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General Discussion 

The aim of this thesis is to increase our understanding of fundamental pathways 
critical in vascular diseases including atherosclerosis, restenosis, coagulation, and 
immune diseases including asthma, airway inflammation and schistosomiasis. To 
achieve this goal, we performed numerous distinct studies on the role of nuclear 
receptor Nur77 and LIM-only protein FHL2 using mouse models and several cell 
types. In this thesis, functional properties of Nur77 and FHL2, as well as their impact 
on multiple signaling pathways in vascular and immune disease were studied. These 
research efforts are ultimately directed at designing novel therapeutic strategies that 
may aid in mitigating the development of vascular and immune disease. Each chapter 
focuses on either Nur77 or FHL2 in either vascular or immune disease. In the current 
chapter, I will discuss our results and other issues concerning the role of Nur77 and 
FHL2 in vascular and immune disease that have not been completely discussed in 
the preceding chapters. At the end, I will provide a brief perspective for intervention 
targeting Nur77 and FHL2 as ideal candidates in vascular and immune disease. 

The key findings of this thesis are:

1. Pin1 and FHL2 were identified as potential novel regulators of Nur77.

2. Nur77 inhibits airway inflammation in asthma. Overexpression of Nur77 
decreases expression of inflammatory cytokines and mucus production in 
lung epithelial cells.

3. Nur77 agonist 6-Mercaptopurine inhibits production of inflammatory 
cytokines and mucus production in human airway epithelial cells. 

4. LIM-only protein FHL2 deficiency reduces airway inflammation in mice. 
FHL2 regulates expression of inflammatory cytokines and mucus production 
in lung epithelial cells.

5. FHL2 modulates macrophage polarization and pulmonary Schistosoma 
mansoni egg granuloma formation. 

6. FHL2 depletion accelerates SMC-rich lesion formation with enhanced 
proliferation and migration of SMCs via increased activation of the ERK1/2-
CyclinD1 signaling pathway. 



7. FHL2 act as a co-activator of liver X receptors in SMCs. FHL2-deficiency 
results in attenuated cholesterol efflux to both ApoA-1 and high-density 
lipoprotein (HDL).

8. FHL2 regulates tissue factor (TF) expression and activity in vascular cells 
including endothelial cells and vascular SMCs. FHL2 also regulates TF 
promoter activity via AP-1 and in an NFκB-dependent manner.

Multifunctional role of nuclear receptor Nur77

In Chapter 1, we introduced the superfamily of nuclear receptors (NRs) and 
described their documented actions in atherosclerosis. NRs are a class of proteins 
found within cells that regulate a wide range of biological processes including cell 
differentiation, development, homeostasis, proliferation, migration, and apoptosis. 
NRs have been implicated in many diseases including cancer, metabolic disease, 
immune disease and cardiovascular disease. The human superfamily of NRs contains 
48 members that are classified into six subfamilies, based on sequence alignment and 
phylogenetic tree construction. All NRs typically contain a variable amino-terminal 
domain (N-Term), a highly conserved central DNA binding domain (DBD) and a less 
conserved ligand-binding domain (LBD). NRs act as transcription factors as they have 
the ability to bind directly to DNA and thereby mediate transcription of target genes. 
In general, NRs are ligand-activated receptors and bind to the sequence-specific 
promoter response elements in their target genes either as monomers, homodimers 
or heterodimers with the retinoid X receptor (RXR) to regulate transcription of their 
target genes. More specifically, binding of ligand to NRs induces conformational 
changes, which results in activation of these receptors that modulate transcription 
through up-regulation or down-regulation. In addition to the ligands, co-regulators 
have been shown to modulate the transcription of target genes. Co-regulators are 
implicated in many functions such as stabilization, chromatin remodeling, and 
post-translational modifications of NRs. In some cases, NRs may interact with co-
regulators to regulate the transcription via modulation of cellular mechanisms of 
signal transduction [1-3].  

As described in Chapter 1, the subfamily of NR4A nuclear receptors comprises 
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three members: Nur77 (NR4A1, NGFI-B), Nurr1 (NR4A2, NOT), and NOR-1 
(NR4A3, MINOR). These are known as early response genes that are induced by 
diverse extracellular signals in a wide range of tissues and cultured cells. The NR4A 
receptors are implicated in the regulation of genes involved in metabolic disease, 
adipogenesis, inflammation, and vascular disease. To date, no ligands have been 
identified for the NR4A receptors. However, several small-molecule drugs such as 
6-mercaptopurine (6-MP) have been shown to enhance NR4A transcriptional activity. 
It has been shown that transcriptional regulation, post-translational modifications 
and protein–protein interactions are essential in modulating the activity of the 
NR4A receptors. Over 80 interacting proteins have been identified so far for Nur77, 
however less information is available on the interactome of Nurr1 and NOR-1 [4-6].

Pin1 is a novel co-regulator of Nur77

Because NR4A nuclear receptors are orphan receptors and play a crucial regulatory 
role in vascular disease and metabolism, we aim to identify novel co-regulators 
that associate with NR4A nuclear receptors to delineate the underlying mechanism 
involved in regulation of transcriptional activity of NR4As. In Chapter 2, we 
identified peptidyl-prolyl isomerase Pin1 as a novel interacting partner of NR4As. 
The amino-terminal domain of Nur77 has been shown to be essential for binding 
of co-regulators as well as for transcriptional activity. Although many other co-
regulators have been identified for Nur77 in numerous studies, the interaction 
domain of Nur77 is poorly described in those studies. As shown in Chapter 2, Pin1 
binds to the amino-terminal domain of Nur77 and enhances Nur77 transcriptional 
activity. We also observed that Pin1 increases the protein stability of Nur77, but 
not of Nurr1 and NOR-1 in an isomerase-dependent manner. However, Pin1 acts 
as a co-activator of all three NR4As: Nur77, Nurr1 and NOR-1 in an isomerase 
activity-independent manner. Of note, Pin1 isomerase activity has been shown to be 
essential for modulation of transcriptional activity of target proteins such as Stat3 
and PPARγ. Although all three members of NR4As share high homology, Pin1 acts 
only on Nur77 selectively compared to Nurr1 and NOR-1 in an isomerase-dependent 
and independent manner. In contrast, Chen et al. reported that the isomerase activity 
of Pin1 is necessary for interaction with Nur77 [7]. The observed discrepancy with 
our study could be explained because Chen et al. used a phosphatase where as we 
used a variant ‘Nur77-MutAll’, in which all 17 Pin1 consensus binding site are 



substituted with alanine. Future research is warranted to investigate this in detail 
using alternative methods in multiple cell types. 

The WW domain of Pin1 interacts with Nur77 and regulates transcriptional activity of 
Nur77. It is plausible that Pin1 recruits other potential co-activators or even displace 
co-repressors to enhance Nur77 transcriptional activity. Subsequently, we reported 
that Pin1 increases the expression of enolase3, a known Nur77 target gene. Pin1 acts 
as a co-activator of Nur77 independent of protein stabilization for which isomerase 
activity of Pin1 is crucial. A potential novel Pin1 target site in Nur77 has been 
identified and reported that Nur77 is a substrate for casein kinase (CK2). We provide 
evidence that Pin1 triggers conformational changes to increase the stability of Nur77 
through acting on CK2-phosphorylated Ser152-Pro153 motif in Nur77. Conversely, 
Chen et al. demonstrated that distinct Ser-Pro motifs (Ser 95; Ser 140; Ser 431) are 
essential in interaction with Pin1[7]. However, we did not find any effect on Nur77 
activity/stability after substitution of these residues with alanine. This discrepancy 
with our study can not be explained and choosing a distinct approach in the future is 
necessary to resolve the issues raised.

Protective role of Nur77 in asthma and airway inflammation

Having established that Nur77 exhibits anti-proliferative and anti-inflammatory 
actions in smooth muscle cells (SMCs) and endothelia cells (ECs), and plays an 
essential role in immune and inflammatory cells [8;9], we speculate that this receptor 
has a protective function in asthma and airway inflammation. However, one should 
realize that multiple inflammatory and immune cells such as eosinophils, mast cells, 
neutrophils, basophils, B-and T-lymphocytes and dendritic cells are involved in the 
initiation and development of allergic asthma and airway inflammation [10;11]. 
Asthma is characterized by persistent chronic airway inflammation, which leads to 
mucus hypersecretion and airway hyperresponsiveness. Nur77 was also shown to 
be important for thymic regulatory T cell development and immune homeostasis. 
Peripheral eosinophils from patients with atopic dermatitis show increased Nur77 
expression. However, very limited information is available on Nur77 in the lung, 
but its expression has been described in lung epithelial cells and a recent study 
demonstrated that Nur77 inhibits pulmonary SMC proliferation [12;13]. In Chapter 
5, we sought to investigate the role of Nur77 in asthma and airway inflammation. 
We found that Nur77 deficiency results in accelerated airway inflammation in a 
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murine model of ovalbumin (OVA)-induced allergic airway inflammation. We 
observed that OVA-challenged Nur77-knockout (KO) mice show significantly 
enhanced infiltration of inflammatory cells including eosinophils and lymphocytes. 
Corresponding with these results, our group showed that Nur77 deficiency results in 
enhanced migration of inflammatory cells following thioglycollate injection [9]. We 
also recently described that Nur77 has been implicated in barrier function in ECs 
and lungs [14]. Therefore, it is likely that Nur77 has a protective function in airway 
inflammation through modulation of several cell types and modulation of barrier 
function.

Mucus hypersecretion by airway epithelial cells is one of the hallmarks of allergic 
airway disease. Among other mucins, Muc5ac is abundantly expressed in mucus-
secreting goblet cells and serves as a marker for mucus cell hyperplasia [15]. We 
reported that Nur77 inhibits Muc5ac gene expression and thereby mucus production. 
These data provide evidence that Nur77 may have a protective role not only in asthma 
and airway inflammation but also in other diseases such as chronic bronchitis, cystic 
fibrosis, and chronic allergic rhinitis in which mucus hypersecretion is implicated. 
Another interesting finding is that Nur77 decreases mucus production through 
inhibition of activation of NFκB, a pleiotropic transcription factor that acts as a key 
regulator of immune and inflammatory genes. These data is consistent with previous 
studies where reporting that Nur77 inhibits NFκB in multiple cell types in several 
diseases. 

Another important finding is the identification of several potential single 
nucleotide polymorphisms (SNPs) in the Nur77 gene (NR4A1) associated with 
hyperbronchioreactivity in asthma patients. We also found that Nur77 is highly 
expressed in lungs of house dust-mite induced airway inflammation in mice 
(unpublished data). Therefore, it is conceivable that Nurr7 is highly expressed 
and functionally active in airway inflammation and asthma in humans. Overall 
our findings support a protective role of Nur77 in ovalbumin (OVA)-induced 
airway inflammation and identify Nur77 as a novel therapeutic target for airway 
inflammation and asthma. Altogether, I envision that enhancing the activity of Nur77 
by small molecule agonists such as 6-mercaptopurine may have a beneficial effect 
in asthma and airway associated diseases such as chronic bronchitis, cystic fibrosis, 
and chronic allergic rhinitis. It is intriguing to study the function of Nur77 in these 



diseases in the future.

6-Mercaptopurine regulates inflammation and mucus production

As described in Chapter 5, Nur77 displayed a protective function in airway 
inflammation. Therefore, we hypothesized that 6-MP may be beneficial in airway 
inflammation. 6-MP is an active metabolite of the immunosuppressive drug 
‘azathioprine’ and has been widely used in several inflammatory disorders. As an 
immunosuppressive drug, 6-MP is widely used as a key agent in organ transplant 
recipients to prevent allograft rejection, as a maintenance drug for patients with 
inflammatory bowel disease, to treat rheumatoid arthritis, chronic active hepatitis, 
and lupus nephritis. It has been shown to have an anti-inflammatory function in 
SMCs and macrophages. Recent studies from our group show that 6-MP decreases 
macrophage activation and gut epithelium proliferation through inhibition of GTPase 
Rac1 [unpublished data; [14]. Several randomized trials reported that 6-MP led to 
improvement in patient’s asthmatic symptoms, probably due to reducing airway 
inflammation. It is also demonstrated that 6-MP may be used as a steroid-sparing 
agent for patients with asthma and prolonged treatment of 6-MP has also been 
shown to be effective in the treatment of chronic asthma patients. It was proposed 
that 6-MP may reduce T-cell activation and regulate the T-helper (Th)1 response to 
maintain a balance between Th1 and Th2 response in asthma [16-22]. Based on the 
observation that Nur77 has a protective function in airway inflammation, and the 
knowledge that 6-MP has an anti-inflammatory and immune modulatory function, 
as well as the genetic association of Nur77 with treatment of chronic asthma in 
humans, we sought to investigate the effect of 6-MP on mucus production in airway 
epithelial cells. In Chapter 4 we clearly demonstrate that 6-MP strongly inhibits 
cytokine synthesis and mucus production by reduced gene expression of Muc5ac 
through suppression of the NFκB pathway in airway epithelial cells. Although the 
effect of 6-MP needs to be investigated in vivo using animal models, it is most 
likely that 6-MP is beneficial in airway inflammation and asthma through reducing 
inflammation and mucus hypersecretion. It will be also of interest to investigate the 
relative contribution of Nur77 in 6-MP mediated effects in airway inflammation by 
applying Nur77-deficient mice.

FHL2 plays a protective role in vascular smooth muscle cells



273

Chapter 

11

Vascular SMCs play a crucial role in maintaining the vessel wall structural integrity 
and in modulating vasodilatation and vasoconstriction for blood flow homeostasis. 
SMCs form a substantial part of atherosclerotic plaques and also in other 
atherosclerosis-related pathologies such as in-stent restenosis and vein graft disease. 
Under these diseased conditions, SMCs undergo phenotypic switching from ‘normal 
quiescent’ to the ‘synthetic or activated’ state resulting in increased proliferation, 
migration and inflammation. In addition, these synthetic SMCs produce excessive 
amounts of extracellular matrix and express reduced levels of SMC-specific marker 
genes [23-27]. Nur77 has been shown to inhibit proliferation of SMCs and thereby 
protects against SMC-rich lesion formation in mice. Furthermore, overexpression 
of Nur77 in vascular SMCs inhibit flow-induced carotid artery remodelling in mice 
[8]. Very recently, Nur77 has been shown to inhibit pulmonary SMCs proliferation, 
which is a key feature in pulmonary arterial hypertension. Because Nur77 plays 
a crucial role in SMCs and no ligands have been identified, we investigated for 
novel interacting partners for Nur77 in SMCs. In Chapter 3, we identified FHL2 
as a novel co-regulator of Nur77 in SMCs. FHL2 interacts with the amino-terminal 
transactivation domain of Nur77 and inhibits its transcriptional activity in a dose-
dependent manner. 

FHL2/DRAL/SLIM3 is a LIM-only protein that has been shown to interact with 
many proteins and acts as a co-activator or co-repressor depending on the cell-
type and cellular context. It is a crucial adaptor protein and plays a pivotal role 
in a range of physiological and pathological processes, including proliferation, 
migration, differentiation and apoptosis. Interestingly, FHL2 has been shown to be 
associated with vascular SMCs and inhibits RhoA and bone morphogenetic protein 
(BMP) signaling pathway-mediated induction of SMC differentiation markers such 
as smooth muscle α-actin (SM α-actin), calponin and SM22-α. In contrast, FHL2 
has been described to increase protein stability of myocardin-like proteins resulting 
in up-regulation of SMC marker genes [28;29]. As shown in Chapter 3, FHL2 is 
highly expressed in human endothelial cells and SMCs, but not in monocytes or 
macrophages under basal conditions. FHL2 is expressed throughout the cell and 
FHL2 and Nur77 co-localize in the nucleus of SMCs. FHL2 regulates expression of 
the Nur77 target gene enolase3 in SMCs, indicating a functional interaction of these 
proteins. Furthermore, FHL2 regulates Nur77-mediated SMC proliferation as shown 
by gain-and loss of function studies. We postulated that FHL2 might be a crucial 



target for vascular proliferative diseases such as restenosis and vein graft disease. 

Indeed we investigated the role of FHL2 in SMC-rich lesion formation in mice 
using a carotid artery ligation model as described in Chapter 8. We demonstrated 
that deficiency of FHL2 results in accelerated SMC-rich lesion formation in mice. 
Enhanced lesion formation is associated with excessive proliferation and migration 
of SMCs, the two key characteristic features of ‘in-stent restenosis’ in humans. 
Mechanistic and signaling studies revealed that FHL2 depletion results in increased 
phosphorylation of extracellular-regulated kinase-1/2 (ERK1/2) and induction of 
CyclinD1 expression, explaining the enhanced proliferation in FHL2-knockout 
(FHL2-KO) mice. Conversely, Labalette et al. showed that CyclinD1 is a direct target 
gene of FHL2, and lack of FHL2 significantly reduces the expression of CyclinD1 
which in turn results in reduced proliferation of spontaneously immortalized mouse 
fibroblasts [30]. The discrepancy could be due to the fact that different cell types 
were studied in distinct disease contexts and that FHL2 may play a distinct role in a 
cell-type and context-dependent manner. In our study, we further demonstrated that 
lack of FHL2 resulted in enhanced migration of SMCs and thereby contributes to the 
SMC-rich lesion formation in mice. Consistent with our study, a study reported that 
deficiency of FHL2 enhances CCL19-induced dendritic cell migration [31]. Several 
previous reports proposed contrasting data on the role of FHL2 in SMCs. However, 
our group has discovered using this in vivo model that FHL2 is protective in vascular 
proliferative diseases such as restenosis. Since proliferation and migration of SMCs 
is of importance in several other diseases, including pulmonary arterial hypertension, 
aneurysm formation and asthma associated with airway inflammation, it may be of 
interest to investigate the role of FHL2 in these pathologies. 

FHL2 regulates lipid metabolism via modulation of Liver X Receptors in SMCs

Cholesterol is an essential component of the cell membrane and crucial for cellular 
homeostasis [32]. Excessive accumulation of lipids in arterial wall cells, including 
SMCs, is one of the early events in atherosclerosis and lipid-filled SMCs are 
implicated in the development of lesion formation [33]. Plaque stability in advanced 
atherosclerotic lesions also largely depends on the abundance and reparative capacity 
of SMCs. Identification of genes that modulate cholesterol metabolism in SMCs is 
essential to understand the molecular mechanisms of dysregulation of cholesterol 
metabolism. In Chapter 9, we performed transcriptional profiling to characterize 
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the molecular mechanism by which FHL2 exerts its atheroprotective function in 
SMCs as described in Chapter 8. Interestingly, we found that cholesterol synthesis 
and Liver X Receptor (LXR) pathways are highly altered in the absence of FHL2 in 
SMCs, suggested an essential role of FHL2. During preparation of the manuscript, 
Ramayo-Caldas et al. demonstrated that FHL2, together with NCOA2 and EP300, 
plays a central role in fatty acid metabolism and the control of energy homeostasis 
in pigs [34]. They also reported that FHL2 binds some well-known regulators of 
lipid and carbohydrate metabolism. As shown in Chapter 9, we provide compelling 
evidence that FHL2 acts as a transcriptional co-activator of LXRs in SMCs. In 
addition, FHL2 regulates specific LXR target genes and also enhances ApoA-1- 
and HDL-mediated efflux of cholesterol by regulating ABCA1 expression at the 
transcriptional level in SMCs. Our study highlighted the essential role of FHL2 as an 
integrator of lipid transport and cellular signals regulating cellular lipid homeostasis 
through modulation of LXRs in SMCs. We proposed that the FHL2-LXR axis is 
crucial, at least partly, in the observed atheroprotective function of FHL2. 

FHL2 is known to interact with more than 50 different proteins and regulates 
the activity of nuclear receptors such as estrogen receptor, androgen receptor, 
steroidogenic factor 1 (SF-1) and PPARα. However, FHL2 does not regulate the 
transcriptional activity of glucocorticoid, mineralocorticoid, and progesterone 
receptors, demonstrating that FHL2 does not act on all nuclear receptors, but 
rather exhibits specific functions depending on context- and cell type [35]. Another 
interesting finding shown in Chapter 9 is that FHL2 uses different LIM domains for 
its interaction with two LXR isoforms, LXRα and LXRβ, in spite of high amino-acid 
sequence homology between the isoforms. Future research should focus on the exact 
involvement of the individual LIM domains in FHL2-LXR complex formation to 
elucidate the underlying mechanisms. It is also plausible that LXRs and other nuclear 
receptors share a co-regulator, depending on the context, and thereby coordinate and 
integrate signals derived from different signal transduction pathways in the cell.

FHL2 interacts with and regulates tissue factor in vascular cells

Under normal physiological conditions, blood in the fluid form serves as a transport 
medium for oxygen, nutrients, hormones and circulating cells. In response to vascular 
injury, a blood clot is formed as a preventive mechanism to avoid excessive blood 
loss. Initiation of blood coagulation in response to injury is dependent on tissue 



factor (TF) which plays a key role in the formation of a fibrin network that stabilizes 
the platelet plug [36-40]. In Chapter 10, we identified FHL2 has an interacting 
partner of TF. We demonstrated that FHL2 inhibits TF expression and TF-mediated 
FXa generation in vascular cells including ECs and SMCs. Moreover, we found that 
FHL2 inhibits TF expression in macrophages (unpublished data). In line with these 
observations, FHL2 knockdown results in enhanced TF expression in vascular cells. 
Interestingly, FHL2 also decreases TF promoter activity through regulation of AP-1 
and NFκB pathways. 

Our findings described in Chapter 10 were performed in primary cells isolated from 
mouse and humans, however these results cannot be extrapolated directly to humans 
because of the tissue culture-related effects on TF expression and activity. However, 
our pilot in vivo findings in a model of venous thrombosis in which the vena cava 
is ligated incompletely revealed that FHL2-KO mice show a trend toward enhanced 
thrombus formation (unpublished data). In contrast, we found that the absence of 
FHL2 does not influence thrombus formation in another mouse thrombosis model 
in which siRNA against antithrombin and protein C inhibit the expression of these 
anti-coagulant proteins [41]. In this model fibrin deposition in the liver is a measure 
for thrombosis as shown in Figure 1. In male mice FHL2-KO mice show reduced 
thrombosis, whereas female FHL2-KO mice show no difference with WT mice. 
The observed discrepancy in increased versus decreased thrombosis is most likely 
due to the fact that these models are very different: the vena cava ligation model 
involves vascular injury due to the ligation, causing exposure of activated SMCs to 
the blood. Injection of siRNA does not provoke injury and  monitors coagulation 
under conditions of low antithrombin-III and Protein C. One may conclude that 
FHL2 is crucial for coagulation following vascular injury and may not be essential 
for coagulation under basal conditions. To investigate this in detail, another in vivo 
experimental approach should be used in which vascular injury is involved. For 
example, the ferric chloride model of thrombosis might be useful to understand the 
exact role of FHL2 in vivo in injury-induced thrombosis. 

Interestingly, we found that FHL2 protein is present in human and mouse platelets. 
When we subjected platelets-rich plasma from WT and FHL2-KO to high-shear 
flow conditions, we found that FHL2 deficiency results in enhanced aggregation 
of platelets on collagen surface as visualized by time-lapse microscopy (Figure 
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2). Platelets from FHL2-KO mice did not show changed expression of platelet 
aggregation markers as tested by flow-cytometry. Additional experimental approach 
should be used to investigate this in detail; for example, measuring in vitro activation 
of washed platelets with different stimuli. Some recent studies show that LXRβ is 
expressed in platelets and exhibit some non-genomic functions in platelets [42]. As 
described in Chapter 8, we found a strong correlation between FHL2 and LXRs in 
SMCs. It would be intriguing to study the role of FHL2 on LXRs in platelets in the 
future.

Figure 1: Liver fibrin deposition in mice following silencing of hepatic antithrombin-III and 
protein C production. Fibrin deposition is measured in male (A) and female (B) mice.

FHL2 attenuates inflammation in SMCs

Inflammation plays an essential role in the regulation of many diseases including 
atherosclerosis, restenosis and pulmonary arterial hypertension [8]. Although much 
has been investigated in the preceding chapters, the role of FHL2 in inflammation 
is not studied in SMCs. In Chapter 8, we showed that FHL2-KO mice displayed 
enhanced neointima formation. However, the inflammation associated with it has not 
been investigated. To explore the role of FHL2 in inflammation, we measured the 
expression of cytokine and chemokine production in SMCs derived from aortas from 
WT and FHL2-KO mice. We demonstrated that FHL2-KO SMCs show increased 
expression of multiple cytokines and chemokines compared to WT SMCs (Figure 3). 

 



Figure 2: FHL2 deficiency increases platelet adherence on collagen under high-shear flow 
at non-coagulant conditions. Wild type (WT) and FHL2 KO mouse platelet-rich plasma was 
perfused over collagen type I during 4 min at a shear rate of 1000/s. Representative bright-
field phase-contrast images of platelet thrombi on collagen were taken (left panels). Thrombi 
were post-stained with Alexa-647-annexin A5 to detect PS exposure (middle panels), and 
with FITC-anti-CD62 mAb to detect P-selectin exposure as a marker of secretion (right 
panels). n=3-9. 

The NFκB pathway is a central regulator of inflammatory events associated with 
neointima formation and interestingly, FHL2 has previously been shown to modulate 
NFκB activity in osteoclasts, even though FHL2 does not directly interact with NFκB. 
We found that NFκB transcriptional activity is also constitutively enhanced in FHL2-
depleted SMCs and consistent with this, we observed diminished IκBα expression in 
FHL2-KO SMCs (data not shown). SMCs orchestrate their inflammatory response 
via an NFkB-dependent manner (Figure 3B). FHL2-KO SMCs displayed higher 
levels of IL-6, MCP-1, RANTES and SDF-1α expression and overexpression of 
FHL2 repressed expression of these genes in FHL2-KO SMCs (data not shown). 
Both RANTES and SDF-1α are highly expressed in the injured vessel wall and 
SDF-1α levels are markedly higher in plasma of FHL2-KO mice than of WT mice. 
These data indicate that the function of endogenous FHL2 involves inhibition of the 
inflammatory response of SMCs via the NFkB pathway. Given the protective function 
of FHL2 in inflammation, it is intriguing to study the role of FHL2 in inflammatory 
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disorders such as inflammatory bowel disease, aneurysm and pulmonary arterial 
hypertension. 

Deficiency of FHL2 attenuates airway inflammation and asthma

Dysfunction of the immune system leads to immune disorders such as asthma 
and allergic rhinitis. Many inflammatory cells such as eosinophils, mast cells 
and dendritic cells, airway SMCs and epithelial cells play a prominent role in the 
pathogenesis of asthma [10;11]. Based on the observation that FHL2 has an anti-
inflammatory function in vascular SMCs, we hypothesized a protective function for 
FHL2 in airway inflammation. However, in Chapter 6 we show that FHL2-KO mice 
displayed reduced infiltration of inflammatory cells. We found that OVA-challenged 
FHL2-KO mice show significantly reduced allergen-driven airway inflammation 
as evidenced by reduced infiltration of inflammatory cells including eosinophils, 
dendritic cells, B-cells and T-cells. Furthermore, mucus production and expression 
of several Th2 cytokines were significantly lower in FHL2-KO. Knock-down 
of FHL2 in human lung epithelial cells resulted in a striking decrease in ERK1/2 
phosphorylation and production of inflammatory cytokines and mucus production. 
To extrapolate our results to human disease, we searched for association of single 
nucleotide polymorphisms (SNPs) in the FHL2 gene with asthma and found that one 
SNP is associated with hyperbronchioreactivity. These results highlight functional 
involvement of FHL2 in the aggravation of OVA-induced airway inflammation 
and identify FHL2 as a novel gene associated with asthma severity in human. 
The discrepancy of FHL2 function in vascular disease and immune disease could 
be attributed to different cell types involved in these pathologies and the type of 
trigger involved. This hypothesis needs to be verified in dedicated in vivo models 
and multiple approaches such as specific cell type deleted FHL2 mice, etc may be 
considered. 

FHL2 regulates granulomatous inflammation

Macrophages are a heterogeneous population of immune cells playing a crucial role in 
the regulation of both innate and adaptive immune responses in inflammatory diseases, 
such as airway inflammation, inflammatory bowel disease and atherosclerosis. 
Macrophage polarization is a key event in multiple chronic pulmonary diseases 
including schistosomiasis and may help in regulation of tissue repair [43-45]. We 



Figure 3. FHL2 depletion induces pro-inflammatory gene expression in SMCs via the NFκB 
pathway. Protein expression of IL-6, MCP-1 and SDF1-α was analysed by ELISA (A), and 
semi-quantitative RT-PCR was performed to assess mRNA expression of IL-6, MCP-1, 
RANTES and SDF1-α in serum-starved SMCs treated with or without BAY11-7085 (B). 

previously showed that FHL2 is not detectable at mRNA level in non-stimulated 
monocytes and macrophages. However, as shown in Chapter 7, we demonstrated 
that FHL2 mRNA is significantly induced in bone-marrow macrophages (BMM) 
following treatment with IL-4 and IL-10, whereas no induction was observed 
upon treatment with LPS. This observation suggests that the potential involvement 
of FHL2 in macrophage M2 polarization plays a critical role in diseases such as 
pulmonary granulomatous inflammation and asthma. We also showed that FHL2-KO 
BMM exhibit reduced expression of characteristic alternative activation markers. A 
previous study demonstrated that FHL2-KO mice exhibit impaired wound healing, 
which was attributed to decreased cell migration and collagen contraction [46]. We 
propose that the abrogated macrophage M2 polarization in FHL2-KO mice also 
contributes to decreased wound healing, however, further research is necessary to 
investigate this in detail. 

Several studies demonstrated that FHL2 is associated with inflammation in multiple 
cell types, partly through regulation of the NFκB pathway in a cell- and context-
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dependent manner. For example, FHL2 regulates inflammation in SMCs through 
modulation of NFκB pathway (unpublished; Fig. 3). Upon LPS stimulation, FHL2-
KO BMM show enhanced expression of pro-inflammatory or M1 cytokines, which 
was unexpected, because FHL2 mRNA is not expressed in LPS-treated BMM. These 
data suggest that FHL2 modulates the initial differentiation of BMM, rather than 
the direct LPS-response. We also observed enhanced migration of inflammatory 
cells including macrophages and B-cells to the peritoneal cavity of FHL2-KO 
mice following thioglycollate injection. In contrast to our findings, a recent study 
showed that FHL2-KO mice display no difference in expression of TNFα and IL-6 
in peritoneal macrophages following stimulation with LPS [47]. This seeming 
discrepancy may be explained by the use of macrophages from distinct sources 
(peritoneal vs bone marrow), high/low LPS concentrations (1µg/ml vs 100 ng/ml) 
and the time of incubation (24h vs 8h). 

Schistosoma mansoni (Sm) is a helminth parasite that causes schistosomiasis which 
is a chronic disease that persists for years because of impaired ability to remove adult 
worms and the eggs that become trapped in the liver, lungs and intestine [48]. We 
found that FHL2 deficiency results in more pulmonary granulomas, characterized by 
an exacerbated production of Th1 cytokines and decreased levels of Th2 cytokines in 
the murine model of Sm egg injection. These results suggest that FHL2 plays a role 
in granuloma formation resulting in modulation of the Th1/Th2 cytokine balance. 
FHL2 has been implicated in the regulation of barrier function. Interestingly, we 
found that FHL2-KO mice displayed reduced expression of several junctional 
proteins [49]. Altogether, these data suggest that the enhanced number of granulomas 
found in FHL2-KO may be explained, at least partly, by a reduced barrier function. 
Studies using cell-type specific depletion of FHL2 might be helpful to understand 
the role of FHL2 on multiple inflammatory cells.

Conclusions and Future perspectives

The studies described in this thesis substantially contribute to the understanding of 
the role of Nur77 and FHL2 in vascular and immune disease. In this thesis, several 
novel facets of the nuclear receptor Nur77 and its agonist 6-MP are described that 
are highly useful as to design novel intervention strategies in asthma and airway 
inflammation. A part of the thesis deals with the potential benefits of 6-MP on airway 
inflammation and mucus hypersecretion, two key features of asthma. Although 6-MP 



has been proposed as an agonist of Nur77, it has been shown that 6-MP also influences 
other signaling pathways independent of Nur77; the small GTPase Rac1 being best 
described. In line with this knowledge, 6-MP does not show specificity for Nur77 
in several cell types. Moreover, it is unclear by which mechanism 6-MP activates 
Nur77, most likely through modulation of its interaction with co-regulators [50]. It is 
essential to obtain mechanistic insight in the action of 6-MP on regulation of Nur77 
activity and its effects on Nur77-mediated functions. 6-MP is an immunosuppressive 
drug and therefore it is also crucial to determine the optimal dosage and delivery of 
the drug because systemic administration may result in severe pathologies such as 
leukemia. Local delivery of 6-MP into organs such as inhalation in lungs may be 
beneficial to treat asthma and airway inflammation. Development of selective Nur77 
agonists should also be considered, as these may be useful to target this nuclear 
receptor for clinical intervention in airway diseases.

We demonstrated that FHL2 has diverse functions in multiple diseases. Even though 
FHL2 seems to be a promising target for intervention in restenosis, coagulation, 
airway inflammation, and schistosomiasis, there are still several questions remaining. 
First, which genes are directly targeted by FHL2 in each disease condition. The 
function of FHL2 seems to depend strongly on cell-type and context. Secondly, 
FHL2 is expressed by several different cell types, including ECs, SMCs, M2-
macrophages and epithelial cells, and the role of FHL2 in these cells is also quite 
different. Thirdly, how to target FHL2 as a treatment modality; specific compounds 
need to be developed. Targeting FHL2 may be challenging as it is a scaffolding 
protein which fine tunes the function of many proteins in several diseases. FHL2 can 
change the cellular localization, the interactome and protein stability of the proteins 
it binds. 

In conclusion, this thesis describes hitherto unknown roles of Nur77 and FHL2 
in vascular and immune disease, and expands our view on mechanistic insights in 
airway inflammation, atherosclerosis, restenosis, coagulation, and schistosomiasis. 
These studies provide new avenues for future studies on these diseases and targeting 
Nur77 and FHL2 by selective compounds might be useful for intervention. 
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