoniae lacks the respiratory electron transport chain and a complete tricarboxylic
acid (TCA) cycle. To generate energy, it relies on the fermentation process to generate en-
ergy for survival and replication. S. pneumoniae can metabolize different types of carbohy-
drates and complex glycans. In the bloodstream, it can metabolize free glucose to generate
energy. Alterations of energy metabolism have been demonstrated for some genes involved
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in pathways described above. Loss of Ldh promotes bacteremia in mice but the loss of spxB,
pdhC and pfl2 affects catabolism of sugars leading to a decrease of acetyl-CoA and capsule
production. This translates into a decreased survival in blood and an increased host survival
in 2 mouse model [221]. This clearly shows the versatility of S. pneumoniae to change its
metabolism and adapt to different niches depending on the carbon source available.

Size variation of S. aureus colonies after growth in human blood has been studied. Small-
colony variants (SCV) do not produce leukocidins, hemolysins and staphyloxanthin and lack
a functional electron transport chain compared to wild type colonies. Despite this impair-
ment in virulence factors, small colonies were more resistant to human blood and to purified
neutrophils. Supplementation of the cullture medium of the heme-auxotrophic small-colony
variants with heme restored hemolysin and staphyloxanthin production and sensitivity to
oxidative burst. This observation was completed in E. faecalis that is a natural auxotroph
for heme. The restoration of the electron transport chain affected the survival in blood of
E. faecalis. This suggested that the lack of a functional electron transport chain in S. aureus
SCV and E. faecalis reduced the growth rate generating an advantage to resist host immune
defenses [222].

Nitrogen. Another element important for bacterial metabolism is nitrogen. In P. mirabilis,
a Tn-Seq approach in heat-inactivated (HI) naive serum and HI acute phase serum allowed
to identify a role for a twin arginine translocation (TatAC) system in motility, translocation of
virulence factors and fitness in the bloodstream. This study suggests an interplay between
two nitrogen assimilation pathways in the bloodstream, providing evidence that the GS-
GOGAT (gInA/gltB) system may be preferentially utilized [223].

4.2 Biosynthetic pathways
4.2.1 Amino acids and protein synthesis

A particular mechanism used by B. anthracis is to proteolyzed human hemoglobin to
liberate essential amino acids which enhance its growth. This process is mediated by InhA1,
a secreted metalloprotease [224]. The authors also suggested that this could extend to
at least three other serum proteins, including serum albumin [224]. However microarray
analysis of B. anthracis transcriptome did not show any differential expression of inhA1 [225].

Arginine. The Gram-negative bacterium P. mirabilis is a common cause of catheter-asso-
ciated urinary tract infections (CAUTI), which can progress to secondary bacteremia. A
Tn-seq approach in vivo and ex vivo identified the dual function of the arginine decarboxy-
lase SpeA to be important for fitness within the bloodstream due to its role in putrescine
biosynthesis rather than its contribution to maintenance of membrane potential [223]. In
S. pneumoniae, the ABC transporter PotA involved in spermidine/putrescine transport con-
tributes to virulence in a septicemia mouse model [226].

Tryptophan and aromatic compounds. In the bloodstream of a host, aromatic com-
pounds are not freely available. An INSEQ screening in K. pneumoniae identified the aroE
gene as important for colonization of the lungs. The aroE gene, which encodes a shiki-
mate dehydrogenase is required for aromatic amino acid synthesis and the mutation is this
gene decreases the K. pneumoniae fitness in a mouse model of competitive infection. The
aroE mutant does have a moderate defect in serum survival and seems to be required to
evade complement-mediated serum killing [227]. In S. enterica Typhimurium aroA and AroD
mutants are also attenuated in vivo and are susceptible to serum Killing in addition to their
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auxotrophy and also sensitivity to complement killing [228]. An rfaC mutant was approxi-
mately five times more sensitive to complement killing. In Gram-positive bacteria, an exam-
ple is S. agalactiae, in which the shikimate pathway was functionally demonstrated to play
arole in survival in blood and serum by using the deletion mutant of the aroA gene [229]. In
S. aureus an STM screening allowed identification of the genes trpA, trpB and trpD. These
genes encode enzymes of the tryptophan biosynthetic pathway and haave been shown to
be attenuated in a murine model of bacteremia [210]. A S. typhimurium, deletion mutant of
aroB encoding a dehydroquinate synthase involved in the synthesis of chorismate which is
a precursor of aromatic amino acids, is attenuated when injected intravenously in a mouse
model [230].

Glutamate. Glutamate uptake from the host is critical for N. meningitidis survival because
it is an essential precursor for the de novo biosynthesis of several essential amino acids, and
enhanced expression of GdhA glutamate dehydrogenase was detected in hyper-virulent clin-
ical strains. Furthermore, GdhA is also involved in the biogenesis of glutathione, which plays
a pivotal role in protecting bacteria against oxidative stress in the host. A gdhA mutant dis-
played attenuated survival and virulence in murine infection model [172]. In N. meningitidis
the gene NMB1966, encoding an ABC transporter, and annotated to be involved in gluta-
mate metabolism/transport was inactivated. The mutant had a reduced survival in hman
blood and in mice infected by intraperitoneal injection aassociated with remodeling of the
outer membrane and surface structures [231].

Aspartate, lysine, threonine and methionine. Screening of S. aureus transposon mu-
tants in calf serum allowed to identify a gene, asd, encoding aspartate semialdehyde de-
hydrogenase, involved in survival in CS. Asd is an essential enzyme for the biosynthesis
of lysine, methionine, and threonine from aspartate, suggesting that lysine and threonine
biosynthesis are essential for growth in calf serum. Mutants in metE, thrC, lysA and asd
showed reduced growth in mouse serum and were attenuated in a mouse model of bac-
teremia [232].

Methionine. In S. agalactiae the methionine transporter MetP was identified to be impor-
tant for growth in both human blood and plasma [229]. This gene was identified using a
TRaDIS screening in human blood.

4.2.2 Purines and Pyrimidines synthesis

The de novo synthesis pathways of purines and pyrimidines have been shown to be es-
sential for successful proliferation of some pathogens in the bloodstream during bacteremia.
In Gram-negative bacteria, the role of purines in Salmonella bacteremia was addressed a
long time ago. For these studies Salmonella expressing the Vi antigen, Salmonella dublin,
and purine-auxotrophic mutants were compared. Mutants in different genes such as aroA
(aromatic dependent) and purA (adenine dependent) were avirulent in a mouse model after
IP injection. Mutants in purf, purG, purC or purJHD operon also showed reduced virulence
and mutants of guaA and guaB showing guanine requirement were also attenuated in vivo.
Importantly, these findings were confirmed in S. typhimurium [233].

A screening of mutants of E. coli identified essential genes required for growth in human
serum to be involved in purine and pyrimidines biosynthesis. Some genes such as carA,
pyrE purA, purE and guaB were shown to be required for survival in human serum con-
firming their role [234]. This observation was extended to S. typhimurium and B. anthracis.
Interestingly, although sensitivity to human serum and mouse serum was observed for two
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mutants in purine pathway such as purE and purK, only purE was essential for bacteremia.
This suggests that some mutants can scavenge intermediates that promote proliferation and
that de novo nucleotide biosythesis is a critical function for bacterial growth in human serum
[234]. In another E. coli strain causing sepsis in pigs a transposon mutagenesis screening
identified important genes for serum survival in swine serum. The identified genes were
related to the de novo synthesis pathway of purines (purA, purE and purF) and pyrimidines
(carAB, pyrD and pyrF) [162]. Deletion mutants showed a significant growth deficiency
compared with that of wild-type strain in swine serum, suggesting that de novo nucleotide
biosynthesis pathways are necessary for EXPEC growth in porcine bloodstream. The mu-
tation of purE and pyrF also affected the virulence in a mouse infection model [162]. For
V. vulnificus by using the IVIAT (in vivo-induced antigen technology) approach, the de novo
nucleotides biosynthesis genes pyrH and purH, were identified and shown to be important
for survival in a mouse model [235]. In the case of Y. pestis the de novo synthesis of purines
has also been implicated in virulence using a guinea pig model in a pioneering study of
nutritional virulence [236]. A transcriptomic analysis of Y. pestis in human serum confirmed
the role of purines and pyrimidines, showing upregulation of these pathways in a condition
mimicking septicemic plague [237]. In N. meningitidis, a comparative proteomic analysis
of bacteria isolated from different niches after infection using a mouse disease model high-
lighted increased levels of the inosine-50-monophosphate dehydrogenase encoded by the
guaB gene involved in purine nucleotide biosynthesis in the CSF compared to bacteria iso-
lated from the nasal fluid [172]. In this particular case, the guaB deletion confers a growth
advantage in human serum. As stated previously, this mutation also protected bacteria from
macrophage-mediated bacterial clearance [172]. This represents the unique example of
deletion of a gene involved in purine biosynthesis promoting virulence.

The de novo biosynthetic pathway of purines has been shown to be essential in viru-
lence of B. anthracis. The purH mutant was chaaracterized in a guinea pig infection model
[238] and was attenuated in the blood, in concordance to the phenotype of other mutants of
the same pathway (see above) [234]. Random mutagenesis and functional genomics have
provided a major contribution in the identification of de novo nucleotide synthesis genes re-
quired during bacteremia. By performing a dual approach of RNA-seq analysis and Tn-seq
screening of E. faecium growth in human serum pyrimidine metabolism genes pyrK 2 and
pyrF and purine metabolism genes purD and purH were shown to be important for growth in
serum, using a vancomycin resistance clinical isolate [214]. The pyrK_2 deletion mutant was
shown to be attenuated in an intravenous zebrafish infection model [214]. The S. pneumo-
niaegene purK involved in purine biosynthesis identified by STM is important for virulence
in a septicemic mouse model [226]. In S. pyogenes a TRASH screening identified guaB
whose mutant growth is attenuated in human blood [209]. In S. aureus, a screening of mu-
tants in human serum identified purA and purB purine biosynthesis genes and showed their
importance for growth and in a zebrafish model of infection. The precursor of pyrimidines
PabA also contributes to surivival in human blood and zebrafish [239]. These multiple ex-
amples points to the importance of de novo nucleotide biosynthesis for survival of bacteria
during the blood phase an suggest that it could be a universal mechanism shared by blood-
borne infection-causing bacteria. The de novo biosynthetic pathway of purines has been
shown to be essential in virulence of B. anthracis. The purH mutant was chaaracterized in
a guinea pig infection model [238] and was attenuated in the blood, in concordance to the
phenotype of other mutants of the same pathway (see above) [234]. Random mutagenesis
and functional genomics have provided a major contribution in the identification of de novo
nucleotide synthesis genes required during bacteremia. By performing a dual approach of
RNA-seq analysis and Tn-seq screening of E. faecium growth in human serum pyrimidine
metabolism genes pyrK 2 and pyrF and purine metabolism genes purD and purH were
shown to be important for growth in serum, using a vancomycin resistance clinical isolate
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[214]. The pyrK_2 deletion mutant was shown to be attenuated in an intravenous zebrafish
infection model [214]. The S. pneumoniaegene purK involved in purine biosynthesis iden-
tified by STM is important for virulence in a septicemic mouse model [226]. In S. pyogenes
a TRASH screening identified guaB whose mutant growth is attenuated in human blood
[209]. In S. aureus, a screening of mutants in human serum identified purA and purB purine
biosynthesis genes and showed their importance for growth and in a zebrafish model of in-
fection. The precursor of pyrimidines PabA also contributes to surivival in human blood and
zebrafish [239]. These multiple examples points to the importance of de novo nucleotide
biosynthesis for survival of bacteria during the blood phase an suggest that it could be a
universal mechanism shared by blood-borne infection-causing bacteria.

4.2.3 Metal uptake

Cobalt. In S. sanguinis a screening in human serum of individual mutants of energy cou-
pling factor (ECF) family of transporter genes, ecfA2, ecfT, and sipA mutants and the triple
mutant had decreased survival in human serum [240]. These genes were annotated as
cobalt transporters. Growth of the triple mutant was also reduced in rabbit serum and in a
rabbit endocarditis model of infection.

Iron. Iron has been identified as one of the key elements in regulating virulence in patho-
gens reaching the bloodstream. Bacterial pathogens have evolved to develop highly efficient
systems to capture free iron by high affinity binding proteins. In Gram-negative bacteria for
example, avian E. coli (APEC) sitABCD encoding an ABC transporter that mediates uptake
of manganese and iron was shown to contribute to virulence in chicken infection models
and is attenuated in blood in a competitive infection model [241]. For S. enterica the role of
the iron transporters sitABCD and feoB has been shown to be important for virulence when
testing both mutants in the mouse model of infection when injected intravenously [242]. In
S. enterica serovar Typhimurium deletion of the transporter sitA demonstrated the role dur-
ing infection using a mouse model [243]. For the case of S. marcescens, a mutant deficient
in siderophore serratiochelin production is attenuated in human serum and required for bac-
teremia [244]. In N. meningitidis TbpBA and HpuAB are main mediators of iron acquisition
during the early stages of infection, due to their capacity to bind and acquire iron from trans-
ferrin and haemoglobin complexes [245]. TbpA is essential for virulence in a mouse model
of bacteremia [246]. In A. baumannii a TRaDIS screening using a leukopenic mouse model
of bloodstream infection allowed to identify feoB encoding ferrous iron transporter subunit)
and fepA encoding ferric enterobactin receptor as important genes for survival in human
serum and within macrophages, as well as resistance to antimicrobial peptides [247].
Similarly, Gram-positive bacteria causing bacteremia have developed systems for cap-
ture and uptake of iron when they reach the bloodstream. In S. pyogenes the streptococcal
hemoprotein receptor protein Shr involved in iron uptake, has been demonstrated to be
important for iron uptake in a human blood and for virulence in models of skin and sys-
temic infection [248]. A specific mechanism to lyse erythrocytes and obtain iron from the
host has been described in S. aureus. This has been linked to the leukocidins LUkED
and HIgAB bicomponent toxins, whose activity is mediated by the Duffy antigen receptor
for chemokines (DARC) on erythrocytes. These toxins promote growth of S. aureus in a
hemoglobin-acquisition-dependent manner and contribute to infection in mice [249].

Magnesium. Magnesium is a divalent cation that has several biological functions, includ-
ing as an enzymatic cofactor and a neutralizer of negatively charged macromolecules. In
Gram-negative bacteria, the role of the magnesium transporter MgtB was identified in S. mar-
cescens by an Inseq screening in a murine model of bloodstream infection. The mgtB mutant
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exhibited decreased growth in defined medium containing low concentrations of magnesium
and was attenuated in virulence [217].

Manganese. Manganese is a required cofactor for all forms of life. The bloodstream is
a low-manganese environment. Bacteria encode several broadly conserved classes of im-
porters. One major family of Mn importers is the NRAMP (Natural Resistance-Associated
Macrophage Protein) family of metal cation transporters. The NRAMP family of proton-
powered Mn importers is conserved across all domains of life and is usually named MntH
in bacteria (manganese transporter, H+-dependent). In Gram-negative bacteria, N. menin-
gitidis exports Mn2+ via MntX to regulate the intracellular Mn/Fe ratio and prevent man-
ganese toxicity that is exacerbated in low iron conditions. MntX was shown to be impor-
tant for N. meningitidis to resist killing by human serum and for survival in mice blood in a
septicemia mouse model following intraperitoneal inoculation [250]. For Gram-positive bac-
teria, in S. agalactiae, a TRaDIS approach allowed to identify the mtsA gene encoding a
substrate-binding lipoprotein of manganese transporterinvolved in bacterial growth in both
human blood and plasma [229]. The role of Mn2+ in the virulence of B. abortus has been
linked to the MntH protein, since an mntH deletion mutant exhibited extreme attenuation
in both cultured murine macrophages and infected mice [251]. In S. sanguinis, the man-
ganese transporter SsaB has been shown to be important for growth in rabbit serum. A
connection with the manganese-dependent superoxide dismutase (SodA) was proposed to
be important for S. sanguinis response to oxidative stress and in virulence [252]. Addition-
ally, a screening in human serum of S. sanguinis mutants identified ssaA, ssaBand ssaC
genes which were important for growth in human serum [240]. A previous study failed to
demonstrate a role of MntH in Salmonella virulence following intravenous infection of con-
genic 129/Sv Nramp1D169 mice [242]. In contrast, both the MntH and Sit transport systems
have been shown to play an important role in Salmonella virulence following intraperitoneal
infection of C57BL/6-derived mice expressing a functional Nramp1 locus [243].

In E. faecalis the ABC-type permease EfaCBA and two Nramp-type transporters, named
MntH1 and MntH2, work collectively to promote cell growth under Mn-restricted conditions.
The simultaneous inactivation of efaCBA, mntH1 and mntHZ2 led to severe growth defects
in serum and urine ex vivo, significant loss of virulence in Galleria mellonella, and virtually
complete loss of virulence in rabbit endocarditis and murine catheter-associated urinary tract
infection (CAUTI) models. Interestingly, EfaCBA appears to play a prominent role during
systemic infection, whereas MntH2 was more important during CAUTI [253]. In Y. pseudo-
tuberculosis MtnH promotes survival in G. mellonella protecting bacteria from the antimi-
crobial products released during the respiratory burst. [254]. In S. aureus deletion of mntE
triggers accumulation of intracellular Mn, leading reduced tolerance to oxidative stress and
decreased virulence during systemic infection suggesting an essential role of MntE in Mn
detoxification [255]. In S. suis the TroA lipoprotein is required for growth in porcine serum
in a manganese dependent manner, counteracting oxidative stress, and is also required for
fully virulence in mice [256]. Another study using Tn-seq in S. suis also identified the gene
SSU1869/TroA showing its importance during septicemia using piglets as model [257].

Zinc. In Gram-negative bacteria, the conserved outer-membrane zinc transporter zinc-
uptake component D ZnuD of N. meningitidis has been described to be required for efficient
systemic infections in a mouse model [258]. This may link ZnuD to a mechanism to overcome
nutritional restriction imposed by the host organism during infection. In Y. pestis, irp2, a gene
encoding the synthetase HMWPZ2 involved in synthesis of yersiniabactin Ybt is required for
growth in Zn2+-deficient conditions in a znuABC mutant. It has been suggested that Ybt
may serve as a “zincophore” for Zn2+ acquisition and this may depend on the presence of
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YbtX [259]. The ZnuABC system and the Ybt synthetase HMWP2 both contribute to the
development of a lethal infection in murine septicaemic plague [259].

For Gram-positive bacteria, the role of zinc metabolism seems to play an important role
in blood survival. This is the case for S. pneumoniae where deletion of two genes adcA or
adcAll reduced S. pneumoniae zinc uptake, and a double deletion further decreases zinc
import and impairs growth in human serum. Both genes are required for proper cell division
and S. pneumoniae survival during infection [260]. S. pyogenes zinc import genes (AadcA
AadcAll) and export gene (AczcD) contribute to growth in vitro, in vivo virulence models
and in human blood [261]. A TRASH screening in human blood allowed to identify genes
important for S. pyogenes fitness in this clinically relevant environment such as the gene
involved in zinc uptake adcC [209]. The deletion mutant of adcC showed decreased growth
in human blood [209]. A screen of mutants in human serum identified czcD to have an
impact in growth of S. sanguinis in human serum [240].

Calcium. In S. pneumoniae the gene caxP has been shown to be important for survival
in a mouse infection model.The caxP mutant accumulated intracellular calcium and was
attenuated in sheep blood, human plasma andhuman serum [262].

Sodium. It has been reported that sodium pumps may play a role in the pathogenesis of
bacteria surviving in the bloodstream. This is the case for Y. pestis Na+/H+ antiporters NhaA
and NhaB whose inactivation abolishes Y. pestis virulence, possibly by protecting Y. pestis
from Na+ toxicity in blood [263].

Nickel. Transcriptomics of porcine ExPEC in infected animal bloodsteam and in swine
blood in vitro highlighted upregulation of the nickel transporter NikABCD and its importance
for bacterial growth in swine blood and in mice [218].

5 Antimicrobial peptide resistance factors

Antimicrobial peptides (AMPs) are defense components of all living organisms. They are
generally broad-spectrum antimicrobials that kill not only bacteria, but also non-enveloped
viruses, parasites and fungi. Resistance to AMPs contributes to the subversion of the im-
mune system by bacteria during the blood phase of infection. In many bacteria, AMP toxicity
is prevented by the action of efflux pumps. For instance, polymyxin B sensitivity screening
of a library of mariner transposon mutants of N. meningitidis identified MtrCDE, a multidrug
efflux pump that contributes to the intrinsic high resistance to CAMPs [264]. In the highly
virulent serotype V CNCTC 10/84 strain of S. agalactiae, a TRaDIS approach identified the
gene W903_1820 encoding a multidrug export family protein involved in survival in whole
blood [229]. It was suggested W903_1820 may confer resistance to killing by human neu-
trophils and neutrophil-derived antimicrobial compounds, such as o-defensin-1, LL-37, and
cathepsin G. Another mechanism of AMP resistance widely used by bacteria is reduction of
the negative charge of their surface that prevents electrostatic attraction of cationic defense
molecules. This is in part mediated by the dltABCD operon and the mprF gene responsible
for D-alanylation of teichoic acids and/or lysinylation of membrane phosphatidylglycerol, re-
spectively, in bacteria such as S. agalactiae, S. pneumoniae, B. anthracis, S. aureus and L.
monocytogenes [265—-271]. In S. aureus, this surface charge modification is associated with
increased resistance to a number of endogenous cationic antimicrobial peptides, such as
a-defensins, and to thrombin-induced platelet microbicidal protein 1 (tPMP-1) and virulence
in a rabbit endocarditis model [267]. In S. agalactiae, AMPs resistance also relies on the
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penicillin binding protein 1a (PBP1a) gene ponA as a PBP1a mutant is more sensitive to
killing by LL-37, CRAMP and HNP-1 [272]. In P. gingivalis OmpA-like proteins were shown
to contribute to serum resistance [273] and were later shown to protect against the bacterici-
dal activity of LL-37 but not human 3-defensin (hBD). However, LL-37 activity had a positive
synergistically effect on hBD bactericidal activity [274].

Reduction in the negative charge of the LPS or LOS lipid A is a common mechanism of
AMP resistance among Gram-negative bacteria. The mechanism by which certain strains
of N. gonorrhoeae resist normal human serum is not fully understood, but alterations in LOS
structure can affect such resistance. During an investigation of the biological significance of
phosphoethanolamine (PEA) extensions from LOS, it was found that loss of PEA substitu-
tion from the lipid A of LOS, due to insertional inactivation of the [ptA gene encoding a PEA
transferase, resulted in increased gonococcal susceptibility to polymyxin B and suggested
that serum Killing of the IptA mutant may occur through the classical complement pathway
[275]. In N. meningitidis, fHBP is involved in resistance to killing by the antimicrobial peptide
LL-37 [276] besides its aforementioned main role in complement inhibition. Two hypothetical
genes in N. meningitidis serogroup B (NMB0741 and NMB1828) were identified to play a role
in resistance to AMPs such as CRAMP and LL37 in vitro and also affected the capacity to
cause bacteremia in an in vivo mouse model [277]. In V. vulnificus the trkA potassium trans-
port gene was shown to be involved in resistance to AMPs such as protamine or polymyxin
B, serum and important for virulence in mouse models of infection [278]. In S. enterica
Typhimurium also the sapG potassium transport gene contributes to protamine resistance
[279] and virulence in a mouse model of infection [280]. Interestingly, Salmonella exposure
to sublethal doses of AMPs caused mutations in the genes pmrB, waaY and phoP. AMP
resistance elicited by these mutants was not associated with reduced fitness and questions
the therapeutic use of AMPs in clinical settings that might select more virulent mutants that
are cross-resistant to host defense peptides [281]. In A. baumannii a TRaDIS screen us-
ing a leukopenic mouse model identified a mutant in the gene pntB encoding a subunit of
the pyridine nucleotide transhydrogenase which had increased sensitivity to human serum,
macrophages, and antimicrobial peptides killing [247]. Another sensitive mutant identified
by this study is the gene ddc encoding a d-Ala-d-Ala-carboxypeptidase involved in pepti-
doglycan biogenesis. AMP resistance mechanisms also include AMP trapping, proteolytic
AMP degradation, regulation of host AMP production and involve regulators of bacterial de-
terminants (see following sections).

6 Bacterial factors contributing to bloodstream infection
through unknown mechanisms

There are still many genes in the bacterial world without known functions or that are con-
sidered as encoding hypothetical proteins. Some screens in bacteria have identified some
genes of this type to be essential for survival in the bloodstream during the bacteremic phase
of infection. Although their functions are not well known these proteins may represent im-
portant candidates for further investigation of mechanisms involved in contributing to blood
survival. Here we introduce genes encoding both hypothetical proteins and proteins of un-
known functions for which targeted deletion mutants have been produced and functional
experiments have been performed in ex vivo and in vivo models. In E. coli by using an
IVET screening in vivo, different genes were identified to be induced during the septicaemic
phase. Mutants of the open reading frame (ORF) of unknown function 0767, the ivi817
(with no similarities to sequences deposited in Genbank) and the gene ycjF that encodes
a hypothetical protein were attenuated in a mouse model of septicemia using a competitive
infection model [211]. Additionally, the mutant of ORF V encoding a protein similar to ser-
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ine threonine protein phosphatase was also attenuated in an in vivo model of septicemia
but without a mechanism described [211]. Later, in UPEC, the repeat-in-toxin (RTX) pro-
tein TosA has been linked to lethality during sepsis. A tosA deletion mutant was shown to
be attenuated in a mouse bacteremia model [282]. A microarray study of APEC in blood
isolated from infected chicken identified the gene sodA encoding a superoxide dismutase,
which was necessary for virulence in the chicken infection model [283].

In the case of Gram-positive bacteria, a microarray study analyzing S. aureus transcrip-
tome in response to human serum and whole blood allowed the identification of a gamma-
hemolysin as an important factor for survival in blood. The deletion mutant of the three
genes coding for gamma-hemolysin subunits (AhIgABC) was less virulent compared to the
wild type in a bacteremia model of mice and the mutant strain had reduced survival in human
blood [180]. In S. sanguinis a screening of individual mutants in human serum has allowed
to identify two genes, ASSA _0048 and ASSA 2241, that were defective in growth in human
serum and in the endocarditis mouse model [240]. Both genes are annotated as encoding
hypothetical proteins and further studies will be required to determine their specific roles for
survival in blood. This group of genes, encoding proteins of unknown functions and hypo-
thetical proteins, needs further investigation to dissect the molecular mechanisms involved
in the attenuated phenotype during the bacteremic phase of infection.

6.1 Cell surface

Regarding the role of proteins involved in stability and functionality of the cell surface,
some genes and their potential mechanisms in blood survival have been described. In
Gram-negative bacteria, for S. enterica serovar Typhimurium the deletion of the gene pbgA
makes Salmonella more sensitive in the mouse bacteremia model. The role of this protein
seems to be related to enhancing OM integrity while promoting bacteremia in a mice model.
This effect is suggested to be done by influencing the LPS assembly to survive during stress
conditions such as facing the bloodstream [284]. In N. meningitidis the hybrid protein per-
oxiredoxin Prx5-grX is a surface exposed protein containing domains involved in antioxidant
response. This protein has been shown to interact with plasminogen and this interaction was
affected by a single residue substitution in the C-terminal domain. The mutant was more re-
sistant to hydrogen peroxide. The deletion mutant of pxn5 and grx has a defective growth in
human blood and indicating a potential role in bacteremia [285]. The mechanism is not clear
since it is not explained by plasminogen binding and higher sensitivity to hydrogen peroxide
[285]. In the case of Gram positive bacteria, in S. aureus a STM screening allowed to iden-
tify genes required for virulence in a murine model of bacteremia [210]. Mutations in femA
and femB are involved in the formation of cell wall peptidoglycan pentaglycine cross-bridges
which are critical for the survival and replication of this pathogen in blood [210]. The gene
Isp encoding the S. aureus prolipoprotein signal peptidase was identified to be important for
virulence in a bacteremia model. The role of this protein may be related to the maturation
process of membrane lipoproteins [210]. In the same screening another gene P9B66 en-
coding the MsrA-peptide methionine sulfoxide reductase, was shown to be important in the
maintenance of adhesins on the bacterial surface and in virulence in a mouse bacteremia
model [210]. In S. suis penA (also known as PBP2B), a gene involved in peptidoglycan
synthesis, was shown to be important for growth in porcine sera. The deletion of penA may
affect the function and/or exposure of virulence determinants attached to the cell wall to be
important during septicemia [257]. The S. suis protein SspB is a surface protein dependent
on the YSIRK-G/S directed translocation and is upregulated during the bloodstream infec-
tion in the mouse model. The deletion mutant of this gene was attenuated in in vivo and
its survival in blood was compromised. The clear mechanism is not well understood but
may not be linked to complement resistance, since initial studies demonstrated no role in
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cleaving C5a [194].

6.2 5.2. Pilus

The pilus is a filamentous structure formed by protein subunits with a dynamic mecha-
nism whose main function is adhesion to host surfaces and bacteria-bacteria interaction. Pili
are mainly present in Gram-negative bacteria but are also present in some Gram-positive
bacteria and its role in bacteremia are discussed in the following lines. In Gram-negative,
a TraDIS screening of E. coli mutants in human serum identified the gene tralL, involved in
pilus assembly, to be necessary to resist human serum and virulence in the mouse model
[154]. Another example of the role of pilus in bacteremia is the case of N. meningitidis, in
which the genes involved in the type IV pili (TFP), pilU and pil T, were shown to be important
for blood survival in the mouse model [286]. Contrary to the in vivo phenotype, the loss of
pilU significantly increases bacterial survival in normal human serum and as stated by the
authors the ability to control pilU expression may be important during the invasion of the
bloodstream [286]. Also in N. meningitidis, a comparative proteomic analysis of bacteria
isolated from different infected niches of mice identified pilQ encoding an inner membrane
protein dehydrogenase, a type IV pili gene, whose deletion mutant was shown to be de-
fective in growth in blood of mice [172]. More recently, in N. meningitidis the role of type
IV pili was evaluated in a humanized mouse model of bacteremia. It was reported that the
functional retraction of TFP is essential to promote sustained bacteremia [287].

In Gram-positive, in non-encapsulated strains of S. pyogenes, the pilus promotes survival
in human blood and increased virulence in murine models of invasive infection [288]. In
S. agalactiae, the contribution of a specific pilus type, type 2b in a ST-17, shown to contribute
in survival in the bloodstream in an in vivo mouse model. This contribution was not correlated
with opsonophagocytosis resistance [289]. In S. pneumoniae, piliated strains and mutants
are more virulent and induce a stronger host inflammatory response in murine bacteremic
infection model [290]. In S. agalactiae the role of pilus subunit PilB was evaluated for the
role in pathogenesis and bacteremia [291]. The pilB deletion mutant is shown to be more
susceptible to killing by macrophages and neutrophils. Also the deletion of pilB affected
survival in the bloodstream and virulence in a mouse model of infection [291]. Additionally,
the role of pilB in resistance to antimicrobial peptides such as mMCRAMP and LL-37 has
been also reported. Although the role of pilus in contributing to bacteremia is not shown to
be widespread in bacteria infecting the bloodstream, a combination of mechanical/functional
as well as molecular interactions of pilus with components of the innate immune response
are occurring and additional research is needed to extend the knowledge of this bacterial
structure in the bacteremic phase.

6.3 Biofilms

Biofilms are microbial communities that are organized in a specific manner and struc-
tured with extracellular material released by bacteria in order to form a support for the de-
velopment of the bacterial community. There are not many bacterial factors linked to biofilm
formation reported to play a role in bloodstream infection. A few examples are represented
for Gram-negative bacteria. Haemophilus parasuis genes galU and galE were shown to be
involved in serum resistance in porcina sera. A galU mutant is unable to form biofilm and
auto-agglutinate, but a galE mutant produces more biofilm. GalU plays a role in autoagglu-
tination and biofilm formation but the role of GalE may be affecting biofilm formation in an
indirect way [292]. For Gram-positive bacteria, in E. faecalis the analysis of the gene bgsA
(biofilm-associated glycolipid synthesis A) encoding a putative glucosyltransferase whose
mutation affects structure of cell membrane and cell wall. The deletion of this gene affected
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biofilm formation and was also affected in survival in the mouse model of bacteremia [293].
Further investigation of bacterial factors playing a role in biofilm formation during the bac-
teremic phase is needed.

7 Bacterial regulatory mechanisms involved in bloodstream
infection

7.1 Two component systems

Two Component Systems (TCS) play an important role in sensing the environment that
bacteria face during the infection process and help to modulate its response to it. As bacte-
ria reach the bloodstream, they sense signals to adapt rapidly by deploying mechanisms to
block the different components of the immune response and adapt their metabolism. Thus,
TCS activate expression of virulence factors important for immune evasion and modulate
biosynthetic pathways. TCS are normally composed of one sensor histidine kinase (SHK)
anchored to the membrane and a transcriptional regulator activated by the SHK and acts as
a transcriptional activator or repressor of target genes. Among the Gram-negative bacteria,
some examples of the role of the TCS in adapting to the bloodstream have been described.
For instance, in the case of P. aeruginosa, the PhoP/PhoQ TCS that senses Mg2+ concen-
tration is shown to be involved in the regulation of the expression of OprH, a protein that
binds complement factor C3 inhibiting humoral response. By regulating the level of expres-
sion of this protein, PhoP/PhoQ can impact the response to opsonophagocytosis, promot-
ing survival in blood and consequently having a positive impact on virulence [294]. Also,
in P. aeruginosa the transcriptional regulator SoxR, part of the SoxRS TCS, acts as autore-
pressor that was identified in a screening based on the IVET expression system in a burned
mouse model. The deletion mutant of soxR is shown to have a delay in causing infectivity
and systemic infection. This mutant was also more sensitive to killing by macrophages [295].
In H. influenzae the arcA mutant, part of the TCS ArcAB involved in oxygen-dependent reg-
ulation, showed markedly reduced survival compared to its parental strain in human blood
or serum [296]. Also this mutant was impaired in the capacity to cause disease in the mouse
septicemia model [296]. Later, the role of ArcA has been related to complement resistance
since ArcA can modulate the expression of lic2B, a gene encoding a glycosyltransferase
required for addition of a galactose residue to the outer core of LOS. The deletion of licB2
affects survival in bacteremia mouse models and also resistance to the classical pathway
from the complement in serum [297]. In the case of N. meningitidis serogroup C, the dele-
tion of PhoP, the regulator of the TCS PhoP/PhoQ, impairs the capacity to grow in mouse
serum but not sensitivity in human serum and is not attenuated in the mouse model. A
phoP mutant in N. meningitidis is hypersensitive to human defensin HNP-1 [298]. Another
study using N. meningitidis serogroup C, showed that the phoP mutant was attenuated in the
mouse model of meningococcal infection and had increased sensitivity to polymyxin B [299].
Later, the possible explanation for the role of this TCS in N. meningitidis serogroup B was
established since the deletion of the TCS misR/misS (homolog to PhoP/PhoQ) increases
the level of capsule production and also the resistance to bactericidal activity in normal hu-
man serum [300]. Later, up-regulation of this system in adaptation to bacteremia phase was
confirmed in human blood [77]. For the case of extra-intestinal E. coli (EXPEC) the TCS
Rcs has been shown to mediate serum resistance through regulation of the EPS colanic
acid production. This is a mechanism by which ExXPEC may get protection while cell wall
damage caused by serum components is repaired [27]. For the TCS EnvZ/OmpR in Y. en-
terocolitica (serotype O:9) the strain lacking OmpR exhibits extremely high resistance to the
bactericidal activity of normal human serum (NHS) compared with the wild-type strain. This
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effect was reported to be linked to the regulatory action of OmpR on Ail and OmpX, two ho-
mologous outer membrane proteins (OMPs) of Y. enterocolitica. 1t was proposed that OmpR
might alter the susceptibility of Y. enterocolitica O:9 to complement-mediated killing through
remodeling of the outer membrane [301]. In A. baumannii, the hyperproduction of capsular
EPS is induced by exposure to low concentrations of antibiotics. This hyperproduction was
mediated by the locus K (capsule) and regulated by the TCS BfmRS. This hyperproduction
of the capsule promotes resistance to killing by complement and is translated into a higher
virulence in a mouse infection model [302].

For Gram positive bacteria, the role of TCS in blood survival has been well character-
ized in S. aureus. SaeR/S TCS has been identified by a DNA microarray study and the
mutant shown to play a role in resistance to human blood survival and virulence in an in
vivo model [303]. In a later study, the genes encoding the TCS were shown to be upreg-
ulated in a transcriptome analysis of S. aureus grown in human blood and human serum
[180]. More recently, it has been described the role of this TCS in the regulation of coagu-
lase Coa, a protein able to convert host prothrombin to staphylothrombin, leading to activate
the protease activity of thrombin and causing localized clotting, which is hypothesized to
protect S. aureus from host immune response, as a consequence impacting the survival of
S. aureus in the bloodstream [304]. This TCS was only upregulated in the blood condition,
which is in accordance with the role of this TCS in opsonophagocytosis previously reported.
AirS/R, another TCS in S. aureus, has been involved in blood survival possibly through the
regulation of virulence factors such as SspA, SppB and SspC [305]. These proteases are in-
volved in the inhibition of S. aureus kiling by professional phagocytes. AirS/R has been also
linked to the regulation of staphyloxantin, which confers antioxidant properties and survival
in human blood [190]. Also the role of the TCS AgrAC in regulating the expression of the
operon agr in response to human serum was studied. The downregulation was linked to the
response to a quorum sensing (QS) signaling molecule called AIP (autoinducing peptide).
The downregulation process seems to be mediated by a component of human serum such
as apolipoprotein B, which could represent a mechanism of the innate immune response
[306]. This downregulation could be inhibited mainly by the constitutive expression of the
AgrC sensor. The relevance of this observation is to show the possibility of natural occurring
mutants in the component of the AgrAC TCS that could lead to constitutive expression of
the agr operon and consequently lead to hypervirulent strains [306]. Also, the AgrAC TCS
seems to play a role in modulation of the adaptation of S. aureus in the autophagosome
influencing the bacterial response to phagocytic activity and promoting bacterial dissemi-
nation in a model of systemic infection [307]. It may also play a role in the regulation of
capsule expression impacting the survival during the bacteremia phase [307]. Another TCS
in S. aureus, ArIRS, is shown to be involved in the regulation of the agglutination mecha-
nism during exposure to human plasma or fibrinogen. The action of this TCS was reported
to be related to the ebh gene, encoding the giant staphylococcal surface protein (GSSP),
acting as an negative regulator whose expression is increased in the TCS deletion mutant
[308]. By using a rabbit combined model of sepsis and endocarditis it was shown to have an
important role in the agglutination affecting the pathogenesis during the bacteremia phase
[308]. In S. pneumoniae serotype 2 by a transcriptomic analysis, the TCS 09 ZmpRS has
been recently linked to the regulation of carbon metabolism and consequently modulating
capsule expression indirectly [309]. Later, it was demonstrated that TCS09 enhances robust-
ness during dissemination in the host by maintaining bacterial fitness in a S. pneumoniae
serotype 4 strain. This was demonstrated by deleting the genes and using a mouse model
of co-infection suggesting the role in keeping metabolic fitness and resistance under in vivo
conditions [309]. In the two previous reports studying different serotypes this indicates that
TCO09 could have a regulatory role in a serotype specific manner. For S. pyogenes, the TCS
CovR/S has been also shown to be involved in blood survival. The deletion of covS has an
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impact in the capacity of S. pyogenes to survive in blood in a strain-dependent manner [310].
It seems that CovR/S modulates the expression of capsule and virulence factors involved
in complement resistance [310]. Also, CovR has been shown to be important for survival
in human blood in S. mutans. The deletion of covR reduces susceptibility to C3b deposi-
tion [311]. This susceptibility seems to be mediated by the interaction with glucans from
EPS and also decreases phagocytosis and killing by neutrophils. The deletion increases
bacteremia in a rat model of bacteremia and infective endocarditis [311]. In S. mutans the
role of the two-component systems VicRK and CovR has been linked to the regulation of
the protein PepQO, protein involved in immune evasion and affects resistance in the human
whole blood [312]. For S. agalactiae, the response regulator CiaR, part of TCS CiaRH, has
been shown to have an impact in blood survival most likely through a role in intracellular
survival within neutrophils and murine macrophages [313]. Also the mutant of ciaR showed
an increased susceptibility to killing by antimicrobial peptides, lysozyme, and reactive oxy-
gen species [313]. In S. agalactiae a single eukaryotic-type serine/threonine kinase (Stk1)
is reported to play a role in adaptive response of these bacteria to the bloodstream. The stk1
mutant is shown to be more sensitive to human whole blood, phagocytic mediated killing by
neutrophils and oxidative stress. It has been shown that this effect may be due to the positive
regulation of Stk1 on [3-haemolysin expression (3-H/C). This effect on (3-H/C by Stk1 may
be regulated also by the transcriptional regulator CovR, which is part of the TCS CovR/S
[314]. In S. suis a screening of mutants in mouse macrophages identified WalR, the tran-
scriptional regulator of the TCS WalRK, involved in resistance to phagocytosis. The walR
mutant was shown to have an attenuated phenotype of virulence in a mouse model, and the
effect may be related to the regulation of a target gene (HP1065) that shares some degree of
homology with PspA from S. pneumoniae which has a role in complement resistance [315].
More recently in S. suis, the role of the Stk (eukaryotic-like serine/threonine kinases) and
Stp1 (eukaryotic-like serine/threonine phosphatases) has been studied. Stk and Stp1 have
been shown to regulate capsule production and the translocation of virulence factors [316].
Mutants of these two genes were easily phagocytosed by murine macrophages, stk mutant
showed reduced survival in macrophages compared to stp7 mutant that showed increased
survival. This may be due to the increase of capsule thickness, stk deletion showing in-
creased secretion of suilysin. Although showing differences in survival in phagocytes, both
mutants showed reduced survival in pig whole blood and also were attenuated in the mouse
model [316]. More research is needed to complete the role of other TCSs in bacteremia
causing infections and in particular the cross talks between TCS. In relation with signal
transduction, in L. interrogans a Tn-seq approach of infected hamsters identified a putative
adenylate/guanylate cyclase gene (lic12327), whose deletion affected the survival in blood
indicating that cyclic nucleotides may play a role during the bacteremia phase [317]. The
mechanism on the factors affected by this mutation need further investigation.

7.2 Transcriptional regulators

Transcriptional regulators control the gene expression of virulence determinants. The
role of transcriptional regulators that play a role in survival in the bloodstream are described
in the following section. In Gram-negative bacteria different transcriptional regulators playing
arole in the bacteremia phase have been identified. In E. coli K1 strains, rfaH was identified
in a TRaDIS screening in vivo, and showed to prevent capsule expression [154]. The loss of
this gene seems to have a more profound effect on the surface topography of E. coli, as this
transcriptional antiterminator is required for the expression of operons that direct the synthe-
sis, assembly, and export of LPS core components, pili, and toxins in addition to the capsule.
The interruption of rfaH impaired the growth in normal human serum and also in the neonatal
rat model [154]. For another E. coli K1, UPEC, a TRaDIS screening has allowed to identify
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regulatory mechanisms for expression of genes involved in capsule synthesis, such as the
transcriptional regulators MrpA and LrhA. These can directly impact the capsule produc-
tion and survival in human whole blood without affecting the production of LPS [318]. The
deletion of mprA decreases the production of the capsule, while the overexpression of IrhA
has the same effect. These effects on regulation of MprA and LrhA on capsule production
seem to be conserved among different strains and are not dependent on the type of capsule
[318]. Another experimental strategy, as is the TRADIsort (based on gradient centrifugation
and TRADIS) has revealed the complexity of regulation of capsule expression in K. pneu-
moniae [319]. By this approach MprA is described as a regulator of capsule since the mprA
mutation increases its production [319]. In this case, the mprA deletion has an opposite
effect compared to what is described for its homologous gene in E. coli (UPEC), since mrpA
deletion increases rather than decreases capsule production [318]. Additionally, in K. pneu-
moniae the mutation of the transcriptional regulator/antiterminator RfaH showed a defect in
capsule biosynthesis and the incubation of the rfaH mutant in serum demonstrated a signifi-
cant loss of viability [227]. It seems that RfaH mediates resistance to complement-mediated
serum killing and is also important for maximal growth in iron-limited serum [227]. Also
in K. pneumoniae, the regulator KbvR seems to be involved in the modulation of defense
against macrophages. A transcriptome analysis shows that KbvR may modulate the cap-
sule production and some outer membrane proteins. The KbvR mutant is more susceptible
to killing in human serum and also sensitive to antimicrobial peptide LL-37 anti phagocyto-
sis assay and in animal infection [320]. Other Gram-negative bacteria such as V. vulnificus
undergo phase variation among colonies, including a virulent opaque form which produces
capsular polysaccharide (CPS) and a translucent phenotype that produces little or no CPS
[321]. The mutant defective for RfaH antitermination control showed a diminished capacity
to undergo phase variation and displayed significantly reduced gene expression of the CPS
operon. Moreover, the rfaH mutant produced negligible CPS and was highly sensitive to
killing by normal human serum, thus suggesting that rfaH is likely to be essential for viru-
lence [321]. For the regulation of iron uptake, some insight has been made for heme uptake
by the IscR transcriptional regulator in Y. pseudotuberculosis during the blood phase. The
Y. pseudotuberculosis AiscR mutant has a survival defect when incubated in whole blood,
in which iron is sequestered by heme-containing proteins [322]. This phenotype was inde-
pendent of the Hmu system, the type Ill secretion system, complement, and the ability of
Yersinia to replicate intracellularly. This suggests that IscR regulates multiple virulence fac-
tors important for Y. pseudotuberculosis survival and growth in mammalian tissues eliciting a
complexity of heme uptake expression and function under different iron conditions. In E. coli
(EXPEC) the transcriptional regulator Fur, controlling iron uptake, seems to be the central
regulator for serum resistance. This was confirmed by a transcriptome analysis, proteomic
analysis and functional growth of mutants in human serum showing that this response to
serum is most likely through the regulation of iron metabolism [323]. In swine ExPEC a
the FNR deletion mutant as important for survival in the bloodstream, indicating that the
central carbon metabolism and anaerobic respiratory chain are important for fitness in the
bloodstream [ma](Ma et al., 2020). In porcine ExPEC a transposon mutagenesis screening
identified important genes for survival in swine serum. The role of regulators such as Fur,
FNR, HyxA and HyxR was tested in a mouse model of infection [162]. HyxA and HyxR
contribute to porcine EXPEC fitness in swine serum and full virulence in mice. This may be
related to modulation of O-antigen chain length as has been reported in UPEC [157] and
may be linked to the response against the innate immunity [162]. In the case of FNR, it was
required for bacterial fitness both in active and inactive swine serum suggesting that the role
of FNR may be more involved in response to nutritional limitations. On the contrary Fur was
only required for growth in active serum suggesting that Fur may be involved only against the
innate immunity from complement system. For V. vulnificus by using the IVIAT technology
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using convalescent-phase human serum, the transcriptional regulator HlyU was identified
to be one of the master regulators of in vivo virulence expression [235]. HlyU is a transcrip-
tional regulator and seems to control the production of a potent hemolysin/cytolysin (VvhA)
and also the elastolytic protease, another exotoxin produced by V. vulnificus, was also signif-
icantly decreased in the mutant [235]. The identification of the HIyU regulator by the IVIAT
approach could indicate the importance of this gene in the bloodstream phase. Also in
V. vulnificus, the mutant of the transcriptional regulator Lrp is defective for growth in mouse
serum and in the mouse model. This effect does not compromise its antiphagocytic ability
[324]. It is suggested that Lrp could mediate the phenotype of serum resistance through the
regulation of the iron acquisition and virulence by modulating chemotaxis [324]. In A. actino-
mycetemcomitans an RNA-seq analysis and functional reporter assay identified rpoE (cE),
a sigma factor, as potential regulator of an unknown factor that interacts with a host protein
ApoA1. This interaction must be linked to a non-identified factor that could potentially have
a role in complement resistance [325]. Later by another transcriptomic analysis ex vivo the
role of Fur for survival of N. meningitidis in human blood was established since the mutant
was impaired [77]. Also the transcriptomic response to glucose identified the role of HexR in
response to glucose. Glucose is a carbon source abundant in the bloodstream. The study
identified the HexR regulator as a repressor that can affect the expression of central car-
bon metabolism. The mutant hexR was not be able to establish bacteremia in an infant rat
model [326]. In Gram-positive bacteria transcriptional regulators also play an important role
in adapting the bacterial mechanisms to survive in the blood . Recently S. aureus Rsp has
been shown to plaay a role in the transition between colonizing stage to bacteremia. This
regulator modulates the transcriptional regulator Agr and consequently have an impact in
the transition of S. aureus from a colonizing isolate to one that causes bacteremia [327]. Agr
modulates the production of traditional virulence determinants with opposite consequences
for antibiotic tolerance and its ability to survive immune attack and cause disease. Also
in S. aureus a transcriptional regulator responsible for Mn homeostasis plays an important
role in virulence through the control of transcriptional repression of the operon mntABC
and induction of mntE. The deletion of mntR has been shown to be critical for the S. aureus
pathogenesis in a model of systemic infection [255]. In S. aureus a LysR-type transcriptional
regulator (LTTR) was identified by a Tn-seq analysis in a metastatic bloodstream infection
model [328]. Under induction control of the LTTR regulator, it was possible to identify the
target genes. This regulator targets branched-chain amino acid biosynthesis, a methionine
sulfoxide reductase, and a copper transporter as well as decreases transcription of genes
encoding urease and components of pyrimidine nucleotides. This regulator seems to be
repressed by glucose and depends on copper ions and additional in vivo data is needed to
confirm the role in bacteremia [328]. For S. pneumoniae the role of IDTR (iron-dependent
transcriptional regulator) in virulence has been described. The idtr mutant was significantly
attenuated in a mouse model of sepsis induced by either intranasal or intravenous infection.
The lack of idtr markedly attenuates the ability of S. pneumoniae to invade and cause fatal
bacteremia from the nasopharyngeal epithelial surface suggesting modulation of pneumo-
nia virulence [329]. For S. agalactiae a Tn-seq approach in the presence of human amniotic
fluid allowed to identify a GntR-class transcription factor, MrvR, that conferred a significant
fitness benefit to S. agalactiae in amniotic fluid. In a sepsis model the mrvR deletion mu-
tant showed significantly decreased lethality. Furthermore RNA-seq on wild type and mrvR
deletion strains in S. agalactiae, revealed that the transcription factor affects the expression
of genes involved in nucleotide biosynthesis and salvage pathways that were highly rep-
resented among the set of differentially expressed genes. This suggests that MrvR may
be involved in regulating nucleotide availability thus promoting virulence in vivo [330]. Also
in S. agalactiae, the XtgS transcriptional regulator has been reported to play a role as a
negative regulator. The mutation of this regulator increases bacterial survival in host blood
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and animal challenge tests. The action of this transcriptional regulator may be through the
repression of the gene pseP, encoding a SEC10/PgrA surface exclusion domain-containing
protein with an LPXTG motif that needs further investigation [331]. In this study the phe-
notype was analyzed in a zebrafish model and in mice. The mutant survived more in the
mouse blood and zebrafish blood ex vivo [331]. In the case of S. pyogenes Ralp3 (RofA-like
protein regulator type 3) central regulator in the ERES pathogenicity island, contributed to
survival in human blood and serum and to hyaluronic acid capsule production. SpeB (cys-
teine protease) shown to decrease in the ralp3 mutant. Transcriptomics of wild type versus
ralp3 mutant showed the differential use of carbon sources in the ralp3 mutant and showed
that the effect of this mutant is a serotype-specific transcriptional regulator [332]. The effect
of ralp3 may be connected to regulation of proteins that mediate antiphagocytic resistance
and capsule synthesis. In S. pyogenes a TRASH analysis in human blood approach has
allowed the identification of the transcriptional regulator from the LysR family, CpsY [209].
Deletion of cpsY gene is important for S. pyogenes fitness in a clinically relevant environ-
ment since it has been attenuated in human blood [209]. Also CpsY was identified in S.
aniae to be important in survival in a human blood. The contribution of CpsY could be medi-
ating by resistance to neutrophils [333]. In E. faecalis, BopD, a sugar binding transcriptional
regulator, seems to be important for biofilm formation and deletion mutant of this gene was
impaired in the capacity to survive in the bloodstream in a mouse model when injecting the
mice intravenously [334]. Clearly, the mechanisms of control of gene regulation in bacteria
to adapt to the bloodstream are variable and each regulator can target different specific bac-
terial factors or have pleiotropic effects. More investigation is needed to completely dissect
the common and specific mechanisms among the bacteria during the bacteremia phase of
infection.

7.3 Phase variation

Phase variation refers to the mechanism by which bacterial organisms regulate the ex-
pression of certain groups of genes rapidly and in a reversible manner, either on-off switch-
ing or modulating the expression of multiple allelic variants. The presence of phase-variable
genes allows a population of bacteria to generate a number of phenotypic variants, some of
which may be better suited to either colonizing certain host niches, surviving a particular en-
vironmental condition and/or evading the immune response. Genes under phase-variable
control typically encode bacterial surface structures, such as adhesins, pili, capsule and
lipooligosaccharide (LOS). These structures can potentially have a role in blood survival of
pathogenic bacteria. An example of phase variation impacting resistance to innate immune
response in the bloodstream is the case of the regulation of the modification of LOS by PCho
(phosphorylcholine) in H. influenzae. PCho is acquired from the host through the lic operon,
which is controlled by phase variation. It has been suggested that by regulating the LOS
modification of PCho to lower levels, this modification decreases the amount of the com-
plement factor C3 that can be deposited on the bacterial surface, thus increasing survival
in serum [335]. For the case of non-typeable H. influenzae (NTHi) the gene [psA encoding
glycosyltransferase has been reported as phase variable. This is due to the truncation of the
gene that translates into a phase off. This modification has an impact by decreasing resis-
tance to serum survival [336]. In NTHi the phase variable DNA methyltransferase ModA10
gain or loss of repeats can lead to on or off state. The mutant of modA 10 was tested in vivo
and the mouse had less bacteria in blood but the fatality rate was greater. Potentially this
phase variable gene can modulate genes that can have an impact in the increase of viru-
lence of NHTi [337]. For the case of N. meningitidis, the most frequent change in serogroups
B strains is phase variation in the gene siaD, which encodes the sialyl transferase involved
in capsule synthesis. Other genes in sialic acid biosynthesis or export of the capsule can
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be inactivated by an insertion sequence 1S1301 (transposon) [338]. Recently, it has been
shown in N. meningitidis serogroup C that the insertion of IS1301 into the sia/ctr IGR (inter-
genic region) leads to upregulation of capsule expression and enhanced resistance against
complement mediated lysis [339]. Insertion and excision of IS1301 into siaA causes phase-
variation of capsule biosynthesis and this is most likely occurring in vivo during bacteremia
[339]. In N. gonorrhoeae the regulation of ptA, involved in Phosphoethanolamine (PEA)
decoration of the lipid A in LOS, has been proposed to go through phase variation by the
identification of high-frequency mutations in a polynucleotide repeat within [ptA. This can
translate into a stop codon and consequently shift between an state off and on and then
influencing gonococcal resistance to cationic antimicrobial peptides (CAMPs) [340]. In the
case of S. enterica serovar Typhi the O-antigen side chain of the LPS can be modified by the
activity of the glycosyltransferase gtr operons. The glucosylated form of the O-antigen en-
hanced survival in human serum by decreased complement binding. It has been described
that a single nucleotide deviation from an epigenetic phase variation signature sequence
rendered the expression of the gtr operon uniform in the population. In contrast, the expres-
sion of the acetylating gtrC gene is controlled by epigenetic phase variation [341]. For Gram
positive bacteria, the role of phase variation in controlling factors important for blood survival
have been described in S. pneumoniae. The level of capsule polysaccharide and teichoic
acid can be regulated through phase variation [342], where a phenotype with more capsular
polysaccharide and less teichoic acid could translate into a more virulent phenotype. In this
context survival in the bloodstream during the septic phase may be promoted [342]. Further-
more, the modulation of the capsule in S. pneumoniae has been seen through the regulation
of tandem duplications within the cap3A gene of the type 3 capsule locus. The transition
between the off (duplication) and on (no-duplication) state depends on the reversion of the
duplication [343]. Although this phase variation mechanism has not been demonstrated
in vivo, it is possible that this mechanism can be activated during the blood phase of in-
fection. These represent examples of genes regulated by phase variation, but since many
other genes implicated in combat the host immune response have been described, it is more
likely that some of them use this mechanism to obtain plasticity and adapt better to resist
and proliferate in the bloodstream.

7.4 Small RNAs

Small RNAs are ubiquitous regulators in all three domains of life. Bacteria employ small
RNAs ranging from 50 to 500 nucleotides for posttranscriptional regulation. These sRNAs
fold into diverse structures and act on downstream gene targets with different molecular
mechanisms. One of the major mechanisms of sRNA-mediated regulation in bacteria is di-
rect binding of the sRNA via base pairing to a target mMRNA. A bacterial single sSRNA can
play a central regulatory role in controlling multiple gene targets leading to a global regula-
tion effect. By this way, bacteria adapt to environmental stress quickly by regulating post-
transcriptional responses. Recently a sSRNA, sRNA-17, has been identified in E. coli K1 to
have an impact in genes related to blood survival. This SRNA is linked to the transcriptional
regulator ArcA (component of the TCS ArcAB) which downregulates the sSRNA-17 expres-
sion to benefit bacterial survival in blood and penetration of the blood—brain barrier. The
functional analysis of the deletion of SRNA-17 using a bacteremia mouse model showed
that this deletion promotes survival in the blood. Thus, the loss of this SRNA explains the
mechanism of this phenotype by increasing the regulation of genes involved in amino acid
transport and metabolism that promote the growth in blood [344]. For N. meningitidis, a tiling
microarray approach of bacteria incubated in whole human whole blood allowed the identi-
fication of several sSRNA differentially regulated in response to this condition. Four sRNAs
shown to be important to cause bacteremia when tested in an infant rat model of bacteremia
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[345]. One sRNAs denominated Bns1 is linked to a GntR-like regulator and seems to be part
of acommon network that responds to carbon source availability and energy metabolism and
as consequence having an impact in blood survival [345].

In Gram-positive bacteria, S. pyogenes sRNA MarS’ for Mga-activating regulatory sRNA
regulates the expression of Mga (a transcriptional regulator) that regulates positively capsule
expression and negatively the antiphagocytic M protein [346]. Deletion of this small RNA is
shown to have a negative impact on survival in human blood that may be related to the lack of
M protein and susceptibility to neutrophil clearance [346]. On the opposite side the virulence
in a sepsis model in vivo is increased. This contradictory observation may be explained by
the differential regulation of adhesion molecules such as M protein and fibronectin binding
proteins (SfbX49 and Sof) thus decreasing adherence to keratinocytes but can promote
dissemination in vivo. This sRNA seems to be conserved in many streptococci and could
be a shared mechanism of gene regulation among different Streptococcus species [346].
A combination of RNA-seq and Tn-seq analysis in S. pneumoniae [347] has allowed the
identification of several sRNAs important for virulence. The sRNAs named F41, R12 and
F25 shown to be important specifically for survival in blood using an infection model of
sepsis [347]. The F41 sRNA seems to have an effect on the regulation of an putative ABC
transporter involved in carbohydrate transport but functional data is necessary to confirm this
link. In S. pyogenes the small RNA FasX regulates the expression of pili and the thrombolytic
agent streptokinase. The mutation of the small RNA FasX decreases the expression of pili
and also regulates the expression of streptokinase that catalyzes the activation of human
plasminogen into the protease plasmin that can process several enzymes to degrade blood
clots and activate metalloproteinases and collagenases. The FasX regulates the virulence
since it was observed in the bacteremia model of mice expressing human plasminogen. The
effect of the small RNA FasX on regulation of pili and streptokinase is serotype dependent
[348]. FasX regulates negatively the expression of pilus but acts as a positive regulator
of streptokinase. Although these sRNAs seem to play an important role in virulence and
survival in the blood, the precise mechanism of regulation and the complete map of gene
targets still need to be revealed.

7.5 Thermosensors

The definition of thermosensors includes protein, DNA and RNA that can be potential
controllers of gene expression in different bacterial pathogens in response to changes in en-
vironmental temperature. Regarding thermosensors in controlling gene expression of bac-
teria to adapt during the bacteremia phase of infection, some RNA thermosensors (RNAT)
have been described. In Gram-negative bacteria, it has been shown that N. meningitidis
regulates the expression of capsule (cssA), fHbp and the sialylation (/st) of LPS by RNATs.
These three factors are important for evasion of the immune killing, consequently contribut-
ing to proliferation in the bloodstream [349]. For the specific case of fHbp expression, a
recent report based on comparative analysis of the promoter regions of fHbp suggest that
not all fHbp alleles undergo thermoregulation [350] and additionally that the levels of ex-
pression of fHbp may be regulated also by the variation in the coding sequence of the ORF
by itself [350]. It has also been identified, one RNAT in the 5’ untranslated region (UTR) of
the tviA gene encoded by the typhoid fever-causing bacterium S. enterica serovar Typhi (S.
Typhi). TviA is a transcriptional regulator of the critical virulence factors Vi capsule, flagellin,
and Type Il Secretion System-1. The inhibition of the RNAT in S. enterica Typhi causes
aberrant virulence factor expression, leading to enhanced innate immune responses during
infection [351]. Another example is the role of RNATSs in regulation of expression of capsule
and Factor H binding proteins in S. pneumoniae and H. influenzae [352]. Both pathogens
have RNATs that impact the regulation of fHbp and capsule expression and as consequence
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impact the resistance to complement. It is clear that many other mechanisms of thermosen-
sors important in adaptation to the bloodstream playing a role in metabolic adaptation or
response to the immune system still need to be described among the bacterial pathogens
that cause bacteremia.

7.6 Stringent response, DNA replication, recombination, and repair

Facing the bloodstream can represent a harsh environment to allow survival of bacteria.
In this context the activation of bacterial systems to face stress conditions must be activated.
Stringent response (SR) is defined by global changes in bacterial gene expression associ-
ated with nutritional deprivation. It is triggered by intracellular accumulation of two small,
hyperphosphorylated GTP-/GDP-derived molecules, namely, pppGpp and ppGpp, collec-
tively called (p)ppGpp. In Gram-negative bacteria, the role of a stringent response (SR)
system is S. enterica serovar Typhi has been reported to be mediated by (p)ppGpp. The
deletion of two genes spoT and relA regulate Vi capsule expression affecting the resistance
to complement and also survival in macrophages [353]. The double mutant was phenotypi-
cally (p)ppGpp0 and attenuated in human serum and also in vivo . It is highly probable that
this SR system may play a role in the blood phase when S. thypi causes septicemia [353].
More recently, in S. typhimurium the stringent response with SpoT and PpnN was shown to
impact the O antigen and the mutation of these genes affect the resistance to the comple-
ment and also was shown to be important for survival in human serum [354]. In the case
of Y. pestis the effect of the SR system on causing systemic disease was evaluated and the
deletion of the genes relA and spoT resulted in reduced synthesis and secretion of LcrV and
a number of Yops, including YopD. YopD (an effector of the T3SS) is essential for several
steps during infection and its reduced expression may affect other Yops. The double mutant
of ArelAAspoT was attenuated in a mouse model when injecting Y. pestis subcutaneously,
suggesting a relevant role of SR in the development of a systemic disease [355].

In the case of Gram-positive bacteria, a Tn-seq approach in whole blood and RNA-seq
analysis help to identify the S. agalactiae relA gene involved in the SR. The relA mutant was
shown to be important for the survival in blood [356]. For S. aureus (MRSA) a study com-
paring strains causing persistent bacteremia and resolving bacteremia helped to dissect the
role of SR in bacteremia. Strains causing persistent bacteremia (defined by [357] as more
or equal to 7 days of positive blood cultures despite appropriate antibiotic therapy), show a
connection between the purine biosynthesis pathways and SR. The molecule (p)ppGpp is
synthesized from two nucleobases GDP and GTP and MRSA causing persistent bacteremia
has significantly higher (p)ppGpp production, higher lysis of polymorphonuclear leukocytes
and survival compared to the clinical isolates in which bacteremia was resolved between
2 to 4 days of antibiotic treatment (resolving bacteremia). Higher levels of (p)ppGpp may
be related to the elevated GDP and GTP in the case of the persistent bacteremia strains
and this also produced more phenol soluble modulins (PSM) which lyse PMN affecting the
host immune response. Expression of Psma1-4 was higher in the persistent bacteremia
compared to the resolving bacteremia. The purine biosynthesis pathway was linked to this
phenotype since the purF deletion mutant produced less (p)ppGpp, GDP, and GTP. Also
the relP (an alarmone synthetase) mutant was studied and exhibited multiple phenotypes
associated with acute bacteria: (1) significantly decreased Psma1—4 and psmf31,2 expres-
sion, reduced PMN lysis and less survival in PMNs exposure. The role of the relP-mediated
SR with respect to the persistent bacteremia outcome was studied in the rabbit model by
testing the relP mutant tested in the infective endocarditis model [357]. The relP gene has
been demonstrated to be necessary to overcome antibiotic treatment in the strains of per-
sistent bacteremia [357]. Another mechanism of adaptation to stress conditions can be the
activation of repair systems inside bacteria. In S. pyogenes, a TRASH screening in whole
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blood, allowed to identify genes related to DNA replication, recombination, and repair (fatD,
spy0221 and spy0414) that were attenuated in human blood [209]. In a closely related
species S. pneumoniae two genes, mutX involved in degradation of 8-oxo-dGTP) and recJ
involved in methylation-directed mismatch repair were identified by a STM screeningand
deletion mutant of these genes were attenuated in a septicemia mouse model [226]. In
S. aureus, an STM screening in vivo allowed to identify the gene recA, which is involved in
DNA repair and response to environmental stress to be attenuated in a mouse model [210].
In the same screening a gene associated with a ATP-dependent Clp protease ATP-binding
subunit of E. coli was identified. This gene is part of a stress response system and its mutant
was attenuated in a bacteremia murine model [210]. In N. meningitidis a screening using
proteomics of bacteria isolated from different niches in a mouse infection model identified
the gene groEL encoding a chaperone responsible for protein folding under stressful con-
ditions to be more expressed during infection in the CSF compared to the blood [172]. The
mutant of groEL was more resistant to phagocytosis but interestingly it was more suscep-
tible to growth in human serum compared to the wild type. The role of the mechanisms of
stress response for bacteria causing bacteremia needs further investigation to gain a better
understanding of this process.

8 Conclusion

Bacterial infections of the bloodstream has become a serious threat in the context of
antibiotic resistance. Thus, understanding of the bacterial factors and mechanisms involved
in survival and proliferation in the bloodstream are essential for the development of alterna-
tive therapeutic strategies to combat bloodstream infections. The genomic revolution has
brought the opportunity to explore the bacterial mechanisms on a large scale, first with se-
quencing of genomes and later with the application of functional approaches based ontran-
scriptomics, proteomics and more recently transposon mutagenesis and high throughput
sequencing. Application of functional genomics allowed identification of a wealth of bacte-
rial factors and mechanisms important for blood survival. Application of early technologies,
such as microarray and IVIAT, and more recent ones such as RNA-seq, Tn-seq, comparative
proteomics and dual proteomics,; have brought to lightnew molecular mechanisms involved
in bloodstream infections. In addition, combination of current high-throughput approaches
with relevant experimental models ex vivo and in vivo led to a more comprehensive under-
standing of the bacteremic phase of diseases. An overview of research work performed
using many different blood-borne pathogenic bacteria highlight a clear scenario. While a
vast number of mechanisms are shared by different bacteria, such is the case for bacterial
proteins targeting the complement factors, other mechanisms have been evolved specifi-
cally by some species. Importantly, there are also variations between strains of the same
bacterial species, which can explain unique pathogenic properties of some clinical isolates
compared to others. Expectedly, the multiple regulatory mechanisms used by pathogenic
bacteria to subvert host immunity and adapt to nutritional restrictions in the bloodstream
are extremely complex systems whose activation signals and crosstalks remain to be fully
understood. Ultimately, technological innovations and advances in blood infection biology
will help design new diagnostic methods and develop improved preventive and therapeutic
strategies.
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Table 1. Bacterial factors interacting with the complement components, increasing serum or blood

survival. Exp: experiment. +: bacterial survival was assessed in vivo or ex vivo. -: only factor
interactions were demonstrated.
Pathway Complement Bacte_rial Bacterial Ref. Exp.
component species factor
General C3 E. coli EspP (EHEC) [358] -
Pic (protease) [57, 359] +
H. influenzae Capsule [96] +
HtrA (protease) [360] +
K. pneumoniae Capsule [97] +
RfaH (capsule regulator) [227, 361] +
L. interrogans Thermolysin (protease) [85, 86] +
N. meningitidis NalP (protease) [87] +
P. gingivalis PrtH (protease) [170]
P. aeruginosa PaAp (protease) [54] -
PaE (elastase) [54] -
Psl (polysaccharide) [100] +
Salmonella spp SpoT/RelA (Vi capsule regulator) [353] +
Vi capsule [94, 95] +
S. aureus Aureolysin [362] +
Efb (secreted) [63, 363] +
Ehp (secreted) [364] -
Sbi/Efb [104, 365] -
Streptococcus spp NanA/BgaA/StrH [88] +
ScpA (protease) [123] +
SpeB (protease) [83, 122] +
C3a S. aureus Sbi / Efo [104] -
Streptococcus Spp ScpA (protease) [123] +
C3b A. baumannii Capsule structure [106] +
B. anthracis Capsule [98]
Enolase (moonlighting) [91] +
Tu (elongation factor) [91] +
E. coli EspP (EHEC) [358] +
Pic (protease) [57, 359]
F. tularensis O-antigen [101] +
H. influenzae Protein E [366] +
K. pneumoniae Smooth LPS [115] +
L. interrogans Lsa23 (adhesin) [367] +
P. aeruginosa Tu (elongation factor) [90] +
Salmonella spp PgtE (protease) [92] +
S. aureus Sbi/Efb [104] -
Staphylokinase [93] +
Streptococcus spp Capsule [47]
M protein [368] +
Pgk [110] -
Sfb1/PrtF1 [369]
SpeB (protease) [122] +
C5 P. aeruginosa Psl (polysaccharide) [100] +
Salmonella spp PgtE (protease) [92] +
S. aureus SSL7 [103] +
Cha P. aeruginosa AprA (protease) [53] +
S. aureus CHIPS [105, 370] +
Serratia marescens 56kDa protease [871] +
Streptococcus spp ScpA (protease) [872]
SpeB (protease) [107] -
Factor | S. aureus CIfA (clumping factor) [102] -
Fibrinogen Streptococcus spp M protein [373, 374] +
Heparin Neisseria spp Msf (fibril) [375] +
NHBA [376]) +
iC3b S. pneumoniae Capsule [47]
Plasmin/PLG B. anthracis Enolase (moonlighting) [91] +
Tu (elongation factor) [91] +
Borrelia spp HcpA [3877]
H. influenzae Protein E [366] +
L. interrogans Enolase (moonlighting) [134] -
LIC11711 [378] +
Lsa23 (adhesin) [367] +
Lsa30 (adhesin) [879] -
P. aeruginosa Tuf (elongation factor) [90] +
Salmonella spp PgtE (protease) [92] +
S. aureus Sbi/Efb [104] -
Staphylokinase [93] +
Streptococcus spp Enolase (moonlighting) [380] -
M protein [368] +
Pgk [110] -
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CP/LP Ciq P, aeruginosa PaAp (protease) Hong 1992
PaE (elastase) [54]
C1g/CRP Streptococcus spp Capsule [47]
LytA [381]
PspA [382] -
Clg&lg H. influenzae Oligosaccharide [50] +
SiaPQM (sialic acid) [383] +
VacJd/Yrb (mla homolog) [384] +
P. gingivalis PrtH (protease) [170]
Neisseria spp Cps capsule [45, 46]
S. aureus Sbi [42]
SpA [43]
SSL-10 [197]
Staphylokinase [93] +
Streptococcus spp EndoS [385]
Capsule [47]
IdeS (protease) [386] +
Mac-2 [387] +
SpG [388]
PepO ( [389]
Pneumolysin [390] +
Vibrio cholerae OMV harboring OmpU [150] +
Cir B. burgdorferi BBK32 [55, 56]
S. aureus Cna [391]
Cis P. aeruginosa AprA (protease) [53] +
C1-INH B. pertussis OMV harboring Vag8 [64]
E. coli StcE [65]
Serration marescens 56kDa protease [392] -
Streptococcus spp SpeB (protease) [107] +
Cc2 B. burgdorferi OspC [59] +
E. coli Pic [57, 359]
P. aeruginosa AprA (protease) [53] +
Streptococcus spp SpeB (protease) [107] +
C4 B. pertussis BrkA [60] +
E. coli Pic (protease) [57, 359] +
Streptococcus spp SpeB (protease) [107] +
Cdb E. coli Pic (protease) [57, 359] +
H. influenzae LgtC (LOS biosynthesis) [51]
Salmonella spp PgtE (protease) [92] +
C4b2b (C4b2a) S. aureus Eap [393] +
SCIN [61] +
SCIN-B, SCIN-C [62]
C4b2bC3b S. aureus efb/ecb [62, 63] +
C4BP A actlnomy cet- OmpA1 (more sensitive to AP) [394] +
emcomitans
B. pertussis Filamentous hemagglutinin [395] -
Borrelia spp P43 [396] -
E. coli Nipl [68] +
OmpA [69] +
H. influenzae Unknown [397]
L. interrogans Enolase (moonlighting) [134] -
LcpA [398] -
LigAB [127]
Lsa23 (adhesin) [367] +
Lsa30 (adhesin) [879] -
M. catarrhalis UspA1/UspA2 [399] +
N. meningitidis PorB1 (porin) [70] +
PorA (porin) [71]
Salmonella spp. Rck [139] +
S. aureus SrdE/Bbp [126]
Streptococcus spp BibA [400]
Enolase (moonlighting) [380] -
M protein [67, 401] +
Protein H [66]
PspA [382] -
PspC [133]
Yersinia spp Ail [135, 141, 143, 146]
YadA (adhesin) [135]
MBL Neisseria spp O-antigen [49]
Salmonella spp O-antigen [49]
unknown B. pertussis BapC (autotransporter) [402] +
B. cenocepacia BCAMO0224 (adhesin) [403] +
AP C3bBbP S. aureus Efb/Ecb [62, 63] +
SCIN [61] +
SCIN-B, SCIN-C [62]
C3bBbC3b (C3b2Bb) S. aureus Efb/Ecb [62, 63] +
Factor B Salmonella spp PgtE (protease) [81] +
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Factor H, FHL-1, FHR-1 A. baumannii OmpA [73] +
A actlnomycet- Omp100 (74] .
emcomitans
B. pertussis pertussis toxins [404]
Borrelia spp CRASP [405]
CspA (CRASP-1) [4086, 407] +
CspZ (CRASP-2) [408] +
Erp/OspE [409] -
HcpA [377] +
E. coli OmpW [75]
Stx2 (EHEC not invasive) [410]
H. influenzae P5 [50, 411]
Protein H [412]
L. interrogans Tu [413]
Enolase (moonlighting) [134] -
LcpA [414] -
LenAB/LfhA [415, 416] +
LigAB [417] +
Lsa23 (adhesin) [367] +
Neisseria spp NspA [79, 80] +
FHbp [418] +
LPS/LOS/LNT sialiation [78, 419, 420] +
PorB2 [421] +
PorB3 [80] +
P. aeruginosa Tu (elongation factor) [90] +
Salmonella spp PgtE (protease) [81] +
Rck [140] +
S. aureus Sbi [365] -
SrdE/Bbp [126] +
Streptococcus spp Bac/Beta [422]
PspC [133] +
Tu [423]
Scl1 (collagen like) [424]
Hic [425] +
M protein [426] +
Fhb [427] +
Yersinia spp Ail [137, 141, 142, 146, 147] +
YadA [137, 428] +
Properdin Streptococcus spp SpeB (protease) [83] +
Unknown Bordetella spp LPS [429] +
B. pseudomallei O-antigen [84] +
TP C5b Streptococcus spp SpeB (protease) [107] -
C5b/C6/
C7/C8/C9 Borrelia spp BGA66; BGA71 [109] +
components
CspA (CRASP-1) [430] +
E. coli TraT [108] +
L. interrogans LIC12587 [378] +
Lsa23 (adhesin) [431] +
Thermolysin (protease) [432] +
P. aeruginosa Psl (polysaccharide) [100] +
Salmonella spp Rck (omp) [138] +
TraT [108, 433] +
Streptococcus spp Pgk [110] -
SIC [434, 435] +
SpeB (protease) [107] -
MAC efficacy A. baumannii MlaACDEF [436] +
Prc/Tsp [437] +
Neisseria spp Capsule [36]
Nhha [438] +
P. gingivalis A-LPS [111] +
Salmonella spp O-antigen [113, 114, 439, 440] +
SpoT (LPS regulator) [354] +
CD-59 Borrelia spp CD-59 like [120]
E. coli Unknown [441]
Clusterin P. aeruginosa Lpd (moonlighting) [118]) +
COMP M. catarrhalis UspA2 [119] +
Vitronectin H. influenzae Hsf [442]
P4 [443]
Protein E [444] -
Protein F [116] +
protein H [117] +
oMV [445] +
L. interrogans Enolase (moonlighting) [134] -
LcpA [414] -
LIC11711 /12587 [378] -
LIC13259 [446] -
M. catarrhalis USPA1/USPA2 [447, 448] +
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Neisseria spp OpaA [449]
Msf (fibril) [375] +
Opc [450] not in serum
P. aeruginosa Lpd (moonlighting) [118]) +
Porin D [451] +
Streptococcus spp PspC [133] +
VnBP [448]
Hic [452] +
Yersinia spp All [144, 145] +
YadA [136] +
Comp. A actmo::nycet- oMV [151]
exhaus. emcomitans
B. pertussis OMV (Vag8) [64]
Neisseria spp oMV [148] +
P. gingivalis OMV (LPS) [149] +
Streptococcus spp NanA [152] +
Vibrio cholerae OMV (OmpU) [150] +
Unknown A. actinomycet- rpoE [325] +
emcomitans
A. baumannii DedA [436] +
L-lysine permease [436] +
LPS [453] +
PBP-7/8 [454] +
PKF [455] +
PLD [456] +
RelA [436] +
Wza/Wzi/QhbA/Wzy (capsule) [436] +
B. pertussis BpsA-D locus [457] +
E. coli Capsule [153, 458-460] +
LPS [154-157, 162] +
Murein lipoprotein [157]
K. pneumoniae MagA [461] +
O-antigen [159, 462] +
Pal/ LppA [463]
P. aeruginosa LPS [464]
O-antigen [465]
Salmonella spp PagC [466]
O-antigen [158, 467]
Streptococcus spp Sof4 [173]
V. wulnificus Capsule [468] +
Tad123 (pili) [161] +
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Appendix E

Original article: Within-host
evolution of Yersinia
enterocolitica during a chronic
human infection

In this study, clinicians followed over more than ten years a case of chronic infection with
Y. enterocolitica causing recurring bacteremia despite antibiotic treatments. Several strains
were collected and characterized by the National Reference Center hosted in our laboratory.
A mutation involved in antibiotic resistance was identified and genomic analysis revealed a
massive loss of genes in strains isolated in late infections compared to strains isolated initially
in the patient. My first role in this project was to characterize mutated and lost genes in silico,
depicted in the discussion of the following article submitted for publication.

In addition to the information described in this manuscript, growth curves of the clinical
strains were analyzed to better characterize the slow growth of the strains isolated in late
infections. | also took advantage of the proteomics pipeline developed in chapter 5 to analyze
the proteomes of the strains. A first examination confirmed the good correlation with genomic
analysis, and further proteome-based analysis is ongoing to better describe metabolic and
virulence differences between strains respponsible for early and late infections.
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ABSTRACT

Following a pacemaker implantation, a 75-years-old patient suffered from five successive bacteremia
episodes between in 1999 and 2013, during which five bacterial strains were isolated. Phenotypic
and whole-genome sequencing analysis of four isolates identified the strains as Yersinia
enterocolitica bioserotype 4/0:3. Phylogenetic reconstruction showed that the patient was
chronically infected by the same strain, which evolved within the host for 14 years. Single-nucleotide
polymorphhism (SNP) analysis indicates that the last two isolates, which displayed severe growth
defects in vitro and acquired resistance to quinolones, evolved in parallel and formed two
independent lineages within the host. Pan-genome analysis and genome comparison showed that
their common evolution was characterized by 41 small insertion/deletion events and loss of three
large DNA fragments. These mutations, which may account for the observed growth defect and for
the appearance of vegetations on the pacemaker, support antibiotics tolerance. Quinolone
resistance was acquired through a so far undescribed deletion in the gyrA gene. 140 genes
containing mutations vertically acquired from a common ancestor were also identified in the two
lineages. A phylogenetic analysis by maximum likelihood identified two genes presenting a positive
selection signal, suggesting that these mutations provided a survival advantage to bacteria during
chronic infection. This is the first report allowing identification of genetic changes associated to

within-host adaptation of a pathogenic Yersinia species.
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MAIN

Bacterial exposure to a novel environment in a host creates conditions where evolution might take
place. As observed for cancer cells, a bacterial clone can experience selection for an accumulation of
genetic variants that promote long-term survival and clonal expansion®. This scenario has been
observed in cystic fibrosis patients who can be chronically infected with pathogenic bacteria. In a
study from a single patient infected for 20 years with Burkholderia multivorans, bacterial adaptation
to respiratory airways was associated with mutations affecting metabolism, cell envelope, and
biofilm formation2. In a different study concerning 474 P. aeruginosa isolates from 34 cystic fibrosis
patients, convergent evolution of 52 genes involved in antibiotic resistance, motility, and biofilm
formation was observed®. Host-adaptation through rapid evolution of a Salmonella enterica serotype
Enteridis causing a chronic systemic infection was documented in an immunocompromised patient®.
Genetic diversification of Staphylococcus epidermidis has also been described during a 16-week
pacemaker-associated endocarditis, leading to increased biofilm formation, reduced growth rate,
and antibiotic tolerance®.

In-host evolution has not been reported for infections associated with Yersinia spp. Yersinioses
include fulminant infections such as plague caused by Yersinia pestis, as well as mild or severe
enteritis caused by Yersinia pseudotuberculosis or Yersinia enterocolitica (Ye)®”. The latter represents
the fourth most common cause of diarrhea from bacterial origin in temperate and cold countries?,
Systemic Ye infections occur mostly in elderly patients with underlying disorders such as diabetes,
iron overload, or cirrhosis®.

Persistent Y. enterocolitica infections in patients causing relapses for several years have been
reported??, but the potential genetic relationships between the isolated strains was not determined.
This study is the first report of long-term, in-host evolution of a pathogenic Yersinia species in a

patient presenting iterative episodes of bacteremia over 14 years.

249



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

RESULTS

Case description

A 75-year-old woman presented with an atrioventricular block that led to a pacemaker implantation
in September 1998. In December 1999, the patient had a first septicemic episode resulting in the
isolation of a Ye strain (Ye.1) (Table 1). She received ceftriaxone and netilmicin treatment for 4 weeks
and recovered. In January 2000, the patient experienced a second episode of bacteremia with
isolation of another Ye strain (Ye.2). She was treated with the same antibiotics for four weeks,
followed by 18 months of ciprofloxacin therapy (until July 2001). A third bacteremia occurred in
August 2001 with isolation of a third Ye (Ye.X, not kept in collection) that was resistant to nalidixic
acid but susceptible to ciprofloxacin, which had been used for treatment. The patient received a
long-term ceftriaxone therapy until July 2005. In June 2006, the patient was hospitalized for a sepsis
but had a negative blood culture. For the first time, echocardiography evidenced vegetations on the
pacemaker atrial lead, suggesting endocarditis due to bacterial growth on the cardiac device (Figure
S1). A 6-year ceftriaxone treatment was administered, leading to vegetation disappearance. In
December 2012, the patient suffered from pneumonia, and ceftriaxone treatment was replaced by
spiramycin. In January 2013, she presented with another bacteremia with isolation of a fourth Ye
strain (Ye.3) and vegetations reappeared on the pacemaker atrial lead. Strain Ye.3, like Ye.X, was
resistant to nalidixic acid. The patient was treated with piperacillin/tazobactam/amikacin for one
week, followed by a 9-month ceftriaxone therapy. The patient had a last bacteremia in October 2013,
during which a fifth Ye strain (Ye.4) was isolated. Minimum inhibitory concentration (MIC) of
ceftriaxone increased from 0.19 mg/| (Ye.3) to 2 mg/| (Ye.4) leading to antimicrobial treatment
modification with cotrimoxazole. Three months later, the patient died of heart failure.

Yersinia enterocolitica strains were associated with the bacteremia

The five strains isolated during the iterative bacteremia were initially identified as Ye (Table 1) using a

VITEK2 GN card. Except for Ye.X, which was not kept in collection, strains were subjected to
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phenotypical characterization: Ye.1 and Ye.2 were identified as Ye bioserotype 4/0:3; due to a severe
growth defect, Ye.3 and Ye.4 could not be characterized by phenotypic methods. We obtained
taxonomic assignment based on a core-genome multilocus sequence typing (cgMLST) with 500 core
genes using whole-genome de novo sequence, confirming that strains Ye.1 to Ye.4 belong to the Ye
genotype 4, corresponding to bioserotype 4/0:3.

Chronic infection caused the multiple episodes of bacteremia

To investigate whether the multiple infection episodes were independent or due to a chronic
colonization by a unique evolving bacterial strain, we studied the genetic relatedness of strains Ye.1
to Ye.4 by a core-genome single-nucleotide polymorphism analysis, with inclusion of 259 additional
Ye biotype 4 strains. The phylogenetic tree reconstruction based on analysis of 4,738 SNPs showed
that Ye.1 to Ye.4 were closely related and formed a unique clade separated from other Ye strains
(Figure 1.A). This result strongly suggests that the patient suffered from a chronic infection due to a
unique evolving Ye 4/0:3 strain.

In-host evolution of Y. enterocolitica led to antibiotic tolerance

We next analyzed the molecular events that characterized the in-host evolution of Ye.1 to Ye.4.
Genomic comparison and pan-genome phylogenetic analysis did not evidence any gene acquisition
or small insertion/deletion events that were common and specific to the four Ye isolates.

Ye.1 (isolated in December 1999) and Ye.2 (isolated in January 2000) were identical except for the
loss in Ye.1 of a 1.5 kb region (between nucleotides 4,282,424 and 4,283,952 from the Y11 reference
genome), indicating that evolution had already started within the first months of infection (Figure

1.A). The use of the least-squares dating tool (https://Isdating.pasteur.fr) estimated the closest

internal node for Ye.1 and Ye.2 in October 1999, suggesting that the patient was contaminated at
least two months before the first bacteremic episode (Figure 1.B). The closest internal node for Ye.3
(isolated in January 2013) and Ye.4 (isolated in October 2013) was January 2011 (Figure 1.B). Their

common ancestor had therefore evolved in the patient for 11 years and had accumulated 195 SNPs
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before diverging into Ye.3 and Ye.4, which since accumulated an additional 25 and 40 SNPs,
respectively. 140 genes containing mutations vertically acquired from their common ancestor
(synapomorphies) were identified in the Ye.3 and Ye.4 genomes, including the gyrA gene (see below
and Table S2).

Ye.3 and Ye.4 shared three identical large deletions: a 2-gene deletion of 2.5 kb, a 9-gene deletion of
9.9 kb, and a 28-gene deletion of 32.7 kb (Table 2). These strains also shared 41 small
insertions/deletions (Table 3). Whereas 6 genes did not exhibit any frameshift, 35 genes displayed a
mutation leading to a truncated form of the product, and thus to loss-of-function. Truncated genes
and deleted regions were found to be involved in essential physiological functions such as
transcription, translation, replication, respiration, division, and carbohydrate and iron metabolism
(Figure 2, Tables S3 and S4). The loss of these essential functions accounts for the severe growth
defect displayed by Ye.3 and Ye.4, and probably contributes to antibiotic tolerance. Mutations
favoring biofilm formation and loss of planktonic life were also detected in these strains (Figure 2,
Tables S3 and S4), accounting for the appearance of vegetations on the pacemaker atrial lead, which
should also contribute to antibiotic tolerance.

Interestingly, a positive selection signal was detected in the acyl-CoA thioesterase Il in all isolated
strains, and in a phosphate transporter in strains Ye.3 and Ye.4 (Table S5). Therefore, these
mutations likely provide an advantage to the strains for their survival and multiplication in the host.
In-host evolution of Y. enterocolitica led to quinolone resistance

We tested antimicrobial susceptibility for strains Ye.1, Ye.2 and Ye.3. Ye.4 could not be tested due to
a severe growth defect in vitro. The first two strains were resistant to amoxicillin,
amoxicillin/clavulanic acid, and first-generation cephalosporin, and they were susceptible to all other
tested antibiotics, as usually observed for Ye bioserotype 4/0:3. Ye.X and Ye.3 had the same
antibiotic susceptibility profile as Ye.1 and Ye.2, except that they were resistant to nalidixic acid, a

quinolone (Table 1). Resistance to quinolones in Ye O:3 is associated with a substitution in the
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quinolone resistance-determining region (QRDR) of the gyrA gene at glycine 81, serine 83, or
asparagine 8712, Comparison of gyrA sequences of Ye.1 to Ye.4 with those of the reference strain
Y11 and strain IP38477, which are susceptible to nalidixic acid, showed that Ye.3 and Ye.4 displayed
the same 3-nucleotide deletion at positions 245 to 247 in the QRDR of gyrA (Figure S2.A). This so far
undescribed deletion leads to replacement of aspartic acid 82 and serine 83 with a unique glycine
without any frameshift, explaining the genetic basis of the resistance to quinolones in Ye.3 and Ye.4
(Table 3, Figure S2.B). As mentioned, the ceftriaxone MIC increased for Ye.4 (2 mg/l) in comparison
to Ye.3 (0.19 mg/l). Genomic analyses did not reveal any mutation leading to ceftriaxone resistance,
suggesting that the increase in MIC was due to antibiotic tolerance, probably associated with the

mutations perturbing essential physiological functions.

DISCUSSION

This is the first report of a chronic Ye infection case due to a strain evolving in the same patient.
Between December 1999 and October 2013, antibiotics were apparently successful in the treatment
of five independent Ye bacteremia episodes; however, discontinuation of antibiotics was always
followed by a new bacteremia. The appearance of vegetations observed by echocardiography in
2006, and their disappearance during therapy, argue for Ye growth on the atrial lead of the
pacemaker and release into the bloodstream during the antibiotic discontinuation periods.

Genomic analyses of four Ye strains (Ye.1 to Ye.4) isolated from the patient allowed us to identify two
major mechanisms that explain the persistent bacterial infection: antibiotic resistance and antibiotic
tolerance. Concerning the first mechanism, resistance to nalidixic acid was already observed from
August 2001. Resistance to quinolones usually involves mutations in the QRDR of the gyrA gene,
leading either to (i) a change of glycine 81 into cysteine, (ii) a change of serine 83 into arginine,
isoleucine, or cysteine, or (ii) a change of aspartic acid 87 into a tyrosine, asparagine, or glycine*3,

In Ye.3, we observed a previously undescribed deletion of 3 nucleotides in the gyrA QRDR, leading to
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substitution of aspartic acid 82 and serine 83 by a unique glycine. Our work thus identifies a novel
mutation in gyrA likely leading to quinolone resistance. The presence of the same mutation in Ye.4
suggests that this strain was also quinolone resistant.

Despite prolonged ceftriaxone treatment, no resistance to this antibiotic was identified through
phenotypic or genomic analyses in the Ye isolates. However, antibiotic tolerance could explain
bacterial survival to this treatment. Two major biological processes contribute to antibiotic tolerance:

1415 and slow growth and/or metabolic dormancy!®'’. Vegetations detected in the

biofilm formation
pacemaker argue for the formation of a biofilm by the Ye strains. Ye biofilm production has been
reported on medical devices such as catheters or feeding tubes'>*®. We identified several mutations
in Ye.3 and Ye.4 which can be associated with loss of motility and planktonic growth, favoring biofilm
formation: for example, mutation of the flagellar genes flgD in both Ye.3 and Ye.4, and flgG and flgA
in Ye.4. Of note, loss-of-function mutations associated with decreased motility have been identified
in Burkholderia spp. and P. aeruginosa isolates from cystic fibrosis patients®3. In addition, flagellar
assembly is repressed in adverse and nutrient-poor environments owing to its energetic cost'®. We
also identified mutations in the pppGpp pyrophosphatase gppA gene and the RNA polymerase-
binding transcription factor dksA gene, both involved in the stringent response to nutrient
starvation?, and associated with biofilm formation and growth?!. Along these lines, stringent
response regulates biofilm formation in Pseudomonas putida®.

Ye.3 and Ye.4 displayed a severe growth defect in vitro. In these strains, we identified mutations in
genes involved in metabolism or growth in several gene clusters. Mutations in a large gene cluster
encoding the RNA polymerase subunits RpoC and RpoD, the DNA topoisomerase ParE, and the 50S
ribosomal protein RplF could account for slow growth, as seen in Escherichia coli*** and
Staphylococcus aureus®2®. We also observed mutations in genes encoding electron (rsxABCDEG) and

ABC (sapABCDF) transporters required for optimal growth. Interestingly, mutations in a putative

toxin ABC transporter operon (YE1998-YE2000) as well as loss of the pore-forming toxin YaxAB
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228

(YE1984-YE1985) suggest that bacteria defective for pathogenic functions that carry a fitness cost can
be selected to favor host adaptation. The strain Ye.4 displayed a more severe growth defect than
Ye.3, which can be associated with mutations in important metabolic genes such as genes involved in
amino-acid biosynthesis (mtnA, metF, carA), carbon metabolism (serA, metF), transcriptional
regulation (putA, phnF), and DNA replication (gyrA, gyrB) (Table S6).

In all isolated strains, a positive selection signal was detected in the acyl-CoA thioesterase Il, which
regulates levels of acyl-CoAs, free fatty acids, and coenzyme A. In position 280 of this enzyme, a
glycine is normally conserved in diverse eukaryotic and bacterial species?’, while in Ye.1to Ye.4 a
serine was present. Position 280 is located next to important residues involved in two catalytic triads
(Q278 together with N204 and T228, as well as E279 together with H58 and S107) and a dimer
interface (V277 and V281). We hypothesize that a $280 mutation promoted important adaptive
changes in the catalytic and functional activities of the acyl-CoA thioesterase Il that were rapidly
selected at the onset of the chronic infection, since this mutation was conserved in all the strains
isolated from the patient. Another positive selection signal was present in a phosphate transporter,
for which the C-terminal region displayed a deletion observed only in Ye.3 and Ye.4 that affects two
cytoplasmic and two transmembrane domains. While we did not investigate the specific contribution
of this deletion to the functionality of the phosphate transporter, the positive selection signal
suggests that the promoted changes provided a survival advantage.

In conclusion, we report the unusual clinical case of a patient with iterative bacteremia and
endocarditis due to a Ye bioserotype 4/0:3 strain evolving over a period of 14 years. The last two
isolates, which were simultaneously evolving in the patient, accumulated mutations that allowed
antibiotic resistance (a previously unknown substitution conferring resistance to quinolones) and
antibiotic tolerance. The latter phenotype was associated with a reduction in genome size and loss of
essential functions for growth in vitro, while retaining the ability to survive in the host. The last

isolated strains caused bacteremia despite the continuity of the antibiotic treatment, highlighting the
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transition occurring between early onset tolerance and resistance, a critical problem in antibiotic
treatment that should urgently be addressed?®3°. Our findings have implications in case
management, as they reinforce the need for early pacemaker removal in addition to
antibiotherapy3!. They may also guide future design of more effective treatments for chronic and
biofilm-associated bacterial infections. If the infected material cannot be removed as it was the case
in our study, the choice of the right antibiotic is crucial. It must be well tolerated by the patient, be
active on the biofilm and should not promote the emergence of resistance nor tolerance. It appears
here that long-term ceftriaxone has been well tolerated and did not generate resistance, however it
induced tolerance to this antibiotic. Investigation of the mechanisms modulating antibiotic tolerance

is therefore a critical issue for the treatment of long-term infections.

METHODS

Phenotypic characterization

Bacterial strains were identified using the VITEK2 GN card (bioMérieux) and were sent to the Yersinia
National Reference Laboratory (Institut Pasteur) for species confirmation/characterization as
described?®2.

Antibiotic resistance profiling

Antibiotic resistance profile of the bacterial strains was determined using VITEK2 (bioMérieux) and by
disk diffusion method on Mueller-Hinton agar supplemented with 5% horse blood (bioMérieux) for
growth deficient isolates. Interpretation was performed according to the recommendations of the
Antibiogram Committee of the French Society for Microbiology.

Whole genome sequencing and analysis

Bacterial genomes were sequenced as previously described?. Genome sequences are available in the
European Nucleotide Archive under BioProject PRJIEB19854 (sample ID starting with ERS and

accession numbers starting with FWC) for Y. enterocolitica 1 (Ye.1) (ERS1580350, FWCF02000001-
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275

FWCF02000181), Ye.2 (ERS1580351, FWCE02000001-FWCE02000227), Ye.3 (ERS1580352,
FWCB02000001-FWCB02000195), and Ye.4 (ERS1580353, FWCD02000001-FWCD02000173). Whole
genome-based taxonomic assighment was obtained as described?:.

259 epidemiologically unrelated Ye 4/0:3 strains isolated between 1982 and 2016 were also
sequenced and public genomes of 34 additional strains were used for subsequent analysis (Table S1).
Paired-end FASTQ files were used for variant calling using the Y11 reference strain (accession
number: NC_017564) with Snippy version 4.1.034. Putative recombinogenic regions were detected
and masked with Gubbins version 2.3.4%. A maximum-likelihood phylogenetic tree was built from an
alignment of 4,738 chromosomal SNPs with RAXML version 8.2.8%, Tree visualization was created
with iTOL®.

Pan-genome phylogenetic analysis

A total of 96 additional Ye strains were randomly selected together with the Ye.1-4 for Phylogenetic
Analysis by Maximum Likelihood (PAML)®. A pan-genome was constructed using PPanGGOLiN*,
Each gene of the pan-genome (3,824 genes) was translated to proteins and aligned using MAFFT
v7.407%, allowing to search for genes specific to Ye isolates. Back translation to nucleotide was
performed to obtain codon alignment, and a phylogenetic tree was built for each gene using IQ-TREE
v1.6.7.2*%, IQ-TREE’s ModelFinder*? was used to estimate the best variant of the General Time
Reversible (GTR) model. The 3,612 genes for which the strains Ye.3 and Ye.4 are not sisters in the
tree were removed. Synapomorphies were analyzed using a dedicated script

(https://gitlab.pasteur.fr/GIPhy/findSynapomorphies/). PAML tests detected genes under positive

selection pressure.
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FIGURE LEGENDS

Figure 1: Phylogenetic reconstruction. (A) Maximum likelihood phylogeny reconstructed with
RAXML under GTR model with 100 bootstraps based on 4,738 SNPs identified in 262 strains.
The genome of the Y11 strain (NC_017564) was used as reference for variant calling.
Numbers close to the branches indicate SNPs numbers. (B) Estimation of the date of internal

nodes using least-squares dating (https://Isdating.pasteur.fr) among the 4 strains isolated

from the patient. Green bars represent the standard deviation of the estimated date.

Figure 2. STRING network (https://string-db.org/) of known interactions between genes or proteins

including deleted genes, genes with synapomorphies, as well as common and distinct SNPs in Ye.3
and Ye.4 strains. Network is based on Yersinia enterocolitica 8081 strain database. Locus equivalence
between strains Y11 and 8081 are in Supplementary Table S4. Confidence is set on 0.6. Clustering is
done with MCL algorithm using an inflation parameter of 2. The links are inferred with Y.
enterocolitica 8081 proteins or homologous proteins in other species. The pink links are
experimentally determined interactions; the green, red and blue links represent predicted
interactions based respectively on gene neighborhood, fusions and co-occurence across genomes;
the yellow links stand for textmining; the black links are co-expression; the light purple links
represent protein homology. A. The purple cluster (YE1989-YE1994-nth, up right) represents the Rsx
transporter operon; the blue cluster (middle right) is the Sap transporter; the pink cluster (YE1998-
YE2000, bottom left) is a putative toxin ABC transporter; the red cluster includes genes involved in
DNA replication, transcription and repair; the middle bottom pink cluster (acs, maeB) as well as the
upper middle purple cluster (metH-metF) contain metabolic genes; the pink cluster in the (bottom

right) is involved in flagellar assembly. B. Two-genes links.
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426  TABLES

427  Table 1: Chronology of bacteremia and clinical case

Episode of Dec 1999 Jan 2000 Aug 2001 Jun 2006 Jan 2013 Oct 2013
bacteremia
Strain’s -Y. enterocolitica -Y. enterocolitica - Y. enterocolitica Sepsis but blood - Y. enterocolitica - Y. enterocolitica

characteristics 4/0:3 4/0:3 - Severe growth culture negative - Severe growth - Severe growth
- genotype 4 - genotype 4 defect defect defect
- Ye.l - Ye.2 = Ye.X - genotype 4 - genotype 4
> Ye3 > Ye.d
Abnormal antibiotic No No Nalidixic acid NA Nalidixic acid NA
resistance resistance resistance
Sign of infectionon  No No No Yes Yes NA
pacemaker lead (vegetation) (vegetation)
Treatment ceftriaxone + - ceftriaxone + long-term long-term - piperacillin, cotrimoxazole
netilmicin netilmicin ceftriaxone ceftriaxone tazobactam,
- 4 weeks (4 weeks) (until July 2005) amikacin (1 week)
- ciprofloxacin - long-term
(18 months) ceftriaxone
Disease evolution Recovery - Recovery - Recovery - Recovery - Recovery - Death due to

- Blood culture
negative (monthly)

- Blood culture
negative (monthly)

- Disappearance of
vegetation during
therapy

- Disappearance of
vegetation during
therapy

heart failure in Jan
2014

428 NA: Non-Assessed
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Table 2: list of CDS absent in Ye.3 and Ye.4 strain genomes

Genbank_id Product Size (bp)
Large deletion of 9,919 bp (positions 887742 to 897661) - 9 genes
WP_072076553.1 dipeptide/tripeptide permease DtpA 1,472
WP_005166379.1 LysR family transcriptional regulator 905
WP_005166377.1 hypothetical protein 1,211
WP_005178982.1 hypothetical protein 224
WP_005166373.1 peptide ABC transporter ATP-binding protein SapF 815
WP_005166371.1 peptide ABC transporter ATP-binding protein SapD 992
WP_005166369.1 peptide ABC transporter permease SapC 890
WP_005169521.1 peptide ABC transporter permease SapB 965
WP_005166365.1 peptide ABC transporter substrate-binding protein SapA 1,673
Large deletion of 32,673 bp (positions 1039738 to 1072411) - 28 genes
WP_005164789.1 DUF2813 domain-containing protein 1,178
YP_001006252.1 type | secretion system permease/ATPase 2,118
WP_005164791.1 HIyD family type | secretion periplasmic adaptor subunit 473
WP_005164793.1 peptidase C39 1,943
WP_023161026.1 formate--tetrahydrofolate ligase 1,805
WP_005164796.1 DUF2569 domain-containing protein 443
WP_005164797.1 electron transport complex subunit RsxA 581
WP_005164800.1 electron transport complex subunit RsxB 623
WP_014608949.1 electron transport complex subunit RsxC 1,856
WP_005164805.1 hypothetical protein 491
WP_005164807.1 right oriC-binding transcriptional activator 911
WP_020283189.1 electron transport complex subunit RsxD 1,055
WP_005164811.1 electron transport complex subunit RsxG 629
WP_005164813.1 electron transport complex subunit RsxE 701
WP_005164815.1 endonuclease lll 641
WP_016266185.1 hypothetical protein (YaxB) 1,037
WP_005164820.1 hypothetical protein (YaxA) 1,235
WP_005166280.1 oxidoreductase 2,321
WP_005178976.1 hypothetical protein 179
WP_005166281.1 exoribonuclease Il 1,934
WP_005166282.1 carbon starvation protein A 2,066
WP_005166289.1 DUF466 domain-containing protein 332
WP_005166294.1 fructose-6-phosphate aldolase 665
WP_005166295.1 DeoR/GIpR transcriptional regulator 746
WP_005166298.1 DUF2164 domain-containing protein 248
WP_005166300.1 L-ribulose-5-phosphate 4-epimerase 695
WP_005166303.1 glycine zipper 2TM domain-containing protein 212
WP_002224869.1 gluconate 5-dehydrogenase 83
Large deletion of 2,533 bp (positions 4134104 to 4136637) - 2 genes
WP_002228219.1 polynucleotide adenylyltransferase 1,541
WP_005156770.1 tRNA glutamyl-Q(34) synthetase GIuQRS 929
Positions are expressed on Y11 reference genome (accession number NC_017564).
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431 Table 3: List of the 41 genes with small insertions/deletions in the Ye.3 and Ye.4 strains

Genbank id Status Product

KGA74145.1 complete hypothetical protein DJ62_2388

WP_005156285.1 truncated 23S rRNA (uridine(2552)-2'-0)-methyltransferase RImE
WP_005156732.1 truncated acetate--CoA ligase

WP_005156737.1 truncated cation/acetate symporter ActP

WP_005156764.1 truncated RNA polymerase-binding protein DksA
WP_005157750.1 truncated APC family permease

WP_005158003.1 truncated transcription-repair coupling factor
WP_005158842.1 truncated urea ABC transporter ATP-binding subunit UrtE
WP_005161086.1 truncated DUF3748 domain-containing protein
WP_005163313.1 truncated Aminopeptidase

WP_005164830.1 truncated Glucokinase

WP_005165635.1 truncated MATE family efflux transporter

WP_005166113.1 truncated DUF484 domain-containing protein
WP_005167417.1 truncated MFS transporter

WP_005181075.1 truncated guanosine pentaphosphate phosphohydrolase/exopolyphosphatase GppA
WP_011815289.1 truncated class Il fructose-bisphosphatase

WP_011815418.1 truncated miniconductance mechanosensitive channel MscM
WP_013649985.1 truncated MFS transporter

WP_014609301.1 truncated DUF494 domain-containing protein
WP_016266722.1 truncated toxin subunit

WP_019250468.1 truncated inorganic phosphate transporter PitA
WP_023160195.1 truncated dihydroxyacetone kinase subunit DhaM
WP_049530647.1 truncated TonB-dependent siderophore receptor
WP_049679210.1 truncated dipeptide transporter permease DppB
WP_050344735.1 truncated RNA chaperone ProQ

WP_050879682.1 truncated amino acid ABC transporter permease
WP_076706727.1 truncated MFS transporter

WP_085910232.1 truncated MFS transporter

WP_112999146.1 truncated sensor domain-containing diguanylate cyclase
WP_145531626.1 truncated two-component system sensor histidine kinase KdbD
WP_145535939.1 truncated type | DNA topoisomerase

WP_005165697.1 complete NADP-dependent oxaloacetate-decarboxylating malate dehydrogenase
WP_013650157.1 complete DNA topoisomerase (ATP-hydrolyzing) subunit A (GyrA)
WP_005162896.1 complete HAAAP family serine/threonine permease

WP_001534187.1 truncated hypothetical protein

WP_005163236.1 truncated beta-ketoacyl-[acyl-carrier-protein] synthase family protein
WP_005160711.1 truncated hypothetical protein

WP_005180337.1 truncated 3'5'-cyclic-AMP phosphodiesterase - CpdA

WP_005157438.1 truncated MurR/RpiR family transcriptional regulator

WP_005165794.1 complete DNA-directed RNA polymerase subunit beta' - RpoC

WP_004706052.1 complete two-component system response regulator - ArcA
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Annexe F

Résumé substantiel en francais

Yersinia pestis est le bacille hautement virulent responsable de la peste, une zoonose
ré-émergente généralement transmise par les puces se nourrissant sur des mammiféres
bactériémiques, et agent majeur du risque biologique militaire a transmission interhumaine.
I existe trois principales formes cliniques de la peste. La peste bubonique, la forme la plus
fréquente, résulte de la piqlre par une puce infectée dans le derme. La bactérie peut ensuite
migrer et se multiplier dans les ganglions lymphatiques, formant un ganglion gonflé carac-
téristique nommé bubon. Si le systeme immunitaire ne parvient pas a controler 'infection,
la bactérie dissémine dans I'organisme par voie hématogene, colonisant le foie et la rate
et provoquant une peste septicémique dite secondaire. Lintroduction directe de la bactérie
dans la circulation sanguine par la piqQre de la puce ou par contact d’'une blessure avec un
eélément contaminé résulte quant a elle en une peste septicémique dite primaire. Lors de la
dissémination, la bactérie peut atteindre les poumons qu’elle va ensuite coloniser, induisant
une peste pulmonaire secondaire transmise par voie aérienne entre individus. Un individu
sain contaminé par la toux ou par I'inhalation de gouttelettes contaminées peut contracter
une peste pulmonaire dite primaire. Cette forme est caractérisée par la multiplication de la
bactérie dans les poumons passant inapergue aupres du systeme immunitaire lors d’'une
phase pré-inflammatoire, suivie d’'une phase pro-inflammatoire résultant en une pneumo-
nie, une destruction des poumons et en une dissémination systémique de la bactérie par le
sang. Dans les trois formes, les bactéries atteignent la circulation sanguine. Malgré I'impor-
tance de la phase bactériémique pour la transmission dans le réservoir animal et pour la
progression de la maladie chez 'lhomme, celle-ci est restée trés peu étudiée jusqu’a aujour-
d’hui. Lobjectif de nos travaux est double : en nous reposant sur des méthodes avancées
d’analyse a haut-débit et de biologie des systémes, nous souhaitons d’une part caracté-
riser cette phase bactériémique de fagon plus approfondie, et développer d’autre part de
nouveaux outils de diagnostic précoce de la peste, notamment de la peste pulmonaire.

Nous avons tout d’abord mis au point des protocoles d’extraction de protéines afin de
réaliser des analyses protéomiques par spectrométrie de masse avec les contraintes impo-
sées par I'expérimentation en laboratoire confiné de niveau de sécurité biologique 3. Nous
avons comparé trois méthodes d’extraction de protéines, les deux premieres basées sur
une lyse par billes en urée 8M ou par sonication en SDS 4%, suivies du protocole FASP
(Filter-Aided Sample Preparation), ainsi qu’une troisieme méthode récemment publiée utili-
sant I'acide trifluoro-acétique comme lyse chimique, nommée SPEED (Sample Preparation
by Easy Extraction and Digestion). Cette derniere étant rapide, robuste, simple a mettre en
place et possédant des performances équivalentes aux deux autres méthodes, nous I'avons
sélectionnée et nous avons validé son utilisation en laboratoire de niveau de sécurité biolo-
gique 3. Cette méthode inactive efficacement les bactéries et détruit les acides nucléiques,
nous permettant de sortir les échantillons en toute sécurité du laboratoire de niveau 3 et de
respecter la réglementation frangaise sur les « Micro-Organismes et Toxines » (MOT). Nous
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avons ensuite mis au point les conditions de culture de Y. pestis dans le plasma humain afin
de générer un atlas protéique dans ce milieu et dans deux milieux de culture de laboratoire,
un milieu riche et un milieu minimum chimiquement défini. Cette analyse nous a permis d’ob-
server un changement métabolique important de la bactérie, notamment une abondance
des protéines impliquées dans la capture du fer et la biosynthése de la méthionine, lors de
la croissance en plasma. Afin de compléter les données plasmatiques, nous avons mis au
point un protocole original d’analyse protéomique apres croissance des bactéries dans le
sang total, un milieu complexe par la tres grande quantité de cellules et de protéines hu-
maines empéchant la bonne discrimination des protéines bactériennes. Une librairie spec-
trale a donc été générée grace a I'enrichissement non spécifique par billes magnétiques
(Nanotrap) de la bactérie apres incubation dans le sang humain, ainsi qu’avec une culture
pure en milieu de laboratoire, nous permettant d’obtenir le protéome de Y. pestis le plus com-
plet a ce jour, couvrant plus de 2800 protéines. Afin d’obtenir des mesures semi-quantitative
des protéines bactériennes dans nos conditions, nous avons di diminuer la complexité de
I'échantillon de sang a analyser. Aprés incubation de la bactérie dans le sang total, nous
avons choisi d’enrichir spécifiquement par immunocapture les polynucléaires neutrophiles
et les monocytes, cellules du systéme immunitaire avec lesquels Y. pestis interagit de fagon
privilégiée. Nous avons pu identifier plus de 5000 protéines dont pres de 1500 provenant des
bactéries dans ces deux fractions cellulaires. Nous avons observé une injection d’effecteurs
bactériens plus importantes dans les monocytes que dans les polynucléaires neutrophiles,
suggérant une plus grande affinité lors de l'interaction entre Y. pestis et les monocytes ou
une mortalité plus réduite en comparaison des polynucléaires neutrophiles. Lanalyse des
protéomes humains nous a permis de valider la spécificité de I'enrichissement des deux
fractions cellulaires, grace a I'enrichissement de protéines spécifiques des polynucléaires
neutrophiles ainsi que des voies de dégranulation et de métabolisme des sucres. Concer-
nant les monocytes, outre la spécificité de certaines protéines et du complexe d’histocom-
patibilité de classe 2, nous avons observé un enrichissement des protéines impliquées dans
la respiration mitochondriale, en accord avec les différences de métabolisme connues entre
les polynucléaires neutrophiles et les monocytes. Notre protocole nous a permis d’obtenir
le premier protéome mixte d’'une bactérie et de I'héte dans un échantillon aussi complexe
que le sang décrit a ce jour, qui plus est appliqué en laboratoire de niveau de sécurité bio-
logique 3. Ces résultats permettent d’ouvrir la voie a I'étude protéomique des interactions
héte-pathogene dans des conditions expérimentales plus complexes qu’auparavant.

En paralléle, nous avons développé un site internet — Yersiniomics — afin d’analyser et
visualiser ces données. Nous avons collecté les 200 génomes complets disponible pour
'espece Yersinia ainsi que les expériences transcriptomiques et protéomiques publiées, re-
présentant plus de 300 conditions biologiques in vitro et in vivo intégrées dans la base de
données. Ce site unique permet d’accéder a la collection de données de I'espece Yersinia la
plus compléte actuellement, grace a un navigateur génomique interactif intégrant I'ensemble
des expériences au niveau de chaque gene. Une visualisation des données de couverture
de séquencgage des ARNSs, le contréle de la qualité de ces séquencgages, ainsi que des
plages de couleur représentant les analyses différentielles des données transcriptomiques
et protéomiques ont été implémentées. Chaque gene des génomes de référence est dyna-
miquement lié a des bases de données externes tels que GenBank, Kyoto Encyclopedia of
Genes and Genomes (KEGG), UniProt, InterPro, IntAct ou Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING), permettant ainsi un accés simplifié a 'ensemble des
annotations depuis les génomes de Yersinia. Cet outil, grandement apprécié par la commu-
nauté scientifique travaillant sur les Yersinia, pourra étre facilement transposable a d’autres
organismes pour lesquels il n’existe pas encore a ce jour de base de données dédiée.

Gréace a cet outil, combiné a nos données protéomiques, nous avons sélectionné 47
protéines dont I'expression était modulée lors de la croissance bactérienne dans le plasma
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humain et/ou présentant un profil intéressant dans notre base de données, puis nous avons
inactivé les génes correspondants par recombinaison et insertion d’'une cassette de résis-
tance a un antibiotique. Nous avons caractérisé la survie de ces souches mutantes aprés
incubation dans du sang total humain, ainsi que leur virulence dans un modele murin de
peste septicémique, apres injection intraveineuse. Létude des souches mutantes nous a
permis d’identifier plusieurs protéines impliquées dans 'homéostasie du cuivre, une subti-
lase, une protéase et des lipoprotéines nécessaires a la survie de Y. pestis dans le sang
humain et/ou a la virulence chez la souris. Nous avons notamment démontré que la lipo-
protéine SlyB joue un réle critique pour la virulence dans les trois formes de peste, apres
injection intradermique imitant la pigUre de la puce et menant a une peste bubonique, apres
instillation intranasale causant une peste pulmonaire, ou apres injection intraveineuse me-
nant a une peste septicémique. Le mutant de délétion slyB montre une croissance affectée
dans le sérum et le sang humain ainsi qu'une survie réduite dans des macrophages hu-
mains. Nous avons également démontré que l'inactivation de slyB conduit a une sensibilité
accrue des bactéries mutantes a des éléments majeurs de la réponse immunitaire innée, tels
que le complément, les neutrophil extracellular traps (NET) et les proteoglycofili (PGF) rela-
chés par les polynucléaires neutrophiles, ainsi que les protéases et peptides anti-microbiens
décorant ces NET et PGF. Une analyse protéomique du mutant de délétion slyB a dévoilé
une abondance plus faible pour nombre de protéines périplasmiques dont certaines ont été
détectées dans le surnageant de culture, suggérant une plus grande fragilité et/ou perméa-
bilité de la membrane externe de la bactérie. La répression du systeme de sécrétion de
type 3 et du régulateur de virulence RovA, couplée a une augmentation de la quantité de
protéines du systeme a deux composants Cpx dans le mutant slyB suggere I'activation des
réponses aux stress de membrane. Lobservation d’'un changement métabolique avec no-
tamment I'activation des voies d’'import du soufre pourrait découler de la réponse aux stress
d’enveloppe et de la fuite périplasmique précédemment décrite. SlyB, largement répandu
chez les bactéries Gram-négatives et notamment chez certaines bactéries pathogenes, a
précédemment était décrit comme nécessaire pour résister aux agents ciblant la membrane
tels que les détergents ou les peptides anti-microbiens chez Pseudomonas ou Burkholde-
ria. Notre étude met en lumiere pour la premiére fois le réle de SlyB dans la pathogenése
bactérienne en permettant une plus grande résistance des bactéries a I'immunité innée.
Enfin, nous avons exploité nos modeéles expérimentaux pour découvrir de nouveaux bio-
marqueurs de la peste. Lun des enjeux majeurs, que ce soit pour les forces armées ou pour
les cliniciens des pays touchés par la peste, est le diagnostic rapide de la maladie. Bien que
I'antibiothérapie soit efficace contre Y. pestis, celle-ci doit &tre administrée treés rapidement.
En effet, en cas de peste pulmonaire ou septicémique, la mort peut survenir en moins de 48
heures apres la survenue des premiers symptdmes qui par ailleurs sont non spécifiques.
Des tests de diagnostic rapide (TDR) ont été mis au point dés le début des années 2000.
lIs se basent sur la détection de I'antigéne F1, composant de la pseudocapsule de Y. pes-
tis. Une modélisation récente, tirant partie de I'épidémie de peste de 2017 a Madagascar,
a démontré une sensibilité des TDR de seulement 28% et une spécificité de 82% en cas
de peste pulmonaire, et une sensibilité de seulement 7% pour la culture bactériologique.
La détection basée sur des techniques de biologie moléculaire possede quant a elle une
sensibilité de 80% et une spécificité de 100%, mais n’est réalisée qu’en laboratoire par du
personnel formé avec des équipements spécialisés, contrairement aux TDR réalisés au
chevet des patients. Au-dela de I'absence de tests rapides et fiables pour le diagnostic de
patients symptomatiques, un manque total existe en ce qui concerne le diagnostic présymp-
tomatique. Nous souhaitons donc élaborer de nouvelles approches diagnostiques fondées
sur la détection des biomarqueurs de I'h6te. Pour cela, nous avons choisi d’étudier les mi-
croARNs systémiques de I'héte différentiellement exprimés lors de l'infection par Y. pestis,
potentiellement utilisables comme biomarqueurs pour le diagnostic précoce de la maladie.
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Nous avons implémenté un modéle murin de peste pulmonaire bien caractérisé dans la lit-
térature et nous avons criblé par PCR quantitative 179 microARNSs circulant dans le sang.
Nous avons pu établir la preuve de concept de cette approche en identifiant trois candidats
prometteurs surexprimés a un stade précoce de la maladie, seulement 24 heures apres in-
fection. Nous avons ensuite optimisé notre méthodologie afin de prélever le sang des souris
de fagon plus reproductible et de minimiser I’'némolyse, facteur majeur de contamination de
microARNs. Nous développons maintenant une approche de criblage non biaisée, basée
sur le séquengage des microARNSs totaux appliquée aux différents stades de la maladie, a
6 heures, 24 heures et 48 heures apres infection.
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