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Résumé 

 Brucella abortus est un pathogène du bétail responsable de cas de zoonoses suite à sa 
transmission à l’homme, ce qui induit une maladie chronique appelée brucellose. La virulence 
de B. abortus dépend de sa capacité à éviter la reconnaissance par le système immunitaire, ce 
qui passe notamment par sa capacité à envahir et prospérer au sein des sentinelles du système 
immunitaire, les macrophages. La bactérie s’est révélée capable de moduler de nombreux 
processus cellulaires afin d’établir sa niche réplicative qui se situe au niveau du réticulum 
endoplasmique de la cellule infectée.  Néanmoins, les facteurs responsables de la production 
ainsi que de la maintenance de cette niche réplicative ne sont pas encore totalement élucidés. 

 La mitochondrie est un organite essentiel au fonctionnement des cellules mammaliennes 
qui est la cible de différents pathogènes bactériens qui en tirent différents avantages. Cela passe 
par la modulation des aspects dynamiques de fusion et de fission du réseau mitochondrial et sa 
dégradation par autophagie spécifique (mitophagie). 

Des résultats préliminaires obtenus par notre équipe ont montré que B. abortus induit 
une fragmentation du réseau mitochondrial qui semble associée à une induction de la 
mitophagie au sein de macrophages et de cellules épithéliales (HeLa) infectées. Ces phénotypes 
mitochondriaux sont accompagnés de l’activation d’un axe de mitophagie bien décrit dans la 
littérature qui comprend le facteur de transcription HIF-1α et un de ses gènes cibles : BNIP-
3L/Nix, décrit comme un récepteur important de la mitophagie. 

Les objectifs de ce mémoire étaient donc de (i) déterminer les acteurs moléculaires 
responsables de la stabilisation de HIF-1α dans des cellules épithéliales et myéloïdes infectées 
par B. abortus, (ii) d’établir un lien éventuel entre la stabilisation de HIF-1α et la fragmentation 
mitochondriale et/ou la mitophagie induite par B. abortus et (iii) de remettre ces découvertes 
dans un contexte de relation hôte-pathogène.  

Les résultats les plus importants de ce travail ont mis à jour un rôle capital du fer dans 
la stabilisation de HIF-1α induite par B. abortus et termine sur des résultats encourageant 
élargissant le rôle du fer à l’apparition de la fragmentation mitochondriale. Si ces résultats se 
confirment, ils impliquent la déplétion d’un métabolite normalement impliqué dans l’import de 
fer dans la mitochondrie, vestige de son lien de parenté avec Brucella, dans l’apparition des 
phénotypes mitochondriaux induits lors de l’infection avec B. abortus. 
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Abstract 

            B. abortus is a pathogen of the cattle responsible for cases of zoonosis from cattle to 
humans leading to the onset of a chronic disease called brucellosis. The virulence of B. abortus 
depends on its ability to avoid recognition by the immune system, which includes its ability to 
invade and thrive within the sentinels of the immune system: the macrophages. The bacterium 
modulates differents aspect of the host cell biology in order to establish its replicative niche 
inside the ER of the infected host cell. However, the factors responsible for the establishment 
as well as the maintenance of the replicative niche are not fully understood, notably at the level 
of the host cell's biology.  

 The mitochondrion is an essential organelle for mammalian cell function that has been 
shown, in recent research, to constitute a prime target for many bacterial pathogens. This 
involves the modulation of the dynamic aspects of fusion and fission of the mitochondrial 
network as well as their degradation by specific autophagy (mitophagy) to their advantage. 

Previously, our team has shown that B. abortus induces the fragmentation of the 
mitochondrial network that appears to be associated with the induction of mitophagy in infected 
macrophages and epithelial (HeLa) cells. These mitochondrial aspects are accompanied by the 
activation of a mitophagy axis well described in the literature dependent on the transcription 
factor HIF-1α and its target gene BNIP-3L/Nix, described as a mitophagy receptor. 

The objectives of this master’s thesis were therefore to (i) determine the molecular 
actors responsible for the stabilisation of HIF-1α in epithelial and myeloid cells infected with 
B. abortus, (ii) to establish whether there is a link between HIF-1α stabilisation and B. abortus-
induced mitochondrial fragmentation and/or mitophagy and (iii) to put these findings into a 
host-pathogen context.  

The major outcome/results of this work revealed a crucial role for iron in the 
stabilisation of HIF-1α induced by B. abortus and concludes with encouraging results 
expanding the role of iron in the occurrence of the mitochondrial fragmentation. If confirmed, 
these results indicate that the depletion of a metabolite implicated in mitochondrial iron import, 
derived from the distant evolutionary relationship between Brucella and the mitochondria, is 
involved in the mitochondrial fragmentation induced by B. abortus. 
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1. Introduction



 

   

Figure 1: Zoonotic potential of different Brucella species that are associated with their natural hosts. 

The thickness of the arrows represent the relative frequencies of zoonosis cases between the 

different Brucella species. Dashed arrow indicate that the specie has been isolated from brucellosis 

patients but transmission cases have not been documented. The natural host of B. inopinata is not 

known (symbolised by a question mark). Picture from ref 339. 
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1.1. Brucellosis
1.1.1. In humans 

Brucellosis, also called Malta fever or Mediterranean fever,  is a worldwide zoonosis caused 
by the intracellular pathogens of the bacterial genus Brucella, responsible for 500 000 new 
cases annually making it one of the most common zoonosis1. In humans, brucellosis manifests 
itself as a chronic inflammatory disease translating in the following symptoms: low grade 
relapsing fever, weight loss, joint and back pain but it can also cause more severe outcomes like 
splenomegaly, hepatomegaly (in around 25 % of cases), epididymo-orchitis (inflammation of 
male genital tract) or even neuropsychiatric complications (4/100 patients) and endocarditis 
(1/100 patients) which can be lethal for the latter in some individuals 2,3. This disease is mainly 
present in Middle-East and developing countries (sub-Saharian Africa, Latin America, Central 
Asia, Mediterranean coast)2. This is linked to a greater consumption of unpasteurised milk4 
with more than 60% of brucellosis cases linked to dairy consumption in Turkey or Kuweit5. 
Additionally, brucellosis can be transmitted by direct contact with fluids and tissue of infected 
animals putting veterinarians, butchers and farmers at higher risk2. Transmission between 
humans has rarely been observed leading experts to think that humans represents accidental, 
unnatural, host for Brucella species (Brucella spp.) and an “evolutionary dead-end”2. Whatever, 
human brucellosis is a highly debilitating disease impairing the infected individuals to pursue 
their working life. Currently, no effective human-edible vaccine or treatment exist2. 
Traditionally, a long antibiotic therapy is prescribed but it is not completely efficient2. There is 
thus a need to study in depth the infection by Brucella spp. in order to discover new therapeutic 
targets. 

1.1.2. In natural hosts 

Brucella spp. are facultative intracellular bacteria, facultative meaning that bacteria able 
to survive outside of its host for extended period of times. Brucella spp. belongs to Rhizobiales 
order of the α-proteobacteria class6 and are, more specifically, closely related to the soil-living 
bacterium Ochrobactrum7. The Brucella genus contain 6 classical species and 7 novel species 
each named following the preferred host it infects6 but the species are very similar to each other 
with 97% of sequence identity between their genomes7. Four species can infect humans with, 
by order of importance,  B. melitensis, B. abortus, B. suis and B canis the causative agents of 
ovine, cattle, swine and canine brucellosis, respectively (Figure 1)2. In their natural host, in 
addition to spleen, liver or mammary gland colonisation, Brucellae have a particular tropism 
for genital organs in both males and females associated with the infection of uterus and 
placentas in gravid females6. Placental throphoblasts represent a very permissive cell type for 
Brucella replication which is followed by the induction of necrotic cell death causing 
inflammation in the surrounding tissue (placentitis) and opening the door for foetal infection8. 
As a consequence, brucellosis is linked to abortion in pregnant females (30 at 80 % of cases in 
cattle) or birth of weak offspring which are commonly the sole symptoms along with reduced 
milk production and fertility6.  This can cause enormous economic burden in livestock farming. 
Currently, the use of different vaccination strains such as B. abortus S19 and RB51 and B. 
melitensis Rev1 were shown to be effective to prevent disease outbreaks in natural hosts and 
associated economic losses but their use can still be problematic in weak or pregnant 
individuals6. The transmission in the natural host can occur vertically (from mother to offspring) 
through the milk or horizontally (between individuals of the same generation) by direct contact 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2: Innate immune recognition by TLRs and downstream signalling.  

Left: bacterial lipoproteins or lipopolysaccharide (LPS) bind to the TLR1/6-TLR2 

heterodimer or to TLR4-MD2 complex expressed in the plasma membrane. This leads to the 

recruitment of MyD88 adaptor which culminates in the activation of the AP-1 and NF-κB 

transcription through activation of the MAPK pathway and the IKK complex, respectively, 

triggering the expression of pro-inflammatory genes. TLR4 stimulation by LPS leads to its 

translocation to endosomes where it recruits the TRIF adaptor leading to IRF3 activation and 

type 1 IFN production. 

Right: Infection triggers TLR7 and TLR9 trafficking from the ER to the endosomes and 

TLR9 cleavage where they can sense viral (or bacterial) nucleic acids delivered by endocytosis 

or autophagy. TLR7 or TLR9 stimulation leads to MyD88 recruitment and culminates in NF-

κB and IRF7 activation and pro-inflammatory gene transcription. Pictures taken from ref 335.   
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with aborted foetus or by aerosols, sexual contact and ingestion of food or water that has been 
in contact with bodily fluids6.  

1.1.3. In the laboratory 

Experimentally, the main model used to study brucellosis is the intraperitoneal or 
intranasal infection of mice2. The bacteria produce a chronic infection of the spleen and quite 
well reflects human brucellosis but does not reproduce the acute placental infection found in 
natural hosts8. Following intranasal infection, bacteria were showed to be transported into the 
lymph nodes, probably by dentritic cells (DC), before entering the bloodstream and 
disseminating in other organs, particularly those of the reticulo-endothelial system such as the 
spleen, lymph nodes and bone-marrow9. Importantly, the infection route does heavily modulate 
the evolution of the infection10. These organs are heavily populated with macrophages, the main 
reservoir of Brucella in humans and mice11. However, a lot of other cell types are permissive 
to Brucella replication such as, of course, placental trophoblasts from their natural host12 or 
human13, but also fibroblasts, endothelial cells and various epithelial cells11. At the cellular 
level, the success of the infection largely depends on the reaching of a particular 
microenvironment termed the “replication niche” in which Brucella is protected from immune 
recognition14. In the case of Brucellae, this niche is a particular compartment with several 
features of the endoplasmic reticulum (ER) termed the replicative Brucella Containing Vacuole 
(rBCV). Brucella must absolutely attain this rBCV in order to proliferate inside macrophages 
15 and to maintain chronic infection in the spleen of infected mice14. Before diving into the 
intracellular lifestyle of Brucella, let’s acknowledge the characteristics and functions of a 
macrophage. 

1.2. Focus on the host cell: the macrophage 

Macrophages are composed of heterogeneous cell sub-populations that act as guardians 
of tissue homeostasis by detecting signs of damage or infection and mounting the appropriate 
response16. The particularly high expression of pattern recognition receptors (PRRs) allows 
them to detect either “non-self” molecules, called pathogen-associated molecular patterns 
(PAMPs), in order to elicit an inflammatory response17. Trans-membrane PRRs are called toll-
like receptors (TLR) with each member recognising a particular PAMPs: lipoproteins (TLR1, 
TLR2 and TLR6), double-stranded (ds) RNA (TLR3), lipopolysaccharide (LPS, TLR4), 
flagellin (TLR5), single-stranded (ss) RNA (TLR7 and TLR8) and DNA containing hypo-
methylated CpG sequences (TLR9)18. Other PRR include trans membrane C-type lectin 
receptors (CLRs) that bind microbial carbohydrates, RIG-1-like receptors (RLRs) that trigger 
anti-viral programs in response to RNAs and the cytosolic receptors called NOD-like receptors 
(NLRs)18. The stimulation of PRRs converge in the activation of pro-inflammatory gene 
expression through activation of NF-κB and/or mitogen-activated protein kinases (MAPKs) 
and/or  interferon (IFN)-regulatory factors (IRFs) (Figure 2)19. Some PRR, including members 
of the NLR family such as NLR family pyrin domain containing 3 (NLRP3) or NLR family 
CARD domain-containing protein 4 (NLRC4), differ because they activate the caspase 1 
protease which maturate different proteins such as the pro-inflammatory cytokines interleukin 
(IL)-1β and IL-1818. Many PRR can also react to endogenous ligands called damage-associated 
molecular patterns (DAMPs) such as mitochondrial DNA (mtDNA) or the presence of ATP in 
the extracellular space to elicit inflammation in response to cellular or tissue damage20.   



Figure 3: Sensing of bacterial pathogens by the cGAS-STING pathway. 

Following the classical pathway of STING activation, intracellular DNA is sensed by 

cGAS which in turn produces 2’, 3’ cyclic GMP-AMP (cGAMP) which is a STING agonist. 

Both pathogenic and endogenous DNA, such as the mtDNA, can activate cGAS. Alternatively, 

STING can directly bind cyclic dinucleotides (CDNs) such as c-di-GMP, produced by 

Brucella  spp., that acts as second messenger in bacterial signalling. Then, STING could 

translocate in the Golgi and interact with Tank-binding-kinase 1 (TBK1) which will 

phosphorylate STING to allow its complete activation. This is followed by the activation of 

NF-κB and IRF3 which induce the expression of pro-inflammatory gene. Such as type I IFNs 

(IFN-β) that can activate type I IFN receptor (IFNAR). STING activation is regulated by 

NLRP3, ULK1, Atg9a and possibly the AIM2 inflammasome. Picture taken from ref 331. 
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Besides the induction of inflammation, macrophages are also an important part of the 
effector branch of the immune system as they are able to phagocyte microbial invaders that are 
subsequently digested by hydrolases after fusion of phagosomes with macrophage’s 
lysosomes21. In addition, when exposed to pro-infammatory stimuli, macrophages  produce a 
lot of different anti-microbials such as nitric oxide (NO) and reactive oxygen species (ROS) 
through the inducible nitric oxide synthase (iNOS/NOS2) and the NADPH oxidase 2 (NOX2), 
respectively22. In consequence, the immune response is also a damaging process for the 
surrounding tissue and the macrophage plays a fundamental role in the switch from the acute, 
damaging, phase of inflammation to the phase of tissue repair, also referred to as the “resolution 
phase”23. Macrophages are thus dynamic cells that respond to environmental stimuli to change 
their phenotype in a process called “macrophage polarisation”. Pro-inflammatory and 
microbicidal macrophages called M1 or classically-activated macrophages (CAM) are usually 
obtained in vitro in response to LPS + interferon (IFN)-γ stimuli while IL-4/IL-13 stimuli 
induce the polarisation into anti-inflammatory/repair macrophages called M2 or alternatively-
activated macrophages (AAM)24.  

1.3. Brucella’s host-pathogen relationship 
1.3.1. A stealthy pathogen 

One of the main characteristics of Brucella species is their ability to evade the 
recognition by the immune system. Indeed, the main cell type infected by Brucella during 
chronic infections is the bactericidal macrophage that possess, as we have discussed, a wide 
range of anti-bacterial effectors22. Several virulence determinants of Brucella are thus meant to 
avoid macrophage activation by active and passive mechanisms giving rise to the term “stealthy 
pathogen”  when referring to Brucella species25. For example, the LPS molecule present at the 
surface of the outer-membrane of smooth Brucella strains (in opposition to rough Brucella 
strains) possess specific structural features that distinguishes it from other Gram-negative 
bacteria. As a result, it reduces its binding to innate immune receptors such as TLR4 or the 
complement pathway and thus the induction of inflammatory responses. The rough Brucella 
strains were shown to induce extracellular signal -regulated kinase  (ERK) 1/2 and p38 MAPK 
pathways and downstream expression of NOS2 that was detrimental for its survival in 
comparison to smooth Brucella strains26. Furthermore, this “stealthy” strategy is the best 
demonstrated by the fact that the presence of large amounts of intracellular bacteria does not 
impair cell cycle progression and mitosis in infected HeLa cells27.  

Important studies using mice deleted for the genes encoding IFN-γ or the downstream 
transcription factors IRF1 or IFN consensus sequence binding protein (ICSBP) highlighted the 
critical role of these immunity actors to fight Brucella as the mice were not able to clear the 
infection which even become lethal28,29. Macrophages activated by a IFN-γ/LPS (from 
Escherichia Coli) showed that B. abortus was sensitive to the anti-bacterial effect of NO30. 
Myeloid differentiation primary response 88 (MyD88) activation through TLR signalling is 
essential for the containment of Brucella infection31,32 by inducing IFN-γ and subsequent NOS2 
expression in macrophages33 but the exact TLRs implicated is controversial with, sometimes 
contrasting reports, implicating TLR9, TLR2 and TLR431,34–36. In the case of NLRs, Brucella 
spp. flagellin, which escapes TLR5 recognition, and Brucella DNA were shown to activate the 
NLRC4 and absent in melanoma (AIM) 2 inflammasomes, respectively, and to drive IL-1β and 
IL-18 production37,38. These cytokines promotes the containment of the infection in the spleen 
of infected mice37.  



)

Figure 4: Intracellular trafficking and replication of B. abortus

a) The bacteria are first internalized by a particular form of endocytosis involving cholesterol rich membrane

regions (lipid rafts). Brucella is present in a membrane closed compartment (the endosomal Brucella containing 

vacuole = eBCV) that go through endocytic maturation: it interacts with early endosomes (EE), it becomes 

acidified (pH of approximately 4.5) and acquires the late endosomal marker LAMP1 by interacting with late 

endosomes (LE) and finally with lysosomes (LYS) thanks to host Rab7 protein, a small GTPase. Acidification and 

Rab7 are even required for the expression of the virulence factor type IV secretion system (T4SS). The T4SS 

secrete proteins (‘effectors’) modulating immune function and host vesicular trafficking. Effectors are necessary 

to initiate the conversion of the eBVC to the replicative Brucella containing vacuole (rBCV) (from 8 to 12 h p.i.) 

in which the bacteria massively replicate (from 12 to 48 h p.i). Sar1, IRE1α, Yip1A, Atg9, WIPI1 and COG from 

the host contribute to rBCV biogenesis. The rBCV harbours several markers of the endoplasmic reticulum (ER) 

including calreticulin, calnexin and Sec61β and even harbours structural and functional ER features. After 48h p.i. 

the rBCV becomes engulfed by autophagosome-like structures in a T4SS-dependent manner giving rise to the 

autophagic Brucella containing vacuole (aBCV). Surprisingly, aBCV formation requires the autophagic nucleation 

complex (such as Beclin1, ULK1, Atg14) but not downstream effectors such as LC3-II. The aBCV is necessary 

for bacterial escape and infection of adjacent cells. Picture taken from ref 15.

b) Typical evolution of colony forming units (CFU) numbers during infection of murine BMDM by B.

abortus strain 2308. After internalisation, the majority of infecting bacteria are cleared by 6 h after infection. 

Replication starts around 8 h p.i. A mutant deficient for VirB T4SS is unable to reach the rBCV and becomes 

progressively cleared in macrophage lysosomes. Picture taken from ref 48.

c) Structure of a prototypical T4SS. The schematics is derived from a structure derived from A. tumefaciens,

another α-proteobacteria. PM = plasma membrane OM= outer membrane, IM= inner membrane. Picture  taken 

from ref  334.
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In addition to passively avoid recognition, Brucella spp. was shown to actively 
counteract several immune signalling pathways to promote its replication such as IFN-γ-
induced signal transducer and activator of transcription (STAT) 1 signaling, stimulator of IFN 
genes (STING) (Figure 3) or MyD88 (Figure 1)39–42. This is often linked with the secretion of 
“effector proteins” by the type IV secretion system (T4SS) which is also essential for Brucella 
spp. survival, replication and dissemination into host cells  in a series of events commonly 
referred to as Brucella’s “intracellular infection cycle” 2.  

1.3.2. Intracellular infection cycle 

Brucella intracellular infection cycle is a highly regulated process during which the 
bacteria-containing vacuoles (BCVs) endure sequential maturation phases that are associated 
with the completion of different steps in the infection cycle (bacterial entry, replication and 
egress) (Figure 4.a) 15. During the first hours of infection, Brucella can be found in an 
endosomal compartment called the endosomal Brucella-containing vacuole (eBCV). Bacterial 
entry into the host cell, is already fundamental for the outcome of the infection. Brucella was 
shown to produce different adhesins43 such as BigA that can induce rearrangements of the actin 
cytoskeleton in the host cell and is required for the invasion of epithelial cells44. The entry 
mechanism differs between virulent (smooth) and non-virulent (rough) strains, the former 
relying on the presence of cholesterol and GM1 ganglioside-rich lipid rafts for entry by 
macropinocytosis. This entry pathway is related to an increase in survival and replication in 
mouse bone marrow-derived macrophages (BMDM)45 that seems to be linked to a delay in 
endosome maturation and a decrease in the fusion with the lysosomes in comparison to rough 
strains45,46. However, Starr et al. more recently demonstrated that, in contrast to general belief, 
the eBCV fuses with functional, proteolytic, lysosomes around 3 h p.i. and that this event is 
necessary for the completion of the cycle in HeLa and macrophage-like cells47. Furthermore, 
the presence of the endolysosomal marker LAMP-1 and the acidification of the eBCV to a pH 
around 4 to 4.5 further indicate that the bacteria endure the normal endocytic process. The 
majority of virulent bacteria (more than 90%) thus get killed after fusion with lysosomes 
(Figure 4.b)48 giving rise to the concept that lysosomal fusion is a “necessary evil”15. Next, 
these vacuoles fuse with the endoplasmic reticulum (ER)49 giving rise to the rBCV where the 
bacteria can massively replicate15. The exact mechanism of rBCV formation is not well 
characterised but it involves membranes derived from the ER exit site (ERES) and the Golgi 
apparatus50. Starting at 48 h post-infection, the rBCV becomes engulfed in multiple membrane 
with late endocytic features such as low pH and the presence of lysosome-associated membrane 
glycoprotein 1 (LAMP1). This structure is reminiscent of autophagosome and are dependent on 
the activity of the autophagic nucleation complex (UNC-51-like kinase 1 (ULK-1), Beclin-1 
and Atg14L) but does not involve other autophagy related proteins such as LC3, Atg5 or Atg7. 
Those structures have nevertheless been called autophagic BCV (aBCV) and are essential to 
the last step of Brucella’s life cycle: the exit of the cell, possibly after the fusion of the aBCV 
with the plasma membrane in an exocytosis-like manner15.  



Effector 

Name 

VirB 

dependent 

Molecular 

target in the 

host 

Effect on host physiology Fitness of 

deletion mutants 

BigA Not 

investigated 

Unknown Modulation of actin 

cytoskeleton 

Adhesin required for proper 

invasion of epithelial cells44. 

BPE123 Yes53 Alpha-enolase 

from glycolysis 

(HeLa cells)  

Unknown Reduced intracellular 

replication (HeLa cells) which 

depends on reduced alpha-

enolase activity58

BPE005 Yes53  Leading to collagen 

deposition and fibrosis in 

the liver55 

Normal replication in mice but 

reduced liver fibrosis55. 

BspA, 

BspC, 

BspE 

Yes54 Unknown Not investigated Not investigated 

BspB Yes54 Interaction with 

Golgi-localised 

COG50 

Inhibition of host protein 

secretion and rewiring of 

intra-Golgi trafficking to 

provide Golgi-derived 

vesicles to rBCVs50

Reduced rBCV biogenesis and 

intracellular replication 

(BMDM)50 

BspF Yes54 Binding and 

activation of 

ACAP1, a GAP 

towards Arf656

Disruption of vesicular 

trafficking between 

recycling endosomes and 

the Golgi (HeLa)56 

Reduced replication within the 

rBCV56

BspJ Seemingly 

not54 
Binding and 

downregulation 

of CKB and 

NME2308 

Inhibition of apoptosis Decreased intracellular 

viability in RAW264.7 over 

time linked to greater 

apoptosis induction308. 

BspL Yes Herp57 Induction of ER-

associated degradation 

(ERAD) pathway57 

Anticipated aBCV formation 

(HeLa and BMDM)57

VceA Yes52 Unknown Deficiency increases 

autophagy and decrease 

apoptosis (in trophoblasts 

cells)59 

Not investigated 

VceC Yes52 ER chaperone 

Grp78/BiP64 
Induction of IRE1 branch 

of UPR signaling64 in 

macrophage and induction 

of CHOP pathway in 

trophoblasts307 

Reduced induction of 

inflammatory gene expression 

upon infection in 

macrophage64 and reduced 

induction of cell death upon 

trophoblast infection307 

NyxA and 

NyxB

Yes for 

NyxA, 

independent 

for NyxB 

Direct 

interaction with 

the SENP3 

protease 328 

Formation foci in the 

cytoplasm positive for 

SENP3, ribosomal 

proteins and the ribophagy 

receptor 328 

SENP3 seems to favour the 

replication of Brucella WT 

(HeLa cells)328. 

Table 1: Recapitulation of identified Brucella spp. effectors, their dependence on VirB, when 

known their function inside host cells and their impact on the infection process. 
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Importantly, Brucella’s infection cycle is far from being a passive process as its 
completion also relies on the secretion of effectors that manipulate different host pathways 
through the expression of the T4SS VirB (Figure 4.c)15. Several screens done about 10 years 
ago identified several Brucella effectors2,51–54 but the molecular characterisation of their role 
during infection started more recently by an increasing number of studies (see Table 1)50,55–60. 
It has been shown that VirB expression is important for the entry of virulent B. abortus by 
macropinocytosis inside macrophages by inducing a large reorganization or the actin skeleton45 
but this VirB-dependency is not confirmed in B. suis46. VirB has also been shown to be essential 
for the conversion of the eBCV to the rBCV starting at 8 h p.i.48. The requirement for eBCV 
acidification for the completion of the cycle61 could be linked to the pH-dependent induction of 
virB expression in B. suis62 and later shown to be linked to the activation of the BvrS/BvrR by 
exposure to low pH and low nutrient availability in B. abortus63. The VirB-dependent effectors 
have been shown to promote Brucella’s intracellular fitness by modulating different cellular 
processes such as protein secretion54, Golgi-associated vesicular trafficking50 and also induction 
of the ER-unfolded protein response (ER-UPR)64,65. Lastly, the T4SS has also been shown to 
be required for the final step of the cycle: the maturation of the rBCV to the aBCV and bacterial 
egress from the host cell66.  

In conclusion, Brucella intracellular fitness and replication relies on the modulation of 
different cellular pathways and organelles such as vesicular trafficking or the ER-UPR15. 
Several studies done on B. abortus-infected macrophages also indicate a possible modulation 
of mitochondrial activity with reduced expression of nuclear-encoded mitochondrial genes67 
and reduced respiratory capacity of macrophages upon infection by Brucella abortus68. 
Mitochondria are indeed increasingly recognized as being important in host-pathogen 
interactions and reported to be targeted by a number bacterial pathogens such as Legionella 
pneumophila, Chlamydiae spp, Simkania negevensis, Salmonella enterica serovar 
Typhimurium, Mycobacterium tuberculosis or Coxiella burnetii69,70. Furthermore, it is 
becoming more and more documented that the ER and the mitochondria heavily crosstalk 
through direct physical contact called mitochondrial-associated ER membranes (MAMs) 
potentially transmitting UPR-activated signalling pathways71. The next section will be 
dedicated to discuss the relevant mitochondrial functions in an infectious context. 

Effector 
Name 

VirB-
dependent? 

Molecular 
target in the 
host 

Effect on host physiology Fitness of deletion mutants 

SepA Yes Unknown Not investigated Defect in LAMP-1 exclusion 
leading to reduced proliferation 
before 24h p.i. (HeLa, THP-1 
and BMDMs)338. 

TcpB (B. 
melitensis
) or Btp1 
(B. 
abortus) 

No65 Binding to 
TIR-domain 
containing 
proteins such 
as TIRAP and 
association to 
microtubules   

Induction of the UPR65, 
reorganization of the 
microtubule cytoskeleton, 
inhibition of TLR 
signalling341. Reduction of 
NAD+ concentrations in 
infected HeLa cells60. 

Decreased replication inside 
HeLa cells due to MAL/TIRAP 
function340. 

Table 1: Recapitulation of identified Brucella spp. effectors, their dependence on VirB, when 
known their function inside host cells and their impact on the infection process. 





Figure 5: Schematics of mitochondrial ultrastructure and bioenergetics. 

The substrate of the Krebs cycles (also called tricarboxylic acid cycle, TCA) is acetyl-CoA, which 

can be obtained either by oxidation of glucose-derived pyruvate by the pyruvate dehydrogenase (PDH) 

or by β-oxidation of fatty-acids (not shown). The TCA is constituted of 8 successive enzymatic reactions 

starting with incorporation of 2C atoms (Acetyl-CoA) on oxaloacetate (4C) to generate citrate (6C). 

Citrate is then oxidised to generate electron carriers, NADH and FADH2, and decarboxylated twice to 

regenerate the 4C acceptor for acetyl-CoA (oxaloacetate). Electron carriers can then feed the electron 

transport chain (ETC) in order to generate ATP by oxidative phosphorylation (ATP). Intermediates of 

the TCA are used as biosynthetic precursors for a wide range of biomolecules such as amino acids or 

heme in a phenomenon called “anaplerosis”. This is balanced with “cataplerosis” which refers to the 

ability of some nutrients to replenish the pools of Krebs cycle intermediates such as glutamine or 

aspartate. Abbreviations: OMM = outer mitochondrial membrane, IMS = intermembrane space,  IMM 

= inner mitochondrial membrane, PDH = pyruvate dehydrogenase, CS= citrate synthase, ACO2= 

aconitase 2, IDH= isocitrate dehydrogenase, OGDH = α-KG dehydrogenase, SCS = succinyl-CoA 

synthetase, SDH = succinate dehydrogenase, FH = fumarate hydratase, MDH = malate dehydrogenase. 

Picture modified from ref 78. 
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Figure 6: Establishment of mitochondrial membrane potential (MMP).  

The mitochondrial electron transport chain is constituted of 4 complexes: CI (NADH 

dehydrogenase), CII (TCA enzyme succinate dehydrogenase (SDH)), CIII 

(ubiquinol:cytochrome c oxidoreductase), CIV (cytochrome c oxidase (COX)). Oxidation of 

respiratory substrates, such as NADH and succinate from the Krebs cycle, are oxidised at 

complex I and complex II, respectively, generating electron flux in the respiratory chain which 

is referred to as the supply. The flow of electron in the ETC entrain the pumping of protons (H+) 

by complex I, III and IV out of the matrix into the IMS giving rise to an electrochemical gradient 

(also called proton motive force, ΔμH+) composed of a difference in pH (ΔpH) and a difference 

in charge (ΔΨ) the latter being commonly referred to as mitochondrial membrane potential 

(MMP, ΔΨm). The MMP is the main component of the ΔμH+ and is also easy to measure with 

fluorescent probes.  Proton re-entry in the matrix can occur through the Fo/F1 ATP synthase 

which permits the phosphorylation of ADP into ATP but this path relies on the energy demand, 

meaning the ADP/ATP ratio. Alternatively, proton leak refers to the re-entry of protons 

independently of the Fo/F1 ATP synthase which leads to energy dissipation as heat. There is a 

basal proton leak due to the permeability of the IMM but can also be induced in a process termed 

uncoupling through the expression of uncoupling proteins (UCP). Picture from ref 81. 
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1.4. The mitochondria and Brucella 

The mitochondria generally host the central metabolism (tricarboxylic acid (TCA) cycle 
and OXPHOS) accounting for the majority of ATP production in most healthy eukaryotic 
cells72,73. They are also essential for the biosynthesis of a number of biomolecules (amino acids, 
lipids, heme, …)72. Mitochondria are the descendent of an ancestral bacterium that has been 
“domesticated” by the last common eukaryotic ancestor (this is the endosymbiotic theory)74. 
This theory explains some of the structural particularity of the mitochondria such as the 
presence of its own genome (mtDNA), present in multicopies, and expression machinery, 
particular ribosomes or a double membrane like it is seen in Gram-negative bacteria75. The 
mitochondria are associated with a plethora of functions that can confer advantages to a 
pathogen and recent research confirmed that the mitochondria constitute a target of choice for 
different bacterial pathogens70,76,77. In the next sections, the relevance of studying the 
mitochondria in an infectious context will be discussed, after a brief presentation of the 
mitochondria, its structure, biochemistry, dynamic aspects and homeostasis. 

1.4.1. The powerhouse of mammalian cells 

Mitochondria are double membrane enclosed organelles which contains several 
compartments: the matrix, the inner mitochondrial membrane (IMM), the intermembrane space 
(IMS) and the outer mitochondrial membrane (OMM). Mitochondrial matrix host the TCA 
cycle, the central metabolic hub where reducing equivalents such as NADH and FADH2 are 
obtained from acetyl-CoA oxidation (Figure 5)78. NADH and FADH2 will feed the 
mitochondrial electron transport chains (ETC) with electrons in several and sequential oxido-
reduction reactions before reaching molecular oxygen, the final electron acceptor79. Electron 
flux across the respiratory complex induce the pumping of protons from the matrix to the IMS, 
thereby generating the mitochondrial membrane potential (MMP) (Figure 6) which is an 
important measure of mitochondrial function80. Protons re-entry occurs in most cases mainly 
through the Fo/F1 ATP synthase that is coupled with the phosphorylation of ADP into ATP, in 
opposition to an uncoupled state where proton ionophores (which can be chemicals such as 
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) or, in more physiological 
settings, uncoupling proteins, UCP) mediate proton re-entry without concurrent ATP 
synthesis81,82.  

Mitochondria, together with NOXs, are a major source of endogenous ROS that is due 
to electron leakage from complex I or complex III to molecular oxygen giving rise to superoxide 
radical anions (O2

.-)72,83. A too high MMP, referred to as hyperpolarisation, does not necessarily 
lead to increase in ATP synthesis, which mainly depends on energy demand and ADP/ATP 
ratio, but it causes exponential rises in proton leakage across the IMM and also in mitochondrial 
ROS (mtROS) production84,85. On the other hand, depolarisation, meaning a substantial drop in 
MMP, leads to reduced ATP production but its impact on mtROS production is debated85,86.  

Mechanistically, O2
. produced in the matrix side of complex I is converted to H2O2 by 

the mitochondria-localised superoxide dismutase (SOD2) which can exit the mitochondria 
through porins to exert signalling roles by causing the reversible oxidation of redox sensors72. 
At complex III, O2

. can be formed directly in the IMS which can cross the OMM through porins 
to exert signalling roles in the cytoplasm either directly or after conversion into H2O2 by the 
cytosolic and IMS-localised SOD (SOD1)72. Reversibility of protein oxidation relies on anti-
oxidant defences such as thioredoxins (Trx) and glutaredoxins (Grx) that reduce proteins to 
their original state but a deregulation between ROS generation and anti-oxidant defences can 



Figure 7: Mitochondrial fusion and fission mechanisms

a) Summary of the biological roles associated with fusion/fission balance. Picture

taken from ref 100.

b) Left: mitochondrial fusion the result of the subsequent fusion of OMM by homo or

heterotypic association between mitofusins (MFN) 1 and MFN2 followed by IMM fusion 

which depend on the long isoform of optic atrophy protein 1 (lOPA1). lOPA1 can be cleaved 

by mitochondrial protease (Ymel1 and Oma1) to yield a short isoform of OPA1 (sOPA1) 

which is also involved in the fusion process but in an unclear manner. 

  Right: the main mitochondrial fission pathway depend on the recruitment of the 

GTPase dynamin-related protein 1 (DRP1) on the mitochondria where it oligomerises into 

a contractile ring. Fission site are marked by ER tubules where are located DRP1 receptors, 

mitochondrial fission factor (Mff) and mitochondrial dynamic proteins of 49 kDa (MiD49) 

or 51 kDa (MiD51). The sOPA1 has been shown to localise to DRP1 fission site and to 

promote fission (Anand et al., 2014). Pictures taken from ref 327.

a) 

b)
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lead to irreversible protein (but also lipid or DNA) oxidation which is referred to as oxidative 
stress86. Importantly, mitochondrial bioenergetics and ROS production have been recently 
linked to dynamics changes in mitochondrial morphology.  

1.4.2. Mitochondrial fusion/fission balance 

Mitochondria undergo successive fusion and fission events to form reversible 
interconnected or fragmented networks (Figure 7a). During the cell cycle for example, 
mitochondria are highly connected at S phase but become fragmented during mitosis possibly 
to allow segregation and partitioning of mitochondria between daughter cells87. Fusion has been 
shown to be necessary to dilute damaged components inside the mitochondria to maintain a 
homogenous healthy population. However, when a part of the mitochondria become heavily 
damaged, the activation of fission mechanism and/or the inhibition of fusion mechanism lead 
to the dissociation of the defective part from the network to allow its selective removal by 
mitochondrial autophagy (mitophagy)87. Furthermore, mitochondria can also be transported 
throughout the cell on microtubules in order to fulfil subcellular need for ATP at the best88 and 
this process requires the presence of small fragments of mitochondria. Mitochondrial 
morphology is also usually linked to functionality, with elongated networks generally 
consuming more oxygen and producing more ATP while fragmented states are often associated 
with ROS production and apoptosis induction79. 

Mitochondrial morphology is dependent on the activity of dynamin related guanosine 
triphosphatases (GTPase) (Figure 7b). The main mitochondrial fission effector is the cytosolic 
dynamin-related protein 1 (DRP1 also called DNML1) that can polymerize into a contractile 
ring around the mitochondria which is constricted following GTP-hydrolysis89. Multiple DRP-
1 OMM-located receptors have been identified: Fis1 in yeast and mitochondrial fission factor 
(Mff), mitochondrial dynamics protein of 49 or 51 kDa (MiD49 and MiD51) in mammalian 
cells89. In a seminal work, it was shown that DRP1 oligomerisation and thus division sites was 
determined by ER-mitochondria contacts90. Contacts between mitochondria and late 
endosomes/lysosomes and Rab7 function were also implicated in mitochondrial fission91.  

The outer mitochondrial membrane (OMM) located mitofusin 1 and 2 (MFN1 and 
MFN2, respectively) and the  inner mitochondrial membrane (IMM) protein optic atrophy 1 
(OPA1) are responsible for fusion events88. MFN1 and MFN2 first tether adjacent mitochondria 
through homo- or heterotypic interactions and then mediate fusion thanks to GTP hydrolysis88. 
The sequence homology between MFN1 and 2 is high but their depletion induce different 
fragmentation phenotypes: a high number of small mitochondria fragments and aggregation 
into clusters, respectively92. Reports also indicate that MFN1 is the main fusion effector while 
MFN2 is associated with other functions93,94. Interestingly, a fraction of MFN2 is present at the 
ER and is be required for physical interactions between the ER and the mitochondria at 
MAMs95–97. OPA1 is essential for fusion to occur98 and its fusion activity is linked to OXPHOS 
activity99. OPA1 is also essential for the formation of cristae, and thus proper OXPHOS 
functioning100. Fragmentation can also occur because of a diminished activity of fusiogenic 
proteins. Indeed, it was shown that, in mammalian cells, Fis1 recruit another fission effector: 
TBC1D15 that is independent of DRP1101. Fis1 was shown to mediate fission by reducing 
mitochondrial fusion through direct interaction with MFNs and OPA1 and reduction of their 
GTPase activity102. The fragmentation of the mitochondria is often (but not always), a first step 
in the degradation of dysfunctional mitochondria by mitophagy. 



  

 

  

Figure 8: The biogenesis of autophagosome during bulk autophagy  

a) The biogenesis of autophagosome has first been studied in the case of starvation induced bulk autophagy. 

In this case, ER-derived membranes called phagophore or isolation membrane will encapsulate portion of the 

cytoplasm in a non-specific manner giving rise to a double membrane enclosed compartment called 

autophagosome. The autophagosome content will then be degraded after fusion with lysosomes leading to 

autophagolysosome formation. Picture from ref 330.  

b) Low nutrient availability leads to a reduced mammalian target of rapamycin (mTOR) activity relieving 

the inhibition of the ULK initiation complex composed of ULK1/2, ATG13, FIP200 (also known as RB1CC1) 

and ATG101 that translocate to Atg9 positives regions of the ER (Karanasios et al., 2016; Zachari and Ktistakis, 

2020). This recruits the Vps34 phosphatidylinositol-3-phosphate kinase (PI3K) complex (composed of Vps34, 

Vps15, Beclin1 and Atg14) that phosphorylate surrounding PI phospholipids generating a PI-3-phosphate 

(PI3P) rich membrane. PIP3 recruits WD-repeat domain phosphoinositide-interacting (WIPI) proteins and 

double FYVE-containing protein 1 (DFCP1) yielding a particular compartment termed omegasome that will 

surround the growing phagophore. The growth of the phagophore is associated with the conjugation of 

phosphatidyl-ethanolamine (PE) to LC3/GABARAP family of ubiquitin-like proteins by the 

ATG5/ATG12/ATG16L1 complex and their insertion into the autophagosomal membranes. The PE-

conjugation to LC3/GABARAPs relies on a ubiquitin-like conjugation system where LC3/GABARAP are 

activated by ATG7 (E1 enzyme), transferred to ATG3 (E2 enzyme) and ATG12- ATG5 acting as the E3 

complex. The PI3P effector WIPI2 was found to dictate LC3-lipidation sites by binding ATG16L1 leading to 

the recruitement of ATG5-ATG12 on the phagophore leading to the incorporation of LC3-II to both sides of 

the phagophores and is kept in mature autophagosomes and degraded after fusion with lysosomes. The exact 

role of LC3/GABARAP family of proteins is unclear but they are involved in phagophore growth and closure 

during starvation-induced autophagy but their role could differ following the context as formation and closure 

of mitophagosome is independent of LC3s during Parkin mediated mitophagy. Picture from ref 104. 

a) 

b) 
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1.4.3. Mitophagy 

Mitophagy is a selective form of macro autophagy (hereafter referred to as autophagy) 
that selectively targets excess or dysfunctional mitochondria to lysosomal degradation103. 
Mitophagy can be divided in different functional groups: mitophagy can serve as a quality 
control mechanism to allow the removal of damaged mitochondria either under homeostatic 
conditions (basal mitophagy) or in response to a stressor (stress-induced mitophagy)103. In 
addition, programmed mitophagy refers to the induction of mitophagy at specific stages of 
development such as during red blood cell maturation to allow the dynamic remodelling of the 
mitochondrial network in response to fluctuating metabolic demands103.  

In order to be degraded, target mitochondria must first be separated from the rest of the 
cell after being engulfed in a double membrane bilayer called isolation membrane or 
phagophore giving rise, after closure, to a new compartment called autophagosome (Figure 
8a)104. The  biogenesis of the phagophore occurs at a transient ER compartment called the 
omegasome that is formed upon activation of the ULK1 kinase complex following mammalian 
target of rapamycin (mTOR) complex 1 (mTORC1) inhibition under nutrients (especially 
branched amino acids) or growth factors deficiency (Figure 8b)105. In addition, energy 
deficiency, such as following glucose starvation, activates the AMP-activated protein kinase 
(AMPK), a master regulator of metabolism that activates autophagy when AMP concentrations 
rise by inactivating the mTORC1 complex105. AMPK activation also promotes autophagy by 
directly phosphorylating ULK1106,107. Interestingly, AMPK activation in HeLa cells108 and 
ULK1, along with the downstream autophagy proteins, activation in different macrophage cell 
lines109 have both been shown to promote the intracellular multiplication of Brucella. 

The biogenesis of the phagophore has been reported to occur at MAMs upon amino 
acids starvation110. Different membrane sources in addition to ER origin have been implicated 
in phagophore growth such as the mitochondria111, the plasma membrane or endosomes112.  The 
maturation of the phagosome is coupled with the conjugation of LC3/GABARAP family of 
ubiquitin-like proteins to the phospholipid phosphatidylethanolamine (PE) for incorporation 
into the phagophore by an ubiquitin-like conjugation system: ATG7, ATG3 and the ATG5-
ATG12-ATG16L1 complex which function as E1-like, E2-like and E3-like enzymes, 
respectively113.  

Mechanistically, selectivity of mitophagy relies on mitophagy receptors characterised 
by a LC3-interacting region (LIR) necessary for binding the phagophore markers 
LC3/GABARAP family of proteins. Several different mitophagy receptors have been identified 
that can be broadly separated into two categories: ubiquitin-dependent receptors and ubiquitin-
independent receptors (Figure 9). On the one hand, following the classical pathway 
mitochondrial damage, such as an IMM depolarisation triggers the ubiquitination of surface 
mitochondrial proteins by the E3-ubiquitin ligase Parkin. However, more recently other 
ubiquitin ligases were involved in mitophagy (Figure 9a). Ubiquitin act as an “eat-me” signal 
that is recognised by specific mitophagy receptors such as optineurin or nuclear dot protein 52 
kDa (NDP52)103. On the other hand, a number of ubiquitin-independent mitophagy receptors 
have been identified in the recent years such as BCL2/adenovirus E1B 19 kDa protein-
interacting protein 3 (BNIP3) and the closely related BNIP-3L (also called Nix), FUN14 
domain-containing protein 1 (FUNDC1) or FK506 binding protein 8 (FKBP8) among others 
which are linked to mitophagy induced by other stressors than depolarisation, such as hypoxia 
or iron deficiency (Table 2)114. Importantly, LC3/GABARAP binding to the LIR is highly 
regulated by phosphorylation on serine residues (for BNIP3, BNIP3L and FUNDC1)115,116 or 
tyrosine residues (FUNDC1)117 adjacent to the LIR motif (Figure 9b). 



  

Figure 9: The different pathways of mitochondrial removal by mitophagy  

a) Ubiquitin-dependent mitophagy has been extensively studied in the context of Parkin-mediated-

mitophagy where widespread depolarisation of mitochondria inhibits the degradation of the kinase PINK1 

which is stabilised on the OMM.  PINK1 then induces the recruitment of the E3-ubiquitin ligase Parkin leading 

to widespread ubiquitination of OMM proteins and recruitment of mitophagy receptors (such as optineurin or 

NDP52) (Sekine and Youle, 2018; Zachari and Ktistakis, 2020). Parkin also triggers the selective removal of 

OMM proteins by proteasomal degradation such as MFNs and Miros, a Rho-GTPase, leading to reduced 

mitochondrial fusion and motility, respectively. MFN2, once phosphorylated by PINK1, can also act as receptor 

for mitochondrial Parkin recruitment. Tank-binding kinase 1 (TBK1) phosphorylates optineurin to enhance its 

recruitment on mitochondria in a feed-forward loop. The ubiquitination of mitochondria can occur 

independently of Parkin by different other E3-ubiquitin ligases.  

b) Ubiquitin-independent mitophagy receptors are OMM localised proteins which directly interacts- with 

LC3 and, notably, include FUNDC1, BNIP3, BNIP3L/NIX to allow mitophagy in the absence of Parkin. When 

OMM integrity is lost, IMM located prohibitin (PHB1)/PHB2 and cardiolipin now at the mitochondrial surface 

can directly bind LC3 and induce mitophagy. Interactions with regulators mitochondrial morphology such as 

OPA1 and DRP1 allow mitophagy receptors to induce the removal of dysfunctional part from healthy part of 

the network to allow specific mitophagic degradation. FUNDC1 is inhibited by a phosphorylation-dependent 

mechanism mediated by casein kinase 2 (CK2) and Src kinase at S13 and Y18, respectively, which inhibits 

LC3 binding. Upon mitochondrial stress, phosphoglycerate mutase family member 5 (PGAM5), a phosphatase, 

dephosphorylates S13 to allow mitophagy. Both BNIP3 and BNIP3L were shown to be involved in Parkin-

mediated mitophagy by enhancing its recruitment. Pictures taken from ref 103. 

b) 

 

a) 
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Following the classical/canonical model of mitophagy, these LC3 positive membranes 
will bind and recruit primed mitochondria harbouring mitophagy receptors before 
autophagosome closur114. However, it has been reported that mitochondria can also be recruited 
inside fully formed autophagosomes independently of LC3/GABARAP proteins during Parkin-
mediated mitophagy118. The core initiation machinery including the ULK1 complex can be 
directly recruited on the damaged mitochondria by the mitophagy receptor NDP52 following 
mitochondrial depolarisation and initiate de novo mitophagosome formation118,119. ULK1 
recruitment on the mitochondria is needed for FUNDC1- and Bcl-2-like protein 13 (Bcl2-L-
13)-mediated mitophagy possibly indicating the formation of the mitophagosome directly onto 
the mitochondria120,121. However, LC3 binding is essential for mitophagosome formation 
during receptor-mediated mitophagy, in contrast to Parkin mediated mitophagy, but how this is 
regulated spatio-temporally in regard to mitophagosome formation remains an area of current 
and intensive investigation114.  

Several crosstalk between mitophagy and mitochondrial dynamics do exist. Several 
reports indicated that during starvation-induced autophagy, reduced DRP1 activity lead to 
mitochondrial elongation that was shown to spare the mitochondria from degradation94,122. 
Furthermore, PINK-Parkin-mediated mitophagy leads to degradation of MFN1 and MFN2 in a 
proteasome-dependent manner and removal of mitochondria upon mitochondrial depolarisation 
is impaired in DRP1 knock-out (KO) mouse embryonic fibroblasts (MEFs) and 
cardiomyocytes123,124. A number of mitophagy receptors were also shown to induce 
mitochondrial fragmentation when ectopically over-expressed (Table 2), sometimes dependent 
on DRP1 such as for BNIP3L125,126, BNIP3127,128 or FUNDC1129,130. However, FKBP8131 or 
Bcl2-L-13132 induce mitochondrial fragmentation independently of DRP-1. These different 
observations have led, intuitively, to the assumption that mitochondrial fission is a necessary 
prerequisite for mitophagy because only small fragmented mitochondria could be engulfed 
inside autophagosomes133. Recent reports nevertheless indicate that mitophagy can still occur 
in cells having highly elongated networks (DRP1 KO cells)134. It has been reported that the 
machinery responsible for the initiation and elongation of the isolation membrane (including 
FIP200, ATG14 and WIPIs) was recruited onto tubular mitochondria upon hypoxia or the 
addition of an iron chelator and is responsible for mitochondrial fission in a DRP1-independent 
manner135.  

In the recent years, accumulating evidence indicates that bacterial pathogens actively 
modulate the processes of fusion/fission and mitophagy to their advantage thanks to dedicated 
effectors76,77. Some of the advantages that a pathogen can obtain from the regulation of 
mitochondrial dynamics will be discussed in the next section. 



Mitophagy 

receptor 

LC3/GABARAP 

member 

Stimuli Ability to cause 

fragmentation 

BNIP3 LC3B333 Hypoxia185 Yes, involvement of 

DRP1127 

BNIP-3L/Nix GABARAP-L1 

> LC3A > LC3B336 
Reticulocyte 

maturation332 

Depolarisation 

(CCCP)337 

Ischemia-

reperfusion329 

Hypoxia180 

Yes, involvement of 

DRP11125, 126 

FKBP8 LC3A > 

LC3B289 

DFP131 Yes, DRP1 

independent131 

Bcl2-L-13 LC3B132 Depolarisation 

(CCCP)132 

Yes, DRP1 

independent132 

FUNDC1 LC3B > 

GABARAP > 

LC3A117 

Hypoxia117 

Depolarisation 

(FCCP)293 

Yes, involvement of 

DRP1129, 293 

NLRX1 LC3B158 L. monocytogenes

infection158 

Not known 

E2F3d LC3A, LC3B, 

GABARAPs336 

Hypoxia339 Yes, mostly DRP1 

independent336 

Table 2: Non-exhaustive overview of currently characterised mitophagy 

receptors, their ability to recruit LC3 family members following different stimuli and 

their requirement for DRP1 in the induction of mitochondrial fragmentation 
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1.4.4. Roles of mitochondria during bacterial infections 
1.4.4.1. Mitochondria and macrophage immunometabolism 

In the recent years, it was observed that pro-inflammatory macrophages operate a 
glycolytic switch, meaning a shutdown of OXPHOS activity with a compensatory increase in 
glycolysis, a phenomenon commonly called “Warburg effect” (or aerobic glycolysis) as a 
tribute to Otto Warburg that first observed that in cancer cells136. This discovery led to the 
development of the immunometabolism field in which the mitochondria was found to play a 
central role78. Usually, the glycolytic switch is thought to produce more anabolic precursors to 
meet the high biosynthetic demand of activated macrophages because of the incomplete 
oxidation of glucose during glycolysis, that only generates a net gain of 2 ATP/ glucose 
molecule in contrast to an average of 36 ATP/glucose during OXPHOS136,137. This metabolic 
switch has mainly been studied in LPS-stimulated macrophages and will be further discussed 
in the section addressed to hypoxia-inducible factor (HIF) 1α (see section 1.5.2.). Importantly, 
the polarisation state of macrophages and the associated metabolism greatly influence Brucella 
fitness and ability to cause a chronic infection138 and B. abortus was shown to preferentially 
replicate inside M2 macrophages139. M2 macrophages have low glycolysis activity and 
upregulate arginine metabolism (through arginase-1 expression), which leads to increased 
glucose and arginine-derived polyamines, respectively, which are both used as nutrient source 
by Brucella139,140. 

M1 polarisation by TLR4 or TLR3 agonists is also accompanied with mitochondrial 
fragmentation as soon as 2 h after stimulation that is due to reduced expression of the fusion 
factor FAM73B (also called MIGA2) independently of MFN1/2141. MIGA2, together with its 
isoform MIGA1, were shown to constitute one of the downstream effector mechanism of 
MFN1/2-induced mitochondrial fusion in a still unclear mechanism142. In addition, LPS-
activated macrophages exhibit mitochondrial fission which is abrogated by DRP1 deficiency 
and was shown to be important for IL-12 expression143,144. In the case of S. pneumoniae 
infection of macrophages, mitochondrial fragmentation was dependent on mtROS-mediated 
lysosomal permeabilisation and the release of the lysosomal protease cathepsin B145 which has 
recently been implicated in B. abortus infection of murine macrophages146. Direct manipulation 
of mitochondrial dynamics have been linked with metabolic advantages to bacterial pathogens 
such as Chlamydia trachomatis who inactivates DRP1 mediated fission resulting in 
mitochondrial elongation and increased ATP synthesis which promote its growth147,148. In 
contrast, L. pneumophila actively induce mitochondrial fragmentation through the secretion of 
a DRP1 stimulating effector, MitF, which downregulates OXPHOS and is required for optimal 
bacterial replication149. Induction of glycolysis in B. abortus-infected RAW264.7 macophage-
like cells was reported to favour bacterial replication through the consumption of host-derived 
lactate68. Even if mitochondrial fission has been associated with aerobic glycolysis induction in 
different cell types150–152, its implication in M1 macrophage polarisation has not been 
thoroughly determined so far141,144. 
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1.4.4.2. Mitochondrial ROS production and anti-bacterial defences 
 

In the recent years, the mitochondria emerged as an essential actor in the antimicrobial 
defense of macrophages and is exemplified in the upregulation of mitochondrial biogenesis 
upon TLR stimulation77. The mitochondria was further shown to colocalise with bacteria 
containing vacuoles after engagement of a subset of TLR (TLR2, TLR4 and TLR1) in murine 
macrophages153. Anti-bacterial mtROS-mediated immunity against S. aureus was later shown 
to be dependent on the activation of IRE-1α (a molecular effector of the UPR)154. Importantly, 
an exaggerated stimulation of IRE-1α was shown to be responsible for the induction of 
macrophage cell death by a rough attenuated Brucella strain155, possibly implicating mtROS. 

Accordingly, the inhibition of ETC activity reduce the anti-microbial activity against E. 
Coli and S. aureus156 and the maximal anti-bacterial activity of macrophages against S. 
typhimurium is associated with elongated networks and high MMP157. L. monocytogenes 
counteract this defense mechanism by secreting a pore forming toxin, listeriolysin O (LLO), 
which damages the mitochondria and stimulates its removal by mitophagy to limit mtROS 
production, which is advantageous for the bacteria158.  These authors also found that LLO-
induced mitophagy was dependent on a new mitophagy receptor: NLRX1 which belong to the 
NLR family of PRR with the particularity of possessing a mitochondrial targeting sequence and 
a LIR motif158. Interestingly, B. abortus was shown to counteract ROS production inside 
macrophages in several ways108,159 but a putative involvement of mitophagy has not been 
investigated so far.  

1.4.4.3. Mitochondria as regulators and platforms for innate immune signalling  
 

Multiple immune signaling pathway are affected by the mitochondria. The STING, that 
is of importance for the containment of Brucella infection 40,160 or  was reported to rely on 
mitochondrial dynamics with a reduced activation of the STING pathway upon MFN1 
deficiency or after the induction of mitochondrial fission by mitochondrial uncouplers 161. The 
mitochondria anti-viral signaling protein (MAVS), was also shown to act as a platform 
signalling for the antiviral response initiated by RLRs-mediated viral RNA recognition which 
cause MAVS aggregation on the surface of the mitochondria to allow signal transduction and 
activation of the IFN response and NF-κB 77. This pathway was nevertheless involved in type-
1 IFN production and the containment of infection caused by bacterial pathogens such as C. 
pneumoniae, L. pneumophila, M. tuberculosis or L. monocytogenes 162–165. A good amount of 
evidence also showed an intricate relationship between the mitochondria and NLRP3 
inflammasome activation. NLRP3, along with the DNA-recognizing AIM2 inflammasome, 
mediate IL-1β production in B. abortus-infected macrophages, a pro-inflammatory cytokine 
found to be involved in the containment of Brucella infection in mice37. NLRP3 inflammasome 
is activated in response to a wide variety of DAMPs such as extracellular ATP, alum hydroxide, 
silica crystals, urea crystals, nigericin 166. Importantly, NRLP3, an ER-located protein, was 
shown to relocate to the mitochondria upon activation and especially at MAMs upon complex 
assembly 167. NLRP3 was proposed to act as a sensor of mitochondrial dysfunction as it is able 
to bind mtDAMPs such as oxidised mtDNA and cardiolipin 168,169. NLRP3 activation is 
associated with an increase in mtROS production and a decrease in MMP 167. Accordingly, IL-
1β production is totally blunted in LPS/ATP treated macrophages devoid of mtDNA (ρ0)170.  
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Figure 10: Preliminary results  
a) Co-immunostaining of TOM20 and BNIP-3L in B. 

abortus-GFP infected or not HeLa cells (scale bars = 25 µm). 
Quantification of mitochondrial morphology is in b and c (n 
= 3 independent experiments, 75 cells analysed/condition). 
Quantification of BNIP-3L abundance by flow cytometry is 
shown in d (n = 4 independent experiments).  

e) Co-immunostaining of LC3 and ATP-synthase β 
(IMM marker) in B. abortus-GFP infected or not HeLa cells 
(scale bars = 25 µm). Quantification of colocalisation events 
is shown in f (n = 3 independent experiments, 75 cells 
analysed/condition)  

g) Immunostaining of HIF-1α in B. abortus-GFP 
infected or not HeLa cells (scale bars = 25 µm). 
Quantification is shown in h (n = 3 independent experiments, 
75 cells analysed/condition) (Jeremy Verbeke, ongoing PhD 
thesis, unpublished results). 

e) 

g) 

a) 

h) 
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Moreover, infection of macrophages with the rough Brucella strain RB51 lead to the 
activation of inositol-requiring enzyme 1 (IRE1, a molecular effector of the UPR) which was 
associated with the release of mitochondrial DAMP into the cytoplasm, and subsequent 
activation of caspase 1 by the NLRP3 inflammasome 171. Another study reported that the ER-
UPR induced by the smooth strain of B. abortus 2308 was contributing to IL-1β secretion in 
infected-BMDMs 172.Importantly, mitochondrial dynamics (fusion and fission events) regulate 
inflammasome assembly. Elongated mitochondrial networks due to DRP1 deficiency were 
associated with an increase in NLRP3 assembly in response to LPS/ATP stimulation of 
BMDMs 173.  In accordance with NLRP3 being a sensor of mitochondrial damage and 
dysfunction, mitophagy was repeatedly shown to decrease inflammasome activation and IL-1β 
release by reducing mtROS production and mtDNA release170,174–177. 

1.4.4.4. Mitochondrial phenotypes associated with B. abortus infection 
 

 Previous work in the team on infected HeLa cells and RAW264.7 murine macrophage-
like cells showed that B. abortus strain 544 and B. melitensis strain 16M BCVs do physically 
interact with the mitochondria. An induction of mitochondrial fragmentation that is independent 
of DRP1 can be observed at 48 and 72 h p.i.178 (Figure 10.a, Verbeke J, ongoing PhD Thesis, 
unpublished data). Importantly, an involvement of mitochondrial respiration or mtROS 
production in Brucella replication was excluded 178. In addition, mitochondrial fragmentation 
is associated with an increase in colocalisation between mitochondria and LC3B, indicative of 
mitophagy induction (Figure 10.e, Verbeke J, ongoing PhD Thesis, unpublished data). In an 
attempt to identify the mitophagy pathway involved, no widespread mitochondrial 
depolarisation could be seen in infected B. abortus-infected HeLa cells and Parkin-dependent 
mitophagy was dismissed (Verbeke J., unpublished data). Nevertheless, the mitophagy receptor 
BNIP3L (Nix) was shown to accumulate on the mitochondria of infected cells at both 48 and 
72 h p.i. (Figure 10.a, Verbeke J, ongoing PhD Thesis, unpublished data). As BNIP3L is a well 
known HIF-1α target gene179,180, the stabilisation and nuclear localisation of the this 
transcription factor was confirmed which starts at 24h p.i. in both cell types infected with B. 
abortus strain 544 (Figure 10.g, Verbeke J, ongoing PhD Thesis, unpublished data).  

 As the main objective of this master thesis is to pursue the study of the mechanism 
involved in the fragmentation of mitochondria and mitophagy in Brucella-infected cells, we 
will finish the introduction by reviewing regarding HIF-1α and its known roles during infection.  

 

 

 

 

 

 

 

 

 



 

Figure 11: Regulation of HIF-1α stabilisation through prolyl hydroxylation 

a) Domain sequence of HIF-1α: at the N-terminal, the per-ARNT-Sim (PAS) domain allow 

dimerization with HIF-1β and DNA binding through the basic Helix-Loop-Helix domain (pHLH). Oxygen 

dependent regulation depend on three domains. Prolyl hydroxylation at the N-terminal Oxygen-Dependent 

Degradation Domain (NODDD) and the C-terminal ODDD (CODDD) regulate protein stability. HIF-1α 

possess two trans-activating domains, one at the N-terminus (NAD) which contain the CODDD and one 

at the C-terminus (CAD). Hydroxylation of an asparagine residue in the CAD, which is maintained at lower 

oxygen concentrations than prolyl hydroxylation, impede its transactivation function leading to a 

differential regulation between NAD-activated and CAD-activated genes. Picture from ref 187. 

b) Oxygen dependent degradation of HIF-1α relies on the activity of a group of enzymes called prolyl 

hydroxylases which will hydroxylate two proline residues in the oxygen-dependent-degradation domain 

of HIF-1α. Hydroxylated proline residues will be recognised by the E3-ubiquitin ligase von Hippel Lindau 

tumour suppressor protein (pVHL) leading to poly-ubiquitination of HIF-1α and its subsequent 

proteasomal degradation. Under hypoxia, PHD are inhibited, leading to HIF-1α stabilisation which can 

interact with HIF-1β and translocate to the nucleus. In the nucleus, the HIF-1 heterodimer can bind DNA 

sequences called “hypoxic response element” (HRE) to initiate the transcription of a wide range of genes 

involved in biological processes such as metabolism, erythropoiesis, angiogenesis or stem cell fate. 

Another layer of regulation is brought by factor inhibiting HIF-1 (FIH) which hydroxylate asparagine 

residues on HIF-1α leading to reduced recruitment of HIF transcriptional co-activators CBP and p300 

leading to reduced transcriptional activity. Picture from ref 181. 

a) 

b) 
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1.5 . HIF-1α in the host-pathogen relationship 
1.5.1. HIF-1α, canonical functions and hypoxia-mediated regulation 

HIF-1α is a subunit of the HIF1 transcription factor that is the master regulator of the 
cell response to hypoxia 181. The protein, constitutively expressed, is characterised by the 
presence of an oxygen-dependent degradation domain (ODDD) which induces its rapid 
degradation under normoxia (Figure 11.a)181. In addition, 2 isoforms, HIF-2α and HIF-3α have 
been identified which do also contain an ODDD but their pattern of expression is different than 
the ubiquitous HIF-1α 182. HIF-3α functions are not really understood, while HIF-2α has been 
reported to be activated by less intense hypoxia and remains more stable than HIF-1α overtime 
giving rise to the idea that HIF-1α is important for response to acute hypoxia while HIF-2α is 
more linked to chronic hypoxic situations 182. Even if some target genes are shared between 
HIF1 and HIF2 such as glucose transporter 1 (GLUT1) or vascular endothelial growth factor 
(VEGF), HIF2 seems preferentially involved in the regulation or erythropoiesis and iron 
metabolism, inducing a greater activation of erythropoietin (EPO) or iron uptake (transferrin) 
for example while HIF1 is more efficient at inducing glycolytic genes such as lactate 
dehydrogenase a (LDHA) 183. HIF-1α main effects are metabolic through expression of pyruvate 
dehydrogenase kinase (PDK1) and LDHA which lead to the redirection of pyruvate fluxes from 
the TCA cycle to the production of lactate, thereby operating a glycolytic switch 184. 
Furthermore, HIF1 activity repress mitochondrial respiration to limit the production of 
damaging ROS under hypoxia and preserve cell viability by inducing mitophagy trough, in the 
latter case, the upregulation of BNIP3 and BNIP3L mitophagy receptors 184,185. Induction of 
BNIP3 mediated mitochondrial clearance by HIF-1α has been shown to mitigate hypoxia-
induced ROS production by mitochondria and cell death185.  

HIF-1α protein abundance is directly linked to oxygen availability as regulated by the 
activity of a prolyl hydroxylase family of enzymes (PHD) which comprises 3 isoforms (PHD1, 
PHD2, PHD3) 182 with PHD2 being the major actor in normoxic HIF-1α degradation in various 
cell lines 186. PHD are non-heme Fe2+ containing α-keto-glutarate (αKG, also called 2-
oxoglutarate, 2-OG) dependent dioxygenase type of enzymes that use molecular oxygen and 
αKG to catalyse the hydroxylation HIF-1α on two target proline residues (402 and 564) (Figure 
12) 187. Proline hydroxylation of HIF-1α will lead proteasome-mediated degradation (Figure
11.b) 187. When PHD activity is sufficiently reduced, HIF-1α is stabilised and interact with HIF-
1β to form a functional HIF-1 complex that induce, after nuclear translocation, the transcription
of genes containing an “hypoxia response element” (HRE) DNA sequence 182.  Due to their
relatively low affinity for oxygen in comparison to other prolyl hydroxylases, PHD are very
sensitive to drops in oxygen concentrations at physiologically relevant ranges 187. However,
PHD inhibition due to lack of oxygen as a substrate is only seen under anoxic conditions (0 to
0.4% O2) while under hypoxic conditions (1 to 3% O2) the presence of a functional
mitochondrial ETC is needed for HIF-1α stabilisation 188–190. The exact role of mitochondria is
controversial in the literature with data supporting the importance of ROS generation 188 while
contrasting reports show that mitochondrial oxygen consumption is crucial for hypoxic HIF-1α
stabilisation191.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Mechanism of Factor Inhibiting HIF(FIH)-mediated HIF asparagine hydroxylation as a surrogate for general 

2-oxoglutarate(OG)-dependent dioxygenases catalysis  

The catalytic Fe
2+

 ion is complexed by two histidines and a carboxylate group from aspartate and water molecules. The binding 

of various substrates is sequential, with first the binding of 2-OG. This is followed by the binding of the prime substrate, here HIF-1α, 

which is required for the displacement of the water molecule bound to Fe
2+

 allowing the access of O2 to the catalytic iron. This initiates 

the oxidative decarboxylation of 2-OG into succinate, generating a highly reactive ferryl intermediate able to hydroxylate a C-H bond 

on the prime substrate. Picture taken from ref 187. 
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1.5.2. HIF-1α and immunometabolism in macrophages 

In addition to a decrease in partial pressure of oxygen (PO2), ROS and NO production, 
iron chelators or TCA intermediates (such as succinate and fumarate) can also inhibit PHD and 
thus induce HIF-1α stabilisation even under atmospheric oxygen tension (conditions known as 
pseudohypoxia) 192. As previously mentioned, HIF-1α can be activated in pro-inflammatory 
contexts 193 and has been shown to be required for normal myeloid functions such as motility, 
invasiveness but also anti-bacterial capacity 194. One of the main function of HIF-1α in LPS-
activated macrophages is to upregulate glycolysis genes that are important to sustain 
macrophage ATP levels 194. Interestingly, LPS-driven metabolic shift in LPS-activated murine 
macrophages was shown to be dependent on BNIP3L/NIX-mediated mitophagy 195. HIF-1α is 
required for LPS-driven transcriptional upregulation of pro-IL-1β an NOS2 as the promoters of 
the genes encoding these proteins contain an HRE196. Accordingly, the glycolysis switch thus 
contributes to clear mycobacterial infection in macrophages 197. However, strikingly, HIF-1α 
stabilisation has also been shown to favour the replication of some pathogens, such as C. 
pneumoniae 198 but also B. abortus68. 

Importantly, HIF-1α stabilisation in a pro-inflammatory context, which is dependent on 
Myd88 and NF-κB activation, is functionally different from HIF-1α stabilisation under 
hypoxia, with pro-inflammatory genes such as NOS2 or COX2 being marginally induced by 
hypoxia in comparison to HIF-1α stabilisation following TLR stimulation199. Interestingly, 
HIF-1α stabilisation can be extended to TLR9 but not TLR3 signalling199. Glycolysis 
upregulation is a general metabolic adaptation to pro-inflammatory stimuli but a decrease in 
OXPHOS seems to be specific to LPS-treatment and is not seen with TLR2 and TLR3 
agonists200. This indicates that metabolic modifications are stimuli-specific and allow a specific 
response in function of the threat.  

Mechanistically, LPS-induced HIF-1α stabilisation was shown to be dependent on a rise 
in succinate concentrations, a TCA intermediate that strongly accumulates in activated 
macrophages 196. Succinate drives mitochondrial hyperpolarisation through its oxidation by 
SDH leading to mtROS generation that are responsible for PHD inhibition 84. Oxidation of 
particular cysteine residues in PHD2 leads to enzyme inhibition in response to H2O2 treatment, 
thereby conferring redox sensibility to PHD2201. Succinate accumulation relies on the 
production of itaconate, an immunometabolite, generated by the decarboxylation of cis-
aconitate into itaconate by  cis-aconitate decarboxylase (CAD, also called immune-related gene 
1 protein, Irg1) which is one of the most upregulated gene in macrophage during 
inflammation202. Regarding Brucella, itaconate was recently implicated in the containment of 
Brucella infection by alveolar macrophages (AM) in vivo10. Furthermore, a very recent study 
linked glycolysis induction in primary BMDMs infected by B. abortus with HIF-1α stabilisation 
which was dependent on succinate accumulation and an associated mtROS production203.  



 

Figure 13: Cellular iron trafficking, regulation and its partitioning into the mitochondria  

 Iron can enter the cells by in several forms that are classically divided between non-transferrin-bound iron 

(NTBI) and TBI which depends on specific transporters (such as ZIP8 or ZIP14) and the endocytosis of the 

transferrin receptor 1 (TfR1), respectively. In the latter case, the acidification of the endosome lead to the release 

of Fe
3+

 from transferrin and its receptor, which is then reduced to Fe
2+

 by the Steap3 metalloreductase before 

being imported in the cytoplasm by the transporter DMT1 to enter the LIP. The empty receptor is then recycled 

back to the plasma membrane to restart another cycle. In other contexts, iron-containing molecules such as ferritin, 

haemoglobin or hemin can be imported inside cells. 

A substantial proportion of cell iron is transported to the mitochondria where it is processed into iron 

containing prosthetic groups (Fe-S clusters and heme) that are essential for the proper function of proteins 

involved in the mitochondrial electron transport chain (ETC) and tricarboxylic acid (TCA) cycle. Heme synthesis 

starts in the matrix from TCA intermediate succinyl-CoA catalysed by the aminolevulinic synthase (ALAS) which 

is present in two isoforms in mammals: the ubiquitously expressed ALAS1 that ensures routine heme synthesis 

and ALAS2 which supports heme synthesis mainly during reticulocyte differentiation. After a cytosolic part, heme 

synthesis ends in the mitochondria with the incorporation of iron into protoporphyrin IX (PPIX) ring by 

ferrochelatase (FECH) to give functional heme. Mitochondria also host the early iron-sulfur cluster synthesis 

(ISC) machinery, composed of the following proteins: frataxin (FXN), iron-sulfur assembly enzyme (ISCU), 

cysteine desulfurase (NFS1) and ISD11. The ISC are essential to generate Fe2S2 clusters which can be either 

incorporated directly into mitochondrial proteins. Some proteins, such as ACO2 and IRP1, require Fe4-S4 clusters 

that are synthetized in the mitochondria or in the cytosol, respectively. Fe2S2 clusters can indeed a shuttled to the 

cytosol where the cytosolic Fe-S assembly (CIA) machinery metallate cytosolic proteins. FXN has also been 

implicated in heme synthesis by acting as an iron donor for the ferrochelatase.  

In conditions of iron excess, iron can be stored inside ferritin polymers in a biologically inactive Fe
3+

 form 

and be later released by proteasomal or autophagic degradation of ferritin. Iron can also be exported through the 

SLC40A1, commonly referred to as ferroportin (FPN). Export is coupled with oxidation from Fe
2+

 to Fe
3+

 by the 

membrane-bound ferroxidase hephastin or by the serum ferroxidase ceruloplasmin. Degradation of ferroportin 

and iron export in response to the ligation of the liver hormone hepcidin is crucial to maintain stable plasma iron 

levels and for whole body iron homeostasis. Picture taken from ref 216.  
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1.5.3. Iron-dependent regulation of HIF-1α 

Iron availability has also been linked to HIF-1α stabilisation in various contexts 204,205. 
The treatment of dendritic cells with LPS triggers an increase in iron storage by ferritin leading 
to the depletion of the intracellular iron pools 206. In those conditions, PHD activity is greatly 
reduced and HIF-1α is stabilised in a totally oxygen-independent manner 206. ROS-mediated 
oxidation of Fe2+ to Fe3+ was also shown to be responsible for oxidative stress-induced HIF-1α 
stabilisation in different contexts such as oncogene signalling, NO production, aerobic 
glycolysis or arsenite-treated cells which can be recovered by treatment with excess Fe2+ or 
vitamin C 207–209. Indeed vitamin C inhibits or reduces HIF-1α stabilisation following different 
stimuli such as CoCl2, chelation of iron by DFO, growth factors (IGF-1 and insulin) and 
moderate (1 to 3% O2) but not severe (0.1 to 0.4 % O2) hypoxia189. Vitamin C effect is thought 
to act by increasing PHD catalytic activity by, most likely, reducing Fe3+ to Fe2+. More recently, 
it was shown that reduced glutathione (GSH) can functionally replace vitamin C189,210. 
Importantly, HIF-1α stabilisation during infection of  macrophages by different 
enterobacteriacae (which includes S. Typhimurium) was shown to be totally dependent on the 
production of bacteria-derived iron-chelating metabolites called siderophores 211. Furthermore, 
iron supplementation was shown to mitigate the glycolytic switch induced by S. enterica 
infection of macrophages 212, highlighting the preponderant role of this transition metal in the 
host-pathogen relationship.  

1.6. On the central role of iron during bacterial infections 
1.6.1. Iron: an ubiquitously sought for nutrient 

Iron is central to (nearly) all living organisms from bacteria to mammals because it can 
balance easily between 2 oxidation states (Fe2+ or Fe3+) making it an essential cofactor for many 
enzymes involved in essential biological process such as DNA synthesis and mitochondrial 
respiration 213. Iron (with other trace metals) plays a central role in the host-pathogen 
relationship as iron is absolutely required for the growth of nearly all pathogens (viral, fungal, 
bacterial or eukaryotic parasites). The pathogen iron dependency is leveraged by the immune 
system as a defence mechanism to prevent the growth of pathogens. This mechanism is referred 
to as nutritional immunity and involves systemic, as well as cellular, rewiring of iron trafficking 
to limit iron availability to pathogens 214.  

1.6.2. Cellular iron handling in physiological and infectious context 

At the cellular level, the majority of intracellular iron is found inside heme or iron-sulfur 
(Fe-S) clusters that act as essential cofactors for the function/activity of a great number of 
proteins/enzymes 215. The amount of cytoplasmic “free iron”, meaning available for 
incorporation into iron-containing proteins, is called the “labile iron pool” (LIP) 216, that is 
rather thought to be constituted of low molecular weight iron complexes (iron-citrate, iron-
ATP2 or GSH-iron complexes) 217,218. The LIP must be sufficiently large to allow the synthesis 
of iron containing proteins without inducing iron toxicity. Indeed, the high redox capability of 
iron is also at the basis of its toxic effects as excess free Fe2+ can lead to the formation of the 
highly toxic ROS HO· (hydroxyl radical) following the Fenton reaction: Fe2+ + H2O2 → Fe3+ + 
HO· + OH- 219. Dysregulation of iron metabolism leading to important increase in the LIP are 
associated with different programmed cell deaths (PCD) such as apoptosis or the newly 
discovered ferroptosis pathway for which the stress-induced release of iron from intracellular 
stores have been proposed to act as second messengers 219.  



Figure 14: Post-transcriptional regulation of iron homeostasis-related proteins by the IRP 

system 

 The IRP system is activated in response to iron deficiency in order to re-establish iron 

homeostasis. Under sufficient iron concentrations in the cell, IRP1 binds to a 4Fe-4S cluster (holo-IRP1) 

and possess a cytosolic aconitase activity (ACO1) while IRP2 is degraded by the proteasome after its 

binding to the iron sensor F-box and leucine-rich repeat protein 5 (FBXL5) which is part of an E3-

ubiquitin ligase complex (Muckenthaler et al., 2017). When iron concentrations decrease, IRP1 loses its 

4Fe-4S cluster (apo-IRP1) while IRP2 becomes stabilised due to FBXL5 inactivation. Apo-IRP1 has 

also been reported to be targeted for degradation by FBXL5. Apo-IRP1 or IRP2 then bind conserved 

hairpin structures called iron responsive elements (IRE) in the 5’ or 3’ untranslated regions (UTR) of 

regulated mRNAs. 5’ UTR IRE-containing transcripts are LIP-reducing agents such as ferritin (storage), 

ferroportin (export), the erythroid-specific isoform of the δ-aminolevulinic acid synthase (ALAS2, heme 

synthesis), mitochondrial aconitase (ACO2, a Fe-S cluster containing enzyme) or HIF-2α 

(erythropoiesis that is very iron consuming). IRP binding on 5’-UTR inhibit cap-dependent translation 

leading to reduced protein levels. IRP1/2 binding on 5’UTR IRE reduce translation initiation and thus 

protein levels of iron-depleting transcripts. In contrast, IRP1/2 binding on the 3’UTR IRE in transcripts 

of iron import proteins such as DMT1 and TfR increase mRNA stability, translating in increased protein 

levels and thus iron import to recover iron homeostasis.  In addition to iron, FBXL5 activity relies on 

oxygen concentrations and hypoxia induces IRP2 protein levels (Wang et al., 2020). IRP1 can also be 

activated due to oxidation of its Fe-S cluster by H
2
O

2
 or NO.  Picture taken from ref 216.
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In consequence, the LIP is highly regulated and is the result of a delicate balance 
between iron import, cellular consumption of iron, iron storage and iron export (Figure 13) 216. 
The main iron import pathway (albeit not the sole) is the clathrin-mediated endocytosis of 
plasma holo-transferrin (Fe2-Tf) after its binding to the transferrin receptor 1 (TfR1) present on 
the cell’s surface.  Elemental iron export depends on the expression of the Fe2+ transporter 
SLC40A1 (ferroportin, FPN) 216.  Cytosolic excess of Fe2+ from the LIP can also be oxidised to 
Fe3+ and stored inside ferritin in all cell types 220. Ferritin turnover is mainly mediated by 
receptor-mediated autophagy dependent on NCOA4 or ,alternatively, by proteasomal 
degradation 221,222.  

Cellular iron trafficking is mainly regulated post-transcriptionally by iron-sensing 
proteins called iron regulatory protein 1 and 2 (IRP1/2) (Figure 14) 216. When iron 
concentrations decreases, IRP1/2 bind on specific sequences called iron-responsive elements 
(IRE) in the transcript of iron related genes leading to the downregulation of LIP-reducing 
agents such as ferritin (storage) or FPN (export) and the upregulation of LIP-uplifting genes 
such as TfR1 and Dmt1 (encoding for the Fe2+ importer divalent metal (Ion) transporter 1 
(DMT1))216. KO of IRP1 and IRP2 in mice revealed that IRP2 is the major iron regulatory 
system in vivo 223. In addition, a number of iron related genes are positively regulated at the 
transcriptional level by HIF-1α such as TfR1 or heme oxygenase 1 (HO-1), an enzyme involved 
in heme catabolism 224 and more recently the ferritinophagy receptor NCOA4 225,226 with 
hypoxia and HIF-1α stabilisation increasing cellular iron levels. 

1.6.3. Rewiring of iron trafficking upon bacterial infections 

At a basal level, iron concentrations are maintained low in the plasma as iron is always 
bound to iron scavenging proteins like transferrin and haemoglobin, the latter, being the largest 
store of iron in the body 227. Iron withholding is further exacerbated during an infection as 
inflammation triggers a hypoferrimia that will lower down plasma iron concentrations. 
Mechanistically, this relies on the downregulation of FPN at the transcriptional, mediated by 
TLR signaling, and post-transcriptional levels through the liver hormone hepcidin and/or 
cytokines such as tumor necrosis factor (TNF)-α 214,227.  

However, while increasing iron retention inside macrophages limits the growth of 
extracellular pathogens, it increases iron availability to intracellular pathogens such as 
Salmonella 214 and possibly Brucella228. Macrophages thus evolved mechanisms to deprive 
intracellular pathogens of iron by inducing a hyperferrimic response 214 which is associated 
with IRP1/2 function in macrophages 229. In macrophages, iron is stored inside ferritin in the 
cytosol in a biologically inactive form that is, in theory, inaccessible to intra-phagosomal 
pathogens 213. However, pathogens can access ferritin-entrapped iron and ferritin even 
constitute an iron source for S. typhimurium inside macrophage as the bacteria secrete iron-
chelating molecules called siderophores (see next section), a process inhibited by the IRP1/2-
dependent expression of Lipocalin 2 (Lcn2) 229. IFN-γ signalling also leads to an increase in 
FPN expression in pro-inflammatory macrophage 214 that is thought to overpass the hepcidin-
induced FPN degradation 228,230. Mechanistically, the production of NO by iNOS/NOS2 in 
inflammatory macrophages leads to the stabilisation of the transcription factor Nrf2 which 
promotes the expression of the gene encoding FPN 214. This mechanism has been shown to be 
important for the antimicrobial role of NO against Salmonella as iron chelation do rescue the 
decrease in anti-microbial activity in Nos2-/-macrophages 230. Iron depletion mediated by an 
increase in FPN expression has also been observed in RAW264.7 macrophages infected with 
B. abortus which was dependent on Lcn2 expression 231.



 

 

  

Figure 15: Synthesis and import 

of the siderophores 2,3-DHBA and 

brucebactin in B. abortus 

a) Proposed mechanisms of 

brucebactin synthesis from 2,3-

dihydrobenzoate (2,3-DHBA) which is 

obtained by condensation of 1 or 2 2,3-

DHBA with a non-identified polyamine. 

This is catalysed by the VibH homolog of 

B. abortus, also called entF. Brucebactin, 

in contrast to 2,3-DHBA, has a 

sufficiently high affinity for iron to allow 

competition with transferrin Picture taken 

from ref 228. 

 b) Transport of Fe3+-siderophore 

complexes across the outer membrane of 

Gram- bacteria relies on a ExbBD-TonB 

dependent system. Siderophore transport 

is energy consuming but, as ATP is not 

present in the periplasm, the ExbBD-

TonB system transfer energy from the 

inner membrane, most likely proton 

pumping, to the siderophore 

transporter/permease located in the outer 

membrane (Klebba, 2016). The identity of 

the outer membrane (OM) TonB-

dependent permease has not been 

elucidated to date but current candidates 

are Fiu and Cir that are responsible for 

Fe
3+

-2,3-DHBA and Fe
3+

-2,3-DHBA-

serine complexes import into E. coli, 

respectively. The Fe
3+

-siderophore 

complex is then transported through the 

inner membrane by an ABC-type 

transporter encoded in the fatBDCE 

operon. Once in the cytoplasm, the Fe3+-

siderophore complex releases its bound 

iron either after reduction of the Fe3+ atom 

and/or through the degradation of the 

siderophore but the exact mechanism in 

the case of brucebactin is not known. 

Picture taken from ref 228. 

c) Comparison of bacterial (2,3-

DHBA) and mammalian siderophore (2,5-

DHBA). In bacteria, 2,3-DHBA synthesis 

is catalysed by EntA enzyme but it can be 

functionally replaced by its mammalian 

homolog BDH2 in vitro which is normally 

involved in 2,5-DHBA synthesis. Picture 

taken from ref 246. 

a) 

b) 

c) 
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1.6.4. Bacterial iron acquisition as a virulence determinant 

Pathogens evolved in response sophisticated iron import systems that are closely related 
to the virulence of the pathogen, implying that iron partitioning plays a central role in the 
outcome of an infection 227. Some bacteria can circumvent iron withholding by secreting small 
iron-chelating metabolites called siderophores that, due to their higher binding affinity to iron, 
can steal iron bound to transferrin 227. The most-well characterised siderophore is enterobactin, 
produced by E. coli and other enterobacteria, but the use of this siderophore is prevented during 
the innate immune response by Lcn2 synthetized by activated macrophages and neutrophils 
227,232. Pathogenic enterobacteria produce another siderophore called salmochelin that evades 
Lcn2 binding due to its hyper-glycosylated state. This succession of innovations shows clearly 
that iron metabolism constitute a strong selection pressure in the weapon race that oppose host 
to pathogens (referred to as co-evolution) 227. Importantly, the expression of the salmochelin 
biosynthetic locus in a commensal strain of E. Coli renders it pathogenic and deadly to infected 
mice, showing that the subversion of nutritional immunity is central to virulence 233. 
Siderophore are nevertheless not the only bacterial iron acquisition systems as direct transport 
of Fe2+, heme or heme scavenging proteins (e.g. transferrin) are associated with the virulence 
of numerous bacterial pathogens 227. 

In the case of B. abortus, a proteomic study performed on infected macrophages 48 h 
p.i. showed that the bacteria highly remodels its iron-associated proteome with upregulation of
the iron-deficiency regulator (Irr) and upregulation of different iron transport systems indicating
that Brucella face iron starvation inside cells 234. Three different iron acquisition systems have
been identified. First, B. abortus 2308 was shown to produce two siderophores when cultured
in vitro in a low iron environment: the monocatechol 2,3-dihydroxybenzoic acid (2,3-DHBA)
and the lastly identified more complex siderophore: brucebactin (Figure 15) 228. A more recent
structural study showed that brucebactin is likely to be two 2,3-DHBA linked by a polyamine
(such as spermidine) supporting the hypothesis that 2,3-DHBA is a synthetic precursor of
brucebactin, which is a more effective siderophore 228. This is very likely as 2,3-DHBA is also
a precursor for many other siderophores in other bacterial species such as enterobactin,
vibriobactin or bacillibactin 228. The role of siderophores in Brucella is far from being clear as
it is host-dependent. In fact, B. abortus strains deficient for brucebactin and 2,3-DHBA
biosynthetic genes are “extremely attenuated during infection of pregnant ruminants” but this
is not seen upon infection of mice228. Supplementation of macrophage cultures with 2,3-DHBA
increased the intracellular survival of B. abortus 235 but Brucella mutant for 2,3-DHBA
synthesis or import are still able to replicate similarly to the wild-type (WT) strain inside
different epithelial or macrophage cell line 236,237.  One hypothesis to explain this discrepancy
has been linked to the catabolism of a four carbon atoms sugar alcohol called erythritol that is
present in high concentrations in their natural hosts’s trophoblasts. Erythritol catabolism has
been shown to be very iron consuming and siderophore-mediated iron acquisition is important
to meet this increase in iron demand 237,238.

In addition, Brucella do also possess a heme import system and a high-affinity Fe2+ 
transporter that are important for the maintenance of chronic infection in the spleen of mice 
infected by the intraperitoneal route 239,240. 
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1.7. On the relationship between iron and the mitochondria in infectious context 
1.7.1. Reciprocal dependency between iron metabolism and mitochondrial function 

Mitochondria constitute one of the major iron pool inside eukaryotic cells, 20% of total 
iron in lung carcinoma cells 218. Mitochondria is, at the same time, centrally involved in Fe-S 
cluster and heme biosynthesis (see figure 12) and a major consumer of these prosthetic 
groups218 that are required for the activity of mitochondrial enzymes from the ETC or the TCA 
cycle 218. Accordingly, iron was shown to be essential for proper mitochondrial function205,241.  

1.7.2. Getting iron into the mitochondria: unexpected link with siderophores 

The exact source of iron imported into the mitochondria is not really known. First 
observed in erythroid before epithelial cells, transferrin-bound iron (TBI) can be directly 
shuttled to the mitochondria without transit by the LIP through direct contact with Tf-containing 
endosomes 242. Non-transferrin-bound iron (NTBI) can also access the mitochondria in cardiac 
cells in a manner insensitive to iron chelators. This indicates that NTBI does not transit by the 
LIP, supporting a model in which a system of chaperones specifically deliver iron to the 
mitochondria 243. Iron transport across the OMM has been proposed to rely on porins 218 but the 
divalent ion transporter DMT1 has also been localised to OMM and reported to contribute to 
iron transport 244. Transport across the IMM relies on mitoferrins (MFR) 1 and 2 which seem 
to have non-redundant functions as MFR1 but not MFR2 is essential for heme synthesis during 
reticulocyte development 245.  

Interestingly, in mammals, mitochondrial iron loading was shown to be dependent on 
the synthesis of a mammalian siderophore 2,5-DHBA 246. 2,5-DHBA is very similar to 2,3-
DHBA, a precursor for siderophore synthesis in numerous bacteria such as E. coli 246 and, as 
previously mentioned, also Brucella spp. 228. 2,5-DHBA synthesis relies on the 3-
hydroxybutyrate dehydrogenase (Bdh2) enzyme which is homologous to the bacterial EntA 246. 
Interestingly, nutritional immunity involves the regulation of 2,5-DHBA availability as Bdh2 
is downregulated following stimulation of several TLRs, including TLR4, TLR2 and TLR9247 
which are relevant to Brucella infection31,33,248. The siderophore 2,5-DHBA was shown to 
promote E. coli growth in vitro under iron-deficient conditions and mice deficient for bdh2 had 
increased resistance to E. coli infection. These observations indicate that the mammalian 
siderophores 2,5-DHBA could represent a relevant iron source during bacterial infections247 

1.7.3. Iron deficiency induces mitophagy 

Importantly, the treatment of multiple cell lines with an iron chelator, such as DFO or 
deferiprone (DFP), induces a decrease in respiratory metabolism together with a switch to 
glycolysis and induction of Parkin-independent mitophagy 249. Several selective autophagy 
receptors have already been implicated in iron chelation-induced mitophagy such as NCOA4, 
FKBP8 and FUNDC1 131,250,251. Furthermore, tristetraprolin (TTP), a RNA-binding protein 
induced under iron deficiency, could also be linked to mitochondrial fragmentation as a result 
of the downregulation of MFN1 and OPA1 levels 252,253. Interestingly, siderophores from the 
pathogenic bacteria P. aeruginosa induce the stabilisation of HIF-1α, mitochondrial stress and 
mitophagy in C. elegans 254,255. Moreover, the BNIP-3L homolog of C. elegans was involved 
in the mitophagy induced by iron deficiency 256 further emphasizing the relevance of these 
actors. 
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1.8. Objectives 

In this master thesis, the regulation of the stability of the transcriptional regulator HIF-
1α and its relation with the mitochondria during B. abortus infection of non-myeloid (HeLa) 
and myeloid (BMDM) was explored.  

The main objectives were to: 

1) Identify and characterize the different molecular actors that could impair PHD activity
in Brucella-infected cells based on an a priori approach aiming at testing the putative
role of PO2, succinate, mtROS and iron.

2) Determine whether HIF-1α stabilisation is responsible for the expression of the
mitophagy receptor BNIP-3L and thus possibly involved in the alterations in
mitochondrial morphology observed in B. abortus-infected cells.

3) Define the contribution of the bacteria and/or the host in the onset of the perturbation at
the origin of the stabilisation of HIF-1α in B. abortus-infected cells.





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

2. Materials and Methods 



 

  

Figure 16: Molecular mechanism of the oxygen-sensitivity of EF-5-like compounds. 

EF-5 is first reduced by a group of enzymes called nitroreductases to a reactive nitro radical anion intermediate. Different enzymes have 
been associated with this step such as NADPH-dependent cytochrome P450 or xanthine oxidase. Under normal oxygen tension conditions, this 
radical is reoxidised by oxygen in a “futile cycle” yielding a super oxide anion. However, under hypoxia, this radical is stabilised and able to react 
and oxidise adjacent biomolecules to form covalent bonds. This yield macromolecular adducts that can be recognised by monoclonal antibodies 
conjugated to the fluorophore Cyanine 5. Picture from ref 266.  
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2.1. Eukaryotic cell culture

HeLa cells (ATCC: Amercian Tissue Cell Collection), a cancer cell line derived from 
Henrietta Lacks, a Black woman, affected by cervical cancer who died in 1951257, were 
maintained in T75 (75 cm2) cell culture plates (Corning-Costar) with 15 ml of Minimum 
Essential Medium (MEM) (MEM-Glutamax, Gibco) supplemented with non-essential amino 
acids (1 %), 1 mM pyruvate and 10 % Fetal Bovine Serum (FBS) and maintained at 37 °C in a 
humidified incubator with 5 % CO2. For cell sub-cultures and passages, cells were detached 
with trypsin + ethylenediaminetetraacetic acid (EDTA) (Gibco) during 5 min and plated at a 
1:4 dilution for 2 days or 1:8 for 4 days.  

Immortalized bone marrow-derived macrophages (BMDMs, a generous gift from 
Salcedo S., Laboratory of Molecular Microbiology and Structural Biochemistry, CNRS 
UMR5086, Université de Lyon, France) were maintained in T25 cell cultures plates (Corning-
Costar) in 6 ml Dubbelco’s Modified Eagle’s Medium (DMEM) with pyruvate and 4.5 g/L 
glucose (Gibco, 41966-029) supplemented with 10 % FBS (Foetal Bovine Serum) and 10 % 
conditioned media from L929 fibroblasts to provide macrophage colony-stimulating factor (M-
CSF). Cells were maintained at 37 °C in a humidified incubator with 5 % CO2. For cell passages 
and maintenance of the culture, cells were rinsed once with 5 ml PBS and detached with trypsin 
+ EDTA during 3 min before being plated at a density of 1:20 for 2 days or 1:40 for 3 days.

2.2. Bacterial cell culture

Brucella abortus 544-GFP from frozen stocks were cultured on Tryptic Soy Broth 
(TSB) (211825, BD Biosciences) agar (214530, BD Biosciences) plates (639102, Greiner bio-
one) for 4 days at 37 °C. Then, 2 colonies were transplanted in 10 ml liquid TSB (211825, BD 
Biosciences) the day before the infection and incubated for 16 h at 37 °C. 

2.3. Validation of EF-5 as a probe for hypoxia detection. 

HeLa cells were seeded on glass coverslips in 24-well cell culture plates at a density of 
15 000 cells/well in 1 ml of the appropriate culture medium. Three days later, cells were 
incubated with 150 µM (2-(2-Nitro-1H-imidazol-1- yl)-N-(2,2,3,3,3-pentafluoropropyl) 
acetamide (EF-5, Sigma-Aldrich, EF5014) solubilised in CO2-independent culture medium 
(Gibco, 18045-054) and subsequently submitted to hypoxia. Hypoxia was triggered by pumping 
gaseous nitrogen under pressure (0.4 bars) inside a sterilised incubator (99 % ethanol 
treatment). Oxygen leaks out by an air outlet creating a progressive hypoxia. The “strong” 
hypoxia condition was obtained by letting oxygen flowing out for a duration of 3 min while the 
“intermediate” hypoxia condition was obtained after 90 s of air flushes. Then, nitrogen pumping 
was stopped and cells were incubated in low oxygen for 3 h allowing the formation of EF-5 
adducts. Indeed, EF5 selectively binds to hypoxic cells and forms adducts (Figure 16)258. Cells 
were then prepared for immunofluorescence and confocal microscopy analysis to visualise EF-
5 adducts as detailed in section 2.5. A mouse monoclonal antibody, clone ELK3-51 which is 
directly conjugated to Cyanine 5 was used to selectively bind the EF5 adducts 258. 



Antibody specie type dilution provider Catalogue 
number 

Used in 
Figure n° 

Anti-HIF-1α Rabbit monoclonal 1:100 Abcam Ab179483 18b, 20, 
21, 22, 
23, 24, 
26, 31 
Suppl. 1, 
Suppl. 2, 
Suppl. 3 

Anti-ATPs-β Mouse Monoclonal 
IgG1 

1:100 Invitrogen A-21351 27 

Anti-LC3B Rabbit Polyclonal 1:100 Sigma-
Aldrich 

L7643 27 

Anti-TOM20 Rabbit Monoclonal 1:200 Abcam Ab186735 32 
Anti-TOM20 Mouse Monoclonal 1:100 Abcam Ab56783 20, 26, 

29, 31 
Suppl. 2 
Suppl. 3 

Anti-BNIP-
3L 

Rabbit Monoclonal 1:100 Cell 
signaling 

12396S 28, 29 

Anti-EF5-
Cyanine5 

Mouse monoclonal 1:100 Sigma-
Aldrich 

EF5012 18, 
Suppl. 1 

Anti-rabbit- 
Alexa 568 nm 

Goat Polyclonal 
IgG 

1:1000 Invitrogen A-11011 18b, 20, 
21, 22, 
24, 26, 
27, 28a, 
29, 31 
Suppl. 1, 
Suppl. 2, 
Suppl. 3 

Anti-mouse- 
Alexa 633 nm 

Goat Polyclonal 
IgG 

1:1000 Invitrogen A-21050 20, 26, 
27, 29, 31 
Suppl. 2, 
Suppl. 3 

Anti-rabbit- 
Alexa 633 nm 

Goat Polyclonal 
IgG 

1:100 Invitrogen A102215 23, 28c 

Table 3: list of the antibodies (Ab) used in immunofluorescence (IF) and/or flow cytometry. 
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2.4. Infection of eukaryotic cells with B. abortus 

B. abortus 544-GFP liquid culture in logarithmic expansion phase (optical density
between 0.4 and 1) were first centrifuged (6000 g, 3 min) and the pellet were rinsed with 10 ml 
phosphate-buffered saline (PBS: 10 mM phosphate buffer; pH 7.4, 150 mM NaCl) 2 times to 
removes culture wastes. For the last wash, bacteria are resuspended in 10 ml of the appropriate 
culture media for HeLa and/or BMDM (see ‘Eukaryotic cell culture’) before measuring the 
culture optical density (DO) of a 10 times-diluted sample at 600 nm. From the DO, the bacterial 
cell number of the liquid culture can be calculated (as a DO of 1 is equivalent to 3 x 109 
bacteria/ml). Bacteria were then diluted in culture medium to accommodate the desired 
multiplicity of infection (MOI) (MOI: 2000 for HeLa cells and 200 for BMDMs) to obtain a 
suspension called “inoculum”. A volume of 500 µl of the inoculum was next added on cells 
before centrifugating the cells (500 g, 10 min) to synchronize bacterial entry (t=0). Cells were 
then incubated for 1 h at 37°C to start the infection in an incubator containing a humidified 
atmosphere with 5% CO2. At the end of the incubation, culture media were refreshed with 500 
µl of the appropriate culture media containing a high gentamycin concentration (50 µg/ml) for 
1 h in order to kill extracellular, non-infecting, bacteria. The cells were next incubated with 500 
µl of culture medium containing a lower concentration of gentamycin (10 µg/ml) for the rest of 
the experiment to avoid new infection events. 

At this step and when indicated in the legends of the figures, cells were also treated with 
different concentrations of either desferrioxamine mesylate (DFO: 150 µM or 1 mM) (D9533, 
Sigma-Aldrich), 500 µM iron (II) chloride tetrahydrate (44939, Sigma-Aldrich), iron-poor 
(apo-) or iron-saturated 2,5-dihydroxybenzoic acid (holo-2,5-DHBA, Sigma-Aldrich, 149357), 
10 µM Mito-Tempol (MT-Tpl) or N-acetylcysteine (NAC, Sigma-Aldrich, A7250) at 500 or 
5000 µM. Alternatively, these molecules were sometimes added to the culture media at 24 h 
p.i. to limit their potential negative effect on rBCV maturation and/or bacterial replication.

2.5. Immunofluorescence analysis and confocal microscopy observation
2.5.1. Immunostaining of HIF-1α, TOM20 and BNIP-3L in B. abortus-infected cells. 

HeLa cells or BMDM were seeded on glass coverslips in 24-wells plates at a density of 
15 000 cells/well and 10 000 cells/well respectively. About 16 h later, cells were infected with 
B. abortus strain 544-GFP following the protocol described above (see section 2.4). At several
times post-infection, cells were rinsed once with 1 ml PBS at room temperature (RT) before
fixation with 1 ml of 4% paraformaldehyde (PFA) for 30 min. Cells were then rinsed 3 times
with 1 ml of PBS before permeabilisation with 500 µl PBS-1% Triton X-100 for 10 min.
Unspecific antibody binding sites were blocked by rinsing the cells 3 times for 10 min with 500
µl of PBS-2% Bovine Albumin Serum (BSA).
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Figure 17: Schematic representations of the quantitative measures of the 
mitochondrial network morphology i.e. the aspect ratio (AR) and the end-
point/branch-point ratio (EP/BP). 
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To detect HIF-1α, TOM20 or BNIP-3L, cells were incubated with the appropriated 
primary antibodies (see Table 3) in a wet chamber for 2 h at room temperature (RT) (except 
for the rabbit anti-TOM20 antibody, (see Figure 32) for which the incubation was performed 
overnight at 4 °C). Residual antibodies were rinsed with 500 µl PBS-2% BSA 3 times before 
incubating the cells with the specie-appropriated secondary antibodies (see Table 3) and the 
Hoechst probe (Abcam, 33258) to stain the nuclei (dilution 1:500) for 1 h at RT (in a wet 
chamber and protected from light). Excess of secondary antibodies were removed by rinsing 
the cells 3 times with PBS- 2% BSA and, at the end, excess of salts was removed by rinsing the 
cells twice with distilled water. Finally, the cells on the coverslips were mounted using Mowiol 
(Sigma-Aldrich) before observation by confocal microscopy (TCS SP5 II, Leica 
microsystems).  

2.5.2. Co-immunostaining of LC3B and ATP synthase subunit β in B. abortus-infected 
cells. 

HeLa cells were seeded on glass coverslips in 24-wells plates (Corning Costar) at a 
density of 15 000 cells/well. About 16 h later, cells were infected with B. abortus strain 544-
GFP following the protocol described above (see section 2.4). At several times post-infection, 
cells were rinsed once with 1 ml PBS at room temperature (RT) before fixation with ice-cold 
methanol (Merck, Germany) for 15 min at 4 °C. Cells were then rinsed 3 times with 1 ml of 
PBS. Then, without permeabilisation step, unspecific antibody binding sites were blocked by 
rinsing the cells 3 times for 10 min with 500 µl of PBS-2% Bovine Albumin Serum (BSA). 

To detect LC3B and ATP synthase subunit β (ATPs-β), cells were incubated with the 
appropriate primary antibodies (see Table 3) in a wet chamber for 2 h at room temperature (RT). 
Residual antibodies were rinsed with 500 µl PBS-2% BSA 3 times before incubating the cells 
with the specie-appropriated secondary antibodies (see Table 3) and the Hoechst probe (Abcam, 
33258) to stain the nuclei (dilution 1:500) for 1 h at RT (in a wet chamber and protected from 
light). Excess of secondary antibodies were removed by rinsing the cells 3 times with PBS- 2% 
BSA and, at the end, excess of salts was removed by rinsing the cells twice with distilled water. 
Finally, the cells on the coverslips were mounted using Mowiol (Sigma-Aldrich) before 
observation by confocal microscopy (TCS SP5 II, Leica microsystems).  

2.5.3. Quantitative analysis of confocal micrographs 

Quantitative analysis of the mitochondrial network morphology, assessed by the aspect 
ratio and the end-point on branch point of the mitochondrial fragments (Figure 17) in single 
cells sections, was performed as described by De Vos and Sheetz259 using the ImageJ 64 
software. The mean AR and EP/BP was calculated for each cell and considered as 1 biological 
replicate for statistical analysis (except for figure 9 where the mean values for 1 experiment 
were considered as a biological replicate). The analysis of the number of colocalisation events 
between LC3B and ATPs-β were also performed on ImageJ 64 software by defining a threshold 
dissociating LC3 puncta from diffuse signal in single cell sections. The ATPs-β signal 
corresponding to the mitochondrial network was also separated from background noise using 
the threshold option.  The number of colocalisation events for each cell were monitored by 
creating an overlay between both processed micrographs (Process > Image Calculator option 
“AND”). This value was considered as 1 biological replicate for statistical analysis. The number 
of cell analysed is specified in the figure legends. 
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2.6.   Imaging of mitochondrial ROS production with Mito-SOX in B. abortus 
infected cells 

 

HeLa cells were seeded in 24-well cell culture SensoplateTM with glas-bottomed wells 
suitable for live microscopy (Greiner bio-one, 662892) at a density of 15000 cells/well and 
were infected according to the classical protocol described above for B. abortus strain 544-GFP 
(see section 2.4.). When indicated, cells were incubated with 10 µM of Mito-Tempol (Abcam, 
ab144644) added at 2 or 24 h p.i. At 48 h p.i., cells were incubated at 37 °C for 30 min with 0.5 
µM Mito-SOX in an incubator containing a humidified atmosphere with 5 % CO2. Cells were 
then rinsed to remove the probe and were observed using a reverse microscope (ECLIPSE Ti2, 
Nikon). 

2.7.   Flow cytometry analysis of the abundance of HIF-1α and BNIP-3L in B. 
abortus infected cells  

 

HeLa cells were seeded in 6-well cell culture plates (Corning Costar) at a density of 105 
cells/well in 2 ml of the appropriate medium. For the different controls, some cells were used 
to assess the autofluorescence, some cells were infected but not immunostained (to assess the 
effect of GFP expressed by the Brucella strain) and some cells were non-infected but immuno-
stained with the fluorophore-conjugated secondary antibody alone (to assess the background 
fluorescence of the fluorophore). The next day, cells were infected with B. abortus strain 544-
GFP following the already described protocol (see section 2.4.) with the only difference that 
the volume of medium added at each step was 1.5 ml instead of 500 µl. At the appropriate time 
point p.i., cells were rinsed with 1 ml with PBS (RT) before being detached for few min with 
160 µl of trypsin-EDTA at 37 °C. Trypsin was inactivated with 3 ml ice-cold PBS and cell 
suspensions were transferred into 15 ml Centrifuge Tubes (Corning, 430791) for centrifugation 
(5 min, 500 g, 4 °C). Cells were then rinsed twice by a resuspension in 500 µl ice-cold 
fluorescence-activated cell sorting (FACS) buffer (0.5 % BSA and 2 mM EDTA diluted in 
PBS). After the second centrifugation, cells were resuspended in 200 µl eBioscienceTM IC 
Fixation Buffer (Invitrogen, 00-8222-49) and incubated at RT for 30 min. At this point, all 
further manipulations were done at RT. Next, the IC Fixation Buffer was removed by 
centrifugation (5 min, 500 g) and cells were resuspended in 200 µl of 10 times diluted 
eBioscienceTM Permeabilisation Buffer (10X) (Invitrogen, 00-8333-56). Samples can then be 
left at 4°C until the next day.   

After removal of Permeabilisation Buffer by centrifugation, cells are incubated (1h at 
RT in the dark) with 100 µl of the appropriated primary antibody (see Table 3) diluted 100 
times in Permeabilisation Buffer. Then, the primary antibody is removed by centrifugation and 
cells are washed once with Permeabilisation Buffer (resuspension + centrifugation). Except for 
EF-5 immunostaining, cells were incubated (30 min, RT in the dark) with 100 µl the specie-
appropriated secondary antibodies coupled to Alexa-633 nm diluted 100 times in 
Permeabilisation Buffer. Cells are then washed once in Permeabilisation Buffer (centrifugation, 
remove supernatant, resuspension and centrifugation) before resuspension of cells with 500 µl 
FACS buffer. Samples can be stored at 4°C in the dark for a couple of days. Samples are then 
transferred into FACS glass tubes before analysis by flow cytometry (BD FACSVerseTM). The 
engine is first calibrated with technical control samples (that measure autofluorescence, 
background fluorescence of secondary antibody and GFP-fluorescence for B. abortus-infected 
samples) whose fluorescence intensity is subtracted to the fluorescence intensity of 
experimental conditions. 
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2.8.   Determination of viable intracellular bacteria by the colony-forming unit 
(CFU) assay 

Cells were seeded in 24-well cell culture plates at a density of 15000 cells/well and were 
infected with B. abortus strain 544-GFP according the protocol described above (see section 
2.4.). After 2 hours of infection, dedicated wells were treated with 500 µM iron. After 2 h of 
infection, appropriated infected cells were incubated with 500 µM iron. At the appropriate time 
post-infection (6, 24 or 48 h), cells were rinsed once with 1 ml PBS before being lysed for 10 
min in 500 µl ml of PBS-0.1 % Triton X-100.  This is followed by mechanical lysis through 
scratching and flushing the cells with 1000 µl tips. Twenty µl of each sample was then diluted 
by serial dilutions in 180 µl PBS before plating on TSB-agar bacteria culture plates (639102, 
Greiner bio-one). Three different dilutions were plated for each time-point. In the case of HeLa 
cells, at 6 h p.i. time point the non-diluted, 10 and 100 times diluted samples; at 24 h p.i. time 
point the 10, 100 and 1000 times diluted samples and for the 48 h p.i time point are plated the 
100, 1000 and 10000 dilution of the samples. In the case of BMDM, due to the better infection 
efficiency, the plated samples were 10 times more diluted in comparison to the corresponding 
dilution for HeLa cells for each time point. Plates are then placed in an incubator at 37 °C for 4 
days before counting of the colonies. Knowing the volume of lysate plated (20 µl) and the 
number of dilutions, the number of CFU/ml can be calculated for each dilution. The mean 
number of CFU/ml across the dilutions from the same technical replicate is then calculated and 
transformed into logarithmic (log10) scale. The plotted values were the mean CFU/ml between 
triplicates. 

2.9.  Effect of 2,5-DHBA treatment on mitochondrial iron by live imaging with 
Ferro-Orange 

HeLa cells were seeded in 8-wells LabTekTM chambered coverglass (Thermo Scientific 
NuncTM, 155411) at a density of 2000 cell/well. After 24 h, DFO at 150 µM was added in the 
culture medium to the cells in order to deplete the basal levels of intracellular iron. The next 
day, 500 µM of either Fe (500 µM), 2,5-DHBA (apo-DHBA, at 150 µM or 500 µM) or iron-
saturated 2,5-DHBA (holo-DHBA, 500 µM) which is obtained after a 1h incubation of apo-
DHBA with iron in a 1:1 concentration ratio, were added or not (control cells) to the culture 
media for 24 h. Cells were next rinsed once with serum free culture medium and then incubated 
for 30 min in an incubator (37 °C, 5 % CO2) with 1 µM Ferro-Orange (DOJINDO Laboratories, 
F374) and 100 nM of Mito-TrackerTM Green FM (Invitrogen, M7514) solubilised in serum-free 
culture medium. After 1 wash with serum-free culture medium to remove the excess amount of 
probe, loaded cells were subsequently observed by confocal microscopy (LSM 980 Airyscan 2 
microscope (Zeiss)). Transept analysis were done on Image J software and the resulting data 
were plotted on Prism 9 GraphPad (San Diego, USA). 
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2.10. Statistical analyses 

The quantitative data and results were expressed as means ± 1 standard deviation (SD), 
unless otherwise stated. Data were tested for normality distribution (Shapiro-Wilk and 
Kolmogorov-Smirnov tests) and homogeneity of variance (homoscedasticity) using 
Spearman’s test. If both conditions were present, the means between more than two conditions 
were compared by two-way ANOVA analysis followed by Bonferroni’s post-hoc tests. When 
data followed a normal distribution but did not filled the homoscedasticity condition, conditions 
were compared with unpaired t-tests with Welch’s correction for heteroscedasticity. When both 
conditions were absent, comparison was performed by rank sum testing (Mann-Whitney’s 
tests). Comparisons between proportions/percentages was performed using 1 by 1 z tests. A p-
value < 0.05 was considered as statistically significant. All calculations and graphs were 
realised on Prism Graphpad 9 software (San Diego, USA) except for z-tests that were performed 
on SigmaPlot 12.5 (Systat Software, Chicago, IL, USA). 
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Figure 18: Detection of hypoxia microenvironments in B. abortus-infected HeLa cells 
with the EF5 probe.  

a) Immunostaining of EF5 in HeLa cells after 3 h of incubation with 100 µM of EF5 while 
being under hypoxic (strong or intermediate) or normoxic conditions. After cell fixation and 
permeabilisation, EF5 adducts were immunolabelled with a monoclonal antibody conjugated 
with the fluorophore cyanin 5 before observation by confocal microscopy (scale bars = 25 
µm). 

 b) Co-immunostaining of EF-5 and HIF-1α in fixed and permeabilised HeLa cells infected or 
not (non-infected controls, NI) with B. abortus-GFP for 48 h and observed by confocal 
microscopy. During the last 3 h, cells were incubated with 100 µM EF-5 in normoxic 
conditions to allow adduct formation. Micrographs are representative of n = 4 independent 
experiments (scale bars = 25 µm). 
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3.1.  Testing the putative involvement of different molecular actors in B. abortus-
induced HIF-1α stabilisation 

3.1.1. Effect of B. abortus on oxygen partial pressure in infected-cells 

Brucella spp. are aerobic bacteria, meaning that they use oxygen as terminal acceptor 
of their electrons transport chain260. Even if Brucella species are classified as obligate aerobes, 
they can nevertheless survive and grow in oxygen-limited environment such as liver 
granulomas or macrophage phagosomes261,262. This ability relies on the expression of 
respiratory complexes with high affinity for oxygen261 which were associated with optimal 
replication inside cultured macrophages (THP-1)263. These considerations, in addition to the 
remarkably high number of intracellular bacteria found at late stages of in vitro infection15 
prompted us to hypothesise that B. abortus oxygen consumption might induce a subcellular 
hypoxia leading to HIF-1α stabilisation.  

Intracellular oxygen concentration was monitored with the hypoxia probe EF5258, a 
compound analogue to pimonidazole that was already used to detect hypoxic conditions 
induced by other bacterial pathogens such as S. aureus and Bartonella henselae264,265. The 
immune-detection of EF-5 macromolecular adducts is in inverse correlation with oxygen 
tensions allowing the detection of hypoxic micro-environments266. We first confirmed the 
ability of EF-5 to stain HeLa cells exposed to hypoxic conditions (Figure 18.a). A strong 
immunostaining was observed in response to a severe hypoxia and the intensity of the 
fluorescent signal was lower for intermediate/mid hypoxia, suggesting that the probes is a useful 
tool to detect intracellular hypoxic conditions. However, hardly any EF-5 immunostaining 
could be detected in B. abortus-infected HeLa cells at 48 h post-infection (p.i.) which did not 
differ from the signal found in non-infected (NI) control cells (Figure 18.b) or any of the other 
time point studied (Supplementary Figure 1). In these conditions, a strong fluorescent signal 
was observed for the immunostaining of HIF-1α in the nucleus of Brucella-infected cells. While 
we cannot completely exclude that the level of hypoxia might not be detected in B. abortus-
infected cells as the fluorescent probe might not be sensitive enough, it is unlikely that hypoxia 
is the main driver B. abortus-induced HIF-1α stabilisation and nuclear accumulation in these 
experimental conditions. We thus next explore oxygen-independent mechanisms to try to 
explain the HIF-1α stabilisation observed in bacteria-infected cells. 
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Figure 19: Effect of B. abortus infection and Mito-TEMPOL treatment on 
mitochondrial superoxide anion production. 

Mitochondrial ROS detection in B. abortus-GFP-infected or not (non-infected, NI) 
HeLa cells at 48 h post-infection visualised in cells loaded with the Mito-SOX probe 
(0.5 µM) for 30 min. When applicable, cells were treated with 10 µM Mito-
TEMPOL (MT-Tpl) or not (controls, CTRL) at 24 h post infection. Micrographs 
were taken using a reverse microscope (ECLIPSE Ti2, Nikon) (scale bars = 10 µm). 
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3.1.2. Involvement of reactive oxygen species in B. abortus-induced HIF-1α 
stabilisation and mitochondrial fragmentation. 

Recently, much attention was drawn on HIF-1α stabilisation in the context of immuno-
metabolism because it supports the inflammatory and anti-bacterial functions of 
macrophages194,267. Indeed, MyD88 activation following stimulation of some TLR, such as 2, 
4 or 9, leads to HIF-1α stabilisation in an oxygen-independent manner193,199. Mechanistic 
studies reported the accumulation of succinate inside activated M1 murine macrophages as 
responsible for LPS-induced HIF-1α stabilisation196. Our attempts to pharmacologically 
modulate subcellular succinate concentrations were not conclusive (data not shown).  

However, HIF-1α stabilisation mediated by LPS-induced succinate accumulation 
depends on mitochondrial ROS that, most likely, directly inhibits the PHDs84. This mechanism 
has been implicated in B. abortus-induced HIF-1α stabilisation in primary mouse macrophages 
in response to the stimulation of the innate immune receptor STING203. To test the putative 
involvement of mtROS in our model, mitochondrial superoxide anions production was detected 
using the Mito-SOX probe that becomes fluorescent upon oxidation203,268. Importantly, the 
fluorescence intensity of the Mito-SOX probe was similar between NI and B. abortus-infected 
HeLa cells at 48h p.i. (Figure 19). As we could not exclude the involvement of an acute 
production of mtROS before 48h p.i. in B. abortus-induced HIF-1α stabilisation, B. abortus-
infected HeLa cells were treated with the mitochondria specific anti-oxidant Mito-TEMPOL269. 
Mito-TEMPOL is an analogue of Mito-TEMPO which was reported to totally abrogates 
STING-induced HIF-1α stabilisation during B. abortus infection203. We first confirmed the 
ability of 10 µM of Mito-TEMPOL to abrogate super oxide anion production (as assessed 
through Mito-SOX staining) for at least 24 h (Figure 19).  
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Strikingly, the incubation of B. abortus-infected HeLa cells with Mito-TEMPOL at 
either 2h or 24h post-infection does not reduce the percentage of infected cells that display a 
nuclear localisation of HIF-1α (Figure 20.a and 20.b). In addition, the presence of the 
mitochondrial antioxidant does not reduce the fragmentation of the mitochondrial network as 
assessed by the quantification of the aspect ratio (AR) and the end-point on branch-point ratio 
(EP/BP) (Figure 20a, 20.c and 20.d).  

However, while mtROS do not seem to be implicated in B. abortus infection, results in 
agreement with previous results from our group178, this does not exclude the involvement of 
ROS. Indeed, ROS derived from other sources, such as NOX-derived ROS, were already 
implicated in B. abortus infection of HeLa and primary mouse macrophages108. NOX-derived 
ROS were also involved in HIF-1α stabilisation following stimulation of several TLRs that can 
be prevented by the addition of the broad spectrum anti-oxidant N-acetylcysteine 
(NAC)201,270,271. However, the presence of 5 mM of NAC, a concentration showed to be 
sufficient to prevent NOX-induced HIF-1α stabilisation in other models201,270 and to promote 
survival of B. abortus in RAW264.7 macrophages-like cells272, did also not reduce B. abortus-
induced HIF-1α nuclear localisation nor mitochondrial fragmentation (Supplementary Figure 
2). Together, these results does not support an involvement of host-induced ROS production in 
the stabilisation of HIF-1α during B. abortus infection of HeLa cells and drove us to explore 
the putative role of iron, another central molecular actor in the regulation of PHD198 and in the 
host-pathogen relationship213. 

Figure 20: Effect of Mito-TEMPOL treatment on B. abortus-induced HIF-1α 
stabilisation and mitochondrial fragmentation. 

a) HIF-1α and TOM20 co-immunostaining of HeLa cells infected or not (non-infected
controls, NI) with B. abortus-GFP and treated or not (controls, CTRL) with 10 µM Mito-
TEMPOL (MT-Tpl) at either 2 h or 24 h p.i. (representative of 2 independent experiments,
scale bars = 25 µm). HIF-1α stabilisation was quantified in b) as the % of non-infected (NI
in grey) or infected (in dark) cells that presented a nuclear HIF-1α staining (an average of
15 cell analysed/conditions from the first experiment). The aspect ratio (AR) (c) and the
end point on branch point ratio (EP/BP) (d), metrics of the length and connectivity of
mitochondrial fragments, respectively, are represented as the mean ± 1 SD calculated on 15
cells/condition from the data of the first experiment.
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Figure 21: Effect of the treatment with an iron chelator (DFO) on HIF-1α 
abundance and localisation in HeLa cells.  

Immunostaining of HIF-1α in non-infected HeLa cells 46 h after an incubation or 
not (CTRL: control cells) with either 150 µM desferrioxamine (DFO) alone or 
DFO combined with 500 µM iron chloride tetrahydrate (Fe) (scale bars = 25 µm).  
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3.1.3. Effect of iron supplementation on B. abortus-induced HIF-1α stabilisation. 

Iron is an essential micronutrient required for the growth of bacterial pathogens227, 
including Brucella species228. In response to the iron dependency of pathogens, the host evolved 
mechanisms dedicated to starve pathogens from iron (i.e. nutritional immunity). Against 
intracellular pathogens, these mechanisms involve an increase in iron storage and in iron export 
mediated by the upregulation of ferritin and ferroportin, respectively, leading to reduced 
intracellular iron levels213. It is known that host-mediated reduction of intracellular iron 
concentrations are responsible for HIF-1α stabilisation in LPS-treated DC206. Intracellular iron 
depletion was also observed upon B. abortus infection of RAW 264.7 macrophage-like cells 
due to an increase in the expression of the gene encoding ferroportin231. Additionally, high 
affinity bacterial iron import mechanisms are expressed during infection promoting bacterial 
proliferation and virulence227. This includes the production of iron-chelating metabolites called 
siderophores which are responsible for HIF-1α stabilisation during intracellular infection by 
enterobacteria211,273. B. abortus was also reported to secrete such iron scavenging molecule228.  

Importantly, we confirmed that the treatment of HeLa cells with the iron chelator 
desferrioxamine (DFO, a siderophore secreted by the bacterium Streptomyces pilosum) is able 
to induce a strong HIF-1α stabilisation and nuclear localisation in an iron-dependent manner 
(Figure 21), emphasizing the essential contribution of iron in HIF-1α regulation. We therefore 
hypothesized that the massive intracellular replication of B. abortus, associated with a putative 
induction of nutritional immunity mechanisms, could drastically decrease intracellular iron 
concentrations leading to an impairment of PHD catalytic activity and subsequent HIF-1α 
stabilisation.  



  

Figure 22: Effect of iron supplementation on B. abortus-induced HIF-1α nuclear 
localisation in HeLa cells.  

a) Immunostaining of HIF-1α in HeLa cells 48h after infection or not (non-infected controls, NI) 
with B. abortus-544-GFP (representative of n=5 independent experiments). When indicated, 500 
µM Fe was added to the culture medium 2 h post-infection or not (controls, CTRL). The 
percentages (%) of infected (or NI) cells that display a staining for HIF-1α in the nucleus is 
shown in b. Results are expressed as the means ± 1 SD for n = 4 independent experiments with 
an average of 30 cells analysed/experiment for each condition. To quantify the extent of HIF-1α 
stabilisation in non-infected (NI) cells adjacent to B. abortus-infected cells (an example is 
indicated by the white arrow), the percentages of non-infected (NI) presenting a nuclear staining 
of HIF-1α in each condition were determined and are shown in c. Results are expressed as means 
± 1 SD for n = 3 independent experiments with an average of 35 cells analysed/experiment for 
each condition. Statistical analysis: the frequencies of HIF-1α nuclear localisation events from 
the same conditions were added together for the different experiments (n= 120 cells for each 
condition in c and n = 105 in d). The associated proportions of HIF-1α positive cells for each 
condition were subsequently tested by z-tests (***: p < 0.001), (scale bars = 25 µm).  
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In order to test this hypothesis, B. abortus-infected HeLa cells were supplemented with 
iron choride tetrahydrate (Fe). Strikingly, Fe supplementation drastically prevents B. abortus-
induced nuclear localisation of HIF-1α (Figure 22.a and 22.b). Interestingly, about 20 % of 
non-infected (NI) cells present in close proximity to infected cells do also present a nuclear 
HIF-1α, albeit weaker in intensity than what is seen in B. abortus-infected cells (see white arrow 
on Figure 22.a). The percentages of NI cells in the close vicinity of B. abortus-infected cells 
presenting a nuclear localisation of HIF-1α is also strongly decreased upon Fe supplementation 
(Figure 22.c) suggesting that the mechanism at the origin of HIF-1α stabilisation is similar in 
both cases. Furthermore, flow cytometry analysis of B. abortus-infected HeLa cells exposed to 
Fe supplementation confirmed, in a more quantitative manner, the inhibitory effect of iron on 
B. abortus-mediated HIF-1α stabilisation (Figure 23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 23: Effect of iron supplementation on B. abortus-induced increase in HIF-
1α abundance in HeLa cells.  

Quantification of HIF-1α abundance by flow cytometry in HeLa cells (representative 
of n = 2 independent experiments) infected or not with B. abortus-544-GFP for 48 h. 
When indicated, cells were treated with 500 µM of Fe (“Fer”) at 2h post-infection. 
Some non-infected control cells were subjected to a treatment with 1 mM DFO for 24 
h before fixation and used as a positive control.  Results represent the frequency 
distribution of fluorescence intensities. 
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Figure 24: Effect of iron supplementation on B. abortus-induced HIF-1α nuclear localisation in 
BMDM. 

a) Immunostaining of HIF-1α in BMDMs infected or not (NI: non-infected cells) with B. abortus-544-
GFP for 48 h and treated or not (CTRL: control cells) with 500 µM iron chloride tetrahydrate (Fe). 
The percentages (%) of infected or non-infected as well as non-infected (NI) cells in the vicinity of 
infected cells that are positive for a HIF-1α nuclear staining for n=1 experiment are shown in b and c, 
respectively (scale bars = 25 µm). 
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Importantly, the inhibitory effect of iron supplementation on B. abortus-induced HIF-
1α stabilisation can be reproduced upon infection of bone marrow-derived macrophage 
(BMDM)-derived cell line in a preliminary experiment (Figure 24.a and 24.b). The apparent 
relevance of our findings to B. abortus-infected BMDM is important because BMDMs are a 
much more relevant cellular model in regard to Brucella in vivo infection. However, the 
difference in the percentages of HIF-1α nuclear localisation between NI cells in close proximity 
to B. abortus-infected cells and cells from control conditions was much less pronounced 
complicating the interpretation of the effect of iron supplementation in this context (Figure 
24.c). Nevertheless, these results will need to be confirmed.

In conclusion, B. abortus-induced HIF-1α stabilisation in HeLa cells, and apparently 
also in BMDMs, is due to an iron stress that, we suppose, is negatively affecting PHD catalytic 
activity. This claim would however require confirmation. We subsequently tried to determine 
what functional impact this putative iron depletion stress could have during B. abortus 
infection. 



  

Figure 25: Effect of iron supplementation on B. abortus intracellular proliferation. 

Colony-forming units (CFU) of B. abortus-GFP-infected HeLa (a) and BMDM (b) cells 
analysed at 6, 24 or 48 h post-infection times for cells incubated or not (CTRL) with iron 
chloride tetrahydrate (Fe)-treated (500 µM) from 2 h p.i.  In a), results represent as the 
means ± 1 SD (n = 3 independent experiments) of the number of CFU per ml (in log10 
units). Statistical analysis: two-way ANOVA followed by Bonferroni’s multiple 
comparisons between CTRL (black dots) and Fe-treated samples (white dots) (ns: no-
significant differences). In b), results are shown as the mean of CFU per ml (in log10 
units) for n = 1 experiment.  

 

a) 

b) 
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3.2. Effect of iron supplementation on B. abortus intracellular replication. 

 
 Given the very low number of B. abortus-infected cells showing HIF-1α nuclear 
localisation upon iron supplementation (Figure 22), this could be used to indirectly assess a 
putative effect of HIF-1α stabilisation on the intracellular replication of Brucella. We thus 
tested the putative effect of iron supplementation on the bacterial colony-forming unit (CFU) 
number and found that the supplementation does not have any effect on the proliferation of the 
bacteria during the course of infection (Figure 25). Two conclusions can be drawn from this 
experiment. First, HIF-1α stabilisation does not contribute to the anti-bacterial defences against 
Brucella in our model in contrast to what was reported during in vivo infection. This would 
however requires confirmation for Fe-treated BMDMs by reiterating the experiment. In 
addition, iron concentrations are probably not a limiting factor for Brucella intracellular 
replication in our conditions indicating that the different iron import pathways expressed by 
Brucella228 are apparently sufficient to meet the nutritional needs of the bacteria for iron.  

            We next focused our attention on our main objective: to determine the potential effects 
of this putative intracellular iron depletion responsible for HIF-1α stabilisation on the 
mitochondria of the infected host cells. 
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3.3. Exploration of the interplay between iron, HIF-1α and mitochondrial phenotypes 
associated with B. abortus intracellular infection. 
     3.3.1. Effect of iron supplementation on B. abortus-induced mitochondrial 

fragmentation. 

            As it was possible to indirectly modulate HIF-1α stabilisation by modulating iron 
concentration, we tested whether the suppression of HIF-1α stabilisation in response following 
iron treatment had any effect on B. abortus-induced mitochondrial fragmentation. Surprisingly, 
the mitochondrial morphology of B. abortus-infected HeLa cells stayed fragmented upon iron 
supplementation and was comparable as the one observed for non-supplemented infected-cells 
as assessed by AR and EP/BP quantification (Figure 26). These results strongly suggest that 
HIF-1α stabilisation and the mitochondrial fragmentation associated with a putative induction 
of mitophagy are two unrelated events during B. abortus intracellular infection. These 
observations are also supported by the fact that HIF-1α stabilisation in non-infected cells that 
are adjacent to B. abortus-infected HeLa cells does not seem to trigger mitochondrial 
fragmentation, at least 48 h after infection (Jeremy Verbeke, unpublished data). 

Figure 26: Effect of the supplementation of iron on B. abortus-induced mitochondrial fragmentation. 

a) Co-immunostaining of TOM20 and HIF-1α in HeLa cells infected or not (NI) with B. abortus-GFP for
48 h treated with 500 µM iron chloride tetrahydrate (Fe) at 2h post-infection time or not (controls: CTRL)
(scale bars = 25 µm). Quantitative analysis of the mitochondrial morphology was performed by the
determination of the aspect ratio (AR, b) and the end-point/branch-point ratio (EP/BP, c) of TOM20-
stained cells. Results are expressed as the means ± 1 SD for 4 independent experiments (n = 4) for TOM20
(an average of 25 cells were analysed by experiment and for each experimental condition giving a total of
100 cells per condition in total). Statistical analysis: two-way ANOVA followed by Bonferroni’s multiple
comparison (*: p < 0.05 and **: p < 0.01)
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Figure 27: Effect of iron supplementation on B. abortus-induced increase in LC3-mitochondria 
colocalisation events.  

a) Co-immunostaining of LC3B and ATP synthase-β subunit (ATPs-β) in HeLa cells infected or not (NI)
with B. abortus-GFP for 48 h and treated with 500 µM iron chloride tetrahydrate (Fe) at 2h post-infection or
not (CTRL: control cells). The zoomed micrographies at the right are derived from the areas delimited by the
red boxes (scale bars = 25 µm). b) Quantification of LC3B-ATPs-β co-localisation events. Results are
expressed as the mean numbers of co-localisation events (indicated by white arrows) between LC3B and the
mitochondrial marker ATPs-β and represent means ± 1 SD for 1 experiment (an average of n=15 cells were
analysed/condition). Statistical analysis: rank sum test (Mann-Whitney’s test, ****: p < 0.0001).

b)
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      3.3.2. Effect of iron supplementation on B. abortus-induced putative mitophagy. 

To assess the possibility that HIF-1α could be potentially involved in the putative 
mitophagy observed in Brucella-infected HeLa cells, as a downstream event of the 
mitochondrial fragmentation, the effect of an iron supplementation in B. abortus-infected HeLa 
cells was tested on the number of co-localisation events between LC3B and ATP synthase-β 
subunit (ATPs-β), markers of autophagosomes and mitochondria, respectively (Figure 27). We 
observed that iron supplementation does not have any any significant effect on the co-
localisation between autophagosome and mitochondrial markers.  

These results do not support an implication of HIF-1α in the alterations of mitochondrial 
morphology observed in HeLa cells infected with B. abortus.  
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      3.3.3. Effect of iron supplementation on B. abortus-induced increase in BNIP-3L 
abundance. 

The results showing that HIF-1α stabilisation and the different mitochondrial 
phenotypes indicative of mitophagy induction during B. abortus infection are two unrelated 
events was really surprising to us. Indeed, as we have seen at the end of the introduction (see 
section 1.4.4.4. related to preliminary data generated by Jeremy Verbeke, ongoing PhD thesis), 
one the canonical target genes of the HIF-1α transcription factor, the mitophagy receptor BNIP-
3L180,195,274, localises on the mitochondria in Brucella-infected HeLa cells at 48 and 72 h p.i. 
(see preliminary results Figure 10).  

 Nevertheless, we decided to determine whether BNIP-3L could also be regulated by 
changes in iron concentrations. Strikingly, the supplementation of B. abortus-infected cells with 
Fe dramatically impaired the increase in BNIP-3L abundance as observed by 
immunofluorescence and confocal microscopy observation at 48 h p.i. (Figure 28.a and 28.b). 
Furthermore, these results were confirmed by the quantification of BNIP-3L abundance at 48 h 
p.i. by flow cytometry performed on a higher number of infected-cells (Figure 28.c). Even if
these experiments need to be repeated, these results suggest that the accumulation/stabilisation
of HIF-1α is responsible for BNIP-3L expression in B. abortus-infected cells. This is in total
agreement with the known function of HIF-1α as a positive regulator of BNIP-3L180,274.
However, these result do not support our initial hypothesis assuming that BNIP-3L is the
effector responsible for the induction of a putative mitophagy during B. abortus infection.

Figure 28: Effect of iron supplementation on B. abortus- induced increase in BNIP-3L 
abundance.  

a) Immunostaining of BNIP-3L in HeLa cells infected or not (non-infected controls, NI) with B.
abortus at 48 h post-infection observed with confocal microscopy. Where indicated, 500 µM of
iron chloride tetrahydrate (+Fe) was added to the culture medium at 2 h post-infection or not
(controls, CTRL) (scale bars = 25 µm). The corrected total cell fluorescence (CTCF) shown in b
was calculated by subtracting the fluorescence of the background from the integrated fluorescence
density of each cell using the ImageJ software. Results are represented as the means ± 1 SD
calculated on an average of n=10 cells/condition (1 experiment). Statistical analysis: unpaired t-
tests with Welch’s correction (**: p < 0.01).

c) Quantification of BNIP-3L abundance by flow cytometry (1833 cells analysed/condition) in
HeLa cells infected or not (ctrl) with B. abortus-544-GFP for 48 h. When indicated, cells treated
with 500 µM Fe 2 h post-infection or not (ctrl). As a positive control, non-infected HeLa cells were
incubated with 1 mM DFO for 24 h before fixation.  Results are shown as the frequency distribution
of fluorescence intensities for n=1 experiment.
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Figure 29: Effect of BNIP-
3L silencing on Brucella-
induced mitochondrial 
fragmentation in HeLa 
cells.  

a) Co-immunostaining of 
TOM20 and BNIP-3L in 
HeLa cells infected with B. 
abortus-GFP or not (NI non-
infected control) for 48 h and 
transfected or not (CTRL 
controls) with either a non-
target siRNA (siNT) or a 
siRNA directed against 
BNIP-3L (siBNIP3L). 
Quantification of 
mitochondrial morphology 
was performed by 
determining the aspect ratio 
(AR) in b and the end-point/ 
branch-point ratio (EBP) in c. 
Results are expressed as the 
mean ± 1 SD. 35 cells were 
analysed/experiment for n = 
2 independent experiments. 
Statistical analysis: two-way 
ANOVA followed by 
Tukey’s post-hoc analysis 
(Lisa Martin., master thesis, 
2022). 

a) 

b) c) 
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      3.3.4. Effect of BNIP-3L silencing on the mitochondrial fragmentation induced by B. 
abortus. 

In order to test whether BNIP-3L could play a role in the fragmentation of mitochondria 
observed in Brucella-infected cells, we tested the effects of a small-interfering RNA (siRNA)-
directed against BNIP-3L expression on the mitochondria morphology of infected cells (Figure 
29). The efficiency and controls of these tools were performed by Lisa Martin (master thesis, 
2022). We observed that the silencing of BNIP-3L does significantly reduces B. abortus-
induced mitochondrial fragmentation in HeLa cells (Figure 29). Surprisingly, this observation 
is in contradiction with our previous results  showing that accumulations of HIF-1α (Figure 22 
and 23) and BNIP-3L (Figure 28) in Brucella-infected cells are unrelated to the induction of 
mitochondrial fragmentation (Figure 26) and/or mitophagy (Figure 27) in cells infected with 
B. abortus.

Three hypothesises can be proposed to try to explain this discrepancy: first, iron 
supplementation could not be as efficient as siRNAs to prevent BNIP-3L accumulation but this 
is not very likely as the abundance of BNIP-3L in iron-treated B. abortus-infected HeLa cells 
is very similar than in non-infected control cells (Figure 28).  

In a second time, the iron-mediated suppression of BNIP-3L is less specific and can thus 
not phenocopy siRNA-mediated knock-down (KD) for a still unknown reason. For example, 
we might assume that a high concentration of iron might also generate an aspecific stress, such 
as oxidative stress linked to iron-catalised Fenton reactions219 leading to a fragmentation that 
would mask the protection confered by BNIP-3L absence. Indeed, iron overload was linked to 
the induction of mitochondrial fragmentation (this has been mainly studied in neuronal and 
cardiac cells), already at a concentration of 100 µM of ferric citric acid275. However, no defined 
induction of mitochondrial fragmentation nor mitophagy could be observed in control HeLa 
cells treated with 500 µM iron chloride tetrahydrate (see Figure 26 and 27). We might thus 
assume that iron overload might induce aspecific effects only in B. abortus-infected cells. 
Interestingly, the mitochondrial fragmentation induced by iron overload in neuronal cells is 
dependent on ER stress276, so we might hypothesise that, because Brucella was shown to trigger 
an ER-UPR response64,65,172, B. abortus infection could sensitize cells to iron overload-induced 
ER stress and subsequent mitochondrial fragmentation.  
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In contrast, B. abortus-infected cells resistance to iron-mediated ROS production could 
be similar or even higher than non-infected cells for two reasons. First, following our current 
hypothesis, Brucella is probably depleting intracellular iron stores during its replication. 
Thereby, it is reasonable to think that a putative oxidative stress induced by iron 
supplementation would be less intense in B. abortus-infected cells than in NI cells because in 
the formers iron would also be partly consumed by the developing bacteria. In a second time, 
Brucella infection does not lead to an increase in ROS production, atleast by the mitochondria 
in our model (Figure 19), that can thus not explain a putative increase in the iron-catalysed 
Fenton reaction219. Furthermore, Brucella spp. were shown to actually upregulate the anti-
oxidant defenses in infected cells such as peroxiredoxin (Prdx) 5 and 6 and downregulate pro-
oxidants (thioredoxin-interacting protein, TXNIP) in a LPS and VirB-dependent manner to 
counteract macrophage’s oxidative burst159,272,277. Importantly, Prdx5 was shown to negatively 
regulate iron overload induced mitochondrial fragmentation in neurons276, we thus could 
hypothetise that B. abortus-infected cells would be more resistant than naïve cells to iron-
mediated oxidative stress. To test those hypothesises, staining of mitochondrial-derived ROS 
on B. abortus-infected HeLa cells could be performed after iron treatment. In addition, 
monitoring mitochondrial morphology after NAC treatment of iron-supplemented B. abortus-
infected HeLa cells could allow to reveal a production of potential damaging ROS linked to the 
iron treatment as NAC was shown to alleviate iron overload-induced mitochondrial 
fragmentation276.  

In a third time, we might also consider that the this apparent contradiction between iron-
mediated and siRNA-mediated BNIP-3L depletion on mitochondrial morphology is not due to 
an aspecific effect of iron, but rather due to the fact that both treatment do target the same 
pathway at different levels. Indeed, the main difference between the two scenarios is that, upon 
BNIP-3L KD, HIF-1α remains, most probably, stabilised and thus active (Martin L., master 
thesis) while this is not the case following iron supplementation. HIF-1α regulates a large set 
of genes in addition to BNIP-3L and the disruption of the normal HIF-1α-dependent signaling 
events in an more “artificial” way, such as  through siRNA mediated KD, could lead to 
unexpected results. This could also explain the different phenotypes associated with both ways 
to supress BNIP-3L expression. Importantly, the specific targeting of HIF-1α through a siRNA 
based KD could give valuable information in favour of either one of these two latter 
possibilities. 

In the end, in an attempt to adress these sets inconsistent data, we assumed that the 
elemental iron treatment we used was not able to recover/replete mitochondrial Fe levels 
because of a putative downstream regulator that could be affected during B. abortus infection. 
Importantly, it was reported that mitochondrial iron uptake is impaired in the absence of the 
mammalian siderophore 2,5-dihydroxybenzoic acid (2,5-DHBA)246. Intriguingly, 2,5-DHBA 
has a similar structure to 2,3-DHBA, an intermediate in bacterial siderophore synthesis246, to 
the point that 2,5-DHBA can be imported by the same transporter as 2,3-DHBA to mediate iron 
import in E. coli247. Importantly, 2,5-DHBA supplementation was shown to enhance mice 
suceptibility to E. coli infection247. 2,3-DHBA is also synthetised by Brucella spp. under iron-
deficient conditions228 leading us to hypothetise that 2,5-DHBA could be consumed during the 
massive intracellular replication of B. abortus leading to the depletion of intracellular 2,5-
DHBA pools. In those conditions, the additionnal iron that is added in the culture media of the 
cells could reach the cytosolic compartment (recovering PHD activity and leading to HIF-1α 
degradation), but not the mitochondria. The depletion of 2,5-DHBA would thus explain why 
the supplementation of iron does not prevent B. abortus-induced mitochondrial fragmentation 
and mitophagy because iron is unable to accumulate into the mitochondria.  
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 3.3.5. Involvement of 2,5-DHBA in mitochondrial iron import in HeLa cells. 

Unfortunately, studies addressing 2,5-DHBA are scarce and come mainly from the same 
group246,247,278–280 so it was important to confirm whether 2,5-DHBA could be involved in 
mitochondrial iron loading. We took advantage of a fluorescent probe able to detect free Fe2+ 
(the LIP) called Ferro-Orange205 to compare the ability of iron (Fe), 2,5-DHBA alone (apo-2,5-
DHBA) or DHBA that was pre-incubated with Fe (holo-2,5-DHBA) to increase mitochondrial 
LIP in naïve HeLa cells. In order to mimic the putative iron depletion induced by B. abortus 
infection, cells were first starved of iron with 150 µM DFO for 24 h. We next added 500 µM 
of either one of the compounds to compare their respective ability to restore iron levels in the 
mitochondria. Staining of the mitochondrial population was performed with the “Mito-Tracker 
Green” fluorescent probe allowing us to visualise the co-localisation between free iron detected 
by the “Ferro-Orange” fluorescent probe with the mitochondrial network.  The fluorescence 
intensities on transept sections in the cells were then plotted and analysed (Figure 30).  

Strikingly, the addition of apo-2,5-DHBA was sufficient to induce a small increase in 
Ferro-Orange staining inside the mitochondria but not in the surrounding cytosol demonstrating 
that 2,5-DHBA role in iron metabolism is specific to the mitochondria (Figure 30). 
Furthermore, holo-2,5-DHBA was much more potent at increasing global, and especially 
mitochondrial, iron levels than a Fe-treatment alone indicating that 2,5-DHBA increases the 
bioavailability of iron. Notably, the Fe treatment was also able to substantially increase 
mitochondrial iron concentrations, that can probably be attributed to endogenous levels of 2,5-
DHBA and/or, possibly, by the existence of other mitochondrial iron import mechanisms. If 
our hypothesis is right, this effect would be much more limited in B. abortus-infected cells due 
to the depletion of intracellular 2,5-DHBA pools.  

Collectively, these different observations confirmed that 2,5-DHBA is an important 
molecular effector in iron uptake by the mitochondria that could thus be relevant to Brucella 
infection. As a 2,5-DHBA deficit linked to a defective synthesis (in a bdh2 zebrafish mutant) 
has already been linked with mitochondrial stress and induction of mitophagy281, we thus 
hypothetised that a deficit in 2,5-DHBA induced by Brucella could be responsible for the 
mitochondrial phenotypes observed in infected HeLa cells.  

Figure 30: Effect 2,5-DHBA and/or iron treatment on iron concentrations in the mitochondria. 

a) Live cell imaging of the mitochondrial network and the labile iron pool in HeLa cells stained with
Mito-Tracker Green and Ferro-Orange fluorescent probes, respectively (scales bars = 25 µm). The cells
were first iron-starved for 24h with 150 µM DFO treatment before the addition of either 500 µM of iron
chloride tetrahydrate (Fe), 2,5-dihydroxibenzoic acid (apo-2,5-DHBA) or a combination of both
molecules (holo-2,5-DHBA) for an additional 24 h. Cells were then observed with a LSM 980 Airyscan
2 microscope. b) Transept analysis of Ferro-Orange (in red) and Mito-Tracker Green (in green)
fluorescence intensities across a distance of 25 µm. The location of the transept is shown in the magnified
micrographs which correspond to the areas delimited by the red boxes.
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1.4.4.  
1.4.5.  
1.4.6.  
1.4.7.  
1.4.8.  
1.4.9.  
1.4.10.  
     3.3.6. Effect of 2,5-DHBA supplementation on B. abortus-induced HIF-1α and 

mitochondrial fragmentation. 
 

  

 3.3.6. Effect of 2,5-DHBA supplementation on B. abortus-induced HIF-1α stabilisation

         and mitochondrial fragmentation.                                 

To test whether 2,5-DHBA was involved in the induction of mitochondrial fragmentation 
during B. abortus infection, infected HeLa cells were supplemented with 500 µM of either 
apo- or holo-2,5-DHBA. To avoid a potential bias caused by a putative effect of 2,5-DHBA 
treatment on early Brucella trafficking and/or replication, cells were either treated at 24h p.i. 
(Figure 31.a) or at 2h p.i. (Supplementary Figure 3), so after and before rBCV maturation, 
respectively15. Interestingly, apo-2,5-DHBA, in contrast to iron (Fe) or holo-2,5-DHBA, did 
not reduce the percentage of infected HeLa cells with a positive staining for nuclear HIF-1α 
(Figure 31.b). The quantification of the mitochondria fragmentation in cells incubated with 
2,5-DHBA reveal a small but constant increase in the AR in comparison to control cells in both 
non-infected and B. abortus-infected HeLa cells. Such increase is not seen for cells exposed to 
Fe supplementation alone (Figure 31.c).  

Some of these differences reached statistical significance such as for the apo-2,5-DHBA 
supplementation at 24h p.i. in both NI and B. abortus-infected background or following 
holo-2,5-DHBA supplementation at 2h p.i., but only in B. abortus-infected cells. 
Unfortunately, these observations are not observed for the EP/BP ratio. Strikingly, when B. 
abortus-infected cells are incubated with either 500 µM iron or holo-2,5-DHBA added at 2 h 
p.i., but not 24h p.i., an increase in the EP/BP ratio is observed at 48 h p.i (Figure 31.d). 
These results suggest an increase in mitochondrial network fragmentation. These surprising 
observations indicate that treating the cells at 2 h p.i. with iron and/or 2,5-DHBA induce 
aspecific effects. Notably, iron overload, induced by similar concentrations of iron as used in 
this study, was shown to induce endolysosomal dysfunction in a cultured cell line (HEK293T) 
translating in a decrease in the autophagic flux282. We can thus hypothesise that the 
supplementation of B. abortus-infected cells with iron decrease the rate of mitophagic 
turnover leading to a modest, but measurable, accumulation of fragmented piece of 
mitochondria.

Collectively, these results suggest that 2,5-DHBA treatment, at a concentration able to 
induce a strong mitochondrial iron loading in HeLa cells (Figure 13), has no, or a very weak, 
effect on B. abortus-induced mitochondrial fragmentation.  

Figure 31: Comparison of 500 µM iron, apo- or holo-2,5-DHBA treatment effects on B. 
abortus-induced  HIF-1α stabilisation and mitochondrial fragmentation. 

a) Co-immunostaining of TOM20 and HIF-1α in HeLa cells infected or not (CTRL) with B.
abortus-GFP- for 48 h and then observed by confocal microscopy. When indicated, cells were 
treated with 500 µM iron (Fe) at 2 h post-infection. In addition, 2,5-dihydroxibenzoic acid 
(DHBA) alone (apo-2,5-DHBA) or pre-incubated with Fe in a 1:1 concentration ratio (holo-
DHBA) were added at 24 h p.i. (scale bars = 25 µm) b) Quantification of the percentages (%) of 
cells that display a nuclear HIF-1α staining calculated on an average of n = 25 cells/condition 
(for 1 experiment) upon treatment of cells with Fe (at 2 h p.i.), apo-2,5-DHBA or holo-2,5-DHBA 
(at either 2 h p.i., giving 46 h of treatment, or 24 h p.i.). c) Quantification of the fragmentation of 
the mitochondrial population assessed by the aspect ratio (AR) and end-point branch-point ratio 
(EP/BP) in cells immunostained for TOM20 with upon treatment of cells with Fe (at 2 h p.i.), 
apo-2,5-DHBA or holo-2,5-DHBA (at either 2 h p.i., giving 46 h of treatment, or 24 h p.i.). 
Results are expressed as the means ± 1 SD calculated from an average of n = 25 cells/condition 
(for 1 experiment). Statistical analysis: rank sum test (Mann-Whitney’s test, *: p < 0.05, **: p < 
0.01). 
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Figure 32: Effect of a 5 mM 2,5-
DHBA 24 h treatment on B. 
abortus-induced mitochondrial 
fragmentation. 

a) Immunostaining of TOM20 in
HeLa cells infected or not (NI, non-
infected cells) with B. abortus-GFP
observed by confocal microscopy
at 48 h p.i. When indicated, cells
were supplemented or not (CTRL,
control cells) after 24 h, with 5 mM
of 2,5-DHBA (apo-2,5-DHBA) or
2,5-DHBA pre-incubated in a 1:1
concentration ratio with iron (Fe)
(holo-DHBA) (scale bars = 25 µm).

b) and c) Quantification of the
mitochondrial fragmentation by
assessing the aspect ratio (AR) and
the end-point on branch-point ratio
(EP/BP), respectively. Results are
expressed as the means ± 1 SD
calculated from 15 cells/ condition
(n = 15, 1 experiment). Statistical
analysis: rank sum test (Mann-
Whitney’s test, ****: p < 0.0001).

b)
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However, following the hypothesis that B. abortus is able to consume 2,5-DHBA during 
its massive intracellular replication, we hypothesised that the amount of 2,5-DHBA needed to 
allow sufficient mitochondrial iron loading is much higher in B. abortus-infected cells than in 
non-infected control cells. Indeed, whereas in non-infected cells the majority of the extra 2,5-
DHBA is available for the mitochondria, a proportion of the molecule could be redirected to 
the growing bacterium in B. abortus-infected cells. According to this hypothesis, a higher 
concentration of 2,5-DHBA would be required in Brucella-infected cells to observe the same 
effect than in non-infected control cells. 

We thus tested whether a very high concentration of 2,5-DHBA (5 mM) added at 24 h 
p.i. (to avoid any putative non-specific effect on early infection events and time point) would
be more potent at inhibiting B. abortus-induced mitochondrial fragmentation. Interestingly, 5
mM, holo-, but not apo-, 2,5-DHBA partially reduces/prevents B. abortus-induced
mitochondrial fragmentation regarding both the length of mitochondrial fragments (AR) and
the connectivity between these fragments (EP/BP) monitored at 48 h p.i. (Figure 32). While
we need to be cautious with these preliminary results, the inability of apo-2,5-DHBA to prevent
B. abortus-induced mitochondrial fragmentation strongly indicates that the holo-2,5-DHBA
acts by a mechanism that involves an increase in mitochondrial iron import. Importantly, a holo-
2,5-DHBA treatment induces an intermediary phenotype between non-infected and B. abortus-
infected cells  indicating that the concentrations we used might still be too low to completely
recover/prevent the fragmentation or that 2,5-DHBA depletion and mitochondrial iron loading
are only partly responsible for B. abortus-induced mitochondrial fragmentation. Nevertheless,
these preliminary results suggest that a specific impairment of mitochondrial iron import at the
level of the mammalian siderophore 2,5-DHBA could be at the origin of B. abortus-induced
mitochondrial fragmentation and the putative downstream mitophagy events.





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusions and perspectives 
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 In the last decade, the mitochondria emerged as a central regulator of the cellular 
immune response with modulation of the fusion/fission balance involved in the proper 
functioning of several immune cells types, including macrophages77,283. Unsurprisingly, this 
organelle was found to constitute a target of choice for a wide range of bacterial pathogens that 
modulate, among others, metabolic, apoptotic or innate immune pathways in order to get 
replicative and/or survival advantages69,70,76,77.  

B. abortus is a bacterial pathogen that invade the macrophages where it replicates 
massively inside the ER of the host cell in a remarkably stealthy way15. However, the studies 
addressing the relationship between Brucella and the mitochondria are scarce10,67,68,178,284. 
Smooth virulent B. melitensis 16M strain was shown to induce a down-regulation of nuclear-
encoded mitochondrial genes such as apoptosis-related genes in infected macrophages67, while 
the rough attenuated B. abortus strain RB51 was shown to induce macrophage cell death 
involving the caspase 2-dependent permeabilisation of the OMM, the release of cytochrome 
c285 and also mtDNA that is associated with the activation of the NLRP3 inflammasome and 
IL-1β production171,286. The mitochondria-localised enzyme ACOD1 has been involved in anti-
Brucella immunity in alveolar macrophages (AM), a process mediated by the production of the 
immune-metabolite itaconate10. Itaconate was proposed to inhibit bacterial multiplication by 
targeting the bacterial enzyme isocitrate lyase10. B. abortus infection does also disrupt 
mitochondrial metabolic functions and promote a switch towards aerobic glycolysis68. Finally, 
previous published work from our team discovered that BCVs are associated with 
mitochondria and that an important fragmentation of the mitochondrial network is observed in 
both HeLa cells and BMDMs infected with B. abortus178.  

Unfortunately, the function and the mechanism(s) by which B. abortus induces the 
fragmentation of the mitochondrial population remain(s) elusive. Mitochondrial fragmentation 
is linked to the induction of the co-localisation between LC3 and the mitochondria in B. 
abortus-infected cells, indicative of mitophagy, without concomitant widespread reduction of 
MMP or Parkin recruitment on the mitochondria (Jérémy Verbeke, ongoing PhD thesis, 
unpublished data). Importantly, the abundance of the Parkin-independent mitophagy receptor 
BNIP-3L is dramatically increased at 48 and 72 h after B. abortus infection and localised on the 
fragmented mitochondria (see introduction Figure 10.a) (Jérémy Verbeke, ongoing PhD 
thesis, unpublished data). Furthermore, this phenotype is associated with a strong nuclear 
localisation of the HIF-1α transcription factor starting at 24 h p.i. (see introduction Figure 
10.g) (Verbeke J., ongoing PhD thesis unpublished data), the canonical positive regulator of 
BNIP-3L transcription179,180 suggesting an HIF-1α-dependent induction of mitochondrial 
fragmentation and, possibly, mitophagy during B. abortus infection of HeLa and RAW264.7 
cells.

In consequence, the main objectives of this master thesis, centred on HIF-1α regulation, 
were (i) to identify the molecular actors responsible for HIF-1α stabilisation in response to B. 
abortus infection by focusing on known regulators of PHD activity such as oxygen, ROS and 
iron, (ii) to determine whether HIF-1α stabilisation is involved in the mitochondrial phenotypes 
associated with B. abortus infection or not and (iii) to better characterize the putative role of 
Brucella and/or the host cells in these events.  

During this master thesis, B. abortus-induced HIF-1α stabilisation was found to be an 
iron-dependent process (Figure 22 and 23) with no (or little) involvement of hypoxia (Figure 
18) and ROS production (Figure 20 and Supplementary Figure 2) at least in HeLa cells. Our
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results does also not apparently support an involvement of HIF-1α and BNIP-3L in B. abortus 
replication (Figure 25) nor in B. abortus-induced mitochondrial fragmentation during infection 
of HeLa cells. These data are in apparent contradiction with other results generated by Lisa 
Martin that showed an involvement of BNIP-3L in B. abortus-induced mitochondrial 
fragmentation (Figure 29, master thesis, 2022). However, preliminary results suggest that a 
deficiency in the mammalian siderophore 2,5-DHBA might induce a stress due to an iron deficit 
in the mitochondria responsible for B. abortus-induced mitochondrial fragmentation. This 
would constitute, to our knowledge and after confirmation, an original report for a pathogen-
induced mitophagy, not already described in the literature. 

4.1. Mechanisms of B. abortus-induced HIF-1α stabilisation. 

Even if a drop in oxygen tension is the canonical stimulus described for HIF-1α 
stabilisation, the PHD-dependent mechanism of regulation of HIF-1α accumulation was 
subsequently associated with the sensing of many other parameters molecules such as ROS and 
NO production, levels of Krebs cycle metabolites (such as fumarate or succinate) and 
intracellular concentrations of iron198. We were not able to demonstrate the presence of a 
substantial hypoxia in B. abortus-infected cells using the hypoxia marker EF-5 (Figure 18 and 
Supplementary Figure 1), or at least to levels compatible with HIF-1α stabilisation.  

During the course of the study, a paper reported that succinate-dependent mtROS in 
response to STING stimulation production is responsible for B. abortus-induced HIF-1α 
stabilisation in primary BMDM203. However, in our experimental conditions this possibility can 
be most likely ruled out due to the total inability of mitochondria-targeted antioxidant (Figure 
20) or general anti-oxidants (Supplementary Figure 1) to reduce B. abortus-induced HIF-1α
stabilisation in HeLa cells. HIF-1α stabilisation following B. abortus infection can thus
apparently not simply be explained by an inflammatory HIF-1α stabilisation as a general
response to bacterial infections287. This assumption is supported by the lack of effect of the
inhibition of HIF-1α through iron treatment on B. abortus proliferation as assessed by CFU
numbers (Figure 25). This would nevertheless need to be confirmed in BMDM.

In consequence, our current hypothesis to explain B. abortus-induced HIF-1α 
stabilisation is a putative reduction in intracellular free iron concentrations. The direct 
monitoring of intracellular Fe is complicated in our experimental conditions as the microscope 
resolution available for live microscopy in biosafety level 3 conditions (Eclipse Ti2, Nikon, see 
Figure 19) is too low to obtain exploitable micrographies with Ferro-Orange staining (data not 
shown). Alternatively, an increase in IRP1/2 stability288 (the master regulators of the iron 
starvation response), a decrease in ferritin levels or an increase in surface expression of the 
TfR1 would indirectly demonstrate that the host cells face an iron starvation stress during B. 
abortus infection (see Figure 14 in the introduction)216. The next step would thus be to 
determine whether this is a host or a bacteria induced phenomenon or, even more probably, a 
combination of both. Indeed, it is perfectly conceivable that the massive intracellular 
proliferation of B. abortus would lead at a moment to the depletion of intracellular iron stores.  

In addition, in response to intracellular bacterial infection, the host reduces intracellular 
iron levels to limit bacterial growth206,213. Accordingly, RAW 264.7 macrophage-like cells up-
regulates ferroportin mRNA levels at 24 h p.i. in response to B. abortus infection leading to 
increased protein levels at 48 h p.i. leading to reduced intracellular iron concentrations231. A 
proteomic study done on samples extracted from B. abortus-infected J774 macrophages at 48 
h p.i. also revealed that Brucella face an iron starvation stress and upregulates its iron import 
mechanisms234, a response correlated with ferroportin expression231. Even if data on earlier time 
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point is lacking, the bacteria does apparently not face an iron starvation stress before 48 h p.i., 
or, at least, not to a sufficient extent to prevent the important proliferation observed inside HeLa 
cells. It might nevertheless be interesting to monitor ferroportin protein abundance in B. 
abortus-infected HeLa cells to determine whether the host immune response could be 
implicated in HIF-1α stabilisation in our experimental conditions.  

4.2. Relationship between B. abortus-induced HIF-1α stabilisation, BNIP-3L 
abundance and mitochondrial fragmentation/mitophagy 

Currently, we suppose that the mitochondrial fragmentation serve as a prerequisite step 
for mitophagy as the mitochondria colocalises with LC3B in B. abortus-infected cells (see 
introduction Figure 10.e) (Jeremy Verbeke, ongoing PhD thesis, unpublished data). However, 
this evidence is quite indirect, so the induction of mitophagy in B. abortus-infected cells will 
be confirmed by using a Fis1-GFP-mCherry construct249. This construct allow to discriminate 
the mitochondria fragments (as Fis1 is an OMM protein) being degraded in the lysosomes from 
the rest of mitochondrial network because GFP fluorescence is quenched by acidic 
conditions249. If the intensity of red fluorescence is stronger in B. abortus-infected cells, it 
would confirm the induction of mitophagy in infected-cells. 

In addition to induce HIF-1α stabilisation and BNIP-3L expression189,195, iron chelators 
including DFO were also reported to induce Parkin-independent mitophagy249–251,256 which led 
us to hypothetise that both events could be mechanistically linked during B. abortus infection. 
Strikingly however, iron supplementation-mediated inhibition of B. abortus-induced HIF-1α 
stabilisation (Figure 22) and BNIP-3L expression (Figure 28) did not negatively affect B. 
abortus-induced mitochondrial fragmentation (Figure 26) and LC3-mitochondria co-
localisation (Figure 27). This is in apparent contradiction with the fact that the silencing of 
BNIP-3L expression by the siRNA approach significantly prevents B. abortus-induced 
mitochondrial fragmentation (Figure 29, Lisa Martin, master thesis, 2022). To add another 
layer of complexity, encouraging preliminary data indicate that supplementation of B. abortus-
infected HeLa cells with the iron-loaded form of the mammalian siderophore 2,5-DHBA 
partially prevents B. abortus-induced mitochondrial fragmentation, this time supporting a 
causal role of mitochondrial iron levels in the induction of a putative mitophagy.  

Unfortunately, we do not have currently a full comprehensive hypothesis to explain 
these discrepancies. For the reasons exposed in the section 3.3.4., an aspecific effect linked to 
iron supplementation might, as it might not, be responsible for the opposite effects obtained on 
B. abortus-induced mitochondrial fragmentation between iron-mediated and siRNA-mediated
BNIP-3L suppression. Importantly, both BNIP-3L deficiency and holo-2,5-DHBA
supplementation induce a partial restoration of mitochondrial network morphology possibly
indicating that both mechanisms are involved in independent pathways leading to mitophagy.
These two different mechanisms might be a consequence of two overlapping stress induced by
B. abortus-induced infection: namely a generalised iron stress, which induce HIF-1α-dependent
BNIP-3L expression, and a mitochondria-specific iron stress that induces a still unidentified
mitochondrial fragmentation/mitophagy pathway.

We can then postulate that the reduction of BNIP-3L expression following iron 
supplementation was inefficient to prevent mitochondrial fragmentation and/or mitophagy 
because, even if this was able to restore B. abortus-induced general iron deficit, it could not 
recover the mitochondria-specific iron deficit, possibly due to impaired mitochondrial iron 
import through the 2,5-DHBA pathway. In that case, BNIP-3L absence would be compensated 
by the other, unidentified, mitochondrial fragmentation mechanism induced by the 
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mitochondrial iron stress. However, this should also be observed after siRNA-mediated BNIP-
3L silencing.  

Importantly, the major difference between these two approaches is that, with the siRNA 
approach, HIF-1α stabilisation is probably maintained while HIF-1α is not stabilised anymore 
in response to iron supplementation situation. As previously suggested (see section 3.3.4.), it 
would be interesting to determine whether specific siRNA-mediated depletion of HIF-1α in B. 
abortus-infected cells does phenocopy BNIP-3L deficiency on mitochondrial network 
morphology. This would allow us to determine whether the conservation of B. abortus-induced 
mitochondrial fragmentation and increase in LC3-mitochondria colocalisation following iron 
supplementation is due to non-specific effect(s) of the treatment.  

In addition, it would be interesting to follow the non-infected cells in close proximity to 
B. abortus-infected cells that present a nuclear HIF-1α staining to determine if it is associated
with an increase in BNIP-3L expression. If that’s the case, we could determine if BNIP-3L
expression is sufficient to induce mitochondrial fragmentation and/or mitophagy on its own or
if BNIP-3L action required a specific micro-environment only present in B. abortus-infected
cells.

Strikingly, the possibility of two mitochondrial fragmentation pathways co-existing 
during B. abortus infection was already proposed based on data generated previously by our 
team 178. Indeed, even if Brucella was able to induce mitochondrial fragmentation in DRP1 KO 
cells, it is to a lesser extent than in WT cells, at least for the AR. These results suggest that both 
a DRP1-independent and a DRP1-dependent pathway seems to be induced by Brucella178. 
Furthermore, in the case of chemical hypoxia-induced mitophagy (by treating HeLa cells with 
CoCl2), it was reported that the double KO of BNIP3 and BNIP-3L only partially prevents 
mitophagy induction180. These results nicely show that a several different mitophagy pathways 
can be activated at the same time and that BNIP3/BNIP-3L are only contributors in addition to 
other, BNIP3 and BNIP-3L-independent, mitophagy receptors such as FUNDC1117 and 
FKBP8289. 

Indeed, based on the literature, BNIP-3L might not be the only effector of B. abortus-
induced mitochondrial fragmentation as it been shown to be dependent on DRP1 in muscles 
cells and keratinocytes126,290. Mechanistically, ER-located BNIP-3L was shown to induce 
calcium (Ca) release from ER stores leading to the dephosphorylation and activation of DRP1 
by the calcium-dependent phosphatase PPP3CA290. Importantly, in HeLa cells, calcium-
dependent activation of DRP1 is also present and was associated with Ca2+/calmodulin-
dependent protein kinase 1α (CaMK1α)291. It would thus maybe be interesting to monitor 
whether the siRNA-mediated depletion of BNIP-3L is still able to prevent B. abortus-induced 
mitochondrial fragmentation in DRP1 KO cells.  

In addition, different other mechanisms have been identified in the case of iron 
chelation-induced mitophagy. A very interesting candidate to constitute the potential effector 
of B. abortus-induced DRP1 independent mitochondrial fragmentation is FKBP8. FKBP8 was 
effectively shown to induce mitochondrial fragmentation (and mitophagy) following iron 
chelator treatment (DFP) in HeLa cells independently of DRP1131.  In contrast, in DFO-treated 
HeLa cells, mitophagy was completely dependent on FUNDC1251. DFO triggered an 
impairment of Fe-S cluster synthesis leading to an IRP1 response. IRP1 mRNA-binding activity 
was shown to be essential for the activation FUNDC1, mediated by the phosphatase PGAM5251. 
Importantly, FUNDC1-mediated mitophagy is dependent on DRP1-mediated mitochondrial 
fission129,292,293. Interestingly, some parallels can be made between BNIP-3L and FUNDC1 as 
the latter was also shown to promote Ca release from the ER upon overexpression in 
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cardiomyocytes294. FUNDC1 was also reported to be important for MAM integrity294. 
However, they seem to be involved in separate independent pathways as the overexpression of 
either FUNDC1 or BNIP-3L rescue hypoxia-induced mitophagy in FUNDC1 + BNIP-3L 
double KD HeLa cells295.  

In addition to a deficit in Fe-S cluster synthesis251, mitochondrial fragmentation could 
be induced by a deficit in heme synthesis, as it was recently reported for yeast cells treated with 
an inhibitor of ALAS enzymes (see introduction Figure 13)296. We might thus hypothetise that 
B. abortus-induced mitochondrial fragmentation is partly linked to an impairment of heme 
synthesis due to altered mitochondrial iron import, an hypothesis that could easily be tested by 
supplementing B. abortus-infected HeLa cells with hemin before monitoring mitochondrial 
morphology.  

Interestingly, PGAM5 mediated activation of FUNDC1 in HeLa cells relies on 
particularly interesting actor called Syntaxin 17 (STX17, an ER-resident SNARE protein)297. 
STX17 was also associated with a new mitophagy pathway as its overexpression inducing a 
BNIP-3L/Parkin/FUNDC1-independent mitophagy in HeLa cells invalidated for Fis1298. An 
important observation is that the mitophagy induced by STX17 overexpression in Fis1 KO298 
or DFP-induced mitophagy249 are both linked to a decrease in OXPHOS activity. Importantly, 
the extent of mitophagy induction is strongly reduced when the cells are forced to rely on 
OXPHOS for energy generation in galactose-containing media249,298. Furthermore, 2,5-DHBA 
deficiency in a zebrafish embryo mutated for the enzyme responsible for its synthesis (Bdh2)  
also results in a decreased respiratory activity and the induction of mitophagy281.  

As the reduction in OXPHOS activity seem to be a common point between these 
different form of mitophagy, we will test in the near future whether incubating B. abortus-
infected cells in galactose-containing media might reduce the induction of mitophagy 
(monitored by the Fis1-GFP-mCherry construct) to potentially link B. abortus-induced 
mitophagy with DFP-induced mitophagy249. Depending on the results, that kind of experiments 
could also indicate a putative involvement STX17 in B. abortus-induced mitophagy that could 
be further tested.   

4.3. B. abortus and the mitochondria: a battle for iron acquisition 
 

 This work ended on the encouraging observation that the supplementation of B. abortus-
infected HeLa cells with the mammalian siderophore 2,5-DHBA prevents, at least partly, the 
fragmentation of the mitochondrial network (Figure 32). The presence of 2,5-DHBA has been 
causally related with mitochondrial iron import246, an observation that we confirmed by using 
the LIP-sensitive fluorescent probe Ferro-Orange (Figure 30). If 2,5-DHBA effect is 
confirmed, the next step would naturally be to determine the respective contribution of the host 
and the pathogen in the depletion of intracellular concentrations of 2,5-DHBA. Naturally, it is 
tempting to speculate that B. abortus is generating a 2,5-DHBA deficit resulting from its 
consumption as it has been observed during E. Coli infection of mice247.  

This exciting discovery would be another argument in support of the endosymbiotic 
theory, emphasizing the mitochondria and Brucella as distant relatives. The importance of these 
monocatecols for iron metabolism is also exemplified in the remarkable functional conservation 
of the enzymes responsible for 2,3-DHBA and 2,5-DHBA, the bacterial enzyme EntA and its 
mammalian homolog Bdh2, respectively246. Indeed, in a nice demonstration, Devireddy and 
colleagues showed that Bdh2 is able to synthesise, in addition to 2,5-DHBA, the bacterial 
siderophore 2,3-DHBA246. In addition, due to their high structural similarity, the 2,3-DHBA 
transporter in E. Coli was able to mediate 2,5-DHBA import during in vitro culture247. 2,3-
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DHBA was the first siderophore identified for B. abortus299 but 2,3-DHBA is more likely to be 
acting as a precursor in the synthesis of a more complex siderophore: brucebactin (see Figure 
15.a in the introduction)228. This supports the hypothesis that B. abortus might consume host-
derived 2,5-DHBA during infection thanks to the transporter initially dedicated to 2,3-DHBA
transport. This kind of siderophore “piracy” could constitute an evolutive advantage for B.
abortus as it would spare the energetic cost associated with the de novo synthesis of 2,3-
DHBA227. One single paper has explored the mechanisms of 2,3-DHBA transport in B. abortus
in which the authors identified the ABC transporter DstC, also called fatC (see Figure 15.b in
the introduction)228, as important for 2,3-DHBA import236. In the future, it will be important
to determine whether 2,5-DHBA supplementation could promote the growth of B. abortus and
a fatC mutant not only in vitro under iron deficient conditions but also during intracellular
infection. If the fatC mutant has a reduced ability to use 2,5-DHBA as a nutrient source, it
should also limit the ability of B. abortus to cause mitochondrial fragmentation in infected cells.

Unfortunately, the function of 2,3-DHBA and/or brucebactin production for B. abortus 
virulence is ambiguous as a mutant unable to synthesise 2,3-DHBA has a reduced ability to 
cause abortion in pregnant ruminants228,300 but has a similar ability to cause chronic infection 
in mice301. Interestingly, these mutants would probably still be able to import 2,3-DHBA or, as 
we suspect, 2,5-DHBA present in the host cells. It would then be interesting to monitor whether 
a 2,5-DHBA import mutant is attenuated during chronic infection of mice. However, a fatC 
mutant, that is supposedly deficient 2,5-DHBA import, was not attenuated during mice 
infection236. This finding could be explained by the hypothesis that 2,5-DHBA can promote, 
but is not necessary for B. abortus growth. Indeed, Brucella was found to use other iron sources 
such as heme239 or Fe2+ 240 that have been shown to be required for the establishment of chronic 
infection in the spleens of mice contrary to 2,3-DHBA. We could then envisage B. abortus as 
an opportunistic bacteria that could consume 2,5-DHBA if it is present but mainly rely on other 
iron sources in its absence.   

Perhaps, 2,5-DHBA might not even constitute an available iron source for B. abortus as 
it was shown that 2,5-DHBA production was also subjected to the nutritional immunity imposed 
by the host during bacterial infection247. Indeed, TLR stimulation, including the TLR2, 9 and 
4, that have been linked with Brucella infection31,33,34,36, induce a downregulation of bhd2 
expression, the gene encoding the Bdh2 enzyme, inducing a reduction of 2,5-DHBA levels in 
the liver of E. Coli and S. aureus-infected mice 247. Furthermore, induction of ER stress, by the 
chemical inhibitor of protein glycosylation tunicamycin, led to a reduction in bdh2 expression 
in THP-1 human macrophages-like cells280. This could provide an interesting link between 
Brucella infection and 2,5-DHBA deficiency. Indeed, Brucella is known to induce an ER-UPR 
during intracellular infection of both HeLa cells and macrophages at least for the IRE1 branch 
of the ER-UPR64,65,172,302, that has also been observed in our model of infection of HeLa cells 
with B. abortus (Lisa Martin, unpublished data, master thesis, 2022). The putative 2,5-DHBA 
deficiency present during B. abortus infection might thus also be linked to the host nutritional 
immunity or involve both host and bacteria-derived components.  

To decipher between these two possibilities, it might be informative to monitor Bdh2 
expression levels in B. abortus-infected cells to uncover a potential involvement of host 
nutritional immunity mechanisms causing Bdh2 down-expression. In addition, the reduction of 
the ER-UPR by the use of tauroursodeoxycholic acid (TUDCA), a chemical chaperone that 
downregulates the UPR65,172, might allow to determine if B. abortus-induced UPR could 
diminish Bdh2 abundance and thus, possibly, mitochondrial fragmentation and/or mitophagy. 
We could also impair the host TLR-mediated signalling responsible for Bdh2 by targeting the 
transcriptional repressor B lymphocyte-induced maturation protein-1 (BLIMP) that has been 
reported to be responsible for LPS-induced 2,5-DHBA depletion247. Finally, it will be important 
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to confirm those finding in vivo by determining whether supplementation of mice with 2,5-
DHBA increases susceptibility to B. abortus infection as it was previously demonstrated for E. 
coli247. 

4.4. Putative functions of B. abortus-induced mitochondrial fragmentation and 
mitophagy 

 

 Determining the functional impact that the B. abortus-induced mitochondrial 
fragmentation and mitophagy could have during intracellular infection will be a fundamental 
part of the future of the project. Different hypothesises can be proposed: (i) mitophagy could 
limit the induction of inflammatory pathways, (ii) mitophagy might constitute a quality control 
mechanism to increase the host cell survival upon infection and thus bacterial survival. 

4.4.1. Downregulation of inflammatory responses 
 

As exposed in the introduction (see section 1.4.4.3.), the induction of mitochondrial 
fragmentation and mitophagy were both associated with a reduced activation of the 
inflammasome and subsequent reduced IL-1β secretion by macrophages 170,174,176,303. As IL-1β 
was demonstrated to be a protective cytokine for the host during B. abortus infection, the 
possibility remain that B. abortus-induced mitophagy might downregulate the innate immune 
response and contribute to the “stealthy” behaviour of the pathogen. Accordingly, a paper 
reported that B. abortus-induced LC3B and general autophagy was associated with the 
inhibition of M1 polarisation and secretion of pro-inflammatory cytokines (IL-1β, TNF-α) in 
primary macrophages304. Furthermore, BNIP-3L-dependent mitophagy was shown to reduce 
IFN-β production through the MAVS pathway305.  

4.4.2. Protective mechanism against the mitochondrial dysfunction induced by iron 
depletion stress.  

 

 Several studies showed that iron chelators treatment induce a progressive decrease in 
OXPHOS activity in different cell types249,250. This was associated with a minor increase in the 
number of depolarised mitochondria in mammalian cells249,250. However, in the yeast C. 
glabrata, the inhibition of mitophagy upon iron starvation strongly decreased the polarisation 
state of the mitochondrial population suggesting that induction of mitophagy is a quality control 
mechanism in response to the mitochondrial stress induced by iron starvation306. Accordingly, 
a small increase in mtROS production is observed after iron chelator treatment249,251 that is 
increased upon interference with the FUNDC1-dependent mitophagy in HeLa cells leading to 
an increase in protein carbonylation, indicative of an oxidative stress251. We thus propose that 
the putative mitophagy mechanism(s) involved in B. abortus-induced mitochondrial 
fragmentation and/or mitophagy is a quality control mechanism that counteracts the 
mitochondrial iron stress observed during infection. In that way, mitophagy would favour the 
survival of the B. abortus-infected host cell. If this assumption is true, the interference with 
mitochondrial fragmentation and/or mitophagy by depleting BNIP-3L should lead to an 
increase in mtROS production that could be monitored with mito-SOX (Figure 19). 
Subsequently, we could use siRNA-mediated depletion of BNIP-3L to uncover a potential role 
of the mitophagy in the host cell survival by monitoring apoptosis induction307,308. 

 In addition, a putative reduction of oxidative stress mediated by mitophagy induction 
might also contribute to intracellular Brucella survival. As exposed in the introduction (see 
section 1.4.4.), mitochondria emerged as important contributor to the anti-microbial defences 
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of macrophages against invading pathogens153,154. Importantly, anti-bacterial mtROS during 
bacterial infection relies on the activation of the IRE1 pathway of the UPR in infected 
macrophages154. As already mentioned, Brucella is well known to induce IRE1 signaling in 
both HeLa cells and macrophages64,172,302. However, the exact role of IRE1 activation is still 
controversial, as some authors reported that IRE1 inhibition totally impairs B. abortus and B. 
melitensis replication in both HeLa and macrophages cells109,172,302,309 while IRE1 absence does 
not modulate B. abortus replication in similar cell types64,310 including in our experimental 
conditions (Lisa Martin, master thesis, 2022). Mechanistically, the B. abortus-promoting 
promoting effect of IRE1 is linked to the activation of host AMPK 108 and ULK1109. Host 
AMPK was reported to increase bacterial replication by decreasing NOX-derived ROS 
production in HeLa cells108 while ULK1 activity was reported to be essential for the 
intracellular multiplication of Brucella inside macrophages109. However, over-activation of 
IRE1 by a rough attenuated Brucella mutant is also associated with the induction of macrophage 
cell death155 suggesting a dual role of IRE1 during Brucella infection.  

In consequence, it seems that IRE1 activation must be tightly modulated by B. abortus 
to promote the parasitism of infected host cells with the downside that IRE1 activation might 
probably lead to an increase in inflammatory gene expression and mtROS production154,171 that, 
if exaggerated, could be detrimental to B. abortus long term infection by increasing the immune 
system response171,311,312 and contributing to the induction of cell death155,307 of the host cell. 
Indeed, Brucella was found to inhibit apoptosis induction by several ways 67,308,313–315 showing 
the importance of the preservation of its replication niche. We therefore propose that B. abortus-
induced mitophagy is a contributing factor to B. abortus-infected cell resistance to apoptosis by 
acting as a pro-survival mechanism to preserve mitochondrial function during infection. This 
mechanism could be important for the establishment of a chronic infection in mice by 
preserving its replication niche and limiting anti-Brucella immune response.  To test the 
relevance of this hypothesis, we might compare the ability of rough attenuated Brucella strains 
(such as B. abortus RB51) and smooth virulent Brucella strains (such as the B. abortus 544, 
used here) to induce mitophagy. Indeed, rough strains were shown to induce the death of 
infected macrophages to a much greater extent than smooth strains285 that, we hypothetise, 
might be linked to a diminished ability of rough strains to induce mitophagy.  

In addition, B. abortus-induced iron stress might also be linked to apoptosis resistance 
in infected cells independently of mitophagy, as it will be discussed in the next section.  

4.4.3. Preservation of the bacterial replicative niche by the induction of a pro-
survival/anti-apoptotic program. 

An interesting observation that can be made with B. abortus-infected cells, is that a 
small proportion (about 25%) develops enlarged mitochondria (Supplementary Figure 4) 
(Jeremy Verbeke, unpublished data, ongoing PhD thesis). Importantly, such enlarged and 
abnormal mitochondria were already described in the literature when transformed cell lines 
(including HeLa cells) were exposed to hypoxia316. The formation of these enlarged 
mitochondria are dependent on HIF-1 and its downstream target genes such as BNIP-3 and 
BNIP-3L316 which could thus be involved in B. abortus-induced formation of enlarged 
mitochondria. Strikingly, these mitochondria stay polarised, functional and protects the cell 
from apoptosis induction316. The formation of these enlarged mitochondria can be induced by 
down-regulating the different components of the iron-sulfure cluster (ISC) machinery (ISCU or 
NFS1 see introduction Figure 13) and also by repressing the mitochondrial iron importer 
MFR2317. Furthermore, hypoxia is likely to induce mitochondrial enlargement by 
downregulating the expression of the genes encoding several components of the ISC machinery 
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such as ISCU, cysteine desulfurase NFS1 and frataxin (FXN) in a manner dependent on HIF-1 
activity317. These observations raise the following attractive idea: B. abortus-induced 
mitochondrial iron stress in infected HeLa cells might be responsible for the formation of 
enlarged mitochondria (see Supplementary Figure 4). These enlarged mitochondria are quite 
rare at 48 h p.i. in infected-HeLa cells but this number increase by 72 h p.i. (Jeremy Verbeke, 
unpublished data, ongoing PhD thesis) so we could assume that the number of B. abortus-
infected HeLa cells presenting enlarged mitochondria should increase as the infection proceeds.  

Importantly, these enlarged mitochondria are associated with apoptosis resistance and 
might thus favour the conservation of the replication niche of Brucella during intracellular 
infection, thereby promoting chronic and lasting infection in mice25. As BNIP3/BNIP-3L 
function is associated with the apparition of the enlarged mitochondria316, we could determine 
if BNIP-3L expression is also involved in the apparition of this phenotype in the case B. abortus 
intracellular infection. Furthermore, it would be interesting to determine if enlarged 
mitochondria can be observed in the spleen of infected mice during chronic infection. 

The link between ISC machinery down-regulation and the appareance of the enlarged 
mitochondria was shown to rely on a Fe2-S2 cluster protein called CDGSH iron-sulfur domain 
protein 2 (CISD2)317. This protein, also called NAF-1 or Miner1, is an ER-resident protein 
localised at the MAM318 that is necessary for normal mitochondrial function319 and  that is 
causing the disease Wolfram syndrome when mutated320. It is part of a larger group of Fe-S 
protein, the NEET proteins, that also comprises CISD1 (also called mitoNEET) and the less 
studied CISD3 (also called miNT)321,322. NEET proteins attracted much attention lately because 
they were found to play a central role in ROS, calcium and iron metabolism321,322. They have 
been proposed to act as iron sensors inside cells, especially CISD1 whose Fe-S cluster is very 
labile and sensitive to iron depletion, such as following a DFO treatment323. Importantly, the 
destabilisation of CISD1 Fe-S cluster was shown to induce a fragmentation of the mitochondrial 
network324. Ultrastructure observation by transmission electron microscopy revealed that the 
effect of CISD1 destabilisation on mitochondrial network morphology was not linked to a 
modification of the fusion/fission balance but rather due to a disruption of close sites of 
apposition between adjacent mitochondria called intermitochondrial junctions (IMJ)324. We 
could therefore hypothesise that B. abortus-induced iron depletion negatively affects Fe-S 
cluster synthesis leading to CISD1 destabilisation that could be involved in the fragmentation 
of the mitochondrial network observed during infection of HeLa cells. Destabilisation of CISD1 
by 50 µM DFO was observed to induce a sharp downregulation of CISD1 protein levels within 
24 h of treatment323, so we would be able to see a down-regulation of CISD1 protein levels in 
B. abortus-infected HeLa cells after 48 h of infection. Subsequently, by overexpressing a
mutant form of CISD1 unable to lose its Fe-S cluster324, we could determine whether this
protein is involved in B. abortus-induced mitochondrial fragmentation or not.

Finally, exploring the role of NEET proteins during intracellular B. abortus infection 
might establish the missing link between iron metabolism, the induction of a mitochondrial 
stress, and calcium metabolism that was reported to be tightly linked with BNIP-3L ability to 
induce mitochondrial fragmentation290. Especially, CISD2, that localises at the MAM, was 
found to form a macromolecular complex with the inositol-triphosphate receptor channel 
(IP3R)325, a calcium channel essential for Ca signalling at the ER-mitochondria contact sites322. 
CISD2 KD was effectively shown to induce an increase in cytosolic calcium concentrations 
that can induce calcium-activated signalling326. As BNIP-3L-mediated mitochondrial 
fragmentation was linked with its ER localisation, IP3R function, Ca release and DRP1 
activation by a calcium-activated phosphatase290, the CISD2 pathway might be relevant to 
BNIP-3L function in B. abortus-infected cells. 
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4.5. General conclusion 

At the end, this master thesis increased our understanding of the intracellular events 
associated with intracellular B. abortus infection and especially its effect on the host cell. 
Indeed, this work highlighted the critical role of iron in the induction of a major signalling 
pathway of the host, i.e. the stabilisation of HIF-1α. Furthermore, encouraging preliminary 
results indicate that Brucella might trigger dysfunction of host’s mitochondria by disrupting 
mitochondrial iron import through the mammalian siderophore 2,5-DHBA. If these results are 
confirmed, it could constitute an original finding in the context of Brucella infection that would, 
once again, highlight the remarkable evolutionary conservation of some molecular pathways 
between old relatives that are Brucella and the mitochondria. Due to the importance of this 
siderophore in the mice susceptibility to other bacterial infections247, this work could constitute 
a first step towards the understanding of a new virulence mechanism of Brucella. Indeed, as the 
intracellular lifestyle of this pathogen is thought to be tightly linked with its virulence, a greater 
knowledge of the molecular actors linked to the ability of B. abortus to establish and maintain 
over time its replicative niche might contribute to the design of new and innovative therapies 
for this highly debilitating and long lasting disease.  
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Supplementary Figure 1: B. abortus infection do not trigger a substantial 
hypoxia as monitored by EF-5 staining. 

Co-immunostaining of EF-5 and HIF-1α in HeLa cells at 24h (in a) or 72h (in b) after 
infection with B. abortus-544-GFP (or not for non-infected controls, NI). Three hours 
before fixation, cells were incubated for 3h with 100 µM EF-5 in normoxic conditions 
to allow adduct formation that are subsequently detected with a monoclonal antibody 
conjugated with Cyanin-5. Micrographies were taken using confocal microscopy and 
are representative of 4 independent experiments (scale bars = 25 µm). 

 

a) 

b) 



  

Supplementary Figure 2: Effect of NAC treatment on B. abortus-induced HIF-1α 
stabilisation and mitochondrial fragmentation.  

Co-immunostaining of HIF-1α and TOM20 in HeLa cells infected or not (non-infected 
controls, NI) for 48 h with B. abortus-GFP visualised with a LSM 980 Airyscan 2 
microscope. When indicated, cells were treated or not (controls, CTRL) with 5 mM of N-
acetylcysteine (NAC) at 24 h p.i. (scale bars = 25 µm). 
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Supplementary Figure 
3: Comparison of 500 
µM iron, apo- or holo-
2,5-DHBA 46 h 
treatment effects on B. 
abortus-induced  HIF-1α 
stabilisation and 
mitochondrial 
fragmentation.  

Co-immunostaining of 
TOM20 and HIF-1α in 
HeLa cells infected or not 
(NI non-infected controls) 
with B. abortus-GFP for 
48 h and then observed by 
confocal microscopy. 
When indicated, cells 
were treated or not 
(CTRL, controls) with 500 
µM of either 2,5-
dihydroxibenzoic acid 
(DHBA) alone (apo-2,5-
DHBA) or pre-incubated 
with Fe in a 1:1 
concentration ratio (holo-
DHBA) at 2 h post-
infection (scale bars = 25 
µm). 



 

Supplementary Figure 4: Presence of enlarged mitochondria in B. abortus-infected cells 

Immunostaining of TOM20 and LPS in B. abortus-infected HeLa cells 72 h after infection. 
Zoomed micrographs correspond to the areas surrounded to red boxes. (Scale bars = 25 
µm). Jérémy Verbeke, ongoing PhD thesis, unpublished data. 
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