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Chapter 8
General summary and perspectives



Introduction
The immune system is a highly specialized component of the human body, which is 
essential in the host defense against invading pathogens. Complex interactions between 
cellular and non-cellular components of the innate and adaptive immunity result in 
efficient clearance of these pathogens and the development of a lifelong immunological 
memory towards antigens. These potent immune reactions are tightly balanced by 
regulatory immune cells that induce tolerance towards harmless antigens and dampen 
the ongoing immune response by the secretion of regulatory mediators. Imbalance 
of these activating and regulatory pathways can result in either unresponsiveness or 
hypersensitivity of the immune system towards a certain antigen. Nowadays, there is a 
high prevalence of hypersensitive immune reactions, e.g. allergies and immune driven 
disorders. Rheumatoid arthritis (RA) and atherosclerosis are considered as such immune 
driven disorders with high frequencies in the industrialized world [1,2]. Environmental 
factors such as smoking, sedentary life style, stress and a high fat diet as well as genetic 
risk factors have been described to be major risk factors for both diseases. Although 
the pathology and etiology of RA and atherosclerosis are not completely understood 
yet, it is nowadays widely accepted that the immune system plays an important role 
in the continuous process of joint destruction and vascular occlusion. Central in the 
pathogenesis of both diseases is the loss of tolerance towards harmless self-antigens and 
modified self-antigens such as citrullinated proteins or oxidized lipoproteins. This will lead 
to activation of local immune cells, thereby initiating an inflammatory immune response. 
Insufficient dampening of this early immune response results in an adaptive immune 
response, which is composed of T helper cells and antibody-producing B cells. These cells 
actively secrete mediators such as cytokines and immunoglobulins, which will further 
activate and recruit other immune cells like macrophages, osteoclasts, neutrophils and 
mast cells into the inflamed tissue. Mast cells are innate immune cells located in tissues, 
which are in close proximity to the external world such as skin, gut and lung [3]. Mast 
cells have been reported to be located inside the joints below the synovial membrane 
and within vascular tissues. Mast cell activation in RA and atherosclerosis could amplify 
the ongoing immune response, which actively contributes to the breakdown of cartilage 
and bone or the occlusion of a blood vessel. In this thesis, the contribution of mast cells to 
experimental arthritis and atherosclerosis was studied.
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Mast cells in (experimental) arthritis
Mast cells are, besides known for their function in host defense responses, implicated in 
hypersensitivity reactions such as allergies and asthma, but also in the pathogenesis of 
other immune driven disorders. In the past decades, a number of studies have shown that 
mast cells accumulate in the synovial tissue and can take up to 6% of all nucleated cells 
[4,5]. In addition, mast cell specific proteases such as tryptase have been detected in the 
synovial fluid of RA patients. These data suggest that activated mast cells can affect the 
ongoing immune response, leading to more persistent joint destruction. 
In Chapter 2 we review the current literature describing mast cells and their potential 
interactions with other immune cells in rheumatic diseases. This review also summarizes 
the existing data describing a number of potential ligands present in human RA as well as 
murine experimental models that can activate mast cells locally in the joint. 
The pathogenesis of RA can roughly be divided into a pre-clinical and clinical phase. The 
pre-clinical phase is defined as the phase were the patient has developed subclinical 
characteristics of RA, i.e. the generation of autoantibodies and mild symptoms of joint 
swelling. In the clinical phase, an RA patient displays a high disease activity score (DAS28) 
will show the presence of autoantibodies in the serum and synovial fluid, and suffers from 
active breakdown of cartilage and bone in the joints. Collagen induced arthritis (CIA) 
is a mouse arthritis model that shares several clinical, serological and immunological 
characteristics with human RA [6]. Comparable to human RA, CIA can also be divided 
into a pre-clinical and clinical phase and in Chapter 3 we sought to investigate the 
contribution of mast cells to these phases of collagen induced arthritis in the inducible 
mast cell knockout mouse, the red-mast cell basophil mouse (RMB) [7]. Our results show 
that depletion of mast cells in the pre-clinical phase of collagen induced arthritis, but 
not the clinical phase, significantly reduced the clinical disease score. We confirmed the 
independence of mast cells in clinical phase of arthritis by showing similar results in a 
mouse model of antibody induced arthritis. This indicates that mast cells predominantly 
influence the early pre-clinical phase of experimental arthritis that precedes the clinical 
manifestations. Pre-clinical depletion of mast cells resulted in a reduced inflammatory 
cytokine profile of splenocytes after re-stimulation with collagen type II. Arthritogenic 
cytokines such as IL-17 and IL-6 were significantly reduced, while protective IL-10 was 
elevated in mast cell depleted mice. The anti-inflammatory cytokine profile coincided with 
a decrease in inflammatory Th17 T cell and an increase in regulatory FoxP3+ T cells. Taken 
together, this study shows that the role of mast cells is limited once clinical manifestation 
of arthritis have manifested and that mast cells are modulating the early immune response 
in experimental arthritis.
Although mast cell depletion in clinically evident arthritis in mice was unable to reduce 
the clinical score, we cannot exclude that mast cells in human RA do contribute to the 
progression of the disease, and further research should aim to identify RA specific mast 
cell activators. 
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Mast cell activation via immunoglobulins
The majority of RA and cardiovascular patients develops a strong humoral response, which 
is characterized by high titers of immunoglobulins that target (modified) self-antigens 
such as collagen, citrullinated proteins or modified lipoproteins [8,9]. In a high number of 
RA patients, anti-citrullinated protein antibodies (ACPAs) can be detected and serve as a 
biomarker for a more progressive RA phenotype compared to seronegative RA patients 
[10]. Citrullination or deimination is a post-translational conformation of an arginine 
residue within a protein to a citrulline by peptidylarginine deiminases (PADs) [11]. PAD 
enzymes are present in a variety of cell types, including macrophages and neutrophils. 
Upon necrosis of these cells, PAD enzymes are released in the environment, which cause 
the citrullination of proteins in the extracellular matrix. ACPAs target these proteins and 
can thereby accelerate the process of joint destruction. Recently, it has been shown that 
citrullination can also occur outside the joint in for example the myocardium and within 
atherosclerotic lesions [12–14]. Like in RA, in the atherosclerotic plaque macrophages 
express PAD enzymes, which can drive the local citrullination. In Chapter 4 we tested 
whether ACPAs were present in the sera of cardiovascular patients without RA diagnosis. 
Intriguingly, we found that in cardiovascular cohorts “MISSION!” and “Circulating Cells”, a 
significant proportion of non-RA patients displayed reactivity towards CCP3, and were 
thus positive for ACPAs. Further clinical analysis of the data showed that the survival rate 
of ACPA-positive CVD patients within the MISSION cohort is significantly lower compared 
to ACPA negative CVD patients. Taken together, these preliminary data show that the 
presence of ACPA in non-RA cardiovascular patients may be of predictive value for future 
cardiovascular events.
In the sera of cardiovascular patients immunoglobulins recognizing modified lipoproteins 
such as oxidized LDL (oxLDL) can be detected. Recently, intraplaque mast cell numbers 
were shown to be associated with atherosclerotic plaque progression and with the 
incidence of future cardiovascular events [15]. Hallmark of mast cells is the expression 
of various receptors that can bind a number of ligands present inside the plaque, which 
may result in mast cell activation. For example, activating immunoglobulin receptors such 
as the FcεR (IgE) and the FcγR (IgG) are present on both human and murine mast cells 
[16]. In Chapter 5 we determined whether specific immunoglobulins in sera of patients 
scheduled for carotid endarterectomy were related to intraplaque mast cell numbers and 
plasma tryptase levels. Total IgG, total IgE and oxLDL-IgG were determined the sera of 
135 patients. In this study, we did not observe any associations between the measured 
immunoglobulin levels and mast cell numbers inside the atherosclerotic lesion or other 
plaque characteristics like lipid core size, degree of calcification, number of macrophages 
or smooth muscle cells, amount of collagen and number of microvessels. These data 
indicate that mast cell activation inside the lesion may occur via other receptors than 
immunoglobulin receptors or that systemic immunoglobulin levels do not reflect 
localintraplaque mast cell activation status.
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Mast cells in experimental atherosclerosis
As mentioned before, mast cells contain many proteases pre-stored inside their granules, 
which can be released within seconds upon stimulation [17]. Proteases such as tryptase, 
chymase and matrix metalloproteinases can reduce lesion stability by the breakdown of 
collagen fibers of the fibrous cap, by degradation of HDL but also by inducing apoptosis of 
smooth muscle and endothelial cells [18,19]. Furthermore, mast cells can accelerate lesion 
growth by the recruitment of leukocytes into the lesion by the secretion of cytokines and 
chemokines. The contribution of mast cells to atherosclerosis has up to now mainly been 
studied in mast cell deficient mice, which limits the opportunities to study mast cells 
beyond the initial phase. Furthermore, these mast cell deficient mice such as the KitW-sh/W-

sh mice also suffer from side-effects due to the mutation in c-Kit signaling. Therefore, we 
obtained a novel mouse model, which is inducible knockout for mast cells independent of 
c-Kit signaling alterations. This model enables us to study mast cells also in the progressive 
phase of atherosclerosis. We characterize this novel mouse model in Chapter 6 by first 
depleting all mast cells and subsequently inducing atherosclerosis by western-type diet 
feeding and carotid artery collar placement. This study confirmed previous data, showing 
that mast cells contribute to the initial phase of lesion development. In line with the study 
from Sun et al. we observed a reduction in lesion size and increased lesion stability as 
demonstrated by an increase in collagen staining and a reduction in necrotic core size 
upon mast cell depletion [20]. Furthermore, we observed a reduction in the inflammatory 
cytokines IL-6 and TNFα in plasma, which may be indicative of a reduction in the 
inflammatory response.
In Chapter 7 we aimed to further study mast cell-dependent effects in the progressive 
phase of atherosclerosis. To this aim, we first induced advanced lesions in RMB-LDLr-/- 

mice by western type diet feeding for 10 weeks. Next, we depleted mast cells and 
continued western-type diet feeding for 6 weeks. Histological analysis of the aortic root 
showed that depletion of mast cells was unable to affect the lesion size but did improve 
lesion stability. We observed elevated levels of collagen and a significant decrease in 
both macrophage and necrotic core area in mast cell depleted mice. In addition to the 
histological phenotype, mast cell depletion also coincided with a reduction in the systemic 
inflammatory response. Serum analysis revealed a reduction in the atherogenic cytokines 
IL-6 and MCP-1, and an increase in the atheroprotective IL-10. In addition, we performed 
flow cytometry analysis for T cell phenotypes in the draining lymph node of the heart and 
in the spleen. Mast cell depletion was unable to alter pathogenic Th1 and Th17 phenotypes 
but did result in a marked increase in regulatory FoxP3+ T cells. Together with the reported 
clinical observations in cardiovascular patients, this study confirms that mast cells have a 
major impact on the plaque stability and is able to modulate the systemic cytokine profile 
thereby influencing T cell skewing.
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Further perspectives
The pathogenesis of RA and atherosclerosis is characterized by an active immune 
involvement, which amplifies the process of joint destruction and vascular occlusion. 
Furthermore, both diseases share similar immunological pathways such as development of 
autoantibodies and infiltration of leukocytes in the affected tissues. Compared to healthy 
non-RA individuals, there is an increased risk for RA patients to develop cardiovascular 
diseases, which cannot be explained by traditional risk factors alone [21]. For example, RA 
is often accompanied by accelerated progression of atherosclerosis and a more unstable 
rupture-prone plaque phenotype compared to RA negative subjects [22,23]. In addition, 
vascular inflammation is increased in active RA patients compared to healthy controls, 
which can improved by anti-inflammatory therapy, e.g. anti-TNFα. [24]. Currently, RA 
and cardiovascular patients are treated with drugs that dampen the ongoing immune 
response. In RA, DMARDs often in combination with biologicals such as anti-TNFα are 
highly effective in slowing down the progression of joint destruction and frequently 
induce remission of the inflammatory response in the joint. In addition, this treatment 
regimen can have beneficial effects on the inflammatory response in the vasculature 
system. A reported meta-analysis of observational studies showed that methotrexate 
use, but not use of other DMARDs, in RA patients is associated with a 21% reduction in 
CVD risk compared to patient that do not use methotrexate [25,26]. Although anti-TNF 
was shown to affect lipid levels (increase in HDL, triglycerides and total cholesterol), there 
was a significantly reduction in CVD risk in RA patients [27–30]. Cardiovascular patients 
are usually treated with hydroxymethylglutaryl-coenzyme A reductase inhibitors, or 
‘statins’, to lower circulating cholesterol levels. The majority of RA patients is reported to 
have dyslipidemia and in active disease there is a more atherogenic LDL:HDL ratio [31,32]. 
Statin treatment has been shown to be beneficial in RA patients, probably due to both 
its lipid-lowering as its anti-inflammatory effects [33]. In the TARA (Trial of Atorvastatin in 
Rheumatoid Arthritis) trial, disease activity score and lipid profile were reported to decline 
significantly in the statin-treated group compared to the placebo-treated RA patients [34]. 
Recently, another study by Schoenfeld et.al. showed that statin use in RA patients was 
associated with a 21% lower risk of all-cause mortality [35]. However, despite the fact that 
the use of statins has been shown to be effective in RA and CVD patients, a number of 
patients do not respond to the medication or have serious side effects, which renders new 
therapeutic targets highly necessary. 
In this thesis, we showed that mast cells contribute to the early phase of experimental 
arthritis. To date however, it is unknown if mast cell stabilization in active human RA is 
beneficial as a therapeutic treatment despite the high number of mast cells in the synovium 
and the many reported mast cell activation pathways in RA. In experimental arthritis, 
mast cell stabilization by cromolyn was shown to be effective in mice as measured by 
improvement of the radiographic score and histological analysis [36,37]. Taken together, 
mast cell targeting therapy in RA could be of interest as a new additional treatment next 
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to the use of DMARDs and biologicals. 
Comparable to RA, the development of atherosclerotic lesions is also composed of 
different phases and many studies have implicated mast cells in these phases. Our data 
also indicate that mast cell stabilization may have therapeutic potential in patients with 
cardiovascular diseases. At present, one patent has been issued for the use of cromolyn in 
cardiovascular patients as a novel treatment [38]. However, no study results are reported 
yet. Recently, the JUPITER trial demonstrated that statin therapy can significantly reduce 
the risk of a future heart attack or a stroke in patients with low levels of LDL-cholesterol 
but who have increased vascular risk due to high levels of c-reactive protein (CRP), which 
is a biomarker of inflammation [39]. Two large clinical placebo controlled trials (CIRT 
and CANTOS) are now ongoing to investigate whether inhibition of the inflammatory 
response can reduce CVD risk. In the CIRT trial, CVD patients are treated with a low dose 
methotrexate, also prescribed to treat RA patients, to study the effect of inhibition of 
inflammation on vascular event rates. The CANTOS trial targets the inflammatory IL-1β 
in cardiovascular patients by use of neutralizing canakinumab, which already has shown 
to improve clinical outcome in RA patients [40,41]. In the near future, the outcome of 
these trials will address whether anti-inflammatory medication is able to reduce the 
incidence of cardiovascular events among patients who remain at risk due to a persistent 
inflammatory response.

In conclusion, the research performed in this thesis shows that mast cells have immune 
modulating functions in experimental models of immune driven disorders and future 
research will establish whether mast cell stabilization in auto-immune diseases is of 
therapeutic interest.
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