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ABSTRACT 

 

Listeria monocytogenes (Lm) is a major intracellular foodborne pathogen that causes 

listeriosis, a severe human systemic infection that is rare, but often fatal among 

immunocompromised hosts. Lm, through an arsenal of virulence factors, has the ability to 

transverse several physiological barriers and multiplies within phagocytic and non-phagocytic 

cells, to evade the host immune system and effectively disseminate throughout host tissues. In 

immunocompetent hosts, the innate immune response is able to contain Lm expansion and to 

activate adaptive immunity. Aiming to better understand the Lm-host interaction, we explored 

new host innate immune mechanisms used by the host to clear Lm infection, as well as new 

strategies used by Lm to evade the host immune system and promote bacterial multiplication. 

For this purpose, we assessed the impact of both host Scavenger Receptors (SRs) and new 

virulence factors in Lm pathogenicity. 

SRs, an emergent family of conserved pattern recognition receptors, are involved in pathogen 

infections and play key functions in antimicrobial host immune response. In this work, we 

found for the first time a role for STABILIN-1 (STAB-1) in pathogen infection. In particular, we 

show that STAB-1 promotes Lm phagocytosis and ensures macrophage membrane integrity. 

Using a mouse model of infection, we demonstrate that STAB-1 is induced in response to Lm 

infection, regulates inflammatory cytokine production and controls the recruitment of myeloid 

cells to restrict Lm proliferation. We thus propose a new protective role for STAB-1 against 

bacterial infection. 

CadC is the transcriptional regulator of CadA, an efflux pump conferring cadmium resistance. 

We show that during in vivo infection, Lm uses CadC to directly repress the expression of the 

LspB lipoprotein signal peptidase to avoid the exposure of the LpeA lipoprotein to the host 

immune system, thus diminishing inflammatory cytokine expression and promoting 

intramacrophage survival and virulence. In addition, we show that CadC controls bile salt 

hydrolase (BSH) activity and Lm resistance to bile by repressing bsh expression. We 

demonstrate that the CadC-independent expression of bsh induces the expression of the 

cholic acid efflux pump MdrT, restricting Lm virulence. CadC regulates additional genes, 

including virulence genes and σB-activated genes during colonization of the host intestinal 

lumen. Altogether, these data point out CadC as a new general repressor repurposed to fine-

tune virulence gene expression over the Lm infectious process. 
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RESUMO 

 

A Listeria monocytogenes (Lm) é um agente intracelular patogénico transmitido através de 

alimentos contaminados e responsável por uma infeção sistémica humana grave, embora 

rara, geralmente fatal em hospedeiros imunocomprometidos, a listeriose. A Lm, através da 

expressão de inúmeros factores de virulência, tem a capacidade de atravessar diferentes 

barreiras fisiológicas e multiplicar-se em células fagocíticas e não fagocíticas, de forma a 

evitar a resposta imune gerada pelo hospedeiro, e assim disseminar-se ao longo dos tecidos. 

Em indivíduos imunocompetentes, a resposta imune inata é capaz de limitar a expansão de 

Lm e ativar a imunidade adaptativa. Com o objetivo de compreender melhor a interação entre 

a Lm e o hospedeiro, explorámos novos mecanismos imunológicos utilizados pelo hospedeiro 

para eliminar a infecção por Lm, bem como novas estratégias usadas pela Lm para contornar 

o sistema imunológico do hospedeiro e promover a multiplicação bacteriana. Para este 

propósito, avaliámos o impacto dos “Scavenger receptors (SRs)” e de novos fatores de 

virulência na patogenicidade de Lm.  

Os SRs constituem uma família emergente de “pattern recognition receptors” que 

desempenham funções anti-microbianas cruciais para a resposta imune do hospedeiro. Neste 

trabalho, revelámos pela primeira vez o papel de STABILIN-1 (STAB-1) em infecções 

patogénicas. Em particular, mostrámos que STAB-1 promove a fagocitose da Lm e garante a 

integridade da membrana dos macrófagos. Usando murganhos como modelo de infecção, 

demonstrámos que a expressão de STAB-1 é induzida em resposta à infecção por Lm, regula 

a produção de citoquinas inflamatórias e controla o recrutamento de células mieloides de 

forma a restringir a proliferação da Lm. Deste modo, propomos que STAB-1 constitui um SR 

com um papel fundamental no controlo da infeção bacteriana. 

CadC é um regulador transcricional de CadA, uma bomba de efluxo que confere resistência 

ao cádmio. Mostrámos que durante a infecção in vivo, a Lm usa CadC para reprimir 

diretamente a expressão da lipoproteína de peptidase sinal LspB, de forma a evitar a 

exposição da lipoproteína LpeA ao sistema imune do hospedeiro, diminuindo assim a 

expressão de citoquinas inflamatórias e promovendo a sobrevivência intra-macrofágica e a 

virulência. Além disso, mostrámos que o CadC controla a atividade da hidrolase de sais 

biliares (BSH) e a resistência da Lm à bílis, reprimindo a expressão de bsh. Demonstrámos 

que a expressão de bsh, independente de CadC, induz a expressão da bomba de efluxo de 

ácido cólico, MdrT, restringindo a virulência da Lm. CadC regula outros genes, incluindo 

genes de virulência e genes ativados por σB durante a colonização do lúmen intestinal do 

hospedeiro. Deste modo, CadC atua como um novo repressor reutilizado para afinar a 

expressão de determinados genes de virulência ao longo do processo infeccioso de Lm. 
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A. LISTERIA MONOCYTOGENES 
 
A.1. Historic perspective 

 
It has been over 90 years since Listeria monocytogenes (Lm) was for the first time identified 

by E.G.D. Murray and his colleagues, in 1926 (Figure 1A). Murray isolated the bacterium 

from the liver of sick rabbit upon an epidemic outbreak affecting rabbits and guinea pigs in 

their laboratory in Cambridge. At the time, they named it Bacterium monocytogenes, due to 

the large numbers of monocytes present in the blood of infected animals (Murray et al.  

1926). One year later, Pirie and co-workers isolated the same specie in the liver of gerbils in 

South Africa and renamed it Listerella hepatolytica, honouring the father of antiseptic 

surgery, Lord Joseph Lister (Figure 1A) (Pirie  1927). However, in 1939, the International 

Committee on Systematic Bacteriology rejected the generic name Listerella and Pirie 

proposed the current name, Listeria monocytogenes (Pirie  1940). 

 

Fig. 1. History of Listeria. A. E.G.D. Murray and Lord Lister portraits (Cossart  2007). B. Lm resistance to 
intracellular killing in macrophages (Mackaness  1962). 

 

At that time, human cases were highly sporadic and listeriosis was largely considered as a 

zoonosis, even upon Nyfeldt had isolated the bacterium from patients with an infectious 

mononucleosis-like disease (Nyfelt  1929). Later on, Macknass and his colleagues found for 

the first time that Lm was able to resist to intracellular killing in macrophages in a mouse 

model of infection (Figure 1B). In addition, they have shown that a primary infection by 

Listeria induced a protective cellular immune response against a secondary infection 

(Mackaness  1962). These pioneering studies made Listeria as one of the most intracellular 

organisms used to study the mechanisms underlying the activation of immune response 

(Zenewicz et al.  2007). It was only in 1981 that listeriosis was related with the consumption 

of Listeria contaminated foodstuffs, after a severe outbreak of the disease with a high 

mortality rate among the maritime province in Canada (Schlech et al.  1983). Afterwards, 

other food-related outbreaks arose and the disease was recognized as a serious public 

health concern (Swaminathan et al.  2007). 

A. 

Lord Joseph 
B. 
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A.2. Biodiversity, taxonomy and phylogeny 
	  
Listeria belongs to the Listeriaceae family, which pertains to the order Bacillales, class Bacilli 

and the phylum Firmicutes of the Bacteria domain. Recent progress on the phylogenetic 

diversity and taxonomy of the genus Listeria has been done. Seeliger and Rocourt have 

firstly identified five Listeria species: L. innocua (Seeliger  1981), L. welshimeri, L. seeligeri 

(Rocourt et al.  1983), L. ivanovii (Seeliger et al.  1984) and L. grayi (Larsen et al.  1966). 

Therefore, two other species were isolated – L. marthii and L. rocourtiae (Graves et al.  2010; 

Leclercq et al.  2010); nowadays the Listeria genus has expanded and already comprises 

seventeen distinct species including L. fleischmannii, L. weihenstephanensis (Bertsch et al.  

2013; Lang Halter et al.  2013), L. floridensis, L. aquatica, L. cornellensis, L. riparia, L. 

grandensis, L. booriae and L. newyorkensis (Figure 2A) (Den Bakker et al.  2014; Weller et 

al.  2015). Nevertheless, among these species only two of them are considered to be 

pathogenic: Lm, often associated with severe illness both in humans and animals, and L. 

ivanovii, which causes disease in livestock. The remaining species are widespread in nature, 

being physiologically similar and co-inhabiting in the same environments (Orsi et al.  2016).  
 

 

 

 

 

Fig. 2. Phylogeny and post-genomics of Listeria. A. Phylogenetic tree of the genus Listeria (Lebreton et al.  
2016). B. Circular genome maps of Lm EGD-e and L. innocua CLIP 11262: From the outside: Circles 1 and 2, 
L. innocua and Lm genes on the plus and minus strands, respectively. Color code: green, L. innocua genes; 
red, Lm genes; black, genes specific for Lm or L. innocua; orange, rRNA operons; purple, prophages. Numbers 
on the second circle indicate the position of known virulence genes. Circle 3, G/C bias (G+C/G-C) of Lm. Circle 
4, G+C content of Lm. The scale in megabases is indicated on the outside of the genome circles, with the 
origin of replication at position 0 (Glaser et al.  2001). 

 

In 2001, a relevant step forward in Listeria research was the publication of the first complete 

genome sequences of Lm EGD-e and the phylogenetically close but non-pathogenic L. 

innocua CLIP 11262 (Figure 2B) (Glaser et al.  2001). Few years later, the whole-genome 

sequence of other Listeria species became available (Buchrieser et al.  2011; Hain et al.  

2006; Steinweg et al.  2010). Comparative genomics pointed out differences that were 

A. B. 
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important to understand the phylogenetic relationship of Listeria spp. Schimid and his co-

workers, through the comparison of multiple virulence-associated loci in different species, 

argued that L. grayi was the oldest branch of the genus and lose its pathogenic capacity, 

while Lm, L. innocua, L. ivanovii, L. seeligeri and L. welshimeri radiated more recently into 

two distinct lineages from a common ancestor (Figure 2A). Interestingly, Listeria genomes 

share a highly strong conservation in genome organization (Schmid et al.  2005).  

 

A.3. General features 
	  
Lm is a Gram-positive bacterium with an extremely high capacity to adapt and survive to a 

wide range of environmental conditions. It is a small rod-shaped (0.5 x 1-2 µm), non-spore-

forming and non-encapsulated bacterium that is usually motile in environments with 

temperatures above 25 ºC (Seeliger et al.  1986). A particularity of this aerobic or facultative 

anaerobic bacillus is its adaptation capacity to large shifts of temperature (<0 to 45 ºC, with 

optimal growth at 30-37 ºC), pH (4.3 to 9, being optimal at 7) and osmotic pressure (up to 

10% NaCl) (Junttila et al.  1988; Shahamat et al.  1980). This ubiquitous pathogen sustains a 

broad array of survival skills to manage life within diverse conditions. Indeed, Lm is found 

throughout the environment in soil, water, vegetation, sewage, animal feces, food and 

importantly, in several animal species and humans (Orndorff et al.  2006). Listeria genome is 

highly stable and conserved, therefore different species contain similar size of circular 

chromosomes, ranging from 2.8 to 3.0 Mb. The G+C genome content is in average 38% and 

encodes approximately 2900 open reading frames (Table 1). However, there are intrinsic 

genomic differences between the Listeria genomes, which are closely related to the 

pathogenicity of the bacterium. In fact, the most essential virulence genes present is Lm are 

all absent from the homologous regions of the non-pathogenic species (Buchrieser  2007; 

Schmid et al.  2005).  
 
 
           Table 1. General features of published Listeria genome sequences (Buchrieser  2007). 

	  

L. monocytogenes 
EGD-e (1/2a)

L. monocytogenes 
F2365 (4b)

L. innocua 
CLIP11262

Size of the chromosome (bp) 2 944 528 2 905 310 3 011 209

G+C content (%) 38 38 37.4

G+C content protein-coding genes (%) 38.4 38.5 38

Total no. of CDS 2853 2847 2973

Prophages 1 2 5

Plasmids - - 1 (79 CDS)

Strain-specific genes 61 51 78

Transposons 1 (Tn916 like) - -

rRNA genes 6 6 6

tRNA genes 67 67 66
* Abbreviations: bp (base pairs); G+C (guanine and cytosine); CDS (coding sequence)
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B. LISTERIOSIS 
 
B.1. Successive steps of the infection 
 
Following the consumption of contaminated food products, Lm has an advantage of 

overcoming harsh gastric conditions to reach the intestinal lumen (Figure 3). The 

transgression of the intestinal barrier by Lm is host species-specific and mainly mediated by 

Internalin A. This bacterial protein interacts preferentially with the E-cadherin (Ecad) exposed 

around goblet cells, but also with the Ecad expressed by villus epithelial folds and the one 

surrounding extruded enterocytes at the tip and lateral sides of villi. Once Lm is internalized, 

it is rapidly transcytosed across the intestinal epithelium, being released in the lamina propria 

(Nikitas et al.  2011). Then, Lm enters into the bloodstream or lymph and ends up both in 

liver and spleen, the major target organs for bacterium colonization (Figure 3) (Cossart  

2011). About 90% of the bacteria are trapped in the liver due to the high capacity of Kupffer 

cells to capture them, leading to a decrease on the bacterial load during the first six hours of 

infection (Conlan et al.  1991; Cousens et al.  2000; Mackaness  1962). Lm infection induces 

an early necroptotic death of Kupffer cells, which generates an inflammatory response that 

mobilize monocytes for liver repair (Bleriot et al.  2015). Still surviving bacteria replicate 

within hepatocytes and do spread to nearby cells and tissues, being released into the 

bloodstream and ultimately causing bacteremia (Vazquez-Boland et al.  2001). Importantly, 

circulating bacteria may also disseminate to secondary target organs and gain access to the 

central nervous system by transgressing the blood-brain barrier or to the uterus by crossing 

the placental barrier (Figure 3) (David et al.  2017; Lecuit  2005; Radoshevich et al.  2017; 

Vazquez-Boland et al.  2001).  

 

Fig. 3. Successive steps of human listeriosis and the major organs affected by the disease. Following the 
ingestion of contaminated food, Lm translocates across the intestine, it enters into the bloodstream to travel to the 
liver and spleen. Lm could also gain access to the central nervous system by transgressing the blood-brain 
barrier or to the uterus by crossing the placental barrier. 
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B.2. Clinical features, risk groups and treatment 
 
The capacity of the pathogen to cause disease depends on the bacterial load, on its own 

pathogenic potential and importantly, on the immunological status of the host. There are two 

different forms of illness caused by Lm: a non-invasive and an invasive form. In 

immunocompetent hosts, the non-invasive listeriosis can be asymptomatic or manifests itself 

as a typical febrile gastroenteritis, being usually a self-limiting infection. However, there are 

specific health conditions and groups of individuals that manifest higher susceptibility to 

develop the invasive form of listeriosis, including elderly, pregnant women, neonates and 

patients carrying diabetes mellitus, alcoholism, autoimmune diseases, HIV and those ones 

that receive immunosuppressive drugs (Allerberger et al.  2010; Swaminathan et al.  2007; 

Vazquez-Boland et al.  2001). Indeed, the primordial host defence against listeriosis is the 

cell-mediated immunity and therefore T-cell deficient hosts are highly prone to be infected 

(Zenewicz et al.  2007). Among these high-risk groups, listeriosis manifests as a bacteraemia 

that may further evolve to a septicaemia or to local organ infections, in particular in the 

central nervous system (CNS) or in the fetoplacental system (Allerberger et al.  2010). In 

non-pregnant adults, the most frequent form of infection, ranging from 55% to 70% of the 

overall cases, affects the CNS due to the tropism of Lm for the brain tissues. In this case, 

meningitis and also meningoencephalitis are the most common manifestations of the 

disease, often accompanied by severe changes in consciousness, movement disorders and 

less frequently, paralysis of the cranial nerves (Nieman et al.  1980; Vazquez-Boland et al.  

2001). Listeriosis in the course of pregnancy is a serious threat to the foetus (Madjunkov et 

al.  2017). One-third of the materno-fetal cases result in abortions or stillbirth, mainly during 

the third trimester of pregnancy, when T-cell immunity is impaired (Al-Tawfiq  2008). Lm is 

able to go through the placenta from the maternal blood to the foetus, leading to the 

development of the materno-fetal infection. This early-onset neonatal listeriosis can cause 

abortion, birth of stillborn foetus or generalized infection in newborns (sepsis) and meningitis. 

Less frequent is the late-onset manifestation of the disease, which may develop in week-old 

neonates, probably upon having in contact with contaminated mother fluids during childbirth 

(Allerberger et al.  2010; Vazquez-Boland et al.  2001).  

Although the intrinsic resistance to antibiotics is a serious therapeutic problem nowadays, the 

most clinically effective therapy to treat listeriosis involves the administration of antibiotics 

(Krawczyk-Balska et al.  2016). The combination of the β-lactams penicillin and ampicillin 

with the aminoglycoside gentamicin is so far, the best alternative. Nevertheless, these β-

lactams are bacteriostatically efficient against Lm, reinforcing the importance of host defence 

mechanisms. Other antimicrobial drugs including erythromycin, vancomycin, trimethoprim/ 

sulfamethoxazole or fluoroquinolones can be used as an alternative for patients allergic to β-
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lactams. Pregnant women should not be treated with gentamicin due to the teratogenic 

effects on the foetus (Allerberger et al.  2010).  

 
B.3. Epidemiology  
	  
It has been over almost four decades since listeriosis was associated with the consumption 

of Listeria contaminated food (Schlech et al.  1983). In the past few years, the number of Lm 

foodborne outbreaks has been increasing, in particular in developed countries, due to the 

globalization of food industry, as well as the recurrence to ready-to-eat products. 

Nevertheless, several cases of zoonosis have also been reported, affecting many species of 

animals, including domestic pets, livestock, rodents, fish and amphibians (Allerberger et al.  

2010; Gandhi et al.  2007; Goulet et al.  2008). Lm has a great economical impact on food 

industry due to its ability to survive to the most common food-preserving methods 

(refrigeration and acidic or salty treatments). In addition, the bacterium persists in raw and 

processed food environments, such as meat, seafood, fruits, vegetables, dairy products (e.g. 

cheese, ham) and unpasteurized milk (Swaminathan et al.  2007). Lm is also able to produce 

a biofilm as a survival strategy, therefore it is important to control biofilm formation to 

diminish the prevalence of the bacterium in foodstuff (Zhu et al.  2017).  

Listeriosis is a rare disease, with an incidence of 1-10 cases per million people reported 

every year (Denny et al.  2008; Goulet et al.  2008; Lomonaco et al.  2015). The rate of 

listeriosis has steadily increased during 2010–2014 in European Union countries. In 2010 

approximately 23.150 cases of listeriosis were estimated worldwide (de Noordhout et al.  

2014). In 2014, 2.194 confirmed cases of listeriosis were reported by 28 European Union 

countries, with an overall rate of 0.6 per 100.000 people. Germany and France had the 

highest numbers of reported cases (44.3% of all cases) (ECDC  2016). Listeriosis is an 

overall public health concern once it is associated with high hospitalization and mortality 

rates, being one of the most deadly food-borne infections, with an average rate of deaths 

around 20-30% (Table 2). 
	  

Table 2. Reported and hospitalized human cases of zoonosis in the European Union 2014 (EFSA  2015).  

	  

 

Disease
Number of confirmed 

human cases
Reported hospitalised 

cases Reported deaths

Campylobacteriosis 236.851 18.303 25

Salmonellosis 88.715 9.830 65

Yersiniosis 6.625 442 5

VTEC infections 5.955 930 7

Listeriosis 2.161 812 210

Brucellosis 347 142 0

Trichinellosis 319 150 2

* Abbreviations: VTEC (Verocytotoxin - producing Escherichia coli)
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Listeria classification is based on the serotyping of somatic (O) and flagellar (H) antigens. 

According this method, Lm comprises 13 known serotypes, but serotypes 1/2a, 1/2b, and 4b 

account for more than 95% of human reported cases of listeriosis (Goulet et al.  2008; 

Seeliger et al.  1979; Seeliger et al.  1989). In Portugal, listeriosis has been notifiable since 

April 2014, but there is no active surveillance program for the disease (Magalhaes et al.  

2015). 

 

B.4. Cell biology of infection 
	  
The potential of Lm to cause and establish infection within different tissues is related with its 

ability to invade and replicate in both phagocytic (macrophages, neutrophils and dendritic 

cells) and non-phagocytic host cells (epithelial and endothelial cells, enterocytes, fibroblasts 

and hepatocytes) (Cossart et al.  2008; Pamer  2004). When Lm encounters a eukaryotic 

host cell, it intimately associates to its surface through the expression of specific adhesins, 

thereby inducing its own internalization (Figure 4). The invasion of a non-phagocytic cell is 

mediated by a zipper-like mechanism, where the bacterium is gradually involved by host cell 

membrane until being confined in a vacuole (Figure 4). This process implies the engagement 

of host membrane receptors with bacterial invasins, which triggers different intracellular 

signalling pathways that induce cytoskeletal and membrane rearrangements. Then, Lm is 

able to acidify and disrupt the vacuole, reach the host cytoplasm and actively replicate using 

the available cytoplasmic nutrients of the cell (Figure 4). Cytosolic bacteria polymerize actin, 

which confers to the pathogen intracellular and intercellular motility. When Lm randomly 

reaches the cell periphery, it pushes the cell membrane leading to the formation of a double 

membrane protrusion that culminates with the formation of a secondary vacuole in adjacent 

cells (Figure 4). Afterwards, Lm rapidly escapes from the newly formed vacuole by lysing the 

double membrane and it becomes free in the cytosol to travel through neighbouring cells 

without being exposed to the extracellular milieu (Figure 4) (Cossart et al.  2008; Vazquez-

Boland et al.  2001).   

 
B.5. Major virulence factors  
	  
The successful achievement of each step of Lm intracellular life cycle is largely dependent 

on the proper spatiotemporal activation of a complex network of virulence factors (Figure 4). 

This section contains a brief description of the most relevant virulence factors that contribute 

for the progression of Lm infection cycle, as well as their respective regulatory mechanisms. 
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Fig. 4. Schematic representation of Lm cellular infection cycle and the major virulence factors involved in each 
step. Lm depicted in red and host actin in green. Electron microscopy images demonstrating the sequential 
events of Lm infectious cycle. Adapted from (Camejo et al.  2011; Cossart  2011). 
 

B.5.1. Adhesion 

 
Recently, it was shown that adhesion to host cells is sufficient to mediate Lm internalization 

into epithelial cells (Ortega et al.  2017). The initial bacterial contact with a eukaryotic cell 

surface is a critical step for Lm cellular infection cycle and involves a number of surface 

adhesion factors (Figure 4). Ami is a protein with amidase activity previously implicated on 

bacterial adhesion and virulence (Milohanic et al.  2000; Milohanic et al.  2001). It has a N-

terminal catalytic domain and a C-terminal cell wall-association domain containing eight 

glycine/tryptophan (GW) repeats (Braun et al.  1997). In addition, Lm Ami promotes, through 

glycosaminoglycans, an efficient adherence to mouse hepatocytes and enhances host innate 

immune responses by increasing the production of TNF-α and IL-6 (Asano et al.  2011; 

Asano et al.  2012). Listeria adhesion protein (LAP) is an alcohol acetaldehyde 

dehydrogenase that interacts with host cell receptor Hsp60 to promote bacterial adhesion to 

1. 2. 3. 4. 

4. 5. 6. 6. 
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intestinal epithelial cells and accelerates transepithelial translocation (Burkholder et al.  2010; 

Pandiripally et al.  1999). LapB was identified as a sortase-anchored LPXTG surface 

adhesin, found to be up-regulated in infected Lm mouse spleens and to be required for both 

adhesion and invasion of Lm into eukaryotic cells (Reis et al.  2010). FbpA is also an 

adhesin, which is required for liver and spleen colonization of mice intravenously infected. 

This protein seems to work not only as a fibronectin-binding protein but also as a chaperone 

that ensures the proper secretion of InlB and LLO (Dramsi et al.  2004; Osanai et al.  2013).  

So far, several other proteins were shown to significantly contribute to adhesion, including 

DltA, InlJ, InlF, CtaP and RecA (Abachin et al.  2002; Bierne et al.  2002; Dons et al.  2004; 

Kirchner et al.  2008; van der Veen et al.  2011; Xayarath et al.  2009).	  

 

B.5.2. Internalization 
 
The bacterium internalization by phagocytic cells is mostly driven by the cell itself. However, 

invasion of non-professional phagocytes is highly dependent on several Lm factors (Figure 

4). The inlAB gene locus encodes two proteins, Internalins A and B, known to be involved in 

cell invasion and tissue tropism (Dramsi et al.  1995; Gaillard et al.  1991). Internalin family is 

characterized by the presence of a N-terminal domain containing a signal sequence followed 

by a leucine-rich repeat domain (LRR), which is variable in length and contributes for protein-

protein interactions. Downstream this region, internalins have a conserved inter-repeat 

domain (IR) and a variable carboxy-terminal region (Cabanes et al.  2002; Dussurget et al.  

2004; Seveau et al.  2007).  

InlA is one of the proteins employed by Lm to trigger internalization by non-phagocytic cells. 

InlA-encoding gene is not found in the non-pathogenic L. innocua genome. It is covalently 

linked to the peptidoglycan meshwork of the bacterial cell wall by a LPXTG motif in its C-

terminal (Dhar et al.  2000). The expression of inlA is regulated by PrfA (Lingnau et al.  1995) 

and Sigma B (SigB) (Kazmierczak et al.  2003). Ecad is an intercellular adhesion 

glycoprotein that was found to be the host cellular receptor for InlA (Mengaud et al.  1996). 

The engagement of Ecad by InlA triggers complex signalling pathways involving actin 

cytoskeleton rearrangements and clathrin-mediated endocytosis, which further culminates 

with bacteria internalization (Figure 5). The extracellular domain of Ecad is sufficient to bind 

InlA, whilst the intracellular one binds to catenins and promote internalization (Lecuit et al.  

2000; Pizarro-Cerda et al.  2012). 

InlB is encoded on the same operon of inlA (Gaillard et al.  1991). Its N-terminal LRR region 

is sufficient to promote Lm internalization in several cell types. Previous work demonstrated 

that InlB was noncovalently associated to the cell wall lipoteichoic acids via three GW 

(glycine-tryptophan) modules (Braun et al.  1997; Cossart et al.  2003; Seveau et al.  2007). 
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Fig. 5. InlA and InlB signalling pathways of Lm internalization into host cells. The engagement of Ecad and c-Met 
by InlA and InlB, respectively, triggers a series of events that induce actin cytoskeleton rearrangements and 
bacteria internalization. Adapted from (Pizarro-Cerda et al.  2006). 
 

Recently, a glycosyltransferase involved in the LTA glycosylation process was discovered, 

revealing that GW-repeat-containing InlB protein can be retained in Lm cell wall in the 

absence of LTA (Percy et al.  2016). Remarkably, this protein is also absent from non-

pathogenic L. innocua genome and its expression is under the regulation of both PrfA and 

SigB. Unlike InlA, InlB promotes bacterial invasion by interacting with different partners at the 

host cell surface. c-Met, which binds hepatocyte growth factor (HGF) was identified as a 

major InlB receptor (Shen et al.  2000). c-Met belongs to the family of receptor tyrosine 

kinases (RTKs), a group of transmembrane signalling molecules expressed on a wide 

diversity of cells (Seveau et al.  2007). In addition, InlB also binds to the glycosaminoglycans 

(GAGs) and to the ubiquitous complement receptor gC1qR, that are not sufficient to allow 

entrance but are important to cooperate with HGF receptor. The LRR domain of InlB 

interacts with the extracellular domain of c-Met to promote the receptor autophosphorylation 

in two tyrosine residues, which allows the recruitment of some adaptor molecules that 

subsequently lead to the activation of PI3-kinase (Dussurget  2008). This signalling cascade 

induces actin cytoskeleton rearrangements and clathrin-mediated endocytosis, thus 

promoting Lm internalization (Figure 5) (Cossart  2001).  

The diversity of host cell receptors and their broad expression allows bacterial tropism for a 

panoply of different cells and tissues. InlA mainly contributes to cross the intestinal and 

placental barriers by triggering epithelial cells invasion (Gaillard et al.  1991; Lecuit et al.  

2004), while InlB mediates Lm entry into a large variety of cells, including hepatocytes, 

fibroblasts and endothelial cells. Therefore, InlB needs to be functional not only at the 

placental barrier to allow maternofetal infection, but also at the blood-brain barrier (Dramsi et 

al.  1995; Dramsi et al.  1997; Greiffenberg et al.  1997; Parida et al.  1998; Radoshevich et 

al.  2017). Several other proteins are involved in Lm internalization. Auto, an autolysin absent 

in L. innocua genome, has four C-terminal GW modules responsible for the association of 
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the protein to the bacterial cell wall (Cabanes et al.  2004). Vip is an LPXTG surface protein 

absent from non-pathogenic Listeria species, which is necessary for bacteria internalization, 

by interacting with the endoplasmatic reticulum resident chaperone Gp96 (Cabanes et al.  

2005; Martins et al.  2012). 

  
B.5.3. Vacuolar escape 
 
Soon after uptake, Lm become engulfed within a phogocytic vacuole, which is quickly 

acidified (Figure 4). The disruption of the membrane is crucial for Lm proliferation and is 

highly dominated by Listeriolysin O (LLO), whose expression is positively regulated by PrfA. 

LLO is a secreted pore-forming toxin belonging to the cholesterol-dependent cytolysin family 

(CDC), which oligomerizes in the vacuole membrane as ring-like pore complexes. Although 

LLO was first reported to be responsible for pore formation, leading to phagosomal rupture 

and Lm escape from primary and secondary vacuoles (Shatursky et al.  1999; Tweten et al.  

2001), it is now appreciated that LLO has additional functions (Osborne et al.  2017). Mutants 

of LLO-encoding gene, hly, do not replicate into cultured cells once Lm is trapped in the 

vacuole; they are also attenuated in virulence in a mouse model of infection (Gaillard et al.  

1986; Gaillard et al.  1987; Portnoy et al.  1988). Calcium and potassium eflux across the 

plasma membrane were found to be essential for LLO-dependent internalization (Dramsi et 

al.  2003; Vadia et al.  2014). Apart from its pore-forming ability, LLO also contributes to 

activate and amplify different signalling pathways in the host cell, including the nuclear 

translocation of NF-kB and the secretion of proinflammatory IL-6 among other cytokines 

(Dewamitta et al.  2010; Kayal et al.  1999; Osborne et al.  2017; Tsuchiya et al.  2005). 

During infection, LLO was found to mediate apoptosis of different cell types, such as 

lymphocytes (Carrero et al.  2012). LLO also controls ROS production in Lm-containing 

phagosomes, induces autophagy, fragments the mitochondria, promotes the degradation of 

several host proteins and activates inflamassome (Eitel et al.  2010; Lam et al.  2011; Meyer-

Morse et al.  2010; Samba-Louaka et al.  2014; Stavru et al.  2011). Importantly, host cells 

have mechanisms to protect themselves against the action of pore-forming toxins. Recently, 

it was convincingly shown that Gp96 is required to protect host from LLO-dependent killing 

(Mesquita et al.  2017).  

Intravacuolar activity of LLO is reinforced by the secretion of two phospholipases, PI-PLC 

(PlcA) and PC-PLC (PlcB), which have overlapping functions although the first one highly 

contributes to induce primary vacuole lysis, and the second one mostly facilitates the 

disruption of the secondary vacuole (Smith et al.  1995). Two other proteins required for 

vacuolar escape were more recently identified. Lm secretes a small peptide pheromone, 

PplA (peptide pheromone-encoding lipoprotein A), which enhances Lm escape from the host 
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cell vacuoles and may facilitate PrfA activation (Xayarath et al.  2015). Additionally, it was 

shown that the DNA uptake competence (Com) system is essential throughout infection to 

promote bacterial escape from professional macrophage phagossomes, independently of 

DNA uptake (Rabinovich et al.  2012). 

 

B.5.4. Cytosolic life, Intracellular motility and cell-to-cell spread 
 
Bacterial growth and replication within the cytosol is mainly dependent of an hexose 

phosphate transporter, Hpt, whose expression is regulated by PrfA. It imports hexose sugars 

available in the cytoplasm as a carbon energy source for intracellular growth (Chico-Calero 

et al.  2002; Ray et al.  2009).  

Actin-based intracellular motility is a remarkable step of Lm cellular infection (Figure 4). ActA 

is a Lm PrfA-dependent virulence factor crucial to mediate bacterial propulsion along the 

cytosol and guide Lm to neighboring cells, by modulating the speed and directionality of the 

bacterial movement (Figure 6) (Pillich et al.  2017). Lm actA mutants are non-motile in the 

host cytoplasm and avirulent in a mouse model of infection (Domann et al.  1992; Kocks et 

al.  1992). ActA is a surface-anchored bacterial protein that interacts with the host actin 

nucleator Arp2/3 complex, which induces actin polimerization and thus the formation of actin 

filaments (Truong et al.  2014; Welch et al.  1998; Yoshikawa et al.  2009). Apart from its 

pivotal role in Lm motility, ActA was also implicated in Lm attachment and internalization into 

different cells, through the interaction with glycosaminoglycans (Alvarez-Dominguez et al.  

1997). This protein plays also a role in preventing autophagy in the cytosol of macrophages, 

an ubiquitous process characterized by the degradation of cytosolic components in 

eukaryotic cells. To promote escape from autophagy, ActA may act in two major ways: 

confering actin-based movement to the bacteria or by actin-masking the bacteria, that no 

longer will be recognized by autophagy machineray (Figure 6) (Dussurget  2008; Yoshikawa 

et al.  2009). Interestingly, efferocytosis, which is the process of removing dead cells by 

phagocytosis, is exploited by Lm to favour cell-to-cell spread. LLO activity in the protrusions 

may induce plasma membrane damage and the consequent exofacial exposure of 

phosphatidylserine (PS). Then, TIM4 receptor on neighbouring macrophages mediates the 

uptake of these PS-positive protrusions (Czuczman et al.  2014). In addition, InlC is a 

secreted protein that alters cell rigidity and contributes to protusions formation by interacting 

and inhibiting Tuba, a protein essential to maintain intact the structure of the apical junctions 

(Rajabian et al.  2009). Moreover, a Rho GTPase-formin network has also a key role in 

protrusion formation and Lm cell-to-cell spread (Fattouh et al.  2015). 
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Fig. 6. Lm (red) polymerizing host cell actin (green) into clouds and comet tails (Ana Costa, 2017). 

 
B.5.5. Regulation of virulence factors 
 
The expression of Lm virulence determinants requires a tight and coordinated regulation. 

PrfA (positive regulatory factor A) is the major transcriptional regulator controlling the 

expression of several genes whose products play a critical role in different steps of Lm 

pathogenesis (InlA, InlB, ActA, LLO, Hpt, PlcA, PlcB, Vip, among others). The self regulation 

of prfA expression and protein activity involves complex transcriptional, post-transcriptional 

and post-translational mechanisms (Port et al.  2007). The transcription of PrfA-dependent 

genes is activated by PrfA binding to a palindromic promoter region of a canonical sequence 

(tTAACanntGTtAa) named PrfA box, which is composed by seven conserved nucleotides 

with a tolerance of two mismatches (de las Heras et al.  2011; Scortti et al.  2007). prfA 

expression is under the control of both RNA thermosensor mechanism, that allows 

translation at 37ºC, and by a trans-acting riboswitch (Johansson et al.  2002; Loh et al.  

2009). Afterwards, bacterial and host-derived glutathione were found to be required to 

activate PrfA (Reniere et al.  2015). Importantly, most of the PrfA-dependent virulence genes 

were found to be highly expressed throughout macrophages infection and in mouse organs 

upon Lm infection (Camejo et al.  2009; Chatterjee et al.  2006; Rolhion et al.  2017).  

The transcription factor SigmaB (σB) regulates several genes that are predicted to be 

important in stress tolerance, carbohydrate metabolism, transport and cell envelope 

processes (Hain et al.  2008). It is important to highlight that some of the PrfA-regulated 

genes display potential σB promoter sequences (Milohanic et al.  2003). Different studies 

have shown that σB and PrfA co-regulate genes that are important for Lm to switch from an 

extracellular to an intracellular environment (Chaturongakul et al.  2008; Ollinger et al.  

2008). VirR is among the two-component systems present in Lm. It is a response regulator 

that appeared to be highly regulated during infection and whose deletion severely diminished 

virulence in mice (Mandin et al.  2005; Thedieck et al.  2006). 



CHAPTER I - INTRODUCTION 
	  

 34 

B.5.6. Metal ion homeostasis and pathogenesis	  
 
During infection, bacteria must compete with their hosts to acquire essential metals. 

Importantly, distinct locations within the host, such as infected tissues, circulatory fluids, 

mucosal surfaces and diverse intracellular environments have to deal with variations in the 

levels of available metals (Osman et al.  2010). Heavy metals are toxic at high 

concentrations and therefore its intracellular availability needs to be tightly regulated to 

maintain metal homeostasis (Saier et al.  1998). Bacteria display complex and often 

redundant resistance systems to fine tune metal ions concentration, that usually encode 

metal-specific efflux pumps, membrane-bound and cytoplasmic transporters, and metal-

responsive transcriptional regulators (Silver et al.  1996). Lm is frequently challenged by 

variations in metal availability and thus it is forced to develop strategies to overcome metal-

dependent host responses. In Lm, iron withholding is controlled by the iron-dependent 

repressor Fur and through Fur-repressed genes, such as Fri and HupC (Ledala et al.  2010; 

Rea et al.  2004). Furthermore, CtpA is a P-type adenosine triphosphatase involved in 

copper homeostasis and Zur (zinc uptake regulator) is predicted to coordinate zinc uptake 

from the external environment. Importantly, these proteins were shown to be required for Lm 

virulence (Dalet et al.  1999; Dussurget et al.  2005; Francis et al.  1997; Francis et al.  

1997). Cadmium is dispersed into the water, air, soils and foodstuffs, once it naturally results 

from erosion, forest fires and volcanic eruptions. Cadmium resistance systems are usually 

composed by a transcriptional repressor (CadC) belonging to the ArsR-SmtB family, and a 

P1-type ATPase (CadA) that extrudes heavy metals from the cell (Endo et al.  1995; Nucifora 

et al.  1989). CadA was first identified in Lm74 strain isolated from a food product in France. 

In this case, cadA is encoded in an operon, together with cadC, in a transposable element 

designated Tn5422, harboured in plasmid pLm74. This CadAC system was found to be 

induced by cadmium and to confer resistance to this metal (Lebrun et al.  1994; Lebrun et al.  

1994). More recently, it was shown that Lm cadC is highly expressed during infection and is 

required for bacterial virulence (Camejo et al.  2009). 
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C. IMMUNOLOGICAL ASPECTS OF THE INFECTION 
 

The concept of “immunity” relies on the global capacity of the host to resist to microbial 

colonization. This section describes the fundamental principles of immunology, the greatest 

dichotomy between innate and adaptive immunity and also the immune responses 

orchestrated by the host to avoid microbial predation. 

 
C.1. Basic principles of immunology 
 
Efficient protection of the host against infectious agents and the damage they cause implies 

the complex interaction between organs, tissues, effector cells and molecules that together 

compose the immune system. For this purpose, our immune system should be able to fulfil 

four main requirements: (i) immunological recognition, which comprises the detection of the 

infection, not only by innate immune cells but also by the lymphocytes of an adaptive 

response; (ii) immune effector function, mainly characterized by the restriction and 

elimination of the infection; (iii) immune regulation, which is crucial to control and distinguish 

self from non-self antigens and (iv) immunological memory that is a hallmark of adaptive 

response, which allows immune system to respond more rapidly and effectively to a 

pathogen that has been previously encountered. Immune defence mechanisms are broadly 

subdivided into innate and adaptive systems (Figure 7). They have both evolved to provide 

host defences, repair mechanisms and ultimately maintain homeostasis (Janeway et al.  

2002). 

 

Fig. 7. Major cellular components of both innate and adaptive immune responses. Innate response is the first line 
of defence against infection and is composed by physical barriers, soluble factors and different cellular 
components. Adaptive immune response is generated by B and T cells and has increased antigen specificity and 
memory. Adapted from (Dranoff  2004). 

 
C.2. Innate immunity 
 
Innate immune response relies on the initial and rapid response against any invading 

pathogen (Figure 7). It acts in a relatively non-specific manner and it is crucial for the 

induction of the adaptive immune response. Defects in host innate immune components may 

Innate!immunity*

0*–*96*hours*

Phagocytes* Dendri8c*cells*

Epithelial*barriers*

Adap8ve!immunity*

>*96*hours*

Naive*T*cell*

Naive*B*cell* An8bodies*

Effector*T*cells*Complement* Natural*killer*



CHAPTER I - INTRODUCTION 
	  

 36 

lead to increased susceptibility to infection, even in the presence of a fully effective adaptive 

immune response (Janeway et al.  2002).  
 
C.2.1. The front line of host defence 
 
Disease manifests when the infectious agent succeeds in overwhelming host defences to 

establish infection. The initial contact of the microorganism with the host occurs through 

external or internal epithelial surfaces (Figure 7). For this reason, epithelial barriers such as 

the skin, gut, lungs, eyes, nose and oral cavities are the linings of our body creating tight 

physical barriers. Importantly, epithelia have the ability to secrete mucus that is composed by 

several glycoproteins, mucins, with a high potential to prevent microorganism adherence to 

the epithelium. In the respiratory tract, microbes are easily expelled in the outward flow of the 

mucus through the action of cilia on the mucosal epithelium. Interestingly, healthy epithelial 

surfaces are co-inhabited by a large population of commensal microbiota, which not only 

competes with pathogens for nutrients and attachment sites, but also manages the 

production of antimicrobial substances. Wherefore, these surfaces also exert the function of 

a chemical barrier since they display microbicidal mechanisms, including acidic pH, bile salts, 

digestive enzymes, fatty acids and antimicrobial peptides (lysozyme, phospholipase A, 

defensins, cathelicidins, histatins) (Brown et al.  2017; Janeway et al.  2002). Apart from 

these anatomical and physiological barriers, complement is a powerful mechanism of the 

innate immune system, composed by a number of secreted proteins widely present in the 

blood and other body fluids as inactive precursors (Figure 7). Nevertheless, inflammatory 

stimulus triggers the coordinated and sequential action of a cascade of plasma proteins, 

whose final outcome is the pathogen killing, either directly or by facilitating its phagocytosis 

(Nesargikar et al.  2012; Schifferli et al.  1986). This efficient immune surveillance system 

can be activated by three pathways: the classical pathway, which is an antibody-triggered 

pathway; the alternative pathway usually activated by the presence of the pathogen per se; 

and most recently described the lectin pathway, which is activated by the recognition and 

binding of lectin-type proteins to the carbohydrates present on the pathogen surface (Ricklin 

et al.  2010). Invading microbes interact with phagocytes either through direct binding to their 

surface receptors (nonopsonic) or through the action of opsonins (complement proteins or 

antibodies) that coat the bacterial surface (Moser et al.  2010).  

 

C.2.2. Pattern Recognition Receptors  
	  
Our immune system is equipped with a diversified cell population, including dendritic (DCs) 

cells, cytotoxic natural killer (NK) cells, macrophages and neutrophils, which are multitasking 

cells that have a central role in immunity, inflammation and tissue repair (Figure 7). These 
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professional phagocytes are key players in antimicrobial process as they internalize, through 

distinct mechanisms, a wide variety of targets (Kaufmann  2008; Metchnikoff  1984). 

Endocytosis generally implies the internalization of small molecules, either through coated or 

uncoated vesicles in an actin-independent process. On the other side, the uptake of fluids or 

particles into large vacuolar structures are achieved by actin-driven processes known as 

macropinocytosis and phagocytosis, respectively (McMahon et al.  2011; Swanson  2008). 

Phagocytosis is a dynamic host-driven process that occurs through the engagement of host 

cell receptors by their cognate microbial ligands (Metchnikoff  1984). Remarkably, besides 

the engulfment of microorganisms, phagocytes have an amazing capacity to ingest dead 

cells and environmental debris. In addition, they are crucial not only for the processing and 

presentation of the antigen to T lymphocytes, but also for the secretion of pro-inflammatory 

cytokines that help to build up an inflammatory and an adaptive immune responses (Jaillon 

et al.  2013; Kruger et al.  2015; Varol et al.  2015). DCs are specialized cells in initiating 

adaptive immune response, being essential to do the link between both arms of the immune 

system (Steinman et al.  1973; Steinman et al.  1974).  

These host immune cells broadly express a family of sensors known as pattern-recognition 

receptors (PRRs) (Figures 8 and 9) (Akira et al.  2006; Basset et al.  2003). PRRs are 

evolutionary conserved receptors able to sense conserved signature molecules named 

pathogen-associated molecular patterns (PAMPs). PAMPs are characterized as being 

invariant microbial components, crucial for pathogen survival and somehow distinguishable 

from “self” components. The engagement of these microbial ligands by PRRs activates 

different signalling pathways to invoke measured innate immune responses and 

subsequently shape the adaptive immunity (Fraser et al.  1998; Gordon  2002; Janeway  

1989; Medzhitov et al.  2000a; Medzhitov et al.  2000b). Generically, PRRs have two 

mechanisms of action, either by a cell-intrinsic recognition assessed by intracellular cytosolic 

sensors in infected cells, or through cell-extrinsic recognition, which is useful to sense the 

pathogen when the cell expressing the receptor is not yet infected. There are an extensive 

repertoire of PRRs, which are grouped according their structure and cellular localization 

(Figures 8 and 9). Multiple PRRs may sense identical microbial PAMPs and in turn, different 

ligands can be recognized by the same PRR. Mechanistically, there is a strong crosstalk 

among PRRs either through co-activation or co-inhibition of the innate immune pathways. 

Co-activation implies a positive interaction between the signalling components of different 

PRRs that can be either mandatory if one pathway is completely dependent on the activity of 

another, or facultative if each pathway is activated independently of the other one. In 

opposition, co-inhibition results from the blocking of one signalling pathway to the detriment 

of another (Nish et al.  2011). This section describes the most consensual and characterized 

families of PRRs (Figures 8 and 9, Table 3) (Kumar et al.  2011).  
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Fig. 8. Schematic representation of the pattern-recognition receptors and some of their ligands. Adapted from 
(Kvarnhammar et al.  2012). LPS, lipopolysaccharide; PGN, peptidoglycan; ATP, adenosine triphosphate; dsRNA, 
double-stranded ribonucleic acid; ssRNA, single-stranded ribonucleic acid; CpG, cytosine (“C), phosphodiester 
link (“p”), guanine (“G”); DNA, deoxyribonucleic acid. 
 

C.2.2.1. Toll-like receptors (TLRs)  
 
TLRs are the most extensively studied class of PRRs (Figures 8 and 9). They are expressed 

by several cell types including epithelial cells, mast cells, NK cells, dendritic cells, B and T 

cells, macrophages, monocytes, neutrophils, basophils and endothelial cells (Hopkins et al.  

2005). TLRs are type I transmembrane glycoproteins localized either on the plasma 

membrane or on the endosomal membrane. They are structurally characterized by the 

presence of an extracellular domain containing leucine-rich repeats (LRRs) and a 

cytoplasmic tail composed by a conserved region called the Toll/IL-1 receptor (TIR) domain 

(Figure 9) (Leber et al.  2008). Ten human and twelve murine TLRs have been described so 

far and they have evolved to recognize a diversity of PAMPs from bacteria, viruses, fungi and 

parasites (Table 3) (Trinchieri et al.  2007). TLRs exposed at the plasma membrane usually 

recognize signature molecules expressed at the microbial surfaces, whether endosomal 

receptors mainly respond to microbial nucleic acids (Figure 8 and Table 3) (Akira et al.  

2006). TLRs often sense endogenous ligands known as damage-associated molecular 

patterns (DAMPs), including heat shock proteins, heparin, DNA, uric acid and purine 

metabolites (Trinchieri et al.  2007). Stimulation of TLRs by their corresponding PAMPs, such 

as LPS, lipoproteins, flagellin, or DAMPs triggers two main pathways: MYD88 (myeloid 

differentiation primary-response protein 88) or TRIF (TIR domain-containing adaptor protein 

inducing interferon α/β), stimulating the activation of signalling transduction pathways, such 

as NF-κB, mitogen-activated protein kinase (MAPK) and interferon regulatory factors (IRFs) 
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(McGuire et al.  2015). Signalling through TLRs accounts for a number of cellular responses, 

including the production of interferons (IFNs) and the secretion of pro-inflammatory cytokines 

(Akira et al.  2006). IFNs are polypeptides secreted by infected cells with a key role on 

balancing innate immunity and activate adaptive response, in particular through the 

clearance of viral and bacterial pathogens (Hennessy et al.  2010; Wheelock et al.  1965). 

 

C.2.2.2. NOD-like receptors (NLRs)  
 
NLRs are a large family of cytoplasmic sensors of several microbial and non-microbial stimuli 

(Figure 8 and Table 3). NOD proteins are expressed in cells that are constantly exposed to 

bacteria, including epithelial cells, macrophages, neutrophils and dendritic cells. NLRs are 

characterized by a tripartite-domain organization with a central conserved nucleotide-binding 

and oligomerization domain, a C-terminal LRR responsible for ligand sensing and a specific 

effector domain at the N-terminal: caspase recruitment domain (CARD), pyrin domains 

(PYDs), baculoviral inhibitor of apoptosis repeat (BIR) or the transactivation domain (AD) 

(Figure 9) (Kumar et al.  2013). NOD1 and NOD2 are the most studied receptors of this 

family and they are capable to detect bacterial molecules that result either from the synthesis 

or degradation of peptidoglycan (Figure 8 and Table 3) (Kanneganti et al.  2007). The 

stimulation of NLRs may activate NF-kB and consequently alters gene expression, or trigger 

the formation of a large cytosolic protein complex termed inflammasome. This complex 

regulates the activation of caspase-1, which in turn allows the cleavage of pro-inflammatory 

IL-1 family of cytokines into their bioactive forms, IL-1β and IL-18. Ultimately, these events 

conduct to pyroptosis, which is a form of inflammatory caspase-1-dependent cell death (Guo 

et al.  2015; Lamkanfi et al.  2012). 

 
 
 

Fig. 9. Host innate pattern recognition receptors (PRRs) and their main domains. Toll-like receptors (TLRs), C-
type lectin receptors (CLRs), NOD-like receptors (NLRs) and RIG-like receptors (RLRs) are expressed at the cell 
surface, in the endosomes, or in the cytosol of several immune cells. LRRs (leucine-rich repeats); TIR (Toll/IL-1 
receptor); CRDs (carbohydrate recognition domain); CARD (caspase activation and recruitment domain); PYDs 
(pyrin domain); BIR (baculoviral inhibitor of apoptosis repeat); AD (transactivator domain). 
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C.2.2.3. RIG-I-like receptors (RLRs)  

 
This family of RNA sensors is expressed within the cytoplasm of nearly every mammalian 

cell, and it is indispensable to initiate an effective innate immune response to RNA viral 

infection (Figure 8 and Table 3) (Yoneyama et al.  2004; Yoneyama et al.  2005). RIG 

receptors are usually expressed on macrophages, dendritic cells and fibroblasts. These RNA 

helicases are equipped with CARDs (caspase activation and recruitment domain) at the N-

terminal, a central helicase domain associated with the ATPase activity and a C-terminal 

domain involved on the recognition and binding specificity of the ligands (Figure 9) (Takahasi 

et al.  2008; Yoneyama et al.  2005). RIG-I and MDA5 sense short and long dsRNAs, 

respectively and trigger a serious of events, including the recruitment of adaptor proteins, 

kinases and transcription factors, which further lead to the production of type I interferon, pro-

inflammatory cytokines, and antiviral effector gene transcription (Table 3) (Kato et al.  2005; 

Zevini et al.  2017).  

 

C.2.2.4. C-type lectin receptors (CLRs)  
 
CLRs are membrane-bound carbohydrate receptors expressed by the majority of cells that 

phagocyte glycoproteins and microbes to first clear them and then present the antigens to T-

lymphocytes. CLRs can be divided into type I or II depending if they are composed by 

multiple or a single carbohydrate recognition domain (CRDs), respectively (Figure 9) (Brown  

2006; McGreal et al.  2005). Dectin-1 is mainly expressed by monocytes, macrophages and 

DCs and recognizes β-glucan, which is the main component of fungal cell wall. It triggers 

diverse cellular responses such as phagocytosis, cytokine production and inflammasome 

activation (Figure 8 and Table 3) (Plato et al.  2013). On the other hand, Dectin-2 was 

previously shown to bind α-mannan, a polysaccharide also present in fungal cell wall (Saijo 

et al.  2010).  

 

C.2.3. How host cells sense pathogens 
 
In the past few years, an increasing number of PRR ligands have been discovered, but 

conceptually it is important to highlight that these ligands are not exclusive of pathogenic 

bacteria, being also present in both non-pathogenic and commensal bacteria. Having this in 

mind, a relevant question arises: how the host has the ability to distinguish and respond to 

pathogenic microorganisms, while remains tolerant to beneficial commensal bacteria? For 

this reason, the term PAMP for microbial ligands is now more appropriately designated as 

microorganism-associated molecular patterns (MAMPs) (Figure 8 and Table 3) (Medzhitov  

2010). 
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Table 3. Cellular localization and microbial ligands of different PRRs. Adapted from (Drummond et al.  2013; 
Mogensen  2009). 

 

 
Different but complementary hypothesis for pathogen recognition have been proposed so far. 

Matzinger firstly launched the danger theory, which suggests that our immune system does 

not recognize pathogens per se, but somehow senses the damage they cause (Matzinger  

1994). He later proposed that there are damage-associated molecular patterns (DAMPs), 

which are molecules released by the cells to the extracellular milieu, such as DNA, ATP, uric 

acid and DNA binding proteins that alert the host immune system of a threat (Matzinger  

1998; Matzinger  2002). An additional model that came out to discriminate between 

pathogens and non-pathogens was associated with the location of recognition. This 

hypothesis was proposed upon the observation that invasive pathogens, such as Listeria, 

induced stronger immune response whenever they were within the host cytoplasm, which is 

usually devoiced of bacterial components (Sauer et al.  2010; Vance et al.  2009). A third 

mechanism was described based on the monitoring of bacterial viability by host cells. An 

Receptor Cellular localization Microbial ligand Origin

TLRs

TLR1/TLR2 Cell surface Triacyl lipopeptides Bacteria

TLR2/TLR6 Cell surface Diacyl lipopeptides Mycoplasma

Lipoteichoic acid Gram-positive bacteria

TLR2 Cell surface Lipoproteins Various pathogens
Peptidoglycan Gram-positive and -negative bacteria
Lipoarabinomannan Mycobacteria
Porins Neisseria
Envelope glycoproteins Viruses (e.g., measles virus, HSV, cytomegalovirus)
GPI-mucin Protozoa
Phospholipomannan Candida
Zymosan Fungi
β-Glycan Fungi

TLR3 Cell surface/endosomes dsRNA Viruses

TLR4 Cell surface LPS Gram-negative bacteria
Envelope glycoproteins Viruses (e.g., RSV)
Glycoinositolphospholipids Protozoa
Mannan Candida
HSP70 Host

TLR5 Cell surface Flagellin Flagellated bacteria

TLR7/8 Endosome ssRNA RNA viruses

TLR9 Endosome CpG DNA Viruses, bacteria, protozoa

RLRs

RIG-I Cytoplasm dsRNA (short), 5 -triphosphate RNA Viruses (e.g., influenza A virus, HCV, RSV)

MDA5 Cytoplasm dsRNA (long) Viruses (picorna- and noroviruses)

NLRs

NOD1 Cytoplasm Diaminopimelic acid Gram-negative bacteria

NOD2 Cytoplasm Muramyl dipeptide (MDP) Gram-positive and -negative bacteria

NALP1 Cytoplasm Muramyl dipeptide (MDP) Gram-positive and -negative bacteria

NALP3 Cytoplasm ATP, uric acid crystals, RNA, DNA, MDP Viruses, bacteria, and host

CLRs

Mincle Cell surface α- mannose Fungi (e.g., Candida albicans)

Trehalose-6, 6´-dimycolate (TDM) Mycobacteria

Dectin-1 Cell surface β-Glycan Fungi (e.g., Candida albicans, Aspergillus fumigatus, Pneumocystis carinii)

Dectin-2 Cell surface α- mannan Fungi (e.g., Candida albicans)

* Abbreviations: HSV, Herpes simplex virus; RSV, Human respiratory syncytial virus; HCV, Hepatitis C virus 
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increase in bacterial viability is a signal that infection is not being effectively controlled and 

therefore immune response needs to be amplified (Sander et al.  2011). Moreover, a 

particular system that avoids the risk of killing beneficial commensals that reside in our body 

was further described: effector-triggered immunity, which is a mechanism of protective 

immune response that relies on the detection of the damage caused by microbial virulence 

factors. These effectors are translocated across the plasma membrane, gain access to the 

cytoplasm, interact with host proteins and ultimately activate immune response (Brodsky et 

al.  2009; Flor  1942).  

 
C.3. Adaptive immunity 
 
Innate immunity, by itself, may not be sufficient to effectively protect the host from an 

invading pathogen. Therefore, innate defence mechanisms generate a threshold dose of a 

specific antigen that triggers adaptive immune response (Figure 7). When lymphocytes in 

circulation encounter a particular antigen in peripheral lymphoid tissues, they are induced to 

proliferate and differentiate into effector T and B lymphocytes, which have an enormous 

potential to eliminate the infectious agent (Figure 7). B cells recognize antigens and 

differentiate into effector plasma cells responsible for antibody production, and memory cells 

crucial to the immunological memory against re-infection (Kurtz  2004). On the other hand, T 

cells differentiate into effector T cells that have key roles to eliminate infection by killing 

infected cells, activating other immune cells and regulating lymphocytes. This assignment is 

achieved through cytotoxic (CD8), helper (CD4) and regulatory T cells, respectively.	  Whether 

B cells directly recognize antigens secreted by a pathogen or expressed on its surface, the 

T-cell receptor does not bind directly to the antigen molecules. Firstly, the antigens have to 

be processed, partly degraded and then exposed on a self-surface glycoprotein called MHC 

(major histocompatibility complex) to be further recognized by T-cell receptor (Hoebe et al.  

2004; Janeway et al.  2002).  

  
C.4. Innate immune responses against Lm infection 
 
Lm has been largely used as a model organism to explore both innate and adaptive immune 

responses. The early eradication of Lm invokes the participation of different immune cells 

and the activation of a number of PRRs. These mechanisms are crucial to prime the adaptive 

immune response. The complement system has an important protective role in listeriosis, 

through the opsonisation and intracellular killing of Lm and also by promoting leukocyte 

survival (Calame et al.  2016; Drevets et al.  1991; van Kessel et al.  1981).   

Macrophages, monocytes and neutrophils play a central role in the initial immune response 

against Lm. Neutrophils, which are among the first cells to migrate toward the inflammation 
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site, are able to phagocyte Lm and produce reactive oxygen and nitrogen species (ROS and 

RNS) that exert antimicrobial effects against intracellular bacteria (Figure 10) (Conlan et al.  

1994). Moreover, neutrophils are capable to release extracellular traps (NETs), which are 

granule-derived proteins and chromatin that involve and kill extracellular bacteria (Brinkmann 

et al.  2004). Neutrophils are particularly important in the liver and during high-dose Lm 

inoculum (Carr et al.  2011) and mice deficient in these cells are more susceptible to Lm 

infection (Rogers et al.  1993; Williams et al.  2012; Witter et al.  2016). Macrophages are the 

primordial replication cells for Lm. Kupffer cells are liver resident macrophages responsible 

for the initial killing of the majority of the bacteria, through direct phagocytosis or by secreting 

TNF-α and IL-12 that conduct NK cells to release IFN-γ, which in turn leads to the activation 

of other macrophages (Havell  1987; Tripp et al.  1993). Importantly, activated macrophages 

also produce RNS and ROS upon bacterial uptake aiming to prevent bacterial escape into 

the cytoplasm (MacMicking et al.  1995). Cytosolic live Lm targets DCs that, once activated, 

migrate from tissues to lymph nodes, where they largely contribute to present captured 

ligands to naive T cells (Feng et al.  2005; Zenewicz et al.  2007). Currently, it is well 

established that certain cytokines have an important role in controlling Lm infection. Type II 

IFN-γ is highly secreted by NK cells and T lymphocytes and it is essential to restrict primary 

response, although it is less involved in protective immunity against re-infection. Mice that 

are deficient in IFN-γ are more susceptible to Lm infection (Harty et al.  1995; Huang et al.  

1993). In addition, Lm triggers the expression of type I IFN genes (IFN-α, IFN-β), which are 

beneficial for the bacteria, once directly promote their growth and down-regulate immune 

responses responsible for bacterial load control (Auerbuch et al.  2004; Snyder et al.  2017). 

More recently, it was shown that type I IFNs induce T cell apoptosis during early Lm 

infection, leading to IL-10 secretion by phagocytic cells, which thus dampen the innate 

immune response (Carrero et al.  2006; Witter et al.  2016). 

Importantly, several PRRs were shown to be involved in the recognition of Lm. NOD2 is a 

cytoplasmic sensor that was previously demonstrated to be relevant in the context of 

intragastric Lm infection, but not when mice were challenged with intravenous or 

intraperitoneal injection (Figure 10). Strikingly, NOD2 knock-out (KO) mice display increased 

bacterial numbers both in the liver and spleen and are unable to generate an adaptive 

response to Lm in the intestine (Dolowschiak et al.  2010). NLRP6-deficient mice are highly 

resistant to Lm infection and infected KO mice had increased numbers of monocytes and 

neutrophils in circulation, suggesting that NLRP6 is a negative regulator of inflammatory 

signalling (Anand et al.  2012). Members of the intracellular NLR family highly contribute to 

Lm immune responses through the activation of NF-κB, type I interferon and inflammasome. 

In particular, Lm induces inflammasome upon triggering of NLRP1, NLRP3, NLRC4 and 

AIM2 (absent in melanoma 2) receptors, leading to the activation of pro-inflammatory 
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caspase-1, processing and secretion of IL-1β and IL-18, and ultimately cell death by 

pyroptosis (Figure 10) (Kim et al.  2010). Cytosolic flagellin is responsible for the activation of 

NLRC4 and the bacterial DNA from ruptured phagosomes is the primary agonist triggering 

caspase-1 activation through AIM2 inflammasome (Wu et al.  2010). Moreover, RIG-I 

expression is up-regulated in vivo in hepatic Kupffer cells and in splenic reticular cells of mice 

infected with Lm (Imaizumi et al.  2006). RIG-I is important for Lm detection in intestinal 

epithelial cells due to the recognition of small RNAs secreted during active bacterial infection 

(Figure 10) (Abdullah et al.  2012).  

 

Fig. 10. Different innate immune mechanisms to recognize and clear Lm. Within intestinal epithelial cells (IECs), 
several PRRs are triggered upon the recognition of bacterial ligands. Adapted from (Regan et al.  2014).   
 

TLRs also participate in Lm recognition and although the bacterium does not have the 

prototypical TLR ligand LPS, it does express other PAMPs including peptidoglycan, flagellin 

and bacterial DNA. TLR2 mediates Lm recognition through bacterial lipoproteins and the 

lipidation of pre-lipoproteins is a process quite necessary to activate NF-κB via TLR2 (Figure 

10). Secreted Lm lipoproteins were shown to induce inflammatory cytokines production 

(TNF-α and IL-6) in a TLR2-dependent manner during infection (Machata et al.  2008). 

Additionally, CD14 is the TLR2 co-receptor essential for Lm recognition, and therefore mice 

deficient on TLR2 or with reduced expression of CD14 present heightened mortality (Janot et 

al.  2008; Torres et al.  2004). In fact, TLR2-deficient macrophages secrete less IFN-γ, TNF-

α and IL-1β upon Lm infection in vitro (Ozoren et al.  2006). Moreover, TLR10 usually 

recognizes profilin-like proteins and it is a key mediator of the inflammatory response against 

Lm, both in intestinal epithelial cells and in macrophages (Figure 10) (Regan et al.  2013). 

Mice deficient in the key adaptor molecule, MyD88, which is important for signalling of 

several TLRs, are highly susceptible to Lm infection (Edelson et al.  2002).
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C.5. Immuno-evasive strategies employed by Lm 
 
Lm has evolved different strategies to overcome immune response and avoid detection by 

host innate receptors (Figure 11). The intracellular niche that it establishes is, per se, an 

efficient mechanism employed by Lm to escape from immune detection. Furthermore, Lm is 

able to modify bacterial ligands to impede their recognition by PRRs (Boneca et al.  2007; 

Rae et al.  2011). Peptidoglycan (PGN), which is an essential component of the bacterial cell 

wall readily exposed to the host, constitutes an important target for the innate immune 

system. Remarkably, Lm is able to modify its PGN through the N-deacetylation process, by 

the action of N-acetylglucosamine deacetylase (Pgd) (Figure 11). pgdA mutation 

demonstrated the crucial role of this PGN modification in bacterial virulence, once the mutant 

strain is more sensitive to the bacteriolytic action of lysozyme and less efficient to grow upon 

oral and intravenous mice infections. Once inside macrophage vacuoles, pgdA mutant had 

defects on intracellular growth and induced a massive IFN-β response in a TLR2 and NOD1-

dependent manner, being immediately destroyed (Boneca et al.  2007; Regan et al.  2014). 

Lm also evades innate defences through PGN O-acetylation. PGN O-acetyltransferase, OatA 

confers resistance to different antimicrobial compounds and contributes not only to 

intracellular survival in macrophages in vitro but also to the suppression of IL-6 secretion in 

vivo (Aubry et al.  2011). In addition, to avoid recognition by TLR2 and NOD1, Lm can 

directly up-regulate TLR-inhibitory proteins such as DC-SIGN, a C-type lectin receptor 

expressed by DCs and known to interact with a large array of pathogens (Figure 11) 

(Geijtenbeek et al.  2000). P60 is an extracellular protein encoded by Lm iap gene (invasion 

associated protein) that possesses a murein hydrolase activity important for septum 

formation and thus essential for cell division (Wuenscher et al.  1993). The secretion of P60 

by Lm largely enhances NK cell activation, increases the production of IFN-γ and other pro-

inflammatory cytokines that consequently promote bacterial expansion (Humann et al.  2007; 

Sashinami et al.  2010). Moreover, Lm manipulates host gene expression through histone 

modification, thereby regulating gene transcription and DNA replication or repair (Hamon et 

al.  2008; Schmeck et al.  2005). Particularly, eukaryotic DNA is packed into the organized 

structure of chromatin composed by histones and chromatin-remodelling proteins. Lm 

induces the dephosphorylation of histone H3 and deacetylation of histone H4 by the 

secretion of LLO before invasion, leading to the down-regulation of key inflammatory 

signalling pathways, such as TLR2 and NOD1-induced responses (Figure 11) (Hamon et al.  

2007; Hamon et al.  2008). Lm evades autophagy mechanisms, mainly through ActA by 

recruiting host proteins in a complex that somehow protects bacteria (Birmingham et al.  

2008a; Yoshikawa et al.  2009). Curiously, it was observed that Lm replicates within vacuoles 

in liver granuloma macrophages, termed spacious Listeria-containing phagosomes (SLAPs), 
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a process that is mediated by LLO. LLO impedes phagosome maturation, allowing bacterial 

replication and survival within these compartments, thereafter evading host immune 

responses and establishing a persistent infection (Birmingham et al.  2008b). Apoptosis is a 

program of cell death with a pivotal role along the lymphocyte development. Lm has evolved 

strategies to induce immune cells apoptosis, limiting inflammation and creating a permissive 

environment for bacterial growth (Carrero et al.  2006). 

	  

Fig. 11. Strategies employed by Lm for the evasion of host innate immune response. Adapted from (Regan et al.  
2014). 
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D.  SCAVENGER RECEPTORS  
 
This section aims to address the role of an emergent family of PRRs, named scavenger 

receptors, their structural and biochemical properties, as well as their most common 

mechanisms of action. 

 
D.1. General properties  
 
Scavenger Receptors (SRs) compose a diverse family of evolutionary conserved proteins 

that are functionally and structurally distinct. They are soluble or cell surface proteins able to 

bind to a wide range of ligands and stimulate the removal of both non-self and modified-self 

targets. Although SRs were originally implicated on the recognition and binding of modified 

lipoproteins, it is now appreciated that they identify and remove unwanted entities, mainly 

polyionic ligands, such as apoptotic cells, mineral-laden debris, damaged proteins, 

cholesterol ester, phospholipids, proteoglycans, ferritin and carbohydrates, or non-self 

ligands including microorganisms and foreign particles (Areschoug et al.  2008; Areschoug et 

al.  2009; Mukhopadhyay et al.  2004; Pluddemann et al.  2006). The removal of these 

ligands is usually undertaken by different mechanisms, including endocytosis or more 

complexes processes such as phagocytosis or macropinocytosis (Prabhudas et al.  2014). 

SRs are usually expressed in cells patrolling potential portals of pathogen entry, including 

macrophages, neutrophils, dendritic cells, microglia and B cells. Nonetheless, there are also 

evidences that they are expressed in several endothelial and epithelial cells (Mukhopadhyay 

et al.  2004; Murphy et al.  2005; Platt et al.  2001).  

 

D.2. Classification, genetics and expression  
 
Currently, SRs are categorized into 10 classes (A-J) grouped according to their sequence 

similarity or common structural features (Figure 12) (Prabhudas et al.  2014).  

 

D.2.1. Class A 
 
The members of this class are type II membrane proteins composed by a N-terminus with a 

short cytoplasmic domain, a single transmembrane region and a long extracellular domain 

responsible for ligand recognition. A particular signature of this class is the presence of a 

collagen-like domain with collagen-binding activity; it comprises SCARA1, SCARA3, 

SCARA5, SRCL and MARCO (Figure 12) (Gowen et al.  2001; Kodama et al.  1990; Zani et 

al.  2015).  

SR-A (SCARA1) gene is expressed mainly on tissue macrophages and some macrophages 

subsets, including kupffer cells, cortical and medullary thymic macrophages. In addition, SR-

A is expressed by DCs, and by vascular smooth muscle and endothelial tissues (Becker et 
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al.  2006; Hughes et al.  1995).	   SR-A was the first SR to be cloned and displays three 

alternative splice variants of the gene, namely SR-AI, SR-AII and SR-AIII. SR-AII and SR-AIII 

isoforms express shorter or truncated C-terminus, respectively but SR-AIII is non-functional 

and remains trapped in the endoplasmic reticulum (Kodama et al.  1990). This SR was 

previously shown to recognize modified LDL, both Gram-positive and Gram-negative 

bacteria, hepatitis C virus, heat shock proteins, proteoglycans, β-amyloid and different 

microbial components, including LPS, double strand RNA, DNA and unmethylated bacterial 

CpG (Pluddemann et al.  2007). Besides the participation of this receptor in atherosclerosis 

and in the maintenance of homeostasis, it is actively involved in cancer proliferation (Canton 

et al.  2013; Gordon  2002; Suzuki et al.  1997). Higher levels of SR-A are correlated with 

more aggressive cancer phenotype (Ohtaki et al.  2010; Yeung et al.  2015; Yoshikawa et al.  

2012). Genetic variations of SR-A-encoding gene have been associated with multiple tumour 

susceptibility phenotypes (Low et al.  2011). In fact, tumour progression and metastasis are 

inhibited in SR-A knock-out mice in vivo in models of both ovarian and pancreatic cancer 

(Neyen et al.  2013).  

 

Fig. 12. Schematic overview of SRs families. SRs are either transmembrane or soluble proteins distributed into 
10 classes, from A to J, according to their sequence or structural similarities. Protein and carbohydrate domains 
that compose SR members are indicated. 
 

SR-A3 (SCARA3) transcription is stimulated by oxidative stress, thus protecting cells from 

the harmful effects of ROS (Canton et al.  2013). It was previously proposed that this SR 
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might work as a potent tumour suppressor in prostate cancer (Yu et al.  2006). Its expression 

is distributed in the lung, placenta, heart, intestine and epithelial cells (Whelan et al.  2012). 

SR-A4 (SRCL) is an endocytic receptor for lipoproteins that contains a C-type lectin domain. 

It is widely expressed in placenta, umbilical cord, lung, skeletal muscle and heart and its 

expression is induced by oxidative and hypoxic stress (Selman et al.  2008). 

SR-A5 (SCARA5), which appears do not endocytose modified LDL particles, is able to 

scavenge serum ferritin for iron transport. It is exclusively expressed in epithelial cells within 

testis, airway, thymus and the adrenal gland (Li et al.  2009).  

SR-A6 (MARCO) is highly expressed by macrophages from liver and spleen, lymph nodes 

and peritoneum, being considered a dominant receptor for unopsonized particles (Elomaa et 

al.  1995). Moreover, this receptor was previously implicated in the regulation of DCs function 

and in antitumor immunity (Granucci et al.  2003).  

 
D.2.2. Class B 
 
The members that belong to class B SRs are currently characterized by the presence of two 

transmembrane domains flanking an extracellular loop, with both the amino and carboxyl 

terminal located within the cytosolic region (Figure 12). These short N- and C-terminus are 

involved on the regulation of trafficking and signal transduction, whereas the extracellular 

region of these receptors is highly N-linked glycosylated being essential to confer protection 

against the proteases generally found into the inflammatory sites.  

SR-BI (SCARB1) gene and its alternative spliced form (SR-BII) bind high-density lipoprotein 

(HDL), viral and bacterial particles. It is ubiquitously expressed in multiple tissues, although it 

is highly exposed by organs that participate in cholesterol metabolism, including liver, 

adrenal and gonad (Landschulz et al.  1996). Mutations on this SR are commonly associated 

with higher risk of atherosclerosis, infertility and an impaired innate immune response (Guo 

et al.  2011; Scarselli et al.  2002; Yates et al.  2011).  

CD36 (SR-B2) is the prototype class B SR and was firstly identified as a receptor for 

thrombospondin with the ability to modulate angiogenesis and cell-to-cell interactions (Asch 

et al.  1987). This SR has an important role to recognize and uptake oxidized phospholipids, 

modified LDL, apoptotic cells and amyloid proteins. Notably, it is also crucial to control 

atherosclerosis, Alzheimer´s disease progression, platelet activation, angiogenesis and 

inflammation (Liani et al.  2012; Silverstein et al.  2010; Stewart et al.  2010). CD36 may also 

play a key role as a co-receptor of TLR4 and TLR6, thus augmenting the pro-inflammatory 

signalling in response to oxLDL (Stewart et al.  2010).  

SR-B3 (SCARB2/LIMP2) is mainly expressed in brain, liver, heart and macrophages and 

binds HDL particles (Eckhardt et al.  2004; Ishikawa et al.  2009; Tabuchi et al.  1997).   
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D.2.3. Class C 
 
Class C SRs have been only identified so far, in insects such as fruit flies and mosquitoes, as 

being involved in innate immune response against certain pathogens. The composed 

members of this class are either type I membrane proteins or soluble secreted proteins with 

an extracellular domain at the N-terminus, containing a complement control protein (CCP) 

prior to a MAM (meprin, A5 antigen and receptor tyrosine phosphatase Mu) motif (Figure 12) 

(Pearson et al.  1995). The lack of dSR-C1 in fruit flies showed reduced phagocytosis of both 

fungus and bacteria (Ramet et al.  2001).  
 

D.2.4. Class D 
 
CD68, the only member of class D SR, is a glycosylated type I membrane protein that 

belongs to the lysosome-associated membrane protein family of molecules (LAMP) (Song et 

al.  2011). CD68 is composed by a short cytoplasmic tail and a large extracellular region rich 

in threonine and serine and mainly useful as an attachment site of carbohydrates (Figure 12). 

Moreover, this SR is widely expressed in monocytes and in tissue-specific macrophages in 

the liver, brain, bone marrow, lungs and peritoneum. It is also expressed in Langerhans cells, 

microglia, osteoclasts and dendritic cells (Prabhudas et al.  2014). It was previously 

demonstrated that CD68 could promote oxLDL binding, phagocytosis and also work as a 

cancer biomarker (Ashley et al.  2011; da Silva et al.  1999; Makitie et al.  2001; Ramprasad 

et al.  1996).   

 

D.2.5. Class E 
 
This class of SRs contains type II membrane proteins with C-type lectin-like domains (Figure 

12). The lectin-like oxidized LDL receptor 1 (LOX-1/OLR1) is expressed on macrophages, 

neutrophils, dendritic cells, platelets, vascular endothelial cells, smooth muscle cells and 

adipocytes. LOX-1 has been implicated on the recognition of oxLDL and other ligands, such 

as phosphatidylserine, bacteria and heat shock proteins, thus contributing for immune 

surveillance (Wu et al.  2011; Yoshimoto et al.  2011). The recognition of oxLDL by LOX-1 

promotes endothelial dysfunction, foam cell progression and vascular smooth muscle 

apoptosis (Kataoka et al.  2001; Kume et al.  2001).  

 

D.2.6. Class F 
 
Class F mainly comprises two members, SREC-I (SCARF1) and SREC-II (SCARF2). They 

are type I membrane proteins containing an extracellular domain with multiple EGF-like 

repeats, a single transmembrane region and a large cytoplasmic domain (Figure 12) (Adachi 
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et al.  1997; Ishii et al.  2002). Both receptors are predominantly expressed on DCs, 

macrophages, endothelial cells in the heart, ovary, placenta, lung, kidney, spleen and small 

intestine. Contrarily to SREC-I that binds and internalizes modified LDL, SREC-II is not able 

to internalize these molecules. SREC-I was shown to be an effective receptor for fungal 

pathogens and heat shock proteins (Means et al.  2009). 

 
D.2.7. Class G 
 
SR-PSOX (CXCL16) is currently the only member of class G that exists in both membrane 

and soluble forms (Matloubian et al.  2000; Shimaoka et al.  2000). It is a type I 

transmembrane glycoprotein that contains a CXC chemokine motif followed by a mucin-like 

stalk region, a transmembrane and soluble domains. This SR is generically expressed on 

vascular smooth muscle cells, endothelial cells, DCs, B cells, monocytes and macrophages 

and it has a pro-atherogenic function (Gutwein et al.  2009; Wagsater et al.  2004). It is 

expressed by several tumour cells and plays a role as an adhesion molecule to activate 

primary and secondary T cell responses (Matsumura et al.  2008).  

 
D.2.8. Class H 
 
Class H of SRs is particularly relevant in context of the work that we developed. It comprises 

two members, SR-H1 and SR-H2, which are large type I membrane glycoproteins or soluble 

secreted proteins. These receptors are currently named as FEEL-1/Stabilin-1 (STAB-

1)/CLEVER-1 and FEEL-2/Stabilin-2 (STAB-2), which consist of Fasciclin, Epidermal Growth 

Factor (EGF)-like, laminin type EGF-like and Link domains (FEEL), or Common Lymphatic 

Endothelial and Vascular Endothelial Receptor-1 (CLEVER-1) (Figures 12 and 13) (Irjala et 

al.  2003; Politz et al.  2002). STAB-1 is predominantly expressed in macrophages, 

mononuclear cells, hematopoietic stem cells and endothelial cells, whilst STAB-2 is mainly 

found in sinusoidal endothelial cells (Figure 13). Furthermore, it appears that certain organs 

highly express STAB-1 including spleen, liver, placenta, prostate, colon, lymph nodes and 

bone marrow (Adachi et al.  1997; Adachi et al.  2002). These multifunctional SRs can 

recognize a wide variety of ligands, such as oxLDL, acLDL, heparin, matricellular protein like 

SPARC (secreted protein acidic and rich in cysteine), and promote endocytic and phagocytic 

clearance of unwanted-self components (Qian et al.  2009; Workman et al.  2011). 

Generically, STAB-1 and STAB-2 were implicated in lymphocyte adhesion, transmigration, 

angiogenesis, intracellular trafficking and apoptotic cell clearance (Figure 13) (Prabhudas et 

al.  2014). The prototype member of this class, STAB-1, was discovered in 1991 and named, 

at that time MS-1 antigen. Goerdt and his colleagues found that mouse monoclonal antibody 

MS-1, raised against human spleen, specifically detected an endothelial cell antigen amply 
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expressed throughout the sinusoidal endothelia of spleen, lymph node, liver and adrenal 

cortex, but contrarily it was absent from non-sinusoidal continuous endothelia in these 

organs. 
 

 

Fig.13. Stabilin-1 domain organization is represented in the middle. Stabilin-1 is expressed by different immune 
cells (macrophages, T and B cells, NK, stem cells and endothelial cells) and has a panoply of ligands (acLDL, 
oxLDL, SPARC and heparin). Stabilin-1 plays a role in tumour growth and vascularization, angiogenesis, wound 
healing, migration of T and B lymphocytes and it also contributes for apoptotic cells clearance. 
 
Moreover, they observed by immunohistochemistry and immunoelectron microscopy, that the 

MS-1 antigen was usually deposited at intercellular contact regions between adjacent 

sinusoidal endothelial cells. Interestingly, MS-1 antigen was purified by mass spectrometry 

and a protein with a predicted molecular weight of 280 kDa arose as STAB-1 (Goerdt et al.  

1991). Later on, the homologous protein STAB-2 was also cloned and described as a 

hyaluronan receptor of hepatic sinusoidal endothelial cells (McCourt et al.  1999; Politz et al.  

2002). STAB-1 and STAB-2 share an identity at the protein level of 55%. They kept a high 

evolutionary conservation once the homology with their respective murine proteins is about 

86% for STAB-1 and 79% for STAB-2. STAB-1 has a multitude of immunoregulatory 

functions in cells and it is located in several vesicular compartments. Indeed, when STAB-1 

recognizes extracellular endocytic ligands, they are internalized and delivered to early 
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endosomes. At this point, a portion of ligand-free receptor can recycle back to the cell 

surface via recycling endosomes or being targeted to late endosome to be subsequently 

degraded in lysosomes. Then, part of the ligand that is not degraded can be delivered by 

Stabilin-1 to trans-Golgi network (TGN), a compartment where the receptor dissociates from 

the ligand allowing its secretion to the extracellular space through storage vesicles. 

Additionally, Stabilin-1 was implicated in intracellular sorting process, shuttling itself between 

endosomes and TGN (Kzhyshkowska et al.  2004). STAB-1 mediates the endocytosis of 

acLDL, SPARC, and growth hormone family member placental lactogen (PL) (Adachi et al.  

2002; Kzhyshkowska et al.  2006; Kzhyshkowska et al.  2008). The sortin nexin 17 (SNXs), a 

protein involved in intracellular membrane trafficking was shown to interact with STAB-1, 

thus altering its intracellular recycling and degradation in endothelial cells (Adachi et al.  

2010). It was previously demonstrated that STAB-1 is expressed on blood vessels being 

involved in angiogenesis phenomena, which includes wound healing, tumour vascularization 

and chronic inflammation of the skin, such as psoriasis (Figure 13) (Adachi et al.  2002; 

Salmi et al.  2004).  

Heat shock proteins play important roles in cell signalling and immunity. Remarkably, STAB-

1 avidly binds Hsp70-peptide complexes and promotes their efficient internalization (Theriault 

et al.  2006). In vivo models demonstrated that STAB-1 mediates the migration of T and B 

lymphocytes to the draining lymph nodes (Figure 13). In fact, using an antibody that blocks 

STAB-1, peritonitis is efficiently inhibited in mice due to the decreased migration of 

granulocytes, monocytes and lymphocytes into the inflamed peritoneum (Karikoski et al.  

2009). Also relevant is the fact that STAB-1 expression defines a subset of macrophages, 

which mediates tissue homeostasis and prevents fibrosis in chronic liver injury. Thereby the 

deficiency of this SR exacerbates fibrosis and delays fibrosis resolution throughout the 

recovery phase (Rantakari et al.  2016). Several authors have been associating STAB-1 with 

cancer. Indeed, it was shown that STAB-1 knock-out mice developed smaller primary and 

metastatic tumours than the wild-type mice, suggesting that STAB-1 is an 

immunosuppressive molecule (Figure 13) (Karikoski et al.  2014). In addition, STAB-1 is 

expressed in human breast cancer and potentiates tumour growth in mammary 

adenocarcinoma mouse model (Riabov et al.  2016). It has the ability to mediate the 

engulfment and clearance of apoptotic bodies, a process that is highly dependent on PS, 

known as an “eat-me” signal molecule. PS interacts directly with STAB-1 and is sufficient for 

STAB-1-mediated phagocytosis, thus contributing for the maintenance of tissue homeostasis 

and prevention of autoimmunity (Park et al.  2009). Moreover, STAB-1 expressed by hepatic 

sinusoidal endothelial cells is critical to clear damaged or aged red blood cells in mouse liver 

(Lee et al.  2011). 
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D.2.9. Class I 
 
CD163 (M130) is the prototype of class I SR and a type I transmembrane protein composed 

by an extracellular region with nine scavenger receptor cysteine-rich (SRCR) domains, a 

transmembrane domain followed by a short intracellular cytoplasmic tail. CD163 is 

exclusively expressed by monocytes and macrophages and binds to haptoglobin/hemoglobin 

(Hgb) complexes to eliminate them by endocytosis during intravascular haemolysis 

(Kristiansen et al.  2001). It exists not only as a membrane-bound molecule but also as a 

soluble form in plasma and other tissue fluids (Etzerodt et al.  2010). M160 is a long tail 

variant of CD163 also expressed by myeloid cells and intimately associated with monocyte 

differentiation into macrophages (Gronlund et al.  2000).  

The CD5 and CD6 belong to class I and are scavenger receptor cysteine-rich (SRCR) that 

are constitutively expressed on T cells and B cells, which are extremely important to regulate 

lymphocyte selection and immune tolerance (Aruffo et al.  1997; Padilla et al.  2000; 

Tarakhovsky et al.  1995). DMBT1 (gp340) also belongs to the SRCR and is located on B- 

and T-lymphocytes but also on macrophages (Holmskov et al.  1997). 
 
D.2.10. Class J 
 
The only member of this class is the receptor for advanced glycation end-products 

(RAGE/AGER), which is a multi-ligand transmembrane receptor that belongs to the 

immunoglobulin gene superfamily and is expressed by endothelial cells, hepatocytes, 

smooth muscle cells and monocytes (Ramasamy et al.  2009). RAGE has a short 

cytoplasmic domain and an extracellular region essential to recognize diverse ligands, 

including advanced glycation end-products, glycosaminoglycan, collagen and complement 

C3 (Yu et al.  2015). This SR is mainly associated with the recognition of some endogenous 

molecules usually released in conditions of physiological stress, infection or chronic 

inflammation (Ibrahim et al.  2013).  

 
D.3. Scavenger receptors and disease 
 
Regarding the enormous repertoire of ligands that SRs recognize, it is not surprising that 

they are intimately associated with the maintenance of host homeostasis and pathogenesis 

of several diseases. 

 

D.3.1. Atherosclerosis 
 
Coronary artery disease and cerebrovascular disease are the most common forms of 

cardiovascular disease and the pathological process behind this life threatening is 
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atherosclerosis, which underlies the leading cause of death in industrialized societies (Lloyd-

Jones et al.  2010). Atherosclerosis is a chronic inflammatory disease characterized by an 

inflammatory response of endothelial cells, resultant from the circulating LDL particles that 

accumulate over time in the arterial intima. These LDL particles undergo several chemical 

modifications, including oxidation and acetylation (Sawamura et al.  1997; Steinbrecher et al.  

1984). This phenomena leads to increased expression of adhesion molecules and 

chemokines, which are responsible for the recruitment and infiltration of circulating 

monocytes and T-cells that promote local inflammation. The accumulation of both lipids and 

immune cells in the artery wall, together with the formation of a fibrous cap mainly composed 

by collagen, constitute the atherosclerotic plaque. Subsequently, a more complex necrotic 

core in the lesion is formed with the accumulation of apoptotic cells, necrotic cells and cell 

debris (Hansson et al.  2011). In the intima, macrophages up-regulate their SRs that further 

uptake modified LDL particles, leading to intracellular cholesterol deposition. The eventual 

conversion of subendothelial macrophages into cholesterol-laden foam cells, which is 

characteristic of the atherosclerotic lesion, results from the inability of macrophages to 

properly process modified lipoproteins (Murphy et al.  2005). 

 

D.3.2. Type 2 diabetes 
 
Diabetes mellitus is a common metabolic disorder worldwide, characterized by chronic 

hyperglycaemia caused by the accumulation of fatty acids and lipid metabolites that alter 

insulin signalling (Kennedy et al.  2011). CD36 was found to be a fatty acid translocase in 

certain insulin-sensitive tissues such as adipocytes (Abumrad et al.  1993). Strong evidences 

show that this transporter protein taken up nearly 70% of fatty acids in the heart. Actually, the 

continuous accumulation of lipids is the primary cause of insulin resistance (Coort et al.  

2002). In vivo studies on spontaneous hypertensive rats containing a CD36 gene mutation 

revealed a defective transport of long-chain fatty acids by adipocytes leading to type 2 

diabetes (Aitman et al.  1999). 

 

D.3.3. Alzheimer´s disease 
 
Alzheimer´s disease is one of the most prevalent forms of dementia nowadays, which 

consists of senile plaques that contain β-amyloid fibrils, microglia and astrocytes (Heneka et 

al.  2007; Wilkinson et al.  2012). Interestingly, it was previously reported that microglia bind 

to β-amyloid fibrils through SR-AI and CD36 (Chung et al.  2001; El Khoury et al.  2003). 

Indeed, CD36 is capable to form a complex with both TLR4 and TLR6, in the presence of β-

amyloid that leads to the secretion of IL-1β and production of ROS. These molecules and 
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other inflammatory products are responsible for neuronal cell death that is a hallmark of this 

disease (Stewart et al.  2010). 

 

D.3.4. Cancer 
 
As previously mentioned, SRs are involved in cancer progression possibly because they 

control pro-inflammatory responses that are deregulated in cancer (Bak et al.  2007). Distinct 

physiological and pathological conditions, such as cellular adhesion, antigen presentation 

and apoptotic cell clearance are key functions of SRs to regulate cancer development 

(Murshid et al.  2012; Park et al.  2007; Santiago-Garcia et al.  2003; Shimaoka et al.  2004). 

Several authors have revealed that SRs expression on macrophages is important for tumour 

progression and metastasis both in vitro and in vivo. Remarkably, some SRs have been 

exploited as specific diagnostic or prognostic markers in several cancer pathologies (Yu et al.  

2015). 

 

D.4. SRs: Promiscuous Players During Microbial Pathogenesis	  

 
This section explores important findings regarding the role of SRs in pathogen infection. This 

version will be submitted to the Virulence Journal and is presented bellow.  
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Innate immunity is the most broadly effective host defence, being essential to clear the 

majority of microbial infections. Scavenger Receptors (SRs) comprise a family of sensors 

expressed in a multitude of host cells, whose dual role during microbial pathogenesis gained 

importance over recent years. SRs regulate the recruitment of immune cells and control both 

host inflammatory response and bacterial load. Contrarily, bacteria have evolved different 

strategies to overcome immune response, avoid recognition by SRs and exploit them to favour 

infection. Here, we discuss the most relevant findings regarding the interplay between SRs 

and pathogens, revealing how these multifunctional proteins recognize a panoply of ligands 

and act as bacterial phagocytic receptors.  

 

Scavenger Receptors: an emergent family of Pattern Recognition Receptors 
Host cells are effective guardians of the immune response through the expression of complex 

surveillance systems, including the Pattern Recognition Receptors (PRRs) (Pluddemann et al.  

2011). SRs compose a diverse and evolutionary conserved family of PRRs that are 

functionally and structurally distinct. They are soluble or cell surface associated proteins 

originally implicated on the recognition and binding of modified lipoproteins. However, it is now 

appreciated that SRs eliminate a number of altered self and non-self ligands (extensively 

reviewed elsewhere) (Areschoug et al.  2008; Areschoug et al.  2009; Mukhopadhyay et al.  

2004; Pluddemann et al.  2006). Diverse cell processes ranging from endocytosis to 

phagocytosis or macropinocytosis are usually undertaken to eliminate unwanted ligands and 

maintain homeostasis (Prabhudas et al.  2014). Importantly, SRs are widely expressed in cells 

patrolling potential portals of pathogen entry, such as macrophages, neutrophils, dendritic 

cells, microglia and B cells, but they are also expressed in endothelial and epithelial cells 

(Mukhopadhyay et al.  2004; Murphy et al.  2005; Platt et al.  2001). Currently, SRs are 

categorized into 10 classes (A-J) grouped according to their sequence similarity or common 

structural features (Figure 1) (Prabhudas et al.  2014). Several SRs have been reported to 

play opposite roles during bacterial infection: whereas at portals of pathogen invasion SRs 

recognize a myriad of microbial proteins activating downstream immune responses to fight and 

eliminate the pathogen, some pathogens hijack SRs function exploiting them to bind and 
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invade cells, thus promoting intracellular survival and proliferation. This review will focus on 

SRs, as an emergent family of PRRs, and their interplay with different pathogens to either 

promote an effective innate immune response or by the contrary, favour microbial 

pathogenesis. 

	  
Fig. 1. Schematic overview of SRs families. SRs are either transmembrane or soluble proteins distributed into 10 
classes, from A to J, according to their sequence or structural similarities. Protein and carbohydrate domains that 
compose SR members are indicated. 
 

Scavenger Receptors from Class A  
Class A SR includes five type II membrane proteins containing a collagen-like domain with 

collagen-binding activity (Figure 1) (Gowen et al.  2001; Kodama et al.  1990; Zani et al.  

2015). These proteins are primarily expressed in tissue-resident macrophages and dendritic 

cells (Hughes et al.  1995). Their role in bacterial pathogenesis was essentially reported for 

Scavenger Receptor A (SR-A) and Macrophage Receptor with Collagenous Structure 

(MARCO). 

 
SR-A 

SR-A has long been shown to bind to Escherichia coli lipopolysaccharide (LPS) and 

lipoteichoic acids from some Gram-positive bacteria and was thus implicated in host defence 

Intracellular 

 SR-A1 
 
 
SCARA3 
 
 
SRCL 
 
 
SCARA5 
 
 MARCO 

SR-B1 
CD36 
SCARB2 

dSR-C1 

CD68 

LOX-1 

SREC1  
SREC2 

SR-PSOX 

STABILIN-1 
 
STABILIN-2 

CD163 
CD5 
CD6  
DMBT1 
Spα 

RAGE 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

α – helical coiled-coil domain 

Collagenous domain 

!! Ser/Thr-rich domain 

C-type lectin domain 

Spacer domain in SCARA5 

Scavenger receptor cysteine-
rich (SRCR) domain 

Somatomadin B-like domain 

MAM domain 

Complement control 
protein (CCP) domain 

LAMP domain 

Mucin-like domain 

EGF-like domain 

Ser/Pro/Gly-rich domain 

Chemokine domain 

Link domain 

Fasciclin domain 

Laminin-type EGF-like domain 

EGF domain 

Spacer domain 

Variable domain 

CD36 

Transmembrane domain 

Host cell membrane 

ZP, zona pellucida 

CUB, C1r/C1s Uegf Bmp1 domain 

PST, proline-, serine-, and 
threonine-rich 

N 

!!

N 

N 

N 

N 

N 

N 

N 

N 

C 

C 

C 

N 

C 

C 

C 

C 

C 

C 

C 

N 

!!

C 
C 
C C 

C 
C 

C 
C 
C C 

C 
C 

C 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

Extracellular 

N 

N 

C 

C 



CHAPTER I - INTRODUCTION 

	   59 

(Dunne et al.  1994; Hampton et al.  1991). Further studies revealed its involvement in the 

pathogenesis of different microorganisms and importantly, pointed the SR-A dual role in 

infection, either by favouring the host response contributing for pathogen elimination or 

promoting survival and pathogen dissemination.  

In particular, SR-A was reported detrimental for the host during Mycobacterium tuberculosis 

(Mtb) infection of alveolar macrophages. Indeed, SR-A knock-out (KO) mice display increased 

survival to pulmonary tuberculosis (Ulrichs et al.  2006). Histopathology analysis of infected 

lungs showed Mtb within cholesterol clefts and multinucleated foam cells in SR-A KO mice, 

whilst necrotic macrophages obstructing alveolar and bronchial spaces were detected in wild 

type (WT) mice (Sever-Chroneos et al.  2011). In addition, the analysis of cell populations in 

infected lungs revealed increased recruitment of CD4+ lymphocytes and antigen-presenting 

cells (APCs) in SR-A KO mice, suggesting SR-A as a negative regulator of pulmonary 

adaptive immunity during chronic Mtb infection (Figure 2) (Sever-Chroneos et al.  2011). SR-A 

was also reported to be disadvantageous for the host during Cryptococcus neoformans and 

Pneumocystis carinii infections. As described for Mtb infection, SR-A KO mice displayed 

improved pulmonary fungal clearance, which is intimately associated with higher accumulation 

of CD4+ T cells and CD11b+ myeloid cells in the lungs (Hollifield et al.  2007; Qiu et al.  2013). 

So far, these reports suggest that SR-A confers an advantage for pathogens infecting host 

lungs and reinforce the idea that SRs can be exploited by pathogens to promote their survival 

within the host. The impact of SR-A on Brucella abortus infection was also addressed. SR-A 

KO mice were less prone to B. abortus, which is probably due to decreased bacterial 

internalization and intracellular replication within SR-A-deficient macrophages (Kim et al.  

2004). Importantly, bacteria evolved different mechanisms to avoid host cells recognition. The 

role of SR-A in the non-opsonic phagocytosis of two major Gram-positive pathogens, 

Streptococcus agalactiae (GBS) and Streptococcus pyogenes, by murine bone marrow-

derived macrophages was also investigated. The polysaccharide capsule or the bacterial 

surface lipoprotein Blr of GBS and the surface M protein of S. pyogenes were shown to 

prevent SR-A-mediated recognition and non-opsonic phagocytosis (Figure 2) (Areschoug et al.  

2008; Carlsson et al.  2005).  

Reversely, SR-A also appears to be crucial to protect the host from pathogen damage. The 

role of SR-A was assessed in the context of infection by Neisseria meningitidis, the leading 

cause of life-threatening meningococcal meningitis and septicemia, especially in infants. N. 

meningitidis was shown to bind bone marrow-derived macrophages almost exclusively through 

SR-A and independently from LPS, suggesting that SR-A-expressing macrophages may be 

critical in the innate host immune response to meningococci (Peiser et al.  2002). Additionally, 

binding assays aiming to uncover SR-A ligands were performed, identifying three N. 

meningitidis proteins: NMB1220, NMB0278 and NMB0667 (Figure 2). Soluble forms of these 
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proteins were shown to block the binding of meningococci to CHO cells stably transfected with 

SR-A. Nevertheless, the authors claimed that only NMB1220 induced SR-A-mediated 

endocytosis in macrophages (Peiser et al.  2006). The first line of defence against invading N. 

meningitidis is the highly phagocytic dendritic cells (DCs). It was demonstrated that SR-A-

mediated phagocytosis of viable N. meningitidis highly stimulates DCs to the release of pro-

inflammatory cytokines, including TNF-α, IL-1β and IL-6 (Figure 2). Interestingly, SR-A was 

reported transiently dephosphorylated shortly after SR contact with the bacteria, suggesting 

that SR-A engagement in response to bacterial binding elicits intracellular signalling to trigger 

a cellular response (Villwock et al.  2008). Importantly, N. meningitidis infected SR-A KO mice 

showed reduced survival as compared to WT mice, exhibiting higher levels of bacteraemia 

and circulating IL-6, which is commonly associated with meningococcal septicaemia in 

humans (Figure 2) (Pluddemann et al.  2009; Prins et al.  1998). Additionally, the lack of SR-A 

was reported to impair host survival against infections by Mycoplasma pulmonis and 

Staphylococcus aureus (Figure 2) (Booth et al.  2014; Thomas et al.  2000).  

Concerning infection by Listeria monocytogenes different studies pointed to the beneficial 

role of different SR-A isoforms in host protection. SR-AI KO mice showed higher susceptibility 

to L. monocytogenes infection, with highly increased bacterial burden and decreased host 

survival (Suzuki et al.  1997). The increased susceptibility of SR-AI KO mice to L. 

monocytogenes infection was proposed to be related with a defect in the uptake or killing of 

bacteria by macrophages (Figure 2) (Suzuki et al.  1997). Mice KO for both SR-AI and SR-AII 

were also shown to be more susceptible to L. monocytogenes infection and displayed 

increased hepatic granuloma formation regarding their number, dimension and persistence 

throughout the infection (Figure 2) (Ishiguro et al.  2001). Concomitantly, Kupffer cells and 

peritoneal macrophages from SR-AI/II KO mice showed decreased L. monocytogenes 

phagocytosis. Moreover, the listericidal phagocytic activity of WT macrophages was impaired 

in the presence of an anti-SR-AI/II blocking antibody (Ishiguro et al.  2001). Strikingly, SR-AI/II 

were thus proposed to play a crucial role in host defence against L. monocytogenes infection 

not only by acting as a receptor for its phagocytosis, but also by mediating listericidal 

mechanisms (Figure 2) (Ishiguro et al.  2001). 

Notably, the role of SR-A in regulating the crosstalk between innate and adaptive immune 

response to pathogen infection remains unclear. SR-A KO mice displayed exacerbated death 

upon infection of the parasite Schistosoma japonicum. SR-A was elegantly shown to directly 

interact with interferon-regulatory factor 5 (IRF5) in S. japonicum infected macrophages and 

suppress IRF5 nuclear translocation, which shifts macrophage polarization from M1 towards 

M2, thus stimulating T-helper responses from type 2. In this context, SR-A is thus able to 

modulate macrophage polarization and fine-tune T-cell differentiation (Xu et al.  2017).  
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Pulmonary surfactant is composed by a variety of lipids and proteins, including surfactant 

protein A (SP-A), which prevents alveoli collapsing during expiration (Kuroki et al.  1994). It 

was reported that SP-A increases cell surface localization of SR-A and potentiates SR-A-

mediated phagocytosis of Streptococcus pneumoniae by alveolar macrophages promoting 

bacterial clearance (Kuronuma et al.  2004). In agreement, SR-A KO mice displayed increased 

mortality rate upon S. pneumoniae infection, possibly due to an impaired phagocytosis, that 

lead to reduced clearance of live bacteria from the lungs and highly increased pneumonic 

inflammation (Figure 2) (Arredouani et al.  2006). Altogether, the data compiled above show 

that SR-A enhances host resistance to several pathogens, being essential to limit the severity 

of certain infections. 
 

	  
Fig. 2. The most relevant functions of SR-A in microbial pathogenesis. SR-A binds to different pathogen 
components and act as receptor for different bacteria, virus and yeasts. SR-A is a negative regulator of chronic 
Mtb infection, as SR-A KO mice show increased lymphocyte and APCs recruitment. Contrarily, SR-A positively 
regulates immune response against S. pneumoniae, N. meningitidis, M. pulmonis, S. aureus and L. 
monocytogenes mainly by potentiating bacterial phagocytosis and clearance. In vitro assays show that SR-A 
exposed at the surface of epithelial cells mediates adherence to C. perfringens and in the case of N. meningitidis 
and P. gingivalis, SR-A interacts with bacterial proteins, stimulating inflammatory response. S. pyogenes and S. 
agalactiae display evasion mechanisms to avoid SR-A-mediated phagocytosis through the expression of M 
protein and polysaccharide capsule, respectively. SR-A, Scavenger Receptor A; WT, wild-type; KO, knock-
down; LPS, lipopolysaccharide; LTA, lipoteichoic acid; dsRNA, double-stranded ribonucleic acid; DNA, 
deoxyribonucleic acid; APCs, antigen-presenting cells; FimA, fimbrillin; SP-A, surfactant protein A. See text for 
details. 
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Other reports point to the interplay between SR-A and other pathogens, however specific 

outcomes in the context of pathogen-infection need to be further explored. Clostridium 

perfringens, which has the ability to survive within murine macrophage-like cell lines (O'Brien 

et al.  2000), was shown to bind to CHO cells in a SR-A-dependent manner (Figure 2) 

(O'Brien et al.  2003). Porphyromonas gingivalis induces the expression of SR-A by 

macrophages (Bodet et al.  2007). This increase is partially dependent on the major fimbriae 

of P. gingivalis FimA and promotes TNF-α secretion, thus implicating SR-A as a regulator of 

inflammation (Figure 2) (Baer et al.  2009). 

Finally, SR-A was found to act as a receptor for pathogen phagocytosis. This was shown for 

Escherichia coli and Francisella tularensis in dendritic cells and macrophages, respectively 

(Amiel et al.  2007; Pierini  2006). Binding and phagocytosis of yeast Saccharomyces 

cerevisiae and Candida albicans were also shown to be dependent on SR-A (Figure 2) 

(Wang et al.  2010). In addition, SR-A was reported to bind bacterial DNA (Zhu et al.  2001) 

and double-stranded RNA (DeWitte-Orr et al.  2010; Limmon et al.  2008). SR-A was involved 

in the virus recognition, namely in the uptake of Adenovirus type 5 (Ad5) and endocytosis of 

Adeno-associated virus serotype 8 (Haisma et al.  2009; van Dijk et al.  2013).  

SR-A appears thus as a SR capable to recognize a wide range of microbes, and contributes 

to pathogen containment by modulating the recruitment and the activation of phagocytic cells 

and regulating inflammatory response through cytokine secretion. To counteract this function, 

some microbes evolved strategies to evade SR-A dependent recognition and phagocytosis. 

 
MARCO 

MARCO also has an ambiguous involvement in pathogen infections, either being crucial or 

detrimental for host response. MARCO was primarily reported to bind soluble LPS and intact 

Gram-positive and Gram-negative bacteria, but not yeast (Elomaa et al.  1995; Sankala et al.  

2002). From that point forward several studies have been doing an effort to clarify the impact 

of this SR in pathogen infection. The lack of MARCO was shown to induce different outcomes 

upon SR interaction with bacteria, virus, fungus and even parasites. 

Influenza is considered nowadays a public health concern worldwide (Bridges et al.  2003). 

MARCO induces increased morbidity and mortality of mice affected by Influenza A 

pneumonia, due to a diminished neutrophilic inflammatory response (Ghosh et al.  2011; Xu et 

al.  2017). MARCO is also exploited by Herpes Simplex Virus type 1 glycoprotein C to 

promote cell surface adsorption and infection in the skin (Figure 3) (MacLeod et al.  2013). 

Additionally, it was demonstrated that MARCO significantly enhances Adenovirus infection, 

due to an efficient virus recognition by macrophages, through the cytoplasmic DNA sensor 

cGAS, that in turn potentiates a pro-inflammatory response (Maler et al.  2017).  
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In opposition, MARCO improves host resistance to several pathogens. MARCO was largely 

implicated in the recognition, binding and internalization of different bacteria. Aiming to 

unravel the role of alveolar macrophages expressing MARCO in host innate defence against 

pneumococcal infection, WT and MARCO KO mice were submitted to intranasal instillation of 

S. pneumoniae suspension. MARCO KO mice displayed a diminished survival rate, due to an 

impaired ability to clear bacteria from the lungs, characterized by increased pulmonary 

inflammation (Figure 3). Both in vitro binding of S. pneumoniae and in vivo uptake of 

unopsonized particles by MARCO KO alveolar macrophages were drastically impaired 

(Arredouani et al.  2004). Later, MARCO was revealed as a crucial component against S. 

pneumoniae response in the murine nasopharynx colonization, with MARCO KO mice 

showing a defect on bacterial clearance. In addition, MARCO deficiency abrogates cytokine 

production and cellular recruitment to the nasopharynx following colonization. Maximal TLR2- 

and NOD2-dependent NF-κB activation to ultimately clear S. pneumoniae was shown to be 

dependent on MARCO (Figure 3) (Dorrington et al.  2013). 

MARCO-deficient macrophages do not mount an efficient inflammatory response to Mtb 

infection. MARCO, which is a tethering receptor for the cell wall glycolipid TDM (trehalose 

6,6′-dimycolate), presents these lipids to the CD14/TLR2 complex (Bowdish et al.  2009). 

MARCO is essential for phagocytosis of Mycobacterium marinum by zebrafish 

macrophages, being crucial to control bacterial growth and inflammatory response (Benard et 

al.  2014). Moreover, peritoneal macrophages from MARCO-deficient mice showed impaired 

Clostridium sordellii phagocytosis, being KO mice more susceptible to C. sordellii uterine 

infection than WT mice. Moreover, MARCO also efficiently contributes to fungal containment 

during Cryptococcus neoformans infection, thus controlling the recruitment of monocytes 

and dendritic cells and regulating the levels of IFN-γ. Additionally, MARCO is involved in C. 

neoformans phagocytosis by resident pulmonary macrophages and dendritic cells (Xu et al.  

2017). These findings confer an important role for MARCO as a phagocytic receptor of 

macrophages, essential to clear pathogens (Thelen et al.  2010). 

Different microbial infections induce an increased expression of MARCO, suggesting a role for 

this SR in host defence. In vivo evidences demonstrated a marked and transient expression of 

MARCO, induced in liver Kupffer cells and red pulp macrophages of the spleen, following the 

intravenous administration of L. monocytogenes (Figure 3) (Ito et al.  1999). More recently, 

MARCO/SR-A double knock-out mice were challenged intraperitoneally with L. 

monocytogenes and, at three and five days post-infection, there was a trend toward higher 

bacterial levels in double KO mice spleen and liver, although WT and KO mice had equal 

survival rates (Chen et al.  2010). The expression of MARCO is rapidly induced on 

macrophages including Kupffer cells, upon Bacillus Calmette-Guérin (BCG) infection or after 

the injection of purified LPS (van der Laan et al.  1999).  
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Fig. 3. The most relevant functions of MARCO in microbial pathogenesis. MARCO binds to E. coli LPS and 
to S. aureus and it promotes cell surface adsorption and skin infection by HSV. MARCO is a negative regulator of 
the inflammatory response against Influenza A virus. However, MARCO is essential to control host immune 
response to M. marinum, S. pneumoniae, C. sordellii, L. monocytogenes and C. neoformans infections, being WT 
mice or WT morpholino highly resistant to infection. S. pneumoniae clearance, which is MARCO-dependent, 
stimulates TLR2- and NOD2-dependent NF-κB activation. MARCO expression is up-regulated in macrophages, 
spleen and glial cells in response to L. major, N. meningitidis, L. monocytogenes and S. pneumoniae infections. 
The lipoprotein PpiA of Streptococcus mutans contributes to the anti-phagocytic activity mediated by MARCO. 
MARCO, macrophage receptor with collagenous structure; WT, wild-type; KO, knock-down; LPS, 
lipopolysaccharide; NOD2, nucleotide-binding oligomerization domain-containing protein 2; TLR2, Toll-like 
receptor 2; NF-kB, nuclear factor kappa B; PpiA, peptidyl-prolyl cis/trans-isomerase. See text for details. 
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suppression of MARCO-mediated phagocytosis of this bacterium by macrophages (Figure 3) 

(Mukouhara et al.  2011). 

So far, MARCO has been involved in the recognition of both Gram-positive and Gram-

negative bacteria but also in the pathogenesis of different virus. It usually behaves as a 

positive regulator of pathogen infection, stimulating phagocytosis, cellular recruitment and 

cytokine production. Several studies have shown that MARCO is differentially regulated in 

response to certain pathogen infections, revealing its potential as a host innate immune 

receptor. This SR is also exploited by some pathogens to promote infection. 

 
Other class A SRs 

From the less known SRs from class A, it was reported that SCARA5, which is exclusively 

expressed by populations of epithelial cells, binds to heat-killed E. coli and S. aureus (Jiang et 

al.  2006). SRCL has the ability to bind and phagocytose bacteria and yeast, suggesting a 

possible role for this SR in host defence (Jang et al.  2009; Nakamura et al.  2001; Ohtani et 

al.  2001). 

 
Scavenger Receptors from class B  
The members that belong to class B SRs are currently characterized by the presence of two 

transmembrane domains flanking an extracellular loop, with both the amino and carboxyl 

terminal located within the cytosolic region (Figure 1) (Asch et al.  1987). CD36 is the 

prototype class B SR and has been largely involved in microbial pathogenesis. 

 

SR-B 

Importantly, SR-B, whose expression is modulated upon cell contact with Hepatitis C virus 

(HCV), was previously recognized to be essential for virus uptake, cell-to-cell transmission 

and cross-presentation by human dendritic cells. This may have an impact on the design of 

HCV vaccines and immunotherapeutic approaches (Barth et al.  2008; Fan et al.  2017; 

Schwarz et al.  2009).  

SR-B is a multi-recognition receptor crucial to potentiate host response against bacterial 

pathogens. SR-BI KO mice showed increased mortality throughout Klebsiella pneumoniae 

infection, characterized by higher bacterial burden in the lung and in the blood, increased 

serum cytokines and neutrophils recruitment to the infected airspace, impaired phagocytic 

clearance and markedly organ injury (Gowdy et al.  2015). 

Moreover, SR-B is required for Chlamydia pneumoniae infection, being important for 

bacteria attachment, internalization and growth into epithelial cells, and for Brucella abortus 

phagocytic activity by trophoblasts giant cells (Korhonen et al.  2012; Watanabe et al.  2010). 



CHAPTER I - INTRODUCTION 
	  

 66 

SR-B is also involved in Mtb recognition, although no relevant outcome in anti-mycobacterial 

immunity was revealed so far (Schafer et al.  2009). 

Recently, an interesting study has claimed that SR-BI prevented tissue damage without 

altering pathogen burden, after intraperitoneal mice infection with increasing loads of L. 

monocytogenes. Importantly, it was shown that autophagy mechanisms were activated by 

SR-BI to protect organs, such as the liver and spleen, selectively from the collateral damage 

induced by antibacterial defences (Vishnyakova et al.  2006). SR-BI functions as a regulator 

of lipid domain formation, thus increasing cellular uptake mechanisms, such as 

macropinocytosis and promoting autophagic flux. Induced autophagy then suppresses tissue 

damage by preventing necrotic cell formation in the core of infectious foci, stimulating 

apoptotic cell clearance and decreasing not only the tissue infiltration but also the 

accumulation of neutrophils and inflammatory macrophages (Pfeiler et al.  2016). 

The interplay between SR-B and parasites was also addressed. SR-BI significantly boosts 

hepatocyte permissiveness to Plasmodium falciparum, P. yoelii, and P. berghei entry and 

promotes parasite development. Interestingly, SR-B is responsible for the regulation of CD81 

localization at the plasma membrane, mediating a membrane rearrangement that is more 

permissive to sporozoites penetration (Yalaoui et al.  2008). So far, these data indicate that 

SR-B predominantly favours host response mechanisms by containing pathogen infection. 

 

CD36 

CD36 has been shown to be a sensor of both Gram-positive LTA and Gram-negative LPS, 

working as a phagocytic receptor for a number of pathogenic bacteria, such as E. coli, 

Klebsiella pneumoniae, Salmonella typhimurium, S. aureus and Enterococcus faecalis 

(Figure 4) (Baranova et al.  2008). In particular, bacterial chaperonin 60, GroEL and LPS could 

potentially contribute to bacteria-induced inflammation in vitro and in vivo, acting via SR-B 

(Baranova et al.  2012). Strikingly, CD36 has a strong impact in innate immunity and host 

defence by recognizing both bacterial cell wall and cytosolic GroEL.  

S. aureus is the primary cause of skin infections, characterized by a local inflammatory 

response that often precedes the formation of necrotic lesions. This dermonecrosis is mainly 

dependent on the action of a pore-forming toxin α-hemolysin (Hla). Using a mouse model of S. 

aureus dermonecrosis, CD36 was found to negatively regulate dermonecrosis following 

infection with Hla-producing S. aureus. This regulation is largely independent of bacterial load 

because dermonecrosis was also limited following subcutaneous intoxication with S. aureus–

secreted and purified Hla. CD36 KO mice intoxicated with sterile S. aureus supernatant had 

enhanced dermonecrosis, with increased neutrophil accumulation and local IL-1β expression. 

The contribution of neutrophils to tissue injury was confirmed since dermonecrosis was almost 

abolished upon neutrophil depletion (Figure 4) (Castleman et al.  2015). Tet38 efflux pump, 
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which is involved in S. aureus internalization by lung epithelial cells, was unveiled to play a 

role in bacterial internalization by interacting with CD36 (Truong-Bolduc et al.  2017). 

Moreover, CD36 also provides host protection against K. pneumoniae and S. pneumoniae 

intrapulmonary infections, modulating host inflammatory response and enhancing macrophage 

phagocytosis (Olonisakin et al.  2016; Sharif et al.  2013). In opposition, CD36 deficiency 

confers resistance to Mtb infection. Thus, CD36 KO mice displayed reduced bacterial burden 

in both spleen and liver, decreased density of granulomas and diminished levels of circulating 

tumour necrosis factor (TNF) (Figure 4) (Hawkes et al.  2010). Furthermore, P. gingivalis 

infected macrophages up-regulate CD36 expression via ERK/NF-kB pathway (Liang et al.  

2016). FACS analysis demonstrated that the uptake of L. monocytogenes was 20-fold higher 

in HeLa cells overexpressing CD36 when compared with mock-HeLa cells (Vishnyakova et al.  

2006). 

Regarding the relevance of this SR for parasite infection, CD36 was demonstrated to be the 

most common target of the PfEMP1 proteins of P. falciparum, tethering parasite-infected 

erythrocytes to endothelial receptors, thus preventing their splenic clearance and allowing 

increased parasitaemia (Figure 4) (Hsieh et al.  2016). Importantly, CD36 appears to have a 

dual role in infection, being useful or not for pathogen elimination. 

 
Scavenger Receptors from classes D and I  
CD68, which is the only member of class D SR, is a glycosylated type I membrane protein that 

belongs to the lysosome-associated membrane protein family (LAMP) (Figure 1) (Song et al.  

2011). Class I SRs are also type I transmembrane proteins characterized by an extracellular 

region with scavenger receptor cysteine-rich (SRCR) domains (Figure 1) (Kristiansen et al.  

2001). Less is known about the role of these classes in microbial pathogenesis.  

Malaria still remains a devastating disease worldwide and new target drugs need to be 

identified (White  2017). Plasmodium sporozoites enter the blood circulation and infect the 

liver. The synthetic peptide P39 was shown to interact with CD68 at the surface of Kupffer 

cells, inhibiting sporozoite entry and liver infection. Understanding the underlying molecular 

mechanisms may lead to the development of new therapeutic strategies to control malaria 

(Cha et al.  2015).  

CD163 was found to be important in the inflammation process, but it could also function as a 

receptor for Gram-positive and Gram-negative bacteria. In particular, it was demonstrated that 

soluble CD163 recognizes a specific fragment of fibronectin bound to S. aureus surface 

molecules, leading to increased phagocytosis and antimicrobial defences. (Fabriek et al.  

2009; Kneidl et al.  2012; Law et al.  1993).  

Although CD5 and CD6 are both implicated on the modulation and signalling of T and B cell 

receptors, CD5 is well adapted to interact only with fungal associated ligands, while CD6 has 
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evolved to recognize bacterial ones (Soldevila et al.  2011). On the other hand DMBT1 was 

previously found to inhibit HIV-1 infection (Chu et al.  2013) and to be associated with the 

activation of the complement (Leito et al.  2011). Human Spα has the same domain 

organization as the extracellular region of CD5 and CD6 and may regulate monocyte 

activation, function and survival (Figure 1) (Gebe et al.  1997). Human recombinant Spα, that 

is the homologue of the mouse protein AIM, was found to interact in vitro with Gram-negative 

and Gram-positive bacteria, including L. monocytogenes (Bessa Pereira et al.  2016; Gebe 

et al.  2000; Sarrias et al.  2005). 

 

Scavenger Receptors from classes E and F  
Class E of SRs contains type II membrane proteins with C-type lectin-like domains, whether 

class F SRs are type I membrane proteins, containing an extracellular domain with Epidermal 

Growth Factor (EGF)-like repeats (Figure 1) (Politz et al.  2002; Sawamura et al.  1997). 

 

LOX-1 

LOX-1 was previously implicated on adhesion of S. aureus and E. coli (Shimaoka et al.  

2001). Expression of this SR was shown to be up-regulated in response to Aspergillus 

fumigatus, C. pneumoniae and Herpes simplex virus I (HSV-1) infection, which may 

reflects its role in host defence mechanisms against pathogen infections (Campbell et al.  

2013; Chirathaworn et al.  2004; Gao et al.  2016; Li et al.  2015; Yoshida et al.  2006). In 

addition, surface-associated GroEL in E. coli was recognized by LOX-1 on macrophages, 

enhanced their phagocytic capacity and made mice more susceptible to bacterial-induced 

peritonitis (Figure 4) (Zhu et al.  2013). OmpA from K. pneumoniae was reported to bind 

LOX1 and SREC, activating macrophages and dendritic cells (DCs) in a TLR2-dependent 

way. Cellular recognition of K. pneumoniae OmpA activates a pro-inflammatory mechanisms 

beneficial for host innate immune response (Jeannin et al.  2005). 

 

SREC 

SREC was previously reported to bind heat-killed S. aureus and E. coli (Jeannin et al.  2005). 

In addition, SREC was described to recognize and internalize molecular chaperones and heat 

shock proteins (Gong et al.  2009). Curiously, N. meningitidis expressing the serotype A of 

the major outer membrane porin PorB (PorBIA) interacts with SREC via Gp96 mainly allowing 

adherence to host cells. However, the invasion process requires the dissociation of Gp96 from 

SREC, since SREC is masked by surface-exposed Gp96, impairing PorBIA binding (Figure 4). 
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Fig. 4. The most relevant functions of CD36, LOX-1 and SREC in microbial pathogenesis. CD36 is a 
receptor for a number of Gram-positive and Gram-negative bacteria. CD36 negatively regulates dermonecrosis 
upon mice intoxication with S. aureus-producing α-hemolysin. PfEMP1 proteins of Plasmodium falciparum 
target CD36, tethering parasite-infected red-blood cells to endothelial receptors to avoid splenic clearance. 
CD36 plays a crucial role in host defence against K. pneumoniae and S. pneumoniae, while it diminishes mice 
survival upon M. tuberculosis infection. LOX-1 and SREC bind to E. coli and S. aureus. LOX-1 expression is 
increased in response to A. fumigatus, HSV and C. pneumoniae within different cell types. GroEL from E. coli is 
recognized by LOX-1 and stimulates bacterial phagocytosis, whether OmpA from K. pneumoniae interacts with 
both LOX-1 and SREC to activate cells in a TLR2-dependent way. PorBIA from N. gonorrhoeae interacts with 
SREC via Gp96 allowing adherence to host cells. For bacterial invasion Gp96 needs to dissociate from SREC. 
SREC also interacts with LipL32 from Leptospira and with WTA of S. aureus, stimulating nasal colonization. 
CD36, cluster of differentiation 36; LOX-1, oxidized low-density lipoprotein receptor 1; SREC, scavenger 
receptor expressed by endothelial cells; WT, wild-type; KO, knock-down; RBC, red-blood cell; pfEMP1, 
Plasmodium falciparum erythrocyte membrane protein 1; TLR2, toll-like receptor 2; GroEL, large oligomeric 
chaperone; OmpA, outer membrane protein A; PorB (IA), serotype A of the major outer membrane porin; Gp96, 
glycoprotein 96; LipL32, leptospiral lipoprotein; WTA, wall teichoic acids. See text for details. 

 
 
In that sense, the depletion of Gp96 from host cells prevented adherence but significantly 

triggered gonococcal invasion (Rechner et al.  2007). Gp96 is an endoplasmic reticulum (ER) 

resident chaperone previously reported to modulate the interaction between pathogens with 

their host cells. It was shown to interact with the Outer Membrane Protein A (OmpA) of E.coli 

and with the Vip surface protein of L. monocytogenes, thereby supporting invasion (Cabanes 

et al.  2005; Prasadarao et al.  2003). SREC may also have a role in Leptospirosis since it has 

the potential to bind to Leptospira LipL32, which is an immunogenic outer membrane protein 

of the pathogen (Figure 4) (Chaemchuen et al.  2011). Notably is the cooperation of both SR-
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AI and SREC-I with TLR2 to recognize Hepatitis C virus non-structural protein 3 (NS3) and 

induce myeloid cell activation (Beauvillain et al.  2010). More recently, SREC-I was found to 

bind S. aureus wall teichoic acids (WTAs) and mediate adhesion to nasal epithelial cells in 

vitro (Figure 4). Additionally, the inhibition of WTA-mediated adhesion with a specific SREC-I 

antibody reduces nasal colonization in the animal model (Baur et al.  2014). 

 

Concluding Remarks 
Throughout lifetime we are permanently in contact with a multitude of microbial species, which 

are usually targeted by our immune defences in an effective way to prevent infection. PRRs 

are key players in the initiation of the host innate immune response. SRs compose a diverse 

family of PRRs mainly expressed in cells patrolling pathogen invasion and with an increasing 

role in pathogen recognition and elimination. Some microbes developed strategies to evade 

SR-dependent recognition. In turn, SRs recognize a wide range of microbes and contribute to 

pathogen containment by modulating the recruitment and the activation of phagocytic cells 

and regulating inflammatory responses. This suggests that, in addition to other PRRs, the 

host displays a range of SRs to recognize specific ligands and activate downstream signalling 

pathways accordingly to their tissue-specific and cell type-specific expression.  

The discovery of new SRs implicated in microbial pathogenesis increases our understanding 

of the host/pathogen interplay and provide crucial insights into the immune responses 

orchestrated by the host to avoid microbial predation. Understanding the complexity of this 

network may pave the way for the identification of novel targets and pathways to limit 

pathogenic infection by amplifying protective host cell responses. 
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Lm is an opportunistic human foodborne pathogen that causes listeriosis, which is highly 

prevalent among immunocompromised hosts and high-risk groups (Allerberger et al.  2010). 

Lm is among the best-characterized bacterial pathogens concerning its molecular 

mechanisms and intracellular parasitism. Studies involving Lm infection in vivo have also 

provided fundamental insights on the immune system, establishing Lm as a useful model to 

elucidate host-pathogen interactions. Although the host possesses sophisticated and 

effective defences against Lm infection, bacteria developed molecular mechanisms to 

overcome host defences. By evaluating the contribution of new host cell receptors and new 

Lm virulence factors, the purpose of this project was to unravel new host innate immune 

responses to Lm infection and new Lm strategies to evade the host immune system. 

The first goal of this work was to unveil the role of Scavenger receptors (SRs) in human 

listeriosis. During infection, host cells react to the presence of microorganisms through the 

activation of pattern recognition receptors (PRRs), which are evolutionary conserved 

receptors able to sense invariant microbial components, named pathogen-associated 

molecular patterns (PAMPs). The engagement of these microbial ligands by PRRs activates 

different signalling pathways to control innate immune responses and subsequently shape 

the adaptive immunity (Fraser et al.  1998; Gordon  2002; Janeway  1989; Medzhitov et al.  

2000a; Medzhitov et al.  2000b). SRs compose an emergent family of PRRs able to bind to a 

wide range of ligands and stimulate the removal of both non-self and modified-self targets 

(Areschoug et al.  2008; Areschoug et al.  2009; Mukhopadhyay et al.  2004). They are 

involved in pathogen infection and play key functions in antimicrobial host immune response 

(Areschoug et al.  2009). Nevertheless, the role of SRs in infection by Lm is still poorly 

understood. We identified and characterized SRs involved in host interaction with Lm. 

The second goal of this project was to find new Lm strategies to promote bacterial survival. 

Lm has the competitive advantage to effectively disseminate throughout host tissues by 

evading host immune response and multiplying within phagocytic and non-phagocytic cells 

(Cossart et al.  1998; Cossart  2011; Lecuit  2007). Our previous in vivo transcriptomic 

analysis of the Lm genome revealed genes highly induced during mouse infection, including 

cadC, which encodes the putative repressor of the cadmium efflux pump, CadA. We 

characterized the Lm cadmium efflux system and explored the role of CadC in Lm immune 

evasion and pathogenicity. 
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The results produced by this work are divided in two main parts: 
 
 
 
Part I - Unravelling the Role of Scavenger Receptors in Listeria monocytogenes 
Infection 

 

I.1. Stabilin-1 Regulates Host Innate Immune Response and Contributes to Listeria 

monocytogenes Clearance During Infection. We unravel the participation of STABILIN-1 in 

the regulation of host innate immune response and in bacterial clearance during infection. 

These findings were presented here according to the version submitted to Journal of Infectious 

Disease (29 November 2017).  
 

I.2. Scavenger Receptors are Required for Epithelial Cell Infection by Listeria 

monocytogenes. This part includes unpublished data from ongoing work that highlight the 

relevance of SRs in the infection of epithelial cells with Lm. 

 

 

 

Part II - Role of CadC in Listeria monocytogenes Resistance to Cadmium and in 
Bacterial Pathogenicity 

 

II.1. Listeria monocytogenes CadC Regulates Cadmium Efflux and Fine-tunes 

Lipoprotein Localization to Escape the Host Immune Response and Promote Infection. 

We characterize the Lm cadmium resistance system and reveal an unexpected role of CadC 

in Lm pathogenicity. We show that CadC is a metal efflux pump regulator repurposed during 

infection to fine-tune immunogenic lipoprotein processing and host responses. These 

findings were published on Journal of Infectious Disease (1 May 2017) and the published 

version is presented here. 

 
II.2. Negative Regulation of Listeria monocytogenes Bile Salt Hydrolase is Required to 

Promote Systemic Infection. In this section we describe the involvement of CadC as a 

negative regulator of the Lm bile salt hydrolase required to promote systemic infection. 

These data are confined to a manuscript that is being prepared for submission. 
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ABSTRACT 
Innate immunity is crucial for the clearance of microbial pathogens including Listeria monocytogenes 

(Lm), a major intracellular human food-borne pathogen. The innate immune response depends on 
complex surveillance systems expressed by host cells. Scavenger Receptors (SRs) are important 
pattern recognition receptors, which play key functions in the antimicrobial host defense. Here, we show 
that STAB-1 promotes Lm phagocytosis and ensures macrophage membrane integrity. Using a mouse 
model of infection, we demonstrate that STAB-1 is induced in response to Lm infection, regulates 
inflammatory cytokine production and controls the recruitment of myeloid cells to restrict Lm 
proliferation. We thus propose STAB-1 as a new SR playing a protective role against bacterial infection. 
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BACKGROUND 
Listeria monocytogenes (Lm) is a human food-borne pathogen that causes listeriosis, which is highly 
prevalent among high-risk groups including immunocompromised people, elderly, pregnant women and 
neonates [1]. Listeriosis is an overall public health concern associated with high hospitalization and 
mortality rates, being the most deadly food-borne infection in Europe [2]. Manisfestations of the disease 
may range from a self-limiting febrile gastroenteritis to septicemia, meningitis and encephalitis [3]. The 
most severe manifestations are related to the Lm capacity to cross the intestinal, blood-brain and 
maternal-fetal barriers, and to effectively disseminate throughout host tissues evading the host immune 
response and multiplying within phagocytic and non-phagocytic cells [1]. These characteristics are 
shaped by an arsenal of virulence factors [4]. 
Host innate immune response is critical to elicit an early defense towards Lm and the infection 
containment invokes the activation of a number of pattern recognition receptors, such as scavenger 
receptors (SRs) [5]. SRs compose a diverse and conserved family of proteins, able to bind to a wide 
range of ligands and stimulate the removal of non-self and modified-self targets [6]. They contribute to 
maintain homeostasis and to control pathogen infections, playing key functions in the antimicrobial host 
immune response [6, 7]. The impact of SRs in Lm infection was first revealed for SR-A, demonstrating 
that SR-AI/II KO mice were more susceptible to Lm infection and displayed increased hepatic 
granuloma formation [8]. Other SRs (MARCO, CD36 and SR-BI) were then shown to bind Lm and to be 
involved in Lm pathogenicity [9-11]. 
STABILIN-1 (STAB-1) is a SR expressed in macrophages, mononuclear cells, hematopoietic stem cells 
and endothelial cells. STAB-1 has been implicated in lymphocyte adhesion, transmigration, 
angiogenesis and apoptotic cell clearance [12]. Importantly, STAB-1 was previously found to bind Gram-
positive and Gram-negative bacteria in vitro [13].  
Here, we show that STAB-1 promotes Lm phagocytosis and ensures macrophage membrane integrity. 
We reveal that STAB-1 KO mice display deregulated inflammatory cytokine production, impaired cellular 
recruitment of myeloid cells and increased susceptibility to Lm, thus revealing the key role of STAB-1 in 
restraining bacterial infection. 
 
METHODS 
Bacteria and cells 
Listeria monocytogenes EGD BUG 600 (Lm) and the non-pathogenic Listeria innocua (Li) CLIP 11262 
were grown in Brain Heart Infusion (BHI) (BD-Difco) at 37°C. Human acute monocytic leukemia cells, 
THP-1 (ATCC TIB-202), were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium 
(Lonza) supplemented with 10% fetal bovine serum (FBS) (BioWest). Before bacterial infection, THP-1 
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cells were differentiated with 10 nM phorbol 12-myristate 13-acetate for 48h [14]. Murine macrophages 
J774 A.1 (ATTC TIB-67) and Raw 264.7 (ATTC TIB-71) were cultured in Dulbecco´s modified Eagle 
medium (DMEM) (Lonza), supplemented with 10% FBS. 
 
Animal infections 
STABILIN-1 full knock-out (STAB-1 KO) mice and their wild-type (WT) littermates, both with a 
C57BL/6N, 129SvJ mixed background, were bred from a breeding pair provided by S. Jalkanen 
(University of Turku, Finland). Infections were done as described [15]. Briefly, intravenous infections 
were performed through the tail vein with 5x105 colony-forming units (CFUs) in PBS. Mice were 
euthanized 72h post-infection, spleens and livers were aseptically collected and CFUs counted. Blood 
was recovered from mice heart. Mouse survival was assessed upon intravenous infection of 105 CFUs. 
Animals were intraperitoneally injected with 105 CFUs (Lm) or 15 mg/kg of LPS from Escherichia coli 
055:B5 (L2880 Sigma) in PBS and euthanized 6h or 24h later. Animal procedures followed European 
Commission (directive 2010/63/EU) and Portuguese (Decreto-Lei 113/2013) guidelines and were 
approved by the IBMC Ethics Committee and Direção Geral de Veterinária (license 015301). 
 
Macrophage infection 
Macrophages were incubated for 30 min with: 100 µg/ml of fucoidan (Sigma-Aldrich), 50 µg/ml of poly(I) 
or poly(C) (Santa-Cruz-Biotechnology). Cells were infected for 30 min with exponential-phase bacteria 
at a multiplicity of infection (MOI) of 2 and treated with 20 µg/ml of gentamicin (Lonza) for 60 min as 
described [16]. Cells were washed and lysed for CFU quantification. 
 
Bone marrow-derived macrophages (BMDMs) 
Mouse femurs were removed and flushed with Hank’s Buffered Salt Solution (HBSS-Lonza) as 
described [17]. Bone marrow cells were collected by centrifugation and cultured overnight in DMEM 
supplemented with 10 mM HEPES (Gibco), 1 mM sodium pyruvate (Lonza), 10% FBS and 10% L929 
cell-conditioned medium (LCCM). Non-adherent cells were collected and seeded. Upon 4 days of 
differentiation, 10% of LCCM was added and on day 7 the medium was renewed. At day 10, 
exponential-phase bacteria were added at MOI 50 (20 min of infection plus 10 min with 20 µg/ml 
gentamicin) or at MOI 10 (30 min of infection plus 30 min or 9h30 with 20 µg/ml gentamicin). 
Macrophages were washed and lysed for CFU quantification.  
 
Membrane integrity assay 
PI staining (10 µg/ml) was carried out 1h and 10h post-infection in HBSS, during 30 min as described 
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[18]. Cells were fixed with 3% paraformaldehyde (PFA) for 15 min, permeabilized with triton 0.1%, and 
stained with DAPI (Sigma) and Alexa Fluor 488-conjugated phalloidin (Invitrogen) diluted in PBS 
containing 1% BSA. Total number of cells and PI+ cells were quantified in Olympus-BX53 fluorescence 
microscope. At least 1000 cells were analyzed for each sample in three independent experiments. 
 
RNA techniques 
RNAs were extracted from non-infected and Lm-infected cells (TripleXtractor, GRISP), as 
recommended by the manufacturer. Spleens and livers were collected in liquid nitrogen and 50-100 mg 
of tissues were homogenized in TripleXtractor. Purified RNAs were reverse-transcribed (iScript, Bio-
Rad-Laboratories) and analyzed by qPCR as described [19]. Gene expression data were analyzed by 
comparative Ct method [20], normalized to hprt1 expression. For qualitative analysis, PCR was 
performed on cDNA (KAPA2G Mix, GRISP). Amplification products were resolved in 1% (w/v) agarose 
gel and analyzed with GelDoc XR+ System (Bio-Rad Laboratories). Forward and reverse primers are 
listed in Table S1. 
 
Western blot 
BMDMs were infected with Lm for indicated periods. Cells were lysed with Laemmli buffer and extracts 
resolved by SDS-PAGE on 8% gel as described [21]. Samples were transferred onto nitrocellulose 
membrane and blotted with rabbit anti-STAB-1 (1:500, Millipore), followed by HRP-conjugated goat anti-
rabbit IgG (1:2000, P.A.R.I.S). Signals were detected using ECL (Thermo-Scientific) and digitally 
acquired in a ChemiDoc XRS+ system (Bio-Rad Laboratories). Signal intensity was quantified using 
Image J. 
 
Cytokine ELISA 
Lysis buffer 2x (200 mM Tris, 300 mM NaCl, 2% triton, pH 7.4) and Complete proteinase inhibitor 
(Roche) were added to homogenized organs for 30 min on ice. Supernatants were collected upon 
centrifugation and stored (-80ºC). Mouse serum was recovered after blood centrifugation. Cytokine 
production was determined using murine ELISA kit (eBioscience). 
 
Flow cytometry 
Mouse spleens were collected in ice-cold storage solution (PBS 2% FBS) and single-cell suspensions 
prepared using cell strainers (BD-Falcon). Cells were washed upon red blood cells lysis (150 mM 
NH4Cl, 10 mM KHCO3, pH 7.2 in H2O) and cell viability was assessed by trypan blue (Life-technologies) 
exclusion method. Peritoneal cells were collected by washing peritoneal cavities with 5 ml of storage 
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solution, pelleted by centrifugation, washed and cell viability was assessed. Cells were labeled with 
brilliant violet (BV) 510-conjugated anti-CD11b, clone M1/70; BV 421-conjugated anti-CD11c, clone 
N418; allophycocyanin (APC)-conjugated anti-Ly6G, clone 1A8; APC with cyanin-7 (APC/Cy7)-
conjugated anti-F4/80, clone BM8; and phycoerythrin (PE)-conjugated anti-Ly6C, clone HK1.4 
(BioLegend). Data were acquired in a FACSCanto II flow cytometer (BD-Biosciences) and analyzed 
using FlowJo software (TreeStar Inc.). To determine cell numbers, event number for each cell 
population was normalized to the total cell number. 
 
Statistics 
Statistics were carried out with Prism (GraphPad), using unpaired two-tailed Student’s t-test to compare 
means of two groups, and one-way ANOVA with Tukey’s post-hoc test for pairwise comparison of 
means from more than two groups, or with Dunnett’s post-hoc test for comparison of means relative to 
the mean of a control group.  
 
RESULTS 
Scavenger Receptors are required for Lm uptake by macrophages 
SRs have been implicated in the recognition of a multitude of pathogens [6], although their role in Lm 
infection is still poorly understood. We first evaluated if SRs could play a role in Lm uptake by 
macrophages. SRs were chemically saturated with different pleiotropic compounds known to inhibit SRs 
[22], before macrophage infection with Lm. We found that pre-treatment of THP-1 cells with fucoidan 
severely impaired Lm uptake when compared to non-treated cells (Figure 1A). In addition, the number 
of intracellular bacteria was reduced upon SR saturation with Poly (I), but not with control Poly (C) 
(Figure 1A). Pre-treatment of murine macrophage-like cells with fucoidan also compromised Lm uptake, 
being the uptake defect more dramatic in Raw than in J774 cells (Figure 1B). These data suggested that 
Lm uptake by macrophages depends on some SRs. 
To identify SRs potentially involved in Lm uptake, we assessed SR transcription profiles on total RNAs 
isolated from either uninfected or Lm-infected human (THP-1) and murine (J774 and Raw) 
macrophages. Our analysis revealed that although some of the selected SRs appeared broadly 
expressed, each cell line presented a specific SR expression profile (Figure 1C). In the conditions 
tested, SR-A, SRCL, SREC, LOX1 and STAB-1 appeared to be expressed in all cell lines. Only STAB-1 
showed slightly decreased transcript levels upon Lm challenge (Figure 1C and 1D). Interestingly, STAB-
1 was previously showed to bind to Gram-positive and Gram-negative bacteria in vitro, suggesting a role 
for this receptor in bacterial recognition [13].  
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These results pointed out STAB-1 as a new SR potentially involved in macrophage response to Lm 
infection. 
 
STAB-1 promotes Lm uptake and protects macrophage membrane integrity 
To confirm that Lm infection impacts STAB-1 expression in macrophages, mouse BMDMs were 
incubated with pathogenic (Lm) or non-pathogenic (Listeria innocua - Li) Listeria [23]. STAB-1 transcript 
levels were assessed by qRT-PCR on RNAs extracted either from non-infected and infected 
macrophages. As previously observed in macrophage cell lines (Figure 1C and 1D), Lm infection 
efficiently down-regulated STAB-1 expression in BMDMs, while STAB-1 transcript levels were only 
slightly reduced upon Li infection (Figure 2A). STAB-1 expression was also analyzed at the protein level 
by western blot. As expected, STAB-1 protein levels were significantly diminished upon BMDM infection 
by Lm (Figure 2B), while they were not affected upon Li incubation, thus confirming the results obtained 
by qRT-PCR (Figure 2A). Together, these results indicate that STAB-1 expression by macrophages is 
reduced upon Lm infection, this decreased expression being dependent on Lm characteristics not 
present in Li.  
SRs are expressed by most tissue macrophages and have an important role as phagocytic receptors for 
pathogenic microorganisms [24]. To directly address the impact of STAB-1 in macrophage response 
against Lm infection, BMDMs from both WT and STAB-1 KO mice were infected either with Lm or Li. 
STAB-1 KO macrophages displayed a defect in Listeria uptake that was more severe in the case of Lm 

(Figure 2C). We then assessed the role of STAB-1 in macrophage viability by assessing plasma 
membrane integrity through propidium iodide (PI) permeability assays in WT and STAB-1 KO BMDMs 
infected with Lm during 1 or 10 hours. Upon Lm infection, STAB-1 KO BMDMs showed a significant 
increased number of PI-positive cells as compared to WT macrophages, indicating that Lm-infected 
STAB-1 KO BMDMs display increased disruption of plasma membrane integrity, which may correlate 
with increased cell death (Figure 2D).  
Taken together, these data indicate that STAB-1 promotes Listeria uptake into macrophages and has a 
protective role against Lm-induced membrane permeability. 
 
STAB-1 regulates inflammatory cytokine production upon Lm infection 
The role of STAB-1 in Lm infection was then assessed in vivo, using WT and STAB-1 KO mice. We first 
analyzed STAB-1 expression in uninfected mouse spleen and liver by RT-PCR. STAB-1 transcripts 
were detected in organs from WT mice, while absent, as expected, from STAB-1 KO mice (Figure 3A). 
Additionally, STAB-1 expression appeared higher in the liver than in the spleen (Figure 3B). WT mice 
were intravenously infected with Lm, and the expression of STAB-1 was analyzed in both spleen and 
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liver isolated from uninfected and infected mice. Lm infection resulted in a significant up-regulation of 
STAB-1 expression in the spleen (Figure 3C), strongly suggesting a potential role for STAB-1 in host 
response to Lm infection.  
WT and STAB-1 KO mice were then intravenously infected with Lm and three days post-infection, the 
production of cytokines in the spleen, liver and serum of Lm-infected mice was evaluated by ELISA. As 
compared to WT animals, infected STAB-1 KO mice displayed a deregulated inflammatory cytokine 
expression pattern, with an overall defect on TNF-α, IL-6 and IL-10 production, and a relative increase 
of local IL-1β and IFN-γ (Figure 4). No significant differences regarding cytokine production were 
observed between non-infected WT and STAB-1 KO mice (Figure S1). In addition, the deregulated 
inflammatory cytokine expression pattern of infected STAB-1 KO mice was to a large extend confirmed 
at the transcriptional level (Figure S2). 
Altogether, these data suggest that, in vivo, STAB-1 is overexpressed in response to Lm infection and 
regulates inflammatory cytokine production in mouse organs targeted by Lm. 
 
STAB-1 controls immune cell accumulation in Lm-infected spleens 
The recruitment of myeloid cells, namely inflammatory neutrophils, to sites of Lm infection is crucial to 
promote host survival [25]. As STAB-1 appears to regulate the innate immune response to Lm infection 
by altering cytokine production, we hypothesized that STAB-1 could impact innate immune cells 
throughout the infection. WT and STAB-1 KO mice were intravenously infected with Lm. Three days 
post infection, single-cell spleen suspensions were analyzed regarding myeloid cell populations by flow 
cytometry. As compared to WT mice, Lm-infected STAB-1 KO mice showed a clear defect on myeloid 
CD11bint/hi cells in the spleen, which resulted from diminished number of neutrophils (CD11bhiLy6Ghi) 
and macrophages (CD11bhiCD11clo) (Figure 5B and 5C). Interestingly, within the macrophage 
population, the number of inflammatory macrophages (CD11bhiLy6Chi) was also reduced in infected 
STAB-1 KO animals (Figure 5B and 5C). Importantly, similar cell populations were detected in spleens 
of non-infected WT and STAB-1 KO mice (Figure 5A).  
Taken together, these data demonstrate that STAB-1 is essential to control the accumulation of myeloid 
cells in the spleen of Lm-infected mice. 
 
STAB-1 promotes early myeloid cells recruitment 
STAB-1 was previously shown to mediate the migration of T- and B- lymphocytes to the draining lymph 
nodes [26]. To evaluate the role of STAB-1 in the trafficking of myeloid cells to the site of Lm infection, 
WT and STAB-1 KO mice were intraperitoneally infected with Lm and myeloid cell populations were 
analyzed by flow cytometry at 6h or 24h post-infection. Lm infection induced increased numbers of 
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recruited cells to the focus of infection, mainly neutrophils (CD11bhiLy6Ghi) and inflammatory 
macrophages (CD11bhiLy6Chi) (Figure 6). Additionally, we detected a slight defect on myeloid cells 
(CD11bint/hi) recruitment in STAB-1 KO mice upon Lm infection, both at 6h and 24h post-infection 
(Figure 6B-C). 
Lipopolysaccharides (LPS) are potent inducers of inflammation that stimulate immune cells and induce 
the migration of myeloid cells to the mouse abdominal cavity when injected intraperitoneally [27]. We 
used this experimental model to confirm the potential involvement of STAB-1 in the process of innate 
immune cells recruitment. Purified LPS were intraperitoneally injected in WT and STAB-1 KO mice and, 
6h post-stimulation, exudate cells from the peritoneal cavity were recovered to evaluate myeloid cell 
populations. As compared to WT, STAB-1 KO mice showed a significant reduction in myeloid cell 
(CD11bint/hi) population, due to a decreased number of recruited neutrophils (CD11bhiLy6Ghi), dendritic 
cells (CD11bintCD11chi) and inflammatory macrophages (CD11bhiLy6Chi) (Figure 6D).  
Altogether, these results indicate that in vivo STAB-1 potentiates the recruitment of immune cells to the 
site of Lm infection. 
 
STAB-1 limits Lm infection 
To further explore if the STAB-1-dependent recruitment of immune cells to the infection site could have 
an impact on Lm systemic infection in vivo, WT and STAB-1 KO mice were intravenously infected with 
Lm. Three days later, mice were sacrificed and the bacterial load in the spleen and liver was quantified. 
Bacterial numbers appeared significantly higher in organs of STAB-1 KO mice (Figure 7A), suggesting a 
role for STAB-1 in the control of Lm infection. To test if this defect in infection control may lead to 
increased mortality, mice were intravenously infected with Lm and mouse survival was followed 
overtime. Whereas WT mice survived throughout the infection, STAB-1 KO mice started to die from day 
8, to reach 80% of mortality by day 18 (Figure 7B). 
By regulating the production of inflammatory cytokines and promoting the recruitment of myeloid cells, 
STAB-1 appears thus as a new SR with a protective role against Lm infection. 
 
DISCUSSION 
The role of SRs during microbial pathogenesis was explored over recent years [6]. Here, we revealed 
that STAB-1 is crucial to promote Lm phagocytosis and preserve macrophage membrane integrity. We 
demonstrated that STAB-1 is induced in response to Lm infection and contributes to infection 
containment by regulating inflammatory cytokine production and controlling myeloid cell recruitment 
(Figure S3).  
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The expression of SRs, such as SR-A, MARCO and LOX-1, is modulated by microbial infection, either 
favouring host immune response or promoting pathogen survival [28-30]. The regulation of SR 
expression has been associated with the action of different bacterial proteins. Porphyromonas gingivalis 

induces the expression of SR-A by macrophages through FimA, promoting TNF-α production, thus 
implicating SR-A as an inflammation regulator [28]. Contrarily, the PpiA lipoprotein of Streptococcus 

mutans negatively regulates MARCO expression, inducing the suppression of MARCO-mediated 
phagocytosis [31]. Bacteria also evolved mechanisms to avoid SR recognition. The Streptococcus 

agalactiae polysaccharide capsule or Blr lipoprotein and the Streptococcus pyogenes surface M protein 
were shown to prevent SR-A-mediated recognition and non-opsonic phagocytosis [32, 33]. We found 
here that STAB-1 expression is down-regulated in macrophages solely in response to Lm infection, 
suggesting that Lm displays effective mechanisms to hijack STAB-1 to be less recognized by 
macrophages.  
Although STAB-1 expression is diminished in infected macrophages in vitro, in vivo infection by Lm 
induces an overall up-regulation of STAB-1 in major target organs. This could suggest that, whereas the 
host responds to Lm infection by a general increase of STAB-1 expression as part of the innate immune 
response, locally Lm develops strategies to reduce STAB-1 expression by macrophages to diminish 
phagocytosis. In vivo evidences also demonstrated a marked expression of MARCO in response to 
Leishmania major and Lm infections [9, 34]. Further studies are required to unravel putative Lm 
virulence factors responsible for STAB-1 regulation.  
SRs act as phagocytic receptors of microorganisms, including Neisseria meningitidis, Clostridium 

sordellii and Mycobacterium marinum [35-37]. SR-A-deficient macrophages showed decreased 
listericidal capacity due to a higher proportion of perforated Lm-bearing phagosomes and lower 
frequency of perforated phagosomes fused with lysosomes [8]. STAB-1 was previously found to bind 
Gram-positive and Gram-negative bacteria in vitro [13]. We show that STAB-1 KO macrophages have 
reduced phagocytic capacity, strongly suggesting that STAB-1 acts as a phagocytic receptor for Lm. 
Macrophage cell death is an important mechanism for the down-regulation of inflammatory responses to 
prevent sepsis, whereas decreased Lm-induced apoptosis enhances bacterial clearance [38]. Our 
findings reveal that STAB-1 contributes to preserve macrophage membrane integrity upon Lm infection, 
suggesting that STAB-1 may enhance anti-microbial activity through the inhibition of macrophage cell 
death. 
STAB-1 regulates inflammatory cytokine response in Lm-targeted mouse organs. SRs are strong 
players in the regulation of inflammation, such is the case of SR-A in N. meningitidis and P. gingivalis 
infections [28, 39] or CD36 in Staphylococcus aureus infection [40]. We show that STAB-1 is important 
for the expression of TNF-α, IL-6 and IL-10 upon Lm infection. In agreement, IL-6- and TNF-α -deficient 
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mice are more susceptible to Lm infection, with increased bacterial burden in the spleen and liver, and 
deficient neutrophil recruitment into the blood [41, 42], thus suggesting that these cytokines may induce 
cell recruitment. STAB-1 was previously shown to control the activation of several pro-inflammatory 
cytokines in human monocytes. However, in this case STAB-1 seems to act as an immunosuppressive 
molecule [43]. The pro-/anti-infammatory cytokine balance influences the severity of infectious diseases 
[44]. IL-10 is a potent inhibitor of innate immunity and IL-10 deficiency improves resistance to infection, 
including Lm [45]. STAB-1 appears thus as an important regulator of the inflammatory response during 

Lm infection.  
MARCO- and CD36-deficient mice displayed diminished survival rate resultant from impaired cell 
recruitment [40, 46]. In vitro data showed that STAB-1 promotes the recruitment of regulatory T cells 
through human hepatic sinusoidal endothelial cells, and in vivo models demonstrated that STAB-1 
mediates T- and B-lymphocytes migration to draining lymph nodes [26, 47]. Our findings indicate that 
STAB-1 is required for myeloid cells recruitment in infected organs. Neutrophils and macrophages, 
which are effective microbicidal cells, are among the first cells involved in the Lm-immune response. 
Mice deficient for these cells present increased mortality and bacterial burden [48]. STAB-1 KO mice 
have impaired myeloid cell recruitment in response to LPS, suggesting that STAB-1 could be involved in 
cell recruitment in response to different stimuli. Importantly, we cannot exclude that impaired cell 
recruitment in STAB-1 KO mice might result from the deregulated cytokine production. Although anti-
STAB-1 treatment of mice was not shown to impair clearance of Staphylococcus aureus, it clearly 
diminished granulocytes migration [26]. 
Here, we highlight for the first time the crucial involvement of STAB-1 in pathogen infection. By 
promoting bacterial phagocytosis and macrophage membrane integrity, and by regulating the 
inflammatory response and the recruitment of myeloid cells, STAB-1 is a new SR with a protective role 
against Lm infection. Amplifying this type of host defenses may represent innovative strategies against 
pathogens. 
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Table S1 - Primers 
 

 

Primer Sequence+(5´to+3´)
hHPRT1 Fw GGCGTCGTGATTAGTGATG
hHPRT1 Rv CACCCTTTCCAAATCCTCAG
hSRA Fw TTGAATACCACATTGCTTGATT
hSRA Rv CTGATTTCCTCTTGTTGTTTGA
hSCARA5 Fw TTCATCTTAGCAGTGTCCAG
hSCARA5 Rv ATTCAGCCGGTTCACATT
hSRCL Fw AGTAGCCAACTTATCAGTGATTATG
hSRCL Rv CGGTGGACCTTGTAGTATTGTA
hCD6 Fw GTTCAGACAGTCACTATAGAATCT
hCD6 Rv AGGGGATGAGGAGCATTAG
hCD163 Fw AACTTGAGTCCCTTCACCAT
hCD163 Rv TTGTCTGTTCCTCCAAGAGAA
hM160 Fw CTCCTTCTCCTGGTTCTGTT
hM160 Rv TCCTTCTGGTTGAAACTCTGA
hSREC Fw ACTCCTTCTCATCCGATCC
hSREC Rv GGACCATCCCTTCTTGGG
hLOX1 Fw AAAGCTAAAGGTCTTCAGTTTC
hLOX1 Rv CATAATGGTCACTACTAATCCC
hSTAB1 Fw TAACCAATTCACGAAATACTCCTA
hSTAB1 Rv CCATTAGCTGCTATGTTGTTG

mHPRT1 Fw TGATTAGCGATGATGAACCA
mHPRT1 Rv GTCTTTCAGTCCTGTCCATAA
mSRA Fw CTGAATATGACACTGCTTGATG
mSRA Rv ATTTACTGATGTCCTCCTGTTG
mSRCL Fw TCAGTGGTTATGGAAGAGATG
mSRCL Rv CAGGAGGACCTTGTAGAATG
mCD5 Fw GTCTGCTTATCCAGCTCTG
mCD5 Rv AGGTCATAGTCACTGTCAG
mCD163 Fw GTGTGATTTGCTTAGAGGGA
mCD163 Rv CACTTCCAATCTTCCTGAACA
mSREC Fw TTCTCTTCTGATCCTGACTC
mSREC Rv CATAGGGACCATCTCTTCTC
mLOX1 Fw CCTGCTGCTATGACTCTG
mLOX1 Rv ATACCTGGCGTAATTGTGT
mSTAB1 Fw AGGGGACTCCAAGAAAAC
mSTAB1 Rv CCACAGTTCTCCAGGATC

IFN gamma Fw CGTCATTGAATCACACCTG
IFN gamma Rv GTTGTTGACCTCAAACTTGG
TNF alpha Fw CCAAAGGGATGAGAAGTTC
TNF alpha Rv GAGAAGATGATCTGAGTGTG
IL-6 Fw GACCTGTCTATACCACTTCAC
IL-6 Rv GCCATTGCACAACTCTTTTC
IL-1B Fw TTTGAAGAAGAGCCCATCC
IL-1B Rv GTAGTGCAGTTGTCTAATGG
IL-10 Fw AGCCAGGTGAAGACTTTCT
IL-10 Rv GCAACCCAAGTAACCCTTAAAG
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Figure 1. SRs are required for Lm uptake by macrophages. (A-B) Chemical saturation of 
macrophage SRs impairs bacterial uptake. (A) Human THP-1, (B) murine Raw and J774 macrophage-
like cells were left untreated or pre-treated with fucoidan, poly(I) and its control poly(C), infected by Lm 
for 30 min, incubated with gentamicin, washed and lysed to quantify intracellular bacteria. Values are 
expressed relative to no drug values arbitrarily fixed to 100%. Values are mean ± SD of three 
independent assays. *p<0.05; **p<0.01; ***p<0.001. (C) Expression of SR genes in non-infected (NI) 
and Lm-infected (Lm) conditions. Gene expression was assessed by RT-PCR analysis of THP-1, Raw 
and J774 total RNAs, using HPRT1 as the reference gene. Representative of two assays. (D) 
Quantification of STAB-1 expression in infected THP-1, Raw and J774 macrophages, normalized to 
expression in NI cells. 
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Figure 2. STAB-1 promotes Lm uptake and preserves macrophage membrane integrity. (A-C) 
Assessment of STAB-1 expression by (A) quantitative RT-PCR and (B) Western Blot. (A) Quantification 
of STAB-1 mRNA levels on RNAs extracted from BMDMs infected either with Lm or incubated with the 
non-pathogenic Li, for 30 min. STAB-1 expression levels in infected conditions were normalized to those 
in non-infected BMDMs, arbitrarily fixed to 1. (B) Independent immunoblots to detect STAB-1 protein in 
BMDMs left uninfected (NI) or infected with Lm and Li for 30 min. Immunoblots quantification showing 
STAB-1 signal intensity in infected macrophages, normalized to GAPDH. (C) Quantification of 
intracellular bacteria in WT and STAB-1 KO BMDMs infected either with Lm or Li for 30 min. Values are 
expressed relative to WT arbitrarily fixed to 100%. (D) Membrane integrity assay. WT and STAB-1 KO 
BMDMs were infected with Lm during 1 h and 10 h. Macrophages with disrupted plasma membrane 
were discriminated by immunofluorescence through PI incorporation, and normalized for the total 
population of cells in each condition. Values are mean ± SD of three to four independent experiments. 
Statistical significance is indicated as compared to NI or to WT BMDMs. *p<0.05; **p<0.01; ***p<0.001. 
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Figure 3. STAB-1 expression is increased in mouse organs upon Lm infection. (A) RT-PCRs were 
achieved on total RNAs from spleen and liver of three non-infected WT mice. Control PCRs were 
performed on RNAs from STAB-1 KO mice organs and HPRT1 was used as reference gene. (B) qRT-
PCR was performed on RNAs extracted from spleen and liver of non-infected WT mice. Gene 
expression levels of STAB-1 in the liver are presented normalized to those in the spleen, arbitrarily fixed 
to 1. (C) WT mice were left uninfected or intravenously infected with 5x105 CFU of Lm. Three days post-
infection, STAB-1 expression was quantified by qRT-PCR on RNAs from the spleen and liver of Lm-
infected mice, and normalized to expression in non-infected mice organs, arbitrarily fixed to 1. (B-C) 
Data are presented as an average of five animals per condition. Statistical significance is indicated as 
compared to NI mice organs. *p<0.05. 
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Figure 4. STAB-1 regulates inflammatory cytokine production upon Lm infection. WT and STAB-1 
KO mice were intravenously infected with 5x105 CFU of Lm. Mice were sacrificed at day three post-
infection and spleen, liver and serum were collected. Levels of tumor necrosis factor (TNF)-α, interleukin 
(IL)-6, interleukin (IL)-10, interleukin (IL)-1β and interferon (IFN)-γ were measured by ELISA (b.d.l: 
bellow detection level). Data are represented as an average of two independent experiments, each with 
five mice per group. *p<0.05; **p<0.01; ***p<0.001. 
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Figure 5. STAB-1 controls immune cell accumulation in Lm-infected spleen. Spleen cells from (A) 
non-infected mice and (B-C) Lm (5x105 CFU) infected WT and STAB-1 KO mice were isolated and 
analyzed by flow cytometry. Total numbers of myeloid cells (CD11bint/hi), neutrophils (CD11bhiLy6Ghi), 
dendritic cells (CD11bintCD11chi), macrophages (CD11bhi CD11clo) and inflammatory macrophages 
(CD11bhiLy6Chi) are shown. Data are presented as scatter plots, with each animal represented by a dot 
and the mean indicated by a horizontal line. *p<0.05; **p<0.01. (C) Histograms representative of spleen 
cells distribution of Lm infected WT and STAB-1 KO mice. 
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Figure 6. STAB-1 promotes myeloid cells recruitment. Single-cell suspensions recovered from the 
peritoneal cavity of WT and STAB-1 KO mice were analyzed by flow cytometry to evaluate cell populations. 
(A) Non-infected mice, (B-C) mice intraperitoneally infected with 105 CFU of Lm for 6 h (B) or 24 h (C) and 
(D) mice intraperitoneally injected with purified LPS (15mg/mL) for 6 h. Data are represented as an average 
of two independent experiments, with at least six mice per group. *p<0.05; ***p<0.001	  
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Figure 7. STAB-1 limits Lm infection. (A) Quantification of viable bacteria in spleens and livers 
recovered from WT and STAB-1 KO mice, three days after intravenous infection of 5x105 CFU of Lm. 
Data are presented as scatter plots, each animal is represented by a dot and the mean is indicated by a 
horizontal line. (B) WT and STAB-1 KO mice survival after intravenous inoculation of 105 CFU of Lm 
(n=5). *p<0.05. 
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Figure S1. STAB-1 KO mice do not have any defect on cytokine production. Cytokine production 
(TNF-α, IL-6, IL-10, IL-1β, IFN-γ) in spleen, liver and serum of non-infected WT and STAB-1 KO mice 
quantified by ELISA (n=3). 
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Figure S2. STAB-1 regulates inflammatory cytokine expression upon Lm infection. Cytokine 
expression of TNF-α, IL-6, IL-10, IL-1β and IFN-γ measured by qRT-PCR on total RNAs extracted from 
the organs of WT and STAB-1 KO mice intravenously infected with 5x105 CFU of Lm (n=5). *p<0.05. 
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Fig. S3. STAB-1 function as a new SR with a protective role against Lm infection. In a cellular 
model of infection, STAB-1 expression is down-regulated upon Lm infection, promotes bacterial uptake 
into macrophages and preserves macrophage membrane integrity. In an animal model of infection, 
STAB-1 expression is increased upon infection, inducing myeloid cell accumulation in the spleen and 
increased production of cytokines by liver, spleen and serum. Thus, STAB-1 induces cell migration to 
the site of infection that in turn confers protection against Lm infection. 
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PART I.2. 
 

Unravelling the Role of Scavenger Receptors in Listeria 
monocytogenes Infection 

 
Scavenger Receptors are Required for Epithelial Cell Infection by Listeria 

monocytogenes	  
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I.2.1. RESULTS 
 
Scavenger Receptors are required for bacteria internalization into epithelial cells 

The potential of Lm to infect different tissues is related with its ability to invade and replicate 

within both phagocytic and non-phagocytic host cells (Freitag et al.  2009). SRs are usually 

expressed on cells patrolling potential portals of pathogen entry, including macrophages, 

neutrophils, dendritic cells and microglia. Nonetheless, there are also evidences that they are 

expressed in several endothelial and epithelial cells (Murphy et al.  2005). Adhesion and 

invasion are decisive steps for successful colonization of host cells by Lm. Aiming to 

evaluate the role for SRs on the cellular infectious process of Lm, we analyzed whether SRs 

chemical inhibition affected Lm adhesion and invasion of eukaryotic cells. For this purpose, 

SRs were chemically saturated with different compounds known to inhibit SRs, before 

bacteria infection. We observed that the adhesion capacity of Lm was not affected by drug-

cell treatment (Figure 1A). However, we found that pre-treatment of HeLa cells with three 

structurally different inhibitors for SRs severely impaired Lm entry when compared to non-

treated cells (Figure 1B).  

 

Fig. 1. SRs are required for bacteria internalization into epithelial cells. (A-D) Chemical saturation of SRs 
impairs bacteria internalization. Cells were left untreated (no drug) or pre-treated with fucoidan, acLDL, poly(I) 
and its control poly(C) before bacteria infection. (A) For adhesion assays, HeLa cells were infected with Lm for 
30 min and adherent bacteria were quantified. (B-C) For invasion assays, (B) HeLa, (C) Caco-2 and JEG-3 
cells were infected with Lm for 60 min, incubated with gentamicin for 90 min, washed and lysed to quantify the 
number of intracellular bacteria. (D) HeLa cells were infected with Listeria strains (as indicated above), 
Salmonella enterica for 15 min and Yersinia pseudotuberculosis for 30 min followed by 30 min with gentamicin. 
The number of intracellular bacteria was further quantified. Values are expressed relative to no drug values 
arbitrarily fixed to 100%. Values are mean ± SD of three independent assays. *p<0.05; **p<0.01; ***p<0.001. 
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Knowing that different cell lines display a specific SR expression profile, we evaluated 

whether SRs could play a role in Lm internalization of other epithelial cell lines. Pre-treatment 

of Caco-2 and JEG-3 cells with fucoidan also compromised Lm internalization (Figure 1C). In 

contrast, cell pre-treatment with acLDL did not affect Lm internalization into these epithelial 

cells (Figure 1C). To understand if the role of SRs was specific to Lm entry, HeLa cells were 

pre-treated with fucoidan, before being infected with Lm or other bacteria. The invasion 

capacity of the non-pathogenic L. innocua expressing InlB invasin was also reduced upon 

fucoidan-cell treatment (Figure 1D). Moreover, whereas the internalization of Salmonella 

enterica was slightly increased upon drug-cell treatment, the internalization of Yersinia 

pseudotuberculosis was impaired, although the effect was not so dramatic when compared 

with Lm infection (Figure 1D).  

Altogether, these results suggest that while Lm adhesion to HeLa cells is independent on 

SRs, the Lm capacity to efficiently invade epithelial cells is dependent on SRs, pointing out a 

role for these host cell receptors in the earlier steps of Lm cellular infection cycle. 

 

Human SR-A and STABILIN-1 promote Lm internalization in HeLa cells 

To directly address the impact of specific SRs expressed by epithelial cells in Lm infection, 

we developed a siRNA-based approach in HeLa cells. For this purpose, we established 

specific depletion conditions for all the SRs and after transfection adherent and intracellular 

bacteria were quantified. We observed that although none of the receptors seemed to be 

essential for Lm adhesion (Figure 2A), silencing of both hSR-A and hSTAB-1 significantly 

diminished Lm internalization into HeLa cells, when compared to the entry levels of Lm in 

non-transfected (NT) cells or in cells transfected with control siRNA (scramble) (Figure 2B). 

The impact of SR-A in Lm infection was previously assessed. SR-AI/II KO mice were shown 

to be more susceptible to Lm infection and displayed increased hepatic granuloma formation 

(Ishiguro et al.  2001; Suzuki et al.  1997). Interestingly, STAB-1 was previously showed to 

bind to Gram-positive and Gram-negative bacteria in vitro, therefore suggesting a role for this 

receptor in bacterial recognition (Adachi et al.  2002). In order to confirm the impact of STAB-

1 in Lm internalization, we depleted STAB-1 from HeLa cells, using two individual siRNAs 

complexes before Lm infection. As expected, the number of intracellular bacteria in STAB-1 

depleted cells was significantly diminished when compared to NT cells or cells transfected 

with the scramble siRNA (Figure 2C). Importantly, depletion of STAB-1 was confirmed by 

western blot (Figure 2D). 

Taken together, these data demonstrate that both hSR-A and hSTAB-1 promote Lm 

internalization into HeLa cells.  
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Fig. 2. Human SR-A and STABILIN-1 promote Lm internalization in HeLa cells. (A-C) Impact of SR 
silencing on Lm cellular infection. HeLa cells were left non-transfected (NT) or transfected with 10 pmol of 
siRNA control (scramble) or SR-specific siRNA duplexes for 48 h. (A) HeLa cells were infected with Lm during 
30 min and adherent bacteria were quantified. (B-C) HeLa cells were infected with Lm for 60 min, incubated 
with gentamicin for 90 min, washed and lysed to quantify the number of intracellular bacteria in NT and 
transfected (STAB-1 #1 and #2) cells. Values are expressed relative to NT/scramble cells arbitrarily fixed to 
100%. (D) Assessment of hSTAB-1 depletion efficiency by western blot, using GAPDH as a protein loading 
control. Values are mean ± SD of three independent experiments. Statistical significance is indicated as 
compared to NT/scramble cells. *p<0.05; **p<0.01; ***p<0.001. 
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whether Lm could benefit with the overexpression of this SR in HeLa cells. For this purpose, 

we engineered a cell line ectopically expressing STAB-1, using a lentiviral approach. The 

inducible lentiviral vector encodes a citrine fluorescent protein and it was transduced in HeLa 

cells, either as an empty control plasmid (mock) or fused with STAB-1 epitope-tagged with a 

human influenza hemagglutinin (HA) (Figure 3A). Transduction efficiency was measured by 

FACS, with 45% of cells being positive for citrine and HA expression (Figure 3A). By 

immunofluorescence staining we observed a perinuclear localization of STAB-1, although it 

was also expressed at the cell surface (Figure 3B). Aiming to understand if STAB-1 could 

work as a receptor for Lm and thus potentiate Lm adhesion, we infected both control cells 

(mock) and HeLa cells ectopically expressing STAB-1 with Lm.  
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Fig. 3. Lm does not interact directly with STAB-1. (A) Schematic representation of the sequence cloned into 
the lentiviral expression plasmid: STAB-1 fused with a human influenza hemagglutinin (HA) in the N-terminus 
region, downstream its signal peptide (SP). Flow cytometry histogram representing HA- and citrine-positive 
HeLa cells, transduced either with an empty control vector (mock) or with a plasmid containing STAB-1 fused 
with an HA (STAB-1). (B) Confocal microscopy images of HeLa cells ectopically expressing STAB-1 fused with 
HA, stained with an anti-STAB-1 (upper panel) or an anti-HA (bottom panel) antibodies. (C-E) Impact of STAB-
1 expression on Lm cellular infection. (C-D) Mock and HeLa cells ectopically expressing STAB-1 were infected 
with Lm for 30 min and adherent bacteria were quantified. (D) Cells were pre-treated with an anti-STAB-1 
antibody, acLDL, poly(I) and its control poly(C) before Lm infection. (E) Cells were infected with Lm for 60 min, 
incubated with gentamicin for 90 min, washed and lysed to quantify the number of intracellular bacteria. Values 
are expressed relative to mock cells arbitrarily fixed to 100%. Values are mean ± SD of three independent 
assays. 
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The percentage of bacteria adherent to STAB-1-expressing cells was increased, when 

compared with mock-adhered bacteria (Figure 3C). However, upon STAB-1 saturation, either 

with a α-STAB-1 antibody or with different SR-inhibitors, bacterial adhesion was not 

compromised (Figure 3D). Additionally, the percentage of intracellular bacteria was not 

altered by ectopically expression of STAB-1 in HeLa cells (Figure 3E).  

Therefore, STAB-1 is required for Lm internalization although its increased expression does 

not favour Lm invasion of epithelial cells. 

 
I.2.2. MATERIAL AND METHODS 
 

Bacteria and cells 

Listeria monocytogenes (Lm) EGD BUG 600 and Listeria innocua expressing InlB (Li InlB-

SPA) were grown in Brain Heart Infusion (BHI) medium (BD-Difco) or BHI supplemented with 

5 µg/ml erythromycin, respectively. Salmonella enterica serovar Typhimurium was grown in 

Luria Bertani (LB) medium (BD-Difco). These strains were grown at 37°C under aerobic 

conditions. Yersinia pseudotuberculosis was grown in BHI at 26°C with agitation. Bacteria 

are listed in Table 1. Human cervical adenocarcinoma HeLa cells (ATTC CCL-2) and human 

embryonic kidney epithelial HEK293T (contains the SV40 T-antigen region of replication - 

ATCC CRL-3216) were cultured in Dulbecco´s modified Eagle medium (DMEM) (Lonza), 

supplemented with 10% fetal bovine serum (FBS). Human epithelial colorectal 

adenocarcinoma Caco-2 cells (ATCC HTB-37) and human placental choriocarcinoma Jeg-3 

cells (ATCC HTB-36) were cultured in Eagle´s minimum essential medium (EMEM) (Lonza), 

supplemented with 1 mM pyruvate (Lonza), 1% nonessential amino acids (Lonza) and 20% 

or 10% FBS, respectively. Human umbilical vein endothelial cells (HUVEC) were cultured in 

medium 199 (M199) (Sigma) supplemented with 10% FBS, 100 µg/ml of heparin (Sigma) 

and 30 µg/ml of endothelial cell growth supplement (ECGS). All cell lines were maintained at 

37°C in a 7% CO2 humidified atmosphere. 

 

Epithelial cells infection 

Confluent epithelial cell lines were incubated during 30 min with: 100 µg/ml of fucoidan 

(Sigma-Aldrich), 10 µg/ml of acetylated low density lipoprotein (acLDL) (Invitrogen), 50 µg/ml 

of poly(I) or the respective control poly(C) (Santa Cruz Biotechnology). For adhesion assays, 

cells were infected for 30 min with exponential-phase bacteria at a multiplicity of infection 

(MOI) of 50, washed and lysed in 0.1% Triton X-100 for CFUs quantification. For gentamicin 

survival assays, cells were infected for 60 min with exponential-phase bacteria at MOI 50 

and treated afterwards with 20 µg/ml of gentamicin (Lonza) for 90 min as described 

(Carvalho et al.  2015). Cells were then washed with PBS and lysed in 0.1% Triton X-100 for 
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CFUs quantification. HeLa cells were infected with exponential-phase Yersinia 

pseudotuberculosis (MOI 50) for 30 min followed by 30 min with gentamicin, or with 

exponential-phase Salmonella enterica Typhimurium (MOI of 100) for 15 min. Cells were 

then washed and lysed for CFUs quantification. 

 

Transfection of siRNA duplexes 

HeLa cells were transfected with 10 pmol of control siRNA-D (sc-44232 Santa Cruz 

Biotechnology) or with a pool of 3 individual siRNAs (20-25 nucleotides) designed to knock 

down SRs gene expression: hSR-A (sc-44116), hSCARA5 (sc-77423), hMARCO (sc-75747), 

hSRCL (sc-72913), hSREC (sc-36561), hLOX1 (sc-40185) and hSTAB-1 (#1: sc-45784) 

(Santa Cruz Biotechnology) or hSTAB-1 (#2: NM_015136) (Sigma). Lipofectamine RNAiMax 

(Invitrogen) was used as a transfection reagent following the manufacturer’s instructions and 

assays were performed 48 h later. Depletion efficiency (STAB-1) was confirmed by western 

blot. Non-transfected (NT) and siRNA-transfected cells were lysed with Laemmli buffer and 

extracts were resolved by SDS-PAGE on a 8% gel as described (Martins et al.  2012). 

Samples were transferred onto nitrocellulose membrane and blotted with rabbit anti-STAB-1 

(1:500, Millipore), followed by HRP-conjugated goat anti-rabbit IgG (1:2000, P.A.R.I.S). 

Signal was detected using ECL (Thermo Scientific) and digitally acquired in a ChemiDoc 

XRS+ system (Bio-Rad Laboratories).  

 

Lentiviral vector production and transduction 

Total RNA was extracted from HUVEC using TripleXtractor (GRISP), as recommended by 

the manufacturer. Purified RNA (5 µg) was reverse-transcribed, using RevertAid H Minus 

First Strand cDNA Synthesis Kit (Thermo Scientific) and oligo(dT)18 as recommended by the 

manufacturer. STAB-1 DNA fragment was amplified by polymerase chain reaction (PCR) 

using phusion high-fidelity DNA polymerase (Thermo Scientific) and HUVEC cDNA as a 

template. Purified STAB-1 DNA fragment was digested and colligated in the multiple cloning 

site of pHR_citrine plasmid. STAB-1 signal peptide containing the HA tag (integrated DNA 

technologies-IDT) was annealed and fused with the STAB-1 DNA sequence previously 

amplified. Constructs were confirmed both by PCR and DNA sequencing. Primers and signal 

peptide sequences are listed in Table 2. For virus assembly, pHR plasmid containing STAB-

1 fused with an HA tag, together with the envelope plasmid pMD-G and packaging plasmid 

pCMVR8.91 were co-transfected into HEK293T cells, using lipofectamine according the 

manufacturer’s instructions. Viral supernatants were harvested after 72 h, filtered and 

incubated with target HeLa cells (supplemented with 1% of penicillin/streptomycin) for 72 h.  
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Flow cytometry and cells sorting 

Ectopic expression of STAB-1 was confirmed by flow cytometry. Transduced HeLa cells 

were collected in ice-cold storage solution (PBS supplemented with 2% FBS and 0.1% 

azide), pelleted by centrifugation, washed and labelled with mouse anti-HA (1:50, abcam) 

during 30 min, followed by 20 min incubation with Alexa Fluor 647-conjugated anti-mouse 

IgG (1:500, Molecular Probes). Data were acquired using FACSCanto II flow cytometer with 

FACSDiva software (BD Biosciences). Data were analyzed using FlowJo software (TreeStar 

Inc.) and the percentage of transduced cells (positive for both citrine and HA expression), 

was determined. Cells were ressuspended in basic sorting buffer (PBS supplemented with 

2% FBS, 1nM EDTA, 25mM HEPES) and were sorted to select the cell population that highly 

express HA (5.3%). Sorted cells were collected, cultured and expanded. 

 

Immunofluorescence 

HeLa cells ectopically expressing STAB-1 were fixed in 3% paraformaldehyde (15 min), 

quenched with 20 mM NH4Cl (1 h) and blocked with 10% BSA (sigma) in PBS (30 min). 

Antibodies were diluted in 0.2% saponin (Merck) supplemented with 1% BSA. Coverslips 

were incubated for 1 h with primary antibodies, rabbit anti-STAB-1 (1:100, Millipore) or 

mouse anti-HA (1:50, abcam). Cells were washed in 0.2% saponin containing 1% BSA and 

incubated 45 min with secondary Cy3-conjugated anti-mouse/rabbit (Jackson 

ImmunoResearch) antibodies. DNA was counterstained with DAPI (Sigma). Cells were 

washed and slide preparations were mounted and dried at room temperature. Images were 

collected with a confocal laser-scanning microscope (Leica SP5II) and processed using 

ImageJ. 

 

Statistics 

Statistics were carried out with Prism software (GraphPad), using unpaired two-tailed 

Student’s t-test to compare means of two groups, and one-way ANOVA with Tukey’s post-

hoc test for pairwise comparison of means from more than two groups, or with Dunnett’s 

post-hoc test for comparison of means relative to the mean of a control group. For 

statistically significant differences we considered: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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I.2.3. TABLES 
 
 

Table 1 - Strains 

 
 
 

Table 2 – Primers and signal peptide sequence 

 
 
 
 
I.2.4. DISCUSSION 
 
Host cells deploy multiple transmembrane and cytosolic sensors to detect microbial 

pathogens and arm signalling pathways that activate innate immune responses. Currently, 

the involvement of SRs in the recognition of different microbial structures has been of major 

interest. During infection, SRs represent an important part of the innate immune defence by 

acting as PRRs. They are implicated in adhesion, antigen presentation, apoptotic-cell 

clearance, endocytosis and phagocytosis (Areschoug et al.  2009). SRs are expressed by 

several endothelial and epithelial cells (Murphy et al.  2005). Importantly, adhesion and 

internalization are hallmark steps to establish infection. We found that Lm capacity to 

Strain Description Source

Listeria monocytogenes

     DC22

Listeria innocua

     DC391

Salmonella enterica

     DC534

Yersinia pseudotuberculosis IP2666 (Isberg et al.  1985)

     DC321

EGD (wild type, serotype 1/2a) Lab collection

Li expressing InlB covalently anchored to the 
bacterial surface by an SPA motif (InlB-SPA) (Khelef et al.  2006)

(NTCC, Colindale, UK)Serovar Typhimurium (wild-type, 12023)

Primers Sequence (5´to 3´) Purpose

STAB-1_HPaI F CTCGTTAACCAGGTGCTGTTCAAA

STAB-1_MluI R TAGACGCGTCTTGACTGTGAGGAT

FEEL-1 SP-HA

ACGCGTGCGGCCGCATGGCGGGGCCCCGGGG
CCTCCTCCCACTCTGCCTCCTGGCCTTCTGCCT
GGCAGGCTTCAGCTTCGTCAGGGGGTACCCAT
ACGATGTTCCAGATTACGCT

FEEL-1 SP-HA_Complement

AGCGTAATCTGGAACATCGTATGGGTACCCCCT
GACGAAGCTGAAGCCTGCCAGGCAGAAGGCCA
GGAGGCAGAGTGGGAGGAGGCCCCGGGGCCC
CGCCATGCGGCCGCACGCGT

FEEL-1_F2 TGCACGGAGTGTGCAACCAT
FEEL-1_ F3 CTGCCGGGAAATCCTTACCACA
FEEL-1_ F4 CCTGGCTGTGAACATTTCTGAG
FEEL-1_ F5 CGGTTCTGCAACGAGTCCAT
FEEL-1_ F6 CCGAGGACCGAGCTTTCTGG
FEEL-1_ F7 TCAAGTCGCTGCCTGCATAG
FEEL-1_ F8 CACCTGCCAGGATGGCTACA
FEEL-1_ F9 GCACTTCATTGACCGTGTCCT
FEEL-1_ F10 TCTTTGGGATTACGCAGCGTCT
FEEL-1_ F11 GAGCACGCCAACTGCTTGAG
FEEL-1_ F12 CGTCCCTGTCAATGAAGGCTTT
FEEL-1_ R2 CAGCAGTGAGCAGGGTGATG

STAB-1 amplification

Signal peptide fused 
to the HA tag

Sequecing
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efficiently invade epithelial cells is dependent on SRs. It was previously described that 

fucoidan nearly completely inhibited SR-A dependent binding and internalization of 

Francisella tularensis (LVS) by J774 and THP-1 cells (Pierini  2006). In vitro studies revealed 

that the addition of poly (I) before infection resulted in a specific inhibition of adenovirus 

sequestration by J774 macrophages and primary Kupffer cells (Haisma et al.  2008). 

Moreover, the recognition of Cryptococcus neoformans by stable Chinese hamster ovary 

(CHO) cell line expressing SREC was found to be inhibited by acLDL, poly(I) and fucoidan 

(Means et al.  2009). Each cell line displays a specific SR expression profile. The diversity of 

host cell receptors and their broad expression allow bacterial tropism for a panoply of 

different cells and tissues. On the other hand, bacteria employ different internalization 

mechanisms that trigger distinct signalling pathways. The invasion capacity of the non-

pathogenic Listeria expressing InlB was diminished upon SRs inhibition, which reinforces the 

particular role of SRs during bacterial invasion. Li InlB-SPA is only capable to induce its own 

uptake by hijacking cellular c-Met, but therefore remains entrapped in the vacuole. The 

mechanisms used by different bacteria to evade host cells could account for the impact of 

SRs in pathogen internalization (Isberg et al.  1990; Schulze-Koops et al.  1993; Suarez et al.  

1998). Yersinia proliferates mainly as an extracellular pathogen, once it injects T3SS (type III 

secretion system) effectors that actively inhibit cellular uptake by blocking actin cytoskeleton 

rearrangements. However, the interaction of surface bacterial proteins with host cell 

receptors mediates its own internalization through a zipper mechanism (Pizarro-Cerda et al.  

2016). In contrast, Salmonella induces its internalization into non-phagocytic cells mainly via 

a trigger mechanism. It injects directly into the host cell cytoplasm, via the T3SS, a number of 

bacterial effectors that trigger cellular responses. These effectors activate host cell GTPases 

that spatiotemporally stimulate actin cytoskeleton rearrangements and allow membrane 

ruffling (Pizarro-Cerda et al.  2006). More recently, it was described that Salmonella Rck 

outer membrane protein binds to the cell surface, leading to bacterial internalization via a 

zipper mechanism, independently of T3SS-1 (Wiedemann et al.  2016). The role of SRs in 

the context of these pathogens infection is poorly unknown. It was previously shown that 

CD36 works as a phagocytic receptor for a number of pathogenic bacteria, including 

Salmonella (Baranova et al.  2008). Moreover, DMBT1 was shown to inhibit cytoinvasion of 

Salmonella enterica and cytokine secretion in vitro, thus revealing that NOD2 and TLR4 

regulate DMTB1 in epithelial cells to modulate bacterial recognition and invasion (Rosenstiel 

et al.  2007). Interestingly, among the SRs that we tested, SR-A and STAB-1 were found to 

be important for Lm internalization into epithelial cells. However, it seemed that STAB-1 does 

not interact directly with Lm at the surface of epithelial cells. While the bacteria internalization 

by a phagocytic cell is mostly driven by the cell itself, the invasion of non-professional 

phagocytes is highly dependent on several Lm factors. Having this in mind, it would be 
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interesting to find new bacterial proteins that account for this internalization defect. Here, we 

found that STAB-1 promotes Lm internalization in non-phagocytic cells. In an epithelial cell 

model, STAB-1 may work as a co-receptor of an important PRR in Lm internalization or may 

down-regulate the expression or alter the localization of certain host cell receptors crucial for 

Lm internalization. Further work will be necessary to understand the molecular details 

governing STAB-1-Lm interaction during cell invasion. 
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Listeria monocytogenes CadC Regulates Cadmium Efflux 
and Fine-tunes Lipoprotein Localization to Escape the 
Host Immune Response and Promote Infection 

 
Rita Pombinho,1,2,3,a  Ana Camejo,1,2,3,a  Ana Vieira,1,3 Olga Reis,1,2,3  Filipe Carvalho,1,2,3 Maria Teresa Almeida,1,2,3 Jorge Campos Pinheiro,1,2,3 

Sandra Sousa,1,3 and Didier Cabanes1,3 

1Instituto de Investigação e Inovação em Saúde and 2Instituto de Ciências Biomédicas Abel Salazar, Universidade do Porto, and 3Group of Molecular Microbiology, Instituto de 
Biologia Molecular e Celular, Porto, Portugal 

 
Listeria monocytogenes is a major intracellular human foodborne bacterial pathogen. We previously revealed L. monocytogenes cadC 
as highly expressed during mouse infection. Here we show that L. monocytogenes CadC is a sequence-specific, DNA-binding and 
cadmium-dependent regulator of CadA, an efflux pump conferring cadmium resistance. CadC but not CadA is required for L. mono- 
cytogenes infection in vivo. Interestingly, CadC also directly represses lspB, a gene encoding a lipoprotein signal peptidase whose 
expression appears detrimental for infection. lspB overexpression promotes the release of the LpeA lipoprotein to the extracellular 
medium, inducing tumor necrosis factor α and interleukin 6 expression, thus impairing L. monocytogenes survival in macrophages. 
We propose that L. monocytogenes uses CadC to repress lspB expression during infection to avoid LpeA exposure to the host immune 
system, diminishing inflammatory cytokine expression and promoting intramacrophagic survival and virulence. CadC appears as 
the first metal efflux pump regulator repurposed during infection to fine-tune lipoprotein processing and host responses. 

Keywords.    Listeria/virulence factor; CadAC; gram-positive; host-response; pathogen. 
 
 

Despite their toxicity at high concentration, some heavy metals 
are required as cofactors for enzymatic reactions or as struc- 
tural components of bacterial proteins. Therefore, their intra- 
cellular concentration needs to be finely tuned to maintain 
metal homeostasis. Efflux pumps are usually substrate specific 
and control intracellular metal concentrations conferring heavy 
metal resistance [1, 2]. In its ionized form, cadmium (Cd) is 
toxic for many organisms, including bacteria. Erosion, forest 
fires, and volcanic eruptions are natural sources of Cd, which is 
dispersed into air, water, soils, and foodstuffs. Cd resistance sys- 
tems are commonly composed of a metal-responsive transcrip- 
tional repressor (CadC) belonging to the ArsR-SmtB family [3–
5] and a P1-type ATPase (CadA) that extrudes heavy metals 
from the cell [6]. 

Listeria monocytogenes is a major intracellular foodborne 
bacterial pathogen causing listeriosis, a systemic infection in 
humans [7]. Among zoonotic diseases under European Union 
surveillance, listeriosis is the most severe, with 99.1% of cases 
requiring hospitalization and a case-fatality rate of 15.6% [8]. 
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Listeriosis is clinically characterized by septicemia and dissem- 
ination to the nervous system and fetal-placental unit [9]. As a 
foodborne pathogen, L. monocytogenes has the capacity to colo- 
nize various niches, ranging from inert and organic matrixes to 
the intestinal lumen, where it competes with resident microbi- 
ota, translocates across the epithelium, multiplies in phagocytic 
and nonphagocytic cells, disseminates via the blood, and evades 
the immune response [7]. A functional CadAC system was 
previously identified in L. monocytogenes Lm74 on the Tn5422 
transposable  element  harbored  by  the  pLm74  plasmid  [10, 
11] and was shown to be induced by and to confer resistance 
to Cd [11]. We previously showed that, in L. monocytogenes 
EGDe, cadC is highly expressed during infection and required 
for L. monocytogenes virulence [12]. Here we characterize the 
L. monocytogenes Cd resistance system and discover an unex- 
pected role of CadC in bacterial pathogenicity. 
 
METHODS 
 
Bacteria and Cells 
L. monocytogenes strain EGDe (ATCC-BAA-679) [13] was 
grown in brain heart infusion broth (BHI; BD-Difco) at 37°C 
with erythromycin (5 μg/mL) and chloramphenicol (7 μg/mL). 
Escherichia coli was grown in Luria-Bertani broth at 37°C with 
ampicillin (100 μg/mL), erythromycin (300 μg/mL), and kana- 
mycin (30 μg/mL). RAW-264.7 macrophages (ATCC-TIB-71) 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
with 10% fetal bovine serum (FBS; Lonza), and bone marrow– 
derived macrophages (BMDMs) were cultured in DMEM with 
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10 mM HEPES, 10% FBS, and 10% L929-conditioned medium 
at 37°C in 5% CO2. 

Deletions (∆cadA, ∆cadC, ∆cadAC, ∆lspB, and ∆cadC∆lspB), 
insertion (∆lpeA), and complementation (∆cadC+cadC) were 
performed as previously described [14, 15]. Overexpression 
(wild type [WT]+lspB) was performed using a pMK4 vector 
[16] carrying the strong constitutive Pprot promoter [17, 18]. 
Primers are listed in Supplementary Table 1. Constructs were 
confirmed by sequencing. 

 
Toxicity Assays 
For Cd challenge, 1/100-diluted overnight cultures were chal- 
lenged after exposure to 384 μM cadmium chloride (CdCl2) for 
210 minutes. Growth (OD600) was measured every 45 minutes. 
In disk diffusion assays, plated bacterial lawns were overlaid 
with a 6-mm paper disk soaked with 10 μL of metal salt solution 
(100 mM). The growth inhibition zone diameter was measured 
after overnight incubation at 37°C. For minimum inhibitory 
concentrations, 96-wells microtiter plates containing BHI/met- 

Chromatin Immunoprecipitation  (ChIP) and Quantitative Polymerase 
Chain Reaction (qPCR) Analyses 
ChIP  assays  were  performed  as  described  elsewhere  [22], 
using anti-CadC polyclonal rabbit serum generated through 
CadC-His6  as previously described [15]. A total of 1–10 ng of 
ChIP-purified  DNA  (NZYGelpure)  was  analyzed  by  qPCR. 
Fold enrichment is shown normalized to an unrelated pro- 
moter region (inlA) and as compared to mock-IP (IP without 
anti-CadC). 
 
Macrophage Infection 

Bone marrow cells were collected from C57BL/6 mouse femurs 
and differentiated for 10 days. BMDMs or RAW macrophages 
were exposed for 20 or 30 minutes, respectively, to L. mono- 
cytogenes (OD600 = 0.8) at a multiplicity of infection of 10. 
Macrophages were treated for 10 minutes–4.5 hours with 20 μg/ 
mL gentamicin, washed, and lysed (0.1% Triton X-100), and 
intracellular bacteria were enumerated by plating. 
 
Transmission Electron Microscopy 

al-salt solutions (100 μL/100 μL) were inoculated with 1 μL of L. monocytogenes (OD  
600 = 0.8) was fixed for 1 hour at room 

overnight cultures. Growth was assessed (at OD600) after incu- 
bation at 37°C for 24 hours. 

 
Inductively Coupled Plasma Mass Spectrometry  (ICP-MS) 

Bacterial cultures (OD600  = 0.6) were supplemented with 384 
μM  CdCl2   for  15  minutes,  centrifuged,  washed  with  phos- 
phate-buffered  saline,  and  lyophilized.  Dried  samples  were 
digested with HNO3, suspended in 4 N HNO3, diluted in water, 
and analyzed by ICP-MS. 

 
Proteins 

cadC was cloned into pET28b, sequenced, and transformed 
in E. coli BL21(DE3). CadC-His6 production was induced 
with 0.1 mM IPTG at 37°C for 3 hours. Cells were resus- 
pended, sonicated, cleared by centrifugation, and sub- 
jected to soluble fraction purification by Ni-NTA-agarose 
chromatography  (Qiagen).  Lipoproteins  were  recovered 
by the Triton X-114 phase-partitioning method [19], and 
culture supernatant proteins were recovered by trichlo- 
roacetic acid precipitation [20]. Sodium dodecyl sulfate– 
polyacr ylamide  gel  electrophoretic  protein  bands  were 
excised, reduced with DT T, alkylated with iodoacetamide, 
and in-gel digested with tr ypsin. Peptide identification was 
performed by matrix-assisted laser desorption/ionization 
time of flight/time of flight mass spectrometr y [21]. 

 
Electrophoretic Mobility Shift Assays (EMSAs) 
CadC DNA binding assays were performed in 50 mM Tris-HCl 
(pH 7.4), 6 mM MgCl2, 100 mM NaCl, 50 mM KCl, 100 ng of 
DNA, and purified CadC/GFP. After 20 minutes at room tem- 
perature, samples were resolved in 6% polyacrylamide gel and 
visualized by DNA staining. 

temperature (in 4% paraformaldehyde, 2.5% glutaraldehyde, 
and 0.1 M sodium-cacodylate [pH 7.2]), stained for 2 hours 
with 1% osmium tetroxide, and compacted in 30% bovine 
serum albumin. Bacterial pellets were fixed overnight in 1% 
glutaraldehyde, dehydrated in ethanol, and embedded in Epon- 
812. Ultrathin sections (40–50 nm) were placed on 400-mesh 
copper grids and visualized (Jeol JEM-1400). 
 
RNA Techniques 
RNA  was  extracted  from  L.  monocytogenes  (OD600    =  0.8) 
and RAW macrophages (5 hours after infection), treated 
(TURBO-DNA-free, Ambion), checked for quality (Experion, 
Bio-Rad Laboratories), reverse transcribed (iScript, Bio-Rad 
Laboratories), and analyzed by real-time qPCR as previously 
described [12]. Gene expression data were analyzed by the 
comparative cycle threshold method [23], normalized to rela- 
tive reference gene expression (L. monocytogenes 16S ribosomal 
RNA or Mus musculus hprt1). 
 
Mouse Infections 
Intravenous and oral inoculations were performed as described 
elsewhere  (n  =  5)  [24].  Animal  procedures  were  in  agree- 
ment  with  European  Commission  (directive  2010/63/EU) 
and Portuguese (Decreto-Lei 113/2013) guidelines, approved 
by the Instituto de Biologia Molecular e Celular Ethics 
Committee and the Direcção Geral Veterinária (license PTDC/ 
SAU-MIC/111581/2009). 
 
Enzyme-Linked Immunosorbent Assay (ELISA) 
Cytokine levels released into infected RAW macrophage 
supernatant were measured using a murine ELISA kit 
(eBioscience). 

 
 

Listeria CadC fine-tunes lipoprotein release  •  JID  2017:215  (1 May)  •  1469 



	  

 

121 

Statistical Analyses 
Statistics were performed with Prism (GraphPad), using the 
unpaired 2-tailed Student t test to compare mean values of 2 
groups and 1-way analysis of variance with either the Tukey 
post hoc test for pair-wise comparison of mean values from >2 
groups or the Dunnett post hoc test for comparison of mean 
values relative to the mean value for a control group. 

 
 

RESULTS 
 

L. monocytogenes Chromosomally Encodes a Cd Efflux System  Expressed 

in the Presence of Cd and Independently of PrfA 

L.  monocytogenes  cadAC  encodes  proteins  with  high  level 
of identity to CadAC Cd efflux systems from several species 
(Figure 1A and 1B and Supplementary Figure 1A). L. monocy- 
togenes CadC displays a classic DNA-binding helix-turn-helix 
motif and type 1 metal-binding site composed of 4 critical 

demonstrating that PrfA does not control cadC expression. 
Thus, L. monocytogenes encodes a chromosomal putative Cd 
efflux system whose expression is Cd dependent and PrfA 
independent. 
 
CadA Is a Functional  Cd Efflux Pump Required for L. monocytogenes 
Resistance to Cd 
Growth rates of single-deletion (ΔcadA and ΔcadC) and dou- 
ble-deletion (ΔcadAC) mutants were comparable to that of the 
WT strain (Figure 2A), indicating that none of the Cad proteins 
is essential for viability and growth in rich medium. Addition of 
Cd to mid-exponential-phase cultures induced a slight decrease 
in the growth of WT and ΔcadC strains, whereas it notably 
impaired the growth of ΔcadA and ΔcadAC strains, revealing 
the role of CadA in L. monocytogenes resistance to Cd. While 
the growth inhibition zones observed when L. monocytogenes 
lawns were grown on BHI plates overlaid with disks saturated 

cysteines [25] (Figure 1A). The predicted L. monocytogenes with CdCl2 were equivalent for WT and ∆cadC strains, ∆cadA 
CadC structure is close to that of Staphylococcus aureus CadC 
(Supplementary   Figure   1B).   However,   L.   monocytogenes 
CadC lacks the type 2 metal-binding site present in S. aureus 
CadC but dispensable for metal binding [26] (Figure 1A). 
L.  monocytogenes  CadA  exhibits  a  metal-binding  domain 
and motifs conserved in P1-type ATPases and is predicted 
to be a membrane protein with 8 transmembrane domains 
(Supplementary  Figure  1C)  [27].  Whereas  cadA  and  cadC 
are harbored by plasmids in different Listeria strains [10, 11, 
28], they are located on the L. monocytogenes chromosome. 
L. monocytogenes cadA is found downstream of cadC, with an 
oppositely oriented gene in between (lspB) encoding a puta- 
tive lipoprotein signal peptidase (Lsp) type II [29, 30] (Figure 
1B). cadA-lspB-cadC are flanked by an integrase-encoding 
gene (lmo1097) and 12 Tn916-like genes (lmo1103–lmo1114). 
The average GC content percentage (32%) of the lmo1097– 
lmo1102 locus is notably lower than that of surrounding 
regions (39%–43%; Figure 1B). 

We first analyzed whether cadA, lspB, and cadC are tran- 
scribed from a single promoter. Although independent 
transcripts were detected for the 3 genes in the presence 
of Cd, no cotranscript was observed (Figure 1C), indicat- 
ing that in the conditions tested there is no cadA-lspB-cadC 
cotranscription. 

PrfA controls the expression of major L. monocytogenes 
virulence genes [31, 32]. We found a palindromic sequence, 
TTAACAgaTTTCAA, bearing 2 mismatches with the con- 
sensus PrfA box (TTAACAttTGTTAA), 661-bp upstream 
from the cadC start codon. PrfA-dependent cadC transcrip- 
tion was assessed on wild-type (WT) and ΔprfA strains 
grown in the presence of Cd in either BHI broth or glyc- 
erol-supplemented  minimal  medium.  PrfA  is  fully  active 
in minimal medium [33]. Levels of cadC transcripts were 
similar in both strains under both conditions (Figure 1D), 

displayed increased Cd susceptibility (Figure 2B), confirming 
the role of CadA in Cd resistance and demonstrating that CadC 
is not required for Cd resistance. Similar areas of growth inhi- 
bition were observed with disks saturated either with CdCl2 or 
cadmium sulfate (Figure 2B), showing that Cd is the cause of 
toxicity. WT and ∆cadA strains showed similar growth inhibi- 
tion in response to all other metal salts tested (Figure 2B), indi- 
cating that CadA mainly confers resistance to Cd. In agreement 
with this finding, compared with the WT strain, the ∆cadA 
strain displayed a 10-fold decrease in the minimum inhibitory 
concentration of Cd, while it remained unchanged for zinc, 
cobalt, copper, and nickel (Figure 2C). We measured intra- 
cellular levels of Cd, zinc, and lead in WT and ∆cadA strains. 
Whereas zinc and lead levels were equivalent in both strains, the 
∆cadA strain accumulated nearly 6-fold more intracellular Cd 
(Figure 2D), demonstrating that CadA is required to maintain 
homeostatic intracellular Cd concentrations. These results con- 
firm that L. monocytogenes CadA is a functional Cd efflux pump 
required to confer resistance to Cd-induced toxicity. 
 
CadC Directly Regulates cadA, cadC, and lspB Expression in Response 
to Cd 

We assessed the role of CadC and Cd in cadA, cadC, and lspB 
transcription. In absence of CadC, cadA and lspB transcript lev- 
els were significantly increased, and cadA, cadC and lspB tran- 
script levels rose in response to Cd (Figure 3A), showing that 
CadC actively represses cadA and lspB transcription, whereas 
Cd activates cadA, cadC, and lspB expression. 

We  identified conserved  CadC  boxes  (Cx)  exclusively  in 
the promoter regions of cadA (cadA Cx), cadC (cadC Cx), and 
lspB (lspB Cx), similar to the well-characterized S. aureus Cx 
(Figure 3B). L. monocytogenes CadC was produced, purified 
(Supplementary Figure 2A), and used in EMSAs with DNA frag- 
ments containing each Cx. CadC appeared capable of delaying 
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Figure 1.   Identification of a cadmium resistance system in the genome of Listeria monocytogenes.  A, Alignment of the CadC and CadA protein sequences of L. monocyto- 
genes and Staphylococcus aureus pI258. Metal-binding sites 1 (red boxes) and 2 (blue boxes) are indicated. The green box indicates a CXXC metal-binding site. The yellow 
box shows a CPC motif,  and  the orange box indicates a DKTGTLT sequence. B, L. monocytogenes genomic organization and GC content  of the region encompassing cadAC. 
Variations in the DNA GC content relative to the average GC content of the whole genome are indicated by bars. Numbers correspond to the percentage of the DNA content 
composed  of GC for each  gene.  C, Transcriptional analysis of the cadA-lspB-cadC region by reverse transcription–polymerase chain reaction (RT-PCR). Predicted fragments 
(cadA, cadA-lspB, lspB, lspB-cadC, and cadC) amplified with the different primer sets are indicated on the schematic representation of the cadA-lspB-cadC  locus.  RT-PCR 
analyses were performed on RNAs from logarithmic-phase  cultures of L. monocytogenes  growing in brain heart infusion broth at 37°C, in the absence  (-) or presence  (+) 
of cadmium  (Cd). Control PCR analyses were performed on genomic  DNA. D, Analysis of PrfA regulation  of cadC transcription. Quantitative real-time PCR was performed 
on RNAs extracted  from logarithmic-phase  cultures of wild-type  (WT) and ∆prfA strains grown in brain heart infusion agar at 37°C. inlA and lmo2845 were used as PrfA- 
dependent and PrfA-independent control genes, respectively [47, 15]. Gene expression levels in the ∆prfA mutant are presented  normalized to those in the WT strain (set at 
1). Values are mean ± SD from 3 independent experiments. *P < .05, compared with the WT strain. 

 

 
the migration of cadA Cx, cadC Cx, and lspB Cx (Figure 3B) 
but not of a negative control promoter DNA (inlA). Similarly, 
an unrelated protein (GFP) did not delay cadC Cx migration. 
Thus, direct CadC binding to Cx appears to be sequence and 

protein specific. To confirm that L. monocytogenes CadC binds 
to Cx in vivo, CadC was immunoprecipitated from L. monocy- 
togenes extracts, using an anti-CadC antibody, and coprecipi- 
tated DNA was analyzed by qPCR, using primers specific for 
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Figure 2.   CadA behaves  as a cadmium efflux pump required for Listeria monocytogenes  resistance  to cadmium. A, Growth curves  of wild-type  (WT), ∆cadA,  ∆cadC, and 
∆cadAC strains in brain heart infusion agar at 37°C and challenged after 210 minutes  with  384 µM cadmium  chloride  (CdCl2). Representative results from 3 independent 
experiments.  B, Growth inhibition of WT, ∆cadA and ∆cadC strains in agar medium overlaid with disks saturated with 100 mM CdCl2 or cadmium sulfate  (CdSO4) or with  100 
mM of zinc chloride  (ZnCl2), lead acetate (Pb[CH3COO]2), manganese chloride (MnCl2), cobalt  chloride  (CoCl2), cupric sulfate  (CuSO4), calcium  chloride  (CaCl2), magnesium 
chloride (MgCl2), or nickel sulfate  (NiSO4). Values are mean ± SD from 5 independent  experiments. C, Minimum inhibitory concentrations  (MICs) of cadmium, zinc, cobalt, 
copper, and nickel for the WT and ∆cadA strains.  D, Intracellular levels of cadmium, zinc, and lead measured  by inductively coupled plasma mass spectrometry  in the WT and 
∆cadA strains. Values are mean ± SD from 3 independent experiments. *P < .05 and ***P < .001. 

 

 
the different Cx (ChIP-qPCR). Enrichment was observed for 
all Cx tested (Figure 3B) and was shown to be specific by nor- 
malization to a negative control DNA and to mock IP, demon- 
strating the CadC binds specifically to L. monocytogenes Cx in 
vivo. 

EMSAs were also performed with DNA fragments contain- 
ing WT cadC Cx sequence (Cx) or with point (Cx–M1-6) or 
transversed  (Cx-T)  mutations  (Figure  3C).  Whereas  CadC 

altered the migration of native Cx, with the exception of the 
M2 substitution (T→G), every other mutation abrogated the 
mobility shift. The interaction between CadC and Cx thus 
appears highly specific and dependent on the conserved pal- 
indromic sequence. 

In the presence of increased concentrations of Cd, CadC 
was released from Cx (Figure 3D). In addition, the Cd concen- 
tration necessary to abrogate CadC binding to Cx was 10-fold 
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Figure 3.   CadC directly regulates  cadA, cadC, and lspB expression  in response  to cadmium. A, cadA, cadC, and lspB transcription is dependent on CadC and the cadmium 
concentration. Real-time quantitative polymerase chain reaction (qPCR) analysis of RNAs extracted  from logarithmic-phase  cultures of wild-type  (WT) and ∆cadC strains 
grown in brain heart infusion (BHI) broth  at 37°C and  WT grown  in BHI supplemented with Cd (WT+Cd). lmo2845  was used as a CadC- and cadmium-independent  control 
gene. Gene expression levels are shown normalized to those in the WT grown  in BHI agar  in the absence of cadmium (set at 1). Values are mean ± SD from 3 independent 
experiments. ND, no data.  *P < .05 and **P < .01, compared  with the WT strain. B, CadC binds directly to cadA, cadC, and lspB CadC boxes. Upper panel, Alignment of CadC 
boxes upstream of Staphylococcus  aureus pI258 cadC, Listeria monocytogenes  cadA, L. monocytogenes  cadC, and L. monocytogenes  lspB. Palindromes are indicated  by 
arrows.  Bottom left panel, Increasing  amounts  of purified CadC were used in electrophoretic  mobility shift assays (EMSAs) with DNA fragments containing the cadA, cadC, or 
lspB  CadC box (Cx) generated by PCR, using primers listed in Supplementary Table 1. An unrelated  promoter region (inlA) and an unrelated protein (GFP) were used as negative 
controls. Bottom right panel, chromatin immunoprecipitation qPCR was conducted to quantify the capacity of CadC to bind Cx in vivo. Fold enrichment  is shown normalized 
to an unrelated promoter region (inlA) and as compared to mock-IP. Values are mean ± SD from 5 independent  experiments. *P < .05. C, Specificity of the interaction  between 
CadC and Cx, using Cx-containing  DNA fragments in which the palindromic sequence  was either present in its unaltered form (Cx) or contained point (Cx-M1-5) or transversed 
(Cx-T) mutations  (indicated in red). D, In the presence  of cadmium, CadC fails to bind cadA, cadC, and lspB Cx. Increasing  amounts  of cadmium chloride (CdCl2) were  used  in 
EMSAs with purified CadC and cadA Cx, cadA Cx-lspB Cx, and cadC Cx DNA fragments. Experiments yielding data shown in panels B–D were performed at least twice, and 
representative results are shown. 
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lower than that required to prevent CadC binding to a DNA 
fragment containing 2 Cx (cadA Cx–lspB Cx). 

These results demonstrate that, in the absence of Cd, CadC 
represses the expression of cadAC by directly binding conserved 
Cx present in cadA and cadC promoters. In the presence of Cd, 
CadC cannot bind to or is detached from Cx, allowing CadA 
expression, thus inducing Cd resistance. The Cd concentration 
required to prevent CadC binding depends on the number of 
Cx. The expression of lspB is also subjected to Cd-dependent 
CadC-mediated regulation. However, lspB appears to be unnec- 
essary for Cd resistance (Supplementary Figure 2B). 

 
CadC Is Required  for Efficient  L. monocytogenes Infection  In Vivo 
We evaluated the role of CadAC during L. monocytogenes 
infection in vivo by determining bacterial loads in the liver 
and  spleen  of  intravenously  inoculated  mice.  Seventy-two 

hours after infection, bacterial counts for the WT and ∆cadA 
strains  were  similar  in  both  organs  (Figure  4A).  However, 
they appeared to be significantly lower for ∆cadC and ∆cadAC 
strains. Complementation of the ∆cadC mutant (∆cadC+cadC) 
restored bacterial loads to WT levels. Oral inoculation con- 
firmed the impaired colonization of mouse organs by the ∆cadC 
and ∆cadAC strains as compared to the WT and ∆cadA strains 
(Figure 4B). CadC thus plays a role in L. monocytogenes in vivo 
infection, independent of cadA expression. 
 
In the Absence of CadC Repression, lspB Expression Is Deleterious for 
L. monocytogenes Infection 
Because CadC is overexpressed in mouse organs [12], we pos- 
tulated that CadC-dependent lspB repression would be neces- 
sary  for  efficient L.  monocytogenes  infection.  We  constructed 
∆lspB  and  ∆cadC∆lspB  mutants  and  an  lspB-overexpressing 

 
 

 
 
 

Figure 4.   In the absence of CadC repression,  lspB expression is deleterious  for Listeria monocytogenes  infectious capacity. A, Bacterial counts of the wild-type  (WT), 
∆cadA, ∆cadC, ∆cadAC, and ∆cadC+cadC strains  in the liver and spleen  of C57BL/6 mice 72 hours after intravenous inoculation of 105 bacteria per animal. B, Bacterial counts 
of the WT, ∆cadA, ∆cadC, and ∆cadAC strains  in the liver and spleen  of C57BL/6 mice 72 hours after  oral inoculation  of 109 bacteria per animal. C, Bacterial counts of the 
WT, ∆lspB, ∆cadC∆lspB, and WT+lspB strains  in the liver and spleen  of C57BL/6 mice 72 hours after  intravenous  inoculation of 105 bacteria per animal. D, Bacterial counts 
of the WT, ∆lspB, ∆cadC∆lspB, and WT+lspB strains  in the liver and spleen of BALB/c mice 72 hours after oral inoculation of 109 bacteria per animal. Data are presented as 
scatter plots, with each animal indicated by an empty circle and mean values indicated by a horizontal line (n = 5). CFU, colony-forming units; NS, not significant. *P < .05, 
**P < .01, and ***P < .001. 
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strain (WT+lspB). Analysis of growth rates and lspB transcrip- 
tion indicated that neither the absence nor the overexpression 
of lspB have a significant impact on L. monocytogenes viability or 
replication in rich medium (Supplementary Figure 2D and 2E). 
Transmission electron microscopy revealed no difference regard- 
ing overall and cell wall morphology of lspB-overexpressing strains 
(Supplementary Figure 2F). A total of 72 hours after intravenous 
(Figure 4C) or oral (Figure 4D) inoculation of mice, bacterial 
counts for the WT and ∆lspB strains were not significantly dif- 
ferent, indicating that LspB is not required for L. monocytogenes 
infection. Interestingly, whereas ∆cadC bacteria were attenuated 
(Figure 4A and 4D), the ∆cadC∆lspB strain behaved like the WT 
strain (Figure 4C and 4D), suggesting that the ∆cadC phenotype 
is associated with lspB expression levels. In agreement with this, 
the lspB-overexpressing strain appeared to be significantly attenu- 
ated after intravenous (Figure 4C) or oral (Figure 4D) inoculation. 
Increased lspB expression, either through the absence of CadC 
repression or through overexpression, thus appears to be detri- 
mental to the infectious capacity of L. monocytogenes. 

LspB Controls LpeA Extracellular  Release 
LspB has a high degree of identity with known type II sig- 
nal peptidases (SPase II) of other Listeria strains and bac- 
terial species (Figure 5A), particularly the Streptococcus 
thermophilus SPase II (75% identity). LspB harbors the 5 
highly conserved SPase II domains and the 6 residues crit- 
ical for SPase II activity [34]. The predicted LspB topology 
shows the presence of 4 transmembrane domains, suggesting 
membrane  localization  (Supplementary  Figure  1D).  SPase 
II enzymes were shown to be involved in lipoprotein mem- 
brane insertion and release to the extracellular medium [35]. 
We thus hypothesized that differential lspB expression could 
result in changes in the repertoire of L. monocytogenes sur- 
face-exposed and/or released lipoproteins. Whereas no dif- 
ference was observed in membrane lipoprotein extracts, a 
band was detected between 25–37 kDa, with increased inten- 
sity in culture supernatants from lspB-overexpressing strains 
(∆cadC and WT+lspB; Figure 5B and 5C). The protein pres- 
ent in this band was identified by mass spectrometry as the 

 
 
 

 
 
 

Figure 5.   LspB controls  LpeA release in the extracellular medium. A, Alignment of the protein sequence of type II signal peptidases (SPase II) from Listeria monocytogenes 
LspA and LspB, Listeria innocua Lsp, Bacillus subtilis  Lsp, S. aureus Lsp and Streptococcus thermophilus Lsp. Residues present in at least 3 SPase II enzymes are in blue, 
while residues conserved in all SPase II enzymes are in red. Conserved domains (I–V) as defined by Tjalsma et al [34] are highlighted in green boxes. Residues important for 
activity/stability  are indicated by green arrows. B, Lipoprotein membrane extracts and culture supernatants from the wild-type (WT), ∆cadC, ∆lspB, ∆cadC∆lspB, and WT+lspB 
strains separated  by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and stained with Coomassie blue. Arrows indicate a band between 25 and 37 kDa with 
increased intensity in the culture supernatants from ∆cadC and WT+lspB strains.  C, Quantifications of LpeA in culture supernatants  (ImageJ). Values are mean ± SD from 3 
independent experiments and are presented  normalized to the loading control and as a percentage relative to the mean value of the band intensity for the WT strain (set at 
100). *P < .05 and **P < .01. 
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L. monocytogenes lipoprotein LpeA (lipoprotein promoting 
entry A) [36] (Supplementary Table 3). LspA was the first 
SPase  II  identified in L. monocytogenes [44]. We analyzed 
lspA expression levels and showed that they were similar in 
the  different  strains  (Supplementary  Figure  3A),  indicat- 
ing that increased LpeA levels in culture supernatants from 
lspB-overexpressing strains are unrelated to a differential lspA 
expression. Thus, lspB encodes a secondary L. monocytogenes 
SPase II, which promotes the release of the LpeA lipoprotein 
to the extracellular medium. 

 
lspB Derepression Induces Expression of Inflammatory Cytokines Limiting 
Intramacrophagic Survival 
LpeA was shown to be required for entry into intestinal and 
hepatic  cells  [36].  In  addition,  an  LpeA-deficient  mutant 

survives longer in macrophages and is slightly more viru- 
lent than WT bacteria in mice [36]. We thus hypothesized 
that, in the presence of high LspB levels, more LpeA would 
be found in the extracellular medium, which would decrease 
L. monocytogenes survival in macrophages. We analyzed the 
capacity of L. monocytogenes strains to survive in mouse 
BMDMs. Whereas no significant difference was observed 
at 30 minutes after infection (Figure 6A), intramacrophagic 
survival of ∆cadC, ∆cadAC, and WT+lspB strains was sig- 
nificantly  decreased  5  hours  after  infection,  compared 
with findings for WT bacteria (Figure 6B). Strains ∆cadA, 
∆cadC+cadC, ∆lspB, and ∆cadC∆lspB behaved similarly to 
WT. These results indicate that L. monocytogenes phago- 
cytosis  is  not  dependent  on  CadA,  CadC,  or  LspB;  that 
high  lspB  expression  is  detrimental  for  L.  monocytogenes 

 
 

 
 

Figure 6.   In the absence  of CadC repression, lspB expression decreases Listeria monocytogenes  survival in macrophages and induces inflammatory cytokine expression. A 
and B, Intracellular counts of the wild-type (WT), ∆cadA,  ∆cadC, ∆cadC+cadC, ∆cadAC,  ∆lspB, WT+lspB, and ∆cadC∆lspB strains in mouse bone marrow-derived macrophages 
(BMDMs) 30 minutes  (A) and  5 hours  (B) after infection. Values are mean ± SD from 3 independent experiments and are presented as percentages relative to the mean counts 
of the WT strain (set at 100). *P < .05, **P < .01, and ***P < .001, compared  with the WT strain; ###P < .001, compared with the indicated strains. C and D, Quantification of 
tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) expression levels by real-time quantitative polymerase chain reaction (C) and secretion levels by enzyme-linked immu- 
nosorbent assay (D) 5 hours after  infection  of RAW macrophages with either WT, ∆lspB, WT+lspB, or ∆lpeA strains.  Values are mean ± SD from 3 independent experiments. 
*P < .05, **P < .01, and ***P < .001, compared  with the WT strain. 
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intramacrophagic survival; that CadC-mediated repression 
avoids LspB-disruptive effects on L. monocytogenes infec- 
tion; and that the ∆cadC phenotype in vivo is not related to 
cadA derepression. 

Secreted L. monocytogenes lipoproteins were shown to induce 
inflammatory cytokines (tumor necrosis factor α [TNF-α] and 
interleukin 6 [IL-6]) in a Toll-like receptor 2 (TLR2)–depen- 
dent manner during infection [37]. Given that lspB overexpres- 
sion results in higher LpeA levels in culture supernatants, we 
tested whether this increased lipoprotein release could promote 
inflammatory cytokine expression. RAW macrophages were 
infected, and TNF-α and IL-6 expression and secretion levels 
were assessed 5 hours after infection. In ∆lspB- and ∆lpeA-in- 
fected RAW macrophages, TNF-á and IL-6 levels were sig- 
nificantly reduced. Inversely, infection by lspB-overexpressing 
bacteria resulted in increased cytokine expression and secretion 
(Figure 6C and 6D). As observed in BMDMs, the WT+lspB 
strain showed a significantly reduced capacity to survive in 
RAW macrophages (Supplementary Figure 3B). 

L. monocytogenes thus uses CadC to repress lspB expression 
during infection, avoiding excessive LpeA exposure to the host 
immune system, reducing inflammatory response, and promot- 
ing intramacrophagic survival and virulence. 

 
 

DISCUSSION 
 

CadA is an efflux pump required for Cd resistance, but in con- 
trast to its homologues in S. aureus [38] and S. thermophilus 
[39], it is not essential for zinc and lead efflux and does not sig- 
nificantly contribute to resistance against these or other metals. 
Whereas L. monocytogenes CadA was proposed to alternatively 
transport zinc [40], resistance to zinc was previously shown to 
be independent of L. monocytogenes CadAC [11]. Although we 
cannot exclude that L. monocytogenes CadA might participate 
in detoxification of high levels of zinc, it mainly acts as a Cd 
efflux pump. 

L.  monocytogenes  CadC  appears  as  a  trans-acting, 
sequence-specific, DNA-binding, and Cd-dependent regulator 
of cadA, cadC, and lspB expression. We are the first to show 
that the conservation of almost every nucleotide within the 
Cx palindrome is crucial for CadC binding. As previously sug- 
gested [39], we also show that the Cd concentration necessary 
to release CadC from DNA is proportional to the number of 
Cx. Whereas cadAC are generally part of an operon under the 
control of a unique promoter containing 2 Cx, in L. monocy- 
togenes these 2 genes are noncontiguous and controlled by 2 
different Cx-containing promoters. They are separated by lspB 
with the opposite orientation and 2 Cx between cadA and lspB. 
This suggests that L. monocytogenes evolved an additional regu- 
lation level, allowing a differential regulation of cadA and cadC. 
L. monocytogenes also appears to be the first bacterium shown 
to use a Cd efflux pump repressor to control genes unrelated 

to Cd resistance. This atypical organization of the cadAC locus 
(ie, it is split by an SPase-encoding gene) is only found with a 
remarkable conservation in a cis-mobilizable element of S. ther- 
mophilus [41]. The chromosomal L. monocytogenes cadAC 
locus is predicted to be part of a L. monocytogenes integrative 
and conjugative element [41], and its GC content is markedly 
lower than that of the surrounding regions, suggesting that 
L. monocytogenes could have acquired this locus by horizontal 
gene transfer. 

We demonstrate that, during infection, L. monocytogenes 
represses lspB via CadC to ensure maximal infection efficiency. 
LspB, as for other gram-positive SPase II enzymes [42], is dis- 
pensable for bacterial growth in vitro and for virulence in vivo. 
SPase II enzymes specifically process the N-terminal signal 
peptide of prolipoproteins translocated through the Sec system 
and lipidated by a diacylglyceryl transferase (Lgt). Lipoproteins 
are ultimately chained to the membrane via a lipid moiety 
covalently bound to an N-terminal conserved cysteine [43]. 
In addition to the presence in its sequence of all the conserved 
domains/residues critical for SPase II activity [34] and its pre- 
dicted membrane localization, our results point to LspB as a 
secondary L. monocytogenes SPase II involved in the process- 
ing of LpeA. However, we cannot exclude that LspB could act 
upon other lipoproteins. LspA, the first SPase II identified in 
L. monocytogenes, is involved in lipoprotein processing, includ- 
ing LpeA, and in macrophage phagosome escape [44]. LspA is 
also involved in lipoprotein release to the extracellular medium, 
a process also dependent on Lgt. The retention and release of 
lipoproteins appears thus as a complex process in L. monocy- 
togenes, cocontrolled by Lgt and SPases. 

LpeA can be secreted, particularly in the absence of Lgt [35, 
45]. In a lgt mutant, soluble lipoproteins induce the secretion of 
inflammatory cytokines in a TLR2-dependent manner during 
infection [37]. lspB derepression and overexpression leads to 
increased LpeA release and inflammatory cytokines secretion 
and correlates with decreased intramacrophagic survival and 
virulence in mice. Interestingly, an lpeA mutant survives better 
inside macrophages and induced early mouse mortality [36]. 
Group B Streptococcus–secreted lipoproteins also activate host 
inflammatory response through TLR2 signaling [42]. In this 
model, the absence of lgt and/or lsp leads to decreased TLR2- 
mediated recognition, reduced inflammatory response, and 
increased  lethality  [42].  Secreted  mycoplasma  lipoproteins 
also have the ability to modulate the host immune system in a 
TLR2-dependent manner [46]. Bacteria thus use different lipo- 
protein-processing enzymes (Lgt and Lsp) to control lipopro- 
tein exposure to host immune recognition mechanisms. While 
LpeA is required for host cell invasion [36], it also activates 
host-protective inflammatory responses. To reach a midpoint, 
L. monocytogenes developed an original strategy to spatially 
and temporally regulate LpeA exposure at the bacterial surface 
and to the host immune system. Interestingly, L. monocytogenes 
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downregulates lgt, lspA, and lspB and upregulates cadC during 
mouse infection (Supplementary Table 2) [12], suggesting that 
the localization of L. monocytogenes lipoproteins is tightly regu- 
lated during infection to promote virulence. 

We propose that L. monocytogenes acquired a mobile element 
containing the cadA-lspB-cadC locus to control lipoprotein 
localization via CadC-dependent lspB regulation. During infec- 
tion, this process minimizes lipoprotein exposure to the host 
immune system, diminishing inflammatory cytokine expres- 
sion and promoting intramacrophagic survival and infection. 
This constitutes the first example of a heavy metal efflux pump 
regulator repurposed by a bacterial pathogen to fine-tune 
lipoprotein localization and host immune responses during 
infection. Being nonessential for bacterial growth, these tran- 
scriptional repressors could represent new targets for innova- 
tive antibacterial strategies. 
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ABSTRACT  
Bacterial tolerance to bile salts is closely related to the expression of bile salt hydrolases (BSH) that 
catalyze the hydrolysis of the conjugated bile salts, rendering bile less toxic to the bacterial cells. The 
Listeria monocytogenes (Lm) bsh gene encodes Lm BSH shown to be required for resistance to bile 
and virulence. We previously revealed CadC as a metal efflux pump regulator repurposed during 
infection to fine-tune lipoprotein processing and host responses. Here, we investigated the potential 
involvement of CadC in the Lm resistance to different environmental and host-related stresses. We 
found that CadC controls BSH activity and Lm resistance to bile by repressing bsh expression. Whereas 
CadC appeared dispensable to Lm survival in the gastrointestinal tract, we demonstrated that CadC-
independent expression of bsh induces the expression of the cholic acid efflux pump MdrT, restricting 
Lm virulence. By RNAseq, we showed that CadC regulates additional genes, in particular σB-activated 
genes during colonization of the host intestinal lumen including virulence genes. Altogether these data 
point out CadC as a new general repressor repurposed to fine-tune virulence gene expression over the 
Listeria infectious process. 
Keywords: Listeria; CadC; BSH, Gram-positive; pathogen 
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BACKGROUND 
Listeria monocytogenes (Lm) is a major intracellular foodborne bacterial pathogen that causes a human 
systemic infection named listeriosis [1]. Among zoonotic diseases under EU-surveillance, listeriosis is 
the most severe (hospitalization 99%; case fatality rate 16%) [2]. It is clinically characterized by 
septicemia and dissemination to the central nervous system and fetoplacental unit [3]. Lm has the 
capacity to colonize various niches, from inert and organic matrixes to the intestinal lumen where it 
competes with resident microbiota, translocates across the epithelium, multiplies in phagocytic and non-
phagocytic cells and disseminates via the blood [1, 4]. Lm can grow at temperatures ranging from 0 to 
45ºC, under acidic conditions (pH 2.5) and high osmolarity (20% NaCl). Lm may encounter such 
conditions in nature, at various stages of food processing, but also during host infection being exposed 
to proteolytic enzymes, acidic environment, high osmolarity and bile salts [5]. 
Bile acids are amphipathic molecules synthesized in the liver from cholesterol, conjugated with either 
glycine or taurine and secreted into the small intestine from the gall bladder [6]. They are major 
components of bile capable to degrade lipid-containing membranes and represent a key challenge to 
bacterial survival in the human gastrointestinal tract [7]. Bacterial tolerance to bile salts is closely related 
to the expression of bile salt hydrolases (BSH) that catalyze the hydrolysis of the conjugated bile salts, 
undermining the toxicity of bile to the bacterial cells. The bsh gene encodes the Lm BSH shown to be 
required for Lm resistance to bile and virulence [8]. PrfA, the major Lm virulence regulator, and σB, the 
general stress responsive alternative sigma factor, were shown to control bsh expression and Lm 
tolerance to bile [8-10]. 
To adapt and resist to the host environment, Lm evolved a myriad of mechanisms that should be 
spatially and timely regulated [11]. CadC is the transcriptional regulator of CadA, an efflux pump 
conferring cadmium resistance [12]. We recently showed that during in vivo infection, Lm uses CadC to 
directly repress the expression of the LspB lipoprotein signal peptidase avoiding the exposure of the 
LpeA lipoprotein to the host immune system, thus diminishing inflammatory cytokine expression and 
promoting intramacrophage survival and virulence [12]. CadC appears thus to be repurposed during 
infection to fine-tune lipoprotein processing and host responses. Here we show that CadC is also 
involved in the negative regulation of the Lm bile salt hydrolase required to promote systemic infection. 
 
METHODS 
Bacterial strains 
L. monocytogenes EGDe (Lm) was grown in Brain Heart Infusion (BHI) medium (BD-Difco) at 37ºC with 
shaking. Construction of the Piap-bsh strain was performed using the splicing-by-overlap-extension 
(SOE) procedure. Two pairs of primers were used (lmo2068MA-MB and catMA-MB) (Table S1) to 



       CHAPTER III - RESULTS	  

	   135 

amplify respectively a 556-bp fragment from the upstream region of bsh and the 684-bp cat gene 
respectively. Resulting products were mixed in a 1:1 ratio and re-amplified using primers lmo2068MA 
and catMB. The final product was digested and cloned into pMAD. Two other primer pairs were used 
(iapMA-MB and bshMC-MD) (Table S1) to amplify respectively the 226-bp promoter region of iap and 
the first 583-bp of bsh. Resulting products were mixed and re-amplified using primers iapMA and 
bshMD. The final product was digested and cloned into pMAD already containing the first fragment, and 
electroporated into Lm WT and ΔcadC to generate respectively Piap-bsh and ΔcadC-Piap-bsh strains. 
Deletions (ΔcadC and ΔpgdA) were available [12, 13]. Plasmid constructions and complementations 
were verified by PCR and DNA sequencing. 
 
Resistance to pH 5.5, salt stress and lysozyme 
Growth under stressful stimuli was monitored by optical density measurement at 600 nm as described 
[14]. For comparative analysis of Lm resistance to pH 5.5 and salt stress, bacterial cultures were diluted 
100-fold in BHI alone (control) or BHI pH 5.5 or containing 5% NaCl. For lysozyme resistance, 
exponential-phase cultures were challenged with different doses of chicken egg white lysozyme 
(Sigma). 
 
BSH activity assays 
Stationary cultures were dropped (10 µl) in MRS (Man, Rogosa and Sharpe) agar plates supplemented 
with increasing concentrations of purified glycochenodeoxycholic acid (GDCA, Merck Millipore 361311) 
or taurochenodeoxycholic acid (TDCA, Santa Cruz Biotechnologies). Plates were incubated 
anaerobically for 72h at 37°C (GENbox, Biomérieux). 
 
Sensitivity to bile salts 
Listeria were grown to log phase in BHI broth at 37 ºC. Cultures were diluted in BHI and 5x103 
bacteria/ml were challenged with increasing concentrations of GDCA in a 24-well plate. Plates were 
then incubated with agitation at 37ºC in aerobic conditions. After 16h, CFUs were assessed by bacterial 
enumeration of serial dilutions on BHI agar. 
 
RNA techniques 
RNAs were extracted from Lm (OD600=0.8), treated (TURBO-DNA-free, Ambion), quality-checked 
(Experion, Bio-Rad-Laboratories), reverse-transcribed (iScript, Bio-Rad-Laboratories) and analyzed by 
qRT-PCR as described [15] using primers Table S1. Gene expression data were analyzed by 
comparative cycle threshold method normalized to relative reference gene expression (Lm 16S rRNA). 
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Electrophoretic mobility shift assays (EMSAs) 
CadC-DNA binding assays were performed as previously described [12] in 50 mM Tris-HCl pH7.4, 6 
mM MgCl2, 100 mM NaCl, 50 mM KCl, 100 ng DNA and increasing concentrations of CadC/GFP. After 
20 min at RT samples were resolved in 6% polyacrylamide gel and visualized by DNA staining. 
 
In vivo infection studies 
Infections were performed in six-to-eight week-old specific-pathogen-free females C57BL/6 mice 
(Charles River) as described [16]. Briefly, for oral infections, 12 h starved animals (n=5 per strain) were 
inoculated by gavage with 2x109 CFU in PBS containing 150 mg/ml CaCO3. Intravenous infections were 
performed through the tail vein with 105 CFU in PBS. At indicated time points animals were 
euthanatized by general anesthesia. The stomach, spleen and liver were aseptically collected, 
homogenized in sterile PBS, and serial dilutions of the organ homogenates plated in BHI agar. For 
analysis of Lm fecal carriage, total feces produced by each infected animal (n=5 per strain) up to a 
given time-point were collected, homogenized in PBS and serial dilutions plated in Listeria selective 
media (Oxoid) for bacterial enumeration. Mice were maintained at the IBMC animal facilities, in high 
efficiency particulate air (HEPA) filter-bearing cages under 12 h light cycles, and were given sterile chow 
and autoclaved water ad libitum. Animal procedures followed European Commission (directive 
2010/63/EU) and Portuguese (Decreto-Lei 113/2013) guidelines, approved by IBMC Ethics Committee 
and Direcção Geral Veterinária (ref. 015302). 
 
Expression tiling arrays 
ListIP Tiling Arrays were used [17]. RNAs were reverse-transcribed using SuperScript II reverse 
transcriptase (Life Technologies). cDNA was digested by DNase I and the size of digestion products 
was analyzed in the Agilent Bioanalyser 2100. Sample preparation for each chip was then processed 
following the Affymetrix GeneChip Expression Analysis Technical Manual (P/N 702232 Rev. 2) as 
previously described [17]. Scanning of the arrays was then performed using the GeneChip scanner 
3000. Intensity signals of each probe cells were computed by the GeneChip operating software 
(GCOS). Data analysis of the tiling sub-array was performed using the Bioconductor software 
(http://www.bioconductor.org) based on R package as described in [17]. 
 
Statistics 
Statistics were performed with Prism (GraphPad), using unpaired two-tailed Student’s t-test to compare 
means of two groups, and one-way ANOVA with Tukey’s post-hoc test for pairwise comparison of 
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means from more than two groups, or with Dunnett’s post-hoc test for comparison of means relative to 
the mean of a control group.  
 
RESULTS 
CadC controls BSH activity and Lm resistance to bile salts 
We investigated the potential involvement of CadC in Lm resistance to different stresses that Lm could 
encounter in environmental and host conditions. In particular, we assessed the growth of the ΔcadC 

mutant at pH 5.5 or in the presence of high concentrations of either NaCl or lysozyme. As shown in Fig 
1A, no significant difference was observed concerning the growth of the wild type and mutant strains in 
BHI broth at pH 5.5 or containing 5% NaCl. Similarly, no difference was detected after the addition of 
lysozyme (200 µg/ml) to bacterial cultures in exponential growth phase (Fig 1B). As expected, we 
observed an immediate and significant decrease in the survival of the lysozyme-hypersensitive 
ΔpgdA mutant [13] (Fig 1B). These data demonstrate that CadC has no role in the growth of Lm under 
pH 5.5 or in presence of salt, and do not confer resistance to the cell wall degrading activity of 
lysozyme. 
During infection, Lm has to resist to host bile [7]. This resistance is promoted by the BSH that catalyzes 
the deconjugation of glyco- (GDCA) and tauro- (TDCA) conjugated bile salts under low oxygen levels [8, 
9]. We analyzed the impact of cadC deletion on BSH activity and resistance to bile acids. The BSH 
activity of the WT, ∆cadC and the complemented ∆cadC+cadC strains was evaluated by patch 
inoculation onto Man-Rogosa-Sharpe (MRS) medium supplemented with increasing concentrations of 
GDCA or TDCA and grown under microaerophilic conditions. The WT strain exhibited the formation of a 
classical white area of precipitated bile acids [18], confirming the presence of BSH activity (Fig 1C-D), 
whereas the non-pathogenic L. innocua, that lacks bsh [8], was mostly incapable of precipitating GDCA 
(Fig 1C). As compared to the WT strain, the ∆cadC mutant displayed a more pronounced precipitate, a 
phenotype reverted in the ∆cadC+cadC strain. In addition, the ∆cadC strain was able to precipitate bile 
acids at lower concentrations where the WT was unable to deconjugate them (Fig 1C-D). The ∆cadAC 
double mutant behaved as the ∆cadC single mutant (Fig 1C), indicating that CadC plays a role in Lm 

BSH activity independent of CadA. These results indicate that in absence of CadC, Lm exhibits a higher 
BSH activity. 
To correlate increased BSH activity and resistance to bile toxicity in the ∆cadC mutant, the survival of 
WT and ∆cadC strains was evaluated in BHI broth supplemented with increasing concentrations of 
GDCA. As previously observed [9], GDCA inhibited the growth of WT cells in a dose-dependent 
manner, starting from 0.05%. The ∆cadC mutant appeared significantly more resistant to GDCA than 
the WT strain (Fig 1E).  
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Altogether these results demonstrate that CadC negatively impacts Lm BSH activity and resistance to 
bile salts. 
 
CadC represses bsh expression 
CadC is a transcriptional repressor previously shown to control cadAC and lspB expression [12]. CadC-

dependent bsh transcription was thus assessed by qRT-PCR on RNAs extracted from WT and ΔcadC 

strains grown in BHI. CadA was used as control gene directly repressed by CadC [12]. As expected, 

cadA was highly expressed in the ΔcadC mutant as compared to the WT strain (Fig 2A). In the same 

way, bsh appeared significantly upregulated in absence of CadC (Fig 2A), indicating that bsh 
transcription is dependent on CadC. 
bsh expression was previously shown to be dependent on PrfA and σB regulation [8-10]. In addition, we 
previously showed that PrfA does not control cadC expression [12]. To determine if the observed CadC-
dependent repression of bsh could be due to an indirect regulation through these two regulators, prfA 

and sigB expression was assessed by qRT-PCR on RNAs extracted from WT and ΔcadC strains. Both 

prfA and sigB appeared to be expressed independently on CadC (Fig 2A), thus indicating that the 
CadC-dependent repression of bsh is not dependent on PrfA or σB regulation. 
CadC represses the expression of target genes by directly binding to conserved CadC boxes present in 
their promoter [12]. Even in absence of a CadC box in the promoter region of bsh [12], we analyzed 
whether bsh expression could be controlled by the direct binding of CadC to its promoter. Increasing 
amounts of purified CadC were used in EMSA with a DNA fragment containing the bsh promoter region 
(Fig 2B). The promoter region of cadA was used as positive control. At the CadC concentration that is 
sufficient to delay the cadA promoter mobility, no shift was observed for the promoter regions of bsh, 
this being also observed using higher CadC concentartion (Fig 2B). An unrelated protein (GFP) was 
used to verify the specificity of the cadA-CadC box delayed migration. 
Altogether, these data suggest that CadC represses indirectly bsh expression. 
 
CadC is not required for Lm survival in the gastrointestinal tract 
BSH was previously shown to play an important role in Lm persistence within the gastrointestinal tract 
[8]. In addition, preliminary results seemed to indicate that an overexpression of bsh could generate an 
increased Lm intestinal multiplication [8]. As bsh is repressed by CadC, we analyzed the possible role of 
CadC in the gastrointestinal phase of listeriosis, i.e. in the earliest stage of the infectious process. We 
first assessed the survival/multiplication over 12 hours post inoculation of the WT and ∆cadC strains in 
the stomach of mice intragastrically inoculated with a sub-lethal bacterial dose (2x109 CFUs). For the 
WT strain, the number of bacteria in mouse stomachs was around 106 one hour post-inoculation (p.i.), 
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and increased to reach 107 CFUs at 12 h, demonstrating the survival and multiplication of Lm in the 
mouse stomach environment (Fig 3A). The ∆cadC mutant behaved as the WT strain. In addition, the 
persistence of the ∆cadC mutant was studied and compared with the parental strain in stools of mice 
after intragastric injection of a sub-lethal inoculum over four days after inoculation. We observed for both 
strains a regular and similar decrease of the number of viable Lm in mouse stools over time (Fig 3B). 
Altogether, these results demonstrate that CadC is dispensable for Lm persistence within the 
gastrointestinal tract.  
 
Optimal CadC-dependent regulation of bsh expression is required to confer full Lm virulence 
We next evaluated the importance of the fine regulation of bsh expression during infection and 
addressed the role of CadC in this process. For this purpose, we constructed a strain in which bsh 
would escape the control by CadC. We replaced the bsh promoter by the promoter of the iap gene on 
Lm chromosome (Piap-bsh). iap was previously shown to have an expression pattern similar to cadC 
and reverse to bsh, i.e. highly expressed in infected mouse spleens as compared to growth in the 
intestinal lumen or in rich medium (BHI) (Tab 1) [17, 19]. We verified by EMSA the absence of binding 
of CadC to a DNA fragment corresponding to the iap promoter (Fig 4A). We confirmed that the in vitro 
growth of the Piap-bsh strain was comparable to that of the WT (Fig 4B), and further validated the 
absence of control of bsh by CadC in this strain by analysing bsh expression, BSH activity and 
resistance to bile toxicity. As expected, cadA transcript levels increased in the ∆cadC-Piap-bsh as 
compared to the Piap-bsh strain, while bsh expression was not significantly different in both strains (Fig 
4C), confirming the CadC-independent expression of bsh in the Piap-bsh strain. In addition, whereas the 
∆cadC generated a more pronounced bile acid precipitate than the WT, no differences were detectable 
between the ∆cadC and Piap-bsh strains (Fig 4D). In accordance, as compared to Lm WT, both strains 
revealed the same phenotype regarding resistance to bile toxicity (Fig 4E). Altogether, these results 
confirm the high and CadC-independent expression of bsh in the Piap-bsh strain. 
We then tested the effect of bsh misregulation on virulence by intravenous infection of mice with the WT 
or Piap-bsh strains (105 CFUs). Three days p.i., bacterial counts for Piap-bsh were significantly lower than 
those for the WT in both spleens and livers, mimicking the phenotype of the ∆cadC mutant (Fig 5A). 
These results strongly suggest that the CadC-independent expression of bsh is unfavorable for infection 
and highlight the importance of the fine-tuning of bsh expression for Lm pathogenicity. 
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Uncontrolled bsh expression induces an overexpression of mdrT in presence of bile salts 
BSH is able to hydrolyse conjugated glycodeoxycholic and taurodeoxycholic acids, leading to the 
deconjugation of glyco- and tauro-bile acids, and the release of free cholic acids [8, 20]. Host cholic 
acids were shown to be exported by Lm through the MdrT efflux pump [21]. mdrT is controlled by BrtA, 
a bile sensor which loses the ability to bind to and repress the mdrT promoter in the presence of cholic 
acid [21, 22]. In addition to be a cholic acid efflux pump, MdrT also transports cyclic di-AMP (c-di-AMP), 
a small non-DNA nucleic acid capable of eliciting robust host innate immune responses during infection 
[23, 24]. The unregulated expression of MdrT was shown to significantly restrict virulence in vivo [23, 
25]. We thus hypothesized that an uncontrolled expression of bsh in vivo could induce an 
overproduction of cholic acid, in turn promoting a stronger mdrT expression and restricting Lm virulence. 
To test this hypothesis, we analysed by qRT-PCR the expression of bsh and mdrT in the WT and Piap-

bsh strains, in absence or presence of bile salts (GDCA). We first observed that bsh is more expressed 
in the Piap-bsh strain as compared to the WT, independently of the presence of GDCA (Fig 5B). 
Whereas the overexpression of bsh in the Piap-bsh strain had no effect on the mdrT expression in 
absence of bile salts, the presence of GDCA induced an increased mdrT expression in the Piap-bsh 

strain as compared to WT (Fig 5B). This result indicates that, in presence of bile salts, an 
overexpression of bsh engenders an upregulation of mdrT, most probably through the generation of 
increased levels of cholic acid. 
 
CadC regulates additional genes, including virulence genes 
We postulated that CadC could be a more global virulence regulator. To assess this, we performed a 
whole genome transcriptional analysis to search for genes potentially regulated by CadC. The 
expression profile of ∆cadC was compared to that of WT during exponential growth in BHI at 37ºC, 
using Lm tiling arrays [17]. Genes showing at least a two-fold change in their level of expression are 
listed in Figure 6A. We found 53 genes differentially regulated in the ∆cadC mutant as compared to the 
WT strain, 45 of which appearing more expressed in absence of cadC. We further confirmed our results 
by qRT-PCR. We selected the 8 down-regulated genes and a subset of 8 genes up-regulated in ∆cadC 
and performed qPCR on cDNA from bacteria grown to exponential phase. qRT-PCR results and array 
data exhibited a very strong correlation coefficient (R2=0.96) (Fig 6B), validating the differential 
expression levels detected by transcriptomics. 
A large number of differentially expressed genes appeared to encode nutrient transport systems (Fig 6A 
and 6C). In particular, 8 genes are implicated in inorganic ion transport and metabolism and are up-
regulated in ∆cadC. This group includes cadA and lspB previously shown to be directly repressed by 
CadC [12], and bsh. Remarkably, the LPXTG surface protein-encoding genes inlH and lmo0610, both 
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previously implicated in Lm virulence [26, 27], appeared also up-regulated in ∆cadC. Interestingly, 29 of 
the 45 genes more expressed in absence of CadC were previously shown to be activated during 
survival in the mouse intestinal lumen [17] (Fig 6D). In addition, of these 45 CadC-repressed genes, 21 
were shown to be activated by σB, the master regulator of class II stress genes [28] particularly 
important for regulating transcription during the gastrointestinal stages of Lm infection [29]. 
To unravel a potential mechanism of CadC transcriptional regulation, we searched for a conserved motif 
in the promoter region of the 53 genes. Despite an exhaustive bioinformatic analysis, we were unable to 
detect any common regulatory sequence. To determine whether the expression of some of these genes 
could be controlled by the direct binding of CadC to their promoter region, as previously described for 
cadA and lspB [12], increasing amounts of purified CadC were used in EMSA with DNA fragments 
containing the promoter region of genes up- (lmo0019) or down- (lmo2002 and lmo2336) regulated in 
the ∆cadC mutant. At the CadC concentration that is sufficient to delay the cadA promoter mobility (Fig 
2B), and even at higher amounts, no shift was detected for the promoter regions of the two genes tested 
(Fig 6E). 
Altogether, these data suggest that CadC might act indirectly as a new regulator of virulence gene 
expression. 
 
DISCUSSION 
To optimize interactions with the host and establish an effective infection, Lm varies its phenotypic 
properties in response to environmental signals [17, 19].  One of the best examples is the critical 
regulatory switch that occurs during the Lm transition from the host cell vacuole to cytosol, when Lm 
remodels its transcriptional profile by activating the master virulence regulator PrfA [30, 31]. Bacterial 
adaptation to life inside the host is, however, more complex than simply expressing genes as their 
products are needed. The presence of unrequired factors at inappropriate times during bacterial 
colonization can be detrimental to a successful survival strategy [32]. We previously showed that, during 
in vivo infection, Lm repurposed the cadmium efflux pump regulator CadC to directly repress the 
expression of the LspB lipoprotein signal peptidase avoiding the exposure of the LpeA lipoprotein to the 
host immune system, diminishing inflammatory cytokine expression and promoting intramacrophage 
survival and virulence [12]. Here we show that Lm also uses CadC to modulate BSH activity and Lm 
resistance to bile by repressing bsh expression. However, whereas CadC appears to be dispensable for 
Lm survival in the gastrointestinal tract, CadC-independent expression of bsh is unfavorable for Lm host 
infection, strongly suggesting that the optimal CadC-dependent regulation of bsh expression is required 
to confer full Lm virulence. The deconjugation of bile salts by BSH produces the release of free cholic 
acids [8, 20], which are exported by Lm through the MdrT efflux pump [21]. We reveal that, in presence 
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of bile salts, an overexpression of bsh induces an upregulation of mdrT, most probably through BrtA, a 
bile sensor, which loses the ability to bind to and repress the mdrT promoter in the presence of cholic 
acid [21, 22]. Whereas MdrT protects Lm from the bactericidal effects of bile [21], its unregulated 
expression was shown to significantly restrict virulence in vivo [23, 25]. This strongly suggests that the 
uncontrolled expression of bsh in vivo induces an overproduction of cholic acid, in turn promoting a 
stronger mdrT expression and restricting Lm virulence. We thus propose that Lm uses CadC to repress 
bsh expression during phases of the infection where an over-expression of bsh would be deleterious for 
infection. 
MdrT can also transport c-di-AMP, which is sensed by the host cytosolic innate immune receptor STING 

[33], activating a strong type I interferon (IFN-β) response [23, 24]. Paradoxically, IFN-β production was 

shown to increase the burden and lethality of Lm [34, 35]. The diversity of physiologically relevant 
substrates transported by MdrT reinforces the need for its tight regulation in vivo, in particular through 
CadC repression. 
We then postulated that CadC could play a more general role as virulence regulator and found 53 
genes differentially regulated in the cadC mutant. We were unable to detect any common regulatory 
motif or CadC binding on the promoter sequence of regulated genes other than cadAC and lspB, 
suggesting that CadC might act indirectly to control expression of other genes. CadC appears mostly as 
a repressor, 45 of the 53 CadC-controlled genes being more expressed in absence of CadC, ion 
transport and metabolism genes constituting the largest group. lmo0153-lmo0155 encode a putative 
zinc ABC transporter, lmo2494 encodes a putative regulatory protein of phosphate transport, lmo2230 is 
annotated as an arsenate reductase and lmo2231 encodes a protein of the cation efflux superfamily. 
These data could suggest a peripheral function for CadC in controlling arsenic, zinc and phosphate 
homeostasis. Most importantly, two genes known to be required for Lm virulence, inlH and lmo0610, 
appear also repressed by CadC, suggesting that the in vivo regulation of these genes by CadC could be 
crucial for Lm at specific stages of the infectious process. Among the few genes that appear activated 
by CadC, lmo2000-lmo2002 encode components of a mannose/fructose/sorbose family PTS system, 
and lmo1998-lmo1999 encode two sugar isomerases putatively implicated in hexosamine metabolism, 
converting fructose-6-phosphate into glucosamine-6-phosphate. The end product of this pathway is N-
acetylglucosamine, a component of Lm peptidoglycan that is also used for teichoic acids decoration [36, 
37]. CadC could be thus involved in the regulation of the composition and/or structure of the cell wall. 
However, following an HPLC analysis, we were unable to detect any defect in the cell wall content of the 
∆cadC strain (our unpublished data). lmo2335-lmo2336 (fruA-fruB) encode components that participate 
to the transport and conversion of fructose to fructose-1,6-bisphosphate, and lmo0278 is a putative 
glycerol-3-phosphate ABC transporter. Fructose-1,6-bisphosphate and glycerol-3-phosphate are central 
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intermediates for the cell metabolism and can be used for glycolysis or deviated to other metabolic 
pathways. The CadC regulation of these carbon source transporters might be important for the growth 
and adaptability of Lm to the host environment. 
Adaptability of pathogens to the host environment is crucial for the success of the infectious process 
and requires the tight and coordinated regulation of virulence factor expression. We and others 
previously showed that the in vivo differential expression of the Lm genome is coordinated by a complex 
regulatory network [17, 19]. During infection, Lm up-regulates the expression of the major virulence 
regulators, PrfA and VirR, and that of the master regulator of class II stress genes, σB. In particular, the 

fine regulation of the PrfA regulon through complex PrfA-SigB interactions appears essential for the 
success of the infection. Indeed, bacteria need to ensure the rapid increase in the expression of 
virulence genes and their subsequent down-regulation to avoid overexpression and irreversible host cell 
damages [38, 39]. cadC is highly expressed during infection [19], and we observed here that a high 
proportion of CadC repressed genes were previously shown to be activated during survival in the 
mouse intestinal lumen [17], and controlled by σB, the master transcriptional regulator during the 
gastrointestinal stages of Lm infection [29]. We thus propose that CadC represses during systemic 
infection σB-controlled genes important for the gastrointestinal stages of Lm infection, revealing CadC 
as a crucial new player of the complex network of transcriptional regulators that contributes to fine-tune 
virulence gene expression over the Listeria infectious process. 
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Table S1 - Primers 
Primer name Sequence (5’ to 3’) 
Primers used for mutagenesis  
catMA GACGAGTGTACTTATAAAAGCCAGTCATTAGGCCTATCTG 
catMB ATGACGCGTGGAGGCATATCAAATGAAC 
iapMA ATACGCGTGCCCTAAGAATACACGTTCGC 
iapMB  GACGTACACATATTCATAAAACTCCTCTC 
bshMC TATGAATATGTGTACGTCAATAACTTATACAAC 
bshMD ATGAATTCCACTCGAAAGAACGCGATAATTG 
Primers used for Real Time RT-PCR  
16SqF CTCGTGTCGTGAGATGTTGG 
16SqR CGTGTGTAGCCCAGGTCATA 
inlHqF AGTGGGACAGTTACACAACC 
inlHqR TTTTCGCATCATACCAGCC 
bshqF GGTATTGCTGCTGTGAT 
bshqR CGCATTGACCAAGAATCC 
prfAqF TCATTAGCGAGCAGGCTACC 
prfAqR GCAAATAGAGCCAAGCTTCC 
sigBqF AGAAACGGGTGAACTACTCG 
sigBqR CTTCCTCATTCTGCAACGCC 
cadAqF TGAACGAGCACCAGCACAAGCG 
cadAqR CCCATGTGTCCCAATCACCACC 
lmo0153qF ACCGTGATTGATGCGAGTA 
lmo0153qR TGTAAGACCGTTCTGGATATTAGT 
lmo0278qF CGGTATTCGTCCAGAAGATATTCA 
lmo0278qR GTTCCGAGCGAGCATCAA 
lmo0794qF CGCCTTACTATCCAACTG 
lmo0794qR AACTATTGCCATCGCTAC 
lmo1998qF CGACCTATTCATACGCAATGTGTT 
lmo1998qR AACGCTGGCTATCTTCTGTCA 
lmo1999qF CCACCATCCATCTCGTAA 
lmo1999qR ATAGCCAAGCGTGACATA 
lmo2000qF CTTCGGTTATCGGTCTGG 
lmo2000qR AGAAGGTGAAGCCAAGTG 
lmo2001qF GTCAACAAGAAGAATGCGGTATT 
lmo2001qR CAAGTGCTGGCTCTGTATTAGTA 
lmo2002qF GGCAAATGATGGGGTAGCA 
lmo2002qR TGTAAGCGTCTTCAACCGATT 
lmo2230qF CGAAGTGCCATTGCTGAAG 
lmo2230qR CTGCCAGTAATTCTGAACTAGGT 
lmo2269qF TCGTTGATGAATCAGGTGGGTGTC 
lmo2269qR AGGAGCATCGTCAGGAAGCATT 
lmo2335qF AAGCAGAGGAAGGTAGTCAAG 
lmo2335qR GCGATGGCGATAGCGATA 
lmo2336qF CGTAAGGTGCTGGAGACTCA 
lmo2336qR TTGGTTATCTTCACTTGCGGTAAT 
lmo2646qF AGAAGAAGCCGCAAATGTG 
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Primer name Sequence (5’ to 3’) 
lmo2646qR GGAGCCAGACGAGCAATA 
Primers used for EMSA  
bshEF TCCTGATATGGGAATGGGTGGC 
bshER GTGATCCTTCGTTGTATAAGTT 
cadAEF CATTTACTTACCTTAAGACAAG 
cadAER CGTACAAGACATACCGTCTAC 
lmo0019EF ATAGCGTATTTTGGTTCCGCCA  
lmo0019ER CACTGAACACTAATCCAAGGAC 
lmo2336EF CTGGATTTTCACGCCATTTTCG 
lmo2336ER CCAAGTTTCTCAATACTCTCCA 
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Figure 1. CadC controls BSH activity and Lm resistance to bile salts. (A) Growth curves of wild-type (WT) 
and ΔcadC in BHI, BHI pH 5.5 or BHI containing 5% NaCl. (B) Growth curves of WT, ΔcadC and ΔpgdA in BHI or 
BHI supplemented with lysozyme (200 µg/ml). Representative results from 3 independent experiments. (C-E) 
Effect of CadC deletion on BSH activity. (C-D) WT, ΔcadC, ΔcadC+cadC, ΔcadAC and L. innocua were patch 
inoculated onto MRS agar supplemented with increasing concentration of (C) GDCA or (D) TDCA and incubated 
in microaerophilic conditions at 37ºC for 72h. Experiments were performed at least twice, and representative 
results are shown. (E) Overnight cultures of WT and ∆cadC were inoculated into BHI supplemented with 
increasing concentrations of GDCA and CFUs were quantified 16 h later. Values are mean ± SD (n=3). 
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Figure 2. CadC represses bsh expression. (A) cadA, bsh, prfA and sigB expression determined by qRT-PCR 
on RNAs extracted from logarithmic cultures of WT and ΔcadC strains grown in BHI at 37 ºC. cadA was used as 
CadC-dependent control gene and gene expression levels in the ΔcadC mutant are presented normalized to 
those in the WT strain (set at 1). Values are mean ± SD (n=3). *P<0.05 and **P<0.01. (B) CadC does not bind 
directly to bsh promoter region. Increasing amounts of purified CadC were used in electrophoretic mobility shift 
assays (EMSAs) with DNA fragments containing the cadA or bsh promoter regions generated by PCR, using 
primers listed in Table S1. An unrelated protein (GFP) was used as negative control. Experiments were 
performed at least twice, and representative results are shown. 
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Figure 3. CadC is not required for Lm survival in the gastrointestinal tract. (A-B) Bacterial counts of the WT 
and ΔcadC strains in the (A) stomach and (B) feces at different time points after oral inoculation (109 bacteria per 
animal) of C57BL/6 mice. 
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Figure 4. CadC-independent expression of bsh in the Piap-bsh strain. (A) CadC does not bind to the iap 
promoter region. Increasing amounts of purified CadC were used in EMSAs with DNA fragments containing the 
iap promoter region generated by PCR. (B) Growth curves of WT, Piap-bsh and ∆cadC-Piap-bsh in BHI. (C) cadA 
and bsh expression by qRT-PCR on RNAs extracted from logarithmic cultures of Piap-bsh and ∆cadC-Piap-bsh 
strains in BHI at 37°C. Values are mean ± SD (n=3). **P<0.01. (D) WT, ∆cadC and Piap-bsh strains were patch 
inoculated onto MRS agar supplemented or not with increasing concentrations of GDCA and incubated at 37ºC 
for 72h under microaerophilic conditions. Experiments were performed at least twice, and representative results 
are shown. (E) Overnight cultures of WT, ∆cadC and Piap-bsh were inoculated into BHI supplemented with 
increasing concentrations of GDCA and after 16 h CFUs were quantified. Values are mean ± SD (n=3). 
 
 
  



CHAPTER III – RESULTS 

	  152 

 

 
Figure 5. Fine regulation of bsh expression is required to confer full Lm virulence. (A) Bacterial counts of 
WT, ΔcadC and Piap-bsh strains in the liver and spleen of C57BL/6 mice 72 hours after intravenous inoculation of 
105 bacteria per animal. Data are presented as scatter plots, each point represents an animal and mean values 
are indicated by a horizontal line (n = 5). ns, not significant. *P<0.05. (B) bsh and mdrT expression by qRT-PCR 
on RNAs extracted from logarithmic cultures of WT and Piap-bsh strains grown in BHI or BHI supplemented with 
GDCA, at 37°C. Values are mean ± SD (n=3). 
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Figure 6. CadC regulates additional genes, including virulence genes (A) Genes differentially expressed in the 
∆cadC mutant as compared to WT as determined by tiling arrays. In red are shown genes whose expression is 
up-regulated and in green down-regulated in ∆cadC as compared to WT. PrfA and/or SigB regulation and 
expression in the intestine lumen previously described for the identified genes are indicated. (B) Validation of 
tiling arrays data by qRT-PCR. Fold changes in gene expression in the ∆cadC mutant compared to that in the 
WT, measured by tiling arrays and qRT-PCR, log transformed and compared for correlation analysis. (C) Relative 
abundance of categories of genes differentially expressed in the ∆cadC mutant. Colors correspond to categories 
in the COG database. (D) Venn diagram showing the 53 genes controlled by CadC. (E) Binding of CadC to the 
promoter region of regulated genes. Increasing amounts of purified CadC were used in EMSAs with PCR-
generated DNA fragments containing the promoter region of genes repressed (lmo0019) or activated (lmo2002 
and lmo2336) by CadC. Experiments were performed at least twice, and representative results are shown. 
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Thousands of years of co-evolution allowed different species to adapt within different life 

styles, ecological niches and host specificities. Throughout our lifetime we are permanently in 

contact with a multitude of microbial species, either commensal bacteria that colonize our 

mucosal surfaces, or pathogenic microorganisms, which are usually targeted by our immune 

defences to prevent infection. Exploring host-pathogen interactions is a crucial way to 

understand and control the fundamental paradigms of cell biology and bacterial physiology. 

The host develops strategies to sense pathogens therefore inducing effective immune 

responses, whether bacteria evolve mechanisms that interfere with host signalling pathways 

in order to escape the immune system and thus promote infection. These sophisticated 

mechanisms are in constant evolution to overcome the new challenges invariably refined by 

pathogens and their hosts. This work improves our understanding on the control of innate 

immune responses, either by the host or by bacteria, to their own profit. 

One of the main questions is how the host immune system is able to sense pathogens? Host 

cells deploy multiple transmembrane and cytosolic sensors to detect microbial pathogens 

and arm signalling pathways that activate innate immune responses. These receptors belong 

to a family of sensors known as PRRs, which are conserved receptors able to sense 

invariant signature molecules named PAMPs. SRs are a class of PRRs, originally implicated 

on the recognition of modified lipoproteins and intimately associated with the maintenance of 

host homeostasis. Interestingly, it is now appreciated that they largely contribute to microbial 

pathogenesis, once they recognize an enormous repertoire of PAMPs. The results presented 

in this thesis contributed to an improved understanding on the importance of SRs for Lm 

cellular infectious process and for host innate immune responses against infection. SRs are 

widely expressed in cells patrolling potential portals of pathogen entry, such as 

macrophages, neutrophils, dendritic cells, microglia and B cells. Phagocytes are extremely 

dynamic and have an enormous potential to engulf, digest and kill microbial invaders. 

Moreover, they are among the first cells to be recruited to the site of infection. However, we 

cannot underrate the fact that SRs are also expressed in non-professional phagocytes, such 

as epithelial and endothelial cells. These cells are extremely relevant in the context of 

pathogen infection, mainly for a microbe such as Lm, which is an intracellular facultative 

pathogen capable to invade, infect and multiplies within both phagocytic and non-phagocytic 

cells. SRs have been reported to play opposite roles during bacterial infection: whereas 

some SRs recognize a myriad of microbial proteins activating downstream immune 

responses to fight and eliminate the pathogen, some pathogens hijack SR function exploiting 

them to bind and invade cells, thus promoting intracellular survival and proliferation.  

Particularly significant are the newfound roles of STAB-1 in Lm phagocytosis and 

macrophage integrity. We show that STAB-1 KO mice display deregulated inflammatory 

cytokine production, impaired cellular recruitment of myeloid cells and increased 
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susceptibility to Lm, thus revealing the key role of STAB-1 in restraining bacterial infection. 

Our findings have expanded the current knowledge on SRs and raised the role of SRs in the 

overall Lm infectious process. STAB-1 was previously shown to support binding of tumour-

infiltrating lymphocytes to tumour vasculature. The anti-STAB-1 antibody therapy has an 

inhibitory effect on the progression of primary and metastatic tumours, which suggests that 

this molecule may be a new immunomodulatory target for cancer immunotherapy (Karikoski 

et al. 2014). However, in the context of pathogenic infection STAB-1 is beneficial for host 

immune response against Lm infection. STAB-1 is important for cells recruitment. Whether in 

a cancer scenario STAB-1 induces leukocyte entrance into the tumours, in the case of a 

bacterial infection STAB-1 contributes for the recruitment of immune cells that help to fight 

infection. SRs have the ability to recognize not only the pathogens per se but also the 

damage they cause. STAB-1 did not trigger an immune response against the non-pathogenic 

L. innocua, suggesting that the response should be prompted by a specific Lm protein or by 

a DAMP. It would be of major interest to explore whether Lm displays a structural component 

or specific virulence factors that account for this host innate immune response against Lm. 

Considering the role of STAB-1 in the migration of T and B lymphocytes and its ability to bind 

both Gram-positive and Gram-negative bacteria in vitro (Adachi et al.  2002; Kzhyshkowska  

2010), it will be particularly important to assess the role of STAB-1 in the context of other 

pathogen infections. Our results with LPS suggest that the host immune response is not 

specific of Gram-positive bacteria. Remarkably, STAB-1 avidly binds Hsp70-peptide 

complexes and other chaperones, and heat shock proteins play important roles in cell 

signalling and immunity. Understand the impact of heat shock proteins as partners of STAB-

1 immunoregulatory function would be interesting. STAB-1 is able to mediate the engulfment 

and clearance of apoptotic bodies, through PS recognition, thus contributing for the 

maintenance of tissue homeostasis. Unravel the role of STAB-1 in this process in vivo, in the 

context of pathogen infection might allow us to understand its impact on the phagocytosis of 

dead cells targeted by the pathogen.  

STAB-1 is expressed in spleen, liver and placenta, which are major organs affected by Lm 

infection. The results of this work may pave a way to identify novel targets and pathways to 

interrupt or limit Lm infection. Augmentation of protective host cell pathways represents a 

novel therapeutic option to efficiently reduce invading pathogens. In particular, STAB-1 may 

be triggered in response to a specific Lm PAMP or DAMPs resultant from the infectious 

process, which remains yet to be identified. Administration of specific ligands known be 

recognized by STAB-1 could also trigger STAB-1-mediated responses. 

Pathogens evolved multiple and complex factors to survive in hostile environments and thus 

contribute to the successful colonization of the host. Lm lives as a saprophyte in the 

extracellular environment but it can easily switch to life within human cells. To be a pathogen, 
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Lm displays a complex arsenal of virulence genes and regulatory mechanisms that 

cooperate for the successful survival and persistence of the pathogen within the host. The 

elucidation of host subversion mechanisms to promote bacterial virulence paves the way for 

major breakthroughs in exploring host-pathogen interaction and design new therapeutic 

strategies. 

Despite their toxicity at high concentrations, heavy metals are required in trace amounts for 

enzymatic reactions or as structural components of bacterial proteins. Importantly, significant 

changes in metal availability may occur at different locations within the host, once it exploits 

the bacterial requirements for transition metals by sequestering these elements. Therefore, 

the intracellular concentration of metals needs to be finely tuned in order to maintain metal 

homeostasis. Efflux pumps are part of the complex system that confers heavy metal 

resistance to bacteria. CadC is a metal-responsive transcriptional regulator, highly expressed 

in vivo and required for the Lm infectious process. The results presented in this thesis 

contributed to an improved understanding on new Lm strategies to evade the host immune 

system and promote bacterial survival. We characterized the Lm cadmium efflux system and 

demonstrated the role of CadC in Lm immune evasion and pathogenicity (Figure 14).  

The locus cadA-lspB-cadC has an average of GC (guanine-cytosine) content notably lower 

than that of surrounding regions, suggesting that Lm could have acquired this locus by 

horizontal gene transfer. This leads us to think that Lm incorporated this locus for a specific 

reason rather than only controls metal homeostasis. Indeed, we found that Lm acquired this 

locus, in part, to manipulate host innate immune responses to its own profit.  

The expression of Lm virulence determinants requires a tight and coordinated regulation. 

PrfA is the major transcriptional regulator controlling the expression of several genes whose 

products play a critical role in different steps of Lm pathogenesis. Additionally, σB regulates 

several genes that are predicted to be important in stress tolerance, carbohydrate 

metabolism, transport, cell envelope processes and virulence. This work largely contributes 

to describe CadC as a key regulator of metal homeostasis and virulence. By regulating, 

directly or indirectly specific Lm genes, CadC is so far advantageous for bacterial 

pathogenesis. We revealed that CadC is a general regulator of gene transcription, working 

both as a gene repressor and activator. It would be of major relevance to study how the 

regulation of these genes by CadC is orchestrated and also their impact in virulence. 

We unveil that Lm controls lipoprotein localization via CadC-dependent lspB regulation. 

During infection, this process minimizes lipoprotein exposure to the host immune system, 

diminishing inflammatory cytokine expression and promoting intramacrophagic survival and 

infection (Figure 14).  
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Fig. 14. The unexpected role for CadC in the fine control of the expression of Lm virulence factors. In the absence 
of cadmium, Lm CadC represses the expression of cadA, which encodes a cadmium efflux pump. Moreover, 
CadC also represses the expression of lspB to avoid the exposure of LpeA, therefore inhibiting cytokine 
expression and promoting intramacrophage survival and virulence. CadC also represses bsh, which catalyzes the 
hydrolysis of the conjugated bile salts. The result is the reduction of the free cholic acids that are less sensed by 
the bile sensor, BrtA, which binds and represses mdrT expression thus contributing to Lm virulence. 
 

Bacterial lipoproteins contribute to crucial physiological roles, including substrate binding, 

antibiotic resistance and protein folding. Nevertheless, they also have an impact in virulence-

associated processes and immunomodulation, working as PAMPs (Nakayama et al.  2012). 

The lipidation of prelipoproteins in Lm is required to promote NF-kβ activation via TLR2 

(Machata et al.  2008). Group B Streptococcus secretes lipoproteins that activate host 

inflammatory response through TLR2 signalling. In this case, the absence of lsp leads to 

decreased TLR2-mediated recognition, reduced inflammatory response and increased 

mortality (Henneke et al.  2008). The lipoprotein Blr of GBS was shown to prevent SR-A-

mediated recognition and non-opsonic phagocytosis, indicating that lipoproteins can be 

ligands for SRs (Areschoug et al.  2009). In our case, Lm controls lipoprotein localization 

through lspB repression to minimize exposure to the host immune system, and STAB-1 

appears crucial for the activation of the innate immune response upon Lm infection. It would 

be thus interesting to analyze the potential role of STAB-1 in the activation of host defences 

through lipoprotein recognition. 

CadC is able to control BSH activity and Lm resistance to bile through the repression of bsh 

expression. The optimal CadC-dependent regulation of bsh expression is required to confer 

full Lm virulence. Therefore, the uncontrolled expression of bsh in vivo induces an 

overproduction of cholic acid, in turn promoting a stronger mdrT expression and restricting 
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Lm virulence. We thus propose that Lm uses CadC to repress bsh expression during phases 

of the infection where an over-expression of bsh would be deleterious for its virulence (Figure 

14). During replication within the cytosol of infected cells, Lm uses two multidrug efflux 

pumps, MdrM and MdrT to secrete the small nucleic acid second messenger cyclic-di-AMP 

(c-di-AMP). These molecules are sensed by the host cytosolic innate immune receptor 

STING (Sauer et al.  2011), activating a strong type I interferon (IFN-β) response and 

promoting Lm virulence. Importantly, Lm activation of STING down-regulates long-lived cell-

mediated immunity (Archer et al.  2014; Schwartz et al.  2012). Moreover, c-di-AMP in Gram-

positive live bacteria was considered a vita-PAMP, engaging STING to mediate endoplasmic 

reticulum stress (Moretti et al.  2017). The diversity of physiologically relevant substrates 

transported by MdrT reinforces the need for its tight regulation in vivo, in particular through 

CadC repression. 

Thus, searching for new virulence factors could reveal new PAMPs that are recognized by 

the host to initiate an immune response. On the other side, the study of new PRRs could 

disclose innovative ways to recognize bacteria. Our findings have expanded the current 

knowledge on the Lm pathogenicity and on the regulation of immune-evasive strategies 

employed by Lm. This points out CadC as a new general repressor repurposed during 

infection to fine-tune virulence gene expression over the Lm infectious process. Interestingly, 

these transcriptional repressors could represent new targets for innovative antibacterial 

strategies.  
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Other interests 

 
§ Volunteer at Hospital S. João in the field of neurology, pediatrics A and B (2007-2008). 
§ Involvement in CASO projects – Supermarket and warehouse (Banco Alimentar Contra a Fome). 
§ Football and other teamwork sports. 
§ Classical ballet since 1992 and modern dance since 2015. 
§ Surf since 2004 and wakeboard since 2015. 

 
 
 


