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Abstract

Macrophages are specialized innate immune cells that can recognize pathogens and induce an
immune response best suited to eradicate the threat. Metabolic reprogramming has recently
emerged as a major feature of innate immune cells following microbial infection. At the core
of this physiological process are mitochondria, key organelles for energy production that also
serve as immune signaling platforms [*]. The dynamic supramolecular organization of the
mitochondrial electron transport system complexes forming the respiratory supercomplexes
(SCs) may confer functional advantages to mitochondria [?]. However, the precise role of SCs
in metabolic adaptations in immune host defense remains to be determined. Recent evidence
nevertheless indicates that organizational and functional adaptations occur in the ETS of
macrophages to allow metabolic plasticity during engulfment of live E. coli [?] and upon
engagement of innate immune receptors [*]. Furthermore, several groups have demonstrated
that the tricarboxylic acid (TCA) cycle (or Krebs cycle) of macrophages stimulated with the
Toll-like receptor 4 (TLR4) ligand lipopolysaccharides (LPS) — the main component of Gram-
negative cell wall — shows two breakpoints at the isocitrate dehydrogenase (IDH) and at the
succinate dehydrogenase (SDH, or Complex 1) [°]. Importantly, previous experiments
conducted in Garaude’s laboratory suggested the involvement of Complex II/SDH in

macrophages metabolic reprogramming, depending on the microbial stimulus [?].

In my thesis work, | have investigated whether mitochondrial reprogramming depends on the

nature of the bacteria encountered and how this in turn modulates innate immune outcomes.

Our data show that the sensing of Gram-negative bacteria and Gram-positive bacteria by
macrophages differentially regulates mitochondrial oxygen consumption rate (OCR),
mitochondrial ATP synthesis and respiratory Cll activity throughout the time of infection.
Metabolomics analysis of bacteria-treated macrophages and plasma samples from patients
with sepsis show distinct reprogramming of the TCA cycle induced by Gram-negative and
Gram-positive bacteria. While Gram-negative-treated macrophages accumulate fumarate,
macrophages stimulated with Gram-positive bacteria accumulate a-ketoglutarate. Those two
metabolites are known modulators of histone- and DNA-methyl transferase [®], suggesting
that the metabolic reprogramming at the level of mitochondria may also lead to epigenetics
control of gene expression in macrophages upon bacterial infection. We thus investigated
whether the pharmacological manipulation of fumarate/a-ketoglutarate ratio and SDH/CII
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Abstract

activity modulate pro- and anti-inflammatory cytokines production in vitro and in vivo. Our
preliminary results indicate that there is no significant difference in mitochondrial respiration
capacity and ATP production induced by CII inhibitors, which suggest possible compensatory
effects mediated by SCs and the other dehydrogenases composing the mitochondrial electron
transport system. Further studies are still ongoing to elucidate the effect of CII inhibition on
cytokine production since we observed discrepant results on cytokine levels in vitro and in

Vivo.
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Résumé de la thése

Les macrophages sont des cellules spécialisées de I'immunité innée capables de reconnaitre
les agents pathogenes et d'induire une réponse immunitaire pour éradiquer la menace. La
reprogrammation métabolique est récemment émergée comme une composante majeure des
cellules de I'immunité innée aprés une infection microbienne. Au coeur de ce processus
physiologique se trouvent les mitochondries, des organelles clés pour la production d'énergie
qui servent également de plateformes de signalisation immunitaire [*]. L'organisation
supramoléculaire dynamique des complexes de la chaine de transport d'électrons (CTE) des
mitochondries en supercomplexes (SCs) peut conférer certains avantages fonctionnels aux
mitochondries [?]. Néanmoins, le role précis de ces SCs dans les adaptations métaboliques
lies a la réponse immunitaire de I'hOte reste a déterminer. Une étude récente indique que
suite l'ingestion de bactéries Gram-négatives E. coli vivantes et aprés engagement des
récepteurs de reconnaissance de l'immunité innée, des adaptations structurelles et
fonctionnelles du métabolisme mitochondrial sont mise en place dans les macrophages

contribuant ainsi a la réponse anti-microbienne [?].

Dans mon travail de these, j'ai voulu déterminé si la reprogrammation mitochondriale dépend

de la nature des bactéries rencontrées et comment cela module I'immunité innée.

Nos résultats montrent que la détection des bactéries Gram-négatives et des bactéries Gram-
positives par les macrophages régule différemment le taux de consommation d'oxygéne
mitochondrial (OCR), la synthése d'’ATP mitochondrial et I'activité respiratoire du Cll de la
chaine respiratoire mitochondrial. L'analyse métabolomique des macrophages et
d’échantillons de plasma de patients atteints de sepsis montre une reprogrammation distincte
du cycle du TCA induite par les bactéries Gram-négatives et Gram-positives. Alors que les
macrophages traités avec des bactéries Gram-négatives accumulent du fumarate, les
macrophages stimulés par des bactéries Gram-positives accumulent du a-cétoglutarate. Ces
deux métabolites sont des modulateurs connus de méthyltransférases [*], suggérant que la
reprogrammation métabolique des mitochondries peut conduire a un controle épigénétique de
I'expression des genes dans les macrophages apres une infection bactérienne. Nous avons
donc étudié si la manipulation pharmacologique du rapport fumarate/a-cétoglutarate et de
I'activité SDH/CII module la production de cytokines pro- et anti-inflammatoires in vitro et in

vivo. Nos résultats préliminaires indiquent qu'il n'y a pas de différence significative dans la
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Résumé de la thése

capacité respiratoire mitochondriale et la production d’ATP induite par les inhibiteurs de CIl,
ce qui suggeére des effets compensatoires possibles médiés par les SC et les autres
déshydrogénases composant le systeme de transport d'électrons mitochondrial. D'autres études
sont toujours en cours pour élucider l'effet de l'inhibition du CII sur la production de

cytokines puisque nous avons observe des niveaux de cytokines opposés in vitro et in vivo.
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Riassunto della tesi

I macrofagi sono cellule specializzate dell’immunita innata in grado di riconoscere agenti
patogeni e indurre una risposta immunitaria allo scopo di eliminare la minaccia di
infezione. Recentemente la riprogrammazione metabolica & emersa come una delle
principali caratteristiche delle cellule dell’immunita innata a seguito di infezione
microbica. Al centro di questo processo fisiologico si trova il mitocondrio, elemento chiave
per la produzione di energia della cellula, che funge anche da sistema integrato per la
biosegnalazione nella risposta immunitaria [*]. L'organizzazione dinamica supramolecolare
dei complessi della catena respiratoria mitocondriale (ETS), che forma i supercomplessi
respiratori (SCs), pud conferire vantaggi funzionali ai mitocondri [?]. Tuttavia, il ruolo
specifico dei SCs negli adattamenti metabolici alla base delle difese immunitarie
dell’ospite rimane da definire. Uno studio recente ha dimostrato che nell'ETS dei
macrofagi si verificano adattamenti strutturali e funzionali per consentire le necessarie
modificazioni metaboliche durante la fagocitosi di batteri E. coli vivi [}] o dopo
stimolazione di recettori di riconoscimento dell’immunita innata [*]. Inoltre, diversi autori
hanno dimostrato che il ciclo degli acidi tricarbossilici (TCA, o ciclo di Krebs) dei
macrofagi attivati dal lipopolisaccaride (LPS), principale determinante patogenico della
parete cellulare dei batteri Gram-negativi, per effetto del legame con il recettore di
riconoscimento Toll-like 4 (TLR4), presenta due interruzioni a livello dell'isocitrato
deidrogenasi (IDH) e della succinato deidrogenasi (SDH, o Complesso 1) [°]. E importante
inoltre sottolineare che precedenti esperimenti condotti nel laboratorio di Garaude
suggeriscono il coinvolgimento del Complesso 11/SDH nella riprogrammazione metabolica

dei macrofagi, in funzione del tipo di stimolazione microbica [?].

Il lavoro sperimentale descritto nella mia tesi e finalizzato a verificare se la
riprogrammazione mitocondriale nella cellula ospite dipenda dalla natura dei batteri
infettanti e come questo fenomeno possa a sua volta modulare gli effetti dell’immunita

innata.

I nostri dati mostrano che il riconoscimento di batteri Gram-negativi e Gram-positivi da
parte dei macrofagi regola in modo differente la velocita di consumo di ossigeno
mitocondriale (OCR), la sintesi di ATP mitocondriale e l'attivita respiratoria del CllI
durante I'infezione. L'analisi metabolomica di macrofagi trattati con diversi ceppi batterici

e di campioni di plasma di pazienti con sepsi mostra una distinta riprogrammazione del
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Riassunto della tesi

ciclo di Krebs indotta da batteri Gram-negativi e Gram-positivi. In particolare, mentre i
macrofagi trattati con Gram-negativi accumulano fumarato, i macrofagi stimolati con
batteri Gram-positivi accumulano a-chetoglutarato. Questi due metaboliti sono noti
modulatori degli enzimi appartenenti alla famiglia delle istone- e delle DNA-
metiltransferasi [®], suggerendo che la riprogrammazione metabolica a livello dei
mitocondri pu0 anche portare al controllo epigenetico dell'espressione genica nei
macrofagi in seguito ad infezione batterica. Abbiamo quindi studiato se la manipolazione
farmacologica del rapporto fumarato/a-chetoglutarato e dell'attivita del CII/SDH sia in
grado di modulare la produzione di citochine pro- e anti-infiammatorie in vitro e in vivo. |
nostri risultati preliminari non evidenziano differenze nella capacita respiratoria
mitocondriale e nella produzione di ATP indotta dagli inibitori del CII, il che suggerisce
possibili effetti compensatori mediati dai SCs e da altre deidrogenasi che compongono il
sistema mitocondriale di trasporto degli elettroni. Tuttavia, ulteriori studi sono ancora in
corso per chiarire I'effetto dell'inibizione del CII sulla produzione di citochine poiché

finora abbiamo raccolto risultati discordanti in cellule in vitro e in modelli murini in vivo.
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Introduction

2.1 The immune system — a brief overview

The homeostasis of an organism maintains the stability of biological processes in a
normal physiological state as a result of external or internal perturbations. Inflammation
is induced when homeostasis is no longer sufficient the system could develop a
pathological state [']. Several triggers can activate sensors and effectors which promote
the inflammation and if they are not well regulated that leads to a different pathological

outcomes [®].

The immune system is a complex network of specialized cell types, tissues and
organs responsible of protecting the host from invading pathogens and therefore plays a
crucial role in fighting infection and tissue damage by discriminating what is “non-self”

(foreign) or “altered-self” (degenerated) from what is part of the host “self”.

The most rapid immune response is the innate immunity and it is occurs in the first
phase (0-4h) of the pathogen invasion in the body. The activation of sensors recruits
nonspecific effectors which produce an immune response in order to clear the
microorganism. If the microorganism is able to bypass this step, the innate immune
induced response takes places (4h-4days). Effector cells produce a signal to activate and
recruit more specific effector cells aimed at eliminating the pathogens. A more long-
lasting response, adaptive response, can be trigger by the body in the case the first two
mechanisms are not sufficient to eradicate the infection. This adaptive immunity is
induced by the transport of an antigen to lymphoid organs which drives the activation of
naive B and T cells. These cells have the capacity to proliferate and differentiate into
specific and potent effectors cells that drive either the antibody response in the case of the

B cells or the cytotoxic in the case of T cells (Figure 1).
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Figure 1. Schematic representation of the different immune responses trigger during the pathogen infection

(created with BioRender.com).

Conventionally in mammals, immunity lays on two branches: the innate immune system

and the adaptive immune system.

The innate immunity forms the first line of host defence during the infection and
the response is more nonspecific and general. In fact, the main role of the innate immune
system is to recognize and limit the pathogen early during infection, thus including
physical and chemical barriers such as in the skin, ciliated respiratory epithelium,
vascular endothelium and mucosal surfaces. The innate immune system is based on the

recognition of specific types of molecules present into many pathogens but not in the host

(self).

The adaptive immune system sets the acquired immunity. It is more specific and
takes place in the late phase of the infection. To induce an adaptive response, antigen-
presenting cells (APCs) present small fragments of pathogens (antigens) to B and T
lymphocytes, which detect the foreign peptides with their antigen receptors expressed on

the cell surface.

In particular, there are two different adaptive immune responses: antibody response
and cell-mediated immune response.

In antibody response, B cells receptors bind a protein antigen which stimulates the
maturation and proliferation of the effector cells (mature B cells), so that mature B cells
subsequently produce and secrete specific antibodies that expose two antigen-binding
sites. In mammals, there are five classes of antibodies or immunoglobulins (Igs: IgA, IgD,
IgE, 1gG and IgM) with distinct biological properties and function. Once the
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immunoglobulins are secreted by mature B cells in the bloodstream, they can reach the
site of infection and act away from their initial production site.

In the cell-mediated immune response, like for the antibody response, the binding
of a foreign antigen by T cell receptors at the cell surface induces the proliferation and the
maturation of naive T cell into effector cells but only when the antigen is presented by
antigen-presenting cells (APCs). APCs degrade the protein antigen into small peptide
fragments that T cells recognize. APCs present the antigen fragments to T cells by
expressing on the cell surface of major histocompatibility complex (MHC) proteins.
There are two classes of MHC proteins: Class | MHC proteins, which are expressed by all
cells and mostly present intracellular/cytoplasmatic peptides, and Class Il MHC proteins,
which are expressed only by professional APCs specialized in presenting exogenous

fragment antigens [°].

Importantly, adaptive immunity provides lifelong immunological memory, the
capacity of the immune cells to remember previous infection and leads to a faster and
enhanced response to future encounters with similar invading pathogens.

2.2 The innate immunity
All immune cells develop from multipotent hematopoietic stem cells (HSCs) in the

bone marrow, which gives rise to lymphoid and myeloid progenitors. Each of these

progenitors differentiate into a range of innate and adaptive immune cell types (Figure 2).
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Figure 2. Representation of the cells of the immune system. Lymphoid (left) and myeloid (right)
progenitors originate derived from hematopoietic stem cells (HSCs). They differentiate into more specific

cell types of innate and adaptive immunity (created with BioRender.com).

Lymphoid progenitor differentiates into three cell classes: B cells, Natural Killer (NK)
cells and T cells. Once activated, B cells differentiate into memory B cells or plasma cells
that circulate in the bloodstream. They are responsible for storing information on different
antigens encountered in previous infections and for speeding up the immune response by

secreting antibodies.

NK cells are cytotoxic cells which detects virus-infected cells, cancer cells as well, etc
and induce the infected cells to kill themselves by apoptosis. Once activated, T cells
differentiate into memory T cells, cytotoxic T cells and helper T cells. Memory T cells,
like memory B cells, memorize characteristics of pathogen antigens and generate a faster
immune response. Cytotoxic T cells recognize infected cells or cancer cells, similar to
NK cells, and cause the programmed cell death of the target cells by releasing granules

which contain cytotoxins.

Helper T cells are important cells of the immune system secrete cytokines that boost the

adaptive immune response. They help activate B cells to produce and secrete antibodies,
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sustain and drive macrophages activation and differentiation and support them to

phagocyte foreign pathogens and activate cytotoxic T cells to kill infected cells.

Myeloid progenitor also gives rise to neutrophils, eosinophils and monocytes, which
further differentiate into dendritic cells (DCs) and macrophages.

Neutrophils are phagocytic cells present in the bloodstream that, upon infection, are able

to migrate to the site of inflammation to destroy the pathogen.

Eosinophils are a type of granulocyte mainly involved in allergic inflammatory responses

by releasing cytokines to fight against pathogens.

Dendritic cells (DCs) are a specialized phagocytic cell, they are potent APCs.

Macrophages are tissue resident phagocytic cells, which engulf invading pathogens

releasing cytokines and chemokines to trigger an immune response (see Chapter 2.2.1).

There are two additional types of cells derive from the myeloid progenitor: mast cells,
another type of granulocytes also involved in allergy, and basophils, which are engaged in

the immune response to parasites.

Myeloid progenitors also give rise to red blood cells and platelets. The red blood cells, or
erythrocytes, remain within the blood vessels and transport O2/CO. bound to
haemoglobin. Platelets are small cell fragments involved in blood clotting and reparation
of breaches.

2.2.1 Macrophages
Macrophages are phagocytic cells, present in almost every tissue of mammalian

body. They are important cells for the maintaining of the homeostasis functions of many

different tissues, but they are also important immune player regarding the inflammatory
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response. Together with dendritic cells, they are at the forefront of initiating an innate

immune response by phagocytosis and cytokine release.

One important feature of macrophages is to express a huge variety of phagocytic
receptors (mannose receptors, 3-glucan receptors, lipid receptors, scavenger receptors and
complement receptors). These receptors, activated by binding to their ligand, drive a
signalling pathway that leads to the expression of genes responsible for the phagocytic
program, several well-defined steps for engulfment a pathogen. For example, a bacteria
can be recognized by receptors and induce the formation of phagosome, which is
composed of plasma membrane and contains the microbe. Through an actin-dependent
movement can move in the cytosol and the phagosome is fused with a lysosome which is
a specific type of endosome, forming the phagolysosome. Inside the phagolysosome are
present all the elements to degrade/digest of the engulfed microbe.

Macrophages have two roles: to respond immediately to infection (bacteria, fungi
and virus) and to help repair the tissue damage (apoptotic and necrotic cells) that arises as
a consequence of the response. To perform these two functions, macrophages acquire a
pro-inflammatory phenotype in the first phase of the infection, and then later, acquire an
anti-inflammatory phenotype to promote tissue repair. They can have a different
phenotype depending on the signal received and the surrounding microenvironment.
Between these two types of macrophages exists a broad spectrum of macrophage

differentiation leading to completely different cellular and tissue functions (Figure 3).
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Figure 3. Schematic representation of activated macrophages in vitro (created with BioRender.com).

Activated macrophages are often divided into two subgroups according to cytokines
they produce, cellular features and their function in the immune response: M1
macrophages (or inflammatory macrophages) and M2 macrophages (or regulatory
macrophages). This phenomenon of the two different M1/M2 phenotypes is referred to

term ‘macrophage polarization” [17].

To differentiate MO macrophages (or resting macrophages) in vitro, it is necessary
to culture monocyte using M-CSF (macrophage colony stimulating factor) or GM-CSF
(granulocyte—macrophage colony stimulating factor) (Figure 4).

The classical inflammatory macrophages, or M1, are associated with inflammatory
responses. They are in vitro generated by stimulating resting macrophages with
inflammatory signal such as LPS in combination or not with interferon gamma (IFN-y).
M1 macrophages exhibited a high level of phagocytic activity and produce inflammatory
molecules: reactive oxygen species (ROS), nitric oxide (NO), pro-inflammatory cytokines
interleukin-1p (IL-1pB), tumor necrosis factor (TNFa) and interleukin-6 (IL-6), and several

chemokines.

The alternative “anti-inflammatory” macrophages, or M2, are associated with tissue
repair, regulation of inflammation and anti-inflammatory responses. In vitro they are

generated by stimulating resting macrophages with interleukin-4 (IL-4) and interleukin-
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13 (IL-13), anti-inflammatory stimulus, and they secrete growth factors, such as TGF-j,

to help in tissue renovation and anti-inflammatory cytokine.

However, the M1/M2 phenotype does not reflect all the different phenotypic
subsets of macrophages [*']. M2 macrophages can be further divided into M2b and M2c
macrophages. M2b macrophages are induced by stimulation with immune complex (IC) +
LPS and interleukin-1 receptor (IL-1R) while M2c macrophages are generated by
treatment with interleukin-10 (IL-10) and transforming growth factor (TGF-p).
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Figure 4. Schematic representation of macrophage differentiation (created with BioRender.com).

The characterization of all these types of macrophages led to the identification of
the different cellular functions performed by each subgroup. M1 macrophages are
dedicated to bacterial killing, generate inflammation and produce tissue injury while M2

macrophages are specialized to induce wound healing, angiogenesis and tumor promoting

[12]_
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In general, macrophages are able to recognize different threats and to generate specific

immune responses depending on the nature of the threat.

The transition between M1 macrophages and M2 macrophages is a dynamic process
which requires metabolic adjustments. An increasing number of studies nevertheless
collocates mitochondria at the centre of these physiological metabolic events during
innate immune activation. The metabolism of M1 and M2 macrophages are completely
different (Figure 5). M1 macrophages are characterized by antimicrobial properties, with
low fatty acids oxidation (FAQO) and high glycolytic flux that feeds the pentose phosphate
pathway (PPP) instead of providing pyruvate to TCA cycle thereby decreasing oxidative
phosphorylation (OXPHOS). Moreover, M1 macrophages show a broken Krebs cycle
resulting in the accumulation of several intermediates, such as succinate, citrate and its
itaconic acid derivate (see Chapter 2.3.3.2). M2 macrophages drives the tissue repair
producing anti-inflammatory cytokines. Metabolism of M2 macrophages also increases
glycolysis but the Krebs cycle is intact with high levels of fatty acid oxidation (FAO) and
oxidative phosphorylation (OXPHOS) [*].
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Figure 5. Schematic representation of metabolic pathways of activated M1 and M2 macrophages [*].

Macrophages are very rapid to switch from a resting to an activated state. As
described in the following sections, there is evidence in the literature showing that
alterations in mitochondrial structure and function, ROS production and various
metabolic pathways occur during this switch, but although the factors driving this change

are not yet fully understood.
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2.2.2 Pattern recognition receptors (PRRs) and pathogen-associated molecular
patterns (PAMPS)

An old theory of pathogen recognition by immune cells predicted that a pathogen
could trigger the innate immunity but also activate adaptive immunity, through the
antigen, and lead to the pathogen removal. In this view, innate and adaptive immunity are
completely separated and not linked each other. C. Janeway provided a new vision of the
pathogen recognition by immune cells, called the pattern recognition theory. He proposed
that the sensing of the infection is mediated by receptors of the innate immunity system,
which not only detect the presence of a pathogen but also determines the nature of the
antigen recognized by the adaptative cells. He suggested that the innate immune system
relies on germ-line encoded receptors that recognize conserved molecular patterns found

only in pathogen agents [*>29].

Cells of the innate immune system express a family of innate receptors known as
pattern recognition receptors (PRRs) at their surface. PRRs are evolutionarily conserved
germ-line-encoded receptors capable to recognize conserved structures on pathogens,
called pathogen-associated molecular pattern (PAMPSs). PAMPs are small molecules well
conserved within a class of pathogens, important for the pathogenicity but also are
essential for the survival of the pathogen. Sensing of PAMPs by PRRs rapidly activates a
cascade of intracellular signalling pathways that result in the induction of inflammatory
responses with the activation of gene expression and synthesis of pro-inflammatory

molecules, such as cytokines and chemokines [*7].
The PRRs are divided into five families: Toll-like receptors (TLRs), NOD-like receptors

(NLRs), C-type lectin receptors (CLRs) and RIG-1 like receptors (RLRs), AlM-like
receptors (ALRs) (Figure 6).
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macrophages [*].

Toll-like receptors

Toll-like receptors (TLRs) are the first PRRs identified by Jules Hoffman and Bruce
Beutler (Nobel Prize winners in 2011), with the contribution of Charles Janeway and
Ruslan Medzhitov, and it is the best characterized class of PRRs involved in the

recognition of pathogen pattern [*8].

TLRs are type | transmembrane integral glycoproteins with a large extracellular domain
containing an amino-terminal leucine-rich repeats (LRRS), a transmembrane domain and
a carboxy-terminal cytosolic Toll/interleukin-1 (IL-1) receptor (TIR) domain. The
extracellular domain is important for PAMPs recognition, and the intracellular portion

activate downstream signalling pathways.

In human, 10 TLR family members have been identified and each TLR detects different

PAMPs derived from various pathogens, such as viruses, bacteria, fungi and parasites.

35



Introduction

TLRs can be divided into subfamilies according to the specific PAMP recognized; TLR1,
TLR2, TLR4 and TLR6 detect lipids, whereas TLR3, TLR7, TLR8 and TLR9 recognize

nucleic acids.

Another TLRs classification is based on the cellular localization. TLR1, TLR2, TLR4,
TLR5 and TLR6 are expressed on the plasma membrane, whereas TLR3, TLR7, TLR8
and TLR9 are predominately located in intracellular compartments, like endosome or

lysosome.

TLRs are expressed in epithelial and immune cells, in particular in B lymphocytes,

dendritic cells and macrophages.

Upon PAMPs recognition, the interaction between the ligand and the receptor induces
receptor oligomerization. This conformational change is required for the recruitment of a
specific family of cytosolic TIR domain-containing adaptor molecules (e.g. MyD88,
TRIF, TIRAP or TRAM) [*].

MyD88 (Myeloid differentiation primary response 88) is recruited by all the TLRs
(except for TLR3) and a MyD88-dependent signalling is activated downstream of all
receptors. This signalling relies to the activation of NF-kB and MAP kinases with the
induction of pro-inflammatory cytokines.

Upon TLR stimulation, MyD88 associates with the cytoplasmatic portion of the receptor
and recruits members of the IL-1 receptor-associated kinase (IRAK) family (IRAK4,
IRAK2 and IRAK1). After the association with MyD88, all IRAK members are
phosphorylated, resulting in activation of the kinases. Activated IRAKs form a complex
with tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6) which leads to
activation of transcription factors through activation of MAP kinases that regulate the
expression of pro- and anti-inflammatory genes as well as pro- and anti-inflammatory,
IFNS, etc [9].
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C-type lectin receptors

C-type lectin receptors (CLRs) comprised a large family of transmembrane and soluble
receptors containing at least one carbohydrate recognition domain, a C-type lectin-like
domain (CTLD). These receptors bind carbohydrate moieties in a Ca?*-dependent manner

[21]_

A CLRs classification is based on their signalling potential, activation or inhibition. CLRs
can be subdivided into 1) activation of spleen tyrosine kinase (Syk) -coupled CLRs with
immunoreceptor tyrosine-based activation motif (ITAM) domains, 2) inhibitory CLRs
with immunoreceptor tyrosine-based inhibition motif (ITIM) domains or 3) CLRs without
clear ITAM or ITIM domains. This categorization is not exhaustive because it was
demonstrated that the same CLR can combine positive and negative signals and modulate

the immune response.
CLRs play an important role in recognizing fungi, bacteria, helminths and protozoa, but
more and more studies demonstrate a key role in autoimmunity, allergy and in

maintaining cellular homeostasis [?2%].

RIG-1 like receptors

Retinoic acid-inducible gene 1 (RIG-1)-like receptors (RLRs) are a family of cytosolic
helicase that sense immunostimulatory viral RNA. All RLRs have a central helicase

domain and a carboxy- terminal domain (CTD).

To date, three RLRs have been identified: RIG-I (retinoic acid-inducible gene 1), MDAS5

(melanoma differentiation associated factor 5), and LGP2 (laboratory of genetics and

physiology 2) [**].
RIG- | and MDAS5S additionally have two amino- terminal caspase activation and

recruitment domains (CARDSs), which mediate downstream signal transduction. LGP2 do
not have the CARDs then it was supposed to regulate RIG- | and MDADS activation.
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Once RIG- | and MDA5 detect an immunostimulatory RNA, they undergo
conformational changes that expose their CARDs which lead to CARD-CARD
interactions with mitochondrial antiviral signaling (MAVS) protein. MAVS relays the
signal to TANK- binding kinase 1 (TBK1) which activates interferon regulatory factors
and induces the expression of type | interferons and other antiviral genes [*].

NOD-like receptors

NOD-like receptors (NLRs) are a family of intracellular receptors and they have a central
nucleotide-binding oligomerization (NOD) domain, and a C-terminal leucine-rich repeat
(LRR) domain [%9].

NOD1 and NOD2 are the well characterized cytosolic NLRs and both recognize
peptidoglycans, heterogeneous polymers present in the cell walls of bacteria. Activation
of these receptors triggers intracellular signalling cascades by recruitment of Rip2
(receptor-interacting serine—threonine kinase 2) kinase, which activates downstream
signalling, including nuclear factor-xB (NF-«B) and mitogen-activated protein kinases

(MAPKS) and subsequent expression of pro-inflammatory cytokines [%'].

NOD-like receptor protein 3 (NLRP3) inflammasome is composed of NOD-like
receptor 3, procaspase 1, and the adaptor protein apoptosis-associated speck-like protein
comprising a caspase recruitment domain (ASC). The NLRP3 inflammasome in turn

triggers the cleavage of pro-interleukin 1p (pro-IL-1p) into mature IL-1pB [*4].

AlM-like receptors

Absent in melanoma 2 (AIM2)-like receptors (ALRs) are a family of cytosolic receptors
able to detect bacterial and viral double stranded DNA. All ALRs have a pyrin signaling
domain (PYD) and the DNA-binding HIN domain.

38



Introduction

Activated AIM2 recruits apoptosis-associated speck-like protein containing a CARD
(ASC) forming of AIM2 inflammasome. ASC binds caspase-1 then leads to the induction
of the proteolytically cleavage of proinflammatory cytokines IL-1p into IL-1pB [*°].

Based on the discover of all these immune receptors and the pattern recognition theory, in
1994 P. Matzinger proposed a complementary theory, called danger recognition theory.
Parallel to what happen with a foreign pathogen, also stressed cell or dying cells can
provide different type of molecules, defined damage-associated molecular patterns
(DAMPs), like ATP, mitochondrial DNA, etc. The release of these molecules by altered
cells activate the innate immune receptors, so tissue damage can trigger innate immunity

and inflammation through a similar mechanism that is driven by microbial infection [*°].

2.2.3 Immune response to Gram-negative and Gram-positive bacteria

Bacteria are microscopical prokaryotic single-celled organisms that can proliferate
and survive also in extreme conditions. These organisms lack intracellular organelles such
as nucleus and mitochondria and all the activities normally performed by those organelles
take place also in the cytoplasm of bacteria. Genetic information is encoded in bacteria by
a single long circular DNA filament, called bacterial chromosome, which forms an
irregular structure (nucleoid) in association with numerous proteins and RNA molecules

in the cytoplasm.

On the basis of the cell wall composition, bacteria are classified as Gram-negative
and Gram-positive (Figure 7). The Gram stain is a technique developed by Hans Christian
Gram in 1884 [%'] which allows to distinguish between the two bacterial groups by
staining their different cell wall constituents with a red or violet colour. After the staining,
Gram-positive bacteria stain violet whereas Gram-negative bacteria stain red and this

different colour is due to the thickness of the peptidoglycan layer in the cell wall.
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Figure 7. The cell wall organization of Gram-negative bacteria (a) and Gram-positive bacteria (b) [*?].

Gram-positive bacteria have a single membrane formed by a phospholipid bilayer
which comprises numerous membrane proteins. Externally, it is present a thick layer of
peptidoglycans, a long linear chain polymer composed of two repeating sugars (n-
acetylglucosamine and n-acetylmuramic acid). Several peptidoglycan chain can be cross-
linked by peptide bridges to form a rigid structure around the inner membrane. Anchored
at the cell membrane there are several copies of teichoic acid, lipoteichoic acid and

lipoprotein.

Gram-negative bacteria have two membranes, outer and cytoplasmic membrane,
separated by a periplasmic space which includes a thin layer of peptidoglycan. The inner
membrane is a regular phospholipid bilayer and contains several membrane proteins,
whereas the outer membrane is internally composed of a phospholipid layer and
externally an exclusive glycosylated lipid called lipopolysaccharide (LPS) (Figure 8) [*].
LPS, also called endotoxin, in composed of three parts: O antigen, core polysaccharide
and lipid A. The lipid A moiety is the most conserved portion of LPS and it is crucial for
the toxicity of the bacteria. It is composed of two phosphorylated glucosamine molecules
and numerous acyl chains attached that allow anchoring in the phospholipid bilayer of the
cell membrane. The core polysaccharide is the link between the lipid A and the O antigen
and it consists in a hydrophilic chain of 8-12 sugars. The O antigen is a long polymer of

repeating oligosaccharide units up to 40 times in the most external portion of LPS. Its
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composition is extremely different among bacterial strains, this feature increases the

variety of antigenic types between species.

f

O antigen
A
)
a.
= outer core
()]
5=
S v
S
Q A
a
2
= x
s inner core
o
o
= v
A
lipid A
v

Figure 8. Schematic structure of lipopolysaccharide (LPS) of Gram-negative bacteria [**].

Gram-negative bacteria and Gram-positive bacteria can activate different TLRs trough the
presence of PAMPs in the cytosol or at cell membrane or cell wall [*].

TLR2 is involved in cell wall PAMPs recognition of Gram-positive and Gram-negative
bacteria. In particular, for Gram-positive bacteria detects peptidoglycan, lipoteichoic acid

and lipoproteins, while for Gram-negative bacteria senses peptidoglycan and porin.
LPS is a powerful PAMP and a strong virulent factor of Gram-negative bacteria and is
sensed specifically by TLR4. Moreover, flagellin, a structural protein of the flagellum, an

organ dedicated to bacterial motility, strongly activates TLR5.

Bacterial DNA is recognized by TLR9 either for Gram-positive or Gram-negative
bacteria.
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Each pathogen express different PAMPs (DNA, RNA, structural protein of the cell wall,
etc) that can be recognize by different type of pathogen recognition receptors. All the
signals are integrated to trigger the more specific innate immune response and eradicate

the inflammation (Figure 9).
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Figure 9. Schematic representation of the integration of signals given by the recognition of several PAMPs.

2.3 Mitochondria

Mitochondria are cytoplasmic organelles present in almost all eukaryotic cells,
known as the powerhouse of the cell, producing adenosine triphosphate (ATP) [*°].
However, their cellular contribution does not only include energy production, but also

programmed cell death, reactive species of oxygen (ROS) production and homeostasis.

Mitochondria possess their own genome, the mitochondrial DNA (mtDNA), but

most of the proteins of the mitochondrial proteome are encoded by the nucleus.

Each mitochondrion is made up of two highly specialized membranes, the outer
mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM). These
two membranes have completely different functions. The OMM is permeable to ions and
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small cytoplasmic molecules, while the IMM, characterized by numerous invaginations
which are called mitochondrial cristae, is highly selective and only with specific carriers
is possible to cross it. The phospholipid bilayer of the inner mitochondrial membrane has
additional unique characteristics, such as the total absence of cholesterol and the presence
of a particular acid phospholipid, cardiolipin (CL). The two membranes identify two
distinct compartments: the intermembrane space (IMS), which separates the outer
mitochondrial membrane from the inner membrane, and the mitochondrial matrix, the

space within the inner mitochondrial membrane (figure 10).
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Figure 10. Schematic representation of mitochondrial ultrastructure of a mitochondrion showing the spatial

compartmentalization (Copyright 2001 Benjamin Cummings).

Several metabolic processes take place in mitochondria, as such the Krebs cycle
(section 2.3.1) and the electron transfer pathways of energy metabolism focused on
catalysing the entry of electrons into the respiratory Q-junction to allow oxidative
phosphorylation (OXPHOS) coupling (section 2.3.2).

Compartmentalization is a concept of spatial segregation of macromolecules,
metabolites and biochemical pathways that bridges mitochondrial structure and function.
Three protein complexes influence the cristae morphology: the mitochondrial contact site
and cristae-organizing system (MICOS) complex, assemblies of the mitochondrial
genome maintenance (Mgm1)/optic atrophy (OPA1) and the F1Fo-ATP synthase.
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MICOS complex is a multisubunits assembly composed of six-seven subunits that
establishes multiple contacts with proteins of the OMM and forms cristae junctions. The
two compartments resulted are functionally distinct. Mgm1/OPA1 are GTPases, involved
in the fusion of the IMM, which can assemble into dimers, trimers, and tetramers through
homotypic interactions that stabilize and tighten cristae walls. The FiFo-ATP synthase,
enzyme responsible of the ATP production, shape cristae structure by assembling into
dimers along the crest of lamellar cristae. The positive or negative membrane curvature is
also affected by the different lipid composition of the mitochondrial membrane. Depletion
of these complexes lead to an alteration of the ultrastructure of the mitochondria, which

results in development of disease associated to a mitochondrial dysfunction [*"].

2.3.1 The Krebs cycle

In aerobic organisms (pro- and eukaryotes), the Krebs cycle, also called the
tricarboxylic acid (TCA) or citric acid cycle, is a series of chemical reactions in a
metabolic loop used to generate energy via the oxidation of acetyl-coenzyme A (CoA)
derived from carbohydrates, fatty acids and proteins. In eukaryotes, the TCA cycle takes
place in the mitochondrial matrix. In prokaryotes, these steps occur within the cytosol.
The cycle begins with the irreversible condensation of oxalacetate and acetyl-CoA to
form citrate (Figure 11).
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Figure 11. The TCA cycle and oxidative phosphorylation. Abbreviation: 1-V, Complex I-V; ETC, Electron
Transfer Chain; OXPHOS, oxidative phosphorylation; SDH, succinate dehydrogenase; o-KG, a-
ketoglutarate [€].

This first reaction is catalysed by citrate synthase through the formation of a
transient enzyme-bound intermediate, citroyl-CoA. In the following reaction, citrate is
converted by the enzyme aconitase into its isomer, isocitrate. This reversible
isomerization is a two-step process; the dehydration of citrate to form cis-aconitate and
the rehydration of cis-aconitate to isocitrate. In the third step, the isocitrate dehydrogenase
(IDH) catalyses the irreversible oxidation of isocitrate to a five-carbon molecule, o-
ketoglutarate. The oxidative decarboxylation yields the release of a molecule of carbon
dioxide and two electrons, which reduce NAD+ to form the first molecule of NADH of
the cycle. IDH is allosterically regulated: activated by the substrates (isocitrate and
NAD+) or inhibited by ATP and the products (a-ketoglutarate and NADH). The next step
is similar to the previous reaction because it is another oxidative decarboxylation. In the
case, the a-ketoglutarate dehydrogenase converts a-ketoglutarate to succinyl-CoA with
the loss of another molecule of CO: and the formation of a second molecule of NADH.
The enzyme is inhibited by ATP and the products (succinyl-CoA and NADH). In the next
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reversible step, the succinyl-CoA synthetase catalyses the cleavage of CoA from the
substrate forming succinate. The release of CoA is coupled with the phosphorylation of
guanosine diphosphate (GDP) and therefore produces GTP. The following reaction
involves the oxidation of the succinate to fumarate by succinate dehydrogenase (SDH),
also known as Complex Il of the mitochondrial respiratory chain (see section 2.3.2). This
conversion also produces the reduction of one molecule of FADH2, which can feed its
electrons directly into the electron transport chain. In the continuation of the Krebs cycle,
one molecule of water is added to fumarate by fumarate hydratase, converting it into
another four-carbon molecule called malate. Finally, the malate dehydrogenase catalyses
the oxidation of malate to oxaloacetate with the reduction of NAD+ to form the third
molecule of the NADH.

In conclusion, one turn of the cycle produces three molecules of NADH, one

molecule of GTP and one molecule of FADH: with the release of two molecules of CO..

The TCA cycle and OXPHOS (see Chapter 2.3.2) are tightly interconnected since
the TCA cycle generates NADH and succinate, two metabolites required for the Complex
| and the Complex Il of the mitochondrial respiratory chain. Moreover, increasing
evidence suggests that the TCA cycle intermediates, which can be transported into the

cytosol, can play an important role in regulating cellular immunity [*®].

2.3.2 The mitochondrial respiratory chain and OXPHOS system

The mitochondrial respiratory chain, or electron transport system (ETS), is formed
by a series of enzymes located in the inner mitochondrial membrane that couple the
transfer of electrons for the formation of ATP to the pumping of protons through the
phospholipid bilayer of the IMM. The ETS is composed of four functional primary
enzyme complexes: Complex | (or NADH-ubiquinone oxidoreductase, ClI), Complex 1l
(or succinate-ubiquinone oxidoreductase, CIl), Complex Il (or ubiquinol-cytochrome ¢
oxidoreductase, ClII), Complex IV (or cytochrome ¢ oxidase, CIV) [*°]. In addition,

flavoprotein proteins, such as glycerol-3-phosphate dehydrogenase (G3PDH), NAD(P)H
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dehydrogenase (ND), ETF-ubiquinone oxidoreductase (ETF-QO) and dihydroorotate
dehydrogenase (DHODH), are able to provide electrons to the respiratory chain reducing

directly ubiquinone [*°].

The electron transfer occurs via two small mobile electron carriers: ubiquinone
(Coenzyme Q, Q), present in the phospholipid bilayer of the inner membrane, and

cytochrome c (cyt ¢), placed on the external surface of the IMM (Figure 12).
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Figure 12. Schematic representation of the OXPHOS apparatus with mitochondrial respiratory complexes
and their substrates. Abbreviations: I-1V, complex I-1V; V, ATP synthase; cyt c, cytochrome c; Q,
coenzyme Q; QH2, reduced coenzyme Q or ubiquinol; G3PDH, glycerol-3-phosphate dehydrogenase; ND,
NAD(P)H dehydrogenases; DHODH, dihydroorotate dehydrogenase; ETF-QO, electron transfer
flavoprotein-ubiquinone oxidoreductase; AOX, alternative oxidase (only present in plants); IMM, inner

mitochondrial membrane; IMS, intermembrane space. [Figure adapted from Fig 1. in4].

The ETS takes the electrons from NADH (or nicotinamide adenin dinucleotide) and
from succinate. The TCA cycle generate NADH and succinate, the two substrates of the
Complex | and the Complex Il. FADH: is the product of Complex Il, electrons from
succinate reduce FAD forming FADHo>. Electrons of NADH are transferred to Complex I,
while the electrons of the succinate, an intermediate of the Krebs cycle, are transferred to
the prosthetic group of the Complex Il. Both routes converge on the CoQ pool which
transports the electrons to Complex I1l. A second mobile transporter, cytochrome ¢ (cyt
c), transfers the electrons from the Complex I1l to the Complex V. The Complex IV is
able to reduce molecular oxygen, converting it into H20 through the bond of free protons

from the internal matrix [*?].

This flow of electrons down an electro-chemical redox potential liberates energy,

which is converted by proton pumping across the IMM from the matrix to the IMS, as
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achieved by Complexes | and Ill. The proton transport produces both a chemical gradient
(ApH) and an electrical gradient (AW), thus generating a proton-motive force that is used

to generate ATP.

In the inner mitochondrial membrane, it is also present ATP-synthase (or FiFo-
ATPase) which catalyzes the reversible formation of adenosine triphosphate (ATP) from

adenosine diphosphate (ADP) and inorganic phosphate (P;).

As the internal membrane is impermeable to ions, protons pass through the
transmembrane channel of the Fo portion of ATP synthase to re-enter in the mitochondrial
matrix. The proton-motive force drives protons towards the matrix and allows the
synthesis of ATP, catalyzed by the F1 portion of the ATP synthase. Part of the ATP
produced by oxidative phosphorylation process is used by the mitochondrion, but most of
it is carried outside by the adenine-nucleotide translocase (ANT) and used in other
metabolic processes of the cell. Protons can also return to the matrix through the UCPs
(uncoupling proteins), transmembrane proteins that increase the permeability of the inner

mitochondrial membrane.

2.3.2.1 Complex |

Complex | (or NADH-ubiquinone oxidoreductase, EC 7.1.1.2) is a large integral

membrane protein embedded in the IMM.

The enzyme has a typical "L" structure, with a hydrophobic arm (membrane arm, P-
module) inserted into the IMM and a hydrophilic arm mitochondrial (peripheral or matrix
arm, N- and Q- modules) that protrudes into the mitochondrial matrix. In prokaryotes,
each arm consists of 7 subunits (core); the membrane arm contains 4 domains that
promote translocation of protons, while the peripheral arm comprises a flavoprotein
(FMN), 8 Fe-S centres and the binding sites for the two substrates, ubiquinone and
NADH (Figure 13) [*].
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Figure 13. Structure of the Complex | (NADH:ubiquinone oxidoreductase) [*].

While the prokaryotic enzyme is made up of only 14 subunits and its mass is about
550 kDa, in eukaryotes the enzyme is made up of 44/45 subunits and the molecular
weight is about 1000 kDa. High-resolution structures have enabled molecular modelling
and molecular dynamics simulation approaches, providing a structural basis for
unravelling both the evolutionary relationships and the mechanism of redox-linked proton

translocation in the Complex I family [*4].

The 14 subunits of the so-called "catalytic core™ of Complex I are highly conserved
from bacteria to humans and are assigned to three functional modules: the N module for
NADH oxidation and the Q module for ubiquinone reduction are located in the matrix
arm (central subunits NDUFS1, NDUFV1, NDUFV2 and NDUFS2, NDUFS3, NDUFS7,
NDUFSS, respectively), while the P module for proton translocation is in the membrane
arm (central subunits ND1 to ND6 and NDA4L). During evolution, the eukaryotes
accumulated the remaining 30 subunits that are defined as "accessory subunits”, as their
function is not yet fully known although it is generally accepted that they are involved in
regulation, stability, assembly and protection against oxidative stress [*4].

In eukaryotes, the genes for the seven central subunits of the membrane arm
represent a substantial part of the mitochondrial genome. All other subunits, mostly
hydrophilic, and all assembly factors of Complex | are encoded by nuclear DNA and

subsequently imported inside the mitochondria [*>49].
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Complex | catalyses the oxidation of NADH to NAD™ within the mitochondrial
matrix. The initial electron acceptor is the flavin mononucleotide (FMN) in subunit
NDUFV1, which is completely reduced to form FMNH.. Then, a chain of seven Fe-S
clusters in the matrix arm of Complex | connects the NADH binding site with the CoQ
reduction site. Cluster N1a, which is located on the distal side of FMN in NDUFV?2, is
thought to have a special function in controlling access of NADH and protecting against
overreduction of Complex I. The last Fe-S cluster is N2, the immediate reductant for
CoQ, buried in the peripheral arm above the membrane surface [*]. Hydrophobic CoQ
has to move in a tunnel from the lipid bilayer to the CoQ reduction site in Complex I. The
long isoprenoid tail is thought to be important for guiding and facilitating movement of

CoQ in the extended access pathway [*].

This electron transfer in complex | is coupled, for each pair of electrons donated by
NADH, at the translocation of 4 protons, from the inner mitochondrial membrane to the
intermembrane space, contributing to the proton motive force [*®]. Complex | provides
approximately 40% of the proton flow which is necessary for the production of ATP in
the cell.

The activity of Complex I is the limiting step of the mitochondrial respiratory chain

and is therefore a very important factor in the regulation of oxidative phosphorylation.

Complex | is also the major source of reactive oxygen species (ROS). Recent
studies [*°] show that this enzyme can transfer one electron to oxygen, thus producing
superoxide anion in mitochondria. Superoxide can spontaneously convert into hydrogen
peroxide or via superoxide dismutase (SOD). Various possible sites exist for superoxide
production within Complex I: FMN, Fe-S N2 and the Q binding site.

Complex I can generate ROS either during forward electron transfer (NADH to Q,
as in normal respiration) or reverse electron transfer (RET, QH2 to NAD"), the latter
occurring in particular conditions such as high protonmotive force, high ATP/ADP ratio
and coenzyme Q pool over-reduced by Complex I1I/SDH or other dehydrogenases present

in the inner mitochondrial membrane [*°].
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2.3.2.2 Complex 11/SDH

Complex 11 (CII, succinate-ubiquinone oxidoreductase, or SDH, succinate
dehydrogenase, EC 1.3.5.1) is the smallest mitochondrial respiratory complex. Cll is a
component of both the electron transport chain and the TCA cycle (see section 2.3.1) and

completely encoded by the nuclear DNA (Figure 14).

: _» Isocitrate ——p Mitochondrial
Acetyl-CoA Citrate ¢ o-ketoglutarate i
Oxaloacetate
Succinyl-CoA
Malate /
- : Succinate
umarate
Krebs cycle

Mitochondrial
inner membrane —

e Coz

< Cytochrome ¢
Complex I Complex Il Complex IV

Figure 14. Complex Il connects the respiratory chain of the inner mitochondrial membrane with the Krebs
cycle enzymes in the mitochondrial matrix [*].

Notably, the CII is not involved in the formation of respiratory supercomplexes (see
sections 2.3.2.6 and 2.3.2.7).

CII catalyses the oxidation of succinate to fumarate in the mitochondrial matrix by
transferring two electrons to ubiquinone, as the electron acceptor. At difference from
other respiratory complexes, the electron transfer mediated by CII is not coupled to
proton pumping across the IMM. Subsequently ubiquinone is reduced to ubiquinol, which
fuels the Complex 11l and the Complex IV. The CII is allosterically regulated by
oxaloacetate, one of its products, and is activated by ATP in the process.

In eukaryotes, CIl is composed by four subunits, SDHA-B-C-D and five prosthetic
groups FAD, three 2Fe-2S centres and heme b (Figure 15).
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Figure 15. Structure of Complex Il (succinate dehydrogenase). Abbreviations: IMS, intermembrane space;

IMM, inner mitochondrial membrane; FAD, flavine adenine dinucleotide [5].

SDHA, the largest subunit, is a flavoprotein that contains the binding site for
succinate and one FAD (flavine adenine dinucleotide) molecule as a redox centre, which
receives two electrons from succinate. SDHB is an iron-sulfur (Fe-S) subunit that
includes three aligned Fe-S clusters, also important for the electron transfer. SDHA and
SDHB extend into the matrix, while SDHC and SDHD are two small integral membrane
proteins, each formed by three transmembrane helices, that anchor the CIlI to the inner
mitochondrial membrane. SDHC and SDHD bind heme-b to form b-type cytochromes
and include the binding site for CoQ [*?].

In the past, several groups have identified numerous mutations in human CII that
induce increased production of ROS, resulting in tissue damage and disease. In particular,
deletions, missense or nonsense mutations in the genes encoding CII and its assembly
factors are associated with several diseases [*°]. Mutations in SDHA, SDHB, SDHC,
SDHD and SDHAF2, encoding for succinate dehydrogenase (SDH) complex assembly
factor 2, cause rare neuroendocrine tumours, hereditary pheochromocytomas and
paragangliomas (PPGL) [**]. SDHx mutations lead to the decrease or loss of SDH/CII
enzymatic activity and therefore as a consequence an accumulation of succinate occurs
due to the truncated TCA cycle (see Chapter 2.3.3.2). Moreover, SDHx mutations induce

cell metabolic reprogramming and redox imbalance.
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The ROS production by CII is somewhat controversial and not entirely clear. When
high concentrations of succinate are present in the matrix, electrons from succinate reduce
the ubiquinone pool. The over reduction of the Q pool, electrons are forced to come back
from ubiquinone towards CI (reverse electron transfer, RET) [>°]. When the succinate
concentration is low, the electrons of the succinate reach FAD in SDHA and can react
with free oxygen molecules present in the active site.

Moreover, inhibitors of CII can affect ROS production in mitochondria. It has been
demonstrated that several inhibitors can block either the binding site of succinate (e.g.
oxalacetate or malonate) or the binding site of CoQ (e.g. thenoyltrifluoroacetone-TTFA).
In the former case, ROS production decreases whereas, in the latter ROS generation

increases [*°].

2.3.2.3 Complex 111

Complex 11l (CIll, cytochrome bc: complex or ubiquinol-cytochrome c
oxidoreductase, EC 7.1.1.8) is composed by two identical monomer units, each consisting
of 11 different protein subunits. The dimeric structure is essential for the correct
functioning of the enzyme and each monomer contains 3 subunits with redox prosthetic
groups: cytochrome b with 2 heme groups (bn and br), Rieske iron-sulfur protein with its
2Fe-2S centre, and cytochrome c1 with its heme group. Cytochrome c1 and Rieske protein
protrude towards the IMS and they can interact with cytochrome c¢, which is a small
soluble protein located on the outer surface of the same IMM. Each CIIl monomer
possesses two binding sites for ubiquinone: Qn (or Qi, "negative centre” or “centre in",
facing the side of matrix) and Qp (or Qo, "positive centre” or "centre out”, facing the IMS)
(Figure 16).
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Figure 16. Structure of Complex 111 (cytochrome bcl complex) [*].

Complex I11 can transfer electrons from ubiquinol (QH2), the fully reduced form of

ubiquinone present located in the IMS, to cytochrome c. This reaction is also coupled

with the transport of protons from the matrix to the intermembrane space [*'].

To explain the flow of electrons and proton transportation through Complex 11, in

1975 Mitchell [*®] proposed a model called the Q cycle (Figure 17).
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Figure 17. Schematic representation of the Q cycle of the Complex I11 [*].
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The model predicts the involvement of both CoQ-binding sites, Qp and Qn
respectively. In brief, the Qp is the site for ubiquinol oxidation, while Qn is the site where
quinone reduction occurs. In fact, the cycle can be divided in two stages: A) ubiquinol
binds the Qp site and gives a first electron to the Fe-S center of the Rieske protein which,
through cytochrome c1, reaches cytochrome c. In this way, at the level of the Qp site, a
molecule of ubisemiquinone (UQ’-) and two protons are generated and released into the
IMS. The semiquinone immediately oxidizes to ubiquinone (Q), releasing the second
electron, which is first transferred to the low potential heme (bL) and then to the high
potential (bn). At this point the electron reaches the site Qn, where there is a ubiquinone
molecule, that is immediately converted to deprotonated ubisemiquinone (UQ’-). B) The
second half of the cycle is similar to the first and also begins with a ubiquinol molecule
oxidized at the Qp site, releasing two more protons into the intermembrane space. The
first electron is transferred to one molecule of cytochrome c as in the A-stage, while the
second, again passing through the two hemes, b. and bn, reacts with the ubisemiquinone
molecule that formed earlier at the Qn site, reducing it completely to ubiquinol. For this
last step, two protons are captured from the mitochondrial matrix. Ubiquinol frees itself
from the Qn site and becomes part of the pool of CoQ in the lipid membrane, thus

completing the cycle [%].

The mitochondrial ClII is a symmetrical dimer, but it was shown that the dimer
behaves as a functional monomer. Covian et al. [°!] demonstrated that the Fe-S centre of
the Rieske protein is anchored in one monomer and the peripherical domain of the subunit
is placed in the second monomer, crossing the dimeric structure. Remarkable evidence
exists suggesting that the hydrophilic domain of the Rieske protein moves from a position
near heme b to a position near the heme centre of cytochrome ci, facilitating electron

transfer within the enzyme [*].

Complex Il is considered one of the important producers of superoxide in living
organisms. To date the exact mechanism of superoxide production by CIlI and the remain
poorly understood but a possible mechanism was suggested from the analysis of the ROS
production by CIII in the presence of antimycin A, specific inhibitor of Qn/Qi site of the

ClIlI. At the level of Qp/Q, site is possible to have two reactions: oxidation of ubiquinol
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and reduction of ubiquinone. The first reaction leads to ubisemiquinone (UB) production
which is an unstable molecule that can easily react with molecular oxygen to form a

superoxide anion radical (02") [62%9].

2.3.2.4 Complex IV

Complex 1V (CIV, or cytochrome c oxidase, EC 7.1.1.9) is the last redox complex
of the respiratory chain, which transfers electron from cytochrome c to molecular oxygen,
reducing it to H>O. Cytochrome c is a small soluble protein located on the outer side of
the IMM and represents the second mobile electron carrier of the respiratory chain
between C 1l and CIV.

Eukaryotic Complex 1V comprised 3-4 subunits, while the mammalian enzyme
consists of 13 subunits in each monomer of its dimeric structure, 3 catalytic subunits
(subunit I, 11 and 111, MTCOL1-3), encoded by mitochondrial DNA, essential for the
electron flow and the other 10, encoded by nuclear DNA, contribute to the assembly and

stability of the complex (Figure 18) [®4].

Figure 18. Structure of the CIV (cytochrome ¢ oxidase). Structural organization of the a) 10 “accessory”
subunits and the b) three catalytic subunits of CIV. Abbreviations: COX, cytochrome ¢ oxidase; IMS,

intermembrane space; MT-CO1-3, mitochondrially encoded cytochrome ¢ oxidase 1-3 [*°].
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Subunit | has a tubular shape and consists of 12 transmembrane helices which form
the channel for the passage of protons. It contains a heme a group and the heme az-Cug

binuclear centre, responsible for reducing oxygen to H20.

Subunits 11 and 111 are on opposite sides of subunit | and they are not in contact with
each other. Subunit 1l has a transmembrane domain on the outer side of the IMM and
contains the cytochrome c binding site and two Cu atoms complexed with the thiol groups
(-SH) of 2 cysteine residues (Cua binuclear centre) which resembles the 2Fe-2S centres
of iron sulfur proteins. The Cua centre represents the primary electron acceptor with
reduced cytochrome c. Subunit Il consists of 7 transmembrane helices and does not
contain reactive centres. The functional role is not still clear, but its presence stabilizes

the proton pumping.

Electron transfer through CIV begins with two molecules of reduced cytochrome c,
where each donate an electron to the Cua binuclear centre of the subunit Il. Electrons pass
through heme a to the heme as-Cus binuclear centre. Oxygen is reduced to its peroxy
derivate by the two electrons from Cug center. Other two electrons from another molecule
of cytochrome ¢ completely convert peroxy intermediate into two molecules of water,
consuming four “substrate” protons from the mitochondrial matrix. At the same time, two
protons are pumped from the mitochondrial matrix to the IMS for each pair of electrons
crossing the CIV. Three different hydrophilic channels, called H-, D- and K-channels, are
suggested in the subunit | of the CIV to drive protons from the mitochondrial matrix to
the IMS, through the redox enzyme, but it is not fully understood the precise mechanism
(Figure 19) [®9].
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Figure 19. c) Schematic representation of the three different hydrophilic channels for proton translocation

(H-, D- and K-channels) and d) electron transfer from cytochrome ¢ to oxygen through the redox centres of
CIV [%9].

2.3.2.5 ATP synthase

ATP-synthase (or FiFo-ATPase, EC 7.1.2.2) is a multiunit transmembrane enzyme

found in membranes of bacteria, chloroplasts and mitochondria.

Mitochondrial ATP-synthase is a functionally reversible F-type of ATPase, which
produce ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi), using the
proton motive force generated by the ETS across the IMM and can also hydrolyse ATP to
pump protons against the electrochemical gradient [®'].

The enzyme is composed of two structural and functional domains: an integral Fo
domain (“o” refer to oligomycin-sensitive) crossing the IMM and a peripherical Fy
domain that protrudes into the mitochondrial matrix. The two domains are linked by a
central and a peripheral stalk (Figure 20) [°].
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Figure 20. Organization of protein subunits in the bacterial and chloroplast ATP synthases on the left and
the mitochondrial ATP synthase on the right [°].

The F1 portion five different types of subunits (a, B, v, 8, €) with the stoichiometry
of 3a:3B:y:6:¢. The three a and the three B subunits are alternately arranged to form a
hexamer around the y subunit. Each of the three  subunits contain a catalytic site for
ATP synthesis/hydrolysis. The y subunit, together with the 6 and the & subunits,
constitutes the central stalk of the complex, which attach the catalytic portion of Fi

domain to the structure of Fo portion [].

The Fo domain consists of three subunits (a, b, and c¢) with the stoichiometry of
a:2b:9-12c. The proton channel is a ring of 9-12 ¢ subunits placed in the IMM and tightly
attached to the a subunit and two b subunits. The ¢ subunits in the ring rotate together as a
single entity around a perpendicular axis respect to the membrane. From the centre of the
c ring, the y and & subunits of F1 domain protrude into the mitochondrial matrix and

bound, through the & subunit, the two b subunits of Fo portion.

In mitochondria, the F1 component is attached to Fo domain by the peripheral stalk
or stator, which consists of single copies of subunits OSCP (oligomycin sensitivity

conferral protein, the homologue of the bacterial 5-subunit), b, d and F6 ["].

ATP synthase is fully active as a monomer, but several studies demonstrated that is
more efficient in dimeric or oligomeric forms (Figure 21) ["Y]. The ATP dimers are
associated together in back-to-front rows along the edges of the cristae.
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Figure 21. Structure of dimeric bovine ATP synthase [2].

2.3.2.6 Different models of organization of the respiratory complexes

The first hypothesis on the organization of the mitochondrial complexes, the so-
called solid-state model, was proposed in 1956 by Chance and Williams ["?]. In this
model the different electron carriers of the respiratory chain are arranged in an ordered
sequence along the inner mitochondrial membrane. The various protein components were

supposed to be physically anchored to the phospholipid bilayer (Figure 22).

a) 02 — a3 — a — ¢ — b — fp — DPN — substrate

b) O © @ @ @ —> fp ——> DPNH —> substrate

az a

c b
Oy absg — > fp ——> DPNH —> substrate

Figure 22. Solid-model of Chance and Williams (1955). a) Sequence of respiratory components in solid-
array determined spectrophotometrically and b) two different models of electron transfer mechanisms along
the fixed electron carriers in the respiratory chain. Abbreviations: a3, a, c, b, cytochromes a3, a, c, and b;

fp, flavoprotein; DPN /DPNH, diphosphopyridine nucleotide (NADH) [7].
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In another theory, the liquid-state model, suggested in 1966 by Green and Tzagoloff
[®], the four respiratory complexes are randomly distributed at the level of the inner
mitochondrial membrane and are interconnected by diffusible elements: coenzyme Q and
cytochrome c.

The last model proposed was the random collision model by Hackenbrock in 1986
[]. In this model all components of the respiratory chain, both enzymatic complexes and
mobile elements, are randomly distributed in the inner membrane and can freely spread
by lateral diffusion. The transport of electrons depends on the ability of all these
components to collide randomly along the phospholipid bilayer, so the diffusion rate of

these elements could act as a limiting stage for the transport of electrons (Figure 23).

Figure 23. Random collision model of Hackenbrock (1986). Abbreviations: O.M, outer membrane, .M.,
inner membrane, b5, cytochrome b5; ¢, cytochrome c; Q, ubiquinone; I, 11, 111, 1V, complexes I, 11, 111, and
IV [].

Contrary to the long-established concept of mitochondrial respiratory chain
organization, much evidence supports the new view according to which some complexes
of the respiratory chain aggregate to form macromolecules, called respiratory
supercomplexes (SCs). The complexes involved in these aggregates are Complex I,

Complex 111 and Complex IV, with different stochiometric ratios.
In 2000 H. Schagger [°] demonstrated the existence of functional aggregates

among two or more enzymes, called supercomplexes (SCs), at the level of the inner
mitochondrial membrane (see Chapter 2.4.1.2). He applied the technique blue native
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polyacrylamide gel electrophoresis (BN-PAGE) on high molecular weight protein
fractions purified from bovine heart mitochondria using a bland non-ionic detergent,
digitonin, which preserve free complexes and protein aggregates during extraction from

the mitochondrial membrane.

A further vision of the organization of mitochondrial complexes has been recently
proposed. In 2008 R. Acin-Pérez and J.A. Enriquez suggested an integrated model
defined as plasticity model ["®]. They confirmed the existence of supercomplexes in
mammalian cells suggesting that, under physiological conditions, respiratory aggregates
coexist in a dynamic equilibrium with the single free forms of Complex I, 11l and IV

along the inner mitochondrial membrane.

2.4.1.2 Respiratory supercomplexes

Numerous experimental findings demonstrated the existence of respiratory

supercomplexes (SCs) in many different species, also including plants, fungi and bacteria.

The supercomplex I1ll121V, is formed by a monomer of Complex I, a dimer of
Complex 111 and by n copies of Complex IV. The entire supramolecular assembly has a
molecular weight of around 1700 kDa. It is worth nothing that the supercomplex I111121V
contains all the enzyme complexes required to accomplish the autonomous complete
oxidation of NADH and full reduction of molecular oxygen, for this reason it is called

respirasome (Figure 24) [®°].
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Figure 24. Structure of Mammalian SC I1l1121V1. A) Cryo-EM structure of human SC I1lll21V; in two

different orientations and B) substrate translocation in SC 11111,1V1 [¢].

The respirasome is the high-order assembly of the mitochondrial electron transport
chain but other types of supercomplexes, containing fewer enzyme components, are
physiological present in large amounts in mitochondria, such as the SC I1lll, or the SC
[1121V. Only Complex Il tends to exist in a non-associated form in plant and mammalian

mitochondria.

In 2005 Dudkina et al. [’’] were able to isolate the SC Ililll, from digitonin-
solubilized Arabidopsis thaliana mitochondria and were able to reconstruct a 3D model
of the aggregate based on electron microscopy results. In their 3D reconstruction, the
dimer of Complex Il is laterally associated with the hydrophobic membrane arm of
Complex 1, in correspondence with the central portion of the arm. Moreover, they isolated
the SC 1111121V, from purified bovine heart mitochondria and, by BN-PAGE and cryo-EM
analysis, they concluded that the individual respiratory complexes, within the aggregate,
are spaced from each other with only few protein-protein contact. Furthermore, they
showed how Complex IV is associated with the dimer Ill; and also interacts with the

membrane arm tip of Complex I ["8].
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Since then, stable and functional assemblies composed of complexes I, 1l and 1V,
were isolated and studied by various authors [6%798%]. Althoff et al. [®'], by using a
polymer of ampholytes which binds the hydrophobic surfaces of the SC and stabilizes it
in an active form in solution, first revealed important molecular details about the
connection between Complex Il and the membrane domain of Complex I. They showed
that only one of the two monomers of Clll, takes contact with Cl and demonstrated the
presence of ubiquinone inside the isolated SC. They also suggested the presence of
residual amounts of cytochrome c. Furthermore, Althoff et al. analysed the distance
between Complex | and Complex Ill, which they found to be 13 nm, suggesting that
electrons within the SC are channelled into a precise route. It is possible that Coenzyme Q
could cover this distance, probably filled with lipid molecules, remaining within the SC

as bound CoQ without spreading into the membrane pool as free CoQ molecules.

To date, all mitochondrial complexes isolated have been purified as lipoprotein
complexes, and the lipid component appears to play a decisive role in the formation and
stability of those SCs. The most discussed phospholipids include phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and cardiolipin (CL), the hallmark phospholipid of
mitochondria [®?]. The overall lipid composition of a cell contributes to control the
mitochondria dynamics (shape and function) via alterations of membrane structure and
curvature and regulation of protein interactions. An alteration of the lipid composition can
lead to the disassembly of SCs which induces the development of several diseases such as

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, Barth syndrome, etc
[83,84]

In vitro studies conducted on proteoliposomes have shown that a high lipid:protein
ratio precludes the formation of supercomplexes. On the contrary, the addition of
cardiolipin molecules preserves the supramolecular organization of the supercomplex and
therefore increases the efficiency of electronic transport between the respiratory

complexes in samples even with a high lipid content [*°].

Maranzana et al. [®°] showed that, in the bovine heart mitochondria, only 14-16% of

the total amount of Complex | is in free form, while the rest is found associated with
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Complex 111 in SCs. The stoichiometric ratio between the two complexes is 1:2 in favor
of Complex 111, then it is possible to suppose that around 30% of Complex Il is still not
bound to Complex I. Moreover, only 15% of Complex IV is associated with other
respiratory enzymes, to form the supercomplexes I1ll121Vn. This data suggest a dynamic
equilibrium of the respiratory complexes between individual complexes and the

supramolecular assemblies [°°%°].

While the supramolecular architecture of the respiratory chain is quite well
established, the functional role of SCs is not yet fully clarify and much more evidence are
still needed to dispel the doubt. SCs have been proposed to confer functional advantages

to the cells and several hypotheses have been suggested to clarify their biological role.

One of the most interesting advantages is represented by the channelling of
electrons between Complex | and Complex Ill. When Complex | and Complex I
aggregate, the two binding sites for the Coenzyme Q are really close to each other so it’s
not possible for the ubiquinone diffuses through the phospholipid bilayer randomly, but
directly transfer electrons from complex I to complex 111 by microdiffusion process in the

small gap that separates the two complexes within the supercomplex.

As demonstrated in isolated bovine heart mitochondria, the organization in
supercomplexes increases the efficiency of electron transport between Complex | and
Complex Il and, at the same time, decreases the ROS production by NADH
dehydrogenase. In vitro studies also confirmed the effect of disaggregation of the SCs by
using a strong detergent, dodecyl maltoside (DDM), which promotes the complete
dissociation of the supercomplex into its individual components. The separation between
Complex | and Complex 11l leads to a decrease in integrated NADH-cytochrome ¢

oxidoreductase activity and an increase in ROS production [®7].
The role of supercomplexes in the inner membrane of mitochondria is an argument

for great interest, as an alteration of these aggregates seems to be related to particular

pathologies (e.g. heart failure, Parkinson's, schizophrenia, ischemia, aging, etc).
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2.3.3 Mitochondrial ETS adaptations upon infection in macrophages

As mentioned above, profound metabolic changes occur during macrophages
activation. Reprogramming of catabolic pathways is therefore closely related to
macrophage differentiation and function. Since most catabolic processes converge on the
mitochondrial electron transport chain, it is possible to consider mitochondria, in

particular the respiratory chain, at the centre of this physiological switch.

Moreover, mitochondria are important source of free radicals in the cells (see
previous sections 2.3.2.1-2.3.2.3) and under normal condition ROS production contribute
to the cellular function, but when the system is dysregulated oxidative stress could lead to
pathological consequences. J.A. Enriquez et al. [®®] have recently demonstrated that
Complex I produces ROS in the forward or reverse direction depending on the substrates

available (glucose or fatty acids).
Recent evidence indicates that organizational and functional adaptations occur in

the ETS of macrophages to allow metabolic plasticity upon sensing of live E. coli [*]
(Figure 25).
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Figure 25. Schematic representation of mitochondrial respiratory chain rearrangements in (a) resting

macrophages and in (b) activated macrophages [14].

In resting macrophages (i.e. prior to activation due to infection, see sections 2.2.1),
the oxidation of glucose produces NADH and FADH,, which feed the mitochondrial
respiratory chain with low mitochondrial ROS production.

On the contrary, in activated macrophages the oxidation of fatty acids changes
NADH/FADH2 ratio which leads to an over-reduction of CoQ pool and increases the
ROS production via reverse electron transfer (RET). Activated macrophages block the
ATP production via oxidative phosphorylation and enhance the succinate oxidation by
Complex 11/SDH. The CI activity decreases and leads to the disassembly of Cl-containing

SCs, CII activity increases and transfers electrons to coenzyme Q. This induces an over-
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reduction of the CoQ pool, electrons are pumped back to Complex | by RET and ROS
production increases at the level of the Complex I. These rearrangements are necessary to
induce an inflammatory response characterized by production of pro-inflammatory
cytokines upon TLR4 engagement [*4].

Mitochondrial ROS production can be also augment upon TLR1, TLR 2 and TLR4
stimulation by bacteria [®']. TLRs activation promotes the translocation of TNF receptor-
associated factor 6 (TRAF6) to mitochondria, where it recruits ECSIT (evolutionary
conserved signalling intermediate in Toll pathways), which is involved in the
mitochondrial Complex | assembly [%¢]. TRAF6 has E3-ubiquitin ligase activity and the
interaction between the two proteins leads to the ubiquitylation of ECSIT and an increase

the mitochondrial ROS production from oxidative phosphorylation complexes [%7].

2.3.3.1 A broken Krebs cycle in macrophages

It is well known [°] that drastic changes occur in the TCA cycle in activated
macrophages and Krebs cycle has emerged as the central immunometabolic hub of the
macrophages. In resting state, macrophages use an intact Krebs cycle and consume
oxygen normally, while upon activation macrophages enhance TCA cycle increasing
OXPHOS and ATP production [*].

Activated macrophages present a truncated Krebs cycle, two metabolic breakpoints
occur upon activation: the first one appears at the isocitrate dehydrogenase (IDH) and the
second one at the succinate dehydrogenase (SDH) [®1]. These two breakpoints lead to an

accumulation of citrate and succinate and a reduced production of a-ketoglutarate.
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2.3.3.2 Krebs cycle metabolites as inflammatory signalling molecules

Citrate

Citrate increases the production of itaconic acid, which is the major feature of LPS
stimulated macrophages. In the mitochondrial matrix, citrate can be converted in
itaconate by the enzyme cis-aconitate decarboxylase (CAD). Itaconate can directly inhibit
SDH decreasing the fumarate production, metabolite important for inflammatory
responses [%2]. Increased itaconate levels decreases Complex 11/SDH activity and leads to
a decrease oxidative phosphorylation. Additionally, recent studies [**®] showed that
itaconate regulates inflammatory genes expression dampening specific pathway through
Nrf2-dependent and Nrf2-independent pathways in activated macrophages. At the same
time, it is known the anti-bacterial effect of itaconate, which inhibits the bacterial growth

through the regulation of the isocitrate lyase [*°].

Succinate

Succinate has recently emerged as a key pro-inflammatory modulator during macrophage

activation.

Inside the cell, it was discovered that in LPS-treated macrophages succinate
accumulates and enhances interleukin-1p mRNA and pro-interleukin-18 protein
production and inhibits the induction of anti-inflammatory cytokines (interleukin-10 and
interleukin-1RA). Succinate can be exported outside from the mitochondria into the
cytosol and blocks cytolytic prolyl hydroxylase (PHD) activity. The role of PHD is to
stabilize hypoxia-inducible factor la (HIF-1a), highly conserved member of the basic
helix-loop-helix (bHLH) family of transcriptional regulars in the expression of pro-
inflammatory genes. HIF-1a has a critical role in the regulation of several biological
processes, directing the expression of genes involved in cellular metabolism,
inflammation, proliferation, etc. One of the main effects of HIF-1a activation is the
involvement in the metabolic switch from OXPHOS to glycolysis (glycolytic

reprogramming). When O level is high, HIF-1o is tightly regulated by prolyl
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hydroxylases (PHDs) which use o-ketoglutarate and Oz to produce succinate and to
hydroxylate conserved proline residues in HIF-1a. The hydroxylation of HIF-1a lead to
ubiquitination of the factor by the binding of an E3 ubiquitin ligase, the tumour
suppressor protein VVon Hippel-Lindau (VHL). Consequently, HIF-1a is degraded via
proteasome. When the O2 level is low, then during hypoxia, the degradation of HIF-1a is
prevented. HIF-1a translocates to the nucleus, forms a heterodimeric complex with HIF-

1B and binds target genes.

It was demonstrated that succinate can be oxidized by SDH in LPS-activated
macrophages. This event indirectly inhibits PHD activity via mitochondrial ROS
(mtROS) production, which stabilizes HIF-1a. and induces IL-1p production. Moreover,
Mills et al. [*] showed that reducing succinate oxidation in LPS-activated macrophages
with dimethyl malonate (DMM), potent inhibitor of the Complex I1/SDH, potently blocks

mtROS production from Complex | via reverse electron transfer (RET) [%].

An extracellular role for succinate has been identified together with its receptor
succinate receptor 1 (SUCNRL1), which is a G protein-coupled receptor (GPCR). It was
demonstrated, in dendritic cells, that succinate induces calcium mobilization and pro-
inflammatory cytokines production. In macrophages, LPS induces the release of succinate
by SUCNRL1, which further triggers IL-1pB production [*].

o-ketoglutarate

a-ketoglutarate (a-KG), also known as 2-oxoglutarate, is the co-substrate of 2-
oxoglutarate-dependent dioxygenase (2-OGDD), which catalyses hydroxylation reactions
with several substrates. The activity of this enzyme depends on the intracellular ratio of a-
KG to succinate and it is important in response to hypoxia and chromatin modifications
[*®]. Glutamine can contribute to replenishment of the TCA cycle through glutaminolysis,
a metabolomic processes which starts with the conversion of glutamine to glutamate,
catalyzed by glutaminases (GLSs) in mitochondria. Glutamate is converted to a-KG by

either glutamate dehydrogenase (GDH) or by the alanine or aspartate transaminases
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(TAS) [*°]. Glutamine anaplerosis is increased in M1-like proinflammatory macrophages

[100]_
2.3.4 Epigenetic reprogramming

As demonstrated in various models, including cancer cells, epithelial cells, etc, it is
known that TCA cycle-derived metabolites can control innate immunity through

epigenetics modifications. Citrate, succinate, fumarate or a-ketoglutarate were all shown

to contribute to histone and DNA demethylation in innate immune cells (Figure 26) [°].
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Figure 26. TCA-cycle derived metabolites control chromatin modifications and DNA methylation [9].

Citrate

Citrate can be exported from the mitochondria trough a dicarboxylate antiporter
solute carrier (CIC, Slc25al) and be converted back to aceytl-CoA and oxalacetate
(OAA) by ATP citrate lyase (ACLY). One of the most important roles of acetyl-CoA in
the cytosol is to serve as substrate for histone acetylation, a mechanism regulating the
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dynamics of chromatin and gene expression. Inside the nucleus specific enzymes, histone
acetyltransferases (HATS), are present and are able to catalyse the addition of acetyl
groups on the histone. It was demonstrated that elevated histone acetylation increases the
expression of genes involved in cell growth and proliferation. In cancer cells, an
upregulation of ACLY occurs in the presence of high acetyl-CoA levels in the
mitochondria, in order to trigger their proliferation. LPS-stimulated macrophages
accumulate citrate in the mitochondria, increase cytosolic acetyl-CoA levels and
upregulate ACLY to induce histone acetylation which, in turn, leads to the production of

pro-inflammatory molecules [¢°4].

o-ketoglutarate

a-ketoglutarate (a-KG) is an important co-factor for histone demethylases, enzymes
involved in the chromatin modification. Jumonji C domain containing lysine
demethylases (JMJDs) are the major histone demethylases and ten—eleven translocation
(TET) hydroxylases are implicated in DNA demethylation. It was demonstrated that high
a-KG levels increased activities of JMJDs and TET proteins, decreasing histone
methylation and promoting the stem cells differentiation. Moreover, an important role of
a-KG was established in memory T cell differentiation. In IL-4 stimulated macrophages
the increase of glutaminolysis is due to increase production of a-KG that facilitates
macrophages polarization and favours an anti-inflammatory profile competing with
JMJDs [*92].

Succinate

Succinate accumulates due to succinate dehydrogenase (SDH) mutations, and it is
considered an oncometabolite. Several type of cancers present SDH mutations, such as
hereditary paraganglioma (PPGL), where it was found an overall hypermethylation of
DNA. Mutations in the SDH genes lead to an accumulation of succinate, which inhibits
iron(I1) and alpha-ketoglutarate-dependent dioxygenases therefore leading to an abnormal

stabilization of HIFa. Another consequence is the inhibition of the DNA demethylase,
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increasing the 5-methylcytosine/5-hydroxymethylcytosine (5-mC/5-hmC) ratio, and the

histone demethylase [*%].

Fumarate

Fumarate, like succinate, can accumulate due to fumarate hydratase (FH) mutations in
different genetic disease and in genetic maladies, such as fumaric aciduria and hereditary
lelomyomatosis. Fumarate acts as an immunomodulator by controlling chromatin
modifications and regulating protein succination. Accumulation of fumarate induces
hypermethylation of DNA since fumarate is a competitive inhibitor of multiple o-
ketoglutarate (a-KG)-dependent dioxygenases, such as TET hydroxylases [1°*]. Fumarate
also accumulates in LPS-stimulated macrophages by inhibiting histone demethylase,
which leads to an increase of DNA methylation and boosting the gene expression of

proinflammatory cytokines, TNFa and IL6 [*%°].
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Aim of the project

The activation of macrophages drives the conversion of immune cells from metabolically
quiescent stage to a highly active metabolic state. At the core of this metabolic
remodelling there are mitochondria, the main metabolic organelles present in the cell that
house fundamental metabolic pathways (Krebs cycle, beta-oxidation, etc). In the inner
mitochondrial membrane, there is the electron transport system (ETS), composed by four
major respiratory complexes (Complex I-1V) and two mobile electron carriers (coenzyme
Q and cytochrome c). Physiologically, the Complex I, 1l and IV can aggregate to form
functional assemblies called supercomplexes (SCs). The dynamic assembly of respiratory
complexes into SCs has been proposed to confer functional advantages to the cells, the
ETS being as central to mammalian energy metabolism as its dysfunctions are to human
disease. Mitochondrial reprogramming is also tightly connected to innate immunity but
the precise role of SCs in metabolic adaptations in immune host defence is still little
known. Several studies have demonstrated altered metabolic pathways cause immune
dysfunction and the understanding of mitochondrial reprogramming upon bacterial
infection can help in understanding innate immune mechanisms in inflammatory and

infectious diseases.

The first aim of this PhD project was to understand whether mitochondrial
reprogramming in macrophages and in isolated mitochondria from infected mammalian
tissues depends on the nature of the bacteria encountered by the host cell. To assess the
contribution of the organization of the mitochondrial ETS to bacterial infection,
macrophages were cultured with Gram-negative (Gram-) and Gram-positive (Gram+)
bacteria and, in addition, spleen, heart and liver samples were obtained from mouse

models of bacterial infection.

The second aim was to investigate the impact of the respiratory Complex 11 (ClIlI,
succinate dehydrogenase EC 1.3.5.1) on macrophage-mediated immune response against
bacteria. To evaluate the involvement of Complex Il in macrophage metabolic
reprogramming, cultured macrophages were treated in vitro with two different CII
inhibitors, 3-nitropropionic acid (3-NPA) and dimethyl malonate (DMM).
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4.1 Bacteria strains
LB medium: 5 gr peptone (Condalab 1616), 5 gr yeast extract (Condalab 1702), 2.5 gr
NaCl (Sigma-Aldrich 793566) in 500 ml of pure H-O, autoclaved at 120°C for 30

minutes and stored at 4°C until use.

Gram-negative bacteria strains: Escherichia coli DH5a (E. coli), 4Spil/2 Salmonella

enterica Typhimurium (SL1344) (4Spil/2 S. enterica), Pseudomonas aeruginosa (P.
aeruginosa). Gram-positive bacteria strains: Listeria innocua (L. innocua), ALLO/AFlic

Listeria monocytogenes (ALLO/4Flic L. monocytogenes) and Staphylococcus aureus (S.

aureus).

All bacteria strains were grown in lysogeny broth (LB) overnight at 37°C and then diluted
the next day to reach logarithmic growth. Bacteria were centrifuged at 4000g for 5
minutes (Heraeus Megafuge 16R, rotor F15-6x100y, Thermo Fisher) and resuspended
with Dulbecco's phosphate-buffered saline (PBS 1X, Gibco 14190) to remove LB salts.
Bacterial concentrations were measured by spectrophotometer (double-beam UV-Visible
spectrophotometer SAFAS UVmc2) at 600 nm before addition to cell cultures at a
multiplicity of infection (MOI) of 25 (1 macrophages vs. 25 bacteria).

4.2 Cell cultures

4.2.1 Isolation of bone marrow derived macrophages (BMDMSs)

BMDM medium: RPMI 1640 medium (1X) + GlutaMAX (Gibco 61870) complemented
with M-CSF (30% mycoplasma-free L929 cell supernatant), 10% Fetal Bovine Serum
(FBS, Gibco A4766801), 100 pg/mL Penicilin/streptomycin (Gibco 15140), 2 mM L-
glutamine (Gibco 25030), 10 mM HEPES (Gibco 15630122), 1 nM sodium pyruvate
(Gibco 11360), 1XMEM non-essential amino acids (Gibco 11130) and 2.5 uM B-
mercaptoethanol (Gibco 21985).
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Female C57BL/6N mice were sacrificed by cervical dislocation and tibia and femurs were
collected in a falcon tube with PBS 1X. After cleaning from muscle tissues, the cleaned
bones were collocated into a 10 cm Petri dish (Sarstedt 82.1473) with fresh PBS 1X. By
keeping the tibia or femur with clean forceps, the bonne marrow was pushed out by a 20
ml syringe with a 23G needle (Terumo) into a second 10 cm Petri dish with PBS 1X. The
solution was pipetted up and down with the syringe in order to make a single-cell
suspension, which was filtered over a 100 um filter and collected into a 50ml falcon tube.
The suspension was centrifuged at 1500 rpm for 5 minutes (Heraeus Multifuge 1 S-R,
rotor 75002010, Thermo Fisher). The supernatant was discarded and the cell pellet (dark
red colour) was resuspended in 1 ml of Red Blood Cell Lysing Buffer Hybri-Max
(Sigma-Aldrich R7757), in order to remove red blood cells from cell suspension. The
resuspended pellet was gently mixed and incubated for 5 minutes at room temperature.
20-25ml of PBS 1X was added to the suspension and the cells were centrifugated at 1500
rpm for 5 minutes (Heraeus Multifuge 1 S-R, rotor 75002010, Thermo Fisher). The
supernatant was discarded and the cell pellet (light red colour) was resuspended in 10 ml
of BMDM medium.

4.2.2 Macrophage differentiation

R10 medium: RPMI 1640 medium (1X) + GlutaMAX (Gibco 61870), 10% Fetal Bovine
Serum (FBS, Gibco A4766801), 100 pg/mL Penicilin/streptomycin (Gibco 15140), 2 mM
L-glutamine (Gibco 25030), 10 mM HEPES (Gibco 15630122), 1nM sodium pyruvate
(Gibco 11360), 1IXMEM non-essential amino acids (Gibco 11130) and 2.5uM -
mercaptoethanol (Gibco 21985).

The cells were plated on a 10 cm tissue culture-treated Petri dish (Sarstedt 83.3902) and
incubated overnight in a humidified incubator with 5% CO. at 37°C (Binder CO:
incubator). The non-adherent progenitor cells were harvested while the adherent cells,
which attached themselves to the bottom of the Petri dish during the overnight incubation,
were discarded. The cells (from 2 tibia and 2 femurs) were diluted 1:1 (v:v) with BMDM
medium and were splitted in 20x 10 cm Petri dishes (Sarstedt 82.1473). 8 ml of BMDM
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medium was added to each Petri dish to induce macrophage differentiation. Cells were
differentiated in the incubator with 5% CO> at 37°C for 6-7 days and every two days 2 ml
of fresh BMDM medium was added to each Petri dish. After 6-7 days, macrophages were
fully differentiated and adhered to the bottom of the cell dish. The medium was removed
and cells were gently washed with PBS 1X. Cells were incubated few minutes with PBS
1X supplemented with 5 mM EDTA (Invitrogen AM9260G) and macrophages were
harvested in a falcon tube. Cells were counted (Zeiss Microscope Primovert) and
centrifugated at 1500 rpm for 5 minutes (Heraeus Multifuge 1 S-R, rotor 75002010,
Thermo Fisher). The cell pellet was resuspended with R10 medium and centrifugated at
1500 rpm for 5 minutes at 4°C (Eppendorf centrifuge 5415R, rotor F45-24-11). The cell

pellets were stored at -80°C until use.

4.2.3 Macrophage stimulation

Macrophages were plated in non-treated cell culture plates and left to adhere overnight
before stimulation with live bacteria at MOI 25 for different time points. Bacteria were
diluted in R10 medium before addition to cell cultures. After the challenge, the plate was
centrifuged at 2000 rpm for 5 minutes (Heraeus Multifuge 1 S-R, rotor 75002010,
Thermo Fisher) before the incubation with 5% CO: at 37°C (Binder CO: incubator). For
longer times of stimulation (12-24hrs), macrophages were treated with gentamycin
(Gibco 15750), added together with bacteria.

For treatment with Complex Il inhibitors, 0.5 mM 3-nitropropionic acid (NPA, Sigma-
Aldrich N5636) or 10 mM dimethyl malonate (DMM, Sigma-Aldrich 136441) were
added to the cells respectively 1 hour or 3 hours before the bacterial challenge. For
treatment with TCA cycle intermediates, 25uM or 100uM dimethyl fumarate (DMF,
Sigma-Aldrich 242926) and 0.1 mM or ImM a-ketoglutarate (a-KG, Sigma-Aldrich
349631) were separately added to the cells 4 hours before the bacterial challenge.
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4.3 Cell preparation

4.3.1 Isolation of mitochondria from macrophages

Buffer A: 250 mM Sucrose (Sigma-Aldrich S7903), 2 mM HEPES (Sigma-Aldrich
H0887), 0.1 mM EGTA (Sigma-Aldrich 4100), pH 7.2

Buffer B: 220 mM Mannitol (Sigma-Aldrich M4125), 70 mM Sucrose (Sigma-Aldrich
S7903), 10 mM Tris (Sigma-Aldrich T8524), 1 mM EDTA (Invitrogen AM9260G), pH
7.2

For mitochondria isolation, 20 x 10”6 frozen BMDMs were suspended in 800 ul of cold
buffer A and homogenized in a Potter-Elvehjem glass tube with Teflon pestle while
standing on ice for 2 minutes. The sample was centrifuged at 3000 rpm x 5 min at 4°C
(Eppendorf centrifuge 5415R, rotor F45-24-11) in order to remove nuclei and intact cells.
The supernatant was collected and centrifuged at 9000g x 10 min at 4°C (Eppendorf
centrifuge 5415R, rotor F45-24-11). The supernatant was discarded and the pellet, which
contains mitochondria, was suspended with 200 ul of buffer B. Protein concentration was

determined by protein assay and mitochondria aliquots were stored at -80°C until use.

4.3.2 Mitoplasts preparation

AA-buffer: 500 mM 6-aminohexanoic acid (Sigma-Aldrich 07260), 50 mM imidazole
(Sigma-Aldrich 15513), 1 mM EDTA (Sigma-Aldrich E9884), pH 7

Sample buffer: 5% Blue G-250 (Sigma-Aldrich 1154440025) and 5% glycerol (Sigma-
Aldrich G7893) diluted in AA -buffer

For BMDMs permeabilization and mitoplasts preparation, 3 x 1076 frozen BMDMs were
resuspended in 200 pl of cold PBS 1X. 32.5 ul digitonin (8 mg/ml, Sigma-Aldrich
D5628)/200 pl sample were added to the sample and cells were incubated on ice for 10
min. 1 ml of cold PBS 1x was added and cells were centrifuged at 10,000g x 10 min at
4°C (Eppendorf centrifuge 5415R, rotor F45-24-11). The supernatants were discarded
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and the pellets were suspended in 100 pl of cold AA-buffer. 10 pl of digitonin (10%
solution) were added to each sample and incubated 5 min on ice. The samples were
centrifuged at 18,000g x 30 min at 4°C (Eppendorf centrifuge 5415R, rotor F45-24-11)
and the mitoplasts-containing supernatants were harvested. The protein content was
determined by protein assay and for each 100 ul sample (i.e. protein extract sample) was

added a 5 pl aliquot of sample buffer and stored at -80°C until use.

4.3.3 Isolation of mitochondria from mouse tissues

Extraction buffer: 0.22 M Mannitol (Sigma-Aldrich M4125), 0.07 M Sucrose (Sigma-
Aldrich S7903), 20 mM HEPES (Sigma-Aldrich H0887), 1 mM EDTA (Sigma-Aldrich
E9884), 4% BSA (Sigma-Aldrich A4503), pH 7.4

Buffer B: 220 mM Mannitol (Sigma-Aldrich M4125), 70 mM Sucrose (Sigma-Aldrich
S7903), 10 mM Tris (Sigma-Aldrich T8524), 1 mM EDTA (Invitrogen AM9260G), pH
7.2

Female C57BL/6N mice were intraperitoneally injected with 1x1079 live E. coli in 100 pl
PBS 1X and were sacrificed 72hrs post-infection. Spleen, liver and heart tissues were
collected in order to isolate mitochondria. Each organ was washed into a small becker
with pure H20 and then transferred into a 2ml Eppendorf tube. Using cleaned scissors, the
organ was minced and reduced into smaller pieces in order to obtain a homogeneous
compound. The minced organ was homogenized in a Potter-Elvehjem glass tube with
Teflon pestle while standing on ice with 2 ml of extraction buffer. The homogenate was
harvested in a falcon tube, the potter was rinced with 2 ml of extraction buffer and
collected with the homogenate. The suspension was centrifuged at 2000 rpm x 10 min at
4°C (Heraeus Megafuge 16R, rotor F15-6x100y, Thermo Fisher). The supernatant was
filtered over a 100 um filter and centrifuged at 12000 rpm x 10 min at 4°C (Eppendorf
centrifuge 5415R, rotor F45-24-11). The supernatant was discarded and the pellet was
suspended with 2 ml of buffer B. The suspension was centrifuged at 10000 rpm x 10 min
at 4°C (Eppendorf centrifuge 5415R, rotor F45-24-11). The pellet, which contains the
mitochondria, was suspended with 200 pl of buffer B for spleen/heart and 400 pl for liver.
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Protein concentration was determined by protein assay and the aliquots were stored at -
80°C until use.

4.4 Determination of protein concentration

4.4.1 Lowry Method

Lowry reagent 1: 2% (w:v) Na.COs (Sigma-Aldrich 451614) in 0.1 N NaOH (MERCK
567530)

Lowry reagent 2: 1% (w:v) CuSO4-5H.0 (MERCK 2790)

Lowry reagent 3: 2% (w:v) Na-K tartrate (MERCK A929287)

The Lowry method is a colorimetric technique [1°°] for the determination of the total
protein content in purified samples, with high sensitivity (from 5 pg to 40 pg). The
principle of this assay is to spectrophotometrically measure the aromatic groups present in

the sample of interest through a colorimetric reaction at 750 nm wavelength.

Bovine serum albumin (BSA, Sigma-Aldrich A7030) solution was prepared at a
concentration of 1 mg/ml and subsequently dosed with a double beam spectrophotometer
(JASCO V-530) in quartz cuvettes at a wavelength of 278 nm (BSA absorbance is ~
0.64). This solution was used to create the standard reference curve with serial dilutions

from 0 to 40 pg of BSA solution diluted in 1 ml of pure H-O.

The standard and protein samples were prepared in duplicate and treated with 0.1 ml of
10% (w:v) sodium deoxycholate (Na-DOC, Sigma-Aldrich D6750) and a volume of pure
H>0 was added until reaching 1 ml final. Blank samples were prepared in the same way,
but sample suspension buffer was used instead of the sample. A mixture of Lowry
reagents was prepared immediately before use and consisted of the three Lowry reagents
1, 2 and 3 in a stoichiometric ratio of 100:1:1 (v:v:v). 2 ml of the Lowry mix was added
to each sample, mixed and incubated for 10 minutes at room temperature, protected from

the light. Immediately after, 0.2 ml of Folin-Ciocalteu reagent (Sigma-Aldrich F9252)
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(diluted 1:1 with pure water) was quickly added to the samples, mixed and incubated for

30 minutes at room temperature, protected from the light.

After the incubation time, the absorbance of the samples was spectrophotometrically read
at 750 nm. Blank absorbance values were removed to the protein absorbance values and
the total protein concentrations (mg/ml) were determined on the standard calibration

curve.

4.4.2 Pierce BCA Protein Assay Kit

BCA Reagent A: bicinchoninic acid, sodium carbonate, sodium bicarbonate and sodium
tartrate in 0.1M sodium hydroxide (Thermo Fisher 23228)
BCA Reagent B: 4% cupric sulfate in distilled water (Thermo Fisher 23224)

Pierce BCA Protein Assay Kit (Thermo Fisher Cat. No. 23227) [%] is a rapid
colorimetric protein assay for the detection and the quantification of the total protein
content (from 20 ug to 2 mg). This method combines the reduction of Cu?* to Cul*
(cuprous cation) by proteins in an alkaline solution (the biuret reaction) with the chelation
of reduced copper by bicinchoninic acid (BCA), a chromogenic compound which
produces a purple-colored complex. This product presents a strong absorbance near 570

nm wavelength.

Bovine serum albumin (BSA, Sigma-Aldrich A7030) solution, already prepared at a
concentration of 2 mg/ml, was used to create the standard reference curve with serial
dilutions from 0 to 2 mg of BSA solution diluted in 0.5 ml of pure H,O. The standard

samples were prepared in triplicate.

10 ul of each standard or unknown sample replicate were pipetted into a microplate well
(Sarstedt 82.1581). Blank samples were prepared in the same way, but sample suspension
buffer was used instead of the sample. A mix of BCA reagents was prepared immediately

before use and consisted of the two BCA reagents A and B in a stoichiometric ratio of
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50:1 (v:v). 200 pl of the BCA mix was added to each well and the plate was gently mixed
on a plate shaker for few seconds. The plate was covered from the light and incubated at
37°C for 30 minutes.

After the incubation time, the absorbance of the samples was spectrophotometrically
measure at 570 nm on a microplate reader (Safas Monaco MP96). Blank absorbance
values were removed to the protein absorbance values and the total protein concentrations

(mg/ml) were determined on the standard calibration curve.

4.5 Enzyme activities

Buffer B: 220 mM Mannitol (Sigma-Aldrich M4125), 70 mM Sucrose (Sigma-Aldrich
S7903), 10 mM Tris (Sigma-Aldrich T8524), 1 mM EDTA (Invitrogen AM9260G), pH
7.2

Kinetic buffer: 50 mM KCI (Sigma-Aldrich S9888), 10 mM Tris (Sigma-Aldrich T8524),
1 mM EDTA (Invitrogen AM9260G), 1 mM KCN (Sigma-Aldrich 60178), pH 7.4

For the determination of the specific activity of Complex | (NADH:ubiguinone
oxidoreductase), the integrated activity by Complex 1 and Complex I
(NADH:cytochrome ¢ oxidoreductase), the overall respiratory activity (NADH:oxidase)
and the succinate-dependent integrated activity by Complex Il and Complex IlI
(succinate:cytochrome ¢ oxidoreductase), isolated mitochondria from spleen, heart and
liver were thawed and diluted to a final concentration of 1-2 mg/ml with buffer B. The
activities of respiratory complexes were spectrophotometrically measured using a dual-
beam dual-wavelength spectrophotometer Jasco V-550, equipped with a mixing system in

cuvette and a thermosetting apparatus (T = 30°C).
For the determination of the specific activity of Complex Il (succinate dehydrogenase) in

macrophages, cell pellets (3 x 106 BMDMSs) were thawed and resuspended in 100 ul of

PBS 1X. The activity of respiratory complex was spectrophotometrically measured using
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a double-beam UV-Visible spectrophotometer Safas Monaco UVmc2, equipped with a

thermosetting apparatus (T = 30°C).

All the catalytic activities were measured in the presence of 1 mM KCN, except for the
NADH-oxidase activity and were normalized to protein content (represented as pmol

substrate/min/mg protein).

4.5.1 NADH-oxidase activity

NADH-oxidase activity (NADH-02) was measured to assess the integrity of the
respiratory chain in mitochondria isolated from spleen, liver and heart tissues. The first
spectrophotometric reading on thawed mitochondria returned a low oxidation rate of
NADH, confirming the integrity of the sample. The sample was then subjected to 3
sonication cycles at 150W (Labsonic U2000 sonicator, B. Braun Biotech International
GmbBH) of 10 seconds each, with pauses of 50 seconds on ice and under nitrogen flow.
The second spectrophotometric reading on sonicated mitochondria returned a higher
oxidation rate of NADH, confirming the greater accessibility of respiratory complexes to

exogenous substrates.

Mitochondria were added in kinetic buffer without 1 mM KCN and the rate of electron
transfer was measured after the addition of 75 uM NADH (Sigma-Aldrich N8129). The
NADH oxidation was monitored as differential absorbance (AA) at wavelengths of 340

minus 380 nm (¢ = 3.5 mM™t.cm™).

4.5.2 NADH:ubiquinone oxidoreductase activity

NADH-ubiquinone oxidoreductase activity (NADH-DB) was measured to assess the
specific activity of Complex I. Mitochondria were added in kinetic buffer with 1 pg/ml
antimycin A and 1 mM KCN in order to inhibit electron transfer towards Complex Il and
IV. In the presence of 60 uM decylubiquinone (DB, Sigma-Aldrich D7911) as electron
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acceptor, the rate of electron transfer was measured after the addition of 75 uM NADH
(Sigma-Aldrich N8129). The NADH oxidation was monitored as differential absorbance
(AA) at wavelengths of 340 minus 380 nm (e = 3.5 mM*.cm™).

4.5.3 NADH:cytochrome ¢ oxidoreductase activity

NADH-cytochrome ¢ oxidoreductase activity (NADH-cyt ¢) was measured to assess the
integrated activity by Complex | and Complex Ill. Mitochondria were added in kinetic
buffer with 1 mM KCN in order to inhibit electron transfer towards Complex IV. The rate
of electron transfer was measured after the addition of 50 uM cytochrome c (Sigma-
Aldrich C2037). The cytochrome ¢ reduction was monitored as differential absorbance
(AA) at wavelengths of 550 minus 540 nm (e = 19.1 mM*.cm™).

4.5.4 Succinate:cytochrome c¢ oxidoreductase activity

Succinate-dependent integrated activity (succ-cyt c) was measured to assess the integrated
activity by Complex 1l and Complex I1l. Mitochondria were pre-incubated for 5 minutes
at 37°C with succinate (Sigma-Aldrich 14160) in buffer B and then added in kinetic
buffer with 1 mM KCN in order to inhibit electron transfer towards Complex IV. The rate
of electron transfer was measured after the addition of 50 uM cytochrome c (Sigma-
Aldrich C2037) and 26 mM succinate. The cytochrome ¢ reduction was monitored as

differential absorbance (AA) at wavelengths of 550 minus 540 nm (g = 19.1 mM*.cm™).

4.5.5 Succinate dehydrogenase activity

Succinate dehydrogenase activity (succ-DCPIP) was measured to assess the specific
activity of Complex Il. Cells were pre-incubated for 5 minutes at 37°C with succinate
(Sigma-Aldrich 14160) in buffer B and then added in kinetic buffer with 1 uM rotenone,

1 pg/ml antimycin A and 1 mM KCN in order to inhibit electron transfer towards
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Complex I, Complex Il and Complex IV. To permeabilize cells, 10 pl of Triton X100
10% were added in the cuvette. The rate of electron transfer was measured after the
addition of 50 uM 2,6- dichlorophenolindophenol (DCPIP; Sigma-Aldrich, D1878) and
100 pM coenzyme Q1 (Sigma-Aldrich C7956). The DCPIP reduction was monitored at
wavelength 660 nm (e = 19.1 mM*.cm™).

4.6 Protein electrophoresis analysis

4.6.1 Blue native polyacrylamide gel electrophoresis (BN-PAGE)

Resuspension buffer: 50 mM NaCl (Sigma-Aldrich S9888), 5 mM 6-aminocaproic acid
(Sigma-Aldrich 07260), 50 mM imidazole (Sigma-Aldrich 15513), pH 7.0

Anode buffer: Invitrogen Native-PAGE running buffer 20x (BN2001) - BisTris 50 mM,
Tricina 50 mM pH 6.8

Deep blue cathode buffer: Invitrogen Native-PAGE running buffer 20x (BN2001) and
Native-PAGE cathode additive 20x (BN2002) - BisTris 50 mM, Tricina 50 mM,
Coomassie 0.02% pH 6.8

Light blue cathode buffer: Invitrogen Native-PAGE running buffer 20x (BN2001) and
Native-PAGE cathode additive 20x (BN2002) - BisTris 50 mM, Tricina 50 mM,
Coomassie 0.002% pH 6.8

Blue-native polyacrylamide gel electrophoresis (BN-PAGE) is a biochemical technique
developed by Schégger ["®] which allows the isolation of proteins and multimeric protein
complexes with a molecular weight between 10 and 10000 kDa. It is a native
electrophoresis on polyacrylamide gel that consents the separation of proteins in their
native structure. Mild detergents were used to isolate supramolecular assemblies
(supercomplexes), such as digitonin, or to isolate individual complexes, such as dodecyl-
B-D-maltoside (DDM). Coomassie blue G-250 is added to the proteins prior to loading
the samples onto the gel. The dye molecules, with an anionic charge, bind the surface of
the proteins, cover the original charge and the proteins acquire isoelectric points
extremely negative, in this way the separation of the proteins occurs in based on
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molecular mass. Moreover, the negative charge on the surfaces of the individual proteins
reduces the risk that the different molecules can aggregate in a non-specific way during

the running.

Sample preparation

Isolated mitochondria from tissues or cells were thawed and resuspended in resuspension
buffer at 1-2 mg/ml. Digitonin was added at detergent:protein ratio of 8:1 (w:w), pipetted
up and down and incubated for 20 minutes on ice. The sample was centrifugated at 16000
rpm for 10 minutes at 4°C (Sorvall centrifuge R5C5, rotor F28). The pellets were

discarded and the supernatants were collected and kept on ice until use.

Before loading the sample onto the gel, Coomassie blue G-250 solution, at
Coomassie:digitonin ratio of 1:10 (w:w), and glycerol, at a final concentration of 10%
(v:v), were added in order to increase the charge and the density of the sample. Protein
extract samples were loaded (maximal volume 30 pl/well) onto precast 10-wells 3%-12%
T gradient mini BN-gels (NativePAGE Novex Bis-Tris Gel, BN2011BX10, Invitrogen). 5
ul of the molecular weight marker (NativeMark ™ Unstained Protein Standard LC0725,
Life Technologies) were loaded into a lateral well. Electrophoresis was performed at 4°C
using a vertical apparatus (XCell SureLock Mini-Cell Electrophoresis System,
Invitrogen) at 150V constant voltage for 1h in deep blue cathode buffer, then replaced
with light blue cathode buffer for 1h and constant voltage at 250V for 1h15’. At the end
of the running, the gel was extracted from the electrophoretic cell and immersed in pure

water.
The first-dimension gel was immediately electroblotted onto polyvinylidene difluoride

(PVDF) membrane or the strips of the first dimension gel (“lanes” 1D) were cut and

stored in falcon tubes filled with pure water at 4 °C until use.
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4.6.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Reducing solution: 1.25 ml Invitrogen Nu-PAGE LDS Sample Buffer 4X (NP0008), 0.5
ml Invitrogen Nu-PAGE sample reducing agent 10X (NP0009), 3.25 ml H20

Alkylating solution: 1.25 ml Invitrogen Nu-PAGE LDS Sample Buffer 4X (NP0008), 28
ul N, N dimethylacrylamide (DMA, Sigma-Aldrich 274135), 3.75 ml H20

Quenching solution: 1.25 ml Invitrogen Nu-PAGE LDS Sample Buffer 4x (NP0008), 50
ul Invitrogen Nu-PAGE Sample reducing agent 10X (NP0009), 1 ml ethanol, 2.75 ml
H20

Anode buffer: 40 ml Invitrogen Nu-PAGE MOPS SDS running buffer 20x (NP0001), 760
ml H20

Cathode buffer: 200 ml of anode buffer, 0.5 ml Invitrogen Nu-PAGE Antioxidant Agent
(NPOO005)

The second dimension was performed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The electrophoretic run in the second dimension (2D)
allows to separate the single subunits of the native proteins previously separated by BN-
PAGE.

The single 1D lanes were incubated with 3 different solutions (reducing solution,
alkylating solution and quenching solution), 20 minutes each at room temperature and
kept in continuous agitation by oscillation. The 1D lane was placed horizontally respect to
the precast 2D gel (Nu-PAGE Novex 4-12% Bis-Tris NP0326BOX, Invitrogen) (Figure
27). 5 ul of the molecular weight marker (MagicMark™ XP Western Protein Standard
LC5602, Invitrogen) were loaded into a lateral well.

The 1D lane was covered with 40 ul of Nu-PAGE LDS Sample Buffer 4X (Invitrogen
code NP0008) which allowed to check the level of the front in the 2D gel during the
running. The gel was placed in the electrophoretic cell and around 600 ml of anode buffer
were added in the external compartment, and 200 ml of buffer cathode in the external
compartment. The electrophoretic separation was performed at 4°C using a vertical
apparatus (XCell SureLock Mini-Cell Electrophoresis System, Invitrogen) at 110 mA for
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1h15’. The running was stopped when the dye blue front of the migration came out of the

gel.
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Figure 27. Schematic experimental procedure of 2D BN/SDS-PAGE. (A) Separation by 1D BN-PAGE of
respiratory complexes in free and bound native forms. (B) Identification of respiratory protein subunits by

2D SDS-PAGE followed by Western blot and chemiluminescent immunodetection with specific antibodies.

4.7 Western blot protein transfer

4.7.1 Semi-dry Trans-Blot Turbo

Transfer buffer: 200 ml Trans-Blot Turbo 5x Transfer Buffer (Biorad 10026938), 200 ml
ethanol, 600 ml H20

Following electrophoresis under non-denaturating conditions, 1D gels were immediately
transferred onto polyvinylidene difluoride (PVDF) membranes. The transfer was
performed using a Trans-Blot Turbo RTA Mini PVDF Transfer Kit (BioRad 1704272).
The membranes (0.45 um LF PVDF, BioRad) were pre-activated in pure ethanol for few
minutes while the stacks (anode) were prewetted with transfer buffer before placing in the
cassette base. The 1D gel was aligned on the membrane and a second prewetted stack was
placed over on the gel. By using a blot roller, the air bubbles presented in the assembled

transfer pack were removed to ensure direct contacts between the layers. The lid cassette
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was placed on the base and the closed cassette was inserted in the Trans-Blot Turbo

instrument. The transfer was performed at 25V, 1.3A for 7 minutes at room temperature.

4.7.2 \Wet Western Blot

Transfer buffer: 20 ml Invitrogen Transfer Buffer 20X (NP0006), 1 ml Invitrogen Nu-
PAGE Antioxidant Agent (NP0005), 100 ml methanol, H20

After 2D migration, gels were immediately transferred onto nitrocellulose membranes
(Amersham™ Hybond ECL RPN203D). The transfer was performed using a Mini Trans-
Blot? Cell (BioRad 1703930). Membranes, blotting filter papers and foam blotting pads
were prewetted in transfer buffer. All the components necessary for the transfer were
assembled in this sequence: a blotting pad was placed on the black side of the cassette,
then a filter paper on the top of the blotting pad, the 2D gel on the filter paper, then the
prewetted nitrocellulose membrane on the gel and, to complete the transfer pack, the
second filter paper on the membrane. Before adding the last blotting pad, the air bubbles
were removed by a blot roller to ensure direct contacts between the layers. At the end the
cassette was closed and slided inside the blot tank. The transfer was performed at 100V
for 90 minutes at 4°C.

4.8 Immunoblotting and immunodetection

Wash buffer: PBS 1X (Gibco 14190), 0.05% Tween-20 (Sigma-Aldrich P1379)
Blocking solution: 2% w:v BSA (Sigma-Aldrich A4503), 2% w:v non-fat milk (BioRad
1706404), 0.05% v:v Tween-20 (Sigma-Aldrich P1379) diluted in PBS 1X (Gibco 14190)

After the blotting, PVDF and nitrocellulose membranes were washed three times with
wash buffer, 5 minutes each. Then, membranes were blocked with blocking solution and
incubated at 4°C overnight. After washing, primary antibody diluted in blocking solution
was added on the membrane and incubated for 1h at room temperature with orbital

95



Materials and Methods

shaking. Then, the membrane was washed twice with was buffer and a goat anti-mouse
IgG (H+L) secondary antibody conjugated with horseradish peroxidase (HRP) (Molecular
Probes, Invitrogen), diluted 1:1000 in blocking solution, was added on the membrane and

incubated for 1h at room temperature with orbital shaking.

Monoclonal primary antibodies specific for single subunits of each respiratory complexes
are purchased by Abcam: NDUFA9 subunit of Complex | (ab14713), SDHA subunit of
Complex 1l (ab14715), Rieske protein of Complex Ill (ab14746) and, a cocktail of
antibodies (ab110413: NDUFB8 of Complex I, subunit C-11-30 (FeS) of Complex II,
Core 2 of Complex 111, COX-I of Complex IV and a-subunit of Complex V), previously
diluted 1:5000 in blocking solution (except for SDHA subunit of Complex Il diluted
1:2000 in blocking solution).

The membrane was washed three times with wash buffer and left in PBS 1X until the
immunodetection, performed using a kit of chemiluminescence detection. For PVDF
membranes was used SuperSignal West Pico PLUS (ThermoFisher 34577), while for
nitrocellulose membranes was used LiteAblot PLUS (EuroClone, EMP011005) according

with the manufacturer’s indications.

The chemiluminescence detection kit is composed by peroxide (H202) and luminol. A
mix of peroxide and luminol 1: 1 ratio (v:v) was incubated to the membrane, previously
drained from PBS 1X, protected from the light. The excess mixture was removed and
images were acquired at different exposure times by using the ChemiDoc MP (BioRad)

equipped with the Image_Lab software (BioRad).

4.9 ATP production

ATP production in BMDMs was measured by using the CellTiter-Glo® 2.0 Luminescent
Cell Viability Assay (Promega, G9241). 15.000 BMDMs were plated in 96-well cell
culture microplates with flat bottom black (Greiner Bio-One 655098) and incubated
overnight in a humidified incubator with 5% CO; at 37°C (Binder CO: incubator). The
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following day, macrophages were challenged with different strains of bacteria at a MOI
25, according to the experimental scheme, overnight. After 24hrs of stimulation, the
medium was removed and half of the plate was incubated with OXPHOS inhibitors
cocktail (antimycin 100 pM, rotenone 0,5 pM and oligomycin 3 uM) for 1h at 5% CO: at
37°C in the incubator. Standard serial dilutions of ATP solution (10 mM, Roche/Sigma-
Aldrich 10519979001) were prepared immediately before use to create the standard
reference curve. Standard ATP was included into the plate and CellTiter-Glo® 2.0 was
then added in all the wells at equal volume of culture medium for 10 minutes at room
temperature, protected from the light. The plate was read with Lumiskan Microplate
Luminometer (Labsystems). Mitochondrial ATP was calculated by subtracting the ATP
content obtained with inhibitors cocktail to ATP content without inhibitors (total ATP).

To normalize all the ATP values, a second microplate was seeded and treated in the same
moment and in the same condition of the first one. After 24hrs post stimulation, the
medium was removed and 10 ul of RIPA buffer (Sigma-Aldrich R0278) was added in
each well. By using a tip, the proteins were scratched from the bottom of the wells and
the samples were harvested for determining the protein content.

4.10 Oxygen consumption analysis

Seahorse medium: DMEM powder 10X (Sigma-Aldrich D5030), 1,85 gr NaCl (Sigma-
Aldrich S9888), in 1L of pure H.O, pH 7.4

Real-time oxygen-consumption rate (OCR) was measured using an XF-96 Extracellular
Flux Analyzer (Seahorse Bioscience) and analysed by Wave Desktop software (Agilent
Technologies). 1.5 x 105 BMDMs were plated in 96-wells Seahorse plate (XF-96 Cell
culture microplates, Agilent) and centrifuged at 1500 rpm x 5 min (Heraeus Multifuge 1
S-R, rotor 75002010, Thermo Fisher). The plate was incubated overnight in a humidified
incubator with 5% CO. at 37°C. A calibration plate (XFe96 sensor cartridges, Agilent),
containing 200 pL/well of pure H20, was placed in a CO.-free incubator at 37 °C
overnight. The next day, macrophages were stimulated with different strains of bacteria at
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MOI 25 for 2-24h according to the experimental scheme and the plate was centrifuged at
2000 rpm x 5 min (Heraeus Multifuge 1 S-R, rotor 75002010, Thermo Fisher). Cells were
washed three times with PBS 1X and 200 puL of Seahorse medium supplemented with 2
mM Glutamine, 25 mM Glucose and 1 mM Na-Pyruvate were added in each well. The
plate was incubated in a CO»-free incubator at 37 °C for at least 30 minutes. During this
incubation, the pure H2O present in the calibration plate was replaced with 200 uL/well of
calibrant solution (Agilent 100840) and the instrument calibration was performed running
the plate for 20 minutes. After calibration, three consecutive measurements were
performed under basal conditions and after each injection of the following
inhibitors/uncouplers: 1 upuM  oligomycin, 1 uM carbonyl cyanide m-
chlorophenylhydrazone (CCCP) and 1 puM rotenone plus 1 uM antimycin. Basal
respiration rate (BRR) was defined as OCR in the absence of oligomycin and CCCP.
Maximal respiration rate (MRR) was defined as OCR after adding of CCCP. Data are
represented as BRR and MRR obtained after addition of rotenone and antimycin A,

corresponding to specific mitochondrial respiration.

4.11 Cytokine enzyme-linked immunosorbent assay (ELISA)

ELISA wash buffer: 200 ml PBS 1X (Gibco 14190), 1 ml Tween-20 (Sigma-Aldrich
P1379), 1.8 L pure H20

Reagent diluent for 1L-10, IL-6 and TNFo: 5XELISA/ELISPOT diluent (Invitrogen)
diluted 1:5 with pure H.O

Reagent diluent for IL-10: PBS 1X (Gibco 14190), 1% BSA (Sigma-Aldrich A4503)

For the detection of cytokine profile in macrophages, 150.000 BMDMs were plated in
triplicate in 24 wells tissue culture-treated plates (Sarstedt 83.3922), were centrifuged at
1500 rpm for 5 minutes (Heraeus Multifuge 1 S-R, rotor 75002010, Thermo Fisher) and
incubated at 37°C, 5% CO: overnight. The following day, macrophages were challenged
with different strains of bacteria at MOI 25, according to the experimental scheme, and

supernatants were collected at 24hrs after stimulation.
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[1-6, IL-10 and TNF-a ELISA kits were purchased from Invitrogen (IL-6, 88-7064-88;
IL-10, 99-7105-88 and TNFa, 88-7324-88). IL-1p ELISA kit was purchased from R&D
System (IL-1B, DY401).

Capture antibodies, diluted 1:250 in coating buffer (PBS 1X) were added in a 96 well
plate (Nunc-Immuno MicroWell, Thermo Fisher) and incubated overnight at 4°C. The
plate for the evaluation of IL-1p production was incubated overnight at room temperature
according to the manufacturer’s instructions. After washing the plates three times with
wash buffer, 50 ul of reagent diluent was added in each well for 1h at room temperature.
During this time, the samples and the standards for the standard curves were prepared and
diluted in their respective reagent diluent. After washing the plates once with wash buffer,
50 ul of samples and standards were added to the appropriate wells. All the plates were
incubated overnight at 4°C. All the plates were washed three times and 50 pl of the
detection antibodies, biotin-conjugated anti-cytokine antibodies, were added in each well
for 2hrs for IL-1B and only 1h for IL-10, IL-6 and TNFa, at room temperature. After
washing the plates three times with wash buffer, 50 ul of Streptavidin-HRP/well was
added and incubated for 30 minutes at room temperature, protected from the light. All the
plates were washed five times with wash buffer and 50 ul of a chromogenic substrate for
HRP, 5,5’- tetramethylbenzidine solution (1X TMB solution, Invitrogen)/well was added,
incubated at room temperature until a blue color appears in the wells. The reaction was
stopped adding TMB stop solution (Seracare 5150 or 2N H2SO.) and the plates were read

at 450 nm using a microplate reader (Safas Monaco MP96).

4.12 Metabolomic

For metabolomic analysis, 2 x 1076 cells were seeded in triplicate on 6 wells non-tissue
culture treated plates (Falcon 351146) and left to adhere overnight in a humidified
incubator with 5% CO; at 37°C. BMDMs were challenged with live Gram-negative and
Gram-positive bacteria at a MOI 25, according to the experimental scheme. The plates
were centrifugated at 2000 rpm for 5 minutes (Heraeus Multifuge 1 S-R, rotor 75002010,
Thermo Fisher) and incubated for 18hrs. The medium was removed and cells were gently
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washed with PBS 1X. Cells were incubated few minutes with PBS 1X supplemented with
5 mM EDTA (Invitrogen AM9260G) and macrophages were harvested in a falcon tube.
Cells were counted (Zeiss Microscope Primovert) and centrifugated at 1500 rpm for 5
minutes (Heraeus Multifuge 1 S-R, rotor 75002010, Thermo Fisher). The cell pellet was
resuspended with R10 medium and centrifugated at 1500 rpm for 5 minutes at 4°C
(Eppendorf centrifuge 5415R, rotor F45-24-11). The cell pellets were stored at -80°C.

Metabolomic analysis was performed by MetaToul (Metabolomics & Fluxomics
Facitilies, Toulouse, France, www.metatoul.fr) using a method which couples ion

chromatography and mass spectrometry.

4.13 Immunoprecipitation

For immunoprecipitation assays, 36 x 106 BMDMs per condition were plated in 6 well
non-tissue culture treated plates (Falcon 351146) and left to adhere overnight in a
humidified incubator with 5% CO> at 37°C. BMDMs were challenged with live E. coli
and L. innocua at a MOI 25. The plates were centrifugated at 2000 rpm for 5 minutes
(Heraeus Multifuge 1 S-R, rotor 75002010, Thermo Fisher) and incubated for 18hrs. The
medium was removed and cells were gently washed with PBS 1X. Cells were incubated
few minutes with PBS 1X supplemented with 5 mM EDTA (Invitrogen AM9260G) and
macrophages were harvested in a falcon tube. Cells were counted (Zeiss Microscope
Primovert) and centrifugated at 1500 rpm for 5 minutes (Heraeus Multifuge 1 S-R, rotor
75002010, Thermo Fisher). The cell pellet was resuspended with R10 medium and
centrifugated at 1500 rpm for 5 minutes at 4°C (Eppendorf centrifuge 5415R, rotor F45-
24-11). The cell pellets were stored at -80°C until use. Mitochondria were isolated as

previously described in the section “4.3.1 Isolation of mitochondria from macrophages”.

The immunoprecipitation follows manufacture’s protocol (Abcam 109779). Mitochondria
were resuspended in 300 ul of buffer B and 1/10 volume of PBS 1X + 0% lauryl
maltoside (Abcam ab109857) was added to the sample. The solution was mixed and

incubated on ice for 30 minutes. The sample was then centrifugated at 16000 rpm for 30
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minutes at 4°C (Eppendorf centrifuge 5415R, rotor F45-24-11). The supernatant was
collected and 30 pl of agarose beads cross-linked to specific monoclonal antibodies were
added. The mix was incubated overnight at 4°C, constantly moving on a rotating device.
The beads were washed three times with 500 ul PBS 1X + 0.05% lauryl maltoside and the
proteins were eluted with 40 ul 2x Laemmli sample buffer (Biorad 1610737).

The proteomic analysis was performed by the proteomic facility located in Bordeaux.

4.14 In vivo experiments

For in vivo experiments, female C57BL/6N mice were intraperitoneally injected (i.p.)
with 160 mg/kg dimethyl malonate (DMM) [*] and, after 2hrs, mice were i.p. injected
with 1x10"9 live E. coli or L. innocua. 2 hrs later, mice were sacrificed and blood was
collected from the venous sinus. Samples were centrifuged for 5 min at 7000 rpm at 4°C
(Eppendorf centrifuge 5415R, rotor F45-24-11) and supernatants were stored at -80°C
until use. The samples were used to measure the in vivo cytokine profile by ELISA (see
section 4.11).

4.15 Statistical analysis
The results were expressed as mean + SEM and analysed using GraphPad Prism 9

software. The unpaired Student’s t test was used to compare two independent groups. NS,

not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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5.1. Structural and functional analysis of ETS in cultured macrophages

In isolated mitochondria from cultured bone marrow derived macrophages (BMDMs),
solubilized with digitonin and analysed by 1D BN-PAGE (for details, see section 4.6.1 in
Materials and Methods), it is possible to observe the presence of high molecular weight
bands (> 1500 kDa), suggesting the presence of respiratory supercomplexes (SC) (Figure
28a). Using 2D SDS-PAGE followed by Western blot and immunodetection with specific
monoclonal antibodies against single subunits of the redox complexes of the respiratory
chain. The antibodies were sequentially incubated on the membrane in order to precisely
identify the protein of interest. We detected the presence of two vertically aligned spots
that reveal the nature of such high molecular weight bands, as indicated in Figure 28.
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Figure 28. Chemiluminescent immunodetection of respiratory complexes and supercomplexes after 2D
BN/SDS-PAGE analysis in C57BL/6N macrophages from control mice treated with a,c) 3,75% digitonin or
b,d) 1,7% dodecyl maltoside (DDM). Immunodetection with specific monoclonal antibodies: NDUFAS9 of
Cl (39 kDa), SDHA of CllI (70 kDa), Rieske protein of Clll (22 kDa) and COX-I of CIV (37 kDa). One
experiment representative of three independent experiments with similar results. Abbreviations: CI-CIV,

Complex I-1V, SC, supercomplex.

In particular, the Figure 28a,d shows the vertical alignment of Complex | and Complex
[11, due to the original assembly of these two complexes forming the SC I1lll2 in native
conditions. In the same image, other isolated spots with lower molecular weight, can be
identified as Complex Il, Complex Il and Complex IV in a free form (i.e. not bound in
form of SC, see chapter 2.3.2.7). It was not possible to detect the presence of CIV in form
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of high molecular weight assemblies (SC Il:lll21Vy and the SC 11121V), consistent with

previous work from the laboratory and from others [3].

Conversely, the in vitro solubilization of the mitochondrial sample with 10% DDM
causes the dissociation of the native SCs into their individual respiratory enzyme
components (Figure 28b,d). In fact, in this case, only the subunits of the free complexes
CI-CI1V are visible, on the right, whereas any spots related to SC disappeared.

5.1.1 Sensing of bacteria affects mitochondrial ETS supramolecular organization

To determine whether the activation of BMDMs affects the organization of the
mitochondrial respiratory system, we analysed the ETS in BMDMs stimulated with
different strains of bacteria. Mitoplasts were prepared from BMDMs challenged with live
E. coli (Gram-negative bacteria) and L. innocua (Gram-positive bacteria) were solubilized
with digitonin and analysed by 1D BN-PAGE (Figure 29).
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Figure 29. 1D BN-PAGE analysis in mitoplasts isolated from BMDMs untreated (time 0) and treated in
culture with Gram- bacteria (E. coli) or Gram+ bacteria (L. innocua) for different time points (1.5hrs, 12hrs
and 24hrs). Immunodetection with specific monoclonal antibodies: SDHA of Cll (70 kDa) and Rieske
protein of ClIlI (22 kDa). One experiment representative of two independent experiments with similar

results. Abbreviations: CII-CII1, Complex II-111, 1112, free CIII in dimeric form.
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We observed the presence of high molecular weight bands suggesting the presence of
respiratory supercomplexes, either in E. coli (left panel) and L. innocua (right panel). A
slight increase of the band of SC band is observed in E. coli-treated macrophages at
1.5hrs and followed by a progressive decrease during the period of infection. Conversely,
in L. innocua-treated macrophages there is a continuous mild decrease of intensity of the
SC band throughout the duration of the infection (Table 1).

CllI free (%) CllI bound (%)
Ctrl 69,8 + 16,0 [6] 30,2 + 16,0 [6]
E. coli 1.5h 36,9 + 1,0 [2] 63,1+ 1,0 [2]
E. coli 12h 477+79[2] 52,3+ 7,9[2]
E. coli 24h 70,8+ 1,3[2] 29,2+ 1,3[2]
L. innocua 1.5h 13,1+4,6 [2] 86,9 £ 4,6 [2]
L. innocua 12h 18,9 + 13,1 [2] 81,1+ 131 [2]
L. innocua 24h 21,4+ 7,0[2] 78,6 7,0 [2]

Table 1. Densitometry analysis of a 1D-BN-PAGE of BMDMs treated with live E. coli and L. innocua at
MOI 25 for different time points (1.5hrs, 12hrs, 24hrs). Values are expressed as percent of CllI free or CllI
bound normalized against total CIII in each condition, set as 100%. Values in square brackets indicate the

number of independent samples.

Moreover, under any condition, Complex Il was not found associated into high molecular
weight protein assembly. The different chemiluminescent intensity of the bands
throughout the time of infection needs further investigation to ensure it is not a technical

problem during the protein extraction.

The 1D BN-PAGE is a technique which allowed us to make comparisons within the same
gel and to observe the different organization of the mitochondrial respiratory complexes
during bacterial infection. At the same time, this method is controversial as the run of

proteins in native form can present problems during the immunodetection phase.
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In addition, BMDMs samples treated with live E. coli or L. innocua were analysed by 2D
SDS-PAGE followed by Western blot and immunodetection to identify the respiratory
complexes bound in the high molecular weight protein assembly (SCs).

As shown in Figure 30 (a-c) and Figure 31 (d-f), our result indicate that the high
molecular weight assembly observed in Figure 29 is composed by Complex | and
Complex I11. The vertical alignment of the two subunits of CI and the two subunits of
CIII confirms the direct involvement of these two redox components in the formation of
SC 11112 in native conditions. It is also possible to observe the Cl and CIII not assembled
into the SC.

As expected, the two spots of Cll and CV confirm the presence of these two respiratory
enzymes only in a free form. Moreover, it is confirmed the presence of Complex IV not
assembled into the SC, so it is not possible to detect high molecular weight assemblies
such as SC I1I1121Vn and the SC 11121V.
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Figure 30. Chemiluminescent immunodetection of respiratory complexes and supercomplexes after 2D
BN/SDS-PAGE analysis in BMDMs treated with E. coli (a-c) for different time points (2hrs, 6hrs and

24hrs). Protein extracts were solubilised from cells samples by using digitonin at a detergent to protein ratio

of 8 (w:w) in order to preserve native supercomplexes. Immunodetection was performed using specific
monoclonal antibodies: NDUFAS9 of ClI (39 kDa), NDUFB8 of CI (17 kDa), SDHA of Cll (70 kDa), SDHB
of Cll (28 kDa) Rieske protein of CllI (22 kDa), Core 2 of ClII (42 kDa), COX-I of CIV (37 kDa) and
subunit a of ATP synthase (56 kDa). Data are from one experiment. Abbreviations: CI-CV, Complex I-V,

SC, supercomplex.

109



Results

d)

SC Cllly,,
Cliee|  Viree

|

L[]

120
100

80

60
50
40

30
20

€)

SC Clllye,

[c|,m_ ClVyee

L]

120
100

80

60
50
40

30
20

R IRl

SC Cllly,

T'v.u CWViree

L]

120
100

80
60

40
30
20

(R LINAL

Figure 31. Chemiluminescent immunodetection of respiratory complexes and supercomplexes after 2D
BN/SDS-PAGE analysis in BMDMs treated with L. innocua (d-f) for different time points (2hrs, 6hrs and
24hrs). Protein extracts were solubilised from cells samples by using digitonin at a detergent to protein ratio
of 8 (w:w) in order to preserve native supercomplexes. Immunodetection was performed using specific
monoclonal antibodies: NDUFAS9 of CI (39 kDa), NDUFB8 of CI (17 kDa), SDHA of Cll (70 kDa), SDHB
of Cll (28 kDa) Rieske protein of CllI (22 kDa), Core 2 of Clll (42 kDa), COX-I of CIV (37 kDa) and
subunit a of ATP synthase (56 kDa). Data are from one experiment. Abbreviations: CI-CV, Complex I-V,

SC, supercomplex.
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This technique does not allow to observe significant differences on the amount of SC in
cultured BMDMs stimulated either in E. coli or L. innocua at the three infection times
analysed (2hrs, 6hrs and 24hrs). In fact, here it seems that there are not major variations
in the vertical alignment of Complex | and Complex IlI, forming the SC Iilll;. The
samples were run in separated gels, then the chemiluminescent intensity of the spots are
not comparable quantitatively between the gels. However, within each 2D gel, it is
possible to compare the chemiluminescent intensity of the free and bound subunits
belonging to the same complex and precisely estimate the relative percentage of free
and/or bound forms. Moreover, it is possible to demonstrate the different redox
components associated in the SCs (vertical alignment of subunits of distinct respiratory
complexes) and consequently to accurately detect any alteration in the level of SCs.

5.1.2 Sensing of bacteria affects the mitochondrial ATP production

To assess whether the metabolic reprogramming in macrophages induces a change in
ATP production upon bacterial infection, we measured the mitochondrial and glycolytic
ATP synthesis in BMDMs stimulated with live E. coli and L. innocua at a MOI 25 for
24hrs. In particular, to measure the mitochondrial ATP contribution we incubated
macrophages stimulated with OXPHOS cocktail inhibitors (antimycin 100 uM, rotenone
0,5 uM and oligomycin 3 uM) for 1h before the ATP dosage.

As shown in Figure 32, an increase of the total ATP is induced by both E. coli and L.
innocua. However, upon infection with Gram-bacteria, activated macrophages increase
the glycolytic ATP production while Gram+ bacteria they increase the mitochondrial
ATP synthesis.
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Figure 32. ATP synthesis in BMDMs untreated (Resting, black/grey column) and treated with Gram-
bacteria (E. coli, blue column) or Gram+ bacteria (L. innocua, green column) at MOI 25 for 24hrs. The
lower section of the chart bar (dark colours) indicates the mitochondrial ATP levels, whereas the upper
section (light colours) indicates the glycolytic ATP. The mitochondrial ATP levels were measured
incubating OXPHOS cocktail inhibitors (antimycin 100 uM, rotenone 0,5 uM and oligomycin 3 uM) for 1h
before the dosage. Values are expressed as percent of ATP production normalized against total ATP
production in Resting condition, set as 100%. Data are from four independent experiments with four

technical replicates (mean and s.e.m.).

To exclude that this difference is specifically associated with the two bacterial strains
employed, we repeated a similar experiment and measured the ATP levels in BMDMSs
stimulated with other Gram- (4Spil/2 S. enterica and P. aeruginosa) and Gram+ bacteria
(ALLO/FIiC L. monocytogenes and S. aureus). In this case (Figure 33) our preliminary
data confirm that all the Gram-negative bacteria increase the amount of glycolytic ATP

while all the Gram-positive bacteria increase the mitochondrial ATP.
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Figure 33. ATP synthesis in BMDMs untreated (Resting, black/grey column) and treated with various live
Gram- bacteria (4Spil/2 S. enterica and P. aeruginosa, blue column) or Gram+ bacteria (ALLO/FIiC L.
monocytogenes and S. aureus, green column) at MOI 25 for 24hrs. The lower section of the chart bar (dark
colours) indicates the mitochondrial ATP levels, whereas the upper section (light colours) indicates the
glycolytic ATP. The mitochondrial ATP levels were measured incubating OXPHOS cocktail inhibitors
(antimycin 100 uM, rotenone 0,5 uM and oligomycin 3 uM) for 1h before the dosage. Values are expressed
as percent of ATP production normalized against total ATP production in Resting condition, set as 100%.

Data are from one experiment.

5.1.3 Sensing of bacteria affects the mitochondrial respiration in macrophages

To better understand the increase of ATP production, we have also investigated the
mitochondrial respiration in macrophages upon bacterial infection. BMDMs were
stimulated with live E. coli and L. innocua for different time points and the oxygen
consumption rate was measured using an Agilent Seahorse XF Analyzer with glucose,

pyruvate and glutamine in the respiratory medium (Figure 34).
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Figure 34. a) Basal respiration rate (BRR) and b) maximal respiration rate (MRR) of 1.5 x 1075
BMDMs/well untreated (Resting, grey columns) and treated with E. coli, (Gram-, blue columns) and L.
innocua (Gram+, green column) at MOI 25 at different time points (2hrs, 6hrs, 12hrs and 24hrs). Each
symbol represents an individual experiment. Data are from two to nine independent experiments with six

technical replicates (mean and s.e.m.).

Our data show that the sensing of E. coli and L. innocua differently modulates
mitochondrial oxygen consumption rate throughout the time of infection. In particular, E.
coli induce a transient (2-6hrs) increase of both the basal and the maximal respiration rate
while L. innocua progressively increase their mitochondrial respiratory capacity if
compared to Resting macrophages at the corresponding time of treatment, while a partial

increase is observed in MRR at short treatment times (2-6hrs).
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We also checked the sensing of other live Gram- (4Spil/2 S. enterica) and Gram+
(ALLO/FIiC L. monocytogenes) bacteria for the same time points of treatment of cultured
macrophages. Our data confirm that all Gram- bacteria tested induce only a transient
increase of the oxygen consumption rate (both BRR and MRR) while Gram+ bacteria
increase their BRR at short time treatment and tend to maintain it up to 24hrs of infection
(Figure 35).
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Figure 35. a) Basal respiration rate (BRR) and b) maximal respiration rate (MRR) of 1.5 x 1075
BMDMs/well untreated (Resting, grey columns) and treated with ASpil/2 S. enterica, (Gram-, blue
columns) and ALLO/FIiC L. monocytogenes (Gram+, green column) at different time points (2hrs, 6hrs,
12hrs and 24hrs). Each symbol represents an individual experiment. Data are from two to nine independent

experiments with six technical replicates (mean and s.e.m.).
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5.1.4 Sensing of bacteria differently affect CII activity

Previous results in the literature indicate that CII/SDH enzyme activity is increased in
macrophages upon E. coli infection [}]. To understand whether the sensing of the
different bacteria strains employed in our study may differently alter CII activity, we
applied spectrophotometric analysis of succinate dehydrogenase activity by monitoring
the reduction of 2,6-Dichlorophenolindophenol (DCPIP) in BMDMs upon Gram- and

Gram+ bacterial infection (Figure 36).
BMDMs were treated in vitro with E. coli (Gram- bacteria) and L. innocua (Gram+

bacteria) at a MOI 25 at different time points (2hrs, 6hrs and 18hrs) and we have

evaluated spectrophotometrically the specific activity of CII.
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Figure 36. Succinate dehydrogenase activity in BMDMs treated with live E. coli, (Gram-, blue line) and L.
innocua (Gram+, green line) at MOI 25 for different time points. Data are from three independent

experiments.

Our preliminary results confirm that CII/SDH activity is transiently increased in activated
macrophages after E. coli infection. The maximum activity is reached approximately 2
hours after infection and then progressively decreases during the period of infection,

reaching values almost halved compared to zero time. Conversely, macrophages treated
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with L. innocua only slightly increase CII/SDH activity at 6 hours post-infection and then

maintain constant this Cll activity throughout the duration of the infection.

5.2 Structural and functional analysis of isolated mitochondria from infected tissues

To assess SCs correlation with to macrophage antibacterial responses, we intraperitoneal
injected 1x1079 live E. coli in mice, after 72hrs post-infection mice were sacrificed and
mitochondria were isolated from spleen, liver and heart (see section 4.3.3 in Materials &
Methods).

The 2D BN/SDS-PAGE analysis followed by immunodetection, with specific monoclonal
antibodies (Figure 37), indicates the presence of SCs in all the control samples, but also
suggests a partial SC dissociation, a different free/bound forms ratio of Cl and CIlII, in

spleen upon bacterial infection.
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Figure 37. Chemiluminescent immunodetection of respiratory complexes and supercomplexes after 2D

BN/SDS-PAGE analysis in a) spleen, b) liver and c¢) heart mitochondria isolated from control (Ctrl) or E.

coli infected (E. coli) tissues. Protein extracts were solubilised from cells samples by using digitonin at a

detergent to protein ratio of 8 (w:w) in order to preserve native supercomplexes. Immunodetection was
performed using specific monoclonal antibodies: NDUFA9 of CI (39 kDa), NDUFB8 of ClI (17 kDa),
SDHA of ClIlI (70 kDa), SDHB of ClIl (28 kDa) Rieske protein of ClII (22 kDa), Core 2 of Clll (42 kDa),
COX-I of CIV (37 kDa) and subunit a of ATP synthase (56 kDa). Data are from one experiment.
Abbreviations: CI-CV, Complex I-V, SC, supercomplex.
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In fact, these preliminary results show a large amount of SC I1lll> and a relatively low
amount of CI in free form in the control samples. In particular, in spleen and liver
mitochondria the 100% of CI is bound to dimeric CIlI, whereas in heart mitochondria SC
[11112 is 97% and a small amount of CI in free form is also detectable. Instead, the dimeric
CIII in free form increase from 38% in spleen samples to 64% and 52% in liver and heart
samples, respectively. Mitochondria isolated from infected mice tissues still have high
percentages of Cl bound to SC I11112 but the amount of CI bound to CIlI decreases to 94%
in spleen mitochondria and the CIII in free form increase at 71%. The percentage of CllI
bound to CI in infected liver slight increases at 70% while in infected heart mitochondria

decreases to 40%.

We have also evaluated the specific activity of Cl, the integrated activity by CI and CIII,
the succinate-dependent integrated activity by CIl and CIlIl and the overall respiratory
activity in the above-mentioned mitochondrial samples (Table 2). As expected from the
unchanged amounts of SCs after infection, also the NADH-cytochrome c¢ activity
catalysed by CI and Cll1 was not changed upon infection.

. NADH:ubiquinone NADH:cytochrome ¢ succinate:cytochrome c
NADH:oxidase . . :
(1umoli NADH/min/meg prot.) oxidoreductase oxidoreductase oxidoreductase
W g prot. (umoli NADH/min/mg prot.) | (pumoli cyt ¢/min/mg prot.) | (umoli cyt ¢/min/mg prot.)
Ct 0.143 [1] 0.126 [1] 0.303 +0.018 [2] 0.378 £ 0.002 [2]
SPLEEN
EC 0.153 [1] 0.139 [1] 0.311 +£0.053 [2] 0.464 +0.007 [2]
Ct 0.090 + 0.006 [4] 0.084 +0.018 [3] 0.111 + 0.042 [6] 0.247 £ 0.036 [3]
LIVER
EC 0.137 £ 0.004 [2] 0.100 + 0.007 [2] 0.081 +0.021 [3] 0.338 £ 0.002 [2]
Ct 1.488 +0.082 [2] 0.620 + 0.051 [2] 0.951 +0.169 [4] 0.991 +0.004 [2]
HEART
EC 1.023 £0.040 [2] 0.674 £ 0.077 [2] 0.741 £ 0.094 [4] 0.849 +0.062 [2]

Table 2. Enzyme activity values in control tissue mitochondria (Ct) and in mitochondria from tissues of E.
coli-infected mice (EC). Data are expressed as mean + s.d. Values in square brackets indicate the number of

independent samples.
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5.3 Sensing of Gram- and Gram+ bacteria leads to a distinct metabolic

reprogramming

It is known from literature [*°] that metabolic changes occur during macrophages
activation. We wondered if the different nature of the bacteria strains employed in our
study may induce a different reprogramming of the main metabolic pathway of BMDMs

in our experimental conditions.

Cultured BMDMs were challenged overnight with live Gram- (E. coli, 4Spil/2 S.
enterica and P. aeruginosa) and Gram+ bacteria (L. innocua, ALLO/FIiC L.
monocytogenes and S. aureus) and the next day cells were collected for the metabolomics
analysis was performed in collaboration with the metabolomic facility in Toulouse
(MetaToul) (Figure 38).
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Figure 38. Hierarchical clustering heatmap representing significantly different metabolites identified from
BMDMs treated with Gram- bacteria (E. coli, ASpil/2 S. enterica and P. aeruginosa, left panel) and Gram+
bacteria (L. innocua, ALLO/FIiC L. monocytogenes and S. aureus, right panel). Data are from three
independent experiments.
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The data listed in the report show that Gram-negative treated macrophages strengthen the
abundance of some metabolites of glycolysis and pentose phosphate pathway (e.g. listed
items from Fru6P to Gly3P in Figure 38) while Gram-positive treated macrophages
generate an increase of metabolites of the TCA cycle and amino acid metabolism (Figure
39).

Enriched in Gram+ Enriched in Gram-
-treated macrophages -treated macrophages
8-
Aconitate
e Fructose-BP “e
6= Glutamate L
= \ .
N
Sa ° o
.y a-Ketoglutarate — g Fructose-6P
o
| )
! \
2= OH-Glutarate
0 T B T 1
-4 -2 0 2 4

Log2 (Fold change)

Figure 39. Volcano plot of log, fold-change (x axis) versus —logio p-value (y axis, representing the
probability that the metabolite is significantly regulated), based on metabolomics data for the comparisons
of Gram+ treated macrophages (left) and Gram- treated macrophages (right). Scattered points represent
metabolites. Metabolites with log.FC above 1 are up-regulated, while metabolites with log.FC below 1 are
considered as down regulated.

In particular, we focused on the metabolites of the TCA cycle (Figure 40) since it is well

known that some metabolites, such as succinate, fumarate and a-ketoglutarate, contribute

to histone- and DNA demethylation of cytokine loci [°].
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Figure 40. Heatmap representing the significantly different TCA cycle metabolites identified from BMDMs
untreated (Ctrl), treated with Gram- bacteria (E. coli, 4Spil/2 S. enterica and P. aeruginosa, on the left) and
Gram+ bacteria (L. innocua, ALLO/FIiC L. monocytogenes and S. aureus, on the right). Data are from three

independent experiments.

Our metabolomic analysis confirms that sensing of Gram- bacteria by macrophages
induces a TCA cycle reprogramming characterized by the accumulation of fumarate
while Gram+ bacteria-treated macrophages accumulate a-ketoglutarate. In fact, the
tendency of the fumarate/a-ketoglutarate ratio is therefore different between Gram- and

Gram+ treated samples (Figure 41).
These results are preliminary data and further epigenetic studies are ongoing to highlight

significant different histone- and DNA demethylation of cytokine loci upon macrophage

activation by sensing of Gram- and Gram+ bacteria.
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Figure 41. Fumarate/a-ketoglutarate ratio of BMDMSs untreated (Ctrl) and treated with Gram- bacteria (E.
coli, ASpil/2 S. enterica and P. aeruginosa, blue columns) and Gram+ bacteria (L. innocua, ALLO/FIiC L.
monocytogenes and S. aureus, green columns). NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001

(two-tailed unpaired Student’s t-test). Data (mean and s.e.m.) are from three independent experiments.

5.3.1 Pharmacological manipulation of fumarate/a-ketoglutarate ratio in

macrophages

The results regarding the different fumarate/a-ketoglutarate ratio, depending on the nature
of the bacteria, led us to wonder if a pharmacological modification of this ratio could

affect the production of cytokines.

Cultured BMDMs were treated in vitro with 25 and 100 uM of dimethyl-fumarate (DMF)
or with 0.1 and 1 mM of a-ketoglutarate (a-KG) for 4h before adding live bacteria as
usual in our previous experiments. Then, after 24hrs post-infection, the cytokine levels

were measured by ELISA.
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In E. coli-treated macrophages (Figure 42), the presence of DMF decreases in a dose-
dependent mode the IL-10 production and increases the TNFa and IL-1 production. No
significant effect on the IL-6 production was observed under our experimental conditions.
Conversely, the a-KG reatment does not seem to affect the cytokine production by

macrophages challenged with E. coli.

In L. innocua—treated macrophages (Figure 43), presence of the DMF also decreases in a
dose-dependent mode the IL-10 production and increases the TNFo and IL-1p
production. Again, no significant effect on the IL-6 production was observed under our
experimental conditions. At difference from E. coli—treated samples, a-KG increases the

IL-6 and 1L-10 production in macrophages stimulated with L. innocua.
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Figure 42. Cytokine production in BMDMs in the absence (first blue column) and in the presence of 25,
100 uM DMF or 0.1, 1 mM a-KG for 4h prior to infection with E. coli (Gram- bacteria) at MOI 25 for 24h.
IL-10, IL-6, TNFa and IL-1f levels were measured as described in “Materials and Methods”. The small
triangles below the graphs represent the low-high quantities of the corresponding metabolite added in

culture. Data (mean and s.e.m.) are from two independent experiments.
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Figure 43. Cytokine production in BMDMs in the absence (first green column) and in the presence of 25,
100 uM DMF or 0.1, 1 mM a-KG for 4h prior to infection with L. innocua (Gram+ bacteria) at MOI 25 for
24h. IL-10, IL-6, TNFa and IL-1f levels were measured as described in “Materials and Methods”. The
small triangles below the graphs represent the low-high quantities of the corresponding metabolite added in

culture. Data (mean and s.e.m.) are from two independent experiments.
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5.3.2 ldentification of CII/SDH post-translational modifications in macrophages

upon infection

It is known from the literature ['%] that CII activity is regulated by post-translational
modifications (PTMs) of SDH subunits, in particular phosphorylation and acetylation.
Increased CII activity, in macrophages, requires the phosphorylation of SDHA Tyr604,
by the action of Src-family tyrosine kinase Fgr [*°°]. Moreover, inhibition of TEN-like
mi-tochondrial phosphatase-1 (PTPMT1) leads to an increased phosphorylation and ClI
activity, while a decreased SDH activity results by acetylation of lysines of SDHA.

To further investigate the PTMs on the role of CII/SDH activity, we performed proteomic
analysis on macrophages upon Gram- and Gram+ bacterial infection in order to identify
specific PTMs.

Cultured BMDMs were treated with live E. coli and L. innocua for 18hrs. The four
subunits of CII/SDH (SDHA, SDHB, SDHC and SDHD) were immunoprecipitated and
subsequently analysed by mass-spectrometry analysis to identify PTMs (Figure 44). The
proteomic analysis, performed in collaboration with the proteomic facility located in
Bordeaux (J.W. Dupuy), reveals some PTMs in different amino acid residues, depending
on the nature of bacteria. In E. coli — treated macrophages we found the phosphorylation
of SDHA Thr262, the succinylation of SDHA Ly95 and Lys538 and the acetylation of
SDHA Lys423. Instead, in L. innocua — treated macrophages we detected the
phosphorylation of SDHA Ser470 and Tyr365 and the phosphorylation of SDHC Ser95.
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Figure 44. Volcano plot representing some post-translational modifications (PTMs) found in subunits of
CII/SDH in BMDMs treated with live E. coli, (Gram-, on the left) and L. innocua (Gram+, on the right).
Abbreviations: SDHA-C, subunit A-C of CII/SDH; P, phosphorylation; Suc, succinylation; Ac, acetylation.

Interestingly, from the analysis was not detected phosphorylation of the SDHA Tyr604,
known to be one of the amino acid residues involved in the transient increase in ClI

activity upon E. coli infection [1%].

5.4 Sensing of bacteria induce different cytokine production

Upon activation, macrophages release cytokines to trigger an immune response, so we
investigated whether sensing of different bacteria, and the consequent metabolic

alteration that we described in the previous sections, may affect the cytokine production.

Cultured BMDMs were stimulated with Gram-negative (E. coli, 4Spil/2 S. enterica and
P. aeruginosa) and Gram-positive bacteria (L. innocua, ALLO/FIiC L. monocytogenes
and S. aureus) as in our previous experiments. After 24h, supernatants were collected and
the concentrations of IL-1p, IL-10, IL-6 and TNFa were measured by ELISA (Figure 45).
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Figure 45. Cytokine production in BMDMs untreated (Ctrl) and treated with Gram- bacteria (E. coli,
ASpil/2 S. enterica and P. aeruginosa, blue columns) and Gram+ bacteria (L. innocua, ALLO/FIiC L.
monocytogenes and S. aureus, green columns) at MOI 25 for 24hrs. IL-10, IL-6, TNFa and IL-1f levels
were measured as described in “Materials and Methods”. Data (mean and s.e.m.) are from two independent

experiments.
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Our preliminary data show an increase in IL-1f production in Gram- treated macrophages
whereas IL-1p is quite completely absent in Gram+ bacteria treated samples. Moreover, a
higher TNFa production is observed in Gram+ treated macrophages. No major
differences between the two types of bacterial treatment are observed for 1L-6 and IL-10

production.

Interestingly, S. aureus seems not to respond as the other Gram+ bacteria tested in our

study, so further studies are needed to better investigate this behavior.

5.5 Effect of ClI inhibitors on the mitochondrial ETS organization and macrophage

metabolism

To investigate the role of CII and its possible pathological alterations in macrophage
reprogramming upon infection, we cultured in vitro BMDMs with CII inhibitors, 3-
nitropropionic acid (3-NPA) and dimethyl malonate (DMM).

Mitoplasts were isolated from BMDMs untreated or treated either with 0.5 mM 3NPA for
1h (Figure 46-panel A) or 10 mM DDM for 3 hrs (Figure 46-panel B) prior to challenging
the cells with live E. coli or L. innocua for different time points. Samples were analysed
by 1D BN-PAGE followed by immunoblotting.

Our preliminary data do not show major differences in the time dependent
mitochondrial respiratory adaptations in infected BMDMs as a consequence of the
presence of the CII inhibitors compared to time-dependent adaptations we have already
described (see also section 5.1.1) for non-inhibited BMDMs.
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Figure 46. 1D BN-PAGE in mitoplasts isolated from BMDMs untreated (time 0) or treated with a) 0.5 mM
3NPA for 1h or b) 10 mM DMM for 3h before adding bacteria. Cells were challenged with E. coli (Gram-
bacteria) or L. innocua (Gram+ bacteria) for different time points (1.5hrs, 12hrs and 24hrs).
Immunodetection with specific monoclonal antibodies: SDHA of CIl (70 kDa) and Rieske protein of CIlI
(22 kDa). One experiment representative of two independent experiments with similar results.
Abbreviations: CII-CII1, Complex I1-111, ll12, free CIII in dimeric form.

5.5.1 Effect of CII inhibitors on the ATP production

To further investigate possible pathological consequences of CII in inhibition on
macrophage metabolism and sensing of bacteria, we measured the ATP levels in cultured
BMDMs untreated or treated with 0.5 mM 3NPA for 1h or 10 mM DMM for 3h before
adding live E. coli and L. innocua overnight (Figure 47).

From our preliminary data, the ATP generation from BMDMs (see also section 5.1.2)
treated with either one of the two Gram- bacterial strains employed in this study (E. coli
and A4Spil/2 S. enterica) or one of the two Gram+ bacteria (L. innocua and ALLO/FIiC L.

monocytogenes) is unaffected by both CII inhibitors.
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Figure 47. ATP synthesis in cultured macrophages untreated or treated with 0.5 mM 3NPA for 1h or 10
mM DMM for 3h before adding bacteria. Cells were challenged with a) Gram- bacteria (E. coli and 4Spii/2
S. enterica, dark blue/light column) or b) Gram+ bacteria (L. innocua and ALLO/FIiC L. monocytogenes,
dark green/light column) at MOI 25 for 24h. The mitochondrial ATP levels were measured incubating
OXPHOS cocktail inhibitors (antimycin 100 uM, rotenone 0,5 uM and oligomycin 3 uM) for 1h before the

dosage. Data are from four independent experiments with four technical replicates (mean and s.e.m.).
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5.5.2 Effect of CIl inhibitor on the mitochondrial respiration

Although the ATP production was not affected by the effect of CIlI inhibition (see section
5.5.1), we checked more in detail the effect of the 3NPA CII inhibitor on the

mitochondrial respiration.

Cultured BMDMs were treated with 0.5 mM 3NPA for 1h before adding live E. coli and
L. innocua for different time points and the oxygen consumption rate was measured using
an Agilent Seahorse XF Analyzer with glucose, pyruvate and glutamine in the respiratory

medium.

Our preliminary data show that the basal respiration rate (BRR) in BMDMs treated with
Gram- and Gram+ bacteria (see section 5.1.3) seems unaffected by pre-incubation of the
cells with the CII inhibitor (Figure 48). On the contrary, the maximal respiratory rate
(MRR), which is by definition the rate of oxygen consumption in the presence of
uncouplers, is strongly influenced by the presence of specific inhibitor of CII (Figure 49).
This indicates that the 3-NPA concentration used in our experiments is actually able of

interfering with the catalytic activity of the mitochondrial CII.
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Figure 48. Basal respiration rate (BRR) of 1.5 x 105 BMDMs/well cultured with 0.5 mM 3NPA for 1h
before adding bacteria. Cells were untreated (Resting, grey columns) or treated with Gram- bacteria (E. coli
and ASpil/2 S. enterica, blue columns) and Gram+ bacteria (L. innocua and ALLO/FIiC L. monocytogenes,
green columns) at different time points a) 2hrs, b) 6hrs, ¢) 12hrs and d) 24hrs. Each symbol represents an
individual experiment. Data are from two to nine independent experiments with six technical replicates
(mean and s.e.m.).
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Figure 49. Maximal respiration rate (MRR) of 1.5 x 105 BMDMs/well cultured with 0.5 mM 3NPA for 1h
before adding bacteria. Cells were untreated (Resting, grey columns) or treated with Gram- bacteria (E. coli
and ASpil/2 S. enterica, blue columns) and Gram+ bacteria (L. innocua and ALLO/FIiC L. monocytogenes,
green columns) at different time points a) 2hrs, b) 6hrs, ¢) 12hrs and d) 24hrs. Each symbol represents an

individual experiment. Data are from two to nine independent experiments with six technical replicates

(mean and s.e.m.).
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Results

5.5.3 In vitro effect of ClI inhibitors on the cytokine production

To elucidate whether a pathological condition of CII, as induced in vitro by exogenous
inhibitors, could affect the metabolism of cultured BMDMs in term of cytokine
production, in addition to the observed impairment of their mitochondrial respiration (see
section 5.5.2), we analysed serum concentration of IL-1f3, IL-10, IL-6 and TNFa in
3NPA- and DMM-treated samples.

Our preliminary data show a global decrease of cytokine production both in Gram-
(Figure 50) and in Gram+ treated macrophages (Figure 51) in the presence of ClII
inhibitors. However, the original work of this thesis on Gram+ (L. innocua) treated
macrophages points out that the inhibition of CIlI affects cytokine production more than in

macrophages challenged with Gram- bacteria (E. coli).

In particular, in L. innocua-treated BMDMs DDM induce IL-10 level decrease of 89%
compared to the 73% in E. coli -treated macrophages. Moreover, the IL-6 levels strongly
diminished of 93% induced by CII inhibition in in L. innocua-treated BMDMs, while it is
reduced of only 23% upon E. coli infection. Finally, DDM induce a reduction of 39% and
46% of TNFa and IL-1B, respectively, in E. coli -treated BMDMs, but the effect of CIlI
inhibition is more evident in L. innocua-treated BMDMSs where the decreases reach the
63% of TNFa level and 100% in IL-1 production (Table 3).
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Figure 50. In vitro cytokine production in BMDMs untreated (black column) and treated with 0.5 mM
3NPA for 1h or 10 mM DDM for 3h before E. coli (Gram- bacteria) infection at MOI 25 for 24hrs. IL-10,
IL-6, TNFo and IL-1B levels were measured as described in “Materials and Methods”. Data (mean and

s.e.m.) are from six independent experiments with three technical replicates.
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Figure 51. In vitro cytokine production in BMDMs untreated (black column) and treated with 0.5 mM
3NPA for 1h or 10 mM DDM for 3h before L. innocua (Gram+ bacteria) infection at MOI 25 for 24hrs. IL-
10, IL-6, TNFa and IL-1p levels were measured as described in “Materials and Methods”. Data (mean and

s.e.m.) are from six independent experiments with three technical replicates.
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IL-10 IL-6 TNFa IL-1B
(pg/mL) (pg/mL) (pg/mL) (pg/mL)
E. coli 9028,9 455,2 1718,9 350
+ DMM 2440,9 (-73%) | 349,7 (-23%) 1040,3 (-39%) | 190,4 (-46%)
L. innocua 588,1 44,5 7729 4,9
+ DMM 60,3 (-89%) 3,1 (-93%) 278,9 (-64%) 0 (-100%)

Table 3. In vitro cytokine values (expressed as pg/ml) in BMDMs treated with live E. coli and L. innocua at
MOI 25 for 24hrs. The percentage represent the inhibition of cytokine production induced by dimethyl

malonate (DMM) normalized against the corresponding controls without Cll inhibitor.

5.5.4 In vivo effect of CII inhibitor on the cytokine production

In the attempt to evaluate also the in vivo impact of CIlI on cytokine production we
intraperitoneally injected wild-type C57BL/6N mice with non-lethal doses of DMM, a
specific CII inhibitor, prior to infection by intraperitoneal injection of live E. coli or L.
innocua. Two hours later, mice were sacrificed, blood was collected from the venous

sinus and the cytokine levels were quantified by ELISA.

As shown in Figure 52, DMM seems not to affect the cytokine production in mice
infected with Gram- bacteria (E. coli). On the contrary, in mice infected with Gram+
bacteria (L. innocua), CII inhibition increases the IL-10 production and decreases the

TNFa level.
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Figure 52. In vivo cytokine production in wild-type C57BL/6N mice treated with intraperitoneal injection of
dimethyl malonate (DMM, 160 mg per kg body weight) and, after 2hrs, 1x10"9 live E. coli (Gram-
bacteria, blue dots) or L. innocua (Gram+ bacteria, green dots). Two hours later, blood samples were
collected and IL-10, IL-6, TNFa and IL- levels were measured as described in “Materials and Methods”.

Each symbol represents an individual mouse; small horizontal lines indicate mean (+ s.e.m.) Data are from

two independent experiments with five to ten mice per group.

Surprisingly, these in vivo results are not in line with the trend observed in vitro on the
DMM effect in cultured BMDMs (see section 5.5.3), so further investigations are needed

to clarify the different ClI effect on macrophages in vivo or in vitro upon bacterial

infection.
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Metabolic reprogramming has recently appeared as a major feature of innate immune
cells following microbial infection. Emerging studies have identified metabolic pathways
that, if altered, cause immune dysfunction and disease development [*10111.112],
Macrophages are key cells of immune system that maintain the homeostasis functions
into many different tissues but also play an important role in inflammatory response. The
activation of macrophages upon bacterial infection drives the conversion of immune cells
from metabolically quiescent stage to a highly active metabolic state [*'*]. Metabolic
transitions require the distribution of nutrients into different pathways and therefore there
is a growing interest in how metabolic pathways are regulated to support or to guide
functional changes. ATP production is crucial to provide energy for cellular functions
both in the quiescent state and during macrophage activation. The main energy
metabolism organelles present in the cell are mitochondria, thus they are at the core of the
metabolic reprogramming. The mitochondrial tricarboxylic acid (TCA) cycle generates
the reducing equivalents nicotinamide adenine dinucleotide (NADH) and succinate,
which donate electrons to the mitochondrial electron transport system (ETS) complexes
of the IMM to fuel oxidative phosphorylation (OXPHQOS). The respiratory complexes,
except Complex I, are organized into supercomplexes (SCs), supramolecular assemblies,
which have been proposed to confer functional advantages to the cells, such as regulate
electron flux via substrate channelling [**1!%], to decrease the reactive oxygen species
production [®], to stabilize individual complexes, etc. To our knowledge, despite the
numerous studies that have demonstrated changes in SC content under physiological and
pathological conditions [**>11¢], the role of SCs in metabolic adaptations in immune host
defence has not fully understood. The understanding of mitochondrial reprogramming
upon infection can help design new vaccines not yet available or enhance existing ones,
or help in understanding inflammatory and infectious diseases, or develop targeted

therapies.

As has been pointed out in the aim of this thesis, there is interest in fully understanding
the precise characterization of adaptations of the mitochondrial respiratory chain and in
elucidating the role of the respiratory CII/SDH in cultured BMDMs upon bacterial

infection.

In resting condition, we confirmed the physiological presence of supercomplex I¢Il1> (SC
[11112) in bone marrow-derived macrophages (Figure 28). Upon bacterial infection, it is
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possible to observe an alteration of the organization of the respiratory complexes in
response to the detection of viable Gram-negative and Gram-positive bacteria in cultured
macrophages (Figure 29). Upon Gram-negative bacterial infection, the abundance of
respiratory SCs is transiently decreased, while the CII activity briefly increased (Figure
36). In contrast, Gram-positive bacteria maintain stable the amount of SCs and the ClI
activity during the time of the infection. These preliminary results suggest that ClI
activity and SCs architecture are connected to the mitochondrial metabolism
reprogramming in macrophages which is dependent on the nature of the bacteria
encountered. The decrease of the SCs can have multiple consequences, for example
Complex I, one of the two components of the SC, is a large enzyme particularly unstable
and its stability is influenced by several factor, or an over reduction of the Q pool which

induce a reverse electron transfer toward CI.

Interconnections between structural and functional aspects of the respiratory chain are
notoriously complex. In fact, our samples, culture macrophages challenged with bacteria
(Figures 30 and 31) and mitochondria from tissues infected (Figure 37), do not reveal
significant differences. All the experiments should be repeated since most of them are
single experiment and it is difficult to establish a difference between Gram-negative and

Gram-positive bacterial infection.

The challenge of macrophages by bacteria distinct in nature differentially modulate ATP
production by phagocyting cells. Macrophages increase their ATP production in response
to the recognition of pathogens. Interestingly the source of ATP differs when
macrophages are challenged with Gram-negative bacteria or Gram-positive bacteria
(Figures 32 and 33). The increase of ATP production from glycolysis induced by Gram-
negative bacteria compared to the increase mitochondrial ATP production induced by
Gram-positive bacteria is consistent with the transient increase of the basal and maximal
respiratory rate in Gram-negative treated macrophages opposite to the high mitochondrial
respiration maintained in macrophages during all the time of the Gram-positive bacterial
infection (Figures 34 and 35). These observations suggest that, in Gram-positive bacterial
infection, macrophages need to preserve an intact TCA cycle while in Gram-negative
bacteria-treated macrophages the TCA cycle is discontinued. Moreover, the CII activity

and the mitochondrial respiration show the same dynamic throughout the bacterial
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infection, so this is confirming the involvement of the CII in the mitochondrial

metabolism.

The ATP production induced by the different nature of the bacteria encountered is
also in line with the observed accumulation of intermediates from glycolysis and pentose
phosphate pathway in the presence of Gram-negative pathogens and accumulation of
metabolites of the TCA cycle and amino acid metabolism by Gram-positive bacteria [11'].
We were particularly interested to see that accumulation of TCA intermediates cultured
macrophages upon bacterial infection since it is known that these metabolites might
contribute to macrophage antimicrobial functions [®]. Recent studies [*'®] demonstrated
that the TCA cycle of macrophages stimulated by the Toll-like receptor 4 (TLR4) ligand
lipopolysaccharides (LPS) shows two breakpoints at the isocitrate dehydrogenase (IDH)
and at the succinate dehydrogenase (SDH or Complex Il, CIlI). Consistent with those
studies, we observed that Gram-negative treated macrophages an accumulation of
fumarate, suggesting that TCA cycle is broken at the level of the SDH (Figures 38, 39 and
40). On the contrary, Gram-positive bacteria induce an increase of all TCA cycle
intermediates, which together with the increased mitochondrial ATP production suggests
that macrophages preserve the metabolism of mitochondria upon Gram-positive bacterial
infection. Given the close connection between central metabolism and inflammatory
responses and cytokine production, our data suggest that metabolite-driven epigenetics

can drive bacterial-induced macrophage differentiation to trigger the immune response.

Interestingly, Gram-negative treated macrophages show an increased fumarate/o-
ketoglutarate ratio, while Gram-positive bacteria do not seem to influence the balance
(Figure 41). We wondered whether the different fumarate/a-ketoglutarate ratio could act
as a biomarker of the type of bacteria that macrophages recognize. Indeed, given the
importance of environmental factors, immune cell metabolism in laboratory cell culture is
obviously different than in vivo. To expand our knowledge of the problem, we had the
opportunity to start a collaboration with Delneste’s research group of the Center de
Recherche en Cancérologie et Immunologie Nantes-Angers (France), who provided
plasma samples from patients suffering sepsis with Gram-negative and Gram-positive
bacterial infections (Figure 53). Sepsis, defined as “life-threatening organ dysfunction
caused by a dysregulated host response to infection” [11], is a major health problem since

it is a leading cause of death in intensive care units [*2°]. The cohort was composed by
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110 patients and 29 patients presented a Gram-negative bacterial infection (Gram
negative rods) while 24 patients showed a Gram-positive bacterial infection

(Streptococcus and Staphylococcus).

All patients

n=110
Baseline characteristics
Sex (M/F) 76/34
Age (years) 66.2 + 13.8 [20-88]
Weight (kg) 78.0 + 18.9 [44-140]
SOFA 9.0+3.7[1-19]
SAPSII 49.8 £ 18.3 [14-123]
Organ Support at ICU
admission, n (%)
Mechanical ventilation 64 (58.2)
Pa0,/FiO, 214.2 + 137 [28-757]
Invasive/non invasive ventilation ~ 54/10
Renal replacement therapy 16 (14.5)
Use of vasopressors 84 (76.4)
Laboratory values at admission
Serum creatinine (umol/L) 180.3 £ 171 [26-1311]
Hemoglobin (g/dL) 11.0+2.1[5.3-16.4]
White blood cells (G/L) 14.7+9.4[0.3-41.4]
Blood neutrophils (G/L) 13.2+9.4[0.0-37.7]
Platelets (G/L) 200.0 + 158 [14.0-999.0]
Blood lactate (mmol/L) 2.65 + 3.1 [0.3-25.0]
Prothrombin time (%) 57.4+20[10-96]
Serum fibrinogen (g/L) 5.32+2.1[1.2-10.3]
Microbiological analysis; n (%)
Positive blood cultures 38 (34.5)
Beta-hemolytic Streptococcus 13 (11.8)
Staphylococcus 11(10.0)
Gram negative rods 29 (26.4)
Polymicrobial 7(6.4)
Other 1(0.9)
Organ support at any time of
ICU stay; n (%)
Mechanical ventilation 65 (59.1)
Renal replacement therapy 22 (20.0)
Use of vasopressors 86 (78.2)
ICU length of stay; days 11.2+14.7 [1-90]
ICU mortality; n (%) 19 (17.3)

Figure 53. Baseline characteristics of patients with sepsis at the time of admission to intensive care unit.
Collaboration: JY, Delneste (CRCINA, Angers, France) and JF. Augusto (CHRU, Angers, France).
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Figure 54. Fumarate/a-ketoglutarate ratio of plasma samples from patients suffering sepsis with Gram-
negative (on the left, blue dots) and Gram-positive (on the right, green dots) bacterial infections. NS, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001 (two-tailed unpaired Student’s t-test).

The fumarate/a-ketoglutarate ratio in those samples (Figure 54) does not show statistical
difference between fumarate/a-ketoglutarate ratio in patients with Gram-negative and
with Gram-positive bacterial infection. The metabolomics analysis on Delneste’s samples
was performed on plasma samples, so it is possible that the metabolites detected come
from all the immune cells inside the plasma and from bacteria present in the bloodstream
and all surrounding tissues (i.e. epithelial cells) [*?!]. A further analysis is needed to
evaluate the abundance of the metabolites only in white blood cells isolated from the

whole plasma samples.

Since the mitochondrial metabolism is strongly linked to the cytokine production [°], we
pharmacologically manipulated TCA metabolites in macrophages in order to induce
different inflammatory responses (Figures 42 and 43). In activated macrophages by
Gram-negative and Gram-positive bacteria, dimethyl-fumarate decreases IL-10
production and increases TNFo and IL-1B production, which is in contrast with the
literature because dimethyl-fumarate is known to be anti-inflammatory treatment in auto-
immune diseases (i.e. arteriosclerosis) [*?%]. Sensing of bacteria induces an accumulation
of fumarate and by providing dimethyl fumarate we have further improved pathogen-
induced inflammation, probably enhancing bacterial detection, which leads to increased

production of pro-inflammatory cytokines. Interestingly, by manipulating the fumarate
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levels we induced an IL-1p response in Gram-positive treated macrophages, a condition
where normally there is no IL-1B production (Figure 45). Further studies are necessary to
better understand how dimethyl fumarate induce IL-1p response in the context of Gram-
positive bacterial infection, inducing assessing NLRP3 inflammasome activation or by
modifying the expression of IL-1pB. Instead of testing dimethyl fumarate, could be
interesting to analyse the effect of fumarate, preserving the electrophilic capacity with the
natural metabolite. Moreover, while a-ketoglutarate does not affect the cytokine profile in
response to Gram-negative bacteria, in Gram-positive treated macrophages a-
ketoglutarate boosts the IL-10 production. By manipulating the dimethyl-fumarate and a-
ketoglutarate pathway, it is possible to act on the epigenetics means and modulate

cytokine production in response to bacterial infection.

From the literature [%], it is known that SDH/CII activity is transiently increased in E.
coli-treated macrophages and then progressively decreased during the infection. Opposite
to the CII activity dynamic observed in E. coli-treated macrophages, Gram-positive
bacteria maintain CII activity without decreasing it during macrophage differentiation.
Moreover, it was also demonstrated that the transient increase in CIlI activity in
macrophages by sensing E. coli, requires the involvement of post-translational
modifications (PTMs). It is well known ClI is regulated ['°®] and the identification of
different PTMs in E. coli- and L. innocua- treated macrophages suggest that the
mitochondrial metabolism reprogramming dependent on the nature of the pathogens, with
activation of distinct signalling pathways that regulate CII/SDH activity in macrophages
(Figure 44). Treatment with CII inhibitors in macrophages challenged with E. coli and L.
innocua does not affect the SCs organization and the ATP production (Figures 46 and
47). The inhibition of CIlI does not influence the basal respiration in cultured
macrophages while it diminished the maximal respiration rate (MRR) (Figures 48 and
49). Moreover, CII inhibition decreases all the cytokine production regardless of the
nature of bacteria (Figures 50 and 51), so CIl is important for innate immune receptors
mediated macrophage activation. Our data suggest the idea that by inhibiting CII, the
cytokine production is reduced and the capacity of macrophages to differentiate and

activate is prevented.

In vivo treatment with CII inhibitor shows a different modulation of the cytokine profile
compared to cultured macrophages (Figure 52). Although dimethyl malonate in vitro
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decreases all the cytokine production, in vivo it seems to boost the anti-inflammatory
response to L. innocua bacterial infection. Data suggest that inhibiting CII in vitro
decrease the capacity of macrophage to get activate, in vivo it is possible to manipulate
the nature of the immune response by modulating the CII activity. During L. innocua
infection in vivo, it is possible to increase the anti-inflammatory response and decrease
the inflammatory response. Further experiments are necessary to clarify this discrepancy,
for example trying to isolate macrophages and monocytes in order to better understand
where the cytokines production originate. Moreover, another tools to study the CII
contribution to anti-microbial responses and to phagocyte differentiation is the use of
SDHB KO mice.
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