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1) The immune system 

We are continually exposed to a wide range of microorganisms that can 
potentially cause disease and eventually threat our survival. The immune 
system is a sophisticated network of structures, cells, and humoral factors 
that has evolved to protect the organism against diseases, thus being crucial 
for its survival. Pathogens also have evolved trying to avoid the immune 
system’s responses. In consequence, the immune system has developed 
multiple mechanisms to ensure its ability to effectively detect and eliminate 
these pathogens. The immune system uses different mechanism of defense 
dependent on the size and location of the invading pathogens, which can be 
largely classified in three groups: a) intracellular bacteria and viruses, b) 
large parasites, and c) extracellular bacteria. 
There are a series of barriers that define the immune system. The first line of 
defense are the non-specific barriers including the epithelial cells with their 
tight junctions, the flow of air or fluids, the lipids in the skin, the low pH in 
the stomach, antimicrobial peptides, etc. If these first barriers are not 
enough to contain the invading pathogens, they must face the second layer 
of defense, which comprises inflammation and the recruitment of the innate 
immunity cells. Finally, if the elements of the innate immunity are unable to 
control the infection, then the third line of defense of the acquired immunity 
appears to help the cells of the innate immunity to overcome the infection. 
The innate immune system provides a very rapid, but less specific, response. 
This system is comprised by an array of humoral factors (cytokines, the 
complement system, anti-microbial peptides, and acute-phase proteins), and 
a cellular arm composed by granulocytes, mast cells, NK cells, γδ T-cells, 
dendritic cells, monocytes, and macrophages.  
Adaptive immunity is the hallmark of the immune system of higher animals. 
This response consists on antigen-specific reactions through T and B cells. T 
cells are classified in cytotoxic (Tc) and helper (Th) cells. These last are in 
turn divided in Th1, Th2, and Th17, according to the cytokines secreted. 
Another characteristic of the adaptive immune response is the ability to 
memorize antigens, ensuring that subsequent exposures to pathogens lead 
to a more vigorous and rapid response. This later effect is what allows for 
the modern vaccination (1, 2) (Figure 1).  
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Figure 1. Innate and adaptive immune system (3). 

 

1.1) Macrophage origin and ontogeny 

Macrophages and monocytes are major effectors and regulators of the 
immune system. Macrophages can be originated from circulating monocytes, 
or derived from embryonic precursors and produced locally in the different 
tissues. In adult individuals, monocytes are generated in the bone marrow 
from hematopoietic myeloid precursors. These precursors overcome 
successive steps of differentiation in response to different growth factors, 
including macrophage-colony stimulating factor (M-CSF), granulocyte-
macrophage-colony stimulating factor (GM-SCF), and interleukin-3 (IL-3), 
which activate a range of transcription factors such as PU.1, resulting in the 
generation of monocytes (4, 5). 
Monocytes are classified into two separate populations depending on the 
expression level of their extracellular markers, specifically the lymphocyte 
antigen 6C (Ly6C). Ly6Clow (CD14low/CD16high in humans) are long-lived 
circulating monocytes that patrol and keep the integrity of the endothelium 
under surveillance (6). On the other hand, Ly6Chigh (CD14high/CD16low in 
humans) are a short-lived subset of monocytes that are actively recruited to 
the site of inflammation in a CCR2-dependent way. This last subset of 
monocytes is the precursor of macrophages at the inflammatory loci (7). 
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Until recently, the paradigm was that circulating monocytes generated in the 
bone marrow were continuously repopulating tissues with resident 
macrophages. However, several lineage-tracking studies have revealed that 
the contribution of circulating monocytes to tissue-resident macrophages is 
restricted to few specific tissues including gut, heart, pancreas, and dermis. 
By contrast, most tissue-resident macrophages are derived from embryonic 
precursors that seed the tissues before birth and are maintained mainly by 
local proliferation throughout the life of the organism. These embryonic 
precursors are generated in the yolk sack and in the fetal liver, producing 
two waves that will sequentially colonize the different tissues with resident 
macrophages. These tissue resident macrophages (i.e. Kupffer cells, 
Langerhans cells, microglia, etc.) perform different functions that are 
necessary for the tissue homeostasis (Figure 2)(8).  
 

 

Figure 2 Heterogeneity in the origin of tissue-resident macrophages. The contribution 
of each macrophage origin (i.e. yolk sac, fetal liver, and bone marrow-derived 
monocytes) depend on the tissue and the changes during development (8). 
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In addition, upon inflammation, circulating Ly6Chigh monocytes can migrate 
to the affected tissues and differentiate to macrophages. These recruited 
cells are responsible to boost inflammation, or to start anti-inflammatory 
responses when required (9, 10). In normal conditions, these recruited 
populations disappear, as they cannot self-maintain. However, in cases of 
severe inflammatory processes where the resident macrophage population 
is partially lost, blood monocytes can replace these populations and self-
renew themselves (7). 
 

 1.1) Macrophages functions and role in inflammation 

Macrophages are cells from the myeloid lineage that play a broad range of 
functions depending on their origin, environment, or whether they are 
recruited or tissue-resident. Failure to properly perform these functions 
usually results in different flaws and diseases (Figure 3) (11).  
 

 

Figure 3. Multiple functions of macrophages (11). 
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In this thesis, we will focus on the role of macrophages in inflammation. The 
inflammatory process is the body’s immediate response to damage 
produced either by pathogens or by noxious stimuli such as chemicals, or 
physical injury. Acute inflammation is a short-term response that usually 
follows the next steps: infiltration of leukocytes to the damaged region, 
removal of the injury’s trigger, and healing of the tissue. The first cells to 
reach the inflammatory locus are usually the neutrophils. These cells 
phagocyte and eliminate most of the infectious agents. In addition, they 
release a wide range of molecules that cause damage to the surrounding 
tissue. Neutrophils die shortly after the extravasation. Then, between 24 and 
48h, monocytes arrive to the site of inflammation, differentiating to 
macrophages. These cells first have a pro-inflammatory activity and 
phagocyte and eliminate the remaining pathogens. After that, macrophages 
develop an anti-inflammatory profile, and proceed to remove all the 
apoptotic cells, and produce molecules to repair the damaged tissue. 
Furthermore, macrophages can also act as antigen presenting cells, serving 
as a link between innate and adaptive immune responses. Phagocyted 
material is processed and loaded to MHC class II molecules, which together 
with the expression of other co-stimulatory proteins such as CD86 and CD80 
allow the antigen presentation to specific CD4+ T-cells. 
Inflammation has to be tightly regulated, because an uncontrolled response 
can cause damage to the host leading to disease including autoimmunity, 
atherosclerosis, neurodegenerative diseases, and cancer among more than 
100 types of inflammatory diseases (12). 
 

1.3) Macrophage activation states 

To perform their functional activities, macrophages need to become 
activated. Both recruited and resident macrophages are highly plastic cells 
that modify their activation state in response to a broad range of 
environmental changes. The best-characterized states of activation are pro-
inflammatory macrophages (also known as classically or “M1-like” 
macrophages) and anti-inflammatory macrophages (commonly known as 
alternatively activated or “M2-like” macrophages). Pro-inflammatory 
macrophages are in charge of the defense against pathogens and to create an 
inflammatory microenvironment following injury. These macrophages show 
a marked production of pro-inflammatory mediators (cytokines, 
chemokines, and prostaglandins) and reactive oxygen and nitrogen species 
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(ROS and RNS, respectively). Meanwhile, anti-inflammatory macrophages 
are responsible for tissue regeneration, wound healing, fibrosis, 
angiogenesis, and parasite elimination.  
During in vitro experiments, pro-inflammatory activation is achieved by 
stimulating macrophages with LPS and/or IFN-γ. On the other hand, an anti-
inflammatory profile could be achieved by in vitro stimulating macrophages 
with IL-4 or IL-10 (Figure 4A). 
This duality between pro- and anti-inflammatory macrophages has become 
obsolete in the last years, and even though is useful for its simplicity; it fails 
to describe the full spectrum of macrophage activation states. Profiling of 
macrophages isolated from inflamed tissues revealed that these cells 
present a much broader transcriptional repertoire that cannot fit in just two 
phenotypes. Even more, different stimuli considered being pro-
inflammatory such as lipopolysaccharide (LPS) or interferon gamma (IFN-γ) 
result in significant different expression profile. So instead of a polarized 
model of differentiation, in which pro- and anti-inflammatory macrophages 
are on the opposite extremes, a continuous spectrum model is much more 
accurate in representing the full macrophage activation range (Figure 4B) 
(13, 14).  
 

 
 

A 

B 

 
Figure 4. Macrophage 
activation states. 
 A. A simpler model 
ranging from the 
opposite pro- (M1) to 
anti-inflammatory 
(M2) phenotypes. 
 B. A more accurate 
model representing 
the full spectrum of 
activation states in 
macrophages. (9, 10) 
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1.4) Pro-inflammatory signaling in macrophages 

Inflammation usually starts when macrophages and other immune cells 
detect microbial structures trough pattern-recognition receptors (PRRs). 
These receptors sense highly conserved molecules known as pathogen-
associated molecular patterns (PAMPs), including bacterial cell wall 
compounds, nucleic acids, and proteins. There are several families of PRRs 
involved in PAMP recognition: Toll-like receptors (TLRs), retinoic acid-
inducible gene I (RIG-I)-like receptors (RLRs), nucleotide oligomerization 
domain (NOD)-like receptors (NLRs), scavenger receptors, and C-type lectin 
receptors amount others. Upon interaction with their ligand, these PRRs 
trigger multiple signaling pathways, including nuclear factor-kappa B (NF-
κB), interferon regulatory factors (IRFs), and mitogen-activated protein 
kinases (MAPK). This activates the transcription of pro-inflammatory 
cytokines, chemokines, type I interferons (IFNs), and co-stimulatory 
molecules, which are necessary to generate robust immune responses (15). 
Apart from sensing microbial PAMPs, immune cells are also able to detect 
endogenous molecules released during cellular damage and stress through 
PRRs, triggering inflammatory responses. These danger-associated 
molecular patterns (DAMPs) are endogenous factors, usually sequestered 
within intracellular compartments, and therefore under normal conditions 
cannot be recognized by PRRs. However, under conditions of cellular stress 
or tissue injury, these molecules could be released. These DAMPs include 
reactive oxygen species (ROS), mitochondrial DNA (mDNA), N-formyl 
peptides, acid uric crystals, and adenosine triphosphate (ATP) among 
others. Notably, these molecules can be released either in association or in 
absence of microbial infection (16, 17). 
The most relevant inflammatory pathways in this current thesis, are 
analyzed in further detail below. 
 

1.4.1) LPS and TLR4 signaling pathway 

LPS is one of the outer membrane’s components of gram-negative bacteria. 
The structure of this molecule consists on a lipid A (endotoxin), an 
oligosaccharide core, and the O-antigen. The only region detected by the 
immune system is the lipid A, which is recognized by TLR4, a receptor found 
at the endosomal and cellular membranes. Lipid A is bound to the circulating 
LPS-binding protein (LBP), which transform LPS micelles into monomers. 
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This complex is bound by CD14, TLR4-myeloid differentiation 2 (MD2), and 
TLR4 at the cell’s surface. These interactions trigger a sequence of signaling 
cascades that generate a strong inflammatory response (18).  
Like other TLRs, TLR4 is composed of extracellular leucine-rich repeats 
(LRRs) with a horseshoe-shaped solenoid. The intracellular part of TLR4 is 
composed of the highly conserved toll/interlukin-1 receptor (TIR) domains. 
In order to become activated, the complex TLR4-LPS need to interact with 
other TLR4-LPS complexes by oligomerization. Once activated, TLR4 TIR 
domains bind to different adaptor proteins, including myeloid 
differentiation primary response gene 88 (MyD88), TIR domain-containing 
adaptor protein (TIRAP or Mal), TIR domain-containing adaptor inducing 
IFN-β (TRIF), and TRIF-related adaptor molecule (TRAM).  
MyD88 and TIR activate the “MyD88-dependent pathway” that culminates in 
the activation of NF-κB and MAPKs, leading to the expression of pro-
inflammatory genes. MyD88 recruits and activates the IL-1 receptor-
associated kinase (IRAK), which in turn associates with the E3 ubiquitin 
ligase TNF receptor associated factor 6 (TRAF6). TRAF6 links polyubiquitin 
chains to the transforming growth factor-activated protein kinase 1 (TAK1) 
and the IκB kinase (IKK) subunit NF-κB essential modifier (NEMO). TAK1 
phosphorylate the inhibitory IκB protein. Following phosphorylation, IκB is 
degraded in the proteasome, allowing the activation and translocation of NF-
κB to the nucleus, inducing the transcription of a broad range of pro-
inflammatory genes. Furthermore, TAK1 also phosphorylates the members 
of the MAPK kinase (MAPKK or MAP2K) family. These kinases activate by 
phosphorylation p38, extracellular regulated kinase (ERK), and c-jun N-
terminal kinase (JNK). These signaling pathways lead to activation of the 
transcription factor activator protein 1 (AP1), resulting also in the 
expression of pro-inflammatory genes. 
On the other hand, the adaptor protein TRIF activates the so-called “MyD88-
independent pathway” that culminates in the activation of IRF3, leading to 
the expression of type-1 IFNs. TRIF recruits the receptor-interacting protein 
1 (RIP1), which in turn activates both the NF-κB and MAPKs signaling 
pathways. In addition, TRIF also recruits TRAF3. TRAF3 activates both the 
Tank-binding kinase 1 (TBK1) and IKKε, resulting in the phosphorylation 
and activation of IRF3, which translocates to the nucleus and activates the 
transcription of type-1 IFNs(Figure 5) (19, 20). 
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Figure 5 LPS-TLR4 signaling cascade. Upon LPS engagement, TLR activates both 
MyD88-dependent and MyD88-independent pathways. The first leads to the 
expression of pro-inflammatory cytokines trough MAPKs and NF-κB, whereas the 
late induces type-1 IFNs in an IRF3-mediated way. (20) 

 

1.4.2) RLRs and the detection of viral RNA 

Several structural components of viruses, including double and single-
stranded RNA (dsRNA and ssRNA, respectively), DNA, and surface 
glycoproteins can be sensed by the host PRRs (21)  
The RLR family comprises three members: RIG-I, melanoma differentiation-
associated gene 5 (MDA5) and laboratory of genetics and physiology 2 
(LGP2) that detect cytosolic viral RNA. These receptors are characterized by 

 



INTRODUCTION 

30 

a central RNA helicase core that allows the detection of viral cytosolic RNA. 
RIG-I and MDA5 contain each two N-terminal caspase activation and 
recruitment domains (CARD), required for downstream signaling, whereas 
LGP2 does not have any CARD domain (22, 23). Even though LGP2 was 
initially proposed to be a negative regulator of RIG-I and MDA5 responses 
(24), more recent studies suggest that LGP2 is actually a positive regulator 
for RIG-I signaling (25, 26), presumably by facilitating the binding of viral 
RNA to both receptors RIG-I and MDA5 (27). These two receptors have 
different structural requirements in recognizing their ligands. Furthermore, 
the activation mechanism in both receptor is also different (28, 29). 
After binding their ligands, MDA5 and RIG-I associate with the adapter 
protein mitochondrial antiviral signaling (MAVS, also known as IPS1, 
CARDIF or VISA) in a CARD-dependent way. This adapter molecule is located 
on the mitochondria surface, and is required for a correct signaling for both 
RIG-I and MDA5 (30–32).  
 

 

Figure 6. RLR anti-viral pathways. Upon viral RNA detection, RIG-I and MDA-5 
translocate to mitochondria to activate MAVS (IPS-1). MAVS then forms a 
signalosome that activates inflammatory cytokine and type 1 IFN responses (33). 
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MAVS presents an N-terminal CARD domain, a proline-rich region and a C-
terminal transmembrane region. The CARD domain of MAVS interacts with 
RIG-I and MDA5 CARDs. When this interaction takes place, MAVS is induced 
to form large polymers in a prion-like mechanism (34). Using this 
mechanism, more MAVS are recruited and converted in prion-like filaments, 
forming very large aggregates that allow a rapid and robust amplification of 
RLS signaling (35). This leads to the recruitment many proteins to 
mitochondria forming a signalosome. This signaling culminates with MAVS-
dependent activation of IRF3 and IRF7 pathways to produce type I IFNs, and 
on the other hand to the expression of pro-inflammatory cytokines mediated 
by NF-κB (Figure 6) (36, 37). 
 

1.4.3) Inflammasome activation 

Upon interaction of PAMPs with TLRs and RLRs, the transcription of pro-
inflammatory genes is triggered through the signaling pathways NF-κB, 
IRFs, and MAPKs (15). Another group of PRRs use a completely different 
mechanism, consisting on assembling multimeric-signaling complexes 
known as inflammasomes. The basic structure of these inflammasomes 
consists on a sensor molecule, the adaptor protein apoptosis-associated 
speck protein containing a CARD (ASC) and caspase-1. ASC has one pyrin 
domain, to interact with the sensor molecule, and one CARD, to interact with 
caspase-1. Upon assembly, caspase-1 proteolytically activates pro-
inflammatory cytokines IL-1β and IL-18. The release of both cytokines is a 
two-step process. First there is the expression of the inflammasome 
components and the inactive form of both pro-IL-1β and pro-IL-18, in a TLR-
dependent fashion. This is called the priming step. The second step is the 
assembly of the inflammasome upon recognition of its ligand, and 
proteolytic cleavage of IL-1β and IL-18 zymogens by caspase 1 (17, 38) 
(Figure 7).  
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Figure 7. Inflammasome activation.  During the priming step, NLRP3 and pro-IL-1β 
are expressed in an NF-κB-dependent way. During the activation step, 
inflammasome agonists activate NLRP3, which cleaves pro-IL-1 β inducing its 
activation (39). 
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2) Macrophages and mitochondria 

Mitochondria are maternally inherited organelles that are crucial in a wide 
range of cellular functions, including energy generation, biosynthesis of 
molecules, Ca2+ homeostasis, production of ROS, and regulation of cell death. 
Even though these organelles are crucial for their role in metabolism, 
mounting evidence suggest that mitochondria are also master regulators of 
immune responses. Firstly, immune signaling pathways are highly 
integrated with metabolism, which provides the energetic requirements and 
intermediate metabolites necessary for each situation (40, 41). Secondly, 
mitochondria act as centrally positioned hubs that regulate innate immune 
signaling pathways, including RLR, and NLR. Lastly, mitochondria are also 
able to sense and integrate cellular damage and stress signals, initiating 
inflammatory responses (42–44). In this section, we will discuss all these 
relations between mitochondria and innate immune responses in 
macrophages. 
 

2.1) Mitochondrial metabolism governs macrophage activation 

Changes in the activation state of macrophages involve a coordinated 
regulation at both metabolic and transcriptional level (41, 42, 45). Pro-
inflammatory macrophages are metabolically characterized by increased 
glycolysis and lactate production, even in conditions of oxygen availability 
(the so-called Warburg effect). They are also characterized by an induction 
in the pentose phosphate pathway, which is crucial to generate NADPH, a 
molecule necessary to produce ROS and nitric oxide (both required for the 
respiratory burst associated to phagocytosis). In contrast, anti-inflammatory 
and pro-fibrotic macrophages show increased fatty acid oxidation, as well as 
decreased glycolysis (42, 46, 47).  
The metabolic differences between pro- and anti-inflammatory 
macrophages might be explained by the swiftness of response. Pro-
inflammatory macrophages rely on glycolysis to fuel short, rapid, and 
intense bursts of activation at the sites of inflammation or infection. In 
contrast, the latter use fatty acid oxidation to sustain the more long-term 
process of inflammation resolution, tissue repair and parasite fighting (41). 
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2.1.1) Metabolic reprogramming in pro-inflammatory macrophages 

Upon LPS activation, macrophages start expressing the highly active isoform 
of phosphofructokinase-2 (uPFK2) that strongly promotes glycolysis. In 
contrast, M2-like or inactivated macrophages express instead the much less 
active isoform PFKFB1(48, 49).  
Hypoxia inducible factor-1α (HIF-1α) is a key mediator of the Warburg 
effect, and it is also up regulated in pro-inflammatory macrophages. This 
factor induces the expression of glucose transporter 1 (Glut1) and 
phosphoglycerate kinase (PGK), both responsible for enhanced glycolysis. 
Deletion of HIF-1α impairs pro-inflammatory activation in macrophages, 
demonstrating that glycolysis and inflammatory activation are coupled 
processes (50, 51).  
Another feature of macrophage’s pro-inflammatory activation is the down 
regulation of the carbohydrate kinase-like protein (CARKL), an enzyme that 
catalyzes the formation of sedoheptulose 7-phosphate, an inhibitor of the 
pentose phosphate pathway. Upon LPS stimulation, CARKL is strongly down 
regulated, thus increasing pentose phosphate pathway and glycolysis. This is 
required for LPS-induced superoxide generation and the production of pro-
inflammatory cytokines (46). 
Finally, a recent study by Jha et al. (52) combining transcriptomics and 
metabolomics approaches has provided a much deeper understanding of the 
metabolic changes that occur during macrophage polarization. In pro-
inflammatory macrophages, Krebs cycle activity is reduced by inhibition in 
two sites. Inhibition of the first step is caused by a severe downregulation of 
isocitrate dehydrogenase expression, which converts isocitrate to α-
ketoglutarate. This conversion leads to an accumulation of citrate, which is 
redirected to the production of itaconic acid (52), a metabolite with 
antibacterial properties, particularly against Salmonella enterica and 
Mycobacterium tuberculosis (53). Interestingly, immunoresponsive 1 
homolog (Irg1), which catalyzes the production of itaconic acid, is also 
overexpressed, enhancing even more the production of this metabolite. 
Furthermore, the accumulated citrate is also used for the synthesis of fatty 
acids, which can be used for prostaglandin production, another hallmark of 
the pro-inflammatory macrophage phenotype. The second step reduced in 
the Krebs cycle is at the level of succinate dehydrogenase, which converts 
succinate into fumarate. Accumulated succinate stabilizes HIF-1α (52), 
inducing the expression of pro-inflammatory genes such as IL-1β (54) as 
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well as glycolytic enzymes/transporters. Under these conditions, the 
aspartate-arginosuccinate shunt activates, enhancing the synthesis of 
arginosuccinate from citrulline (arginosuccinate synthase), and its 
degradation into arginine and fumarate (arginosuccinate lyase). This has the 
advantage of regenerating L-arginine from citrulline, which engages into 
nitric oxide synthase II (NOS2) to generate nitric oxide (52). 
Taken together, the aforementioned observations indicate that during pro-
inflammatory activation, macrophages reprogram their gene expression to 
promote Warburg metabolism, the pentose phosphate pathway, and a 
decreased Krebs cycle. Moreover, these metabolic changes lead to the 
accumulation of intermediate metabolites, which play a crucial role in the 
pro-inflammatory function of macrophages (Figure 8). 
 

 

Figure 8. Metabolic profile in pro-inflammatory (i.e. LPS-activated) macrophages 
(Juan Tur et al., Advances in Immunology, in press). 

 

2.1.2) Metabolic profile in IL-4-activated macrophages 

In contrast, to pro-inflammatory macrophages, in M2-like the Krebs cycle is 
normally activated. When macrophages are polarized in vitro with IL-4, the 
signal transducer activator of transcription 6 (STAT6) and the peroxisome 
proliferator-activated receptor gamma (PPARγ)-coactivator-1β (PGC-1β) 
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become activated, participating in the upregulation of mitochondrial 
biogenesis, respiration, and fatty acid oxidation (55).  
This increase in fatty acid oxidation is necessary to fuel the increased 
mitochondrial metabolism. These fatty acids derive from triglycerides, 
which are captured by the scavenger receptor CD36 and processed the 
lysosomal acid lipase. Both proteins are also induced after IL-4 stimulation, 
and are required for a correct M2-like differentiation of macrophages (47). 
The inhibition of fatty acid oxidation is sufficient to suppress the M2-like 
gene program and induce a pro-inflammatory phenotype (56–58). Similarly, 
uncoupling mitochondrial respiration with oligomycin or FCCP dramatically 
decreases the expression of anti-inflammatory genes (56).  
Additionally, anti-inflammatory macrophages show a transcriptional 
upregulation of the N-glycan synthesis pathway, resulting in increased 
production of uridine Diphosphate-N-Acetyl-Alpha-D-Glucosamine (UDP-
GlcNAc). The accumulation of this metabolite is required for N-glycosylation 
of proteins, including mannose and lectin receptors (CD206 and CD301 
respectively), which are required for the correct function of M2-like 
macrophages (52) (Figure 9). 
 
 

 

Figure 9. Metabolic profile in anti-inflammatory (i.e. IL-4-stimulated) macrophages 
(Juan Tur et al., Advances in Immunology, in press). 
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To sum up, the differentiation of macrophages to an M2-like phenotype 
involves a change in their transcriptional program to favor an active Krebs 
cycle and enhanced fatty acid oxidation to fuel it. Furthermore, the N-
glycosylation of key proteins in this phenotype is enhanced by the 
accumulation of UDP-GlcNAc. 
 

2.2) Mitochondrial-mediated antiviral immunity 

2.2.1) Proteins that regulate MAVS signaling  

The location of MAVS to mitochondria, as well as being crucial for antiviral 
signaling, positions mitochondria as a central platform in innate immune 
responses against viruses. Due to its location at the mitochondrial 
membrane and Mitochondrial-ER associated membranes (MAMs,) several 
mitochondrial and endoplasmic reticulum (ER) proteins can directly 
interact with MAVS, and modulate its downstream signaling. 
One of the major modulators of MAVS signaling is stimulator of interferon 
genes (STING, also known as MITA, MPYS, and ERIS). This transmembrane 
protein is mainly located in the ER in basal conditions (59, 60). Upon viral 
infection, STING dimerizes and interacts with MAVS at the mitochondrial 
surface (60). After that, TBK1 is recruited to STING, forming a complex 
containing MAVS-STING-IRF3-TKB1. Then TBK1 phosphorylates IRF3, 
triggering the expression of type 1 IFNs and cellular antiviral responses 
(61).  
Another cofactor that facilitates MAVS signaling is the translocase of the 
outer membrane (TOM) complex. TOM is a multiprotein complex located in 
the outer mitochondrial membrane that recognizes nuclear-encoded 
mitochondrial pre-proteins and import them into the transmembrane space 
of mitochondria (62). During RNA virus infection, TOM strongly interacts 
with MAVS through its clamp domain, recruiting TBK1 and IRF3 to 
mitochondria. This leads to IRF3 phosphorylation, and consequently to the 
activation of the antiviral response (63).  
There are also other cofactors that negatively regulate MAVS signaling. One 
of these factors is the NLR family member, NLRX1. This factor is located at 
the outer mitochondrial membrane, and it is able to interact with MAVS 
through its CARD domain, disrupting NF-κB and IRF3 signaling during viral 
infections (64).  
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To end, another of these MAVS negative regulators is the receptor for 
globular domain of complement component 1q (gC1qR), which 
predominantly localizes in mitochondria. Upon viral infection, gC1qR 
translocates to the outer mitochondrial membrane where interacts with 
MAVS, disrupting type 1 IFN-mediated response (Figure 10) (65).  
 
 

 

Figure 10. Mitochondria are master regulators of anti-viral responses. MAVS signaling 
is tightly modulated by a broad range of mitochondrial proteins, either activating 
(green arrows) or inhibiting it (red-capped line). The integrity of the mitochondrial 
network also affects anti-viral signaling, as mitochondrial membrane potential, 
mROS, and mitochondrial fusion promote MAVS-mediated signaling (Juan Tur et al., 
Advances in Immunology, in press). 

 

2.2.2) ROS regulation of antiviral signaling 

Several studies have confirmed that mitochondrial ROS (mROS) positively 
regulates antiviral signaling. A paradigmatic example is the cytochrome c 
oxidase complex subunit 5B (COX5B), a mitochondrial protein that directly 
interacts with MAVS, suppressing antiviral responses. Interestingly, COX5B 
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functions as a terminal enzyme of the electron transporting chain inhibiting 
mROS production. This negative regulation of mROS is responsible for the 
impairment in antiviral signaling (66). Another study involving the use of 
autophagy-deficient cells revealed enhanced RLR signaling. These cells 
accumulate dysfunctional mitochondria that produce large amounts of 
mROS. Antioxidant treatment reversed increased antiviral signaling, thereby 
revealing that the amplification of RLR signaling is dependent on ROS. 
Additionally, increasing mROS production in wild type cells by means of 
rotenone treatment also results in enhanced RLR signaling (67). Finally, 
another study demonstrated that ROS are essential for RIG-I mediated IRF-3 
phosphorylation and dimerization, and the subsequent production of IFN-β 
(68) (Figure 10). 
 

2.3) Inflammasome activation and mitochondria 

2.3.1) The mitochondrion is a platform for inflammasome activation 

Recent studies suggest that there is a very tight relationship between 
mitochondria and inflammasome activation. Similarly to what happens with 
MAVS-mediated antiviral signaling, mitochondria acts as a signaling 
platform for inflammasome activation (44). Under basal conditions NLRP3 
is located to ER, but upon activation, both NLRP3 and the adaptor protein 
ASC translocate to MAMs in the perinuclear region (69). One crucial step 
here is the spatial rearrangement of mitochondria around ER membranes. 
This rearrangement occurs through a microtubule and dynein-mediated 
mechanism that is required for inflammasome assembly (70). Furthermore, 
the antiviral signaling protein MAVS is also required for optimal NLRP3 
inflammasome activity. In response to inflammasome activators, MAVS 
favors NLRP3 recruitment to mitochondria, and the subsequent maturation 
of IL-1β (71). Altogether these data indicate that mitochondria are signaling 
platforms for inflammasome assembly and activation. 

2.3.2) Mitochondrial signals in inflammasome activation 

Several mitochondrial-driven signals, such mROS, cytosolic mDNA, 
cardiolipin, and mitochondrial Ca2+ influx, are associated with NLRP3 
inflammasome activation. NLRP3 stimulation by most of its agonists, such 
ATP, silica, or nigericin, induces and requires an increase in mROS 
generation. Experimental manipulation that decreases mROS production 
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also results in attenuation of inflammasome responses, thereby suggesting 
that these molecules are necessary for inflammasome activation (72, 73). 
Several mechanisms have been put forward to explain mROS-mediated 
activation of the inflammasome, including modification of endogenous 
molecules to generate DAMPs, direct oxidation of NLRP3, and induction of 
mitochondrial dysfunction, allowing the release of mitochondrial 
components to the cytosol (74). However, there are some exceptions where 
mROS are dispensable for NLRP3 activation, such as activation by some 
viruses  or with the antibiotic linezolid (75).  
In addition to mROS, mDNA is another mitochondrial-derived molecule that 
activates NLRP3 inflammasome. Upon mitochondrial dysfunction, oxidized 
mDNA is released to the cytosol, where binds and activates NLRP3 (76, 77). 
Similarly, cardiolipin, a phospholipid normally located in the inner 
mitochondrial membrane, is exposed to the cytosol-facing outer membrane 
when mitochondria are damaged, activating NLRP3 inflammasome (75). 
Ca2+ is another activator of NLRP3 inflammasome that can also lead to 
mitochondrial disruption, releasing mROS and mDNA, which further 
increase inflammasome activation (78). 
In most circumstances, activation of the NLRP3 inflammasome is associated 
with mitochondrial dysfunction. Nonetheless, there is some controversy as 
to whether mitochondrial damage is upstream or downstream caspase-1 
activation. Yu et al. (79) showed that AIM2 and NLRP3 activation leads to 
caspase-1-dependent mitochondrial dysfunction, including membrane 
depolarization and permeabilization, placing mitochondrial damage 
downstream of caspase-1 activation. However, a number of studies have 
reached the opposite conclusion, placing mitochondrial dysfunction 
upstream of caspase-1 activation (74). Recently, using two distinct models, 
Zhong’s group (80) demonstrated that mitochondrial damage is upstream of 
caspase-1. First, they used macrophages deficient for NLRP3, ASC and 
caspase-1. These cells exhibit the same level of mitochondrial dysfunction as 
control macrophages when incubated with inflammasome agonists. They 
also used macrophages containing a constitutively activated variant of 
NLRP3, which release IL-1β without needing inflammasome agonists. These 
macrophages do not show mitochondrial damage when compared to control 
macrophages in absence of NLRP3 agonists. These findings support the 
notion that mitochondrial dysfunction is independent and upstream of 
caspase-1 activation. Finally, ER stress can also trigger inflammasome 
activation through inositol-requiring enzyme 1α (IRE1α) pathway. IRE1α 
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increases mROS production, thereby mediating the recruitment of NLRP3 to 
mitochondria and its activation. NLRP3 then forms a non-canonical complex, 
which is associated to caspase-2 instead of ASC and caspase-1. NLRP3 and 
caspase-2 induce mitochondrial damage via Bid and the opening of 
mitochondrial permeability transition pore, releasing mDNA to the cytosol. 
This cytosolic mDNA activates canonical NLRP3 inflammasome responses. In 
this case NLRP3 acts both upstream, associated to caspase-2, and 
downstream mitochondrial dysfunction, associated to caspase-1 and ASC  
(81) (Figure 11).  
 

 

Figure 11. Mitochondria modulate inflammasome activation. NLRP3 inflammasome 
needs to be assembled at the mitochondrial surface to be properly activated. Several 
mitochondrial-derived signals such as cardiolipin, mROS, mDNA, or calcium, activate 
the inflammasome inducing the maturation of IL-1β and IL-18 (Juan Tur et al., 
Advances in Immunology, in press). 

Overall, current data support the notion that mitochondrial dysfunction and 
the release of DAMPs is a crucial step in inflammasome activation, and that 
this damage probably occurs upstream of inflammasome activation itself. 
However, in some cases, NLRP3 may be activated upstream of mitochondrial 
damage, thus forming either a canonical or a non-canonical complex.  
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2.3.3) Mitophagy restrains inflammasome activation 

Mitophagy is a specific form of autophagy that selectively removes damaged 
mitochondria (82). It prevents excessive inflammasome activation by 
preserving mitochondrial integrity. Inhibition of mitophagy by depleting 
autophagy proteins results in the accumulation of dysfunctional 
mitochondria. These damaged mitochondria produce excessive amounts of 
mROS and release mDNA to the cytosol, thus triggering the inflammasome 
(76).  
Activation of caspase-1 can also degrade Parkin, a protein involved in 
mitophagy. This degradation increases mitochondrial damage, and releases 
mitochondrial DAMPs, thus amplifying inflammasome activation in a 
positive forward loop (79). However, other proteins involved in mitophagy 
that may display different roles in the activation of the inflammasome. 
Additionally, a negative loop that restricts excessive inflammasome 
activation has recently been described. Upon the priming signal (i.e. TLR 
stimulation), NF-κB is activated inducing the expression of NLRP3 and pro-
IL-1β. However, as a safety mechanism, NF-κB also induces the expression of 
p62. This molecule mediates a mitophagy-mediated removal of damaged 
mitochondria, thus preventing the release of NLRP3 inflammasome-
activating signals, thus controlling inflammasome activation (Figure 12) 
(80). 
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Figure 12. Negative feedback during inflammasome activation. To avoid excessive 
activation of the inflammasome, autophagy is activated at the same time as the 
expression of NLRP3. This allows the removal of damaged mitochondria, restricting 
the release of DAMPs (83).  

 

2.4) Mitochondrial ROS in innate immune responses 

One consequence of the electron flow through the respiratory chain is the 
generation of mROS. Superoxide (O2•−) is generated during OXPHOS when 
electrons leak from the electron transport chain and are prematurely 
accepted by oxygen. This leakage takes place mainly at respiratory 
complexes I and III, but can also occur at complex II. Complex I and II release 
superoxide into the matrix, whereas complex III does so into both the matrix 
and the intermembrane space. Superoxide can then escape the mitochondria 
through voltage-dependent anion-selective channels (VDACs) or instead it 
can be converted into hydrogen peroxide (H2O2) by superoxide dismutase 
(SOD) 1 or 2, which unlike superoxide can freely cross mitochondrial 
membranes (Figure 13)(43, 84).  
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Figure 13. Oxidative phosphorylation and the generation of mROS. Superoxide (O2•−) 
is generated at respiratory complexes I,II, and III during oxidative phosphorylation. 
To scape mitochondria, O2•− has to be converted to hydrogen peroxide (H2O2) or use 
voltage-dependent anion channels (VDACs) (43). 

 
For many years, mROS were considered as unwanted byproducts of the 
metabolism that could damage cellular components via non-specific 
oxidations. Although ROS are crucial for the degradation of phagocyted 
bacteria, mounting evidence suggest that they also act as second messengers 
in multiple signaling pathways (43, 84). Professional phagocytes, such 
neutrophils or macrophages, generate ROS primarily by the phagosomal 
NADPH oxidase; however, several studies point that mROS are also a major 
source of ROS in these cells, and are in fact crucial for innate immune 
responses. We have already introduced that mROS are important in antiviral 
and inflammasome-dependent responses. Here, we will discuss how the 
production of mROS is regulated and the effects of these molecules during 
inflammation. 
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Figure 14. TLR signaling 
activates mROS production via 
TRAF6-ECSIT.  

2.4.1) TLR signaling up-regulates mROS production 

To enhance the activation of innate 
immune responses, mROS production is 
regulated by TLR signaling. Activation of 
TLR1, TLR2, and TLR4 by their ligands 
(peptidoglycans, lipopeptides, and LPS 
respectively) leads to translocation of TNF 
receptor-associated factor 6 (TRAF6) to the 
inner mitochondrial membrane. There, 
TRAF6 interacts with evolutionary 
conserved signaling intermediate in Toll 
pathways (ECSIT) (85), which is involved 
in the assembly of the respiratory chain 
complex I (86). This engagement results in 
the TRAF6-mediated ubiquitination of 
ECSIT, causing an increase in the 
production of mROS (Figure 14). 
Additionally, upon TLR engagement, 
mitochondria are recruited to the 
phagosomes, where they can contribute to 
ROS generation to kill phagocyted bacteria. 
Consistent with these observations, 
depletion of TRAF6 or ECSIT in 
macrophages results in decreased mROS 
generation and impaired microbicide 
ability. Similarly, inhibition of mROS by 
overexpressing the antioxidant enzyme 
catalase in mitochondria inhibits bacterial 
killing (85). 
 

2.4.2) mROS are crucial components of inflammation 

ROS act as signaling molecules, targeting transcription factors and enzymes 
to modify its activity. Specifically, ROS tend to oxidate the thiol groups of 
cysteine and methionine residues. Once the redox signal ends, these 
oxidations can be reversed by the action of glutathione and thioredoxins 
(84, 87)  
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The most well-known mechanism of ROS-mediated activation of 
inflammatory signaling pathway is the inhibition of MAPK phosphatases 
(MKP) by oxidation of their catalytic center, a process that allows the 
sustained activation of MAPKs. However, the possibility that ROS directly 
activate MAPK cannot be discarded (88). Specifically, ROS has been shown 
to prevent the dephosphorylation of JNK (89), ERK (90, 91), and p38 (91), 
enhancing pro-inflammatory signaling. 
As macrophages produce ROS at both mitochondria and NADPH oxidase, it is 
difficult to evaluate the relative contribution of each source to the activation 
of inflammatory signaling pathways. In spite of limited knowledge in this 
regard, several studies have revealed that specifically mROS are crucial 
molecules the generation of inflammatory responses in macrophages. 
In the first place, Balua and colleagues (92) demonstrated that peripheral 
blood mononuclear cells (PBMCs) from patients with the TNF receptor-
associated periodic syndrome (TRAPS) show increased mROS levels, as well 
as enhanced MAPK activation and inflammatory cytokine production. 
Treatment with antioxidants reversed the increased inflammatory 
phenotype, thereby demonstrating the central role of ROS. Furthermore, 
they confirmed that the effects are specifically attributable to mROS, as 
deletion of NADPH oxidases did not reverse the phenotype. 
A second study using KO for NADH dehydrogenase [ubiquinone] iron-sulfur 
protein 4 (NDUFS4), further confirmed the notion that mROS activate 
inflammatory signaling. NDUFS4 is a subunit of the electron transport chain 
(ETC) complex I that is required for oxidative phosphorylation and 
represses mROS production. In response to LPS, macrophages deficient for 
NDUFS4 showed increased mROS as well as increased expression of pro-
inflammatory cytokines (93). 
Finally, a third study demonstrated that mROS are directly involved in LPS-
mediated production of pro-IL-1β. LPS-activated macrophages treated with 
either metformin (a drug for type-2 diabetes) or with rotenone (a 
respiratory complex I inhibitor), showed decreased mROS generation and, 
consequently, a decrease in pro-IL-1β expression. Furthermore, treatment 
with MitoQ, a specific mROS scavenger, inhibits pro-IL-1β expression, 
further confirming the role of mROS in inflammatory activation (94). 
The specific role of mROS in inflammation has been further confirmed by 
modulation of the uncoupling protein 2 (UCP2), a mitochondrial protein that 
is distributed ubiquitously, but shows higher expression in macrophages. 
The modulation of UCP2 generates moderate mitochondrial uncoupling with 
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reduction in electron leak from OXPHOS, resulting in a significant decrease 
in mROS generation (95).  
UCP2 overexpression in macrophages produces a significant decrease in 
mROS production, which leads to a decrease in the inducible nitric oxide 
synthase (NOS2) and in the production of nitric oxide (96). In contrast, upon 
LPS stimulation, UCP2-/- macrophages generate more mROS, thus resulting 
in enhanced ERK, p38, and NF-κB signaling, and increased induction of pro-
inflammatory mediators, such as nitric oxide, IL-6 and IL-1β. Moreover, 
these effects of UCP2 deficiency are reversed with ROS scavenging. This 
observation therefore supports the notion that mROS drive macrophage 
inflammatory signaling (97, 98).  
UCP2 is also involved in a negative regulation of mROS in the immune 
responses against pathogenic microorganisms. UCP2-/- mice exhibit 
enhanced resistance to Toxoplasma gondii (99) and Listeria monocytogenes 
infection (98). Additionally, UCP2-deficient macrophages show increased 
toxoplamacidal activity, as well as increased bactericidal activity against 
Salmonella typhimurium, thanks to the increase in ROS production (99). In 
fact, other pathogens such Leishmania, have even developed survival 
strategies involving induction of UCP2 to inhibit mROS generation. In a 
model of leishmaniosis, down-regulation of UCP2 increases mROS 
production, thus leading to enhanced p38 and ERK activation, increased pro-
inflammatory cytokine production, and decreased survival of the parasite 
(100).  
Due to its importance during inflammation and infection, UCP2 must be 
tightly regulated. Upon LPS stimulation, UCP2 is rapidly down-regulated in a 
p38 and JNK-dependent manner (96, 101). This down-regulation of UCP2 
leads to an increase in mROS production, which further activates p38, 
initiating a signaling amplification loop that enhances the inflammatory 
response (Figure 15)(101). 
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Figure 15. Mitochondrial ROS are components in inflammatory signaling. 
Mitochondrial ROS (mROS) are generated at respiratory complexes I, II, and III of 
the electron transport chain (ETC). This generation is enhanced upon TLR signaling 
in a TRAF6-ECSIT-dependent way. Once generated, mROS is exported to the cytosol 
either by diffusion (H2O2) or through voltage-dependent anion channels 
(superoxide). mROS can then eliminate phagocyted bacteria, or activate NF-kB and 
MAPKs to induce the expression of inflammatory genes. mROS also inhibits the 
expression of UCP2, a protein that represses mROS generation, thus further 
enhancing mROS production (Juan Tur et al., Advances in Immunology, in press). 
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3) Mitochondrial dynamics 

During the last century it was demonstrated that mitochondria were not 
independent and isolated organelles, but are instead highly dynamic 
organelles that form complex interconnected networks. This dynamic nature 
refers not only to their movement along the cytoskeleton, but also to a 
continuous process of fusions and fissions that constantly reshape the 
mitochondrial network’s morphology. This process known as mitochondrial 
dynamics, is critical in maintaining mitochondrial integrity, being involved 
in key processes including apoptosis, autophagy, calcium homeostasis, 
metabolism, ROS production, and respiration (102–107). 
The balanced and antagonistic activities of fusion and division, shape the 
mitochondrial compartment, allowing the cell to respond to the ever-
changing physiological conditions. Shifting towards fusion results in the 
generation of large tubular mitochondria that are interconnected forming 
big networks. By contrast, a shift towards fission produces more isolated 
and smaller mitochondrial fragments, which show distinctive spherical or 
short rod morphology (Figure 16) (105, 108). 
 

 

Figure 16. Fusion and fission regulate mitochondrial morphology (109). 
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3.1) Mitochondrial fusion 

Because mitochondria are double membrane organelles, mitochondrial 
fusion is a two-step process that involves two separate events: the fusion of 
the external and the inner membranes. The most relevant proteins involved 
in mitochondrial fusion are the mitofusins (Mfn1 and Mfn2), and optic 
atrophy 1 (OPA1). Mitofusins are located in the outer mitochondrial 
membrane allowing its fusion. On the other hand, OPA1 is located in the 
inner mitochondrial membrane, where it regulates its fusion (Figure 17) 
(105, 110). 
 

 

Figure 17. Schematic of mitochondrial fusion. A. Fusion of the outer mitochondrial 
membrane mediated by Mfn1 (not shown) and Mfn2. B. Fusion of the inner 
mitochondrial membrane mediated by OPA1 (111). 

 

3.1.1) Mitofusins: Mfn1 and Mfn2 

Mitofusins are evolutionary conserved large dynamin-like GTPases localized 
to the outer mitochondrial membrane. These proteins were first described 
through the study of spermatogenesis in Drosophila, and were initially 
known as fuzzy onions 1 (Fzo1). In mammals, there are two closely related 
Fzo1 homologs: Mfn1 encoded by human chromosome 3 and Mfn2 encoded 
by chromosome 1 (murine chromosomes 3 and 4 respectively). Both are 
broadly expressed in a wide range of cell types. The two mitofusins show an 
80% similarity, sharing almost the same functional domains. Their size is 
also slightly different: while Mfn1 is comprised of 741 aminoacids, Mfn2 is a 
757 aminoacid protein (112). 

A B 
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Both mitofusins are integral transmembrane proteins with the carboxyl and 
the amino-terminal parts exposed to the cytosol, and a small part facing the 
intermembrane space and splitting in two the transmembrane domain. The 
carboxyl-terminal domain contains the bipartite transmembrane domain 
and a heptad-repeat domain (HR2, also known as coiled-coil domain). The 
amino-terminal domain contains a GTPase domain and another heptad-
repeat domain (HR1). The HR2 domain is responsible for the tethering of 
two adjacent mitochondrial membranes through the formation of a dimeric 
anti-parallel coiled-coil structure. This interaction can be either homotypic 
(Mfn1-Mfn1 or Mfn2-Mfn2) or heterotypic (Mfn1-Mfn2) (113). The GTPase 
domain is comprised of five GTPase motifs (G1 to G5) that specifically bind 
GTP and catalyze its hydrolysis. Fusion activity of Mfn1 and Mfn2 is 
completely dependent on their GTPase activity. Mfn2 also presents a 
proline-rich region next to the transmembrane domain that would 
presumably modulate the protein-protein interactions (Figure 18) (105). 
 

 

Figure 18. Schematic structure of the 
mitofusins.  
A) Topology of Mfn1 and Mfn2 
domains. G1 to G5: GTPase motifs. 
CC1 and CC2: coiled-coil 1 and 2 
(also known as HR1 and HR2). TM: 
transmembrane domain. PR: 
proline-rich region (61).  
B) Predicted 3-D structure for Mfn2 
(Image from protein data bank). 

 

A 

B 
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3.1.2) OPA1 

OPA1 is a dynamin-like GTPase localized in the mitochondrial 
intermembrane space in soluble forms, or attached to the inner 
mitochondrial membrane. OPA1 is responsible for controlling mitochondrial 
inner membrane fusion and to maintain cristae morphology.  
OPA1 is affected by post-transcriptional and post-translational changes, 
generating many different isoforms. The mRNA of opa1 in humans can be 
found in eight different isoforms as a result of alternative splicing. 
Meanwhile, mice express four alternatively spliced mRNAs. OPA1 is also 
regulated by proteolytic cleavage, generating short and long isoforms. Long 
OPA1 isoforms maintain the transmembrane domain and so are imbibed 
into the inner mitochondrial membrane. Meanwhile, short isoforms have 
lost their transmembrane domain and consequently are in soluble form 
inside the intermembrane space. It has been suggested that the long 
isoforms would be responsible to mediate mitochondria inner membrane 
fusion, while the short ones would not directly mediate fusion, but instead 
would modulate the long ones’ activity. Because mitochondrial inner 
membrane fusion depends on the ratio between short and long isoforms, the 
proteolytic processing of OPA1 is a major source of regulation (105). 
The long OPA1 isoform contains 960 aminoacids and shows an amino-
terminal mitochondrial import sequence (MIS) that is cleaved by the 
mitochondrial processing peptidase upon importing into the mitochondria. 
It also shows a transmembrane domain allowing the association of the long 
OPA1 isoforms with the inner mitochondrial membrane. After this 
transmembrane domain, OPA1 shows a coiled-coil domain. Next to it can be 
found a GTPase domain and a central domain. In this case, OPA1’s GTPase 
domain is comprised by 3 GTPase motifs (G1, G3, and G4) that are also 
critical for its function. Finally, at the carboxyl-terminal part, there is a 
second heptad repeat domain. Both heptad repeats are probably involved in 
protein-protein interactions between distinct OPA1 molecules (Figure 19) 
(105).  
Depletion of OPA1 results in a severe fragmentation of the mitochondrial 
network due to an impairment in mitochondrial fusion. However, these cells 
still retain fusion in the outer mitochondrial membrane. Furthermore, OPA1 
deficiency lead to other cellular defects, including disorganization of cristae, 
reduced respiratory capacity, and increased sensitivity to apoptosis (114). 
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Mutations in OPA1 cause autosomal dominant optic atrophy, a degenerative 
disease of the optical nerve (115, 116). 
 

 

Figure 19. OPA1 topology and domains. Representation of the long OPA1 isoform. 
The short isoform (not shown) does not have the transmembrane domain (in red). 
MIS: mitochondrial import sequence. TM: transmembrane domain. Spl. Reg.: 
alternative spliced region. CC1 and CC2: coiled-coil 1 and 2. G1, G3, and G4: GTPase 
motifs 1,3, and 4 (105). 

 

3.1.3) Mechanism of mitochondrial fusion 

Even though the fusion of inner and outer mitochondrial membranes can 
operate independently of each other, under normal conditions both 
processes are highly synchronized (117, 118). 
First, there is a docking step in which the HR2 regions of two mitofusins in 
adjacent mitochondria interact in trans, forming an anti-parallel coiled-coil. 
Then, upon GTP hydrolysis by the GTPase domains, the mitofusins in the 
dimer suffer a conformational change that bring the two adjacent 
membranes close together, initiating lipid bilayer mixing (Figure 20). 
 

 

Figure 20. Outer mitochondrial membrane fusion. The heptad-repeat 2 (HR2) 
domains of two mitofusins from adjacent membranes interact in trans, forming an 
antiparallel coiled-coil. Then GTP is hydrolyzed, making a conformational change in 
the two mitofusins that bring the opposing membranes together (111). 
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Once the outer membranes are fused, OPA1 is required in trans on both 
inner membranes of the fusion partners. Long isoforms, which contain a 
transmembrane domain, are the responsible for the tethering with the 
opposing membranes through anti-parallel coiled-coil. Short isoforms can 
then be recruited and contribute to the fusion of the inner membranes with 
their GTPase activity. After inner membrane fusion, mitochondrial matrix 
contents are mixed (114, 119). 
 

3.2) Mitochondrial fission 

Mitochondrial fission is executed by the cytosolic dynamin-like GTPase 
dynamin related protein 1 (DRP1). In mammals there are four DRP1 
receptors located in the outer mitochondrial membrane: mitochondrial 
fission 1 (FIS1), mitochondrial fission factor (MFF), mitochondrial dynamics 
protein of 49KDa (MID49), and MID51. These receptors recruit DRP1 from 
the cytosol to from large helical oligomers that form a ring around 
mitochondria. GTP hydrolysis causes the constriction of DRP1 spirals, 
separating both inner and outer mitochondrial membranes (Figure 21) 
(120). 
However, prior to the fission machinery assembly, there is a constriction of 
the mitochondria at the sites where the fission will occur. This contraction is 
mediated by the contacts with the endoplasmic reticulum, which marks the 
sites of fission and assists to the assembly of the DRP1 ring (121). 
 

 

Figure 21. Mechanism of mitochondrial fission. DRP1 is recruited by receptors in the 
mitochondrial outer membrane (FIS1, MFF, MiD49, and MiD51). A constriction ring 
is formed around the mitochondrial membranes, to finally separate both 
mitochondria (120). 
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3.3) Physiological functions of mitochondrial dynamics 

The morphology of mitochondria depends on the balance between the 
opposing processes of fusion and fission. Excessive fusion leads to 
elongation, while unbalanced fission leads to mitochondrial fragmentation. 
During cell proliferation, mitochondria first elongates in G1/S, and then is 
fragmented in G2/M to ensure an equal redistributions of mitochondrial 
content to daughter cells (122). However, it is less clear why mitochondrial 
dynamics are also necessary for non-proliferating cells. 
One of the most accepted reasons is that fusion promotes complementation 
between damaged mitochondria. Mitochondria have their own genomes that 
encode some of the respiratory chain proteins, as well as transfer and 
ribosomal RNAs (tRNA and rRNA) needed for their translation. As time 
passes, mutations and deletions arise and accumulate in mitochondrial DNA, 
yielding a mixture of normal and mutant mitochondrial genomes within one 
cell. Apart from the DNA, mitochondrial proteins and membrane lipids also 
suffer damage. To control this damage, two mitochondria can fuse, mixing 
DNA, RNAs, lipids, and proteins. This way, healthy components complement 
the damaged ones, mitigating the deleterious effects (Figure 22) (114, 123). 
 
 
 

 

Figure 22. Complementation of mitochondrial function by fusion. Dysfunctional 
mitochondria (in yellow) can fuse to healthy mitochondria (green) to exchange 
components (DNA, RNAs, proteins, and lipids). Healthy components can then 
complement the damaged ones (123). 
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However, even if it can be compensated by mitochondrial fusion, the gradual 
accumulation of damaged components can pose a long-term problem to the 
proper functioning of the mitochondrial network. To solve it, mitochondrial 
fission segregates damaged components, which will be selectively target by 
mitophagy, eliminating these subsets of mitochondria with an accumulated 
damaged above a certain threshold (114, 119, 123). This selective 
degradation depends on two proteins: PTEN-induced putative kinase 1 
(PINK1) and Parkin. In healthy mitochondria PINK1 is constitutively 
degraded by the inner membrane protease PARL. However, when a 
mitochondrion becomes damaged beyond a certain threshold, the 
membrane potential (mΔΨ) is lost, and PINK1 degradation is prevented. 
Accumulated PINK1 recruits and activates the E3 ubiquitin ligase Parkin 
(124). Parkin conjugates ubiquitin to several mitochondrial outer 
membrane proteins, including Mfn1 and Mfn2, mediating their proteasomal 
elimination (125). Furthermore, the loss of mΔΨ causes the conversion of 
long OPA1 to short OPA1 isoforms. With neither mitofusins nor OPA1, the 
dysfunctional mitochondrion loses both inner and outer membrane fusion 
machineries, therefore preventing re-fusion to healthy mitochondria and the 
spreading of the damaged components. Finally, Parkin allows the 
recruitment of LC3 in the autophagosome membrane through the adaptor 
protein p62, initiating the autophagic elimination of damaged mitochondria 
(i.e. mitophagy) (Figure 23) (126). 
Altogether indicates that mitochondrial fusion and fission, coupled with 
PINK1-Parkin-dependent mitophagy, are a system of mitochondrial quality 
control to monitor and control damage, first by complementation, and when 
the damage is too high by autophagic degradation (114, 119, 123). 
 



INTRODUCTION 

57 

 

Figure 23. Mitochondrial life cycle and the contribution of mitochondrial dynamics 
and mitochondria quality control. Mitochondria gradually accumulate damage, but 
its effects are avoided by complementation through mitochondrial fusion. Damaged 
components are ultimately segregated by mitochondrial fission. Mitochondria with 
accumulated above a certain threshold become depolarized, and are degraded by 
PINK1-Parkin-mediated mitophagy (126). 

 

3.4) Mfn2: A mitochondrial protein with roles beyond fusion 

Even though both mitofusins are highly homologous and share almost the 
same domains (except for the proline-rich region in Mfn2), they have 
different functional roles. In this section the differences between Mfn1 and 
Mfn2 in mitochondrial fusion, and the other functional roles of Mfn2 will be 
discussed. 
 

3.4.1) Differences in mitochondrial fusion between Mfn1 and Mfn2 

Mfn1 and Mfn2 appear to play redundant roles regarding mitochondrial 
fusion. Interestingly, the phenotype of cells lacking Mfn1 differ significantly 



INTRODUCTION 

58 

of Mfn2-null cells, demonstrating that they have distinct roles in controlling 
mitochondrial fusion (Table 1).  
Overexpression of Mfn2 in fibroblasts altered mitochondrial morphology, 
generating either reticular structures or extensive perinuclear clusters. On 
the other hand, Mfn1 overexpression modifies mitochondrial morphology 
but on a different way, generating grape-like perinuclear clusters. Knocking 
out Mfn1 or Mfn2 in mouse embryonic fibroblasts (MEFs) result in a 
fragmented mitochondrial network. However, there are differences between 
the two mitofusins. While Mfn1 deficiency generates either very short 
mitochondrial tubules or small spheres that are uniform in size and broadly 
dispersed, loss of Mfn2 produces less fragmentation, generating 
mitochondrial spheres of varying sizes concentrated near the nucleus (127). 
These observations could be explained because Mfn1 shows a much higher 
GTPase activity, and therefore tethers mitochondria more efficiently than 
Mfn2. Despite that, Mfn2 still shows a higher affinity for GTP than Mfn1 
(128).  
Both mitofusins are essential for embryonic development. Mice deficient in 
either single mitofusin die during mid-gestation due to a lethal placental 
defect. However, while Mfn2-deficient embryos specifically show a severe 
disruption of the trophoblast giant cell layer in the placenta. By contrast, 
Mfn1-deficient embryos’ giant cells are normal. Exogenously expressing 
mitofusins in the placenta can prevent the embryonic lethality of either of 
these KO. By this way, Mfn1 KO become fully viable and fertile, and do not 
present any physiological alterations, even one year after birth. Conversely, 
Mfn2 KO mice, although viable, show impaired cerebellar development with 
dysfunction in Purkinje cells. Most of these mice dice between 1 and 17 days 
after being born. One explanation for these neurological defects is that Mfn2 
plays a major role in the axonal transport of mitochondria and the 
maintenance the axonal projections of dopaminergic neurons. Mutations of 
the mfn2 gene in humans are mainly associated with the autosomal 
dominant neurodegenerative disease Charcot-Marie-Tooth 2A (CMT2A). 
Other hereditary motor and sensory neuropathies have been also associated 
with mfn2 mutations (129). 
Finally, OPA1 requires Mfn1 to undergo inner mitochondrial membrane 
fusion. Such functional dependence has not been detected between Mfn2 
and OPA1. This suggests that while Mfn1 would be the responsible to engage 
mitochondrial fusion in coordination with inner membrane fusion, Mfn2 
fusion may be independent and more focused on other functions (130, 131). 
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Table 1 Differential roles of Mfn1 and Mfn2 in mitochondrial fusion 

Condition Mfn1  Mfn2 

Overexpression in 
MEFs 

Mitochondrial hyperfusion 
(grape-like perinuclear 
clusters) 
 

 Mitochondrial hyperfusion 
(reticular structures or 
perinuclear clusters) 

KO in MEFs Fragmented mitochondria 
(uniform size spheres or 
small tubules) 
 

 Fragmented mitochondria 
(spheres of varying size 
around the nucleus) 

GTPase activity Higher  Lower but higher affinity 
for GTP 

Mice KO Embryonic lethal  Embryonic lethal (with 
alteration in trophoblastic 
giant layer) 
 

Mice KO (with 
expression in the 
placenta) 
 

Fully viable. Normal 
physiology.  

 Impaired development of 
cerebellum. High 
mortality. 

Genetic diseases in 
humans 

Not described  CMT2A and other 
hereditary motor and 
sensory neuropathies 

 

3.4.2) Mfn2 regulates mitochondrial bioenergetics 

The regulation of mitochondrial respiration is an important function for 
Mfn2. This protein triggers mitochondrial oxidation by up-regulating 
oxidative phosphorylation (OXPHOS) complexes expression. Knocking-
down Mfn2 greatly reduces oxygen consumption, mΔΨ, proton leak, and 
oxidation of fatty acids and glucose. Even more, the expression of 
respiratory complexes I, II, III, and V is also greatly reduced. These effects on 
respiration are independent on mitochondrial fusion, as they can be 
mimicked with a truncated Mfn2 mutant that is inactive as a mitochondrial 
fusion protein (132, 133). 
Interestingly, a recent study using both cardiomyocytes and MEFs unveiled 
the molecular basis for the role of Mfn2 in mitochondrial respiration. They 



INTRODUCTION 

60 

demonstrate that Mfn2 regulates the terpenoid biosynthesis pathway, which 
is required to maintain mitochondrial coenzyme Q (ubiquinone) levels for 
optimal function of the respiratory chain. Decreased respiration in Mfn2-null 
cells can be rescued with coenzyme Q10 complementation (134). 
In keeping with this role of Mfn2 in metabolism, several human conditions 
characterized by defective mitochondrial oxidation, such as type 2 diabetes 
mellitus and obesity are associated with decreased mfn2 expression. 
Conversely, conditions characterized by increased mitochondrial oxidation, 
including exercise and weight loss are associated with increased expression 
of this gene (132, 135, 136). 

3.4.3) Mfn2 mediates mitochondria-ER contacts 

Finally, another specific function of Mfn2 is allowing the contacts between 
ER and mitochondria. In addition to being located at the mitochondria, Mfn2 
can also be found on MAMs (137). There, it mediates the tethering between 
the two organelles, also regulating the ER’s morphology and calcium 
transfer between both organelles (137–139). Furthermore, Mfn2 decreases 
ER stress responses by inhibiting protein kinase RNA-like endoplasmic 
reticulum kinase (PERK) pathway (138).  

3.4.4) Mfn2 modulates the cell fate 

Mfn2 is involved in cell fate, regulating the decisions to undergo apoptosis, 
proliferation, and senescence. First, as evidenced in different cell models, 
mfn2 overexpression inhibits proliferation. In these cases, Mfn2 act as a 
suppressor of proliferation through interaction with p21ras and Raf-1, 
resulting in the inhibition of ERK1/2 signaling pathway (140–142). Second, 
cellular senescence has also been associated with elongation of the 
mitochondrial network and increased expression of mfn2. Furthermore, 
abnormally enlarged mitochondria can per se trigger premature senescence 
(143). Finally, Mfn2 has been considered to be either pro- or anti-apoptotic 
depending on the cellular status and environment. During hypoxic 
conditions, Mfn2 displays anti-apoptotic functions, both in vitro and in vivo 
(144). On the other hand, some cytokines and growth factors such 
adiponectin, up regulate mfn2 expression, inhibiting ERK1/2 signaling 
pathway and leading to an induction of apoptosis (145). Lastly, Mfn2 also 
interacts with the pro-apoptotic proteins Bax and Bak, but how this 
interaction modulates apoptosis is still unclear (146). 
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3.5) Known roles of mitochondrial dynamics in immune responses 

In this section we will expose what is currently known about the role of 
mitochondrial dynamics in immune responses. For the time being, it has 
been confirmed that mitochondrial dynamics play a major role specifically in 
two types of immune responses: RIG-I-mediated anti-viral responses and 
inflammasome activation. 

3.5.1) Mitochondrial dynamics regulate antiviral immunity 

In the last years several studies have demonstrated that mitochondrial 
dynamics play an important role in the regulation of RLR-mediated antiviral 
responses (147–151). 
First, Koshiba’s group (147) showed that the HR1 regions of Mfn2 interact 
with MAVS, sequestering this protein in a non-productive state, and 
inhibiting downstream signaling by NF-κB and IRF3 upon RIG-I activation. 
These effects are specific for Mfn2, as manipulation of its homolog Mfn1 was 
found to have no effect on RIG-1-mediated signaling. 
A year later, Castanier et al. (148) reported that RIG-1-mediated signaling 
can be regulated through manipulation of mitochondrial dynamics. The 
promotion of mitochondrial elongation by silencing DRP1 or FIS1 increases 
phosphorylation of IRF3 and IκB upon viral infection. Similarly, the 
induction of mitochondrial fragmentation by silencing Mfn1 or OPA1 has the 
opposite effect. These data demonstrate that elongation and fusion of 
mitochondria specifically enhances MAVS signaling, whereas mitochondrial 
fragmentation impairs it. Interestingly, in addition to being regulated by 
mitochondrial dynamics, MAVS can regulate this process. The proposed 
mechanism is that under basal conditions Mfn1 is sequestered by MAVS 
interaction, but when RIG-I engages MAVS, Mfn1 is released, allowing the 
fusion between adjacent mitochondria that will favor antiviral signaling. 
Furthermore, this mitochondrial elongation triggers ER-mitochondria 
associations, thus promoting the interaction of MAVS with STING to further 
enhance antiviral signaling (148). 
In line with this later study, Onoguchi et al. (149) also demonstrated that 
Mfn1 plays a critical role in RIG-I-induced antiviral signaling, as 
overexpression of Mfn1 increased IFN-β promoter activity, whereas its 
silencing abolished such activity. However, there are some discrepancies 
with the other two studies mentioned above. First, Onoguchi’s group found 
that Mfn2 overexpression had no effect in antiviral signaling and thus 
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concluded that Mfn1 was the relevant form, in clear contradiction with 
Yakusawa et al. (147, 149). While Castanier et al. described that silencing 
DRP1 increases antiviral signaling this was not reproduced by Onoguchi’s or 
Yasukawa’s groups. However, both groups concurred that knocking down 
OPA1, blocks antiviral signaling, thereby demonstrating a role for 
mitochondrial elongation in MAVS signaling. Furthermore, neither did they 
observe mitochondrial elongation mediated by viruses or 5’ppp-RNA. They 
hypothesized that the elongation of mitochondria  observed by Castanier’s 
group, was the consequence of using a variant of Sendai virus (SeV) (H4), 
which specifically elongates mitochondria, but that other viruses do not 
have the same effect (148, 149). 
Also, Koshiba et al. reported that depletion of both Mfn1 and Mfn2 resulted 
in decreased induction of type 1 IFNs and pro-inflammatory cytokines upon 
viral infection (150). Deficiency in only one Mfn did not have any effect, 
presumably due to complementation by the other. Cells lacking both Mfns 
showed a disrupted mitochondrial network as well as a decreased mΔΨ. 
Those authors proposed that this decrease in mΔΨ is responsible for the 
defect in MAVS signaling, as treatment with carbonyl cyanide m-
chlorophenyl hydrazone (CCCP, an uncoupler of oxidative phosphorylation 
that leads to widespread loss of mΔΨ) resulted in the same inhibition as 
observed in the double Mfn KO. They reasoned that the loss of mΔΨ might 
prevent structural rearrangement of MAVS complex, thus inhibiting 
polymerization and consequently the downstream signaling (150).  
Finally, a recent study further confirmed the importance of mitochondrial 
dynamics in antiviral signaling. Both Mfn1 and Mfn2 participate in the 
defense against Dengue virus, but the two are degraded as a result of the 
cleaving by a Dengue virus protease. By knockdown and overexpression 
approaches, they showed that the two Mfns have different functions during 
Dengue infection. Mfn1 is required for efficient RIG-I signaling, whereas 
Mfn2 maintains mΔΨ to avoid cell death (151). 
Although some discrepancies remain, it is widely accepted that 
mitochondrial dynamics play a major role in MAVS-mediated antiviral 
responses. The data gathered to date support the notion that mitochondrial 
fusion is necessary for a proper signaling through MAVS, either by 
maintaining the mΔΨ, by facilitating the formation of the RIG-I-MAVS 
signalosome, or by allowing the MAVS-STING interaction (Figure 24). The 
exact role played by the two mitofusins in this process requires further 
clarification. 



INTRODUCTION 

63 

 

 

Figure 24. Mitochondrial dynamics govern antiviral signaling. Mitochondrial fusion is 
necessary for MAVS-mediated anti-viral signaling. One possible mechanism to 
explain this phenomenon is the maintenance of a high mΔΨ to allow MAVS 
activation. Fusion with the ER promotes STING-MAVS interaction, further enhancing 
signaling (43). 
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3.5.2) Mitochondrial dynamics in inflammasome activation 

In analogy to antiviral signaling, the integrity of the mitochondrial network 
is crucial for correct inflammasome signaling. Loss of mΔΨ dramatically 
reduces inflammasome activation and IL-1β production. Moreover, the 
mitochondrial fusion protein Mfn2 also interacts with both MAVS and 
NLRP3 in a mΔΨ-dependent manner. This interaction is required for the 
proper assembly and activation of the inflammasome at the mitochondrial 
surface (152). The fact that Mfn2 is necessary for inflammasome activation 
suggests that, as well as with antiviral signaling, mitochondrial elongation is 
a requisite for inflammasome activation (Figure 25). Recently, Park et al. 
(153) by using macrophages deficient for the mitochondrial fission protein 
DRP1 confirmed this hypothesis. These macrophages show increased 
mitochondrial elongation and enhanced NLPR3 assembly and IL-1β 
secretion. Furthermore, mitochondrial elongation promotes ERK activation, 
which is a prerequisite step to recruit NLRP3 to mitochondria, and thus 
activate the inflammasome.  
 

 

Figure 25. Mfn2 is necessary for inflammasome activation. Mitochondrial fusion is a 
prerequisite for a correct assembly and activation of the NLRP3 inflammasome 
(152). 
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1) Hypothesis 

 
Mitochondrial fusion regulates mROS, mΔΨ, autophagy, and apoptosis, 
which are all crucial parameters in the regulation of inflammatory responses 
in macrophages. As major regulator of mitochondrial fusion, Mfn2 is crucial 
for the functional activity of macrophages. 
 
 

2) Objectives 

 

• Characterize mfn2 expression in macrophages. 

• Determine the role of Mfn2 in the regulation of mitochondrial physiology 
and morphology in macrophages. 

• Evaluate the regulation of signaling pathways by Mfn2, and their 
implication in macrophage activity. 

• Determine the function of Mfn2 in immune responses using in vivo 
models. 
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1) Mice 

Mfn2-floxed mice (Mfn2Flox) were kindly given by Professor Antonio Zorzano 
(IRB-Barcelona). Mice expressing Cre recombinase under the myeloid-
specific promoter lysozyme M (CreLysM) (154) were a generous gift by 
Professor Ángel Nebreda (IRB-Barcelona). Both colonies were generated in 
a C57BL/6JRj background. CreLysM/Mfn2Flox descendants (Mfn2-/- mice 
hereinafter) and the corresponding WT mice (Cre-/Mfn2Flox) from the same 
background were maintained in the specific pathogen free (SPF) facility of 
Barcelona’s Science Park. All the experimental procedures and the animal 
experimentation were approved by the Animal Research Committee of the 
Government of Catalonia, number 9158. 

2) Reagents 

All chemicals used were of the highest available purity grade and were 
purchased from Sigma Aldrich, unless explicitly stated otherwise. Murine 
recombinant IFN-γ and IL-4 were purchased from R&D Systems, M-CSF and 
GM-CSF from Preprotech, CpGB and R848 were purchased from Invivogen, 
and LPS was purchased from Sigma Aldrich. The concentrations of 
cytokines, growth factors, and PAMPs used thorough this work are 
presented in Table 2 unless specified otherwise. 

Table 2. Cytokines, growth factors, and TLR ligands 

Stimuli 
Final 

concentration 
Initial 

concentration 
Required dilution 

IFN-γ 10ng/ml 20μg/ml 1:2000 
IL-4 10ng/ml 10μg/ml 1:1000 
LPS 10ng/ml 10μg/ml 1:1000 

CpGB 100nM 500μM 1:5000 
R848 1μg/ml 1mg/ml 1:1000 

M-CSF 10ng/ml 50μg/ml 1:5000 
GM-CSF 10ng/ml 50μg/ml 1:5000 

3) Macrophage culture 

Bone marrow-derived macrophages (BMDM) were generated from 6-12 
week-old mice as described previously (155). Briefly: epiphyses from 
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femora and tibiae were removed, and these bones were flushed with pre-
warmed DMEM to extract the bone marrow. Bone marrow cells were 
cultured in plastic dishes with DMEM-containing 20% FBS (Gibco, 
Invitrogen), 30% of L-cell-conditioned media as M-CSF source, penicillin 
100U/ml, and streptomycin 100μg/ml.  Cells were incubated at 37ºC in a 
humidified 5% CO2 atmosphere. A homogenous population of adherent 
macrophages was obtained after seven days of culture (>99% CD11b and 
F4/80 positive cells). Unless explicitly stated otherwise, BMDM were left 
16h in media without M-CSF to synchronize cell cycles prior to stimulation. 
Murine peritoneal macrophages were obtained from a peritoneal lavage 
with sterile PBS as described previously (156). 

4) Flow cytometry analysis 

4.1) General procedure 

After staining, samples were acquired in a Gallios Flow Cytometer (Beckman 
coulter). Unless otherwise specified, the following gating strategy was 
pursued: first, macrophages (or leukocytes when specified), were selected 
depending on their forward (FS-A) and side scatter (SS-A). Then, singlets 
were selected using FS-A and the signal peak height (FS-H) parameters. 
Finally, dead cells were discriminated by DAPI staining when possible 
(Figure 26). Data was analyzed with FlowJo 10 (Treestar).  
 

 

  

Figure 26. Gating strategy for BMDM flow cytometry analysis. Forward scatter (FS-A) 
is represented in the x-axis. Side scatter (SS-A), peak height (FS-H), and DAPI are 
represented in the y-axis. 

4.2) Extracellular marker staining 

BMDM were collected, resuspended in staining buffer (5%FBS in PBS), and 
seeded in 96-well plates. FcγRs were blocked using an anti-CD16/CD32 

FS-A / SS-A FS-A / FS-H FS-A / DAPI 
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antibody (BD Pharmigen) for 15 minutes at 4ºC. Labeling was performed 
incubating the cells with the correspondent antibody mix for 30 minutes at 
4ºC. An isotype for each antibody was always used as control. Used 
fluorescent antibodies are presented in Table 3. 

Table 3. Fluorescent antibodies used for Flow cytometry analysis 

Antigen Company Fluorochrome Dilution 

B220 (CD45R) Biolegend AF700 1:500 
MCSF-R (CD115) eBioscience PE 1:200 

CD11b Biolegend Brilliant Violet 711 1:1000 
CD3 Biolegend FITC 1:100 

F4/80 eBioscience APC 1:100 
CD45 eBioscience PE-Cy7 1:2000 

MHC-II I-A/I-E BD Pharmigen FITC 1:200 
Ly6C BD Pharmigen FITC 1:50 

 

4.3) Intracellular NF-κB staining 

BMDM were collected, resuspended in staining buffer, and transferred to 96-
well plates. Cells were fixed in 4% paraformaldehyde for 15min. After that, 
cells were permeabilized with 0.2% Triton-X10 for 5min. BMDM were then 
blocked and stained as explained in section 4.2. The antibody used was 
Phospho-NF-κB subunit p65 (Ser531)-FITC (Cell Signaling) diluted 1:50. In 
this case, DAPI gating was not used to discriminate dead cells. 

4.4) Cell cycle 

BMDM were stimulated for 24h and then fixed with 95% ethanol. Then, cells 
were incubated with propidium iodide (PI) and RNAse A. Cell cycle 
distributions were analyzed according to the IP staining (G1, S, and G2). 

4.5) ROS measurements 

Mitochondrial superoxide production (mROS) was measured by incubating 
BMDM with MitoSox red (Molecular Probes) as described in the 
manufacturer’s instructions. Hydrogen peroxide (total cellular ROS) was 
measured by staining cells with 50μM 2’7’-dichlorofluorescin diacetate 
(DCF-DA) (Sigma Aldrich) as described previously (157). When indicated, 
5μM antimycin A or 10mM n-acetyl cysteine (NAC) were used as modulators 
of ROS production. 
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4.6) Mitochondrial membrane potential 

Mitochondrial membrane potential was assessed with TMRE-Mitochondrial 
potential assay kit (Abcam) following the manufacturer’s instructions. 

4.7) Mitochondrial mass 

To stain mitochondria and quantify mitochondrial mass, BMDM were 
stained with Mitotracker green (Invitrogen) following the manufacturer’s 
instructions. Mean fluorescence intensity (MFI) was used to measure 
mitochondrial mass. 

4.8) Apoptotic bodies phagocytosis 

Apoptotic bodies were obtained by incubating mice thymocytes with 30μM 
etoposide for 16h. After that, apoptotic cells were stained with CFSE, and 
added to a BMDM culture in a 10:1 proportion. After 1h of incubation, non-
phagocyted apoptotic cells were washed out, and macrophages were 
analyzed by flow cytometry. Incubation with 2μg/ml cytochalascin D (Sigma 
Aldrich) prior phagocytosis was used as negative control. 

4.9) Apoptosis 

Apoptotis was determined by incubating BMDM with Annexin V-FITC 
Apoptosis Detection Kit (Abcam) as specified by the manufacturer. Live 
(double negative), necrotic (DAPI positive), early (Annexin-V positive), and 
late apoptotic (double positive) cell populations are detected by flow 
cytometry. 

5) ATP production 

BMDM were washed in cold PBS and then lysed by thermal shock in 100mM 
Tris-HCl + 4mM EDTA (pH 7.75) buffer. ATP from lysates was measured 
using ATP-determination kit (Life technologies) according to the 
manufacturer’s protocol. The results were expressed relative to the protein 
quantity, calculated by the Bradford assay. 

6) Mitochondrial respiration and glycolytic metabolism 

An XF24 analyzer (Seahorse Biosciences) was used to measure BMDM 
mitochondrial function in real time. Macrophages were seeded into XF24 cell 
culture plates at a density of 2x105cells/well and left 16h in media without 
M-CSF in a 37ºC-humidified incubator with 5%CO2. Media was replaced by 
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un-buffered XF assay media (Seahorse Biosciences) with 5mM glucose and 
2mM L-glutamine, and equilibrated in a non-CO2 incubator for 1h. Oxygen 
consumption ratio (OCR) and extracellular acidification rate (ECAR: a 
measure of glycolysis) were analyzed by sequentially adding drugs that 
modify the activity of the electron transport chain (ETC) as indicated in 
Table 4. 

Table 4. Modulators of the ETC to analyze mitochondrial respiration 

Compound Concentration ETC target Parameter 

Oligomycin 625nM ATP synthase  ATP coupling 
CCCP 1.25μM IMM Maximal respiration 

Rotenone 1μM Complex I OCR inhibition 
OCR inhibition Antimycin A 1μM Complex III 

 
The following respiration parameters were calculated as indicated by the 
manufacturer: a) Basal respiration: energetic demand under baseline 
conditions (calculated as the third OCR measurement under basal 
condtions); b) ATP coupling: respiration need to meet the ATP production 
(obtained by adding oligomycin); c) Maximal respiration: maximum rate of 
respiration a cell can achieve (obtained by adding CCCP); d) Spare 
respiratory capacity: capability of the cell to respond to an increased 
energetic demand (calculated as the increase in % from basal to maximal 
respiration); e) Non mitochondrial respiration: oxygen consumed by non-
mitochondrial sources (obtained by adding antimycin A and rotenone).  

7) Mitochondrial fluorescence microscopy 

105 BMDM were seeded in 8-well μ-slide plates (Ibidi). After stimulation, 
cells were washed with cold PBS and incubated with Mitotracker deep red 
(Invitrogen) as recommended by the manufacturer. Microscopy images 
were obtained in a Leica SP2 spectral confocal microscope (AOBS system) 
maintaining 37ºC and 5% CO2 for the duration of the experiment. Confocal 
images were recorded each 0.5μm in the z-plane to record the whole cellular 
volume. Five images with at least 20 cells were captured for each condition. 
Images were analyzed using Imaris software (Bitplane). For each cell, the 
number of isolated components (a measure of the mitochondrial 
fragmentation degree) and the average mitochondrion volume was 
measured. 
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8) Arginase activity assay 

Arginase activity was measured as described previously (158). Briefly, 
BMDM were cultured in 96-well plates and stimulated with IL-4 for 24h. 
After washing, cells were lysed in 0.1%Triton. Arginase activity was 
measured in the lysates by adding L-arginine and MnCl2, and finally, after 
reacting with α-ISPP, the optical density at 540nm was read. 

9) RNA extraction, reverse-PCR, and qPCR 

Total RNA was extracted, purified, and treated with DNAse by using the 
ReliaPrep RNA system Kit (Promega) as recommended by the manufacturer. 
400ng of RNA were retrotranscribed to cDNA using Moloney murine 
leukemia virus (MMLV) reverse transcriptase RNAse H Minus (Promega) 
following the manufacturer’s specifications. Quantitative PCR (qPCR or real-
time PCR) was performed using SYBR Green Master Mix (Applied 
Biosystems) as recommended by the manufacturer. Non-retrotranscribed 
RNA samples were used as negative controls for each gene. If signal was 
detected in these negative controls (< 32 Ct), the primer pairs used were 
discarded and replaced with alternative ones for the same gene. 
Furthermore, the amplification efficiency for each pair of primers was 
calculated by making a standard curve of serially diluted cDNA samples. 
Only the pairs of primers with an amplification efficiency of 100±10% were 
used. 
Data was analyzed by the ΔΔCt method (159) using Biogazelle Qbase+ 
software (Biogazelle). Gene expression was normalized to three reference 
genes (i.e. housekeeping genes): Hprt1, L14, and Sdha (unless otherwise 
specified). The stability of these reference genes was determined every time 
by checking that their geNorm M value was lower than 0.5 (160). 
The primer sequences used are presented in Table 5. 
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. 

Table 5 Primers used for qPCR mRNA expression analysis  
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10) Mitochondrial DNA quantification 

Total DNA was isolated using DNeasy Blood and Tissue Kit (Qiagen). qPCR 
was performed using SYBR Green Master Mix (Applied Biosystems) as 
described above. The number of copies of mitochondrial DNA (mDNA) was 
calculated by measuring the expression of two mitochondrial-encoded 
genes: Cytochrome c oxidase I and Nadh dehydrogenase II, and normalizing 
them by the expression of two single-copy nuclear-encoded genes, β-2 
microglobulin and PE-CAM1. The relative expression of the ribosomal 
subunit 18S, a multicopy nuclear gene, was used as control. The primer 
sequences used are presented in Table 6. 
 

11) Telomere measurement 

Telomere length was measured as described (161). Briefly, genomic DNA 
was extracted with the DNeasy Blood and Tissue Kit (Qiagen). qPCR was 
performed using SYBR Green Master Mix (Applied Biosystems) as described 
above. Telomere length was calculated by measuring the relative quantity 
telomeres to two single-copy nuclear genes (β-2 microglobulin and PE-
CAM1). The primer sequences used are presented in Table 6. 

Table 6. Primers used for qPCR of DNA quantification (mitochondrial and telomere) 

 

 

12) Western blot protein analysis 

To obtain total protein lysates, BMDM were washed in cold PBS and lysed 
with TGH-NaCl (1% Triton X-100, 10% glycerol, 50mM HEPES, and 250mM 
NaCl) plus protease inhibitors (Sigma Aldrich) as indicated. Protein lysates 
were separated by SDS-PAGE and transferred to PVDF membranes using the 
iBlot2 system (Thermo Fisher) as indicated by the manufacturer. 
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Membranes were blocked in blocking buffer (5% milk in TBS-0.1% Tween 
20), and then incubated in with primary antibody in blocking buffer. 
Antibodies were used as indicated in Table 7. 

Table 7. Antibodies used for Western blot 

Antigen Company Dilution 

β-actin Sigma Aldrich 1:10000 
ERK1/2 Cell signaling 1:1000 

P-ERK1/2 (T202/Y204) Cell signaling 1:1000 
JNK1/2 Santa Cruz Biotechnology 1:500 

P-JNK1/2 (T183/Y185) BD Biosciences 1:500 
LC3 Sigma Aldrich 1:500 

MKP1 Upstate 1:1000 
P-STAT6 (Y641) Cell signaling 1:1000 

p38 Cell signaling 1:1000 
P-p38 (T180/Y182) Cell signaling 1:1000 

 
After washing, membranes were incubated with the corresponding 
horseradish peroxidase-conjugated secondary antibody diluted 1:1000 in 
blocking buffer. After washing again, ECL detection was performed 
(Amersham Biosciences) and membranes were exposed to X-ray films 
(Fujifilm). When necessary, band intensity was quantified using the open-
source image analysis software Fiji (162). 

13) Antigen presentation assay 

Antigen presentation was performed as described (163). Briefly, BMDM 
were incubated with different dilutions of an antigen, and then were co-
cultured in a 1:2 proportion with CD4+ T cell hybridomas specific for that 
antigen. If there is antigen presentation, hybridomas will release IL-2 at the 
supernatant. After 24h, supernatant was transferred to tubes and subjected 
to several cycles of freeze and thaw to eliminate any cell. Then supernatants 
are incubated with CTLL-2, a cell line that proliferates in an IL-2-dependent 
way. Proliferation of CTLL-2 was measured by pulsing them with H-3 
thymidine (0.5μCi/plate) for 8h, and then counting disintegrations in a beta-
counter. A positive control with recombinant IL-2, and a negative one with 
media alone were always performed. 
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14) ELISA and “ELISA-like” assays 

14.1) TNF-α 

BMDM were plated in 96-well plates and left untreated or stimulated with 
10ng/ml LPS for the indicated times. Supernatant was collected, and diluted 
1/8. Mouse TNF-α ELISA Ready-SET-go! kit (eBioscience) was used as 
indicated by the manufacturer. 

14.2) Nitric oxide measurements 

BMDM were plated in 96-well plates and left untreated or stimulated as 
indicated. Supernatant was collected and nitrites measured by the Griess 
Reagent Kit (Promega) following the commercial protocol. 

14.3) Cell proliferation 

BMDM were cultured in 96-well plates with different concentrations of L-
cell for the specified time. Cellular proliferation was measured using the Cell 
Proliferation ELISA BrdU kit (Roche) as specified by the manufacturer. 
 

15) In vitro assays with bacteria  

15.1) Aeromonas hydrophila phagocytosis assay 

Aeromonas hydrophila (serovar O:34) with a pWIL plasmid-containing eGFP 
were kindly given by Professor Susana Merino (University of Barcelona). 
BMDM cultured without antibiotics were infected at multiple of infection 
(MOI) 25 for different periods of time. After that, phagocytosis was stopped 
by washing cells five times with 5mM EDTA in PBS. eGFP fluorescence inside 
macrophages was quantified by flow cytometry. 

15.2) Bactericidal activity 

BMDM were infected with MOI 25 of Aeromonas hydrophila (serovar O:34) 
and phagocytosis assay was performed for 60min as above. After that, cells 
were washed and incubated with 300μg/ml of gentamycin for 1h to 
eliminate non-phagocyted bacteria. Media was then replaced with 
gentamycin 100μg/ml, and macrophages were left incubating for the 
specified time to allow elimination of phagocyted bacteria. At each time 
point, media were washed of antibiotic, and macrophages were lysed with 
0.02%TritonX-100. Lysates were serially diluted, cultured in LB plates, and 
left growing for 24 to 48h. Colony forming units (CFU) were then counted. 
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15.3) Staphylococcus aureus and Escherichia coli phagocytosis assay 

pHrodo red S. aureus BioParticles (Molecular probes) and pHrodo green E. 
coli BioParticles (Molecular probes) were used to measure phagocytosis as 
specified in the manufacturer’s protocol. 

15.4) Listeria monocytogenes infection to check RNA expression 

BMDM cultured in antibiotic-free media were infected at MOI 5 with 
exponentially growing Listeria monocytogenes (strain10403S). After 30min 
of incubation, media is exchanged for new one with 5μg/ml gentamycin to 
eliminate non-phagocyted bacteria. RNA was extracted 6h later as explained 
in section 9. 
 

16) Animal models 

16.1) Dinitrofenolbenzene contact-induced inflammation 

2,4-dinitrofenolbenzene (DNFB) was diluted 1% in acetone. Female mice 
were anesthetized with isoflurane, and 10μl of 1%DNFB were 
homogeneously applied to the whole extension of one ear. Vehicle alone 
(acetone) was applied to the other mouse’s ear as a control (164).  
At the specified times, mice were euthanized and a punch of the same radius 
was made at both treated and control ear. Ear punches were weighted, and 
then each one was used for both RNA extraction (as explained in Section 9) 
and histology.  
For histology, ear punches were fixed in 4% paraformaldehyde for 24h and 
embedded in paraffin. Ear sections were stained with hematoxylin and 
eosin. Images were collected with a Nikon E800 microscope, and ear 
thickness measurements were calculated with Fiji software (162).  

16.2) Listeria infection 

Listeria monocytogenes (strain10403S) was kindly given by Professor 
Carlos Ardavín (National Center for Biotechnology/CSIC, Madrid, Spain).  
2x104cfu/Kg of exponentially growing listeria were injected 
intraperitoneally to WT and Mfn2-/- female mice. Survival, weight, and 
clinical symptoms were monitored twice a day. When all the surviving mice 
started to recover weight (day 12 post-infection) the experiment was 
stopped.  
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Additionally, a group of 3 mice of each genotype was separated from the 
others. These mice were sacrificed at day 2 post-infection, and spleen and 
liver were mechanically lysed, passed through a nylon strainer, serially 
diluted, and seeded in brain-heart media plates to quantify CFUs. 

16.3) Tuberculosis infection 

For this experiment female mice were shipped and kept under controlled 
conditions in the P3 high-security facility of the “Unitat de Tuberculosis 
Experimental de l’Hospital Germans Trias i Pujol”. Animals were infected 
with a low-dose aerosol (100 CFU/mice) of Mycobacterium tuberculosis 
(strain H37Rv) and survival was monitored for 6 weeks. Additionally, at 
week 3 post-infection three mice from each group were sacrificed, and lungs 
and spleen lysates were seeded to count CFUs. 
 

17) Statistical analysis 

Data was analyzed using the non-parametric Mann-Whitney U test. When 
two or more variables were compared, a two-way ANOVA test followed by a 
Bonferroni correction was used. Survival curves were compared using the 
Mantel-Cox (log-rank) test. Statistical analyses were performed using 
GraphPad Prism 6.0 software. 
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1) Expression of mfn2 in macrophages and KO generation 

1.1)  Mfn2 is highly expressed in macrophages and induced upon 

inflammation 

Both Mfn1 and Mfn2 are ubiquitously expressed, but show differences in 
their expression levels among tissues and cell types.  Particularly , Mfn2 
predominates in heart, skeletal muscle, and brain (132). To have an insight 
of Mfn2 relevance in immune responses, and particularly in macrophages, 
we first checked the mRNA expression of this protein in different tissues and 
cells. We also obtained macrophages from a peritoneal lavage with PBS or by 
differentiating them from the bone marrow. qPCR analysis revealed that 
mfn2 is highly expressed in both peritoneal and bone marrow-derived 
macrophages (pMac and BMDM, respectively), with levels similar to the 
ones found in brain or heart (Figure 27). This high expression suggest that 
Mfn2 may be playing an important role in macrophages. 
 

 

Figure 27. Mfn2 is highly expressed in macrophages. A. mfn2 expression in different 
tissues and compared to peritoneal macrophages (pMac). In this particular case, 
expressions are relative only to L14 because in some of the tissues, Sdha and Hprt1 
are not stable enough to be used. B. mfn2 expression in pMac and BMDM. The 
results are shown as mean ± SD from three independent experiments.  

 
To perform their function at the inflammatory locus, macrophages need to 
become activated. Stimulation of macrophages with the TLR ligands LPS 
(TLR4), R848 (TLR7 and TLR8), and CpGB (TLR9) result in an up-regulation 
of mfn2 expression, suggesting that this protein may be important during 
pro-inflammatory activation. Surprisingly, the expression of the highly 
homologous Mfn1 do not increase in response to TLR ligands, confirming the 
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findings of many other authors that Mfn2 and Mfn1, despite being highly 
homologous, perform different functions (128). Stimulation with the pro-
inflammatory cytokine IFN-γ, do not modify mfn2 expression, pointing that 
the upregulation during pro-inflammatory stimulation might be specific for 
TLR-mediated signaling. Furthermore, the anti-inflammatory cytokine IL-4 
neither induces mfn2 expression, suggesting that this protein is probably 
not relevant in anti-inflammatory responses (Figure 28). 

 

Figure 28. mfn2 but not 
mfn1 is overexpressed 
upon TLR stimulation. 
Relative expression of 
mfn2 and mfn1 shown 
as fold increase from 
their expression in non-
stimulated BMDM. 
Results shown as mean 
± SD of 3 independent 
experiments. 

 

1.2)  Mitochondrial fusion protein expression in myeloid KO mice 

To properly determine Mfn2 function in macrophages, we decided to use 
mice deficient for this protein. As a total Mfn2-KO is not viable (113), we 
generated myeloid-conditional KO mice (Mfn2-/- henceforth) as explained in 
Experimental Procedures Section 1. We verified that both BMDM and pMac, 
but not other non-myeloid cells, were deficient for this protein (Figure 29 A 
and B). Furthermore, BMDM from these mice did not show mfn2 expression 
even when stimulated with TLR ligands, which as shown before induce 
overexpression of this gene (Figure 29 C). 
To exclude the possibility that Mfn2-/- macrophages increased the levels of 
other fusion proteins as a compensatory mechanism for Mfn2 deficiency, we 
checked the expression of mfn1 and opa1 in these cells. However, the 
expression of both genes is not affected by Mfn2 deficiency, either in basal 
conditions or after stimulation (Figure 29 D and E).  
Altogether confirms that Mfn2-/- mice show a specific deficiency for Mfn2 in 
myeloid cells, and that the expression of the other mitochondrial fusion 
proteins is not affected in these cells, which otherwise would have altered 
the interpretation of our results. 
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Figure 29. Mitochondrial fusion protein expression in Mfn2-/- mice. A. mfn2 
expression in tissues and peritoneal macrophages from WT and Mfn2-/- mice. In this 
specific case expression is shown as relative to L14 alone B. mfn2 expression 
comparing BMDM and pMac from WT and Mfn2-/- mice. C. mfn2 expression in 
stimulated (6h) and unstimulated BMDM. D. mfn1 expression in WT and Mfn2-/- 
BMDM. E. opa1 expression in WT and Mfn2-/- BMDM. All results are shown as mean 
± SD from three independent experiments. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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2) Characterization of Mfn2-/- macrophages 

2.1) Mfn2 does not affect macrophage differentiation from bone marrow 

To know the role of Mfn2 on macrophages, we first investigated whether 
this protein affected macrophage differentiation.  
Macrophages can be differentiated in vitro from bone marrow cells in 
presence of M-CSF. These BMDM show a phenotype similar to monocyte-
derived macrophages (i.e. recruited macrophages, in contrast to tissue-
resident macrophages). Furthermore, they proliferate, activate, or undergo 
apoptosis under the same stimuli as the natural populations.  
The bone marrow precursors from WT and Mfn2-/- mice were cultured in M-
CSF-rich media for seven days to obtain BMDM. In both cases, the number of 
generated cells and their morphology did not differ (Figure 30A). 
Macrophage differentiation was assessed checking the expression of four 
extracellular markers by flow cytometry. The percentage of fully 
differentiated macrophages was calculated by the following combination of 
four markers: F4/80+CD11b+CD115+Ly6c-. Both WT and Mfn2-/- cell 
cultures showed more than 98% of differentiated macrophages, with similar 
levels of expression for each marker (Figure 30B and 30C). This result 
indicates that Mfn2 does not affect the in vitro differentiation of these cells. 
To further confirm that macrophage maturation was unaffected by Mfn2 
deficiency, we assessed the quantity of circulating monocytes (the 
precursors of recruited macrophages) in vivo. To that end, we isolated blood 
and spleen cell samples, and stained them with antibodies against B cells 
(B220+), T cells (CD3+), and myeloid cells (CD11b+). However, no 
differences in the leukocyte populations from blood and spleen were 
observed when comparing WT and Mfn2-/- samples (Figure 30D). 
All in all, it can be concluded that Mfn2 deficiency has no effect on 
macrophage differentiation or on the quantity of circulating monocytes. 
Consequently, the Mfn2-/- phenotypes described in the following sections 
cannot be explained by a quantitative deficiency of macrophages, but instead 
by a defect in the functionality of these cells. 
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Figure 30. Macrophage differentiation is not affected by Mfn2 deficiency. A. Optic 
microscopy images of BMDM cultures at day 7 of differentiation. Scale bar 
represents 100μm. B. Mean fluorescence intensity (MFI) of different surface 
markers in BMDM. C. % of cells positive for F4/80, CD11b, and CD115, and negative 
for Ly6C (macrophages). Positive and negative gates have been established using 
isotypes of the correspondent antibodies D. Percent of B cells (B220+ cells), T cells 
(CD3+ cells), and myeloid cells (CD11b+ cells) relative to the whole leukocyte 
population (CD45+ cells) in spleen and blood. Results in A are representative images 
of at least three independent experiments. In the other images, results are shown as 
mean ± SD from three independent experiments. 
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2.2) Macrophage proliferation and senescence are independent on Mfn2 

Because in some cellular models Mfn2 regulates proliferation (137–139) 
and senescence (143), we checked if the same happens in macrophages. 
We first measured macrophage telomere length, as telomere shortening is 
strongly associated with senescence (165, 166). However, both WT and 
Mfn2-/- macrophages show the same telomere length (Figure 31A), 
suggesting that in these cells Mfn2 does not affect senescence. 
We then evaluated whether Mfn2 was affecting proliferation. In 
macrophages and other leukocytes, proliferation is crucial for their 
development, as well as to produce fast and effective immune responses. 
Macrophages proliferate in response to the growth factor M-CSF upon 
interaction with its receptor (CD115). To know if Mfn2 was modulating this 
process, we stimulated BMDM with different concentrations of M-CSF for 
24h and then measured proliferation by quantifying the incorporation of 
BrdU. Contrary to what has been described in some other cellular models 
(140, 141), there are no changes in the proliferation of Mfn2-/- macrophages 
(Figure 31B). Furthermore, we stained M-CSF-stimulated macrophages with 
propidium iodide to evaluate the cell cycle distribution by flow cytometry. 
However, as well as with proliferation, the cell cycle distributions of WT and 
Mfn2-/- macrophages are indistinguishable from each other (Figure 31C and 
31D), confirming that Mfn2 has no effect on proliferation. 
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Figure 31. Mfn2 has no effect on macrophage proliferation or senescence. A. Relative 
telomere length of WT and Mfn2-/- macrophages. B. Proliferation of BMDM 
incubated with different concentrations of M-CSF for 24h. C and D. Cell cycle 
distributions of control and M-CSF stimulated macrophages. Histograms shown in C 
are representative of three independent experiments. In the other images, results 
are shown as mean ± SD from three independent experiments. 
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3) Mitochondrial morphology and function regulation by Mfn2 

3.1) Mfn2 maintains a properly structured mitochondrial network 

Mfn2, in conjunction with OPA1 and Mfn1, controls the mitochondrial 
network’s morphology by mediating fusion between adjacent organelles.  
To evaluate the effects of Mfn2 on the structure of macrophage’s 
mitochondria, we stained these cells with the mitochondrial-specific dye 
Mitotracker, and observed them in a fluorescence confocal microscope. 
Analysis of the fluorescence microscope images show that WT macrophages 
present a fused and filamentous mitochondrial network, with higher average 
volume for each mitochondrion. On the other hand, Mfn2-/- macrophages 
show highly fragmented mitochondria in form of small spheres or short rods 
(Figure 32A, 32B, and 32C) (Supplementary Figure 1). These results 
demonstrate that, similarly to what has been described in other cell types 
(113, 139, 167), macrophages require Mfn2 to maintain a correct 
mitochondrial architecture. 
In addition to the effects on the mitochondrial network morphology, it has 
been described that the deficiency in mitofusins reduces in some cases the 
mitochondrial mass (168). First, we stained mitochondria as above, but this 
time we checked the fluorescence intensity by flow cytometry to evaluate 
the mitochondrial mass of each cell. We found no differences in the 
fluorescence intensity of WT and Mfn2-/- macrophages, indicating that 
despite the aberrant morphology of their mitochondria, the mitochondrial 
mass in Mfn2-/- macrophages is unaltered (Figure 32D). 
As a complementary way to evaluate mitochondrial mass we determined the 
mDNA copy number. To do that, we extracted total DNA (nuclear and 
mitochondrial) from macrophages, and evaluated the mDNA copy number 
by qPCR. Analogously to the observation that mitochondrial mass is not 
affected by Mfn2 deficiency, Mfn2-/- macrophages also show normal levels of 
mDNA (Figure 32E). 
Altogether indicates that while Mfn2 is necessary to maintain a normal 
mitochondrial morphology, it does not affect mitochondrial mass. 
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Figure 32. Mfn2 maintains mitochondrial structure. A. Macrophage mitochondria 
stained with Mitotracker Deep Red and observed by confocal fluorescence 
microscopy. Zooms of Z-stacks from images with at least 20 cells are shown (Non-
zoomed images can be found in Supplementary Figure1) B. Quantification of the 
mitochondrial fragmentation degree. C. Quantification of the average volume for 
each “single” mitochondrion. D. Macrophages mitochondrial mass calculated by 
staining with Mitotracker Green and measuring the fluorescence by flow cytometry. 
E. Number of mitochondrial DNA copies (mDNA) relative to the genomic DNA 
(gDNA), calculated using two different mitochondrial-encoded genes. Images shown 
in A are representative of 3 independent experiments. The other figures are shown 
as mean ± SD from three independent experiments. *p<0.05, **p<0.01 
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3.2) Mfn2 controls mitochondrial membrane potential and respiration 

Then, we investigated how Mfn2 affected mitochondrial function. We 
evaluated how this protein modulates mitochondrial membrane potential 
(mΔΨ) and respiration, two interlinked processes that are crucial for the 
production of ATP and mROS. Mitochondria produce energy by establishing 
an electrochemical proton motive force across their inner membrane that 
drives oxidative phosphorylation (OXPHOS). The force driving protons into 
the mitochondria is the combination of both the mΔΨ (electrical gradient) 
and the mitochondrial pH gradient (chemical gradient). To evaluate mΔΨ 
we used the fluorescent probe tetramethylrhodamine ethyl ester (TMRE). 
This fluorescent lipophilic cationic dye accumulates in active mitochondria 
due to their relative negative charge. More polarized mitochondria (and so, 
more negatively charged) will accumulate TMRE, whereas depolarized 
mitochondria will accumulate less (169). Flow cytometry analysis show that 
Mfn2-/- macrophages present decreased mΔΨ when compared to WT cells. 
Additionally, we induced mitochondrial membrane potential depolarization 
with the uncoupler CCCP as negative control. mΔΨ decreases after CCCP 
stimulation in both WT and Mfn2-/- macrophages (Figure 33). 
 
 

 

Figure 33. Mfn2-/- macrophages lose their mΔΨ. Flow cytometry analysis of the mΔΨ 
measured by TMRE staining. Histograms are representative of three independent 
experiments. Bars graphs are shown as mean ± SD from three independent 
experiments. ***p<0.001. 
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Next, we performed a complete profiling of the mitochondrial respiration by 
measuring in real time the oxygen consumption ratio (OCR) of macrophages 
(Figure 34A). The first four measurements were performed without 
stimulation to check the basal respiration. This parameter shows the oxygen 
consumption required to meet cellular energetic demand under baseline 
conditions. In this case, Mfn2-/- macrophages show slightly decreased, but 
not significant, basal mitochondrial respiration compared to their WT 
counterparts (Figure 34B).  
During the following four measurements, we stimulated these macrophages 
with oligomycin A, which blocks the F0 subunit of the ATP synthase, to 
calculate the proportion of basal respiration that is being used to produce 
ATP. The OCR from WT and Mfn2-/- macrophages was indistinguishable 
under these conditions, showing that the respiration to meet the production 
of ATP is not affected by Mfn2 deficiency (Figure 34C). Alternatively, we 
determined quantity of ATP in these macrophages using a luciferase-based 
method. No differences in the production of ATP were observed between 
WT and Mfn2-/-, confirming the results obtained in the OCR analysis that 
Mfn2 is not necessary for the ATP production (Figure 34D). 
The maximal respiratory capacity of a cell can be achieved by dissipation of 
the mitochondrial proton gradient with an uncoupler such as CCCP. Maximal 
mitochondrial respiration is severely diminished in Mfn2-/- macrophages 
when compared to their WT counterparts (Figure 34E). The maximal 
mitochondrial respiratory capacity also this allows the calculation of the 
spare respiratory capacity. This parameter is the increase in percentage 
from basal to maximal respiration, which indicates the ability of a cell to 
respond to an increased energetic demand such as during stress conditions 
(47). The spare respiratory capacity of Mfn2-/- macrophages is also 
decreased compared to WT (Figure 34F) because they fail to significantly 
increase their respiration from basal conditions. This result indicates that 
Mfn2-/- macrophages are respiring to their maximum capacity at basal 
conditions, and that when facing a metabolic challenge, they are unable to 
further increase their respiration. 
To sum up, our findings demonstrate that in macrophages Mfn2 is necessary 
to maintain a normal mΔΨ as well as to allow a high enough maximal 
respiratory capacity to face challenges that require increased OCR. 
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Figure 34. Mfn2 promotes mitochondrial respiration. A. Oxygen consumption ratio 
(OCR) of WT and MFn2-/- BMDM, during sequential treatment with oligomycin, 
CCCP, rotenone, and antimycin A. B. Basal respiration calculated as in OCR in 
baseline conditions. C. ATP coupling calculated as in OCR after oligomycin 
treatment. D. ATP quantity in lysates from WT and Mfn2-/- BMDM. F. Maximal 
respiration calculated as in OCR after CCCP treatment. E. Spare respiratory capacity 
calculated as the increase in % from basal to maximal respiration. The results are 
shown as mean ± SD from five independent experiments. *p<0.05, **p<0.01, 
***p<0.001. 
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3.3) Glycolysis is not affected by Mfn2 deficiency 

Because mitochondrial respiration is impaired in Mfn2-/- macrophages, we 
investigated if these cells show increased glycolysis as a compensatory 
mechanism for the reduced respiration. To determine the glycolytic 
metabolism, we measured in real time the extracellular acidification rate 
(ECAR) in WT and KO macrophages. At baseline no differences could be 
observed in ECAR. To induce glycolysis to its maximum we incubated these 
cells with oligomycin A, which inhibits ATP synthase, stimulating the 
alternative generation of ATP via glycolysis. Even in this condition, maximal 
glycolysis is unaffected by Mfn2 deficiency (Figure 35). 
In summary, Mfn2 seems to specifically regulate mitochondrial function, 
controlling the membrane potential and the respiration, without playing any 
significant role in non-mitochondrial metabolism such as glycolysis. 
 

 

Figure 35. Mfn2 does not affect glycolytic activity in macrophages. Glycolysis of WT 
and Mfn2-/- BMDM calculated by measuring the extracellular acidification rate 
(ECAR) in basal conditions and after the addition of oligomycin. Results shown as 
shown as mean ± SD from five independent experiments. 

 

3.4) The lack of Mfn2 impairs ROS production 

Mitochondria are one of the major producers of ROS. Mitochondrial 
respiration generates mROS when electrons escape prematurely from the 
respiratory complexes, interacting with oxygen to generate superoxide.  
To evaluate mROS production we incubated macrophages with the red 
fluorescent dye MitoSox, and evaluated the fluorescence by flow cytometry. 
This probe permeates living cells and selectively targets mitochondria 
where it is rapidly oxidized by superoxide, but not by others non-
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mitochondrial ROS. Consistent with the decreased mitochondrial respiration 
in the absence of Mfn2, the production of mROS is decreased in non-
stimulated Mfn2-/- macrophages (Figure 36A). Additionally, upon LPS 
stimulation WT macrophages increase mROS production, confirming the 
results obtained by West and colleagues (85). Meanwhile, LPS-stimulated 
Mfn2-/- macrophages fail to increase mROS production, showing significantly 
lower levels than even unstimulated WT macrophages. Furthermore, 
stimulation of Mfn2-/- macrophages with antimycin A, which strongly 
induces mROS by directly interacting with respiratory complex III, produces 
less mROS than their WT counterparts (Figure 36A). 
In addition to measure mROS, we also checked the abundance of total 
cellular ROS by flow cytometry with the fluorescent probe DCF-DA. This 
probe is not specific for any particular type of ROS (in contrast to MitoSox, 
which is specific for mROS), responding to every ROS activity within the cell. 
Thus, it will detect mROS that escapes from mitochondria, but also the ROS 
produced by other sources such as NADPH oxidases. Consistent with the 
decreased mROS production, Mfn2-/- macrophages also show decreased 
cytoplasmic ROS in basal conditions, with an even more accentuated 
decrease after LPS stimulation relative to WT macrophages (Figure 36B). 
Furthermore, the expression of the antioxidant enzymes mitochondrial 
catalase and SOD2 is not affected by Mfn2 deficiency (Figure 36C), 
demonstrating that the decrease in ROS levels is due to a reduction in 
production instead of increased degradation. 
In summary, Mfn2 is required for a correct production of mROS and to show 
normal levels of cellular ROS, in both basal and LPS activation conditions. 
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Figure 36. Mfn2 enhances ROS production. A. mROS measured by MitoSox staining of 
WT and Mfn2-/- BMDM. B. Total cellular ROS measured by DCF-DA staining of WT 
and Mfn2-/- BMDM. C Relative mRNA expression for m-catalase and Sod2 in control 
and LPS-stimulated BMDM. Graphs are shown as mean ± SD from three 
independent experiments. Histograms are representative of three independent 
experiments. *p<0.05, **p<0.01, ***p<0.001. NAC= n-acetyl cysteine, 
AA=antimycin A. 
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4) Mfn2 is crucial for macrophage pro-inflammatory activation 

4.1) The lack of Mfn2 impairs the activation of ERK, p38, and NF-κB 

signaling pathways 

ROS are crucial components of inflammation. In addition to their role in the 
degradation of phagocyted bacteria, they also act as second messengers 
enhancing many signaling pathways, including NF-κB and MAPKs (43). 
As ROS production is disrupted in Mfn2-/- macrophages, we hypothesized 
that it could severely impair pro-inflammatory activation in these cells. 
Therefore, we investigated whether signaling pathways involved in 
inflammation were affected by Mfn2 deficiency. 
We first checked the activation of NF-κB measuring p65 subunit’s 
phosphorylation by flow cytometry. We observed that Mfn2-/- macrophages 
show a small but significant decrease in p65 phosphorylation after LPS 
activation (Figure 37A), indicating that the NF-κB pathway is less activated 
in these cells.  
We then analyzed the LPS-mediated activation of three MAPKs: JNK1/2; p38, 
and ERK1/2, measuring their phosphorylation by Western blot. WT and 
Mfn2-/- macrophages show no difference in JNK1/2 activation after LPS 
stimulation (Figure 37B and 37C). However, Mfn2-/- macrophages show a 
much lower activation in both p38 and ERK, with the highest differences 
compared to WT found at 15 and 30 minutes after LPS stimulation (Figure 
37B and 37C).  
Because one of the mechanisms to enhance MAPKs activation is a 
downregulation of MKPs, we evaluated the levels of MKP1 in WT and Mfn2-/- 
macrophages. However, we did not find any differences in the protein or 
mRNA levels (Figure 38), indicating that Mfn2 does not activate MAPKs 
through downregulation of their phosphatase. 
Altogether, these results indicate that Mfn2 is necessary for a correct 
activation/phosphorylation of p38 and ERK1/2, and to a lesser degree of 
NF-κB. However, it seems that Mfn2 does not affect JNK1/2 activation in a 
significant way, suggesting a certain degree of specificity in the activation of 
target signaling pathways mediated by this protein. 
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Figure 37. Mfn2 promotes NF-κB and MAPK activation in response to LPS. A. 
Phosphorylation of NF-κB p65 subunit measured by flow cytometry. B. 
Phosphorylation of each MAPK (JNK1/2, ERK1/2, and p38) measured by western 
blot. C. Band intensity quantification relative to the non-phosphorylated form.  
Western blots are representative of three independent experiments. All the other 
graphs are shown as mean ± SD from three independent experiments. *p<0.05, 
**p<0.01, ***p<0.001. 
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Figure 38. MKP1 expression is not affected by Mfn2. A. Relative mRNA quantity of 
Mkp1 in control and 1h LPS-stimulated BMDM. B. Western blot of protein extracts 
from control and 1h LPS-stimulated BMDM. Western blot is representative of two 
independent experiments. Panel A is show as mean ± SD from two independent 
experiments. 

 

4.2) Mfn2 is crucial for the production of pro-inflammatory mediators 

Because NF-κB, p38, and ERK signaling pathways induce the production of 
pro-inflammatory cytokines, we investigated the effect of Mfn2 deficiency in 
the generation of these mediators.  
To this end, we first activated macrophages with LPS and studied the 
expression of inflammatory genes by qPCR. LPS-stimulated Mfn2-/- 
macrophages show an important reduction in the mRNA levels coding for 
the pro-inflammatory cytokines IL-1β, TNF-α, IL-6, and IL-12 (Figure 39A). 
The levels of TNF-α measured by ELISA of the cell’s supernatants, are also 
lower in Mfn2-/- macrophages, confirming the results obtained in the 
analysis of mRNA expression (Figure 39B). 
Furthermore, the expression of mRNA coding for Nos-2, an enzyme induced 
in pro-inflammatory macrophages and essential for their function, is down-
regulated in Mfn2-/- cells (Figure 39C). We also quantified by the Griess 
reaction the levels of nitric oxide (NO), a product of NOS-2 that is crucial for 
the correct function of pro-inflammatory macrophages. Consistent with 
decreased NOS-2, NO production is decreased in LPS-stimulated Mfn2-/- 
macrophages (Figure 39D). 
Altogether, these data demonstrate that macrophages require Mfn2 to 
produce a strong and efficient pro-inflammatory activation in response to 
LPS. 
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Figure 39. Mfn2 is crucial for macrophage pro-inflammatory activation. A. Relative 
mRNA expression of pro-inflammatory cytokines in basal conditions after 3h of LPS 
stimulation. B. BMDM TNF-α secretion was measured by ELISA of supernatants. C. 
Relative mRNA expression of Nos-2 in basal conditions or at 6h of LPS stimulation. 
D. Nitric oxide levels (NO) produced by BMDM measured using the Griess reaction 
on supernatants. All the results are shown as mean ± SD from three independent 
experiments. *p<0.05, ***p<0.001. 
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4.3) Mfn2 mediates pro-inflammatory activation through ROS generation 

As exposed in the introduction, the decrease in ROS production in Mfn2-/- 
macrophages is a likely mechanism to explain their inability to undergo pro-
inflammatory responses. To check if ROS is involved in LPS-mediated pro-
inflammatory responses in macrophages, we pre-treated these cells for 1h 
with the antioxidant n-acetyl cysteine (NAC). As demonstrated before, NAC 
pre-treatment abolish total cellular ROS (Figure 36B) and mROS (Figure 
36A) production in both basal and LPS-activated conditions. WT 
macrophages pre-treated with NAC show a decrease in the LPS-dependent 
activation of ERK and p38 signaling pathways (Figure 40A and 40B), 
demonstrating that ROS are necessary for the activation of these two 
pathways. Furthermore, qPCR analysis revealed pre-treating WT 
macrophages with NAC for 1h results in decreased expression of pro-
inflammatory genes in response to LPS. Notably, pro-inflammatory gene 
expression in NAC pre-treated WT macrophages is highly similar to the 
expression in Mfn2-/- macrophages stimulated only with LPS. In the case of 
Mfn2-/- macrophages, NAC pre-treatment also reduces pro-inflammatory 
gene expression, though the reduction is much subtler than the one 
observed in WT macrophages (Figure 40C).  
These results confirm that ROS is necessary for a correct pro-inflammatory 
activation in macrophages, and suggest that a reduction of ROS could be the 
mechanism behind the defect in pro-inflammatory activation observed in 
Mfn2-/- macrophages. 
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Figure 40. ROS is required for macrophage pro-inflammatory activation. A and B. 
Activation of ERK (A) and p38 (B) measuring phosphorylation by Western blot, and 
band intensity quantification relative to the non-phosphorylated form. C. Relative 
mRNA expression of pro-inflammatory genes 3h after LPS activation. For this figure, 
expression was calculated relative to L14 and Hprt1 but not Sdha, as its expression 
is not stable with NAC stimulation. NAC pre-stimulation has been performed 1h 
prior LPS stimulation when indicated. Western blot images are representative of 
three independent experiments. The rest of images are shown as the mean ± SD of 
three independent experiments. *p<0.05, **p<0.01, ***p<0.001. 
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4.4) ER stress responses are not affected by Mfn2 

Even though the decrease in ROS levels could explain the dysfunction in pro-
inflammatory activation of Mfn2-/-, there can be other alternative 
mechanisms. Specifically, Mfn2 has been shown to regulate ER stress 
responses via modulation of the PERK pathway (138, 170, 171). Since 
triggering the ER stress pathways results in the activation of inflammatory 
responses (172, 173), we investigated whether Mfn2 was also prompting 
inflammatory activation by modulating ER stress responses. 
WT and Mfn2-/- macrophages were stimulated with LPS or thapsigargin, a 
drug that induces ER stress by blocking the Ca2+ channels at the ER. qPCR 
analysis of genes activated during ER stress responses revealed that there is 
no difference in these responses when comparing WT and Mfn2-/- 
macrophages (Figure 41). Therefore, Mfn2 does not affect ER stress 
responses in macrophages, and probably mediates inflammatory activation 
through modulation of ROS generation. 
 

 

Figure 41. Mfn2 does not affect ER stress responses. Relative expression of genes 
involved in ER stress responses after LPS or thapsigargin (Tg) stimulation for the 
specified time. These results are shown as mean ± SD of three independent 
experiments. 
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4.5) Mfn2 does not affect anti-inflammatory activation 

Macrophages show a wide range of activation states, from with pro- and 
anti-inflammatory are only two opposite extremes. These two phenotypes 
can, in certain circumstances, repress the activation of the other. For 
example, the production of polyamines or the depletion of L-arginine that 
occurs during anti-inflammatory activation (i.e. IL-4 or IL-10 stimulation) 
can suppress NO synthesis (174). 
To confirm whether the impairment in pro-inflammatory activation 
observed in Mfn2-/- macrophages was due to a specific defect in pro-
inflammatory pathways, and not a consequence of increased anti-
inflammatory activation, we evaluated how Mfn2 deficiency affected this 
anti-inflammatory phenotype. We stimulated macrophages with the anti-
inflammatory cytokine IL-4 and measured the expression of anti-
inflammatory-related genes. qPCR analysis revealed that there are no 
significant differences in the expression of the anti-inflammatory-related 
markers arginase-1 (Arg1), mannose receptor (Mrc), resistin-like alpha 
(Fizz1), and chitinase-3-like (Ym1) between WT and Mfn2-/- IL-4-stimulated 
macrophages. Even so, a tendency for increased expression for some of 
these genes can be observed in Mfn2-/- macrophages (Figure 42A). To 
further confirm these results, we evaluated the enzymatic activity of 
arginase-1, which is associated with anti-inflammatory activation. Even 
though the arginase-1 enzymatic activity is slightly higher in IL-4-stimulated 
Mfn2-/-, no significant differences compared to WT macrophages have been 
observed (Figure 42B).  
We also checked the activation of STAT6, the major transcription factor 
involved in IL-4-mediated signaling. However, as expected by the anti-
inflammatory gene expression, STAT6 phosphorylation is not affected by 
Mfn2 deficiency (Figure 42C). 
Altogether, these results confirm that Mfn2 deficiency specifically affects 
macrophage pro-inflammatory activation, without significantly altering the 
anti-inflammatory activation.  
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Figure 42. Mfn2 is not involved in anti-inflammatory activation. A. Relative mRNA 
quantity from BMDM stimulated with IL-4 for the specified time. B. Arginase activity 
represented as units of enzyme per million of BMDM, stimulated or not 24h with IL-
4. C. Western blot of whole protein extracts from IL-4 stimulated BMDM. Band 
intensity of P-STAT6 relative to β-actin. Western blot in C is representative of three 
independent experiments. All the other results are shown as mean ± SD from three 
independent experiments. 
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5) Mfn2 involvement in autophagy, apoptosis, phagocytosis, 

and antigen presentation 

5.1) Mfn2 permits autophagosome-lysosome fusion 

Mfn2 and mitochondrial fusion in general, is intrinsically interlinked within 
the mitochondrial life cycle. Mitochondria fuse together to complement 
damaged components, but when a single mitochondrion is damaged beyond 
repair has to be targeted by the autophagy machinery to be degraded and to 
prevent re-fusion to the rest of mitochondria. If mitochondria do not fuse, 
mitochondrial damage cannot be repaired, and potentially more 
mitochondria would be targeted by autophagy (123). Fusion and autophagy 
are not only associated , but it has also been demonstrated that Mfn2 is able 
to modulate autophagy per se (175). 
Knowing the importance of the interaction between mitophagy and 
mitochondrial fusion, we undertook to analyze autophagy in Mfn2-/- 
macrophages. To that end we measured by Western blot the levels of the 
lipidated form of LC3 (also LC3-II or LC3-b), which is associated to 
autophagosome formation. Mfn2-/- macrophages show significantly higher 
amounts of LC3-II in basal conditions, indicating an increased accumulation 
of autophagosomes. When macrophages are stimulated with LPS, 
autophagosome formation decreases in Mfn2-/- macrophages to the levels of 
unstimulated WT, probably due to increased lysosomal activity. However, 
autophagosome formation in WT macrophages is not affected by LPS 
stimulation (Figure 43A and 43B). Macrophage treatment with bafilomycin 
A1, an inhibitor of the autophagosome-lysosome fusion, increased LC3-II 
levels in unstimulated and LPS-treated WT cells, and in LPS-treated Mfn2-/- 
macrophages. However, this treatment failed to further enhance Mfn2-
induced increase of LC3-II (Figure 43A and 43C). Altogether, these data 
demonstrate that Mfn2 regulates autophagy at the step of lysosomal 
degradation, and that without this protein, there is an accumulation of 
autophagosomes. 
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Figure 43. Mfn2 modulates autophagy. A. Autophagy measured by western blot of the 
lipidated form of LC3 (LC3-II) in basal, LPS, and/or bafilomycin A (BafA)-stimulated 
conditions. B.  LC3-II band intensity quantification relative to β-actin in BMDM 
without BafA. C. Autophagic flux represented as fold increase in band intensity in 
BafA conditions relative to the respective control. Western blot in A is 
representative of three independent experiments. In B and C results are shown as 
mean ± SD of three independent experiments. *p<0.05. 

 

5.2) Mfn2 controls excessive induction of apoptosis 

There is a close relationship between autophagy and apoptosis. Both 
autophagy and phagocytosis are adaptations to stress conditions that can 
even be activated by common signals. It is widely accepted that autophagy 
prevents apoptosis-mediated cell death. However, in some specific instances 
both autophagy and phagocytosis are activated at the same time (a 
circumstance known as autophagic-mediated cell death) (176–178). 
Because Mfn2-/- macrophages show defects in autophagy, we wanted to 
determine whether their susceptibility to apoptotic stimuli was also 
affected. We stained macrophages with FITC-conjugated annexin V, a 
molecule that recognizes phosphatidylserine, a lipid normally located in the 
cytosolic face of the cell membrane that translocates to the external leaflet 
during apoptosis, and it is recognized by macrophages as an “eat me” signal 
(179). In addition, cells were also stained with DAPI to detect death cells, 
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and finally, macrophages were analyzed by flow cytometry. We found no 
difference in the proportion of necrotic cells (DAPI+ and annexin V-) 
between WT and Mfn2-/- in any of the conditions. The percentage of 
apoptotic cells (both DAPI- and annexin V+, and double positives) in basal 
conditions or 24h after LPS stimulation is also similar when comparing WT 
and Mfn2-/- macrophages. However, LPS stimulation for 48h leads to a 
significant increase in the apoptosis of Mfn2-/- macrophages, when 
compared to their WT counterparts (Figure 44). 
 

 

Figure 44. The lack of Mfn2 is associated with excessive apoptotis. Percentage of 
apoptosis from BMDM singlets analyzed by flow cytometry of DAPI and Annexin V-
FITC. The percentage includes both DAPI+AnnexinV+ and DAPI-AnnexinV+ BMDM. 
No differences were observed in necrotic (DAPI+AnnexinV- cells, not shown). 
Results shown as mean ± SD from three independent experiments. **p<0.01 

 

5.3) Mfn2 modulates the expression of class-A scavenger receptors 

In the recent years it has been suggested that autophagy and phagocytosis 
are inter-regulated processes. The proposed mechanism to explain this 
relationship involves p62/sequestrome1, a protein necessary for the 
autophagosome formation. This protein, when it is not sequestered in the 
autophagosome, activates nuclear factor (erythroid-derived 2)-like 2 
(NFE2L2), a transcription factor required for the expression of two class-A 
scavenger receptors: macrophage receptor with collagenous structure 
(MARCO) and macrophage scavenger receptor-1 (MSR1), both required for 
phagocytosis (180). These receptors detect both gram positive and negative 
bacteria by binding the polyanionic acids at their surface such as LPS and 
lipoteichoic acid. In addition, they can also detect other targets such as 
apoptotic bodies. In these cases upon interaction with their ligand, 



RESULTS 

112 

phagocytosis of bound target is induced (181). Furthermore, in addition to 
being regulated by autophagy, type-A scavenger receptors expression is also 
regulated by TLR signaling in a p38-dependent way (182).  
Knowing that Mfn2 modulates autophagy and p38 activation in 
macrophages, we hypothesized that the expression of class-A scavenger 
receptors could be altered in Mfn2-/- macrophages. We quantified by qPCR 
the mRNA expression of Marco and Msr1 in both unstimulated and LPS-
activated macrophages. In WT macrophages, the expression of both genes is 
increased upon LPS stimulation, confirming the findings exposed above 
describing that these genes can be induced by TLR ligands (182). However, 
Mfn2-/-  macrophages show a much lower expression of both genes at both 
basal and LPS-stimulated conditions (Figure 45), suggesting that these cells 
may exhibit a dysfunctional phagocytic activity. 
 

 

Figure 45. Mfn2 enhances the expression of class-A scavenger receptors. Relative 
mRNA expression of Marco and Msr1 in BMDM stimulated with or without LPS. The 
results are shown as mean ± SD from three independent experiments. *p<0.05, 
**p<0.01, ***p<0.001. 

 

5.4) Mfn2 deficiency impairs bacterial phagocytosis 

Because Marco and Msr1 are necessary for a proper phagocytosis, we 
evaluated the ability of these Mfn2-/- macrophages to phagocyte bacteria. For 
this purpose, we used pHrodo-conjugated Staphylococcus aureus (a gram-
positive bacterium) or Escherichia coli (gram-negative bacteria). pHrodo 
fluorochromes only emit fluorescence in conditions of very acidic pH such as 
inside the lysosomes. Therefore, non-phagocyted bacteria can be 
discriminated from phagocyted bacteria, as only the later emit fluorescence. 
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To quantify phagocytosis, pHrodo fluorescence was measured in a 
fluorescence plate reader 0, 60, and 120 min after macrophages were 
incubated with bacteria. We observed that Mfn2-/- macrophages fail to 
properly phagocyte either S. aureus or E. coli, with the highest differences 
observed 120min after incubation (Figure 46A). Furthermore, macrophages 
were also pre-treated with NAC for 1h prior to phagocytosis to inhibit ROS 
production. In WT macrophages NAC pre-treatment reduces the 
phagocytosis of both E. coli and S. aureus. Mfn2-/- macrophages treated with 
NAC also show a decrease in phagocytosis, although the reduction is much 
subtler than in WT macrophages (Figure 46A). This later result 
demonstrates that ROS is also involved in bacteria phagocytosis. 
Additionally, to confirm that Mfn2 is necessary to properly phagocyte 
bacteria, we used an alternative model consisting on GFP-expressing 
Aeromonas hydrophila (gram-negative bacteria). Macrophages cultured in 
media without antibiotics were infected with life aeromonas for different 
times. After that, macrophages were washed with EDTA to eliminate non-
phagocyted bacteria. Phagocytosis was analyzed by flow cytometry, 
selecting only the fluorescence inside macrophages to avoid detecting 
remains of extracellular bacteria.  Consistent with the results obtained with 
pHrodo-stained bacteria, Mfn2-/- also fail to properly phagocyte A. 
hydrophila, showing much lower fluorescence than their WT counterparts 
(Figure 46B). To further confirm these results, we also quantified CFUs from 
macrophage lysates after 1h of phagocytosis, obtaining similar results to the 
flow cytometry assay (Figure 46C). 
These findings demonstrate that Mfn2 is required for the correct 
phagocytosis of both gram positive and negative bacteria, probably as a 
result to the production of ROS and the normal expression of class-A 
scavenger receptors.  
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Figure 46. The lack of Mfn2 impairs bacterial phagocytosis. A. Mean fluorescence 
intensity (MFI) measurement showing the phagocytosis at the specified time of 
pHrodo-conjugated Escherichia coli or Staphylococcus aureus by BMDM with or 
without 1h NAC pre-treatment (dashed lines). B. MFI showing the phagocytosis of 
GFP-expressing Aeromonas hydrophila. C. CFU count from BMDM lysates 1h after 
infection with aeromonas. All figures are shown as mean ± SD from three 
independent experiments. Asterisks shown in panel A indicate the comparison 
between WT and Mfn2-/- groups without NAC. The other comparisons where 
statistical significance was detected are WT and WT+NAC in E. coli 60 and 120min 
(**), and in S. aureus at 120min (*). *p<0.05, **p<0.01, ***p<0.001. 

 

5.5) Mfn2 is necessary for the removal of apoptotic bodies 

The removal of apoptotic bodies by macrophages is a very important 
process to maintain tissue homeostasis (183). As class A scavenger 
receptors are also involved in the phagocytosis of apoptotic bodies, we 
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evaluated how and to which extent Mfn2 affected this function in 
macrophages. 
Fluorescent apoptotic bodies were obtained by inducing apoptosis to 
murine thymocytes with 30μM etoposide for 16h, and staining them with 
the fluorescent probe CFSE. Macrophages were incubated with these 
apoptotic bodies in a 10:1 proportion (i.e. 10 apoptotic bodies for each 
macrophage) for 1h, and after washing, fluorescence inside macrophages 
was assessed by flow cytometry. Our results show Mfn2-/- macrophages fail 
to properly phagocyte apoptotic bodies. Pre-stimulation with cytochalascin 
D, a specific inhibitor of phagocytosis, completely abolished apoptotic bodies 
intake in both WT and Mfn2-/-, confirming that differences observed before 
are due to phagocytosis and not to the binding to the cellular membrane 
(Figure 47). 
In summary, Mfn2 modulates phagocytosis of bacteria, but also of apoptotic 
bodies, in both cases probably mediated by an increased expression of type-
A scavenger receptors. 
 

 

Figure 47. Mfn2 is necessary for the removal of apoptotic bodies. Control and 
cytochalascin D-treated BMDM were incubated with CFSE-stained apoptotic 
thymocytes. Phagocytosis was evaluated by flow cytometry. Dot-plots are 
representative for three independent experiments. Bars graphic is shown as mean ± 
SD of three independent experiments. **p<0.01. 
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5.6) The lack of Mfn2 is associated with defective bactericidal activity and 

protein processing 

So far, we have shown that Mfn2 plays a major role in the phagocytosis of 
both bacteria and apoptotic bodies. Then, we investigated whether Mfn2 
was also involved in the degradation of phagocyted bacteria. To measure 
macrophage’s bactericidal activity, we infected macrophages in vitro with a 
MOI 25 of Aeromonas hydrophila. After 60min of phagocytosis, 300μg/ml 
gentamycin was added for 1h to eliminate the non-phagocyted bacteria. 
Then, media was replaced with 100μg/ml gentamycin, and cells were 
incubated for different time points. At specific times, macrophages were 
lysed and CFUs were quantified.   
As expected, confirming the results obtained before (see Figure 46C), Mfn2-/- 
macrophages show an impairment in phagocytosis at time 0 (i.e. 1h of 
phagocytosis plus 1h of gentamycin treatment) when compared to their WT 
counterparts (Figure 48A). After 24h of phagocytosis, a drastic reduction in 
the number of CFUs was observed in both WT and Mfn2-/- macrophages, 
indicating degradation of the phagocyted bacteria (Figure 48A). In addition, 
the bactericidal activity was calculated as the % of initial bacteria that 
survived 24h after phagocytosis. Bacteria phagocyted by WT macrophages 
show an important decrease in survival compared to the ones phagocyted by 
Mfn2-/- macrophages (Figure 48B), showing an impairment in the 
bactericidal activity in conditions of Mfn2 deficiency. 
 

 

Figure 48. Loss of Mfn2 is associated with reduced bactericidal activity. A. BMDM 
phagocyted Aeromonas hydrophila for 1h. Then, non-phagocyted bacteria were 
removed with a gentamycin treatment for 1h. BMDM were incubated, and lysed at 
the specified time points. B. Percent of the surviving bacteria at 24h relative to the 
initial CFU count. The results are shown as mean ± SD from three independent 
experiments. *p<0.05, **p<0.01, ***p<0.001. 
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In addition to their role in innate immune responses, macrophages are also 
able to initiate adaptive immune responses due to their ability to act as 
antigen presenting cells. Using this mechanism, macrophages can phagocyte 
pathogens, process them (i.e. degradation of proteins to small peptides), and 
present their antigens as peptides to CD4+ T-cells in an MHC-II context. 
Knowing that Mfn2-/- show dysfunctional phagocytic and bactericidal 
capabilities, we also investigated whether Mfn2 also affected antigen 
presentation in macrophages. We first measured the expression of MHC-II at 
the macrophage’s surface by staining this marker with a fluorescent 
antibody. Flow cytometry analysis revealed that MHC-II expression in 
response to INF-γ slightly decreased in Mfn2-/- macrophages (Figure 49A), 
with probably no biological significance. 
To further evaluate macrophage’s antigen presentation we performed an 
assay in the laboratory of Professor Emil R. Unanue (Washington University, 
St. Louis, USA). Macrophages were pre-stimulated 24h with IFN-γ to induce 
MHC-II expression and then were pulsed with either the full form of 
listeriolysin O (LLO, a major virulence factor of Listeria monocytogenes) or a 
11 amino-acid pre-processed peptide of the same protein (190-201 LLO). 
After the pulse, macrophages were washed, and incubated with a CD4+ T-
cell hybridoma line, with specificity for 190-201 LLO. When macrophages 
present the antigen, T-cells produce IL-2 to the supernatant. The 
supernatants of these cultures were then collected, incubated with a cell line 
that grows in an IL-2-depedent manner (CTLLs, explained thoroughly at 
Experimental Procedures), and proliferation of these cells was measured by 
H3-thymidine incorporation. Antigen presentation of the pre-processed 190-
201 LLO was indistinguishable in WT and Mfn2-/- macrophages (Figure 49B), 
indicating that Mfn2 is probably not involved in antigen presentation when 
the antigen has been previously processed. However, presentation of the full 
form of LLO was much more efficient in WT macrophages than in Mfn2-/- 
(Figure 49C). In neither case, macrophages without IFN-γ pre-stimulation 
showed detectable antigen presentation (Figure 49D) 
Altogether suggest that Mfn2 is necessary for the processing of proteins to 
allow antigen presentation 
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Figure 49. Antigen presentation is defective in Mfn2-/- macrophages.  A. MHC-II 
expression at the surface of BMDM measured by flow cytometry. B. Antigen 
presentation assay of IFN-γ pre-stimulated BMDM of the pre-processed 190-201 
LLO peptide. C. Antigen presentation assay of the of IFN-γ pre-stimulated BMDM of 
the LLO full protein. D. Antigen presentation assay performed with the unprocessed 
LLO in non-stimulated macrophages. Results shown as mean ± SD from three 
independent experiments. **p<0.01, ***p<0.001. 
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6) In vivo models 

6.1) Listeria monocytogenes 

To evaluate how and at which extent Mfn2 controls immune responses in 
vivo, we first used several functional models. we started with the murine 
infection with Listeria monocytogenes. Listeria is a gram-positive facultative 
intracellular bacterium, normally associated with foodborne diseases. In 
experimental conditions, after intraperitoneal inoculation, Listeria shows a 
preference to infect macrophages, growing preferentially in spleen and liver. 
The majority of bacteria are killed inside these macrophages, but the 
surviving ones grow inside and spread to other cells. Mice that survive the 
infection acquire adaptive immunity against Listeria, and become resistant 
to subsequent challenges. The critical features of this experimental model 
are the macrophage specificity and that it is a rapid and quantitative assay, 
either by enumeration of liver and spleen CFUs or by monitoring the 
survival of infected animals (184). 
In our experiment, we infected intraperitoneally WT and Mfn2-/- mice with 
2x104CFU/Kg of Listeria monocytogenes. Mice survival was monitored until 
all the surviving mice started to recover weight. We observed that the time 
course of the disease is similar in the two groups of animals: both start dying 
at day 4, with the highest mortality observed at day 5 post-inoculation. At 
day 11, the remaining mice from both groups stopped dying and started 
recovering weight. However, the survival of Mfn2-/- infected mice was 
severely reduced compared to their WT counterparts, reaching a significant 
decrease of more than 40% (Figure 50A).  
To further evaluate at which extent the loss of Mfn2 in macrophages affects 
immune responses against listeria, we infected an additional group of WT 
and Mfn2-/- mice with this bacterium. This time, mice were sacrificed 48h 
after inoculation to obtain spleen and liver. Lysates from these organs were 
serially diluted and cultured in brain-heart infusion media to quantify CFUs. 
Consistent with their decreased survival, Mfn2-/- mice show a significantly 
higher CFU count at both liver and spleen (Figure 50B), demonstrating that 
these mice are unable to control the infection. 
To understand the molecular mechanisms involved in the dysfunctional 
immune responses against listeria, we infected BMDM in vitro with a MOI 5 
of Listeria monocytogenes for 30min. Then, bacteria were removed and RNA 
extracted 6h later. qPCR analysis shows that the expression of Tnf-α and Il-
1β is reduced in Mfn2-/-  macrophages compared to their WT counterparts 
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(Figure 50C). These results suggest that, similarly to LPS stimulation, Mfn2-/- 
macrophages fail to generate normal levels of pro-inflammatory cytokines in 
response to listeria infection. 
 

 

Figure 50. Mfn2-/- macrophages fail to protect mice from listeria infections. A. Survival 
proportions of WT and Mfn2-/- mice after Listeria monocytogenes intraperitoneal 
infection. B. CFU count in spleen and liver lysates from 48h infected mice. C. mRNA 
expression from BMDM incubated in vitro with a MOI 5 L. monocytogenes for 6h. 
The results in A and B are representative of two independent experiments with 12 
(A) or 3 (B) animals of each phenotype. The results in C are shown as mean ± SD 
from three independent experiments. *p<0.05, **p<0.01, ***p<0.001. 
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6.2) Mycobacterium tuberculosis 

To further evaluate the effects of Mfn2 in macrophages during immune 
responses, we used an in vivo model of infection with Mycobacterium 
tuberculosis. This bacterium is an aerobic bacillus that infects the 
mammalian respiratory system, causing tuberculosis in humans. When in 
the lungs, these bacteria are phagocyted mostly by alveolar macrophages. 
Once inside, macrophages fail to digest M. tuberculosis, as the mycobacteria 
blocks the phagolysosome fusion. Due to their inability to kill the 
phagocyted mycobacteria, macrophages form granulomas to encapsulate all 
infected cells and prevent the spread of the infection (185). 
We performed a model of tuberculosis infection in mice with aerosol in the 
laboratory of Professor Pere Joan Cardona from the “Unitat de Tuberculosi 
Experimental” at “Hospital Germans Trias I Pujol”. Using this model, we 
infected mice with a very low dose of mycobacteria (100 CFU/mouse), 
which closely mimetizes tuberculosis in humans. Mice survival was 
monitored for 6 weeks after the infection. In addition, three mice from WT 
and Mfn2-/- groups were sacrificed at week 3 to extract spleen and lungs for 
CFU quantification. 
In the conditions of this experiment every WT mouse survived the infection. 
However, the survival of the Mfn2-/- group was severely decreased, being 
merely a 50% by the end of the experiment (Figure 51A). Furthermore, CFU 
count was significantly higher in lungs from Mfn2-/- mice, compared to WT. 
CFU quantification in spleen showed a similar tendency as in the lungs, 
however in this case the differences were not as high as in the former 
(Figure 51B). 
All these results, indicate that Mfn2 deficiency in macrophages severely 
impairs the ability of the organism to properly fight tuberculosis infection. 
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Figure 51. The lack of Mfn2 in macrophages reduces the protection against 
tuberculosis. A. Survival proportions of WT and Mfn2-/- mice infected with 
Mycobacterium tuberculosis. B. CFU count in lung and spleen lysates from infected 
mice. A has been done once with 12 mice per group. B has been done once with 
three mice per group. *p<0.05. 
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6.3) DNFB-induced ear inflammation model 

The models used above demonstrate that Mfn2 in macrophages is crucial to 
generate effective immune responses against bacterial infections. To know if 
Mfn2 deficiency in macrophages generates a global during non-septic 
inflammation, we used an in vivo model of sterile inflammation, the 
dinitrofenolbenzene (DNFB)-induced ear irritation model (157). In this 
model, the irritant DNFB is applied to the whole extension of a mouse’s ear, 
while vehicle alone (acetone) is applied on the other ear as negative control. 
Monocytes migrate from the bloodstream to the damaged ear, 
differentiating into macrophages. These recruited macrophages play a major 
role in both the initiation and the resolution of the inflammation (164). The 
degree of inflammation in treated ears is controlled by measuring the 
increase in thickness and weight compared to the control ears. In addition, 
we also checked the expression of pro-inflammatory genes using qPCR in 
both treated and control ears.  
At day 10 after treatment, the weight and thickness of the inflamed ears are 
significantly higher in WT mice when compared to their Mfn2-/- counterparts 
(Figure 52A and 52B). During the duration of the experiment, no 
inflammation was observed in the control ears (i.e. treated with vehicle 
alone) from WT or Mfn2-/- mice. Likewise, the mRNA expression of the pro-
inflammatory cytokines Tnf-α, Il-6, and Il-1β in the inflamed ears is higher in 
WT mice compared to their Mfn2-/- counterparts (Figure 52C). 
In conclusion, macrophages require Mfn2 to generate a strong and efficient 
inflammatory responses either in the presence or absence of bacterial 
infection.  
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Figure 52. Mfn2 in macrophages is required for sterile inflammation. A. Hematoxylin-
eosin staining of control and DNFB-treated ear sections at day 10. Scale bar 500μm. 
B. Quantification of net weight gain and thickness increase from control to the 
correspondent DNFB-treated ear at day 10. C. mRNA expression of DNFB-treated 
ears at different times. In all cases, control ears show the same expression as day 0-
treated ears (not shown). All the images are representative of two independent 
experiments with 5 mice per group. *p<0.05, ***p<0.001 
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Discussion 

Macrophages are crucial regulators and effectors of immune responses, 
actively contributing to both initiation and resolution of inflammation. In the 
recent years, mitochondria are increasingly being considered master 
regulators of innate immune responses (42–44). In this thesis, we have 
extended these observations by focusing on the role of Mfn2, one of the 
proteins required for mitochondrial fusion. These findings bring a further 
understanding on the mitochondrial modulation of macrophage-mediated 
immune responses.  
There are several reasons that can explain the relevance of mitochondria in 
macrophages: First, mitochondria control metabolism in macrophages, 
providing energy and the intermediate metabolites necessary to perform the 
appropriate functions in response to the ever-changing conditions (40, 42). 
Second, mitochondria serve as a physical platform that regulates signaling in 
RLR-mediated anti-viral signaling. Third, mitochondria are also platforms 
for NLRP3 inflammasome assembly, being also the main source of 
inflammasome-activating DAMPs. Finally, mitochondria are major sources of 
ROS, which are necessary to both kill intracellular bacteria and provide a 
correct activation of several pro-inflammatory signaling pathways (42–44). 
Due to the importance of mitochondria in macrophage-mediated immune 
responses, we focused on the study of mitochondrial dynamics, a crucial 
process for the correct performance of mitochondria. Apart from controlling 
mitochondrial morphology, mitochondrial dynamics are of paramount 
importance in the regulation of multiple cellular functions, potentially 
modulating the interactions between mitochondria and immune responses. 
Specifically, it has been described in other non-immune cells that 
mitochondrial dynamics regulates mitochondrial respiration, mΔψ, ROS 
production, ATP synthesis, cell differentiation, apoptosis, proliferation, and 
ER-mitochondria interaction (102, 103, 105–107, 137), being all these 
factors able to potentially affect the outcome of immune responses.  
Many studies have focused the importance of mitochondrial fusion in anti-
viral responses and in the inflammasome activation (147, 148, 152, 153). 
However, very little was known on how and to which extent mitochondrial 
dynamics affect other types of immune responses. In this dissertation we 
demonstrated that in macrophages the mitochondrial protein Mfn2 regulate 
inflammatory and immune responses at multiple levels. 
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It has been reported that Mfn2 is a ubiquitous protein, with particularly high 
expression in brain, heart, and skeletal muscle (132). Here, we described 
that this protein is also highly expressed in macrophages, with levels as high 
as the ones found in brain or heart. These high levels of expression are the 
first evidence suggesting that Mfn2 may be playing an important role in 
macrophage-mediated responses. Most of this work has been performed 
using BMDM as a cellular model. BMDM are non-transformed cells that have 
the advantage to be easily obtainable in high numbers, while being highly 
similar to natural recruited macrophage populations. These cells show the 
same ability to respond to activation, proliferation, and apoptosis stimuli as 
these natural populations (186). In this specific case, we described that 
Mfn2 expression levels in BMDM are similar to the ones found in peritoneal 
macrophages. 
To perform their multiple functions, macrophages need to be activated. In 
response to a combination of signals from the local environment, these cells 
fine-tune their differentiation program, acquiring a specific phenotype from 
a wide range activation states (14). In this regard we showed that Mfn2 
expression in macrophages is induced upon PAMP stimulation, but not by 
the cytokines IFN-γ or IL-4. From here we can extract three main 
conclusions: First, due to its overexpression, Mfn2 is probably relevant for 
the function of macrophages during PAMP activation. This PAMP detection is 
the basis of innate immune responses, playing a major role in pathogen 
recognition and initiation of inflammatory and immune responses (187). 
Second, while for a very long time it was considered that PAMPs and IFN-γ 
induced pro-inflammatory activation in macrophages (i.e. M1-like 
activation), the differences in Mfn2 expression reveal that the phenotypes 
produced by each stimulus are not the same. This finding confirms the 
current concept, developed in the last years, that macrophage polarization is 
far more complex than the M1/M2 duality, and that IFN- γ-stimulation may 
result in a different activation profile than LPS (14). Lastly, Mfn2 does not 
seem to be involved macrophage activation by IL-4, as it is not induced by 
this stimulus. This observation may suggest that Mfn2 is not important for 
anti-inflammatory activation, but as explained above, macrophage activation 
is far more complex than stimulation with a single cytokine. IL-4 or IL-13 
initiate  a transcriptional program that differ from the one activated by IL-10 
or TGF-β, even though all four were considered to induce anti-inflammatory 
activation in macrophages (188, 189). Furthermore, it is accepted that 
during the normal course of inflammation, macrophages acquire an anti-
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inflammatory phenotype upon phagocytosis of apoptotic cells (190, 191). 
Taken together, anti-inflammatory activation can be induced by a wide 
range of stimuli, which in turn span different transcriptional programs. 
Thus, the possibility than Mfn2 is involved in other types of anti-
inflammatory activation (i.e. not mediated by IL-4) cannot be discarded. 
 
To further investigate the role of Mfn2 in macrophages, we used mice with 
this gene disrupted. Total Mfn2 KO is not viable due to an embryonic defect 
in the formation of the giant cell trophoblast layer in the placenta (129). To 
solve this problem, we used a myeloid-conditional KO mice colony, based on 
the LysM-Cre/Mfn2-LoxP system. LysM is one of the most used promoters 
for targeted gene deletion of macrophages/monocytes (192). In the LysM-
Cre mouse, recombination rates between 83% and 95% are normally 
achieved in myeloid cells, including F4/80+ macrophages (154). The degree 
of recombination also depends on the specific myeloid population. While 
alveolar, peritoneal, and BMDM show the maximum recombination rates, 
microglia (193) and splenic macrophages (red pulp and marginal zone 
macrophages) present recombination rates as low as 40% (194). In our 
case, we achieved a 90-95% inhibition of Mfn2 in both peritoneal and 
BMDM, which is the interval expected accounting the aforementioned 
studies. Even though this inhibition is enough for the in vitro studies, the fact 
that Mfn2 is not depleted in some macrophage populations has to be 
considered during the in vivo experiments. Furthermore, we found that the 
expression of the pro-fusion proteins Mfn1 and Opa-1 is not upregulated in 
Mfn2-/- macrophages. This result indicates that there is no other fusion 
protein that increase its expression to compensate Mfn2 deficiency, and thus 
our results will not be masked by this compensatory mechanism. Another 
characteristic of the LysM-Cre model is that the recombinase activity also 
depends on the maturation level of macrophages, with mature macrophages 
showing more Cre activation than immature macrophages (195). This last 
feature is highly useful, as Mfn2 depletion will only occur during the last 
stages of differentiation. If this were not the case, and Cre was activated 
before a complete maturation, the lack of Mfn2 could potentially disrupt 
macrophage differentiation, as occurs in some other cell types such as 
cortical neurons (196) or cardiomyocytes (197). In this regard, we 
demonstrated Mfn2 depletion does not affect in vitro macrophage 
differentiation from their bone marrow precursors. Furthermore, the 
proportions of blood and splenic monocytes/macrophages were unaltered, 
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demonstrating that in vivo, these mice generate normal levels of fully 
differentiated monocytes/macrophages. This lack of effect on macrophage 
differentiation could be explained by the late activation of LysM promoter, 
albeit the possibility that Mfn2 takes no part in macrophage differentiation, 
should not be overlook. Another characteristic of the LysM-Cre mouse is that 
gene recombination also occurs in neutrophils and certain dendritic cells 
populations (CD11c+ splenic dendritic cells). However, other immune cells 
including T-cells, B-cells, NK-cells, mastocytes, eosinophils, basophils, 
plasmacytoid dendritic cells, and classical dendritic cells do not show LysM-
Cre-mediated recombination (154, 194). This characteristic is irrelevant for 
the in vitro assays, where we use pure populations of BMDM, but its 
importance is revealed in the in vivo studies, mostly due to the importance 
of neutrophils in infections and inflammatory responses. The role of these 
cells cannot be neglected, even though in the in vivo models we used 
(listeriosis, tuberculosis, and DNFB inflammation) macrophages play a 
major role. 
 
Having demonstrated that completely mature macrophages can be obtained 
from Mfn2-/- bone marrow cells, we analyzed thoroughly the phenotype of 
these macrophages. Even though Mfn2 has been demonstrated to be 
involved in cellular senescence and proliferation, we found no differences in 
either parameter. First, we demonstrated that Mfn2 plays no role in M-CSF-
mediated macrophage proliferation, confirming it by both directly 
measuring proliferation with BrdU, or by checking the cell cycle 
distributions. The fact that the number of circulating monocytes and splenic 
macrophages is not decreased by Mfn2 deficiency also supports this 
conclusion. This result however, contrasts with some previous reports 
indicating that Mfn2 plays a role in inhibiting cell proliferation in a variety of 
cell types (141, 142). In our specific case, we induced proliferation with the 
macrophage-specific growth factor M-CSF, therefore an explanation for the 
lack of effect of Mfn2 in proliferation is that the inhibition may depend on 
the growth factor used. Another explanation would be that this effect on 
proliferation was cell lineage-dependent (the studies mentioned above were 
performed on vascular smooth muscle cells, MEFs, or tumor cell lines), and 
therefore is possible that this mechanism is not relevant in macrophages. 
 
We have also demonstrated that the absence of Mfn2 in macrophages result 
in aberrant mitochondrial morphology, including increased fragmentation 
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and decreased mitochondrial volume. These findings support previous 
observations made in other cellular models of Mfn2 deficiency: Mfn2-mutant 
MEFs present drastically fragmented mitochondria, forming spheres of 
variable size (113), Mfn2-deficient skeletal muscle cells and hepatocytes 
show fragmented mitochondria forming big clusters instead of an organized 
network (139), and cardiac Mfn2-/- cells present fragmented reticular 
mitochondria with altered cristae structure (167) . However, despite the 
morphological abnormalities we observed in Mfn2-/- macrophages, their 
total mitochondrial mass was not altered. This result also corroborates the 
findings of other authors on other different cell types (134, 198). These data 
confirm that Mfn2 controls mitochondrial morphology without affecting 
total mitochondrial mass, and that this function is conserved among the 
different cell lineages. 
 
In addition to maintain a properly structured mitochondrial network, Mfn2 
is crucial to control the mΔψ and mitochondrial respiration in macrophages. 
The observation that Mfn2 controls the mΔψ confirms other studies in a 
number of cells including myocytes (198), cortical neurons (196), fertilized 
eggs (199), MEFs (113, 127, 200), and skeletal muscle cells (133, 135). This 
parameter is an indicator of the mitochondrial fitness. The mΔψ is generated 
when protons are pumped from the matrix to the inner membrane space as 
a consequence of the electron flow through the electron transport chain. 
Therefore, a low mΔψ indicates an impaired respiratory capacity, which is 
what we observed in Mfn2-/- macrophages. 
Regarding mitochondrial respiration, our results confirm other studies 
describing that the lack of Mfn2 leads to a marked decrease in the 
expression of respiratory complexes I, II, III, and V, as well as in their 
activity, resulting in an overall defect in the OXPHOS system (133, 135, 200). 
This functional activity of Mfn2 would be independent on the ability of this 
protein to promote mitochondrial fusion, as demonstrated by using cells 
expressing a truncated form of Mfn2 without pro-fusion activity (133, 135, 
200). In addition, a recent study demonstrated that Mfn2 maintains normal 
levels of mitochondrial coenzyme Q10. This coenzyme Q is the responsible 
for the optimal function of the respiratory chain, as supplementation with 
coenzyme Q10 restores normal mitochondrial respiration in Mfn2-null cells 
(134).  
An interesting point also regarding mitochondrial respiration, is the fact that 
we have found no differences in coupled respiration (i.e. respiration 
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associated with ATP production by complex V). A similar result has also 
been observed in muscle and non-muscle cells confirming our results (200). 
Because ATP generation by OXPHOS is not affected, Mfn2-/- macrophages do 
not need to further activate glycolysis as an alternative mechanism to obtain 
energy, thus these macrophages present exactly the same levels of glycolysis 
as their WT counterparts. 
 
As a result to the changes in the mΔψ and mitochondrial respiration, the 
production of mROS can be altered. These highly reactive molecules are 
generated due to a leakage of electrons from the respiratory chain resulting 
in a partial reduction of molecular oxygen. Therefore, increased 
mitochondrial respiration and mΔψ imply a higher flow of electrons through 
the electron transport chain, with potentially more leaking electrons that 
generate superoxide (201–203) This affirmation is supported by 
experiments performed using chemical uncouplers such as CCCP or FCCP, or 
by overexpressing UCP2. Under these conditions, the mΔψ is dissipated and 
mROS production decreased (95, 204–206). However, it has been shown 
that in some cases a decrease in mΔψ leads to increased ROS accumulation. 
The hypothesis proposed to reconcile this discrepancy, is that physiological 
ROS levels are only found within an optimized mΔψ range. When the mΔψ is 
too low, mitochondria sometimes switch from NADH to NADPH as electron 
donor. NADPH is also involved in the antioxidant defense, and therefore 
their consumption compromises the antioxidant activity of the cell and 
results in increased ROS accumulation (203, 207).  
Therefore, it is logical that Mfn2-/- macrophages, which show decreased 
mΔψ and mitochondrial respiration, also produce less ROS. We confirmed 
this hypothesis demonstrating that Mfn2 is necessary to produce normal 
levels of ROS (both cellular ROS and mROS). Interestingly, Mfn2 is not only 
necessary to generate ROS during LPS activation, but also in baseline 
conditions. This observation suggests that the defect in ROS production of 
Mfn2-/- macrophages is probably the result of widespread dysfunctional 
mitochondrial activity instead of just a failure to increase ROS production in 
a TLR-TRAF6-ECSIT-dependent manner (85). We also described that ROS 
induction with antimycin A, which directly induces mROS at the respiratory 
complexes, also depends on Mfn2, confirming the aforementioned 
hypothesis that these differences are caused by a mitochondrial defect.  
A major question here is whether the reduction in total cellular ROS is a 
consequence of the decrease in mROS. While ROS detected by MitoSox (i.e. 
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mROS) is unequivocally produced in the mitochondria, ROS detected by 
DCF-DA (i.e. total cellular ROS) have different origins. Even though mROS 
contribute to cellular ROS levels, in macrophages the phagosomal NADPH 
oxidase is also a major contributor (208). However, a crosstalk exists 
between the ROS produced in the mitochondria and the ROS produced by 
NADPH oxidases (209). On one hand, mitochondria are recruited to the 
phagosomes upon bacterial infection, releasing mROS. These mROS can 
directly kill phagocyted bacteria, but also activate the NADPH oxidase, 
inducing it to produce more ROS. On the other hand, ROS produced by the 
NADPH oxidases can in turn upregulate the production of mROS by either 
opening the mitochondrial ATP-sensitive potassium channels (209) or by 
disruption of the respiratory chain complexes (210). The fact that activation 
of NADPH oxidases increase mROS and vice versa, suggest that these two 
sources of ROS work as a feed-forward loop, heavily increasing the 
production of ROS when is required. Consequently, the decrease in total 
cellular ROS observed in Mfn2-/- macrophages is likely a consequence of a 
decreased production of mROS. However, we cannot discard that Mfn2 could 
also be affecting the production of ROS by other means, such as modulating 
NADPH levels to induce NADPH oxidase-mediated ROS production. 
Regarding the effects of Mfn2 on ROS production in macrophages, there is 
some controversy when we compare our results with the different cellular 
models. First, two studies using neurons (the first one, primary cortical 
neurons, and the other a cell line) confirmed our findings, as they described 
that Mfn2 deficiency decreases ROS production, whereas Mfn2 
overexpression increases it. However, they do not provide any mechanistic 
explanation for their results (196, 211). By contrast, two studies using 
primary cardiomyocytes described that Mfn2 ablation results instead in 
increased ROS production. They postulate that this effect could be the result 
of a dysfunctional interaction between mitochondria and the sarcoplasmic 
reticulum, which is mediated by Mfn2. This defect would lead to a decrease 
in the transfer of Ca2+ between the two organelles, resulting in increased 
mROS production (212, 213). Finally, liver and muscle cell deficient for Mfn2 
also show increased concentrations of hydrogen peroxide. These Mfn2-
deficient cells also show increased ER stress and defective calcium 
homeostasis, leading to an increase in ROS levels as a secondary effect, thus 
suggesting a crosstalk between these two phenomena and the increased ROS 
production (139). Taken all these studies together, we can conclude that 
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Mfn2 effect on ROS production depends on the cell type, and it is also 
probably controlled by the ER function.  
This hypothesis is consistent with our results, as we have not observed any 
difference in ER-stress responses between WT and Mfn2-/- macrophages. 
Thus, the decrease in ROS levels in Mfn2-/- macrophages can be explained, on 
one hand because ER stress is not affected, and so it does not increase ROS 
in these conditions, and on the other hand, because mitochondrial 
respiration is severely decreased, leading to a reduced mROS generation. 
 
Due to its role in producing normal levels of ROS in macrophages, Mfn2 
becomes very good candidate in the regulation of inflammatory responses. 
At to date, Mfn2 has been only involved in RIG-1-mediated antiviral 
signaling and in the inflammasome activation. The mechanisms involved in 
this modulation include: the maintenance of a high mΔψ to allow MAVS 
signaling in the mitochondria (150, 151), mediating ER-mitochondria 
contacts to permit MAVS-STING interaction, distribution of mitochondria 
around the focus of viral infection(149), and inhibition of MAVS by direct 
interaction (147). Regarding inflammasome activation, Mfn2 is required to 
maintain a high mΔψ that allows NLRP3 location at the mitochondrial 
surface and its subsequent activation (152, 153). 
As far as we know, we are the first group to describe that Mfn2 is required 
for the pro-inflammatory activation of macrophages in response to LPS.  
This effect involves several activities that can be classified as follows: 
production of pro-inflammatory cytokines, phagocytosis, and protein 
processing. The dysfunction in the generation of an inflammatory response 
observed in Mfn2-/-  macrophages severely compromises their efficiency in 
controlling infections. Furthermore, a reduced production of pro-
inflammatory mediators by macrophages, also diminishes the activity of 
other immune cells, compromising the whole immune response. 
A plausible explanation for the inability of Mfn2-/- macrophages to undergo 
pro-inflammatory activation is the disruption in ROS production observed in 
these cells. 
An important variable to take into account is the specificity of ROS targets. 
ROS react covalently targeting a subset of atoms found in specific molecular 
contexts, such as the sulfhydryl groups in cysteines. Consequently, ROS can 
potentially oxidize a wide range of molecules, modulating lots of signaling 
pathways at once, and therefore having a very low specificity. However, ROS 
biological effects are actually highly specific as aconsequence of the 
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restricted production of ROS in discrete subcellular locations, such as 
mitochondria or NADPH oxidases (87). Therefore, because Mfn2-/- 
macrophages produce less ROS in the mitochondria, proteins located in the 
vicinity of this organelle would be potentially more affected by mROS 
oxidation. 
In this regard, there are evidences indicating that a subset of ERK is 
associated to mitochondria. First, Baines and colleagues (214) described 
that in cardiomyocytes, ERK locates to mitochondria where it interacts with 
protein kinase C. In another study, Alonso et al. (215) showed that in 
neuronal cells, ERK localized to the outer membrane and intermembrane 
space of mitochondria. Also using neurons, Zhu and colleagues (216) 
demonstrated that activated ERK can show mitochondrial location. Finally, a 
more recent study showed that in alveolar macrophages, activated ERK can 
also be found associated to mitochondria (217). Likewise, it has been 
described that JNK and p38 can also be translocated to the mitochondrial 
fraction (214, 218, 219). 
In relation to pro-inflammatory cytokine production, we and others (101, 
220) have demonstrated that treatment of WT macrophages with the ROS 
scavenger NAC abolishes the LPS-mediated phosphorylation of ERK and p38, 
and consequently the expression of pro-inflammatory genes. The precise 
mechanism for these activations has been extensively discussed thorough 
the literature, although it still remains elusive. ROS oxidizes cysteine and 
methionine residues in a reversible way. These oxidations can modulate a 
number of signaling pathways, including NF-κB and MAPKs, by using 
different mechanisms. One mechanism involves the oxidation of MAPK 
kinase kinases (MAPKKK or MAP3K). In low-ROS conditions members of the 
MAPKKK family are bound to reduced thioredoxin. In conditions of higher 
ROS levels, thioredoxin is oxidized, dissociating from MAPKKK. Once 
dissociated, MAPKKK initiate a series of sequential phosphorylations leading 
to the activation of the MAPK pathways (221). In this regard, oxidations are 
required to activate the cascade Ras, Raf, Mek1/2, that ends in ERK 
phosphorylation (222).  
A second mechanism involves the inhibition and degradation of the targeted 
proteins. This is the case of MKP1, the major MKP in dephosphorylating ERK, 
p38, and JNK. This inhibition may act as fine regulator tunneling not only the 
activity of MKP1, but also the amount of this labile protein, which has a very 
short half-life (44, 222). However, we didn’t find differences in MKP1 levels 
between WT and Mfn2-/- macrophages. Thus we can discard that the 
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mechanism depends on ROS-mediated degradation of MKP1 and the 
possibility that ROS modulates the expression of MKP1 itself. However, we 
cannot exclude the possibility that the absence of ROS increased the activity 
of this protein without affecting its levels. 
In addition to MAPKs, it has been described that ROS also modulates NF-κB 
activation. The majority of the studies agree that ROS activate NF-κB 
pathway, however the mechanisms are different depending on the cell type. 
For example, in T-cells ROS induce the phosphorylation and dissociation of I-
κBα, while in epithelial cells ROS trigger IKK activation (223). Here, we 
reported a decrease in the activation of NF-κB in LPS-treated Mfn2-/- 
macrophages, which further support with the hypothesis that the 
inflammatory defects of these cells are a consequence of their inability to 
produce normal quantities of ROS.  
Interestingly, while pro-inflammatory activation is severely disrupted in 
Mfn2-/- macrophages, anti-inflammatory activation does not seem to be 
affected. These findings, together with the fact that Mfn2 expression does 
not change after IL-4 stimulation, add up to the hypothesis that while Mfn2 
is crucial for the macrophage pro-inflammatory activation, it is not relevant 
during the anti-inflammatory activation.  
 
Another mechanism by which mitochondrial dynamics can modulate 
immune responses is by regulation of the mitophagy. Mitophagy is the 
specific autophagic degradation of mitochondria, and occurs when a 
mitochondrion is too damaged to maintain the mΔψ (82). Mitochondrial 
fusion is very important in this process as it allows the complementation of 
damaged components amongst the mitochondrial network. In physiological 
conditions, Mfn1 and Mfn2 are degraded in a mΔΨ-dependent way when a 
mitochondrion is damaged beyond repair to prevent re-fusion with the 
remaining healthy mitochondrial population. However, if the fusion 
machinery is depleted, even a slightly damaged mitochondrion would not be 
able to exchange components with other mitochondria and therefore, it 
would accumulate damage faster. (125). Therefore, as expected, Mfn2-/- 
macrophages present more autophagy than their WT counterparts. 
However, when analyzing the autophagic flux, we found that Mfn2 is also 
crucial for the lysosomal degradation of the autophagosomes. Due to the 
increased autophagy and the decreased autophagic flux, Mfn2-/- 
macrophages present an extensive accumulation of autophagosomes. This 
same phenotype has also been described in cardiomyocytes. In this case, the 
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suggested mechanism involves Mfn2 recruiting RAB7, a protein involved in 
the autophagosome-lysosome fusion (224). This increase in autophagy and 
autophagosome accumulation have potentially severe consequences for the 
correct function of macrophages, including alterations in phagocytosis and 
apoptosis.  
Both autophagy and apoptosis are activated in response to similar stimuli or 
stress conditions. It is generally accepted that autophagy and apoptotis 
exhibit mutual inhibition, possibly due to the fact that a cell first tries adapt 
by removing damaged organelles, and only if the damage is too high, they 
would start apoptosis (176–178). In this regard, Mfn2-/- macrophages, which 
show an extensive accumulation of autophagosomes, also present increased 
apoptosis susceptibility to LPS stimulation. This result is highly relevant for 
the correct macrophage function, as it shows that Mfn2 is not only necessary 
for the normal production of inflammatory mediators, but in addition 
promotes the survival of macrophages at the inflammatory loci. This is a 
critical phenomenon, because if macrophages disappear during the early 
steps of inflammation, there will be no remaining cells for the resolution of 
the inflammatory process that could become chronic (225). 
In addition to their multiple roles in inflammation and tissue repair, 
macrophages also contribute to immune responses by phagocyting 
microorganisms, dead cells, and other particulate targets. In this thesis we 
report that Mfn2 mediates macrophage phagocytosis of bacteria and 
apoptotic bodies by regulating the expression of type-A scavenger receptors 
MARCO and MSR1. These receptors recognize a wide variety of ligands, 
including LPS, lipoteichoic acid, mycobacterial components, and modified 
LDL (226). Additionally, these receptors can also detect and remove 
apoptotic bodies, thus contributing to the prevention of autoimmune 
diseases such lupus (227). A possible link between mitochondria and 
phagocytosis was described several years ago, and involves a negative 
regulation of phagocytosis by autophagy. The mechanism involves the 
degradation of p62 in the autophagosome. If autophagy is prevented, p62 
activates NFE2L, a transcription factor that induces the expression of 
MARCO and MSR1, increasing phagocytosis (180). In this regard, we 
described that Mfn2-/- macrophages show reduced levels of both MSR1 and 
MARCO, which is consistent with the aforementioned hypothesis, as these 
cells show increased autophagy. Furthermore, the expression of these 
receptors can be regulated by TLR in a p38-dependent way (182). Because 
Mfn2-/- macrophages also show decreased p38 signaling in response to LPS, 
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this mechanism could be also contributing to the decreased phagocytosis in 
these cells. Here, we propose a model in which Mfn2 prevents excessive 
mitophagy, allowing p62 to induce a normal expression of class-A scavenger 
receptors. In addition, the increased Mfn2-mediated mROS generation could 
contribute to increase the expression of these receptors in response to LPS 
in a p38-dependent way. 
 
In addition to the modulation of phagocytosis, here we also demonstrate 
that Mfn2 is necessary for the degradation of phagocyted bacteria, and for 
the processing of proteins. This functional activity is crucial to present 
antigens to CD4+ cells, and initiate adaptive immune responses (228). While 
Mfn2-/- showed an impaired presentation of the entire LLO protein to T-cells, 
the defect was corrected if the protein to present had been previously 
processed. A possible explanation for both effects (i.e. peptide processing 
and bactericidal activity of phagocyted bacteria) can be found in the 
aforementioned effect of Mfn2 on the phagosome-lysosome fusion (224). 
There is the possibility that, analogously to the autophagosome, the 
endosome also needs Mfn2 to fuse with the lysosome. However, the 
mechanism is not as clear as in the case of autophagy, because in autophagy 
the membrane’s origin is in the ER, where Mfn2 can be found. Conversely, 
Mfn2 has not been described to be in the phagosome or the lysosome 
membranes, thus more research needs to be done to further elucidate this 
mechanism. Finally, another possibility is that ROS could be involved in 
peptide processing, and therefore, it could explain the deficiencies in 
presentation found in Mfn2-/- macrophages. This involvement of ROS is more 
clear in the case of the bactericidal activity, as it has been extensively 
described that mROS are crucial contributors in the degradation of 
phagocyted bacteria (85).  
 
Finally, to confirm the relevance of macrophage’s Mfn2 in inflammatory and 
immune responses we generated three in vivo models: two involving 
bacterial infection, and one based on sterile inflammation. 
The first one was an intraperitoneal infection with Listeria monocytogenes. 
In this case we demonstrate that Mfn2 in macrophages is required to 
perform effective immune responses against listeria infection. Myeloid-
conditional Mfn2-/- mice show increased mortality, being unable to properly 
control the infection, as demonstrated by the increased colony counts in 
spleen and liver. One of the advantages of this model is that with the 
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intraperitoneal injection, where listeria infects preferentially liver and 
spleen macrophages (184), and thus becomes a good model to study the role 
of Mfn2 in macrophage-mediated immune responses. In some conditions, 
listeria can avoid macrophage-mediated degradation by escaping the 
phagosome into the cytosol. However, if macrophages become activated, 
they produce ROS early after bacterial uptake, effectively killing the bacteria 
before it can scape to the cytosol (229). In fact, experiments performed 
using antioxidants demonstrated that macrophages need ROS to produce 
pro-inflammatory cytokines and to prevent the invasiveness of listeria 
(230). These evidences, together with our in vivo results, strongly support 
the mechanism we have previously demonstrated in vitro, in which Mfn2 
deficiency in macrophages reduces ROS and produces a decline in 
inflammatory cytokine production. 
The second model consisted on an aerosol infection with Mycobacterium 
tuberculosis. The use of the aerosol route allowed us to use a very low dose 
of the mycobacteria, resulting in a pathology that closely mimetizes human 
tuberculosis (231). Here, we demonstrated that Mfn2 deficiency in 
macrophages prevents them from controlling an otherwise sublethal 
tuberculosis infection. This model is not only interesting because 
macrophages are preferentially infected, but also because both mROS and 
TNF-α production are involved in the control of the infection (232). 
Specifically, a correct balance of mROS is required to effectively eliminate 
the pathogen. Low mROS levels are associated with uncontrolled bacterial 
growth, followed by macrophage death by necrosis, and dissemination of the 
pathogen. Alternatively, very high mROS levels are associated with an initial 
control of the bacterial growth, but rapidly macrophages die due to the 
excessive oxidative stress, allowing the dissemination of the surviving 
mycobacteria. Thus, only balanced mROS levels allow for the elimination of 
the internalized mycobacteria without compromising macrophage survival 
(232). In this regard, Mfn2 deficiency in macrophages result in both a 
decrease in mROS and TNF- α levels, as well as in an increase in cell death. 
Altogether, these data confirm the hypothesis that Mfn2 in macrophages is 
required to generate effective immune response against bacterial pathogens. 
In both models of infection, we cannot disregard the role of other myeloid 
cells, such as neutrophils, where Mfn2 has also been eliminated. However, 
due to the nature of these infections (i.e. both are intracellular bacteria that 
preferably target macrophages) macrophages are the primary cells involved. 
The phenotype observed in these models is probably a combination of the 
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effects of Mfn2 deficiency in macrophages (i.e. these macrophages show 
decreased inflammatory activation, combined with a decreased survival at 
the inflammatory loci, diminished phagocytosis, and impaired antigen 
presentation capabilities). 
Finally, the third model consisted on a cutaneous sterile inflammation using 
the irritant DNFB. In this model, both pro-inflammatory activity and the 
subsequent repair are regulated by recruited monocytes that differentiate to 
macrophages (164). Here we demonstrate that macrophage’s Mfn2 is not 
only crucial for the responses against bacteria, but also during sterile 
inflammation. However, we cannot reject the possibility of an impairment in 
inflammasome activation, which can be activated by DNFB (233), because 
Mfn2 is also required for the NLRP3 inflammasome activation (152). Even 
that, in activated Mfn2-/- macrophages the production of IL-1β mRNA is 
already defective, and therefore if the inflammasome was affected it would 
have a minor effect in this in vivo assay. 
 
The fact that Mfn2 is not associated with human immune-related conditions, 
do not undervalue the role of Mfn2 in the regulation of inflammatory 
responses. We have demonstrated that this protein is crucial for the normal 
activity of macrophages: from inducing pro-inflammatory activation, to the 
modulation of phagocytosis and antigen presentation. Furthermore, the 
functional in vivo models confirmed that Mfn2 is necessary to produce the 
strong pro-inflammatory responses that are required to efficiently fight 
infections. 
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1) Mfn2 is highly expressed in macrophages, and its expression is further 

induced upon pro-inflammatory stimuli. 
2) Mfn2 controls mitochondrial morphology and function, being crucial for 

mitochondrial respiration, the maintenance of the mΔψ, and the 
production of ROS. 

3) Mfn2 is crucial for macrophage pro-inflammatory activation. 
4) Mfn2 is critical for phagocytosis and antigen presentation. 
5) The absence of Mfn2 in macrophages leads to a defective pro-

inflammatory response. 
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Annex 2. Supplementary Figures 

 

 

Supplementary Figure 1. Confocal fluorescence microscopy of macrophage mitochondria. 
BMDM were stained with MitoTracker Deep Red and microscopy was performed in a 
SP2 Leica confocal microscope with a 37ºC and 5% CO2 system. The images shown 
above are the result of superimposed z-stacks every 0.5µm covering all the cell volume. 
Five images for each condition were recorded with at least 20 cells/field. Images are 
representative of three independent experiments. 
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