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Abstract 
 
DUSP3, or Vaccinia H1-Related (VHR), is a member of the atypical dual-
specificity protein phosphatase family (A-DUSPs). This protein contains a 185 
amino acid catalytic domain (Mr 21 kDa) and dephosphorylates both p-Tyr and 
p-Thr residues. The MAPKs ERK1/2, JNK and to a lesser extent p38 have been 
reported to be substrates of DUSP3. The phosphatase also dephosphorylates 
other proteins such as the transcription factor STAT5 and the tyrosine kinase 
receptors EGFR and ErbB2. DUSP3 is playing an important role in cell cycle 
regulation, in platelets activation and arterial thrombosis and in resistance to 
septic shock. DUSP3 could also act as tumour suppressor or as tumour 
promoter depending on the cell types and cancer models and DUSP3-
deficiency also leads to a defective tumour-induced angiogenesis. Moreover, 
DUSP3 is highly expressed in macrophages. Macrophages are innate immune 
cells involved in numerous physiological processes maintaining homeostasis 
such as immune responses, debris clearance, thermoregulation and bone 
resorption. Therefore, disruption of these functions leads to severe diseases. 
In this work, we investigated the role of DUSP3 in two of these pathologies, 
metastasis dissemination and septic shock, using recently generated DUSP3-
knockout mice. 
 
In the first part of the work, we investigated the contribution of DUSP3 in the 
susceptibility to experimental metastasis. Using a Lewis Lung Carcinoma (LLC) 
experimental metastasis model, we observed that DUSP3-/- mice developed 
larger lung metastases than littermate controls. By creating bone marrow 
chimeric mice, we were able to transfer the phenotype to DUSP3+/+ mice, 
indicating a role of hematopoietic cells in enhancing tumour cell dissemination 
to lung tissues. Interestingly, we found a higher percentage of tumour-
promoting Ly6Cint M2-like macrophages in DUSP3-/- LLC-bearing lung 
homogenates. This higher percentage of M2 macrophages is at least partially 
due to a better recruitment of these cells as confirmed by a higher percentage 
of Ly6Bhi macrophages in DUSP3-/- lung homogenates and by a better migration 
of DUSP3-/- peritoneal macrophages and BMDMs under LLC-conditioned 
medium stimulation. These results suggest that DUSP3 plays a key role in 
metastatic growth through a mechanism involving the recruitment of M2-like 
macrophages towards LLC-bearing lungs. 
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In the second part of the work dedicated to the study of the role of DUSP3 in 
septic shock, we showed that the sepsis resistance previously reported in 
DUSP3-/- mice was gender dependant, female DUSP3-/- mice surviving to LPS- 
and CLP-induced septic shock while male mice did not. Using adoptive transfer 
experiments and ovariectomized mice we highlighted the role of female sex 
hormones in the phenotype. In ovariectomized and male mice the dominance 
of M2-like macrophages observed in female DUSP3-/- mice after LPS challenge 
was lost, confirming the role of these macrophages in sepsis tolerance. To 
understand molecular mechanisms involved, we stimulated ex vivo peritoneal 
macrophages with LPS. In DUSP3-/- female macrophages, we observed a hypo-
phosphorylation of ERK 1/2, PI3K and Akt. Our results demonstrate that 
oestrogens modulate M2-like macrophage responses during endotoxemia in a 
DUSP3 dependent manner. 
 
Taken together these two projects showed that DUSP3 activity is important to 
regulate macrophage polarization. Moreover, the study of the role of DUSP3 in 
sepsis highlighted a possible role of female sex hormones in this regulation. 
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Introduction 
 

1. Protein tyrosine phosphatase family 
Many signalling pathways and physiological processes are regulated by 
reversible protein phosphorylations and dephosphorylations. This is achieved 
by a perfect balance between protein kinase and protein phosphatase 
activities. Based on their substrate specificity, protein phosphatases can be 
grouped in two main families: the protein serine/threonine phosphatase 
(PSTPs) family, dephosphorylating phospho-serine/threonine (pSer/pThr) 
residues and the protein tyrosine phosphatases (PTPs) family, hydrolysing 
phospho-tyrosine (pTyr) residues1. Based on the catalytic residues, the human 
PTPs are divided into 3 groups: the cysteine-based phosphatases, containing a 
common motif CxxxxR, the aspartic-based phosphatases and the histidine-
based phosphatases. The cysteine-based phosphatases can further be grouped 
into several classes and subclasses (Figure 1.1)2:  

 Class I is the most important group and contains 6 subclasses: the 
“classical” PTPs, the VH1-like PTPs which are dual specificity protein 
phosphatases, the SAC phosphoinositide phosphatases, the PTP-like 
phytases (PTPLPs), the INPP4 phosphatases and the TMEM55 
phosphatases, the last two subclasses being inositol phosphatases. 

 The low molecular protein tyrosine phosphatase (LMPTP) and SSU72 
are the only members of the class II cysteine-based PTP. 

 Class III contains the family of CDC25 proteins, rhodanese-like enzymes 
and tyrosine-threonine specific phosphatases.  

 
Among the class I of cysteine-based PTPs, the dual specificity protein 
phosphatases (DUSPs) or VH1-like PTPs are the most common members. 
Unlike the “classical” PTPs that are strictly specific for pTyr residues, DUSPs are 
able to dephosphorylate both pTyr and pSer/pThr residues. This is achievable 
because DUSPs have a broader and shallower catalytic site than PTPs, allowing 
the binding of the shorter pSer/pThr amino-acids3,4. Therefore, DUSPs present 
a wide range of substrate specificities including: pTyr, pSer/pThr residues as 
well as phosphoinositides5, mRNA6 and glycans7. 
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Figure 1.1. Protein tyrosine phosphatase classification. The PTPs can be divided in 3 
families based on their catalytic amino acid: Cys-based PTPs, Asp-based PTP and His-
based PTPs. Adapted from2,8. 

 
The DUSPs can be classified into 7 groups based on the sequence of their 
catalytic domain. The MAP kinase phosphatases (MKP, also called typical 
DUSPs) and the atypical-DUSPs (A-DUSPs) are part of the two major families 
and are evolutionary and structurally related. The MKPs dephosphorylate pTyr 
and pThr residues within the TXY activation motif of the MAP kinases9. Every 
MKP shows a substrate specificity preference for one or more MAP kinases, 
ERK, JNK or p3810. The MKPs are further classified into 3 subgroups based on 
sequence similarities, subcellular localization and functional properties11,12. All 
MKPs possess a N-terminal Cdc25/rhodanese-like domain or MAP kinase 
binding domain interacting with the common domain (CD) of MAP kinases. 
They also have a C-terminal catalytic domain and a variable linker region 
(Figure 1.2)11. On the contrary, A-DUSPs contain only the C-terminal 
phosphatase domain but some of them present specific N- or C-terminal 
regulatory motif (Figure 1.2)12. All A-DUSPs share similarities with VH1 
(Vaccinia virus open reading frame H1) phosphatase present in Vaccinia virus, 
which was the first A-DUSP to be discovered in 199113. Aside from 
dephosphorylating MAP kinases, it is known that A-DUSPs regulate a wide 
range of different substrates and present diverse physiological roles. 
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Figure 1.2. Schematic representation of domains of representative members of MKPs 
family (DUSP6/MKP3) and atypical DUSPs (DUSP3/VHR). Adaptated from 11. 
 
Besides the MKPs and the A-DUSPs, the VH1-like PTP family contains 5 other 
groups: phosphatases of regenerating liver (PRL), slingshots, phosphatase and 
tensin homologues (PTENs), myotubularins and cell division cycle 14 
homologues (Cdc14s)8 (Figure 1.1). 
 

2. DUSP3/VHR 
In 1991, Ishibashi et al. discovered a novel protein tyrosine phosphatase which 
they called VHR (VH1-related phosphatase) because the protein shares 
sequence similarities with the Vaccinia virus-encoded phosphatase14. VHR, also 
called DUSP3, is a small protein of 185 amino acids encoded by DUSP3 gene 
located on chromosome 17q21 in humans and on chromosome 11 in mice. 
DUSP3 lacks a binding domain and a signal-peptide consensus sequence or a 
transmembrane sequence. DUSP3 has an affinity for both pTyr and pThr 
residues and is therefore a dual specificity phosphatase. DUSP3 displays a 
preference for diphosphorylated residues over monophosphorylated 
residues15. Unlike the other DUSPs, DUSP3 preferentially dephosphorylates 
pTyr residues over pThr residues16. 
 
In their study, Ishibashi’s team reported the epidermal growth factors receptor 
(EGFR), the keratinocyte growth factor receptor (KGFR), platelet-derived 
growth factor receptor (PDGFR) and the insulin receptor as potential 
substrates for DUSP314. Since then, several other substrates have been 
proposed (Figure 1.3). The MAP kinases, ERK1/2, JNK and in a lesser extent p38 
were described to be in vitro substrates of DUSP317–20. STAT5 may undergo a 
tyrosine dephosphorylation by DUSP3 in HEK293 cells after stimulation with 
IFN-α and IFN-β, which leads to the inhibition of the transcription factor 
function21. In non-small cell lung cancer (NSCLC), ErbB2 is dephosphorylated by 
DUSP322. Recently, DUSP3 was shown to be involved in PKC signalling pathway, 
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in HUVEC cells: the downregulation of DUSP3 using small interfering RNA 
(RNAi) led to a hyperphosphorylation of PKC both at basal level and with bFGF 
stimulation23. Moreover, Panico et al. reported that the proteins 
Nucleophosmin (NPM), Heterogeneous nuclear Ribonucleoprotein C1/C2 
(HnRNP C1/C2) and Nucleolin (NUCL) are direct substrates of DUSP3, 
suggesting a novel role of DUSP3 in DNA damage repair24,25. 
 

Figure 1.3. Reported potential physiological substrates of VHR (STAT5, ERK1/2, JNK1/2, 
p38, EGFR, ErbB2) and their involvement in different pathways (simplified, 
schematic)26. The question marks signify that it is unclear if VHR acts on the MAPKs 
ERK1/2, JNK1/2 and p38 also in the cytoplasm in addition to in the nucleus. L = 
hormones, growth factors, cytokines, interleukins, stress stimuli, lypopolysaccharide, 
mitogens, GPCR activation (corresponding to the receptors); ILR = interleukin receptor; 
TNFR = tumor necrosis factor receptor; GPCR = G-protein coupled receptor; CR = 
cytokine receptor; JAK = Janus kinase; Raf = rapidly accelerated fibrosarcoma. 
 
In T cells, upon TCR stimulation by an antigen, the kinase ZAP-70 
phosphorylates DUSP3 on Tyr138. The phosphorylation of this tyrosine residue 
is an essential event for the activation of DUSP3 and subsequent inhibition of 
ERK1/2 and JNK27. The dephosphorylation of STAT5 follows the same activation 
step: in HEK293 cells and upon IFN-α and IFN-β stimulation,  the kinase Tyk2 



Introduction 

7 
 

phosphorylates DUSP3 at the Tyr138, which facilitates the liaison of DUSP3 
through the SH2 domain of STAT521. In neuronal cell line, rodent adult tissues 
and embryos, it has been described that the kinase VRK3 is another direct 
activator of DUSP3. This activation occurs through a direct interaction between 
the two proteins, which enhances the activity of DUSP3 and the 
dephosphorylation of ERK1/2 downstream target28. Similarly to other PTPs, 
DUSP3 may undergo negative regulation. Since the catalytic cysteine is 
susceptible to oxidation, DUSP3 is a target of reactive oxygen species (ROS) 
such as H2O2. The oxidation of DUSP3 by H202 leads to a reversible inactivation 
of the phosphatase29,30. Recently, the dimerization of DUSP3 has been 
proposed as a novel negative regulatory mechanism since the formation of 
dimers results in a reduced catalytic activity of DUSP331. Dimerization has been 
also suggested to help protecting the phosphatase from irreversible oxidation. 
In non-small cell lung cancer (NSCLC), DUSP3 was reported to be epigenetically 
repressed by an histone Lysine-specific Demethylase (KDM2A), which increases 
the activity of ERK 1/2 and contributes to tumour growth and invasiveness32. 
 
DUSP3 regulates the activity of ERK and JNK during the cell cycle. Indeed, the 
downregulation of DUSP3 in HeLa cells induces a prolonged activation of ERK 
and JNK and results in cell cycle arrest and cell senescence initiation33. The 
generation of DUSP3-KO mice facilitated the study of physiological roles of this 
phosphatase23. A non-expected novel function of DUSP3 was revealed in 
platelets and thrombosis. Indeed, Musumeci et al. showed that DUSP3 displays 
a key role in platelet activation and arterial thrombosis through a mechanism 
involving GPVI and CLEC-2 signalling pathways34. DUSP3 is also a key mediator 
of in vivo neo-vascularization by regulating the b-FGF-induced endothelial cell 
sprouting through the protein kinase C (PKC) signalling pathway23. Moreover, 
after subcutaneous injection of Lewis Lung Carcinoma cells (LLC), the DUSP3-/- 
mice presented a 30% decrease in the haemoglobin content of the tumours 
compared to WT mice. LLC tumours weight was also slightly, but significantly, 
reduced in the DUSP3-/- mice. This suggests that DUSP3-deficiency leads to a 
defective tumour-induced angiogenesis23. The role of DUSP3 in cancer has 
been reported in several other studies. In cervix carcinomas, the 
overexpression of DUSP3 would facilitate the cancer cell proliferation probably 
by preventing the activation of ERK and JNK35. An overexpression of DUSP3 
was also discovered in prostate cancer, conferring to cancer cells a JNK-
mediated resistance to apoptosis36. On the other hand, DUSP3 expression is 
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downregulated in several human cancers, such as breast cancer and NSCLC. In 
breast cancer, the expression of DUSP3 decreased upon overexpression of 
BRCA1-IRIS. This downregulation correlated with activation of cyclin D1 
expression and provide a growth advantage to tumour cells37. Wang et al. 
showed the decrease in DUSP3 expression found in NSCLC improved ErbB 
signalling and this would cause cancer progression22. Moreover, as mentioned 
before, in another model of NSCLC, the repression of DUSP3 gene by KDM2A 
methylation was associated with tumorigenesis and metastasis32. This suggests 
that depending on the cell type/model used DUSP3 could act as tumour 
suppressor or as tumour promoter. Besides showing a role of DUSP3 in cancer, 
the generation of DUSP3-deficient mice revealed a role of DUSP3 in acute 
inflammation. The DUSP3-KO mice are protected from sepsis and septic shock 
through a mechanism involving M2-like macrophage polarization and a 
reduction of TNF-α production38. 
 
 

3. Innate immunity 
Over the years the vertebrate’s immune system has evolved in order to 
protect the host against attacks of pathogens. The immune system is an 
adaptive and dynamic network of organs, cells and molecules and is able to 
specifically recognize and eliminate microorganisms39. The immune response is 
classically divided in innate and adaptive immune responses. 
 
Innate immunity is the most ancient defence system of multicellular organisms 
and is the first line of defence against microbial infection. Innate immune 
response also helps to maintain homeostasis40. Its activation occurs at early 
time of infection and induces inflammatory effective responses to neutralize 
the pathogens. Innate immunity also activates and regulates adaptive immune 
response41 that is a unique and evolutionary feature of vertebrates42.  Adaptive 
immunity consists of a specific response adjusted to each pathogen. The 
activation of this second line of defence is a late event and depends on the 
innate immune response. The specificity of adaptive immunity is based on the 
recognition of specific peptides and proteins by lymphocytes (B or T cells), the 
major players of adaptive immune response. This high specificity for antigens is 
allowed by the expression of specific receptors and determinants formed by 
rearrangement of germ line genes during maturation39. B cells are responsible 
for the humoral response mediated by the production and secretion of 
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antibodies. T cells, divided into CD4+ and CD8+ cells, are involved in cell-
mediated immune responses. CD4+ T cells act as helper (Th) and interact with 
CD8+ T cells and B cells. CD8+ cells are cytotoxic T lymphocytes. They mediate 
lysis of targeted cells and secretion of cytokines that recruit inflammatory 
cells42. Adaptive immunity also presents long-term immunological memory 
that helps to avoid reinfection42. 
 
Unlike adaptive immunity, innate immune responses are semi-specific. Innate 
immune cells are only able to recognize common molecular signature of 
potential pathogens known as pathogen-associated molecular pattern 
(PAMPs), such as polysaccharides, glycolipids, lipoproteins, nucleotides and 
nucleic acids, expressed on pathogens and not on host cells43. Discrimination 
between self and non-self and recognition of PAMPs is possible thanks to the 
expression of pattern recognition receptors (PRRs) by innate immune cells. The 
different families of PRRs, Toll-like receptors (TLRs)44, C-type lectin receptors 
(CLRs)43, NOD-like receptors (NLRs)45,46, RIG-1-like receptors (RLRs)47 recognise 
different PAMPs and consequently induce specific signalling pathways as well 
as soluble and cellular immune responses48. PRRs are products of germline 
genes and have genetically-determined specificity43. Innate immune cells can 
also detect a pathogen through the sensing of functional characteristics 
indicative of a pathogen’s presence41. Recent evidences suggest that some 
innate immune cells (macrophages and NK cells) can develop memory-like 
responses, called “trained immunity”, which confer host protection against 
reinfection by the same or a different pathogen. This innate immune memory 
has a shorter duration than adaptive immune memory and is mediated 
through epigenetic reprogramming49,50.  
 

3.1. Innate immune cells 
In addition to physical and chemical barriers, innate immunity also includes 
several different types of immune cells: eosinophils, basophils, mast cells, 
neutrophils, dendritic cells (DC), natural killers (NK cells), monocytes and 
macrophages and innate lymphoid cells (ILCs). All these cells come from a 
common progenitor present in the bone marrow, the hematopoietic stem cells 
(HSC) and undergo different differentiation programs. Therefore, these 
immune cells play distinct roles in innate immune responses. 
 
Neutrophils are short-lifetime cells circulating in the bloodstream. They are the 
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first cells arriving at the inflammation site. The main known functions of 
neutrophils are the elimination of pathogens by phagocytosis, the production 
of antimicrobial molecules and the maintenance of the tissue39. However, 
neutrophils are also regulators of innate and adaptive immunity. They produce 
cytokines and chemokines that activate and recruit immune cells51. In addition, 
they crosstalk with B and T cells modulating each other’s recruitment and 
function at the inflammation site. They are able to dampen immune responses 
and promote the resolution of inflammation52. Basophils produce IL-4 and 
promote type II cytokine-mediated inflammation after exposition to 
parasites53. Basophils also contribute to antimicrobial activity54. Mast cells 
favour macrophage activation55. Moreover, mast cells and eosinophils possess 
anti-bacterial qualities56,57. NK cells exert cytotoxic activity against virus58, 
bacteria and parasites and produce pro-inflammatory cytokines59. NK cells 
classically activate macrophages, monocytes and DCs60. DCs play a role in 
innate and adaptive immune responses, their main function being the antigen 
presentation to T cells43. 
 

3.2. Monocytes and macrophages  
Traditionally, monocytes originate from myeloid precursors in bone marrow 
(Figure 1.4). Hematopoietic Stem Cells (HSCs) give rise to macrophage and DC 
precursors (MDP) able to differentiate into monocytes and DCs61. However 
monocytes and descendants arise from an intermediate population of 
precursors termed common monocyte progenitors (cMoP)62. Two main 
subsets of monocytes derive from cMoPs: Ly6ChiCX3CR1midCCR2+ (Ly6Chi) and 
Ly6ClowCX3CR1hiCCR2- (Ly6Clow)63. The main lineage regulatory signalling 
pathway involves the colony stimulating factor 1 (CSF1) and its receptor CSF1R. 
Indeed, monocyte development and survival depend on CSF1 and IL-3464–66. 
Once in the circulation, Ly6Chi monocytes patrol to pick up antigens and may 
rapidly be recruited to the site of inflammation where they differentiate into 
monocyte-derived macrophages or monocyte-derived DCs67. Ly6Chi monocytes 
are therefore considered as classical monocytes and play a key role in immune 
responses against pathogen insults68. In steady-state conditions, circulating 
blood Ly6Chi monocytes may differentiate into Ly6Clow monocytes and, 
probably, terminally become blood-resident macrophages69,70. Ly6Clow 
monocytes maintain endothelial integrity and coordinate intraluminal stress 
responses71,72. 
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It has long been thought that tissue-resident macrophages originated from 
bone-marrow monocytes. However, although monocytes can give rise to tissue 
macrophages in certain conditions, emerging evidences suggest that most of 
the tissue macrophages have an embryonic origin (Figure 1.4)73. Tissue-
macrophages can derive from yolk sac progenitors (for example, microglia or 
macrophages from skin, spleen, pancreas and liver, which are F4/80hi)74,75 or 
from foetal liver progenitors (Langerhans cells have a mixed origin from yolk 
sac and foetal liver)74. In some tissues such as kidney or lungs, tissue-
macrophages arise both from yolk sac progenitors (F4/80hi) and adult bone 
marrow (F4/80low)75. Origins of tissue-macrophages imply that they are capable 
to maintain themselves by self-renewal76. 
 

 
Figure 1.4. Origins of macrophages. Macrophages originate from three sources: yolk 
sac, fetal liver and bone marrow. The yolk sac gives rise to all F4/80hi tissue resident 
macrophages. It seems that Langerhans cells originate from the fetal liver. These 
lineage developments depend on IL-34 and CFS1. In the bone marrow, progenitors 
differentiate to give Ly6Chi circulating monocytes that will eventually differentiate into 
F4/80low macrophages and DCs. Ly6Clow monocytes derive from Ly6Chi monocytes and 
give rise to patrolling macrophages. Adapted from 67,77. 
 
Thanks to the expression of PRRs, tissue macrophages function as sentinels. 
They are able to recognize and clear pathogens, foreign substances or dead 
cells by phagocytosis. Tissue macrophages also regulate immune responses. 
They act as antigen presenting cells and activate Th cells78. If the action of 
tissue macrophages is not sufficient to contain microbial infection, 
inflammatory Ly6Chi monocytes are recruited to the infected tissue, mainly 
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through the secretion of CCL2, CCL5 and granulocyte colony stimulating factor 
(G-CSF) to differentiate into monocyte-derived macrophages78–80. They 
produce pro-inflammatory cytokines such as TNF-α, IL-1, IL-6, IL-12, nitric oxide 
(NO) and ROS to activate antimicrobial defences. They also secrete IL-12 and 
IL-23 to regulate the differentiation and the expansion of Th1 and Th17 cells77. 
These macrophages rapidly undergo apoptosis or differentiate into regulatory 
macrophages to dampen the inflammation. Tissue macrophages also regulate 
resolution of inflammation by removing apoptotic cells and cell debris81. 
Moreover they provide trophic supports to fibroblasts or other cells involved in 
tissue repair82,83. 
 

Figure 1.5. Functions of tissue-resident macrophages84. Tissue macrophages exert 
many roles. They are involved in erythrocyte degradation and apoptotic cells 
clearance. They also have a role in development (bone degradation and angiogenesis) 
and in metabolism regulation (insulin sensibility, thermogenesis in adipose tissue). 
They act as immune sentinels, initiate inflammatory responses, clear inflammatory 
debris and restore homeostatic tissue environments. 
 
In addition to their role in pathogen defences and in inflammation resolution, 
tissue macrophages are involved in many other physiological processes (Figure 
1.5). For example, tissue macrophages play a role in tissue clearance. They 
phagocyte apoptotic cells85, expelled nuclei during erythropoiesis86, aged 
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erythrocytes in the spleen84 and activated lymphocytes that result from the 
germinal centre reaction84. They also recycle iron obtained from haemoglobin 
in spleen and liver87. During development, the presence of tissue macrophages 
is essential for tissue remodelling in bones, mammary glands, kidney and 
pancreas88, but also for the control of stem cell functions77, for the regulation 
of angiogenesis89 and for brain development90. Participation of tissue 
macrophages in metabolism regulation has also been demonstrated. Tissue 
macrophages maintain insulin sensitivity in adipocytes91 and coordinate 
homeostatic adaptations of white adipose tissue (WAT)77. They also facilitate 
metabolic adaptations of brown adipose tissue (BAT) and WAT to cold92.  
 
Macrophages are classically subdivided into two categories: classically 
activated macrophages and alternatively activated macrophages, also named 
M1 and M2 macrophages in non-pathogen-driven conditions, respectively. 
Classically activated macrophages respond to IFN-γ and TLRs and are pro-
inflammatory macrophages with antimicrobial activities, secreting pro-
inflammatory mediators and cytokines (IL-12, IL-1β, TNF-α, IL-6, IL-23). 
Alternatively activated macrophages suppress immune and inflammatory 
responses by secreting IL-10 and are involved in wound healing and tissue 
repair. They respond to the secretion of IL-4 and IL-13 (Table 1.1). However, 
because these stimuli are highly diverse, M2 macrophages subclasses 
emerged93. This subdivision is also based on transcriptional changes needed to 
achieve the polarization. Therefore, in addition to tissue macrophages and 
tumour associated macrophages, M2 macrophage classification comprises four 
other groups (Figure 1.6)94: 

 M2a macrophages, also defined as alternative macrophages, respond 
to IL-4 and IL-13 

 M2b macrophages or type II macrophages are activated in response to 
immune complexes and LPS 

 M2c macrophages, also known as deactivated macrophages, are 
activated in response to glucocorticoids and TGF-β 

 M2d macrophages are activated in response to adenosines and IL-6 
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 Classically activated 

Macrophages (M1) 

Alternatively activated 

Macrophages (M2) 

Factors of 
polarization 

IFNγ ± TLR engagement of 
cytokines  (TNF, GM-CSF) 

IL-4 and IL-13 
(IL-33 and IL-21) 

Cytokine 
expression 

IL-12, IL-1β, TNF-α, IL-6, IL-23 IL-10 ; anti-inflammatory 
cytokines 

Chemokine 
expression 

CXCL9, CXCL10 CCL17, CCL22, CCL24 

Other molecules 
expression 

Reactive nitrogen/oxygen 
intermediates (RNI/RNO) 

Arginase 1 (ornithine and 
polyamine), mannose and 

galactose receptors 

 
Functions Anti-microbial activity (bacteria 

and viruses) 
Promotion of Th1 and Th17 

responses 
Pro-inflammatory responses 

Anti-tumoural activity 
(cytotoxic and immune 

resistance) 

Anti-parasite activity 
 

Immunoregulation: promotion 
of Th2, Treg 

Resolution of inflammation 
Pro-tumoural  activity (M2-like) 

Phagocytosis 
Tissue repair and remodelling 

Angiogenesis 

Table 1.1. Comparison of classically activated macrophages (M1 macrophages) vs 
alternatively activated macrophages (M2 macrophages). 
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Figure 1.6. Macrophage activation states94. M2 macrophages population contains 
heterogeneous and functionally distinct subpopulations. Each subpoulation is 
characterized by a set of surface markers. 
 
As all these macrophage subclasses differ in receptor expression, cytokine 
production and chemokine repertoires (summarized in Figure 1.6)94, M2 
subsets exert distinct functions. M2a macrophages are involved into type-II 
inflammation, Th2 responses, parasite infections and allergy. M2b 
macrophages exert immunomodulatatory activities and are part of Th2 
responses. Tissue remodelling, matrix deposition and immunoregulation are 
achieved by M2c macrophages93,95. As for M2d macrophages they are involved 
in angiogenesis96. However this classification is not fixed and many subsets of 
macrophages show an intermediate state of differentiation. Atypical 
macrophages, displaying both M1 and M2 associated genes and transcription 
patterns may also be found in tissue94. Moreover, macrophage polarization is 
reversible since exposure of M2 macrophages to M1 signals, and vice-versa, 
can induce “re-polarization” of already differentiated macrophages. This 
reflects the high plasticity of macrophages97–100.  
 
Several mechanisms influence the polarization of macrophages into different 
subsets (Figure 1.7).  
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Figure 1.7. Mechanisms of macrophage polarization97. IRF/STAT/SOCS signalling is the 
major pathway influencing macrophage polarization. A predominance of STAT1 
activation promotes M1 polarization while a predominance of activated STAT6 and 
STAT3 reflects a M2 polarization. PPARγ and PPARδ also control the expression of 
specific genes associated with alternative activation of macrophages. Together with 
STAT6, KLF4 influence M2 polarization and suppress the NF-κB/HIF-1α-dependent 
transcription. HIF-1α and HIF-2α are involved in specific gene expression of M1 and M2 
macrophages, respectively. 
 
IFNs and TLR4 signalling induce the activation of STAT1 and upregulate IRF5 
and IRF3, respectively, leading to M1 polarization and inducing the secretion of 
pro-inflammatory cytokine such as IL-12, IL-23 and TNF97,101,102. On the other 
hand, IL-4 and IL-13, involved in M2 polarization, induce the activation of 
STAT6, essential to activate M2 genes such as mannose receptor, resistin-like α 
(fizz1) and chitinase3-like 3 (Ym1)97,102. IL-10 activates STAT3, leading to the 
expression of genes specific to M2-like macrophages such as Arginase or IL-
1Rα and IL-4Rα97,103. STAT signalling is regulated by members of the SOCS 
family. Indeed, IFNγ and TLR4 upregulate SOCS3 and therefore inhibit STAT3 
activation104. Similarly, IL-4 upregulate SOCS1, leading to the inhibition of 
STAT1105. Besides IRF/STAT signalling pathways, macrophage polarization is 
also regulated by transcription factors. For example, PPARγ106 and PPARδ107 
control the expression of genes associated with M2 phenotype and oxidative 
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metabolism. KL4, together with STAT6, inhibits M1-like gene expression and 
activates M2-specific genes108. The hypoxia-inducible factors HIF-1α and HIF-2β 
also play a role in macrophage polarization. In M1 macrophages, HIF-1α 
regulates NOS2 expression. In M2 macrophages, HIF-2α induces arginase 1 
expression109. Other important actors in macrophage polarization are miRNAs. 
For example, miR-223 has been found to be upregulated after LPS stimulation 
and down regulated following IL-4 treatment110. miR-155 is known to target 
the transcriptional factor C/EBP-β, able to regulate arginase 1 and to be 
involved in the regulation of Akt-dependent M1/M2 macrophage 
polarization111,112. miR-155 can also inhibit IL-13-dependent M2 polarization by 
targeting the IL-13Rα1113. 
 
The primary functions of macrophages and innate immune system is to protect 
the organism against pathogens and injuries and to assure homeostasis. 
However, when dysregulated, it can lead to serious and severe pathologies. 
Two examples of such inappropriate responses are cancer and sepsis. 
 
 

4. Cancer and metastasis 
“Cancer is the uncontrolled growth of cells, which can invade and spread to 
distant sites of the body” (WHO). The World health organization (WHO) 
estimated that cancer is the cause of 13% of all deaths worldwide and 90% of 
these deaths are due to metastasis development. 
 

4.1. Cancer and metastasis dissemination 
Cancer is an evolutive disease. Normal cells progressively turn into cancer cells 
as a consequence of acquisition and accumulation of some hallmarks. 
According to Hanahan and Weinberg, the acquisition of these new properties 
is facilitated by the genetic instability of cancer cells, leading to numerous 
mutations and the inflammatory state of premalignant and malignant lesions, 
which allow the release of growth factors or proangiogenic molecules by the 
recruited immune cells. Combined, these two enabling characteristics promote 
the emergence of cancer cells hallmarks: 

 sustained proliferative signalling 
 evasion from growth suppressor activity  
 resistance to cell death 
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 potential of replicative immortality  
 induction of angiogenesis 
 ability to actively invade surrounding tissue and metastasize 
 capacity to reprogram the energy metabolism of the cell 
 evasion from the immune surveillance114. 

 
As the primary tumour grows, there is a lack of oxygen and nutrients. To 
counterbalance this deficiency there is production and secretion of pro-
angiogenic molecules to form new vascularization inside the tumour115,116. This 
process is called angiogenic switch and is regulated by hypoxia, mechanic 
stress but also by the release of vascular endodelial growth factor (VEGF), 
fibroblast growth factor (FGF), placental growth factor (PlGF) and 
angiopoietins by cancer cells or cells from the tumour microenvironment117,118. 
Eventually, tumour cells will invade the basement membrane and enter in the 
bloodstream through intravasation. To do so, cancer cells have to detach from 
the extracellular matrix (ECM) and survive. This is enabled by the epithelial-
mesenchymal transition (EMT), a mechanism by which epithelial cells switch 
from polarized and organized cells to undifferentiated and isolated cells 
(mesenchymal-like cells). During EMT, cancer cells undergo changes in 
properties such as cell-to-cell and cell-to-matrix adhesion, cell polarity, 
migration and invasion119,120. Cancer cells also acquire stem-cell properties121. 
Once in the bloodstream, cancer cells are cloaking by platelets. This protects 
the cancer cells from shear forces and immune clearance by NK cells122,123. The 
interaction between cancer cells and platelets also renders cancer cells more 
adhesive and help to form embolisms in the microvasculature124 where 
extravasation to the surrounding parenchyma will occur, probably by 
paracellular route125. Cancer cells will also undergo a new differentiation 
program, the mesenchymal-epithelial transition (MET), by which they will 
revert into a non-invasive state126. To proliferate and grow, the metastatic cells 
have to survive in the new environment and develop a new vasculature127 
(Figure 1.8). 
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Figure 1.8. Invasion-metastasis cascade (a-b). When oxygen and nutrients lack, the 
primary tumour induces angiogenesis (c). At some point, tumour cells extravasate, 
enter in the circulation (d), home and extravasate at distant sites (e-f). Cancer cells 
growth into micrometastasis, induce angiogenesis and adapt to their 
microenvironment  to form macrometastasis127. 
 
The invasion-metastasis cascade is an inefficient process since less than 0,01% 
of cells will develop metastasis127. But what are the rate-limiting steps of the 
cascade? It is known that the initial steps (intravasation, survival in 
bloodstream and extravasation) are highly efficient. On the opposite, very few 
cells survive from following steps (lodging, survival, extravasation and growth) 
and form micrometastasis. Few micrometastasis will turn into 
macrometastasis128,129. The local microenvironment is mainly responsible for 
this inefficiency. 
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4.2. Tumour microenvironment 
Cancer cells only constitute a portion of the primary tumour. Various other 
stroma cell types are also present: endothelial cells, pericytes, fibroblasts, 
bone marrow-derived cells (macrophages, neutrophils, mast cells, myeloid cell-
derived suppressor cells (MDSCs) and mesenchymal stem cells (MSCs)). 
Together these cells constitute the tumour microenvironment (TME) (Figure 
1.9)130.  
 

 
Figure 1.9. Composition of the primary tumour microenvironment (TME). TME is 
composed of tumour cells, endothelial and epithelial cells, pericytes, fibroblasts, 
macrophages, neutrophils, mast cells, MDSCs, MSCs, lymphocytes130. 
 
Initially, the TME protects against tumorigenesis. The injection of 
teratocarcinoma in mouse blastocyte showed that normal microenvironment 
can not only restrict tumorigenesis but also reprogram malignant cells131. The 
extracellular matrix (ECM) serves as a physical scaffold that maintains 
homeostasis and provides survival and differentiation signals. Integrity of ECM 
helps prevent neoplastic transformation132,133. Immune surveillance is another 
mechanism use to maintain homeostasis. By patrolling, immune cells are able 
to recognize and clear abnormal cells. Stromal fibroblasts may modulate 
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malignant progression of transformed epithelial cells. When co-cultured with 
normal fibroblasts, the growth of initiated prostatic epithelial cells was 
reduced134 and in another model of prostate carcinoma, presence of normal 
mesenchyme was associated with a loss of tumorigenesis135. However, during 
malignancy progression, cancer cells develop several ploys to influence and 
circumvent the inhibitory effects of the TME. These modifications are 
mediated by cell-cell interactions, secretion of growth factors, cytokines and 
chemokines, ECM proteins, proteases and protease inhibitors. This leads to the 
activation and/or recruitment of bone marrow derived and stromal cells. 
Because of these changes, the TME is becoming part of the tumour machinery 
by enhancing angiogenesis, proliferation, survival and invasion of tumour cells. 
 
TME also influences metastatic dissemination and homing. Although 
metastasis location is in part governed by vasculature anatomy (circulating 
cancer cells follow blood flow and are forced to arrest in capillaries due to 
mechanical forces such as size of the cells, size of the capillaries, blood 
pressure and deformability of the cells)129,136, this is not sufficient to explain all 
sites of metastasis. Metastasis dissemination depends also on specific tissue 
tropism, as first conceptualized by Paget and his “seed and soil” theory137. 
Nowadays, tissue tropism is defined as the interaction, the compatibility and 
the adaptation of cancer cells and local environment138. Primary tumours are 
able to prime targeted distant sites of metastasis by secreting numerous 
growth factors and chemokines such as VEGFA, PlGF, TGFβ and TNF and render 
the microenvironment suitable for the engraftment of metastatic cells (pre-
metastatic niche)139,140. The secretion of these factors triggers a cascade of 
events allowing the recruitment of stromal and bone marrow-derived cells as 
well as the remodelling of local tissue facilitating homing of metastatic cells 
and micrometastasis formation140,141. Moreover, circulating metastatic cells 
may condition their own environment to form a metastatic niche thanks to the 
collaboration of stromal cells and the recruitment of myeloid cells141. Tissue 
tropism is also influenced by chemokine secretion at metastasis sites. In breast 
cancer for example, CCL21 and SDF1 secretion induced chemotaxis and 
invasion of CCR7- and CXCR4-expressing tumour cells142,130. 
 
After homing, solitary cells or micrometastasis may not be able to develop into 
macrometastasis, probably because they encountered a non-permissive 
microenvironment. They are defined as cells in a dormant state. Different 
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mechanisms have been brought forward to explain cell dormancy. Solitary cells 
might enter in G0-G1 phases of the cell cycle (cellular dormancy). The rate of 
proliferation may be counterbalanced by apoptosis within the 
micrometastasis, possibly because they fail to induce the angiogenic switch 
(angiogenic dormancy). It is also possible that immune surveillance prevents 
disseminated cells to proliferate. In any case, to grow in macrometastasis, 
dormant cells have to undergo systemic changes to counteract the negative 
effect of the local environment143–145.  
 

4.3. Tumour-associated macrophages 
Macrophages are the most frequent immune cells found in the tumour site. In 
most cancers, macrophage’s presence is associated with poor patient 
prognosis146,147 although some exceptions exist148. Macrophages found inside 
the tumour are called tumour-associated macrophages (TAMs) and are mostly 
of M2-like phenotype. 
 
TAMs originate from blood Ly6Chi monocytes recruited at the tumour site 
mostly by cancer cells. The major drivers of Ly6Chi monocytes recruitment and 
differentiation into TAMs are CSF1 and IL-34, the two ligands of CSF1R 
expressed on Ly6Chi monocytes149. CCL2 is also involved in the recruitment of 
inflammatory Ly6Chi monocytes in primary tumours but also at metastasis 
sites150, where monocytes differentiate into metastasis-associated 
macrophages (MAM). Monocytes recruitment and differentiation is also 
mediated through VEGF151,152.  Once inside the tumour, Ly6Chi monocytes 
differentiate into different subsets of macrophages depending on their 
location and thus perform various functions153 (Figure 1.10). TAMs 
involvement in tumorigenesis goes from initiation to metastasis development 
including invasion and migration of cancer cells and immune regulation154 
(Figure 1.10). 
 
Persistent irritation or chronic inflammation due to various stimuli from 
systemic or local environment (such as pathogen infection, inflammatory 
conditions, exposure to irritants…) is known to be one initiating cause of 
cancer155,156. Macrophages take a major place in regulating inflammation and 
consequently are playing a role in cancer initiation. The production and release 
of reactive nitrogen and oxygen species confer a suitable environment for the 
apparition of mutations in epithelial cells and the expression of growth factors 
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IL-6 and TNF-α, EGF, TGF-β promote the proliferation and survival of these 
mutated cells157. 
 

 
Figure 1.10. Macrophage phenotypes and tumorigenesis157. Microenvironment 
educate macrophages to differentiate into pro-tumour subtypes. Each of these 
macrophage subpopulations function to promote tumour development by regulating 
inflammation, immune regulation, angiogenesis, invasion, intravasation and seeding. 
 
Growing-primary tumour needs more nutrients and oxygen. This is provided by 
angiogenesis triggering, called “angiogenic switch”. TAMs are important 
players in the regulation of this process. Hypoxia recruits a specific subset of 
TAMs, Tie2-macrophages at the tumour site158 and the low oxygen tension 
increase expression of HIF1 and HIF2 transcription factors. This induce the 
production of VEGF, bFGF, CXCL8 and glycolytic enzymes such as MMP9 and 
enhance endothelial cell survival, proliferation and motility as well as tissue 
remodelling158–161. The degradation of the ECM by MMP-9 also releases VEGF 
from extracellular depots154.  
 
TAMs also contribute to tumour cells invasion and migration via a paracrine 
loop involving EGF and CSF1162,163. Tumour cells synthesize CFS1 which in turn 
induce the expression of EGF by macrophages and cause the migration of both 
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type of cells and the cluster of tumour cells around blood vessels. The 
CSF1/EGF-dependant co-migration may be triggered by heregulin β1 and 
CXCL12/SDF-1164. Tumour cells and ECM interaction and thus migration are 
also enhanced by osteonectin165. TAMs produce proteases such as cathepsins, 
MMPs and serine proteases that mediate remodelling and destruction of the 
ECM allowing tumour cells to escape into the circulation to metastasize99,166.  
 
Monocytes and macrophages play an important role in metastasis by both 
preparing the site and promoting extravasation survival and persistent growth 
of metastatic cells167. Primary tumours prepare the pre-metastatic niche by 
sending signals to recruit monocytes/macrophages and render the site more 
suitable for homing157. Moreover these macrophages are able to establish 
concentration gradients of growth factors that coordinate tumour cell 
movements168. At metastatic site, the metastasis-associated macrophages 
(MAM) promote extravasation by expressing VEGF causing vascular 
permeability169. They also facilitate MET and tumour growth by inhibiting TGF-
β signalling170.  
 
In addition to the lack of cytotoxic activity, TAMs inhibit T cell activity and 
promote Treg responses. This is rendered possible thanks to the secretion of IL-
10171, TGF-β149, CCL22172 and CCL20173 and the expression of cell surface 
receptors such as CTLA-4167 and PD-L1174 by TAMs. TAMs also suppress T cell 
activity through the depletion of L-arginine in the TME175. 
 
 

5. Sepsis 
Systemic inflammatory response syndrome (SIRS), sepsis, severe sepsis and 
septic shock have long been considered as a continuum rather than distinct 
clinical entities, sepsis being defined as SIRS with suspected or confirmed 
infection. Severe sepsis was defined as sepsis with organ dysfunction, evidence 
of hypoperfusion or hypotension and septic shock was characterized as 
persistent sepsis-induced hypotension. However, in 2016, new consensus 
definitions were established: sepsis is now defined as a “life-threatening organ 
dysfunction caused by a dysregulated host response to infection”. Sepsis arises 
when the local body response to pathogens becomes systemic and injures its 
own tissues and organs. In line, septic shock is “the subset of sepsis in which 
underlying circulatory and cellular or metabolic abnormalities are profound 
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enough to increase mortality substantially”. Patients with septic shock present 
sepsis-induced hypotension176,177. 
 
Sepsis originates from the penetration of a pathogen into the bloodstream due 
to a breach of integrity of the host barrier. It can arise from breaches 
constituted by indwelling urinary catheters, intravenous cannulas or an 
endotracheal tube. Insect bites, thorn pricks, or minor skin abrasions can also 
lead to sepsis. Both infectious and non infectious causes trigger sepsis. As for 
non infectious origins, we can cite: pancreatitis, tissue ischemia, trauma and 
surgical tissue injury, burns, thromboembolism, vasculitis, drug reactions 
(including neuroleptic malignant syndrome) and autoimmune and neoplastic 
processes. Concerning infectious causes, both the site of infection and the 
infectious agent have to be taken into account: the most common site of 
infection are lungs (64%), followed by the abdomen (20%), the bloodstream 
(15%) and renal or genitourinary tract (14%). 62% of the patient are infected 
by Gram- bacteria (Pseudomonas and Escherichia coli), while Gram+ bacteria 
(Staphylococcus aureus) and fungi cause 47% and 19% of the infection, 
respectively176,178. 
 
Sepsis is the primary cause of death from an infection with an incidence 
ranging between 0,4/1000 to 1/1000 of the population176. Sepsis is shaped by 
pathogen characteristics but also by host factors such as age, race, 
comorbidities, environment and sex177. Indeed, women have a lower incidence 
of sepsis and this difference may be explained by the role of sex hormones on 
innate and adaptive immune responses and the cardiovascular response to 
cytokine signalling179. 

 

5.1. Physiopathology of sepsis 
As mentioned above, when an infection occurs, the host immune responses 
recognize specific patterns (PAMPs) expressed by the pathogen thanks to PRRs 
present on innate immune cells and endothelial cells. This recognition triggers 
a signalling cascade and leads to secretion and production of cytokines, 
chemokines and other factors that cause local vasodilation, increased vascular 
permeability, recruitment of leukocytes at the site of infection and a local 
coagulopathy180. All these phenomena aim to fight the pathogen. However, the 
immune system may be overwhelmed by the magnitude of the infection and 
systemic infection and inflammation ensue181. The systemic pro-inflammatory 
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state leads to large scale tissue-damage and severe organ dysfunction (Figure 
1.11). For example, the release of TNF-α that activates NO synthase, increases 
the level of NO and leads to relaxation of smooth muscle cells and to 
vasodilation182. In local inflammation response, this helps to bacterial 
clearance by allowing the arrest of leukocytes and clotting factors. However a 
diffuse vascular smooth muscle cell relaxation contributes to hypotension, 
tissue hypoxia and mitochondrial shutdown183. Inflammatory cytokines, 
histamine, serotine, bradykinine, thrombin, ROS secretion and complement 
activation dysregulate endothelial cell integrity and increase vascular 
permeability. In sepsis this is followed by oedema and loss of circulating 
volume and cause tachycardia and hypoperfusion184. 
 

 
Figure 1.11. Pathogenesis in septic shock. Bacterial components activate immune 
responses, endothelial cells and the complement system. This triggers a cascade of 
events leading to microvascular occlusion, vascular instability, sepsis and multi-organ 
failure185. 
 
As part of innate immune responses, the complement is also activated during 
infection and plays an important role during early phase of sepsis. The 
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complement cascade produces high amounts of anaphylatoxins C3a and C5a 
that have pro-inflammatory effects. C5a is a central mediator of sepsis since it 
regulates TLR-4-mediated responses of phagocytes186, triggers degranulation 
and the release of cytokines such as HMGB1 and the macrophage migration-
inhibitory factor (MIF)187,188. C5a also contributes to smooth muscle cell 
contraction, recruitment of PMCs, monocytes and vascular permeability189,190. 
Moreover, C5a is involved in immunoparalysis191, multi-organ failure192 and 
favours coagulopathy193. Indeed complement system and coagulation 
pathways are interconnected. Activation of the complement activates 
platelets, induces modification of membrane phospholipids and the expression 
of tissue factor (TF) by endothelial cells and expression of TF and PAI by 
leukocytes194,195. Complement also influences indirectly the coagulation 
through the action of the pro-inflammatory cytokines TNF-α, IL-6 and high-
mobility group box 1 (HMGB1)196.  TNF-α and IL-6 as well as bacterial products 
and endothelial cell damages induce expression of TF on 
monocytes/macrophages and endothelial cells197. TF is the initiator of the 
extrinsic coagulation cascade that leads to the transformation of prothrombin 
into thrombin and to the conversion of fibrinogen into fibrin. Cross-linked 
fibrin clot results in the formation of microvascular thrombi185. In sepsis, this 
pro-coagulant state is emphasized by a high concentration of plasminogen 
activator inhibitor type I (PAI-1) and thrombin-activatable fibrinolysis inhibitor 
(TAF1)198 but also by a decrease of anticoagulant factors such as anti-thrombin 
III, activated protein C and tissue factor pathway inhibitor (TFPI)199,200. 
Altogether these events contribute to the development of an impaired 
fibrinolysis and of disseminated intravascular coagulation (DIC), respectively196. 
In addition to its anti-coagulant effects, activated protein C is also an anti-
apoptotic and anti-inflammatory factor196. It has been shown that HGMB1 is in 
part responsible for its decrease201. The development of DIC during late sepsis 
leads to consumption of platelets and clotting factors, bleeding, organ 
dysfunction and death176. 
 
The activation of endothelium increases the expression of adhesion molecules 
such as E-selectin, ICAM and VCAM, which facilitates arrest and infiltration of 
leukocytes184. Among these molecules, von Willebrand factor (vWF) is also 
overexpressed. The expression of vWF by endothelial cells supports the 
binding of platelets202. Platelets have pro-thrombotic effects and enhance the 
expression of TF on endothelial cells and monocytes203. The coagulation is 
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further amplified by the release of neutrophil extracellular traps (NETs) by 
neutrophils. NETs show procoagulant activity by activating platelets and 
provide a scaffold for thrombus formation. NETs are responsible for 
endothelial cell death204,205. 
 
In addition to thrombi formation, thrombin contributes to endothelial 
dysfunction through the binding to proteases-activated receptors (PARs)205. It 
has also been reported that thrombin can activate complement system by 
acting as a C5 convertase206. Moreover coagulation and inflammation are 
interconnected. Activated thrombin promotes the activation of several 
signalling pathways such as TNF, IL-1β and IL-6 and the generation of C5a. In 
turn, these cytokines can stimulate coagulation196,207.  
 
When the inflammation becomes critical, the host responses attempt to 
restore an immunological equilibrium. For example, lymphocytes display Th2-
type responses instead of Th1-types and release counter-inflammatory 
molecules such as soluble TNF-α receptors, IL-1 receptor antagonists (IL-1RA), 
IL-1 receptor type II, IL-10, IL-4 and by inactivating the complement system208. 
Another observed downregulation of immunity is the sepsis-induced apoptosis 
of immune cells. The number of B cells, T cells and dendritic cells decreases 
resulting in an increase of suppressive activities and a Th2 polarization. This also 
leads to a decrease of antigen presentation, cytotoxic responses, macrophage 
activation and antibody production209,210. This can result in an 
immunosuppressive state and in the inability for the host to combat 
infection180,211. 
 
In sepsis, primary infection is rarely the cause of death. The major cause of 
death in sepsis patients is multi-organ failure due to tissue hypo-perfusion and 
hypoxia caused by microvascular occlusion, vascular instability and oedema. 
Moreover, the molecules released by cellular infiltrate directly damage tissue. 
Immunosuppression may also be responsible for secondary infections and the 
death of the patient211. 
 

5.2. Macrophages in sepsis 
Macrophages express the TLR receptors that are specialized in the recognition 
of specific patterns expressed by infectious agents. TLRs are a family of 11 
specific transmembrane receptors. TLRs 1, 2, 4, 5 and 6 recognise bacterial 
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products whereas TLRs 3, 7 and 8 detect viral particles. TLR9 is involved in 
bacterial detection as well as in viral recognition212. In sepsis, TLR4 and TLR2 
play an important role. TLR4 recognises lipopolysaccharides (LPS, also known 
as endotoxin) of Gram-negative bacteria, the main source of infection in 
sepsis. On the other hand, TLR2 detects cell-wall structures from Gram-
positive bacteria, such as peptidoglycan and lipoteichoic acid or exotoxins (for 
example TSST-1)181. In addition to TLRs, macrophages express other receptors 
involved in the response to LPS. TREM-1 and MDL-1 are responsible for 
monocyte activation and inflammatory responses213,214. Moreover, NOD-1 and 
NOD-2, members of the NLR family, are able to bind LPS and therefore are 
involved in LPS response46. 
 

Table 1.2. Macrophage products implicated in the pathogenesis of sepsis185. 
 

Mediators Effects  

Cytokines : 

IL-1, IL-6, IL-12, IL-15,  

IL-18, TNF-α, MIF, HMGB1 

IL-10 

Activate neutrophils, lymphocytes and vascular 
endothelium; upregulate cellular adhesion molecules; 
induce prostaglandins, nitric oxide synthase and acute 

phase proteins; induce fever. 

IL-10 is predominantly a negative regulator of these 
effects 

Chemokines: 

IL-8, MIP-1α, MIP-1β, 

 MCP-1, MCP-3 

 

Mobilize and activate inflammatory cells (neutrophils) ; 

Activate macrophages 

Lipid mediators: 

Platelets-activating factor, 
prostaglandins, 

leukotrienes, thromboxane, 
tissue factor 

 

Activate vascular endothelium; regulate vascular tone;  

activate extrinsic coagulation cascade 

Oxygen radicals: 

Superoxide and hydroxyl 
radicals; nitric oxide 

 

Antimicrobial properties; regulation of vascular tone 

Macrophage apoptosis 
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The activation of TLRs leads to specific intracellular signalisation pathways and 
to production and release of pro-inflammatory cytokines (IL-1, IL-6 and TNF-α, 
IL-15, IL-12, IL-18, HMGB1 and MIF), chemokines (IL-8, MIP1-α and β, MCP-1 
and MCP-3), lipids mediators (prostaglandins, leukotriene, thromboxane and 
tissue factor) and oxygen radicals (NO, ROS)185. These pro-inflammatory 
molecules induce a range of effects that help to fight the invaders but also 
contribute to sepsis initiation (summarized in Table 1.2). For example, the 
cytokines activate innate and adaptive immunity as well as vascular 
endothelium, increase the expression of adhesion molecules and chemokines 
by endothelial cells and induce hepatic acute phase proteins (complement or 
fibrinogen)176. They also cause the release of NETs204 and microparticles215 as 
well as the upregulation of tissue factor216. The chemokines recruit and 
activate inflammatory cells such as neutrophils and macrophages. The lipids 
mediators and the oxygen radicals activate endothelium and the coagulation 
cascade, regulate vascular tone and exert antimicrobial activities185. 
 
Vascular endothelium plays an important role in the progression of sepsis. The 
interaction between macrophages/monocytes and endothelial cells is a key 
step in this expansion. Monocytes are attracted to the endothelium by IL-8, 
MCP-1 and MIP-1 during acute inflammation. Adherent monocytes express TF 
and contribute to start coagulation at the site of infection205. TF expression on 
circulating monocytes further propagates coagulation at distant site and 
favours systemic coagulation, leading to DIC196. Recruited monocytes activate 
inducible nitric oxide synthase creating an increase in NO efflux and inducing 
vasodilatation, gaps in endothelium and loss of endothelial barrier function217. 
These effects contribute to an increase of vascular permeability and 
hypotension in sepsis. HMGB1, mainly secreted by macrophages, also 
contributes to endothelial permeability and induces the production of 
inflammatory cytokines by endothelial cells218,219. Tissue macrophages also 
secrete VEGF-A, CSF-1, IL-1β and TNF-α and therefore support endothelial cell 
growth and the expression of P-selectin, E-selectin, ICAM1 and VCAM220.  
 
From early to late stages of sepsis, macrophages undergo a M1/M2 
polarization shift. This is a protective mechanism to avoid damages due to an 
overwhelmed inflammation. M2-like macrophages are important for tissue 
repair and reestablishment of endothelial barrier220 but also for restraining 
inflammation by engulfing death cells and eliminating debris and residual 
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PAMPs and DAMPs176. This shift corresponds to a state called endotoxin 
tolerance characterized by a reduced antigen presenting capacity and a down-
regulation of major histocompatibility complex II (MHC-II) and its co-
stimulatory molecules221–223. Furthermore, the production of IL-6 and TNF-α by 
macrophages is reduced. On the opposite, the secretion of IL-10, soluble TNF-α 
receptor and IL-1 receptor antagonist is increased211,224. However, despite an 
apparent “immunoparalysis”, endotoxin tolerant macrophages show an 
increase energy metabolism and enhanced phagocytosis223,225. Endotoxin 
tolerance seems to be mediated by up-regulation of IRAK-M, a major negative 
regulator of TLR signalling209,223,224.  
 

5.2.1. TLR4 signalling 
The sensing of LPS is dependent on the LPS-binding proteins (LBP) which form 
together the LPS-LBP complex and signal through TLR4226. TLR4 is a type I 
transmembrane protein that consists of an extracellular domain (leucine-rich 
repeat domain LRR) and a cytoplasmic domain containing a Toll/IL-1R 
homology (TIR) domain, necessary for signalling44. Upon TLR4 stimulation, two 
main intracellular signalling pathways are activated: the MyD88-dependent 
signalling pathway acting via NF-κB and leading to production of pro-
inflammatory cytokines and the MyD88-independent signalling pathway acting 
via type 1 interferons and leading to the expression of interferon-inducible 
genes227. 
 
In the MyD88-dependent pathway, the binding of LPS to TLR4 and the co-
receptor MD2 is followed by the recruitment of TIRAP and its interaction with 
PIP2

228. TIRAP facilitates the recruitment and the binding of MyD88 to TLR4 
through TIR-TIR interactions229. IRAK-4 interacts with MyD88 via its death 
domain (DD) and in turn activates and binds other members of the IRAK family 
such as IRAK1 and IRAK2230. The MyD88-IRAK complex recruits ubiquitin ligase 
TRAF6 and cIAP1/2, to form a larger complex48. TRAF6 catalyses the formation 
of a polyubiquitin chain allowing the recruitment of a complex created by the 
association of TGF-β-activated kinase 1 (TAK1) and TAK1-binding proteins 
(TAB), the TAK1/TAB complex227. This complex activates the IKK complex and 
this results in the phosphorylation of IκB-α, the NF-κB inhibitory proteins. The 
phosphorylated IκB-α is ubiquitinated and degraded. This leads to the release 
of NF-κB and allows it to translocate into the nucleus to trigger the production 
of pro-inflammatory cytokines231. The TAK1/TAB complex is also responsible 
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for the activation of MAPKs ERK 1/2, JNK 1/2 and p38 and the subsequent 
production of growth factors and cytokines such as TNF, IL-10 CXCL1, CXCL2, 
IL-1, IL-12, cyclooxygenase 2 (COX2)48 (Figure 1.12). 
 

 
Figure 1.12. TLR4 signalling pathway. The LPS/LBP complex interacts with CD14 and 
TLR4 on the surface of macrophages. The interaction leads to the activation of TLR4 
that signals through MyD88 and the kinase IRAK. IRAK, in turn, interacts with TRAF6, 
which leads to the activation of NF-κB and MAPK signalling pathways and the 
subsequent activation of genes under the control of these two pathways. Adapted 
from227.  
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In MyD88-independent signalling, TRAM is required for the recruitment and 
activation of TRIF. TRIF next interacts with TRAF3 or TRAF6232,233. The 
association of TRIF with TRAF6 is an event common also to the MyD88-
dependent signalling pathway227. TRAF3, however, activates TBK1 and IKKi 
which, in turn, phosphorylate IRF3234. This phosphorylation allows the 
translocation of IRF3 to the nucleus and the initiation of type I interferons and 
IL-10235,236 (Figure 1.12). 

 
5.2.2. MAPK pathways 

MAPK pathways respond to various stimuli such as hormones, growth factors, 
cytokines, PAMPs, DAMPs and environmental stresses. They orchestrate 
numerous effects on cell physiology among which we can cite gene 
transcription, protein biosynthesis, cell cycle control, apoptosis and cell 
differentiation237. In mammals, three MAPKs families have been identified: the 
extracellular signal regulated kinases (ERKs), the c-Jun N-terminal kinases 
(JNKs) and p38. These MAPKs are activated by simultaneous phosphorylations 
of Tyr and Thr residues, catalysed by dual-specificity MAPK kinases (MAPKK). 
MAPKK are themselves activated by Ser and Thr residue phosphorylations 
mediated by MAPK kinase kinases (MAPKKK)238. Considering the diversity of 
their effects, MAPKs have many different substrates including transcription 
factors, protein kinases and phosphatases and other functional proteins239. 
MAPKs are inactivated by dephosphorylations, catalysed by dual-specificity 
phosphatases, the MKPs, among others240. For brevity, in this introduction, we 
will focus on ERKs signalling pathways. 
 
ERK1 and ERK2 were the first mammalian MAPKs to be identified. Upon 
stimulation, Ras recruits and activates the MAPKKK Raf. In turn, Raf activates 
two ERKs specific MAPKK, MEK 1 and MEK 2 which phosphorylate the Tyr and 
Thr residues of ERK 1 and ERK 2, triggering their activation241. Once activated, 
ERK 1/2 activate numerous substrates including protein kinases families such 
as ribosomal S6 kinases (RSKs), MAPK interacting kinases (MNKs), mitogen- 
and stress- activated protein kinase 1 and 2 (MSK1/2) and the transcription 
factors c-Fos, Elk1 and SP-1 (Figure 1.13.A)239. Consequently this signalling 
cascade regulates many cellular functions such as cell adhesion, cell cycle 
progression cell migration and survival, differentiation, metabolism, 
proliferation and transcription239. 
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Figure 1.13. ERK signalling pathways. (A) ERK signalling pathway can be activated by 
mitogens and growth factors. Following receptor stimulation, Ras is recruited and 
activates Raf. Raf, in turn, phosphorylates and activates MEK 1 and MEK 2 triggering 
the activation of ERK and the regulation of many cellular functions. (B) ERK signalling 
pathway is also activated following TLR4 stimulation by LPS. TLR4 activation leads to 
activation of IKK complex and Tpl-2. Tpl-2, in turn, activates MEK 1 and MEK2. 
Adaptated from237,239. 
 
ERK can also be activated independently of Ras by TNF, PAMPs such as LPS and 
DAMPs237. Following LPS activation, Tpl-2 is activated under the influence of 
the IKK complex. Tpl-2 is then able to activate MEK 1/1 and consequently 
ERK1/2 (Figure 1.13.B). It has been demonstrated that in Tpl2-/- mice, the 
disruption of Tpl-2 was associated with an impaired activation of ERK and a 
decreased LPS-stimulated macrophage TNF release242. Tpl-2 and ERK are also 
playing a role in the differentiation of polarized Th cells243. 
 

5.2.3. PI3K/Akt signalling and implications in TLR4 
signalling 

Type 1a PI3K contains a regulatory subunit p85 and a catalytic subunit p110227.  
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Figure 1.14. PI3K/Akt signalling pathway. (A) The activation of PI3K leads to the 
conversion of PIP2 into PIP3 and to the subsequent recruitment of Akt. Akt is then 
activated by phosphorylation by mTORC2 and DNA-PK. The conversion of PIP2 into 
PIP3 is inhibited by the phosphatase PTEN. PP2A and PHLPP inhibit Akt activation. 
Once activated Akt can act on numerous substrates such as mTORC1, BAD, GSK, RAF1, 
…. (B) PI3K/Akt influence TLR4 signalling. The interaction of TIRAP with PIP3 allows the 
recruitment of MyD88/PI3K complex and the activation of Akt. Akt directly or 
indirectly inactivates GSK3 leading to the inhibition of NF-κb p65 subunit. PI3K also 
interact with TRIF and this interaction leads to a decrease of NF-κB activities. 
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The activation of PI3K by specific receptors triggers the conversion of 
phosphatidylinositol (3,4)-bisphosphate (PIP2) lipids to phosphatidylinositol 
(3,4,5)-trisphosphate (PIP3) allowing the recruitment of signalling molecules 
such as Akt/PKB through their plekstrin homology domain227. The conversion 
of PIP2 into PIP3 is inhibited by PTEN244. Akt is fully activated by the 
phosphorylation of Thr308 by PDK1 and of Ser473 by mTORC2 or DNA-PK. The 
phosphorylation of Thr308 leads to a partial activation of Akt, sufficient to 
activate mTORC1 and promote protein synthesis and cellular proliferation. 
Partially-activated Akt can also inactivate TSC1-2 and PRAS40, which, in turn, 
inhibit mTORC1245. The fully-activated Akt can phosphorylate GSK3-α and 
GSK3-β. This double phosphorylation inactivates GSK3 and results in increased 
nuclear levels of CREB. Akt possesses numerous substrates such as FOXO 
proteins, BAD, caspase 9, etc and exerts many functions including 
angiogenesis, metabolism, growth, proliferation, survival, protein synthesis, 
transcription, and apoptosis245. The Akt  dephosphorylation of Thr308 by 
PP2A246 and of Ser473 by PHLPP1/2247 inhibits Akt signalling (Figure 1.14.A). 
 
Upon stimulation of TLR4 with LPS, TIRAP is recruited and interacts with PIP2 

allowing the subsequent attraction of MyD88. PI3K constitutively binds to 
MyD88 through its regulatory subunit p85. PI3K is then activated through 
phosphorylation by Src kinase248. It is thought that PI3K is a negative regulator 
of TLR signalling and acts early during the signalisation249. The activation of 
PI3K and Akt leads to the phosphorylation of GSK3 and its inactivation250. This 
results in an enhanced transcriptional activity of CREB and a reduced activity of 
the transcription factor NF-κB p65. This also ensue an increased production of 
IL-10 and a drop in pro-inflammatory cytokines expression (IL-12, TNF-α)251. 
Akt can also indirectly inactivate GSK3. The activation of Akt leads to the 
inhibition of the tuberous sclerosis complex (TSC2/1 complex) and to the 
activation of mTORC1. mTORC1 in turn phosphorylates and activates S6K, 
known to affect the phosphorylation of GSK3227,252. The negative regulation of 
TLR4-MyD88-dependant pathway limits the production of IL-12 and TNF-α and 
the expression of nitric oxide synthase resulting in the reduction of excessive 
inflammation and the control of Th1 vs Th2 responses249. However, PI3K can also 
act on the MyD88-independent pathway. PI3K interacts with the adaptor 
molecule TRIF and interferes with the ability of TRIF to conduct an optimal NF-
κB binding and transcriptional activity. This results in a decrease in IFN-β 
production253 (Figure 1.14.B). Additionally, it should be noted that, following 



Introduction 

37 
 

LPS stimulation PI3K is able to exert pro-inflammatory effects using alternative 
pathways independent of TLR4-MyD88254. In TLR4-deficient mice, innate 
resistance to LPS was reduced following inhibition of PI3K signalling. This 
higher mortality was associated with an increase in tissue superoxide, IL-1β 
and IL-2254. 
 

5.3. Gender differences in sepsis 
Women have a heightened immune response which leads to an increased 
incidence of autoimmune diseases compared to men. On the other hand, it 
confers to women a higher protection against infection and sepsis255. Indeed, 
women younger than 50 years show a lower incidence of severe sepsis and a 
better survival compared to age-matched men256,257. The effects of oestrogens 
(E2) on immune responses are complex and depend on the cell type and the 
concentration of such hormones. In brief, E2 stimulate the production of 
antibodies from B cells258,259 but induce a decrease of B cell precursors in the 
bone marrow260. E2 also downregulate T cell-dependent immunity due to a 
shift from Th1 to Th2 responses255. At high concentrations, E2 show anti-
inflammatory responses by decreasing the release of TNF, IL-6, IL-1β, MCP-1, 
iNOS and MMP and by increasing the production of IL-4, IL-10, TGF-β and 
TIMP255. Oestrogens also have inhibitory effects on the expression of various 
adhesion molecules such as E-selectin, VCAM and ICAM261,262. An anti-
apoptotic effect of E2 on immune cells has also been shown255. 
 
In LPS-stimulated macrophages, E2 treatment inhibited the production and 
release of IL-6, TNF and NO263,264. The decrease of TNF and IL-6 is associated 
with a reduced NF-κB activity. Indeed by preventing nuclear translocation, E2 
blocks LPS-induced DNA binding and transcriptional activity of NF-κB p65 
subunit and c-Rel, respectively265. E2 also affects neutrophils and monocytes 
migration at inflamed sites and inhibits expression of MCP-1255. Furthermore 
the expression of CCR2 and CXCR3 on monocytes is downregulated by E2

266. 
Moreover, treatment with E2 showed effects on leukocytes recruitment 
(reduced leukocyte-endothelial cell interactions and improved functional 
capillary density) during sepsis267. 
 
In addition of having anti-inflammatory properties, E2 influence other cell types 
and functions during sepsis. In a model of endotoxemia, female showed less 
myocardial dysfunction compared to male mice. The authors assign this effect 
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to an attenuated RAC1 activation by oestrogens, reducing expression of TNF-α 
and potentially detrimental myocardial effects268. E2 also protect against other 
organ dysfunction such lung, liver and small intestine by reducing the level of 
proinflammatory cytokines and thus maintaining tissue homeostasis269,270. 
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Objectives and specific aims 
 
DUSP3 is an ubiquitously expressed atypical dual specificity phosphatase. 
Although some in vitro and in vivo substrates have been identified, the 
physiological role of this phosphatase remains unclear. In a previous study, we 
reported that DUSP3 was highly expressed in monocytes and macrophages38, 
suggesting that DUSP3 plays an important role in innate immunity and 
inflammation. 
 

Objective 1: investigation of the role of DUSP3 in metastasis 
formation. 
DUSP3 has been reported to play contradictory roles as tumour suppressor or 
as tumour promoter depending on the cell type/model used26. Moreover, 
using DUSP3-/- mice, we recently reported that DUSP3 deficiency leads to a 
defective tumour-induced angiogenesis23,271.  
 
Considering the important role of macrophages in cancer development, the 
first objective of the presented work was to study the contribution of DUSP3 
to the susceptibility of metastasis development, more particularly the role of 
the myeloid cells in metastasis formation and the function of the phosphatase 
in these cells. To do so, we used two experimental metastasis models, namely 
the Lewis Lung Carcinoma (LLC) and B16 melanoma cell models. We 
investigated the involvement of myeloid cells, more particularly macrophages, 
using different in vivo and in vitro approaches. 
 

Objective 2: investigation of the role of DUSP3 in gender-
dependent responses to septic shock.  
In a previous report, we showed that DUSP3-/- female mice were protected 
from sepsis and septic shock through a mechanism involving M2-like 
macrophage polarization38. Considering the role of sex hormones in regulating 
immune responses255 and the reduced survival of men to septic shock256, the 
second objective of this work was to investigate the role of DUSP3 in gender-
dependent resistance to LPS- induced endotoxemia and polymicrobial 
infection CLP-induced septic shock.  
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The first specific aim of this part of the work was to determine the 
involvement of female sex hormones in the DUSP3 deletion-induced 
endotoxemia and septic shock observed resistance. To do so, we challenged 
male and ovariectomized (OVX) female mice with lethal doses of LPS. We next 
examined the influence of female sex hormones on macrophage polarization.  
 
The second specific aim of this part of the work was to investigate the 
molecular mechanisms associated with the observed phenotype and the role 
of DUSP3 in macrophages. To do so, we stimulated ex vivo peritoneal 
macrophages of female, male and OVX mice with LPS and explored the effect 
of DUSP3-deficiency on TLR4 induced-signalling pathways. 
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Results 
 

1. Context of the research 
In the laboratory, the research focus on studying the role of the dual 
phosphatase DUSP3 in diverse biological processes such as cervix carcinoma, 
platelets aggregation and thrombosis, metabolic syndrome, hepatocarcinoma, 
angiogenesis and sepsis. The results presented in this work are along the same 
lines of the last two projects. 
 

DUSP3 and metastasis formation 
In a previous work studying angiogenesis, we found that DUSP3 was a key 
mediator of neovascularization by affecting at least the b-FGF-induced 
endothelial cell sprouting most probably via the PKC pathway. We also found 
that DUSP3-deficiency prevented neo-vascularisation of Matrigel plugs and LLC 
xenograft tumours suggesting that DUSP3 plays an important and non-
redundant function in tumour-induced angiogenesis23. 

Considering the crucial role of angiogenesis in metastasis dissemination, the 
next logical step was to assess the role of DUSP3 in metastasis formation. The 
first part of the present work try to answer this question. In the following 
pages, we demonstrate that DUSP3 acts as an anti-metastatic agent by 
regulating the migration monocytes/macrophages to the site of metastasis. 
Indeed, we observed: 

 bigger LLC-lung tumours in DUSP3-/- mice compared to DUSP3+/+ mice 
 a higher percentage of M2-like macrophages in lung tumours of 

DUSP3-/- mice 
 a better migration of DUSP3-/- BMDM compared to DUSP3+/+ BMDM in 

presence of LLC-conditioned medium. This was strengthened by a 
higher percentage of Ly6Bhi M2-like macrophages in DUSP3-/- lung 
tumour. 

 a reduction of LLC-lung metastasis in DUSP3-/- mice after depletion of 
macrophages. 
 
 
 



Results 

46 
 

DUSP3 in sepsis 
The first results published on the role of DUSP3 in septic shock identified 
DUSP3 as a key and nonredundant regulator of the innate immune response to 
lethal inflammatory shock induced by endotoxin or polymicrobial infection, we 
showed that it acts by a mechanism involving M2-like macrophages. 
Moreover, we reported that DUSP3 is required for the production of TNF and, 
therefore, contributes to inflammatory responses38. 
 
However, in that previous work, we circumvented the gender problematic by 
using only female mice to conduct our research. The goal of the second part of 
this work is to include this variable in the study of the role of DUSP3 in sepsis. 
We demonstrated that DUSP3 play an important role in macrophage 
alternative activation and sexual dimorphism in innate immune response to 
infection. The presented data suggest that DUSP3 inhibition, combined to 
oestrogen administration, may lead to protection from sepsis and septic shock. 
Indeed, we observed: 

 DUSP3-/- female mice, but not male mice, survived to LPS challenge 
and polymicrobial-induced septic shock. 

 DUSP3-/- sham-operated mice survived to LPS challenge while DUSP3-/- 

OVX mice did not  
 the mortality of male and OVX mice was associated with a decrease of 

the M2-like macrophage percentage in the peritoneal cavity 
 the survival of DUSP3-/- female mice was associated with a hypo-

phosphorylation of ERK and PI3K/Akt 
 

Common lines of the two projects 
Even though metastasis dissemination and septic shock are not related 
processes, they share common characteristics. The most important one is that 
inflammation and innate immune cells are crucial for the development of both 
diseases. Considering the demonstrated role of DUSP3, particularly in 
macrophages, studying both metastasis dissemination and sepsis was 
interesting to deepen our knowledge on DUSP3 function in these cells. 
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2. Dusp3 deletion promotes experimental lung 
tumour metastasis in a macrophage dependent 
manner 

 

2.1. Abstract 
Background 
The Vaccinia-H1 Related (VHR) dual specificity phosphatase or DUSP3 is a small 
phosphatase dephosphorylating both tyrosine and serine/threonine 
phosphorylated residues. DUSP3 plays an important role in cell cycle 
regulation and its expression is altered in several human cancers. We have 
generated DUSP3 full-knockout mice (DUSP3-/-) and found that these mice are 
healthy with no spontaneous phenotype. However, DUSP3 deficiency 
prevented neo-angiogenesis and b-FGF-induced microvessel outgrowth. 
Considering the importance of angiogenesis in metastasis formation, our study 
aimed to investigate the role of DUSP3 in tumour cell dissemination  
Results 
Using a Lewis Lung Carcinoma (LLC) experimental metastasis model, we 
observed that DUSP3-/- mice developed larger lung metastases than littermate 
controls. By creating bone marrow chimeric mice, we were able to transfer the 
phenotype to DUSP3+/+ mice, indicating a role of hematopoietic cells in 
enhancing tumour cell dissemination to lung tissues. Interestingly, we found a 
higher percentage of tumour-promoting Ly6Cint M2-like macrophages in 
DUSP3-/- LLC-bearing lung homogenates. This higher percentage of M2 
macrophages is at least partially due to a better recruitment of these cells as 
confirmed by a higher percentage of Ly6Bhi macrophages in DUSP3-/- lung 
homogenates and by a better migration of DUSP3-/- peritoneal macrophages 
and bone marrow differentiated macrophages (BMDM) under LLC-conditioned 
medium stimulation. 
Conclusion 
The phosphatase DUSP3 plays a key role in metastatic growth through a 
mechanism involving the recruitment of M2-like macrophages towards LLC-
bearing lungs. 
 
Key words: DUSP3/VHR, dual specificity phosphatases, microenvironment, 
metastasis, macrophages 
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2.2. Introduction 
DUSP3, or Vaccinia H1-Related (VHR), is a member of the atypical dual-
specificity protein phosphatase family (A-DUSPs). This protein contains a 185 
amino acids (Mr 21 kDa) catalytic domain and lacks targeting or docking 
domains14. Its shallow and broad catalytic pocket allows DUSP3 to 
dephosphorylate both p-tyrosine (p-Tyr) and p-threonine (p-Thr) residues272. 
The MAPKs ERK1/2, JNK and to a lesser extend p38 have been reported as 
substrates of DUSP317–20. The phosphatase also dephosphorylates other 
proteins such as the transcription factor STAT521 and tyrosine kinase receptors 
EGFR and ErbB222. DUSP3 expression is regulated during cell cycle progression. 
Indeed its downregulation using RNA interference contributed to arrest HeLa 
cells in G1/S and G2/M phases and triggered their senescence. This was 
correlated with the hyper-phosphorylation of ERK1/2 and JNK33. Consequently, 
it is not surprising that overexpression of DUSP3 was found in human cervix 
carcinomas35 and prostate cancer36. However, DUSP3 is also downregulated in 
other cancers such as breast cancer37 and non-small cell lung carcinoma 
(NSCLC)22,32, indicating contradictory and complex roles of DUSP3 in cancer 
development. 
 
Recently, we generated full knock-out DUSP3-deficient (DUSP3-/-) mice by 
homologous recombination. These mice are viable, healthy and fertile, with no 
spontaneous phenotype. However, in these mice, DUSP3 deficiency prevented 
neo-angiogenesis and b-FGF-induced microvessel outgrowth23. 
 
In solid tumours, host cells such as endothelial cells, fibroblasts and immune 
cells represent a major part of cell populations within the tumour130. 
Macrophages are the most frequent immune cells in the tumour and their 
presence is mostly correlated with poor prognosis for the patient146,147. These 
macrophages are called tumour-associated macrophages (TAM) and regulate 
many, if not all stages of tumour progression from initiation of tumour 
development to metastatic dissemination including invasion, migration and 
extravasation processes273. Indeed TAM control the induction of angiogenesis, 
extracellular matrix remodelling, the stimulation of cancer cell proliferation 
and metastasis and the inhibition of anti-tumour immune responses154. TAM 
subpopulations are very heterogeneous and have different phenotypes. 
Hence, they can execute multiple and different functions related to tumour 
growth and reside in distinct areas within the tumour274. 
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TAMs are shaped by factors secreted by tumour cells or by the tumour 
microenvironment to become immunosuppressive macrophages and exert 
pro-tumour responses. Indeed in addition to their trophic functions, TAMs are 
usually unable to lyse tumour cells, present tumour-associated antigens to T 
cells and express immune-stimulatory cytokines to stimulate the proliferation 
of anti-tumour functions of T cells and natural killer (NK) cells in vitro. 
Therefore, it has been proposed that TAMs are polarized into a M2-like 
phenotype (or alternatively activated-like macrophages)275. The molecular 
mechanisms responsible for this polarization are, however, poorly understood. 
 
In this study, using a Lewis Lung carcinoma (LLC)-experimental metastasis 
model and DUSP3-deficient mice, we reported that the phosphatase DUSP3 is 
a key player in metastatic growth, modulating the recruitment of M2-like 
macrophages towards LLC-bearing lungs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Experimental metastasis 

52 
 

2.3. Materials and Methods 
Antibodies and reagents 
Purified anti-CD16/CD32 (FcγIII/II receptor) (2.4G2), PE-anti-Ly6G (1A8), APC-
Cy7 anti-Ly6G (1A8), V450-anti-CD45.2 (A20), V500-anti-I-A/I-E (MHC-II) 
(M5/114.15.2), APC-anti-CD11c (HL3), APC-Cy7 anti-CD11c (HL3), PE anti-
Siglec-F (E50-2440), PE-Cy7-streptavidin and Biotin anti-IgG2B (RG/11.1) 
were from BD Biosciences (BD Biosciences, San Jose, CA). APC-anti-F4/80 
(BM8) and PerCp-Cy5-anti-CD11b (M1/70) were from eBiosciences 
(eBioscience, San Diego, CA). Alexa 647-anti-CD206 (C068C2) and PE-Cy7-anti 
F4/80 (BM8) were from Biolegend (Biolegend, San Diego, CA). Alexa647 anti-
Ly6b.2 (7/4) and Alexa 488-anti-Ly6G (ER-MP20) were from AbD Serotec 
(AbD Serotec, Kidlington, UK). Anti-VHR (DUSP3) (sc8889) antibody was from 
Santa Cruz (Santa Cruz, Dallas, Texas). Anti-GAPDH antibody was from Sigma 
(Sigma-Aldrich, Diegem, Belgium). HRP-conjugated anti-goat, anti-mouse and 
anti-rabbit were used as secondary antibodies and were from Amersham 
Biosciences (Amersham Biosciences, GlattBrugg, Switzerland). Collagenase I 
and DNaseI were from Roche (Roche, Basel, Switzerland) 
 

Mice and Ethic statement 
C57BL/6 (CD45.2)-DUSP3-/- mice were generated as previously reported23. 
These mice were backcrossed with C57BL/6-CD45.2 mice (Charles River) to 
generate heterozygotes that were mated to generate DUSP3+/+ and DUSP3-/- 
littermate colonies used for experimentation. Age matched female DUSP3+/+ 
and DUSP3-/- mice were used in all the experiments. Mice were kept in 
ventilated cages under 12-hour dark/12-hour light cycle in an SPF animal 
facility and received food and water and libitum. Health status was evaluated 
every 3 months and mice were always found free of specific pathogens.  
 
All mice experiments and procedures were carried out following the 
guidelines of and in agreement with the animal ethics committee of the 
University of Liège.   
 

Tumour metastasis model 
LLC cells (1x106 cells) or B16 cells (1x106 cells) were inoculated to 8-12 weeks 
old DUSP3+/+ and DUSP3-/- mice on day 0 via tail vein injection. Tumour 
development was examined by xenogen imaging at 7 and 14 days after cells 
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injection and mice were sacrificed on day 14. Lungs were photographed and 
weighted before fixation for 2h in 4% paraformaldehyde or preparation of 
single-cell suspensions. 
 

Xenogen imaging 
The LLC or B16 tumour progression was monitored using Imaging System 
Xenogen IVIS 200 (Advanced Molecular Vision, Caliper Lifesciences, Waltham, 
MA, United States). 100 μl of luciferin potassium salt (30mg/ml) was 
intraperitoneally injected in tumour bearing DUSP3+/+ and DUSP3-/- mice. 
After 12 minutes, the photons emitted by the luciferase activity were 
detected. The bioluminescence was quantified using the Living Image 
Software (Caliper Life Sciences, Waltham, MA, United States) and by 
delimitation of region of interest (ROI) around the lungs. 
 

Mice irradiation and bone marrow transplantation 
10 to 12 weeks old donor mice were sacrificed by cervical dislocation. Tibias 
and femurs were collected, separated and cleaned in sterile PBS on ice. Bone 
marrow cells (BMs) were flushed using a 25-gauge needle and 1 mL syringe 
filled with cold PBS. BM cell suspensions were passed through 70 μm nylon 
cell strainer (BD biosciences, San Jose, CA, United States) and centrifuged 10 
min at 1200 rpm at 4°C. Single cells were then counted and resuspended in 
PBS at a concentration of 10x106 cells/150 µL on ice. Cells were immediately 
transplanted to 6 weeks old lethally irradiated (849,1 cGy) recipient mice, via 
intravenous (i.v) injection. The efficiency of the transplantation was assessed 
by Western blot using anti-DUSP3. Anti-GAPDH immunoblot was used for 
normalization.  
 

Macrophage depletion 
150 μL of clodronate-liposome or empty-liposome (ClodronateLiposomes, 
Haarlem, The Netherlands) were injected intravenously and intraperitoneally 
in DUSP3+/+ and DUSP3-/- mice, 2 days prior to LLC injection. The 
intraperitoneal injections were repeated every other day during 14 days. The 
efficiency of the depletion was assessed by flow cytometry on peritoneal 
washes and lung cell suspensions. 
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Isolation of Bone Marrow Derived Macrophages 
Bone marrow cells were aseptically flushed out from femurs and tibias of 
DUSP3+/+ and DUSP3-/- mice on ice, using a 25-gauge needle and FBS-free 
RPMI. The cell suspensions were filtered using a 100 μm cell strainer and 
centrifuged 10 min at 1200 rpm at 4°C. 25x106 cells were then plated in 12 
mL of RPMI supplemented with 10% heat-inactivated FBS, 10% L929-
conditionned medium, streptomycin (100μg/mL) and penicillin (100U/mL) for 
7 days. The cells were washed and the medium changed every other day. The 
macrophage differentiation was assessed by a F4/80-CD11b flow cytometry 
staining. 
 

Isolation of peritoneal macrophages 
Resident peritoneal macrophages (PMs) were selected by adherence to 
tissue culture plastic dishes in culture conditions at a cell density of 1 3 106 
cells /mL in complete RPMI 1640 medium. After 2h, cells were gently rinsed 
twice with FBS/RPMI 1640 and used for experiments. 
 

Cell migration 
The bone marrow derived macrophage (BMDM) migration was assessed 
using 5 μm polycarbonate transwells (Corning, Lowell, MA). The membrane 
was equilibrated for 1h at 37°C with 600 μL and 100 μL of DMEM in the lower 
chamber and in the upper chamber, respectively. 3x105 cells were plated in 
100 μL of medium in the upper chamber while 600 μL of DMEM, LLC- or B16- 
conditionned-medium was loaded in the lower chamber. The cells were 
incubated for 18h at 37°C. The cells migrated to the lower chamber were 
recovered and counted using the Millipore ScepterTM cell counter after 
gating on live cells using the Scepter Software 1.2 (Millipore, Overijse, 
Belgium). Migration index was calculated as number of cells transmigrated in 
the presence of chemokine per number of cells transmigrated in the absence 
of the chemokine multiplied by 100.  
 

Lung histology 
Lungs were fixed in 4% paraformaldehyde; paraffin embedded, cut in 5-μm 
sections, and stained with haematoxylin and eosin. 5 randomly selected 
sections per mouse lungs were analysed. Tumour areas were quantified 
using Nanozoomer Digital Pathology Image (Hamamatsu, Japan). 
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Cell culture  
Lung Lewis carcinoma cells, stably transfected with luciferase gene (LL/2-luc-
M38, LLC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
(Lonza, Basel, Switzerland) supplemented with 10% heat-inactivated fetal 
bovine serum (FBS), penicillin (100U/mL), streptomycin (100ug/mL) and 
neomycin (G418, 0,02mg/mL) (life technologies, Carlsbad, CA, United States). 
The B16 melanoma cell line (B16-F10-luc-G5, B16), stably transfected with 
luciferase gene, was maintained in culture in RPMI (Lonza, Basel, 
Switzerland) supplemented with 10% heat-inactivated FBS and penicillin 
(100U/mL), streptomycin (100ug/mL) and zeocyn (0,2mg/mL) (life 
technologies, Carlsbad, CA, United states). LLC and B16 cells were purchased 
at Xenogen/Caliper. 
 

Western blot 
Cells were lysed using RIPA buffer (50 mMTris-HCl (pH = 8.0), 150 mM NaCl, 
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM orthovanadate, 
complete protease inhibitor cocktail tablets EDTA free and 1 mM 
phenylmethylsulfonyl fluoride) on ice during 20 minutes. Lysates were next 
clarified by centrifugation at 21.000 g during 20 min at 4°C. The resulting 
supernatants were collected and protein concentrations were determined 
using the colorimetric Bradford reagent (Bio-Rad, Nazareth, Belgium). 
Samples were next denaturated at 95°C in Laemmli buffer. Samples were 
then run on SDSPAGE gel and transferred to Hybond-nitrocellulose 
membranes. To block the non-specific binding sites, membranes were 
incubated for one hour in Tris-buffered saline-Tween 20 containing 5% of 
non-fat milk. The membranes were next immunoblotted with anti-DUSP3 
antibody. Membranes were next stripped, blocked and immunoblotted with 
anti-GAPDH, antibody for normalization. Immunoreactivity was then 
revealed using HRP conjugated secondary antibodies. The blots were 
developed by enhanced chemiluminescence (Amersham, Gent, Belgium) 
according to the manufacturer’s instructions. 
 

Preparation of single-cell suspensions from lungs 
Lungs were perfused with 5mL PBS through the right ventricle, then 
dissected and shopped into small pieces before digestion for 1h at 37°C in 
4mL of HBSS 1x containing 1 mg/mL collagenase A, 0.05 mg/mL DNaseI and 
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5% FBS. Mechanical stress was applied to the cells by flushing them through 
18 gauge-needle. The cells were then passed through a 70 μm nylon cell 
strainer, centrifuged for 7 min at 1400 rpm at 4°C and the red blood cells 
were lysed. Isolated cells were directly stained for flow cytometry analysis. 
 

Flow cytometry and phenotyping 
For surface cell staining, 5x105 to1x106 cells were incubated for 15 minutes 
with anti-CD16/CD32 (FcγIII/II receptor) using 0.5μg/100μL concentration to 
block non-specific interactions, prior to labelling for 30 minutes with specific 
antibodies. All stainings were performed on ice in PBS followed by one 
washing in PBS. Cells were next analysed on FACS Canto II (Becton Dickson, 
San Jose, CA, United States). Analysis was done using Flowjo (Flowjo, 
Ashland, Or, United States) 
 

BMBM CFSE proliferation assay 
BMDMs proliferation was performed using the CellTrace CFSE proliferation kit 
(ThermoFisher) following the instructions of the manufacturer. Briefly, cells 
were washed twice with pre-warmed PBS. 5 μM of CFSE was added and cells 
were incubated for 15 min at 37°C. Labelling was stopped by removing the 
medium. Cells were washed twice with pre-warmed PBS and then stimulated 
with 2 mL of LLC-CM for 24h or 48h. CFSE intensity was assessed by flow 
cytometry (FACSCanto II, BD Biosciences). Data were analysed using FlowJo 
software (Tree Star Inc) 
 

LLC migration assay 
LLC cells migration was assessed using 5 μm polycarbonate transwells 
(Corning). The membrane was equilibrated for 1h at 37°C using RPMI 
medium. 1x105 cells were plated in 100 μL of the medium in the upper 
chamber while 600 μL of RPMI, DUSP3+/+ BMDMs- or DUSP3-/- BMDM-
conditionned medium was loaded in the lower chamber. The cells were 
incubated for 18h at 37°C. The cells that migrated to the lower chamber 
were recovered and counted using the Millipore ScepterTM cell counter after 
gating on live cells using the Scepter Software 1.2 (Millipore). Migration index 
was calculated as a ratio of the number of trans-migrating cells in the 
presence and absence of conditioned medium multiplied by 100. 
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LLC proliferation assay 
2x104 LLC-luciferase positive cells were plated in 48-well plates, washed 
twice with pre-warmed PBS and incubated with 2 mLof RMPI, DUSP3+/+ or 
DUSP3-/- BMDM-conditioned medium for 8h, 16h or 24h at 37°C. Cells were 
then incubated with 30 mg/mL of luciferine potassium salt (Promega) for 12 
minutes and the photons emitted by the luciferase activity were detected for 
each time point. The bioluminescence was quantified using the Living Image 
Software (Caliper Life Sciences). 
 

Statistical analysis 
Statistical analyses were performed using Prism software (GraphPad, San 
Diego, CA, United States). The student T-test was applied to determine the 
difference between two experimental conditions. All the results are 
presented as mean ± SEM. The results were statistically significant when p-
value <0,05. *p<0,05; **p<0,01; ***p<0,001. 
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2.4. Results 
DUSP3 deletion accelerates experimental LLC metastatic 
growth 
We have previously shown that DUSP3 plays an important role in tumour neo-
vascularization23. We showed that matrigel plugs and LLC subcutaneous 
tumours were less vascularized in DUSP3-/- mice compared to DUSP3+/+ 
littermates. To investigate more in depth the roles of DUSP3 in experimental 
metastasis formation, we intravenously injected 1x106 LLC-luciferase (LLC) cells 
into age and sex-matched DUSP3+/+ and DUSP3-/- mice. LLC metastatic growth 
was followed in vivo by LLC cell luminescence signal quantification using the in 
vivo imaging system IVIS 200. Remarkably, the incidence of LLC lung metastasis 
was significantly higher in DUSP3-/- compared to DUSP3+/+ mice both at day 7 
and day 14 after LLC injection (Figure 2.1.A and 2.1.B). At the time of sacrifice 
(day 14 after LLC injection), the DUSP3-/- metastatic lung weight was 
significantly increased compared to DUSP3+/+ mice. Photographs of the lungs 
showed a major metastatic development in DUSP3-/- lungs while only few 
nodules were visible in DUSP3+/+ mice (Figure 2.2.A and 2.2.B). Haematoxylin-
eosin staining of lung sections and tumour area quantification confirmed that 
DUSP3-/- lung tumours were significantly larger than in DUSP3+/+ lungs (Figure 
2.2.C and 2.2.D). 
 
To verify whether the marked increase of LLC growth in DUSP3-/- mice was 
tumour model-dependent, we challenged DUSP3+/+ and DUSP3-/- with 
metastatic melanoma B16-F10-luciferase (B16) cells and monitored metastasis 
growth using IVIS 200. Interestingly, there was no significant difference in the 
number and frequency of B16 metastatic foci between DUSP3+/+ and DUSP3-/- 

mice (Figure 2.3.A and 2.3.B). This was supported by the weight of B16-bearing 
DUSP3+/+ and DUSP3-/- lungs and haematoxylin-eosin staining (Figure 2.4). The 
lack of difference in tumour development after B16 intravenous injection 
suggests that the accelerated metastasis growth in DUSP3-/- is LLC-dependant. 
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Figure 2.1. DUSP3 deletion accelerates experimental LLC metastasis growth. LLC 
tumour growths were monitored by xenogen bioluminescence imaging. Tumours were 
established by i.v. injection of 106 LLC-Luc+ cells to DUSP3+/+ and DUSP3-/- mice. (A) 
Representative xenogen imaging results at day 7 and day 14 after LLC injection. (B) 
Quantification of xenogen bioluminescence imaging data shown in A at day 7 and day 
14 after LLC injection. *, p < 0,05. n= 10 for each experimental group. Results are 
shown as mean ± SEM  
 



Experimental metastasis 

60 
 

 
Figure 2.2. DUSP3 deletion accelerates experimental LLC metastasis growth. (A) 
Representative lung macroscopic view. (B) Comparison of lung weights from DUSP3+/+ 
and DUSP3-/- mice. (C) Hematoxylin eosin staining of lung sections from DUSP3+/+ and 
DUSP3-/- mice. (D) Comparison of tumour areas from DUSP3+/+ and DUSP3-/- mice. *, p 
< 0,05. n= 10 for each experimental group. Results are shown as mean ± SEM. 
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Figure 2.3. DUSP3 deletion does not impact experimental B16 metastasis growth. B16 
tumour growths were monitored by xenogen bioluminescence imaging. Tumours were 
established by i.v. injection of 106 B16-Luc+ cells to DUSP3+/+ and DUSP3-/- mice. (A) 
Representative xenogen imaging results at day 7 and day 14 after B16 injection and (B) 
quantitative xenogen bioluminescence imaging data (day 14). n= 10 for each 
experimental group. Results are shown as mean ± SEM. 
 

LLC metastasis growth in DUSP3-/- mice is driven by myeloid 
cells 
Lung carcinomas are highly infiltrated with heterogeneous myeloid cell 
populations; among which some display a more tumour-promoting phenotype 
than others, although their precursors seem to be the same276. In a previous 
study, we showed that DUSP3 deletion in mice was associated with a 
polarization of macrophages towards the M2-like phenotype38. 
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Figure 2.4. DUSP3 deletion does not impact experimental B16 metastasis growth (A) 
Representative lung macroscopic view and (B) comparison of lung weights from 
DUSP3+/+ and DUSP3-/- mice. (C) Hematoxylin eosin staining of lung sections from each 
experimental group. (D) Comparison of tumour areas from each group. n= 10 for each 
experimental group. Results are shown as mean ± SEM. 
 
Since this cell population has been shown to play an important role in tumour 
promotion, we hypothesized that M2 macrophages might be key actors in the 
enhanced LLC tumour cell dissemination observed in the LLC experimental 
model. Since DUSP3 knockout mice were generated using the standard 
homologous recombination method23, we first generated chimeric mice by 
bone marrow (BM) transplantation of bone marrow cells from DUSP3-/--
C57BL/6-CD45.2 mice to lethally irradiated DUSP3+/+-C57BL/6-CD45.1 mice 
(DUSP3-/-DUSP3+/+ mice). Successful hemato-lymphoid reconstitution was 
verified by flow cytometry for the recipient mice 3-4 weeks after 
transplantation (data not shown) and by anti-DUSP3 immunoblot of spleen 
lysates at the day of sacrifice (Figure 2.5.A). As a control, DUSP3+/+-C57BL/6-
CD45.1 mice were transplanted with DUSP3+/+-C57BL/6-CD45.2 BM cells 
(DUSP3+/+DUSP3+/+ mice). The obtained chimeric mice were then i.v. 
challenged with 1x106 LLC cells. Lung metastasis development was monitored 
for 2 weeks after tumour cell injection, by measuring luciferase activity of 
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tumour cells. Interestingly, DUSP3+/+ mice adoptively transferred with DUSP3-/- 
bone marrow cells (DUSP3-/-DUSP3+/+ mice) displayed an increased luciferase 
activity in lungs compared to DUSP3+/+DUSP3+/+ transferred mice (Figure 
2.5.B and 2.5.C). A significant correlation was measured between DUSP3 
protein expression and the LLC bioluminescence (Figure 2.5.D). Moreover lung 
weight and lung tumour area were significantly higher in DUSP3-/-DUSP3+/+ 
mice compared to DUSP3+/+DUSP3+/+ mice (Figure 2.6.A-C) suggesting that 
DUSP3-deficient hematopoietic cells contribute to enhance LLC tumour 
aggressiveness.  
 

 
Figure 2.5. DUSP3-/- bone marrow transfer into DUSP3+/+ mice enhances metastasis 
growth. Tumours were established by injection (i.v.) of 106 LLC-Luc+ cells to DUSP3+/+ 
or DUSP3-/- BM-transplanted irradiated DUSP3+/+ mice. (A) Western blot analysis for 
DUSP3 expression from spleen lysates of transplanted mice. (B) Representative 
xenogen bioluminescence imaging results. (C) Quantitative imaging data (day 14). (D) 
Correlation between size of tumours (quantified as photons/second) and DUSP3 
expression. *, p < 0,05. n= 10 for each experimental group. Results are shown as mean 
± SEM. 
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Figure 2.6. DUSP3-/- bone marrow transfer into DUSP3+/+ mice enhances metastasis 
growth (A) Comparison of lung weights of DUSP3+/+ or DUSP3-/- BM-transplanted 
irradiated DUSP3+/+ mice. (B) Hematoxylin-eosin staining of lung section from DUSP3+/+ 
or DUSP3-/- BM-transplanted irradiated DUSP3+/+ mice. (C) Comparison of tumour areas 
from DUSP3+/+ or DUSP3-/- BM-transplanted irradiated DUSP3+/+ mice. *, p < 0,05. n= 10 
for each experimental group. Results are shown as mean ± SEM. 
 
To further assess which hematopoietic cell populations could be involved in 
the increased tumour aggressiveness, we analysed, in first instance, by flow 
cytometry, the myeloid cell subsets present in established DUSP3+/+ and 
DUSP3-/- lung homogenates bearing LLC tumours. The gating strategy is 
described in the Figure 2.7. Briefly, after gating on CD45+ and CD11b+ cells to 
select myeloid cells, neutrophils, eosinophils and alveolar macrophages were 
discriminated based on Ly6G and Siglec-F surface markers. 
Macrophages/monocytes were considered Ly6G-siglecF- and with various 
expression of Ly6C and MHC-II as previously reported153. 
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Figure 2.7. Gating strategy used to identify immune cell populations in DUSP3+/+ and 
DUPS3-/- LLC-bearing lungs. Cells were isolated from enzymatically digested mice lungs 
and, after exclusion of doublets and debris, immune cells were identified by CD45.2 
and CD11b staining. A sequential gating strategy was then employed to first identify 
populations expressing specific markers: alveolar macrophages (alveolar MΦ) (Siglec-
F+ Ly6G-), eosinophils (Siglec-Fint Ly6G-), neutrophils (Ly6G+ Siglec-F-). Distinct 
populations of Ly6G- Siglec-F- monocytes/macrophages (Mo/MФ) were further 
identified based on their expression of Ly6C and MHC-II. 
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The percentage of CD45.2 and CD11b positive cells was higher in DUSP3-/- lung 
homogenates compared to DUSP3+/+ (Figure 2.8.A and 2.8.B).  
 

 
Figure 2.8. LLC metastasis growth in DUSP3-/- mice is driven by myeloid cells. Immune 
cell population phenotyping in LLC tumour-bearing lungs by flow cytometry. (A) 
Representative gating on CD45.2 and CD11b positive cells. (B) Percentage of CD45.2 
and CD11b positive cells. (C) Representative gating strategy on neutrophils, 
eosinophils, alveolar macrophages and monocytes/macrophages. (D) Percentages of 
neutrophils, eosinophils, alveolar macrophages and monocytes/macrophages in 
DUSP3+/+ and DUSP3-/- lungs. (E) Absolute number of neutrophils, eosinophils, alveolar 
macrophages and monocytes/macrophages in DUSP3+/+ and DUSP3-/- lungs. *, p < 0,05. 
N=5 for each experimental group. Results are shown as mean ± SEM 
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The percentage of neutrophils was significantly higher in DUSP3-/- lungs 
compared to DUSP3+/+. On the contrary, the percentage of eosinophils, 
alveolar macrophages and monocytes remained unchanged in DUSP3+/+ and 
DUSP3-/- lungs (Figure 2.8.C and 2.8.D). However, the absolute number of 
eosinophils and monocytes/macrophages were significantly higher in DUSP3-/- 
lungs compared to DUSP3+/+. The number of neutrophils and alveolar 
macrophages was slightly but not significantly elevated in DUSP3-/- compared 
to DUSP3+/+ lungs (Figure 2.8.D).  
 
Since DUSP3 deletion in mice was also associated with a macrophage 
polarization to the M2-like phenotype38, we further characterized the different 
monocyte/macrophage subpopulations within LLC-bearing lungs. Based on the 
expression of the Ly6C surface marker, we could distinguish 3 populations of 
monocytes/macrophages: Ly6Clow, Ly6Cint and Ly6Chi (Figure 2.9.A). The 
percentage of Ly6Cint cells was significantly increased in DUSP3-/- LLC-lungs. No 
difference was observed for Ly6Clow macrophages and a slight but not 
statistically significant decrease of Ly6Chi monocytes was observed in LLC-lung 
homogenates from DUSP3-/- compared to DUSP3+/+ mice (Figure 2.9.B). These 
data suggest a continuous recruitment of new monocytes/macrophages to the 
metastatic site. Therefore, we analysed the surface expression of Ly6B on lung 
monocyte/macrophages populations, which is a well-known marker of newly 
recruited neutrophils and macrophages277 (Figure 2.9.C). In DUSP3+/+ 
metastatic lungs, only 10% of macrophages were Ly6Bhi, while about 20% and 
65% of cells were Ly6Bint and Ly6Blow, respectively. On the opposite, the 
percentage of Ly6Bhi and Ly6Bint macrophages were significantly increased in 
DUSP3-/- mice with more than 20% and 30% among the MHC-II positive cells, 
respectively. The DUSP3+/+ Ly6Blow cells were significantly decreased compared 
to DUSP3+/+ cells (Figure 2.9.D). The expression of F4/80, Ly6C and CD206 on 
these populations confirmed the identity of M2-like macrophages (Figure 
2.9.E). As a control, Ly6B expression was measured on B16-tumour bearing 
lungs but no difference was found between DUSP3+/+ and DUSP3-/- M2-like 
macrophages (Figure 2.10.A and 2.10.B). 
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Figure 2.9. Macrophages accelerate LLC lung tumour progression in DUSP3-/- mice. (A) 
Monocytes/macrophages phenotype characterization in LLC tumours: gating strategy 
and percentage of distinct Ly6C+ populations (B). Comparison (C) and percentage (D) 
of Ly6Bhi, Ly6Bint and Ly6Blow macrophages in DUSP3+/+ and DUSP3-/- mice. (E) 
Expression of specific macrophages markers in distinct Ly6B+ populations. Alveolar Ф = 
alveolar macrophages; Mo/MФ = monocytes/macrophages. *, p < 0,05. n= 5 for each 
experimental group. Results are shown as mean ± SEM 
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Figure 2.10. Ly6B expression of macrophages from B16-tumour bearing lungs. 
Comparison (A) and percentage (B) of Ly6Bhi, Ly6Bint and Ly6Blow macrophages in 
DUSP3+/+ and DUSP3-/- mice. n= 5 for each experimental group. Results are shown as 
mean ± SEM. 
 
A potential explanation for the higher presence of recently migrated Ly6Bhi 
cells in DUSP3-/- mice could be that soluble factors secreted by LLC enhance the 
migration of these cells. We therefore performed an in vitro migration assay of 
DUSP3-/- and DUSP3+/+ peritoneal macrophages and bone marrow-derived 
macrophages (BMDM) in response to LLC-conditioned medium (LLC-CM). After 
18h migration, both DUSP3 deficient-peritoneal macrophages and BMDMs 
migrated significantly better in response to LLC-CM compared to DUSP3+/+ 
derived macrophages (Figure 2.11.A and 2.11.B). As a control, we performed 
the same in vitro migration assay in response to B16-conditioned medium 
(B16-CM). On the contrary to LLC-CM, B16-CM did not influence differently the 
migration of DUSP3+/+ and DUSP3-/- peritoneal macrophages and BMDMs 
(Figure 2.11.C and 2.11.D). 
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Figure 2.11. DUSP3-/- macrophage migration is enhanced in response to LLC-
conditioned medium. In vitro migration assay of DUSP3+/+ and DUSP3-/- peritoneal 
macrophages (A) and BMDMs (B) in presence of LLC-CM.  Migration of DUSP3+/+ or 
DUSP3-/- peritoneal macrophages (C) and BMDMs (D) in presence of B16-CM. BMDM = 
Bone Marrow-Differentiated Macrophages; CM = conditionned-medium. *, p < 0,05 
and **, p < 0.01. n= 3 for each experimental condition. Results are shown as mean ± 
SEM. 
 

Macrophage depletion reduces LLC tumour growth in DUSP3-

/- mice 
Together, the obtained data suggest that myeloid cells, and in particular 
macrophages, accelerate LLC lung tumour progression by a mechanism 
involving the phosphatase DUSP3. To confirm this finding, we chemically 
depleted macrophages in DUSP3+/+ and DUSP3-/- mice, using clodronate-
liposomes. Mice were first intravenously and intraperitoneally injected with 
clodronate-liposomes or with empty-liposomes as control. 48 hours after the 
first injection of liposomes, mice were intravenously injected with 1x106 LLC 
cells, after which the intraperitoneal injection of clodronate-liposomes was 
repeated every other day and up to two weeks after LLC challenge. Finally, the 
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lung metastasis formation was monitored, using in vivo imaging. The efficiency 
of macrophage depletion was verified at the day of sacrifice by comparing the 
presence of residual macrophages in both peritoneal exudates and lung cell 
suspensions of empty-liposome versus clodronate-liposome injected mice. In 
peritoneal exudates, CD11b+-F4/80+ macrophages completely disappeared 
after clodronate-liposome injection. In lung homogenates, one population of 
Ly6Bhi macrophages was significantly reduced after clodronate-liposome 
injection compared to control conditions (Figure 2.12).  
 

 
Figure 2.12. Efficiency of specific macrophage depletion using clodronate-liposomes. 
(A) Gating strategy and (B) percentages of M1-like and M2-like macrophages of 
peritoneal cavity for each condition. (C) Gating strategy and (D) percentage of Ly6B+ 
cells in LLC-bearing lung cell suspension from DUSP3+/+ and DUSP3-/- mice. PBS = 
Empty-liposomes; CL = clodronate liposomes.  
 
 
 
 
 
 



Experimental metastasis 

72 
 

Compared to vehicle liposome-treated mice, elimination of macrophages 
decreased significantly LLC metastatic dissemination in both DUSP3+/+ and 
DUSP3-/- mice as demonstrated by the decreased bioluminescence (Figure 
2.13.A and 2.13.B), weight (Figure 2.14.A) and tumor area in lungs (Figure 
2.14.B and 2.14.C). Interestingly, in the absence of macrophages, no significant 
difference could be observed in LLC metastasis growth between DUSP3-/- and 
DUSP3+/+ mice (Figure 2.13 and 2.14.). These data indicate that DUSP3-
deficiency in monocytes and macrophages accelerates metastatic growth. 
 

 
Figure 2.13. Macrophage depletion reduces LLC tumour growth in DUSP3-/- mice. 
Tumours were established by i.v. injection of 106 LLC-Luc+ cells to clodronate-
liposomes-depleted mice. (A) Representative xenogen imaging results and (B) 
quantification of the xenogen bioluminescence imaging data shown in A at day 14 
after LLC injection. **, p < 0.01 and ***, p < 0,001. n= 6 for each experimental group. 
Results are shown as mean ± SEM. 
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Figure 2.14. Macrophage depletion reduces LLC tumour growth in DUSP3-/- mice. 
Tumours were established by i.v. injection of 106 LLC-Luc+ cells to clodronate-
liposomes-depleted mice (A) Comparison of lung weights. (B) Representative 
hematoxylin eosin staining of lung sections from DUSP3+/+ and DUSP3-/- mice injected 
with PBS-lipsomes or clodronate-liposomes. (C) Comparison of tumour areas from 
each group. *, p < 0,05; **, p < 0.01 and ***, p < 0,001. n= 6 for each experimental 
group. Results are shown as mean ± SEM. 
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2.5. Discussion and conclusion 
Metastasis is the primary cause of death in cancer patients. The mechanisms 
underlying metastasis development are however not yet completely 
understood. Several DUSPs have been associated with metastasis formation 
and their expression/activity correlates with poor clinical outcome278,279. 
Most scientific studies investigating the roles of DUSPs in metastasis 
formation focused on tumour themselves, while only few studies analysed 
the roles of DUSPs in the tumour microenvironment271. Using a recently 
developed DUSP3 full-knockout mouse strain and a model of experimental 
LLC-metastasis, shortcutting primary tumour growth and intravasation 
processes, we were able to report that DUSP3 deficiency favours LLC-induced 
M2-like macrophage recruitment at the tumour site, thus enhancing 
pulmonary metastasis formation. This study highlights a new role for DUSP3 
in the susceptibility to develop lung metastasis. 
 
In the present work, we were able to demonstrate that LLC-lung metastasis 
formation is enhanced in DUSP3-/- mice compared to DUSP3+/+ littermates. 
This phenomenon was however specific to LLC cells since no difference of 
B16 metastatic dissemination was observed between DUSP3+/+ and DUSP3-/- 

mice. Several hypotheses can be drawn to explain this observation. Indeed, 
studies have reported that a reduced vascular permeability led to a decrease 
in metastasis after LLC and B16 i.v. injection280,281. Although vascular 
permeability is significantly enhanced in DUSP3-/- mice when compared with 
DUSP3+/+ mice (unpublished observations), the fact that B16-induced 
metastasis was not influenced by DUSP3 deletion rules out the possible 
involvement of vascular permeability in the observed phenotype. The second 
plausible premise could be that LLC-metastatic cells respond differently to 
the DUSP3-/- tumour microenvironment. This differential regulation of 
experimental LLC and B16 metastasis formation has been previously shown 
in Nrf2-deficient mice. Indeed Nrf2-deficient mice developed lung metastasis 
faster compared to control mice upon LLC but not B16 cells i.v. injection282. In 
the case of LLC metastasis, tumour formation was associated with a higher 
recruitment of immune cells (MDSC). The authors concluded that Nrf2 
facilitates appropriate immune responses against LLC cells and therefore 
plays an anti-metastatic role and that the phenotype was restricted to the 
lung microenvironment282. The differential involvement and regulation of 
immune cells was further confirmed by the fact that the recruitment of 
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myeloid-derived suppressor cells and dendritic cells are different in LLC and 
B16 experimental metastasis283. In our model, the role of immune cells was 
clearly demonstrated by the use of bone marrow chimeric mice. The 
transplantation of DUSP3-/- bone marrow cells into irradiated DUSP3+/+ mice 
was sufficient to transfer the metastatic phenotype since DUSP3-/- -> 
DUSP3+/+ mice developed significantly larger lung metastasis compared to 
control mice, demonstrating that the hematopoietic compartment is 
responsible for the increased LLC metastasis in DUSP3-/- mice. 
 
We recently reported that DUSP3 plays an important role in innate immunity 
and most precisely in macrophages38. Tumour-associated macrophages 
(TAM) display in general M2-like properties, although a high diversity 
exists284. Based on this knowledge, macrophages could play a role in the 
present LLC metastasis model by creating a tumour-sustaining environment. 
Specific elimination of macrophages using clodronate-liposomes decreased 
LLC-metastasis in both DUSP3+/+ and DUSP3-/- mice. More importantly, 
macrophage depletion abolished the difference of lung tumour growth 
between DUSP3+/+ and DUSP3-/- mice. Moreover, in this experiment, we did 
not observe any decrease of neutrophil percentage, as verified by flow 
cytometry staining. This experiment rules out the involvement of neutrophils 
in the observed phenotype, despite the fact that a higher percentage of 
these cells was found in LLC-bearing lungs from DUSP3-/- mice. It would be 
interesting to investigate the significance of such increase and the exact role 
of neutrophils in LLC-metastasis formation in a DUSP3-dependent manner. 
 
In a subcutaneous model of LLC tumour growth, Mohavedi et al. showed that 
distinct subsets of monocytes/macrophages existed inside the tumour. They 
characterized the different monocyte/macrophage populations based on the 
expression of CD11b, Ly6C and MHC-II surface markers153. We performed a 
similar analysis on tumour-bearing lung cell suspensions of DUSP3+/+ and 
DUSP3-/- mice. Phenotypically, DUSP3+/+ and DUSP3-/- 
monocytes/macrophages did not differ from each other. Each population 
equally expressed M1 or M2 markers. However, using the additional marker 
Ly6B, known to be a marker of newly recruited immune cells277,285, we found 
a higher percentage of Ly6Bhi M2-like macrophages in  DUSP3-/- pulmonary 
cell suspensions compared to DUSP3+/+ control mice. The DUSP3-/- M2-like 
macrophages are more easily recruited to LLC tumour-conditioned medium 
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than DUSP3+/+ macrophages, possibly explaining the higher number 
monocytes/macrophages found in DUSP3-/- LLC-bearing lungs. Proliferation 
assays, using CFSE labelling, performed on BMDMs stimulated with LLC-CM 
showed no difference between DUSP3+/+ and DUSP3-/- BMDMs. This result 
excludes the idea that the higher number of macrophages found in DUSP3-/- 
lung homogenates could be due to higher macrophage proliferation and 
strengthens the involvement of cell migration (Figure 2.15.A and 2.15.B). The 
enhanced recruitment of DUSP3-/- macrophages is further confirmed by an in 
vitro migration assay. Hence, upon stimulation with LLC-conditioned 
medium, DUSP3-/- BMDMs migrated faster than DUSP3+/+ BMDMs. This effect 
could not be observed upon stimulation with B16-conditioned medium. 
These results are in line with in vivo observations on B16 lung metastasis. 
Indeed, the percentage of macrophages was identical in B16-bearing lungs of 
DUSP3+/+ and DUSP3-/- mice and the percentage of Ly6Bhi M2-like 
macrophages was equal if not lower in DUSP3-/- mice compared to control 
mice. This further proves that there is a higher infiltration of M2-like 
macrophages in DUSP3-/- mice after LLC i.v. injection and that they are 
responsible for the enhanced lung metastasis formation even if they don’t 
influence LLC proliferation or migration (Figure 2.15.C and 2.15.D). 
 
One explanation for the higher recruitment of macrophages under LLC but 
not B16 influence would be that the profiles of cytokines and chemokines 
secreted by LLC or B16 differ. For example, tumour cells are the major source 
of CCL2 in Lewis lung carcinomas while B16 cells express low level of CCL2286. 
Cytokines that are strong monocyte/macrophage chemottractants such as 
CSF-1, TGF-β or CCL7 may thus also be differentially expressed between 
those two cell lines, which would explain the differential recruitment of 
macrophages to the metastatic site of LLC and B16 cells. It is likely that one 
cytokine or the combination of some cytokines secreted by LLC and not B16 
may favour the recruitment of DUSP3-/- M2-like macrophages which would 
explain the differential recruitment of macrophages to the metastatic site of 
LLC versus B16 cells. Consequently it would be worthwhile to further 
investigate the precise signalling pathway implicating DUSP3 in the enhanced 
LLC tumour cell dissemination to lung tissues and the exact molecular role of 
DUSP3 in this event 
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Figure 2.15. Macrophage proliferation, LLC proliferation and migration. 
Macrophages proliferation in response to LLC-conditioned medium (A) CFSE was 
incorporated into BMDMs from DUSP3-/- and DUSP3+/+ mice. Cells were next cultured 
for 24h and 48h in presence of LLC-conditioned medium. Fluorescence intensity of 
CFSE was recorded at basal level (T0) and 24h and 48h after addition of the LLC-CM. 
One mean CFSE fluorescent intensity histogram for each mouse genotype is shown in 
(A). (B) Mean fluorescence intensity of CFSE collected from 3 different mice from 
each genotype. Data are presented as mean ± SEM. (C) LLC cells proliferation in 
presence of DUSP3+/+ and DUSP3-/- BMDM-conditioned medium. Quantitative 
xenogen bioluminescence of LLC at time 0 and at 8, 16 and 24h after incubation with 
DUSP3+/+ and DUSP3-/- conditioned media. Data are presented as mean ± SEM. (D) 
LLC cells migration after incubation for 18 hours in the presence of DUSP3+/+ or 
DUSP3-/- BMDM-conditioned medium. Data were collected from 3 independent 
experiments and are presented as a mean ± SEM. BMDM = Bone Marrow-
Differentiated Macrophages. 
 
Recently, we demonstrated that DUSP3 deficiency prevented neo-angiogenesis 
and b-FGF-induced microvessel outgrowth. Since angiogenesis has been 
regarded as essential for tumour growth and metastasis, our presented results 
seem contradictory to these previous observations. However, studies of many 
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human tumours suggest that tumours can grow and metastasize without 
angiogenesis. Indeed, several reports showed evidence for tumour resistance 
and adaptation to anti-angiogenic therapy leading to more metastasis287,288. 
Moreover, low doses of angiogenesis inhibitors resulted in vessel 
normalization, well oxygenated tumours and increased effectiveness of 
chemotherapy289.  On the other hand, growing evidences indicate that tumour 
cells may use alternative mechanisms for blood supply. For example, vessel co-
option, a procedure of hijacking the blood vessels in surrounding normal 
tissue, was reported in vascularized tissues such as brain, lung, and liver290. 
Vessel co-option may occur in tumours independently of sprouting 
angiogenesis and there is increasing evidence supporting the use of this 
alternative blood supply in metastasis and resistance to anti-angiogenic 
therapy291,292. Although the impact of vessel co-option in our model is still to 
be demonstrated, we can assume that metastasis in our tumour model is not 
dependent on angiogenesis. 
 
 

 
Figure 2.16. DUSP3 acts as an anti-metastatic agent by regulating the migration 
monocytes/macrophages to the site of metastasis. LLC cells secrete specific 
chimiokines to recruit DUSP3-/- monocytes. These monocytes differentiate into 
metastasis-associated macrophages and help the metastasis to grow. 
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In this study, we provide evidences for an unexpected role of DUSP3 in cancer 
metastasis. In DUSP3-deficient mice, the enhanced LLC-lung metastasis 
involves a better recruitment/migration of M2-like macrophages. The presence 
of M2-like macrophages in turn favours metastasis growth (Figure 2.16). In 
conclusion, we show that DUSP3 acts as an anti-metastatic agent by regulating 
the migration monocytes/macrophages to the site of metastasis. 
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3. DUSP3 deletion protects female, but not male 
mice, from LPS-induced endotoxemia and 
polymicrobial-induced septic shock 

 

3.1. Abstract 
DUSP3, is a small dual specificity phosphatase. Only few substrates are known 
and the physiological role of this phosphatase is poorly known. Using DUSP3-
deficient C57/BL6 mice, we recently reported that DUSP3 deficiency confers 
resistance to endotoxin- and polymicrobial-induced endotoxemia and septic 
shock. We showed that this protection was macrophage-dependant. In this 
work, we further investigate the role of DUSP3 in sepsis tolerance and show 
that the resistance is gender dependent. Using adoptive transfer experiments 
and ovariectomized mice, we highlighted the role of female sex hormones in 
the phenotype. Indeed, in ovariectomized and male mice the dominance of 
M2-like macrophages observed in DUSP3-/- female mice was lost confirming 
the role of this macrophage subset in sepsis tolerance. In DUSP3-/- female 
peritoneal macrophages stimulated ex vivo by LPS, ERK 1 and 2, PI3K and Akt 
were hypophosphorylated. Our results demonstrate that mice female 
hormones modulate M2-like responses during endotoxemia in a DUSP3 
dependent manner. 
 
 
Key words: DUSP3, sepsis, endotoxemia, LPS, female sex hormones, 
macrophages 
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3.2. Introduction 
Sepsis and septic shock are complex clinical syndromes that arise when the 
local body response to pathogens becomes systemic and injures its own 
tissues and organs177. When infection occurs, bacterial components such as 
LPS are recognized by the host and inflammation is initiated. TLR4 pathway is 
activated and triggers the release of cytokines, chemokines and nitric oxide 
(NO)185,196. Systemic release of pro-inflammatory cytokine causes a large-scale 
of cellular and tissue injuries, leading to microvascular disruptions, severe 
organ dysfunctions and eventually to death181. Sepsis occurrence and outcome 
depend on pathogen characteristics but also on risk factor such as age or 
sex177. Indeed, women are better protected against infection and sepsis. 
Women younger than 50 years show a lower incidence of severe sepsis and a 
better survival compared to age-matched men. This may be explained by the 
influence of female sex hormones on the immune system responses179. 
 
DUSP3, or Vaccinia-H1-related (VHR), is an atypical dual specificity 
phosphatase of 21kDa. The phosphatase contains one catalytic domain but 
lacks a binding domain14. DUSP3 broader catalytic site allows the protein to 
dephosphorylate both phospho-Tyr and phospho-Thr residues272. The MAPK 
ERK 1/2 and JNK were the first substrates of DUSP3 to be described17,18,20. 
Other substrates such as the tyrosine receptors EGFR and ErbB222 and the 
transcription factor STAT521 were also reported. DUSP3 physiological functions 
started to be elucidated thanks to the knockout mouse we have generated. 
Studies from our laboratory using DUSP3-KO mice showed that DUSP3 plays an 
important role in platelets biology, in monocytes and macrophages and in 
endothelial cells23,34,38. In platelets, DUSP3 plays an important role in arterial 
thrombosis and platelet activation through GPVI and CLEC-2 signalling34. 
DUSP3 plays also an important role in endothelial cells and angiogenesis and 
seems to play a pro-angiogenic function271. Surprisingly, this function was not 
correlated with reduced tumour or metastatic growth. In an experimental 
metastasis model using Lewis lung carcinoma cells (LLC), we found that DUSP3 
plays a rather anti-tumour role since DUSP3-KO mice were more sensitive to 
LLC metastatic growth when compared to WT littermates. This enhanced 
tumour growth in DUSP3-/- mice was associated with higher recruitment of 
M2-like macrophages (Vandereyken et al, under revision). Previous studies 
from our laboratory and others showed that DUSP3 was downregulated in 
some human cancers and upregulated in others (reviewed in26,271). Further 
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studies are required to better understand the role of this phosphatase in 
cancer biology. 
DUSP3 plays also an important role in immune cell functions. In T cells, DUSP3 
is activated by the kinase ZAP-70 after TCR triggering. This activation, through 
tyrosine phosphorylation of DUSP3 residue Tyr138, allows targeting of the 
MAPK ERK1/2 and the activation of its downstream signalling pathway27. 
Moreover, in Jurkat leukemia T cells, DUSP3 targets ERK and JNK, but not p38. 
Together, these data suggest that DUSP3 controls T cell physiological functions 
at least partially through the MAPKs ERK and JNK20. In innate immune cells, we 
recently showed that DUSP3 is the most highly expressed atypical DUSPs in 
monocytes. This was also true in mice38. These finding suggested to us that 
DUSP3 could play an important role in innate immune responses. Indeed, using 
DUSP3-KO mice, we found that DUSP3 deletion conferred resistance of female 
mice to LPS-induced endotoxemia and to polymicrobial infection-induced 
septic shock. This protection was macrophage dependent since a higher 
percentage of M2-like macrophage subsets was found in DUSP3-/- mice. 
Moreover, the resistance was also associated with a hypo-phosphorylation of 
the serine/threonine kinases ERK1 and ERK2 and a subsequent decreased in 
TNF-α production38. 
 
In this study, we report that DUSP3 deletion does not protect male mice from 
LPS-induced endotoxemia and CLP-induced septic shock and that this 
protection is female sex hormone dependent. Furthermore, we report that 
sepsis resistance was associated with a higher percentage of M2-like 
macrophages in peritoneal cavity of DUSP3-/- female mice but not with a 
decreased of pro-inflammatory cytokines production. We also showed that 
sepsis resistance in females but not in males nor in ovariectomized females 
was associated with a decrease in ERK1/2 and PI3K and Akt activation. 
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3.3. Materials and methods 
Mice and ethic statement 
C57BL/6 (CD45.2)-DUSP3-/- mice were generated by homologous 
recombination as previously reported23. These mice were backcrossed with 
C57BL/6-CD45.2 mice (Charles River) to generate heterozygotes that were 
mated to generate DUSP3+/+ and DUSP3-/- littermate colonies used for 
experimentation. Age matched male and female DUSP3+/+ and DUSP3-/- mice 
were used in all the experiments. Mice were kept in ventilated cages under 12-
hours dark/12-hours light cycle in an SPF animal facility and received food and 
water and libitum. Health status was evaluated every 3 months and mice were 
always found free of specific pathogens. 
 
All mouse experiments and procedures were approved by the animal ethics 
committees of the Universities of Ghent and Liege and were carried out 
according to their guidelines. 
 

Cecal ligation and puncture and in vivo challenge with LPS 
Cecal ligation and puncture (CLP) was performed as previously described293. 
For LPS challenge, mice were i.p. injected with LPS (6mg/kg). Body 
temperature was monitored using a rectal thermometer at various times after 
LPS injection and after CLP. Death of mice was recorded and the data were 
analysed for statistical significance of differences between groups. 
 

Mice irradiation and bone marrow transplantation 
CD45.2 donor mice of 10–12 weeks old were killed by cervical dislocation. Tibia 
and fibula were collected and BM cells were flushed with PBS. BM cells 
(10x106) were immediately i.v. injected to CD45.1 lethally irradiated (866, 
3cGy) 6-8 weeks old recipient mice. 4 weeks later, transplantation efficiency 
was evaluated on the basis of the ratio of CD45.2 to CD45.1 cells in the blood 
of transplanted mice. 
 

Female ovariectomy  
4 weeks old females were anesthetized using ketamine/xylazine (150mg/kg 
and 20mg/kg). A vertical incision of 2-3cm was performed in the middle of the 
back. 1cm lateral of the midline, another incision of 2-3mm was performed in 
the fascia. Adipose tissue surrounding ovary was pulled out and ovary was 
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removed after clamping. The same operation was realized for contralateral 
ovary. The incision in fascia was closed with stitches and the skin incision with 
clips. Shame operated mice were used as a control. All above procedures were 
applied to these mice except the removal of ovaries. 
 

Antibodies and reagents 
The following materials were from Cell Signalling Technology Inc. anti-phosho-
AKT (Ser473), anti-AKT, anti-phospho-ERK1/2 (Thr202/Tyr204), anti-ERK, anti-
phospho-PI3K p85 (Tyr458)/p55 (Tyr199), anti-PI3K p85, anti-phospho-
GSK3α/β (Ser21/9) Anti-GSK3α/β was from Santa Cruz. Anti-GAPDH antibody 
was from Sigma. HRP-conjugated anti-goat antibody was from Dako. HRP-
conjugated anti-mouse antibody was from GE healthcare. HRP-conjugated 
anti-rabbit antibody was from Merck Millipore. APC-anti-CD45.1 (A20) and 
PerCp-Cy5.5-anti-CD45.2 (104) were from BD Biosciences. APC–anti-F4/80 and 
PerCP–Cy5.5–anti-CD11b were from eBiosciences. LPS from Escherichia coli 
serotype O111:B4 was from Sigma and was diluted in pyrogen-free PBS. 
 

Animal blood sampling and plasma preparation 
Peripheral blood was drawn in EDTA-coated tubes (BD Microtainer K2E tubes; 
BD Biosciences) by puncturing the heart with 26G needle. Centrifugation was 
performed twice at 800g for 15 min at RT. Plasma samples were separated in 
sterile Eppendorf tubes, aliquoted in small volumes, and stored at -80°C until 
used.  
 

Meso Scale Discovery electrochemiluminescence assay 
MSD assay was performed according to manufacturer’s instructions 
(Mesoscale Discovery). Briefly, plasmas were diluted 15 and 15000 times for 
TNF-α and IL-6 respectively. Samples were loaded on the 96 well plates, 
incubated 2h at RT and washed. Detection antibodies were added for 2h at RT. 
Signal detection was measured within 15 minutes after read buffer addition 
using MSD instrument. 
 

Isolation and stimulation of thioglycollate elicited peritoneal 
macrophages 
Peritoneal washes were performed 4 days after intraperiteonal injection of 
1mL of 4% thioglycollate broth (Sigma). 5 mL of PBS-EDTA 0.6 mM were 
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injected twice in the peritoneal cavity using an 18G needle and then collected. 
Peritoneal macrophages were selected by adherence to tissue culture plastic 
dishes in complete RPMI 1640 medium. Peritoneal macrophages were 
stimulated with LPS 1µg/mL during 15, 30 or 60 minutes. 
 

Phenotyping and flow cytometry. 
Peritoneal washes were centrifuged 10 min at 350g and the pellet was 
resuspended in PBS. For surface cell staining, cells were incubated for 15 min 
with anti-CD16/CD32 (Fcγ III/IIR) before labelling for 30 min with specific 
antibodies for 30 min at 4°C. Cells were then washed and fixed with 1% 
paraformaldehyde solution. Cells were next analysed on FACSCanto II (Becton 
Dickson) using FlowJo (Tree Star). 
 

Protein extraction and Western blot  
For Western blot experiments, cells were stimulated for the indicated time 
points and lysed using RIPA buffer (50 mMTris-HCl (pH = 8.0), 150 mM NaCl, 
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM orthovanadate, 
complete protease inhibitor cocktail tablets EDTA free and 1 mM 
phenylmethylsulfonyl fluoride) on ice during 20 min. Lysates were next 
clarified by centrifugation at 19000g during 20 min at 4°C. The resulting 
supernatants were collected and protein concentrations were determined 
using the colorimetric Bradford reagent (Bio-Rad). Proteins were next 
denatured at 95°C in Laemmli buffer (40% glycerol ; 8% SDS 5% ; 20% B-
mercaptoethanol ; 20% Tris-HCl 0.5 M pH6,8 ; 0.05% bromophenol blue and 
water) during 5 min.  
 
Denatured samples were run on 10% SDS-PAGE gel and transferred onto 
nitrocellulose membranes. To block the non-specific binding sites, membranes 
were incubated for one hour at room temperature in Tris-buffered saline-
Tween 20 containing 5% of non-fat milk or 3% BSA (bovine serum albumin). 
Membranes were incubated overnight with primary antibody at 4°C. 
Membranes were next washed thrice in Tris-buffered saline-Tween and 
incubated with HRP-conjugated secondary antibody during one hour at room 
temperature. The blots were developed by enhanced chemiluminescence (ECL 
kit, Amersham) according to the manufacturer’s instructions. 
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Statistical analysis 
The student t-test was used to assess statistical differences between different 
groups. Survival differences after LPS challenge and CLP were analysed by 
Kaplan-Meier analysis with log rank test. Results were considered as significant 
if p-value < 0.05. Results are presented as mean ± SEM. Prism software 
(GraphPad) was used to perform statistical analysis. * = p < 0.05, ** = p < 0.01, 
*** = p < 0.001. 
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3.4. Results 
DUSP3-/- female, but not male, mice are resistant to LPS-
induced endotoxemia and to CLP-induced septic shock 
In a previous study, we showed that DUSP3 deletion protected mice from LPS-
induced endotoxemia and polymicrobial-induced septic shock38. Only females 
were used in the first study. To investigate whether the protection observed is 
a general feature of DUSP3 deletion or restricted to a specific gender, we 
challenged DUSP3-KO males with a lethal dose of LPS (i.p. injection of 6 mg/kg) 
and compared survival of DUSP3-/- male to female mice and to WT littermate 
controls. Body temperature was also monitored. As expected and previously 
reported, 90% of DUSP3-/- female mice were resistant to LPS while only 5% of 
DUSP3+/+ female mice survived the challenge38.  
 

 
Figure 3.1. DUSP3-/- female mice, but not male mice, are resistant to LPS- and CLP-
induced septic shock. (A) DUSP3+/+ male (n = 12) and female (n = 17), DUSP3-/- male (n 
= 13) and female (n = 19) mice were i.p injected with 6 mg/kg of LPS. Percent survival 
was assessed twice a day for 10 days. (B) Body temperature of DUSP3+/+ and DUSP3-/- 
mice before, 6 h, and 24 h after LPS injection. (C) DUSP3+/+ male (n = 10) and female (n 
= 11) and DUSP3-/- male (n = 9) and female (n = 11) mice were subjected to CLP (one 
puncture with 21-gauge needle). Survival was documented twice a day for 7 days. 
Survival data were compared using Kaplan–Meir with log-rank test. (D) Body 
temperature of DUSP3+/+ and DUSP3-/- mice before, 6 h, and 24 h after CLP. *p < 0.05, 
***p <0,001. 
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Interestingly, DUSP3+/+ and DUSP3-/- male mice were equally sensitive to LPS-
induced death (Figure 3.1.A). Body temperature of all groups of mice, but not 
DUSP3-/- females, decreased after LPS injection. 24h later, almost all DUSP3-/- 
females recovered while the other groups remained hypothermic (Figure 
3.1.B). These results were further confirmed in the cecal ligation and puncture 
(CLP) model performed on DUSP3+/+ and DUSP3-/- male and female mice. As 
expected, only 10% of DUSP3+/+ and DUSP3-/- male mice and DUSP3+/+ female 
mice were still alive by the end of the experiment whereas 70% of DUSP3-/- 
female mice survived (Figure 3.1.C.). The body temperature of each group 
dropped after surgery and only DUSP3-/- female mice recovered (Figure 3.1.D). 
These results indicate a gender specific response to septic shock in DUSP3-/- 
mice. 
 
DUSP3 deletion does not impact the percentage of M2-like 
macrophages nor TNF and IL-6 level in male mice after LPS-
induced endotoxemia 
We previously reported that increased survival of DUSP3-/- female mice after 
LPS and CLP was associated with a higher percentage of M2-like macrophages 
in the peritoneal cavity of these mice compared to DUSP3+/+ female mice and 
with a subsequent decrease of the pro-inflammatory cytokine TNF38. We 
phenotyped DUSP3+/+ and DUSP3-/- peritoneal macrophages from male and 
female mice challenged with LPS based on the characterization previously 
reported by Ghosn et al294. M1 macrophages are F4/80intCD11bintLy6G-CD11c-

MHCII+CCR2+, whereas M2-like macrophages are F4/80hiCD11bhiLy6G-CD11c-

MHCIIlowCCR2+ (Figure 3.2.A and data not shown). We confirmed previous 
findings showing that the percentage of M2-like macrophages was higher in 
the peritoneal cavity of DUSP3-/- female mice compared to littermate controls 
2h and 24h after LPS injection (Figure 3.2.A and 3.2.B). Interestingly, we 
observed that the percentage of M2-like macrophages in male mice was 
slightly lower compared to DUSP3-/- female mice 2h after LPS challenge. This 
difference was exacerbated at 24h after LPS injection. There was not 
significant difference for the percentage of M2-like macrophages between 
DUSP3+/+ and DUSP3-/- male mice. Similarly, there was no difference in the 
percentage of M1-like macrophages at 2h and 24h after LPS injection between 
DUSP3+/+ and DUSP3-/- female mice. However we noticed a slight increase in 
the percentage of M1-like macrophages in males compared to female mice 2h 
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after LPS injection. This difference was accentuated, though not significant, at 
24h (Figure 3.2.A and 3.2.B). 
 
We previously reported that DUSP3-/- female survival to LPS was associated 
with decreased systemic TNF level compared to DUSP3+/+ mice38. Therefore, 
we wanted to know whether the susceptibility of DUSP3-/- males to LPS-
induced death could be linked to differential expression of TNF and/or IL6. We 
measured and compared plasma levels of these two pro-inflammatory 
cytokines after LPS challenge in all group of mice, using MSD assay. For TNF, 
there was no difference between DUSP3+/+ and DUSP3-/- males. However and 
as previously reported38 there was a significantly decrease of this cytokine in 
DUSP3-/- females compared to DUSP3+/+ female mice 2h after LPS challenge 
(Figure 3.2.C). Compared to DUSP3+/+ mice, DUSP3-/- mice of both genders had 
a slight, but not significant decrease of IL6 2h after LPS injection (Figure 3.2.D). 
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Figure 3.2. The percentage of M2-like macrophages is decreased in male mice after 
LPS-induced endotoxemia. (A) Peritoneal cells harvested from LPS-challenged DUSP3+/+ 
and DUSP3-/- male and female mice were analyzed by flow cytometry for CD11b and 
F4/80 to discriminate between M1-like macrophages (F4/80intCD11bint) and M2-like 
macrophages (F4/80highCD11bhigh). (B) Percentage of M1-like and M2-like macrophages 
out of total live cells. TNF (C) and IL-6 (D) concentrations from DUSP3+/+ and DUSP3-/- 

male and female after LPS challenge (6mg/ml) were determined using MSD assays. 
Plasmas were collected 2h after LPS challenge. Results are presented as mean ± SEM. n 
= 5 mice per group/time point. *p < 0.05, **p < 0.01, ***p <0,001 
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DUSP3-/- female bone marrow cells rescue DUSP3+/+ female, 
but not male mice from LPS-induced lethality 
The previous data suggest an involvement of M2-like macrophages in the 
gender specific response to LPS-induced lethality in DUSP3-/- mice. To study the 
role of DUSP3-/- myeloid cell population in the observed phenotype, we 
created chimeric mice by adoptive transfer experiment. 10x106 bone marrow 
cells (BM) from DUSP3-/- C57BL/6-CD45.2 female mice were intravenously 
injected into lethally irradiated DUSP3+/+ C57BL/6-CD45.1 recipient male and 
female mice (DUSP3-/-->M-DUSP3+/+ and DUSP3-/-->F-DUSP+/+, respectively). As 
a control, DUSP3+/+ female BM were transplanted into lethally irradiated 
DUSP3+/+ male or female mice (DUSP3+/+->M-DUSP3+/+ and DUSP3+/+->F-
DUSP3+/+, respectively).  
 

 
Figure 3.3. DUSP3-/- female bone marrow cells rescue DUSP3+/+ female, but not male 
mice from LPS-induced lethality. (A) Representative dot plot of CD45.1 and CD45.2 
immune cells in BM transplanted mice. (B) Percentage of CD45.1 and CD45.2 immune 
cells in all transplanted mice. Data are presented as mean ± SEM. n = 10 for each 
experimental group. (C) Western blot was performed on peritoneal cells from 
transplanted mice using anti-DUSP3 antibody. Anti-GAPDH was used as a loading 
control. (D) Transplanted mice survival after LPS i.p. injection (6mg/ml). Percent 
survival was assessed twice a day for 10 days. Survival data were compared using 
Kaplan–Meir with log-rank test. n = 10 in each experimental group. ***p <0,001 
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Successful hemato-lymphoid reconstitution was verified by flow cytometry 3 
to 4 weeks after the transplantation. 95% of peripheral blood cells were 
CD45.2 positive (Figure 3.3.A and 3.3.B). Moreover, in recipient mice, the 
expression of DUSP3 in peritoneal macrophages was completely abolished in 
the recipient mice transplanted with DUSP3-/- BM cell suspension, as showed 
by DUSP3 immunoblotting (Figure 3.3.C). 4 weeks after BM transplantation, 6 
mg/kg of LPS were i.p. injected into recipient mice and survival was monitored 
during 8 days (Figure 3.3.D). Interestingly, more than 70% of the chimeric 
DUSP3-/-->F-DUSP3+/+ mice survived up to the end of the experiment compared 
to 9% of DUSP3+/+->F-DUSP3+/+ mice. On the other hand, all DUSP3-/-->M-
DUSP3+/+ and DUSP3+/+->M-DUSP3+/+ mice died within 4 days after LPS injection 
(Figure 3.3.D). These data suggest that female sex hormones are required for 
LPS-induced septic shock survival. 

 

Ovariectomized DUSP3-/- mice are sensitive to LPS-induced 
death 
Male and female sex hormone receptors have been identified on immune cells 
suggesting direct effects of androgen and oestrogen on these cells295. Sexual 
steroid hormones have been recognized to influence numerous immune 
pathophysiological processes296. To elucidate the effect of female hormones, 
we ovariectomized 4 weeks old DUSP3+/+ and DUSP3-/- mice (OVX mice). As 
controls, another group of 4 weeks old DUSP3+/+ and DUSP3-/- were sham 
operated. To assess the ovariectomy’s efficiency, we checked the presence and 
the size of the uterus. Successful ovariectomized mice were deprived of 
normal uterus development whereas sham operated mice presented a 
normally developed uterus (Figure 3.4.C). 6 weeks after surgery, sham and 
OVX mice were challenge with 6mg/kg of LPS and survival and temperature 
were monitored (Figure 3.4.A and 3.4.B). Ovariectomy impaired the observed 
endotoxemia resistance of DUSP3-/- mice, whereas sham operated DUSP3-/- 
mice were still fully protected from endotoxin-induced death. These results 
demonstrate that female sex hormones are involved in the resistance of 
DUSP3-/- female mice to LPS-induced lethality. 
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Figure 3.4. Ovariectomized DUSP3-/- mice are sensitive to LPS lethality. (A) DUSP3+/+ 
sham (n= 8) or OVX (n = 11) and DUSP3-/- sham (n = 9) or OVX (n = 9) mice were i.p 
injected with 6 mg/kg LPS. Percent survival was assessed twice a day for 5 days. (B) 
Body temperature of DUSP3+/+ and DUSP3-/- mice before, 8 h, and 24 h after LPS 
injection. (C) Macroscopic picture of uterus after sham surgery or ovariectomy. Results 
are presented as mean ± SEM. n = 5 mice per group/time point. *p < 0.05, **p < 0.01, 
***p <0,001 
 

Loss of resistance of DUSP3-/- OVX mice to LPS-induced 
endotoxemia is associated with decreased M2-like 
macrophages but not with increased TNF levels. 
The BM adoptive transfer experiments together with mice OVX showed that 
female sex hormones were involved in the resistance of DUSP3-/- females to 
LPS-induced death. It is possible therefore that these hormones could 
influence hematopoietic cells phenotype and response to inflammation. To 
investigate this hypothesis we phenotyped DUSP3+/+ and DUSP3-/- peritoneal 
macrophages from sham and OVX mice after LPS challenge based on the 
characterisation described in294 (Figure 3.5.A). 2h after LPS injection, the 
percentage of M1-like macrophages (F4/80intCD11bint) was higher in DUSP3+/+ 
and DUSP3-/- OVX mice compared to DUSP3-/- sham mice. The difference was 
maintained at 24h, although not significant (Figure 3.5.B). 
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Figure 3.5. Ovariectomized DUSP3-/- mice are sensitive to LPS lethality (A) Peritoneal 
cells harvested from LPS-challenged DUSP3+/+ sham and OVX and DUSP3-/- sham and 
OVX mice were analyzed by flow cytometry for CD11b and F4/80 to discriminate 
between M1-like macrophages (F4/80intCD11bint) and M2-like macrophage 
(F4/80highCD11bhigh). (B) Percentage of M1-like and M2-like macrophages out of total 
live cells. TNF (C) and IL-6 (D) levels from DUSP3+/+ and DUSP3-/- sham and OVX after 
LPS challenge (6 mg/mL) were determined using MSD assays. Plasmas were collected 
2h after LPS challenge. Results are presented as mean ± SEM. n = 5 mice per 
group/time point. *p < 0.05, **p < 0.01, ***p <0,001 
 
The percentage of M2-like macrophages was equal in DUSP3+/+ and DUSP3-/- 
OVX mice compared to DUSP3+/+ and DUSP3-/- sham mice 2h after LPS 
injection. However 24h after LPS challenge, the percentage of M2-like 
macrophages in the peritoneal cavity of OVX mice decreased, but did not reach 
statistical significance when compared to DUSP3-/- sham mice (Figure 3.5.B). 
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These data suggest that M2-like macrophages are likely to be involved in the 
resistance to LPS-induced endotoxemia 
 

We next measured the level of the pro-inflammatory cytokines TNF and IL-6 in 
plasma 2h after LPS challenge. As previously reported38, the level of TNF and 
IL-6 decreased in OVX DUSP3-/- mice compared to DUSP3+/+ sham operated 
mice 2h after LPS injection. Interestingly, ovariectomy of mice did not impact 
TNF nor IL-6 level (Figure 3.5.C and 3.5.D). Together with the data obtained for 
males, these results suggest that M2-like macrophages, but not TNF, are 
involved in DUSP3-induced resistance to LPS-induced endotoxemia. 
 

DUSP3-deficiency affects ERK 1/2 and PI3K/Akt 
phosphorylation in female, but not in male mice 
macrophages. 
We have previously reported that DUSP3 deficiency leads to a decrease in ERK 
1/2 phosphorylation following LPS stimulation of peritoneal macrophages38. 
Therefore we verified if the alteration of ERK 1/2 phosphorylation is associated 
with the gender-specific resistance to septic shock. We stimulated DUSP3+/+ 
and DUSP3-/- peritoneal macrophages from sham or OVX mice with LPS (1 
μg/mL) at different time point and probed ERK 1/2 with phospho-specific 
antibody. As expected, ERK phosphorylation decreased in DUSP3-/- sham 
peritoneal macrophages at all time points compared to DUSP3+/+ macrophages. 
Interestingly, in OVX mice, LPS stimulation of peritoneal macrophages led to an 
equal activation of ERK, as demonstrated by its phosphorylation level in 
DUSP3+/+ and DUSP3-/-. There was no difference of ERK phosphorylation in 
male mice from both genotypes (Figure 3.6.A and 3.6.B). 
 
The observed hypo-phosphorylation of ERK 1/2 in DUSP3-/- sham mice suggests 
that DUSP3 is targeting either ERK 1/2 kinase or one of ERK1/2 phosphatases. 
Therefore we analysed MAPKK MEK 1/2 activation following ex vivo LPS 
stimulation (1 μg/mL) of peritoneal macrophages. MEK 1/2 kinetic 
phosphorylation was equal between DUSP3+/+ and DUSP3-/- sham mice of both 
gender (Figure 3.6.C and 3.6.D). These data suggest that DUSP3 does not 
target MEK 1/2 but more probably one of ERK 1/2 phosphatases. 
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Figure 3.6. DUSP3-deficiency affects ERK 1/2 phosphorylation in female mice 
macrophages but not in males. Peritoneal macrophages isolated from 12-weeks-old 
DUSP3+/+ and DUSP3-/- female, male and OVX mice were stimulated ex vivo with 1 
mg/ml LPS for the indicated time points. (A) Western blots were performed using anti–
phospho-ERK1/2 (Thr202/Tyr204) and anti-ERK1/2 as a loading control. Representative 
blots are shown for each detected (phospho)protein. Densitometry quantifications of 
phosphor-ERK1/2 and ERK1/2 were performed. (B) Anti–phospho- MEK1/2 
(Ser217/221) and anti-MEK1/2, as loading control and densitometry quantifications of 
phospho-MEK and MEK. Results are presented as a ratio of phospho-ERK/ERK and 
phospho-MEK/MEK from four independent experiments. Data are shown as mean ± 
SEM. *p , 0.05. 
 
The PI3K/Akt pathway is another important pathway activated after  TLR4 
triggering248. We therefore investigated whether DUSP3 deletion could impact 
this pathway after activation with LPS and whether the kinetic and magnitude 
of this activation could be gender dependent. PI3K and Akt activations were 
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evaluated using phospho-specific antibodies and Western blot after ex vivo LPS 
stimulation (1 μg/mL) of peritoneal macrophages at different time points.  
 

 
Figure 3.7. DUSP3-deficiency affects PI3K/Akt pathway in female, but not in male mice 
macrophages. Peritoneal macrophages isolated from 12-weeks-old DUSP3+/+ and 
DUSP3-/- female, male and OVX mice were stimulated ex vivo with 1 mg/ml LPS for the 
indicated time points. (A) Western blots were performed using anti–phospho-PI3K 
(p85 Tyr 458/ p55 Tyr199), anti-phospho-Akt (Ser473), anti-phospho-GSK3α/β 
(Ser21/9) and anti-PI3K, anti-Akt and anti-GSK3α/β as loading controls. (B) 
Densitometry quantifications of phospho-PI3K, phospho-Akt, phospho-GSK3α/β, PI3K, 
Akt and GSK3α/β. Results are presented as a ratio of phospho-PI3K/PI3K, phospho-
Akt/Akt and phospho-GSK3α/β/GSK3α/β from four independent experiments. Data are 
shown as mean ± SEM. *p , 0.05. 
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Interestingly, PI3K and Akt activations were decreased in DUSP3-/- sham 
peritoneal macrophages compared to DUSP3+/+ peritoneal macrophages at all 
time points. This difference was abolished in OVX mice since the 
phosphorylation level of PI3K and Akt were remained equal between DUSP3+/+ 
and DUSP3-/- peritoneal macrophages. The activation of GSK3 downstream 
target of Akt, was however not affected by DUSP3 deficiency neither in sham 
nor OVX mice (Figure 3.7.A and 3.7.B.). There was no difference in PI3K and 
Akt activations in male peritoneal macrophages after LPS stimulation. PI3K and 
Akt were equally activated at all time points in DUSP3+/+ and DUSP3-/- LPS- 
stimulated peritoneal macrophages. Again GSK3 activation was not affected by 
DUSP3 deficiency (Figure 3.7.A and 3.7.B). These data suggest that DUSP3 also 
affects PI3K and Akt activation in a gender dependent manner. 
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3.5. Discussion and conclusion 
It is well recognized that immune responses to infection are gender 
dependent. Indeed stronger immune responses confer to women protection 
against infection and sepsis255. Several epidemiological studies have been 
performed and showed a greater incidence of sepsis in males compared to 
females297. Consequently, compared to males, there are less female 
hospitalizations associated with infections. In addition, male sex, and presence 
of comorbidities were commonly reported independent predictors of post-
acute mortality in sepsis survivors298. Interestingly, many of the differences 
between males and females in response to infections become apparent at 
puberty299. In line with this, women younger than 50 years show lower 
incidence of severe sepsis and better survival compared to age-matched 
men256. Altogether, these observations suggest a role for sexual hormones in 
the protection from severe infections and sepsis. This hypothesis has been 
supported by the finding that receptors for reproductive hormones are present 
in a variety of immune cells types300. On the other hand, oestrogens have been 
demonstrated to increase resistance to several bacterial infections whereas 
the removal of endogenous oestrogens have been shown, for example, to 
markedly increase the severity of Mycobacterium avium infections, an effect 
that can be reversed after 17β-oestra-diol replacement301,302. The role of 
female reproductive hormones in susceptibility to acute infection and sepsis is 
still however poorely understood.  
 
In the present study, we report that DUSP3 deletion confers resistance to LPS-
induced lethality and to polymicrobial-induced septic shock in female mice but 
not in males. We demonstrated that this protection is female sexual hormones 
and monocytes/macrophages dependent. Indeed, ovariectomy induced a loss 
of resistance and DUSP3-/- monocytes transfer to WT females was sufficient to 
transfer the resistance to WT recipient mice38. This protection was, however, 
not due to decreased TNF production as suggested by our previous study38. To 
our knowledge, this is the first report demonstrating a signalling molecule-
induced synergic immunoprotective effect of monocytes/macrophages and 
female sexual hormones against sepsis.  
 
The observed resistance to LPS-induced septic shock of DUSP3-/- female mice 
was associated with a dominance of M2-like macrophages. DUSP3-deficient 
mice ovariectomy induced a loss of resistance to LPS-induced death with no 
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difference in M2-like macrophage percentage between control groups and 
OVX-DUSP3-/-. Together with the fact that the percentage of M2-like 
macrophages was also equal in both DUSP3+/+ and DUSP3-/- male mice suggest 
that female sex hormones may influence macrophage alternative activation. 
Our observations are in line with studies showing that oestrogens influence 
numerous immunological processes, among which monocytes and 
macrophages physiological functions303. Indeed, ovarian sex hormones 
modulate monocyte adhesion and chemotaxis, TLR expression, cytokines 
production as well as phagocytosis activity304. Moreover several evidences 
suggest that oestrogens also influence macrophage polarization. ER-α 
knockout mice undergo a decrease of alternative activated macrophages304. 
ER-α-deficient macrophages are indeed refractory to IL-4-induced alternative 
activation as demonstrated by a decrease of IL-4R and STAT6 phosphorylation 
in these cells305. Oestrogens have also been reported to increase the 
expression of the transcription factor IRF4 (interferon regulatory factor-4) 
involved in alternative activation of macrophages306. Using transcriptomic 
assay, we did not observe differences in IL4 or IL4R expression levels between 
DUSP3-/-males and female neither at basal level nor after LPS challenge (data 
not shown). On the other hand, TNF production does not seem to play a role in 
the observed phenotype since ovariectomy of DUSP3-/- mice did not influence 
the level of this pro-inflammatory cytokine, although mice succumb to 
endotoxemia. These data were rather surprising wince sex steroids are known 
to regulate pro- and anti-inflammatory cytokine levels released by 
macrophages. On the other hand, female sex hormones are known to 
negatively regulate TNF production307, one of the most important in 
sepsis308,309. The change of TNF production upon DUSP3 deletion in female 
mice should be therefore considered as an independent phenomenon not 
related to DUSP3-/- mice survival to sepsis.  
 
How does DUSP3 regulate macrophage alternative activation in a female 
sexual hormone dependent manner is a complex question to answer. The 
molecular mechanisms involved are probably linked to the observed decrease 
of ERK1/2 and Akt/PI3K activations. Upon ex vivo LPS stimulation, DUSP3-/- 
female peritoneal macrophages showed a hypo-phosphorylation of both 
ERK1/2 and Akt when compared DUSP3+/+ female macrophages. These 
differences were not observed in macrophages from OVX DUSP3-/-mice. 
Together, these data suggest that, under inflammation conditions, female sex 



Septic shock 

104 
 

hormones control macrophage polarization through DUSP3-ERK1/2-Akt 
signalling pathway axis. ERK1/2 has been previously reported to play a role in 
macrophage polarization through mTOR signalling pathway310. Indeed, ERK1/2 
phosphorylates and dissociates the tuberous sclerosis protein (TSC) complex 
leading to its inactivation and subsequent activation of mTOR310, constitutive 
activation of which leads to decreased IL-4-induced M2 polarization in TSC-
deficient mice310,311. The role of sex hormone has not been investigated in 
these studies. In our model, it would be interesting to investigate whether the 
observed ERK1/2 hypo-phosphorylation found in DUSP3-/- female peritoneal 
macrophages could lead to TCS activation and consequently to M2 
polarization. On the other hand, it has been reported that, upon TLR4 
stimulation, PI3K engagement is followed by Akt and mTORC1 activation due 
to TSC inactivation by Akt312. This may lead to M1 macrophages 
polarization312,313. Similarly to ERK hypo-phosphorylation, decreased PI3K/Akt 
activation may lead to TSC activation and shifts macrophages polarization 
towards a M2 phenotype. 
 
Another important question raised by our study is how does DUSP3 deletion 
lead to hypo-activation of the ERK1/2 and Akt signalling molecules. Decreased 
phosphorylation of these kinases clearly suggests that they are not directly 
targeted by DUSP3. The observed hypo-phosphorylation could be due to 
hyper-activation of specific ERK1/2 and PI3K/Akt yet unknown phosphatase. 
Indeed, preliminary data from our laboratory show that pervanadate (non-
specific protein tyrosine phosphatases inhibitor) treatment of LPS-stimulated 
peritoneal macrophages restores ERK1/2 phosphorylation while okadaic acid 
(inhibitor of Ser/Thr PP1/PP2A), at low and high concentration, did not (Figure 
3.8). Further investigations using, among others, phosphoproteomics 
approaches are required to confirm this hypothesis and identify the specific 
substrate(s) for DUSP3 and assess the exact role of this phosphatase in TLR4 
signalling under the influence of female sex hormones. 
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Figure 3.8. Effect of OA and PV on ERK phosphorylation in DUSP3+/+ and DUSP3-/- mice 
peritoneal exudate. Cells from peritoneal cavity of DUSP3+/+ and DUSP3-/- mice were 
pre-incubated with two different concentration of OA (50nM and 1μM). (A) or With PV 
(1mM) (B) for 30 minutes at 37°C. Cells were then activated with LPS (1μg/ml) for 15 
minutes at 37°C. As a control condition, cells were incubated with DMSO (vehicle of 
the OA) at final concentration of 0.1%. Cells were lysed and equal amount of proteins 
were loaded on SDS- PAGE. Western blot analysis was performed using anti-p-ERK1/2 
and anti-ERK1/2 as loading controls. 
 
In summary, we identified DUSP3 dual-specificity phosphatase as a new key 
signalling molecule playing an important role in macrophage alternative 
activation and sexual dimorphism in innate immune response to infection. Our 
data suggest that DUSP3 inhibition, combined to oestrogen administration, 
may lead to protection from sepsis and septic shock (Figure 3.9). 
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Figure 3.9. DUSP3 inhibition, combined to oestrogen administration, may lead to 
protection from sepsis and septic shock. (A) In DUSP3+/+ females or DUSP3-/- males, 
TLR4 stimulation by LPS leads to the phosphorylation of ERK1/2 and PI3K/Akt and to 
proinflammatory cytokine production. The ratio M1/M2 macrophages is also in favour 
of M1 macrophages and these events eventually lead to the death of the mice. (B) In 
DUSP3-/- females, DUSP3 deficiency and the presence of female sex hormones trigger a 
hypo-phosphorylation of ERK1/2 and PI3K/Akt and a higher percentage of M2-like 
macrophages, leading to the survival of the mice. 
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Conclusions and perspectives 
 
The physiological roles of DUSPs in innate immunity and particularly in 
monocytes and macrophages are not completely understood yet. Indeed, most 
of the reported studies focused on MKPs since they regulate MAPKs, known to 
play important roles in immune responses. Several MKPs have been reported 
to regulate, negatively or positively, macrophage functions such as production 
of cytokines, chemokines or other inflammatory mediators. In addition, MKPs 
also affect immune cells survival240,314. However, little is known about the role 
of other DUSPs in immune responses and even less about the function of 
DUSP3 in innate immunity. We recently showed that DUSP3 is highly 
expressed in monocytes and macrophages, suggesting an important role of the 
phosphatase in these immune cells38. Macrophages exert numerous 
physiological functions, such as immune responses, tissue repair, waste-
disposal and bone resorption84. Therefore, a dysregulation of macrophage 
activities may lead to homeostasis breakdown and diseases. The goal of the 
work presented here was to evaluate the role of DUSP3 in two mouse disease 
models, more particularly metastasis development and sepsis. 
 
This study was conducted using full knockout DUSP3-/- mice. Although 
interesting and useful, full knockout models present some limitations that may 
interfere with future research objectives. In DUSP3-deficient mice, every cell 
types lack DUSP3. Therefore, it is difficult to evaluate the contribution of 
specific cell types in a given phenotype. The creation of cell type specific 
conditional knockout mice would be necessary. In addition , in our case, as 
expected DUSP3 may act as a phosphatase and dephosphorylate its substrates 
but it may also act as a scaffold to regulate substrate activities21. Therefore, to 
investigate more deeply molecular interactions of DUSP3 in present or future 
projects it would be interesting to create knock-in mice in which the 
endogenous DUSP3 is substituted to inactive mutants such as the D92A or 
C124S. 
 
Despite these limitations, we were able to highlight a new role of DUSP3 in 
macrophages. In LLC experimental metastasis model, the enhanced lung 
metastasis observed in DUSP3-deficient mice was explained, at least partially, 
by a better recruitment of M2-like monocytes/macrophages to tumour site, 
creating a more permissive microenvironment than in WT mice. This stronger 
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presence of DUSP3-/- M2-like monocytes/macrophages at inflammation site 
was also found in the endotoxemia- and polymicrobial-induced septic shock 
models. This M2-like monocyte/macrophage presence conferred a survival 
advantage to DUSP3-deficient mice after LPS challenge and CLP. Indeed M2-
like macrophages are important for tissue repair, restoration of endothelial 
barrier220 and for restraining inflammation by engulfing death cells and 
eliminating debris176. Taken together, the results of these two projects strongly 
suggest that DUSP3 is involved in monocytes/macrophage’s fate, most 
probably by governing their polarization. It is also possible that DUSP3 could 
influence M2-like monocyte/macrophage proliferation and/or migration. 
However, this latter hypothesis was rapidly abandoned since macrophage 
recruitment was equal between DUSP3+/+ and DUSP3-/- mice (data not shown). 
The other alternative could be that DUSP3-/- M2-like macrophages proliferate 
better compared to DUSP3+/+ macrophages. It has been shown that, besides 
the classical mode of inflammation during which large number of macrophages 
are recruited, alternative macrophages are also able to proliferate in situ315. It 
would be interesting to investigate the hypothesis using Ki67 staining or BrDU 
incorporation. Depletion of peripheral blood monocytes, precursors of M2-like 
macrophages, by i.v. injections of clodronate-liposomes prior to LPS challenge 
would also allow us to discriminate between macrophage recruitment and 
proliferation. Indeed, if local macrophage proliferation plays a role, the 
number of M2-like macrophages in peritoneal cavity should not be affected by 
the depletion. On the contrary, if these macrophages are recruited, their 
number should decrease following clodronate-induced macrophage depletion. 
However, we also observed that M2-like peritoneal macrophage percentage 
was higher in DUSP3-/- mice compared to DUSP3+/+ mice at basal level38. 
Although subtle, these findings suggest that DUSP3 is involved in macrophage 
polarization. This new perspective, let us hypothesize that, in the experimental 
metastasis model, M2-like monocytes/macrophages, most abundant in DUSP3-

/- mice, would be more sensitive to certain chemokines secreted by LLC than 
M1-like macrophages, explaining the better recruitment and the higher 
percentage of M2-like monocytes/macrophages at tumour site. Using qPCR we 
showed that LLC cells expressed high levels of CSF-1, CCL2, CCL7 and TGF-b 
(data not shown), chemokines known to strongly attract monocytes and 
macrophages316–319. It is also possible that LLC cells express/secrete other 
chemokines, as important for monocyte/macrophage recruitment as these 
four cytokines. A microarray analysis of LLC cells would be necessary to 
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identify all these chemokines. To identify the chemokine(s) involved in M2-like 
recruitment, migration assays in presence of these chemokines alone, or in 
combination, should be performed. We could also carry out migration tests in 
presence of LLC-CM supplemented with the identified chemokine inhibitors. 
The fact that DUSP3-/- mice didn’t develop bigger B16-lung metastasis than 
DUSP3+/+ mice may be explained by a reduced expression of potent 
monocyte/macrophage chemottractants. Another way to prove the 
involvement of a precise cytokine would be to inject transduced B16 cells, 
expressing this cytokine, into DUSP3-/- mice and compared lung metastasis to 
DUSP3+/+ mice. 
 
In line with the involvement of DUSP3 in macrophage polarization and 
considering that M2 macrophages may be polarized in several subpopulations, 
it would be interesting to further explore which subpopulation of M2 
macrophages is associated with DUSP3-/- mice survival to endotoxemia-
induced septic shock. It is known that TLR ligands and immune complexes 
induce M2b polarization. M2b macrophages are characterized by the 
expression of MHC-II and CD86 but also by the production and secretion of 
high level of IL-10, IL-1, IL-6 and TNF93,94. The presence of M2b macrophages is 
associated with a susceptibility to sepsis320,321. Probably due, at least in part, to 
the fact that they are involved in immunoregulation and Th2 activation, the 
presence of Th2 cells being associated with an impaired survival322. These 
observations, in conflict with our observed survival of DUSP3-/- mice, indicate 
that another subpopulation of M2 macrophages is probably involved in the 
phenotype. M2a and M2c macrophages are good candidates since they 
present more anti-inflammatory properties than M2b macrophages. 
Moreover, they are involved in clearing debris and tissue remodelling93,94. 
Therefore, it would be interesting to further phenotype DUSP3-/- peritoneal 
macrophages by assessing the expression of Arg1, Fizz1 or Ym1 and MerTK, 
markers of M2a and M2c, respectively.  
 
Another  important point highlighted by the “sepsis project” is the link 
between female sex hormones, DUSP3 activity and macrophage polarization. It 
is likely that oestrogens are involved in the observed phenotype. However, 
oestrogens are not the only hormones to be depleted after ovariectomy and 
one way to confirm their involvement would be to inject oestrogens to OVX 
mice and challenge them with LPS. If oestrogens protect against LPS-induced 
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death, DUSP3-/- OVX mice should survive. The effects of oestrogens on immune 
cells are cell type- and dose-dependent. Indeed, at physiological 
concentrations, oestrogens stimulate the production of antibodies from B cells 
and downregulate T cell-dependent immunity. In addition, oestrogens 
decrease the production of inflammatory cytokines such as TNF, IL-6 and IL-
1β255. However, at supraphysiological concentrations, oestrogens may have 
opposite effects and lead to more sensitized innate immune cells and to a 
rapid inflammatory response after LPS challenge. This may result in greater 
sepsis severity323. In light of this, it would be interesting to measure the level of 
oestrogens in naïve DUSP3+/+ and DUSP3-/- mice but also after LPS challenge as 
high level of oestrogens is a predictor of death in septic shock302. It has also 
been reported that oestrogens may play a role in macrophage polarization. ER-
α-KO mice undergo a decrease of alternative activated macrophages304. ER-α-
deficient macrophages are refractory to IL-4-induced alternative activation as 
demonstrated by a decrease of IL-4R and STAT6 phosphorylation in these ER-α 
deficient macrophages305. Oestrogens have also been reported to increase the 
expression of interferon regulatory factor-4 transcription factor (IRF4), 
involved in alternative activation of macrophages306. Therefore, it would be 
interesting to check ER-α, and to a lesser extent ER-β, expression on DUSP3+/+ 
and DUSP3-/- macrophages at basal and after endotoxemia challenge. The link 
between DUSP3, female sex hormones and macrophage polarization is further 
strengthened by data showing the engagement of DUSP3 in ERK and PI3K 
signalling pathways, known to influence numerous physiological processes 
such as macrophage polarization313. Consequently, it is likely that female sex 
hormones and DUSP3 act hand in hand to regulate macrophage polarization. 
This interaction between female sex hormones and DUSP3 is less obvious in 
the case of LLC experimental metastasis model. Indeed, in LLC lung metastasis 
formation, although DUSP3-/- females developed bigger LLC-lung metastasis 
than males, the difference was not significant (data not shown). Although less 
pronounced than in the “sepsis project”, it may still suggest a possible role of 
female sexual hormones in the phenotype. 
 
Despite the discovery of this new role of DUSP3, several aspects of the work 
remain unclear and deserve to be investigated more in depth. For example, 
the exact molecular role of DUSP3 is still not known. Although the involvement 
of DUSP3 in ERK and PI3K/Akt signalling pathways has been identified, the 
physiological substrate(s) of the phosphatase is (are) still unknown. However, 
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findings from the “sepsis project” may allow us to narrow the possibilities. The 
hypo-phosphorylation of ERK 1/2 and PI3K found in female DUSP3-deficient 
peritoneal macrophages after LPS challenge and the equal activation level of 
the MAPKK MEK suggest that DUSP3 activates a phosphatase or inactivates a 
kinase. This hypothesis is strengthened by the fact that the activation defect of 
DUSP3-/- platelets has also been associated with Syk hypo-phosphorylation34. 
Since DUSP3, as a phosphatase, may act on several targets, which also have 
many substrates and since these substrates are often involved in many 
physiological processes, it is likely that the range of action of DUSP3 is broader 
than previously expected. Although challenging, phosphoproteomic analysis 
on peritoneal macrophages from LPS challenged-DUSP3+/+ and DUSP3-/- male 
and sham and OVX female mice would give hints to follow in the search of new 
DUSP3 substrates. Potential DUSP3 targets may also be found in literature. 
Indeed, many phosphatases are able to dephosphorylate ERK ½, namely 
PP2A324, PP1325, Shp2326, HePTP327, PTP-SL328, STEP328 but also DUSP2, DUSP4, 
DUSP5, DUSP6, DUSP7 and DUSP910. Based on results obtained from 
experiments using specific phosphatase inhibitors (okadaic acid and 
pervanadate, data not shown), we can already narrow the potential 
candidates. Indeed, since okadaic acid, an inhibitor of serine/threonine 
phosphatases, failed to restore ERK phosphorylation in DUSP3-/- female mice, 
the serine/threonine phosphatase PP2A may be excluded. Moreover, the 
observed difference in ERK 1/2 phosphorylation rapidly occurs after LPS 
stimulation (15 minutes), suggesting that an early LPS-Induced DUSP is 
targeting ERK. Consequently, because their inductions require a longer LPS 
stimulation than 15 minutes, DUSP2, DUSP4 and DUSP5 may also be excluded 
from potential candidates. PI3K can be activated by several proteins such as 
the GTPase Ras, for example245. GTPase proteins are activated by the exchange 
of a GDP by GTP by a guanine nucleotide releasing protein (GNRP) such as SOS, 
bond to the adaptor protein Grb2. The serine/threonine phosphorylation of 
SOS results in disassociation of the Grb2-SOS complex thereby limiting Ras 
activation329. Consequently, it is possible that DUSP3-deficiency leads to a 
stable phosphorylation of SOS followed by a subsequent decreased activation 
of Ras and PI3K. Another activator of PI3K is Src kinase248. To be active and to 
phosphotylate its substrates, Src has to undergo a dephosphorylation of 
Tyr527330. This may result in a hypo-phosphorylation of PI3K. It is worth noting 
that Src family kinases are also activators of the kinase Syk331. Ideally, 
experiments should be performed on peritoneal macrophages in vivo or ex 



Conclusions and perspectives 

114 
 

vivo stimulated with LPS. However, due to reduced number of peritoneal 
macrophages that could be challenged, another possibility would be to 
perform experiments using cell lines transfected with RNAi targeting DUSP3 or 
immortalized BMDMs. 
 
Another aspect of the work that has not been addressed is the role played by 
female sex hormones in DUSP3 dependent-macrophage polarization. 
According to our observations and to literature, the general consensus is that 
M2-macrophage polarization is enhanced by the action of oestrogens332. 
However, the molecular mechanisms are not known. Oestrogens exert their 
effect through the binding of their receptors ERα and ERβ333. In addition to 
their transcription factor activities, ERs also interact with cytoplasmic and 
nuclear proteins, interfering in many signalling pathways333. Moreover, it has 
been reported that oestrogens also bind the membrane-bound G-protein 
coupled receptor GPR30334. Consequently, the range of action of oestrogens is 
wide. However, if we look at molecular mechanisms influencing macrophage 
polarization112,332, several hypotheses can be formulated, although non 
exhaustive. Oestrogens may influence the balance between STAT1 and 
STAT3/STAT6 activation; a predominance of STAT1 leading to M1 polarization 
while a predominance of STAT3/STAT6 activation increases the alternative 
activation of macrophages. To do so, oestrogens would positively influence IL-
4/IL-13 or IL-10 signalling or act on SOCS1 or SOCS3, protein inhibiting STAT1 
and STAT3, respectively.  
 
Although we discovered a new role of DUSP3 in macrophage polarization, 
several big challenges remain in understanding the role of DUSP3 and 
oestrogens in macrophages polarization. Answering these questions would 
help in the comprehension of the pathophysiology of several diseases, such as 
asthma, cardiovascular diseases, auto-immunity or even some cancers, known 
for their sex hormone-dependent incidence and the involvement of 
macrophages.  
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