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Summary

Multiple sclerosis (MS) is a chronic demyelinating, neurodegenerative disease of the central 
nervous system (CNS). Infiltration of immune cells (mainly monocytes/macrophages) into 
the brain parenchyma is one of the main pathological hallmarks of MS. Upon activation by 
inflammatory mediators, monocytes adhere to brain endothelium via adhesion molecules, 
migrate through the inflamed blood brain barrier and differentiate into macrophages in the 
brain parenchyma. Depending on the inflammatory milieu, macrophages will adopt either a 
pro- or anti-inflammatory phenotype thereby contributing to either tissue damage or tissue 
remodeling, respectively.
Tissue Transglutaminase (TG2), a calcium-dependent enzyme that catalyzes cross-linking 
between proteins, is the best characterized among the Transglutaminase family. It exerts 
both enzymatic and non-enzymatic functions and it is present in several subcellular 
compartment (e.g. cytosol, cell membrane and nucleus). Because of its diverse functions, 
its expression and enzymatic activity are strictly regulated in the cell and dysfunction is 
associated with several human pathologies. 
Previous results from our lab1 indicated that TG2 may play a role in MS pathology. In particular, 
we showed that TG2 is expressed in infiltrating MHC-II positive cells in brain parenchyma of 
post-mortem MS patients, while it was absent in the brain parenchyma of healthy control 
(HC) subjects. In addition, we demonstrated that inhibition of TG2 activity in an animal 
model of MS (EAE) reduced clinical symptoms and attenuated the influx of monocytes/
macrophages into the CNS. The present thesis aims to expand current knowledge on TG2 in 
MS and to focus on TG2 expression and function in vitro, and potential clinical implications 
in MS patients.

Therefore, in this thesis we aimed to:

1. Determine the expression and function of TG2 in human monocyte and macrophages

2. Explore TG2 as a possible novel biomarker for MS

The first aim of the thesis was to determine expression and function of TG2 in human 
monocytes and macrophages. In chapter 2 we investigated whether expression of TG2 
was altered in MS patient-derived monocytes compared to healthy control (HC) subject-
derived monocytes. We observed higher TG2 mRNA levels in monocytes from MS patients 
compared to HC subjects and a positive correlation between TG2 mRNA levels and anti-
inflammatory markers such as Transforming Growth Factor (TGF)-β1 and Interleukin (IL)-1ra. 
This suggests that TG2 expressing monocytes display an anti-inflammatory phenotype. In 
addition, we showed that human monocyte-derived TG2 expression is increased upon IL-4 
exposure in vitro. Furthermore, TG2 knock-down induced a pro-inflammatory phenotype of 
the monocytes and a reduction in cell adhesion and cytoskeletal rearrangement, processes 
known to be of importance in monocyte adhesion and migration through endothelial 
cells. Based on these findings we proposed that IL-4 is a major inducer of TG2 in human 
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monocytes, where TG2 contributes to adhesion/migration and enables an anti-inflammatory 
phenotype of the cells. We hypothesize that circulating IL-4 could possibly be responsible 
for the elevated TG2 expression and anti-inflammatory phenotype in MS patient-derived 
monocytes compared to HC subjects. 
We subsequently focused on macrophage-derived TG2 in chapter 3. We showed that, alike 
human monocytes, TG2 is selectively up-regulated by IL-4 in human monocyte-derived 
macrophages. In addition, inhibition of TG2 expression in M(IL-4) macrophages (upon IL-4 
stimulation of macrophages) leads to a pro-inflammatory phenotype and to an impairment 
in the late phase of phagosome maturation upon myelin phagocytosis (accumulation of 
early endosome and reduced fusion with lysosomes). Based on those results we propose 
a novel, potentially beneficial function of TG2 in the removal of myelin debris by M(IL-4) 
macrophages.
For the second aim, we explored the potential clinical implications of peripheral blood 
mononuclear cell (PBMC)-derived TG2. Therefore, in chapter 4 we investigated whether 
PBMC-derived TG2 mRNA could be a candidate biomarker for MS disease activity and/or 
progression. We observed that TG2 mRNA is positively associated with the patient’s disability 
status (Expanded Disability Status Scale (EDSS)), while being negatively associated with 
normalized brain volume (NBV) and both normalized white matter volume and normalized 
grey matter volume (NWMV and NGMV, respectively) in MS patients and especially in PP-
MS patients. In addition, in RR-MS patients, TG2 predicted the change in EDSS over a two-
years follow-up thus highlighting also its predictive value. We propose that PBMC-derived 
TG2 may hold promise for use as biomarker for disease progression in MS and especially in 
PP-MS patients. 
Besides full-length TG2 (V1), four shorter splice variants (V2, V3, V4a and V4b) have been 
described in the literature with proposed different functions and activity compared to full-
length TG2. Based on the results obtained in chapter 4, we questioned whether TG2 could 
have additional value as biomarker for MS diagnosis, specifically in the PP subgroup of MS 
patients. Therefore, we investigated the expression of four TG2 splice variants in PBMCs 
derived from the same PP-MS patients and control subjects as chapter 4. As described in 
chapter 5 we observed that the expression of splice variant V4b was significantly higher in 
PP-MS patients compared to HC subjects. In addition, the percentage of expression (over 
V1 full-length TG2) of two splice variants (V4a and V4b) was significantly higher in PP-MS 
patients compared to HC subjects. Thus, we suggest that certain TG2 splice variants may be 
of relevance in PP-MS patients. In addition, it is tempting to speculate that the expression 
pattern of certain TG2 splice variants in PBMCs could be used as potential diagnostic marker 
to discriminate between HCs subject and PP-MS patients. 
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General discussion

1. Expression and function of TG2 in human monocyte and macrophages

1.1 Regulation of TG2 expression in human monocyte/macrophages
Studies focusing on TG2 in MS represent a novel area of research. Specifically, the potential 
contribution of monocyte/macrophage-derived TG2 to MS pathology has only recently been 
investigated. In a first study, our group identified TG2 as an important player in monocyte/
macrophage adhesion and migration into the CNS in a rat animal model of MS (cr-EAE, 
Chronic relapsing Experimental Autoimmune Encephalomyelitis). In particular, it was 
shown that systemic inhibition of TG2 activity leads to a reduction in clinical symptoms and 
pathology. At the molecular level, we observed a reduction in pro-inflammatory mediators 
in the spinal cord (e.g. iNOS and TNF-α) and an up-regulation of β1 and β3 Integrin (cell-
membrane molecules involved in adhesion and migration of monocyte/macrophages). 
Moreover, TG2 expression was increased upon pro-inflammatory stimuli (IFN-γ and IL-1β) 
in vitro in NR8383 cells (rat alveolar macrophages)1. These findings suggested that TG2 
expression in monocytes/macrophages could play a detrimental, pro-inflammatory role, at 
least in an animal model for MS. 
Based on these findings, the first aim of this thesis was to investigate expression and 
potential functions of TG2 in human monocytes and macrophages. Interestingly, in  
chapters 2 and 3, we observed a different scenario compared to what had previously been 
observed in the animal model. In fact, we showed that TG2 is up-regulated particularly 
by the anti-inflammatory cytokine IL-4, while pro-inflammatory mediators have hardly an 
effect on TG2 expression in human monocytes and monocyte-derived macrophages. In 
addition, inhibition of TG2 expression leads to an increase in the production of the pro-
inflammatory mediators IL-1β and TNF-α and a reduction in β3 Integrin in human monocytes 
(and therefore in the adhesion/migration capabilities). Although, we cannot exclude that  
IL-4 would also affect TG2 expression in rat cells, there is a contrast with our observation in 
human monocytes and macrophages.
These data suggest a different regulation and/or role of TG2 depending on the species 
studied. Based on these intriguing results, future research in the TG2 field in the context 
of MS should focus more on clinical studies on human subjects or on relevant human in 
vitro models (e.g. induced pluripotent stem cells or 3D model) rather than on animal cells 
or models.
Furthermore, although it is already known from literature that TG2 is highly upregulated 
as a result of inflammation due to the presence of several inflammation-related responsive 
elements in the TG2 promotor region2-4, to date, no consensus is reached on inflammation-
specific TG2 triggers. In fact, it has been shown that several inflammatory mediators have 
different effects on TG2 expression depending on the cell types studied5-11. Regarding 
monocytes/macrophages, the pro-inflammatory mediator IFN-γ has been shown to 
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upregulate TG2 expression in human monocytes 12,13. In chapter 2, we showed for the first 
time that the anti-inflammatory cytokines IL-4 can also induce TG2 up-regulation in human 
monocytes. These results suggest that, specifically in human monocytes, both pro- and anti-
inflammatory mediators can induce TG2 expression. Several important considerations can 
be drawn from these findings.
First, so far it is unknown if regulation of TG2 expression coincides with the time-dependent 
processes occurring during inflammation, i.e. (1) pro-inflammatory mediators being 
present mostly in the early stage of inflammation14 and (2) anti-inflammatory mediators 
being present at the later stage of inflammation14. Furthermore, it is not clear whether all 
monocytes/macrophages or only certain subpopulations are able to produce TG2. If the 
latter is true, this may facilitate inflammation-mediated responses in just a fraction of cells.
Second, based on the complex, cell/stimuli-specific regulation of its expression, diverse (or 
opposite) functions of TG2 can be hypothesized. Therefore, TG2’s potential as a therapeutic 
target to counteract possible detrimental effects or stimulate potential beneficial effects in 
immune cells during inflammation needs to be carefully considered.
Third, from a molecular point of view, the signaling pathway by which IL-4 induces TG2 
expression has not been elucidated yet. It has already been demonstrated that IL-4 
stimulation enhances the expression and secretion of TGF-β in microglia and that, in  
IL-4-induced microglia, the anti-inflammatory activation is dependent on active TGF-β 
signaling15. Based on the presence of a TGF-β responsive element in the promotor of the 
TG2 gene, it is tempting to speculate that IL-4-driven TG2 expression in human monocytes 
could be mediated by TGF-β (Fig. 4, point 1). However, further research is needed to unravel 
the molecular mechanism(s) underlying this process.

1.2 Interleukin-4 function and levels during MS
The anti-inflammatory cytokine IL-4 is one of the major inducers of human monocyte-
derived TG2. Interestingly, the increase in TG2 expression in those cells by anti-inflammatory 
cytokines seems IL-4-specific; in fact, although tested at one concentration and time point, 
another important anti-inflammatory mediator, IL-10 (known to generate a different subtype 
of monocyte/macrophages subpopulation) did not have any effect on TG2 expression. 
Therefore, the increase in TG2 mRNA expression in MS patient-derived monocytes could 
be mediated, directly or indirectly, by circulating or autocrine IL-4. IL-4 is the main product 
of a specific sub-type of T-cell (T helper 2, Th2) and it is, together with IL-13, the main 
cytokine responsible for the induction of an “alternative”, anti-inflammatory phenotype 
of macrophages16. In the context of MS, studies on EAE in IL-4-/- mice suggested that IL-4 
plays an important role in modulating the severity of the disease process17. In addition, 
administration of skewed M(IL-4) macrophages significantly reduced EAE severity18,19. These 
results suggest a protective role for IL-4 in disease incidence and progression.
Interestingly, expression and release of IL-4 in both serum and cerebrospinal fluid (CSF) of 
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MS patients has already been described in literature. Despite some controversial results20, 
the majority of the studies reported an increase in IL-4 in both serum and CSF in MS patients 
compared to HC subjects21-25. Moreover, in the RR-MS group, IL-4 expression is higher in 
patients with mild disability compared to patients with moderate to severe disability22,25. 
Although, in our study (chapter 2) no data were available on the disability status of the 
patients included, the data do show an increase in monocyte-derived TG2 mRNA expression 
in RR-MS patients and a significant correlation with the expression of anti-inflammatory 
mediators. This is in line with the idea that TG2 in monocytes reflects an anti-inflammatory 
status of the cells. 
Noteworthy, it has been demonstrated that remission of RR-MS patients is characterized by 
a high concentration of IL-4 in both plasma and serum compared to RR-MS patients during 
relapse or SP-MS patients20. Although no information was available regarding disease activity 
at the time of blood sampling in our patients’ cohort, a possible mechanism of action could 
be that in MS patients, monocyte-derived TG2 is modulated following IL-4 fluctuations in 
the circulation (e.g. at remission).  However, to date, it remains to be elucidated whether 
TG2 expression in monocytes is in fact modulated during the different phases of the disease 
(e.g. relapse and remission).
Finally, to better understand TG2 regulation in monocytes from MS patients, serum or 
plasma concentrations of pro- and anti-inflammatory mediators (IL-4 in particular) should be 
measured and correlated with TG2 expression and activity in MS patient-derived monocytes.

1.3 Role of TG2 in the differentiation of monocytes into macrophages
It is widely accepted that once migrated outside the blood vessel, monocytes differentiate 
into macrophages26. Although the molecular mechanism(s) behind this morphological and 

Fig. 1 CD16, and CD14 mRNA levels in MS patient/HC subject-derived monocytes
Semi-quantitative RT-PCR analysis was performed to detect A) CD16 (HC=9/ MS=16), B) CD14 (HC=8/ 
MS=16) mRNA levels in primary monocytes from MS patients and HC subjects. Data are shown in 
box-and-whiskers plots in which the median is represented by a horizontal line within the box and the 
lower and upper whiskers represent the 5 and 95 percentiles, respectively. Values were normalized to 
the geometric mean of GAPDH and POLR2F. Statistical analysis was carried out using Student’s t-test. 
**p<0.01, *** p<0.001
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functional differentiation is not fully characterized yet, it has been proposed that TG2 plays an 
important role during this process27. Human monocytes are divided into 3 subtypes according 
to the expression of two specific cell surface markers: CD14 and CD16. The major population 
of monocytes (90%) is represented by classical inflammatory monocytes (CD14++CD16-), 
whereas a smaller population (10%) is further subdivided into an intermediate subset 
(CD14++CD16+), and non-classical patrolling monocytes (CD14+CD16++)28. In addition, the 
three defined monocyte subsets, classical, intermediate and non-classical28 are considered 
to represent a continuum of differentiation stages from monocytes into macrophages, with 
classical monocytes to be the least differentiated, then intermediate monocytes and non-
classical monocytes the most differentiated cell type with patrolling functions29-31. In fact, 
gene expression profiling showed increased expression of genes associated with maturation 
going from classical monocytes to intermediate monocytes and non-classical monocytes 32. 
In this respect it is of interest to note that in vitro studies show that TG2 expression increases 
when monocytes differentiate into macrophages33,34.
By characterizing the mRNA level of these two monocyte markers in the patients’ cohort 
used in chapter 2, preliminary data showed that MS patient-derived monocytes expressed 
significantly higher levels of CD16 and CD14 mRNA (Fig. 1). In addition, TG2 mRNA correlated 
positively with both CD14 or CD16 expression in the MS monocytes, but not in those derived 
from HC subjects (Fig. 2).
Although measured at mRNA level and not at protein level, these data suggest that 
monocytes derived from MS patients have a more intermediate, more differentiated 
phenotype compared to monocytes derived from control subjects35,36. Of interest is that, 
in line with our data, TG2 has been identified as one of the highest expressed genes in 
the intermediate monocyte subset30. Furthermore, in chapter 2 we demonstrated that 
monocyte-derived TG2 expression does not correlate with either IL-1β or TNF-α expression, 
but did correlate positively with the expression of two anti-inflammatory markers i.e. IL-
1ra and TGF-β1 only in MS patient-derived monocytes. This suggests that, besides being 

Fig. 2 Correlation of TG2 mRNA levels with monocytic markers
Pearson correlation analysis was performed to correlate TG2 mRNA levels with A) CD16, and B) CD14 
mRNA levels in MS patient-derived monocytes (blue line) and HC subject-derived monocytes (red 
line). Expression levels of CD16, CD14 and TG2 were normalized to the geometric mean of GAPDH and 
POLR2F. **p<0.01



108

Chapter 6

more prone to differentiate toward a macrophage-like phenotype, MS patient-derived 
monocytes expressing higher levels of TG2 also have a more anti-inflammatory profile. In 
line with this, in chapter 3 we observed that TG2 is of pivotal importance for monocyte-
derived macrophages to differentiate properly into M(IL-4) anti-inflammatory macrophages. 
Moreover, we showed that inhibition of TG2 expression, leads to reduced adhesion/
migration of IL-4-activated monocytes in vitro, thus suggesting that TG2 plays a role in the 
adhesion/migration of anti-inflammatory IL-4-activated monocytes.
Based on these data, it is tempting to speculate that, when present at high levels in MS 
patient’s blood, IL-4 can induce TG2 up-regulation in monocytes, which in turn aids adhesion/
migration and the subsequent differentiation of monocytes into anti-inflammatory M(IL-4) 
macrophages (Fig. 4, point 2 and 3). Although it has been shown that the mechanism by 
which TG2 aids monocyte adhesion/migration requires expression of TG2 on the cell-
membrane and its interaction with β-Integrins and fibronectin37, TG2’s contribution to 
monocyte adhesion and migration in MS has not been investigated yet. Future experiments 
should aim to perform in vitro adhesion and migration assays with MS patient/HC subject-
derived monocytes and to correlated these parameters with TG2 expression in those cells. 
A very interesting approach would also be to evaluate adhesion and migration properties of 
MS patients/HC subject-derived monocytes in the presence of specific TG2 inhibitors, able 
to inhibit the different functions of TG2 (e.g. cross-linking activity vs fibronectin binding 
inhibitors).

1.4 Contribution of TG2 to phagocytosis of myelin
Myelin destruction and its uptake by phagocytes is a pathological hallmark of MS38. 
Efficient removal of myelin debris through phagocytosis is of pivotal importance for repair 
and re-myelination in the CNS39. Indeed, accumulation of myelin debris represents one 
of the major obstacles for repair processes40,41. By showing phagocytic ability, infiltrating 
macrophages also play a beneficial role in MS through the removal of myelin debris. It has 
been demonstrated that anti-inflammatory macrophages have a higher phagocytic capacity 
compared to pro-inflammatory macrophages42 and that myelin-laden macrophages in MS 
lesions display an anti-inflammatory phenotype43. 
The process of phagocytosis starts with particle recognition and binding by specialized 
receptors on the cell membrane44. The binding to these receptors induces remodeling 
of the cytoskeleton and formation of a phagocytic cup by extension of membrane 
protrusions. Once the phagosome is formed, it matures via fusion with vesicles of the 
endocytic compartment44. In more detail, after engulfment, the phagosome fuses with the 
early endosome and acquires specific markers which lead to the recruitment of class III 
phosphoinositide 3-kinase vacuolar protein-sorting 34 (Vps34)45. In a complex with other 
proteins, Vps34 induces the production on the phagosome membrane of PtdIns(3)P, which 
is essential for progression of phagosome maturation46 and for the recruitment of other 
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proteins such as early endosome antigen 1 (EEA1)47. Early phagosomes then mature into 
late phagosomes and ultimately fuse with lysosomal compartments48. Although the general 
phagocytic process has been elucidated, to date, the molecular mechanisms regulating 
phagocytosis of myelin debris in anti-inflammatory macrophages are not completely clear.
Based on the results obtained in chapter 3, we suggest that TG2 contributes to this process 
(Fig 4, point 4). During the different phases of the phagocytosis process, impairments can 
occur ranging from disturbed myelin internalization to myelin digestion in the lysosomes, 
all leading to altered processing of myelin debris. Our results showed that inhibition of TG2 
expression leads to accumulation of the early endosomes marker (EEA1) and myelin basic 
protein (MBP) within the cytosol, accompanied by a reduced localization of MBP inside the 
lysosomes, therefore suggesting an impairment in the phagosomes’ maturation and fusion 
with lysosomes. Although, the molecular pathway(s) by which TG2 regulates the phagocytic 
process are not known yet, a number of hypotheses may be formulated. 
Firstly, phagocytosis shares similarities with autophagy, a tightly regulated process that 
allows elimination of damaged or harmful components through catabolism and to recycle 
them in order to maintain nutrient and energy homeostasis49. Importantly, it has been 
demonstrated that TG2 plays an important role during autophagy50,51. In particular, TG2 can 
interact, cross-link and thereby inhibit the activity of the autophagic protein Beclin-152,53, a 
protein responsible for the induction of autophagy together with Vps3449. Noteworthy, it 
has been demonstrated that Beclin-1 also plays a role in phagocytosis, which is independent 
from its role in autophagy54. The Vps34-Beclin-1 complex could play a role in the localized 
generation on endosomes and phagosomes of PtdIns(3)P, which is necessary for proper 
phagosome maturation46. In addition, it was observed that, upon phagocytosis induction, 
Beclin-1 translocates to the phagosome and mediates phagosome-lysosome fusion55. Thus, 
it is tempting to speculate that, by its interaction with Beclin-1, cytosolic TG2 could play a 
role in MBP-containing phagosome maturation/fusion with lysosome and therefore in the 
phagocytosis of myelin. 
Secondly, it has been shown that TG2 also regulates the phagocytosis of dead cells 
(efferocytosis) by regulating their internalization (via regulation of the expression of 
specific membrane receptors, CD14, SR-AI and β3 integrin)56. Moreover, TG2 interacts with 
low-density lipoprotein receptor-related protein (LRP1) on the cell-surface and it is then 
internalized (together with LRP1) through the endocytosis pathway57. Noteworthy, SR-AI and 
LRP1 have been identified as receptors involved in the internalization of myelin particles58-62. 
Therefore, one can assume that inhibition of TG2 expression in M(IL-4) macrophages could 
lead to altered expression of those receptors and therefore altered myelin internalization. 
Our preliminary data show that TG2-KD M(IL-4) macrophages display increased levels of both 
CD14 and β3 Integrin (Fig. 3) thus suggesting that in M(IL-4) macrophages, TG2 inhibition 
leads to up-regulation of specific receptors on the membrane. Future experiments should 
aim at investigating if the expression of SR-AI and LRP1 is also increased in TG2-KD M(IL-4) 
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macrophages and whether this increase is responsible for an increased internalization 
of myelin. If so, TG2 would then affects myelin phagocytosis also by modulating myelin 
internalization. 
Although further studies are needed to unravel the molecular mechanisms, we propose 
that expression of TG2 in M(IL-4) macrophages could be beneficial in the context of MS 
pathology. In particular, by mediating efficient removal of myelin debris in demyelinating 
MS lesions, modulation of TG2 in macrophages could open new avenues for successful 
regeneration.

2. Clinical implication of TG2

2.1 TG2 as a novel candidate biomarker for MS progression.
A biomarker is defined as “a characteristic that is objectively measured and evaluated 
as an indicator of normal biological processes, pathogenic processes or pharmacological 
responses to a therapeutic intervention”63. Three major biomarker categories can be 
considered within the context of MS: 1) diagnostic biomarker, 2) biomarker for (adverse) 
response to treatment and 3) biomarker for disease progression. 
Belonging to the first category are predictive biomarkers that detect the conversion from 
clinically isolated syndrome (CIS) to MS such as IgM oligoclonal bands in CSF64 and Chitinase-
3-like protein 1 (CHI3L1, chitin-binding proteins homologous to chitinase but lacking their 
capacity of chitin hydrolysis) in CSF65. Such biomarkers can be used to distinguish MS patients 
from patients with other neurological diseases or healthy control subjects. 
Upon prolonged treatment, some patients develop antibodies against specific drugs e.g. 
antibody formation to interferon (IFN)-β66,67 or natalizumab68-71 which are responsible for 
reduced therapeutic efficiency. Such antibodies are an example of biomarkers belonging to 
the second category.

Fig. 3 CD14 and β3 Integrin mRNA levels in SCR M(IL-4) and TG2-KD M(IL4) macrophages
Semi-quantitative RT-PCR analysis was performed to detect A) CD14 and B) β3 Integrin mRNA levels in 
SCR M(IL-4) and TG2-KD M(IL4) macrophages. Values were normalized to GAPDH. Data presented are 
the mean of triplicate values ± SEM of three independent experiments. Statistical analysis was carried 
out using Student’s t-test. **p<0.01, *** p<0.001
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biomarkers have been validated and are currently used in clinical practice, most belonging 
to these first two categories. 
Attempts in MS biomarker research to identify predictors of disease activity and/or 
progression, which belong to the third category of biomarkers, has shown to be still 
challenging. Over the last decade, attention has been directed to investigate TG2 as potential 
prognostic marker or therapy target in several human pathologies72,73. 
Based on the results described in the preceding chapters of this thesis, we sought to explore 
the translational clinical potential of TG2 in MS in chapter 4 and chapter 5. In chapter 4 
we first investigated whether PBMC-derived TG2 mRNA could act as a potential biomarker 
for MS activity and/or progression. We observed  that PBMC-derived TG2 mRNA levels 
did not associate with markers of disease activity, but clearly associated with markers for 
disease progression, especially in PP-MS patients. In fact, TG2 mRNA levels were positively 
associated with EDSS and negatively associated with NBV, NWMV and NGMV. A very 
important challenge in the field of biomarkers for MS progression is to be able to identify 
subgroups of patients with a more severe disease prognosis. Noteworthy, in RR-MS patients, 

Fig. 4 Proposed model for monocyte/macrophage-derived TG2 function in MS pathology
Circulating IL-4 in MS patient’s blood drives TG2 production  in monocytes (1) via a mechanism that 
involves the TGF-β signaling pathway. Once expressed in monocytes, TG2 aids monocyte adhesion 
and migration into the brain parenchyma (2) and supports the differentiation of anti-inflammatory 
monocytes into anti-inflammatory M(IL-4) macrophages (3). In the context of MS lesions, TG2 in 
M(IL-4) macrophages plays a role in the phagocytosis of myelin debris (4) thus suggesting a potential 
supportive role in tissue remodeling and repair. The question marks represent unsolved research 
questions discussed in the main text
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TG2 mRNA level at baseline was associated with worsening of the clinical symptoms of 
individual patients, measured as change in EDSS score over a 2-year follow-up period. This 
suggests that, if validate in larger, longitudinal cohorts, measurement of TG2 mRNA levels 
may in future aid in predicting the risk of worsening of symptoms at the individual patient 
level. 
These results indicate that TG2 could possibly act as novel biomarker candidate for 
monitoring disease progression in MS patients and that especially in PP-MS patients TG2 
associates with ongoing axonal damage.
Several  CSF-derived candidate biomarkers such as CXCL13 have shown similar association 
with disease-associated parameters (clinical and radiological parameters)74,75. However, 
an important advantage in the potential use of PBMC-derived TG2 mRNA as blood cell-
based biomarker, compared to CSF-based biomarkers, is that CSF is usually collected by 
lumbar puncture, a delicate and invasive procedure, thus making a CSF-derived biomarker 
less patient friendly over prolonged periods of time. Therefore, despite the fact that CSF 
probably better reflects the actual brain environment over time, blood-based biomarkers 
are to be preferred, especially when repeated sampling is required76. Currently, serum-
derived neurofilaments (Nf) are among the most promising candidate biomarkers to monitor 
disease activity and progression in MS77,78. However, their predictive power for the course of 
disease in progressive MS patients (e.g. PP-MS) still has to be confirmed. 
Therefore, based on the results presented in this cohort, we suggest that PBMC-derived 
TG2 mRNA has potential to act as a blood cell-based candidate biomarker for disease 
progression in MS patients, and in particular for PP-MS patients for which no biomarker is 
currently available. 
Nevertheless, a crucial future step toward the clinical introduction of TG2 as biomarker for 
MS progression is validation of the current findings in an independent cohort of patients 
that includes also a larger group of PP-MS patients. In addition, prospective cohort studies 
with comprehensively characterized participants followed over long periods are pivotal 
in order to determine whether PBMC-derived TG2 mRNA can be adopted as biomarker in 
clinical practice at individual patient level. 
TG2 is involved in other neurodegenerative diseases, including Alzheimer’s and Parkinson’s 
disease79,80. Therefore, TG2 expression and association with clinical and radiological 
parameters should also be tested in other groups of patients and control subjects. In 
particular non-inflammatory control subjects and patients suffering from other neurological 
disease should be included in follow-up studies. Data obtained from these individuals will 
shed light on whether our results are specific for MS or are associated with inflammatory 
processes (non-inflammatory controls) or neurological diseases in general (patients affected 
by other neurological disease).
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2.2 Expression of TG2 splice variants in PP-MS patients: possible diagnostic 
biomarker?
In addition to full-length TG2, four additional splice variants have been described in 
literature81-84. These isoforms are derived from alternative splicing of the TG2 gene (TGM2) 
and they all lack, to some extent, the GTP binding domain. This results in shorter splice 
variants with proposed altered enzyme activity and functions compared to full-length TG2 
(e.g. interaction with other proteins). 
Based on the results of the study described in chapter 4, we questioned whether TG2 could 
have additional clinical value (e.g. as biomarker for MS diagnosis), specifically in the PP 
subgroup of MS patients. For this reason, in chapter 5 we investigated whether full-length 
TG2 and the splice variants were differentially expressed between PP-MS and HC subjects. 
Interestingly, we observed that the percentage of splice variants V4a and V4b, compared to 
full-length V1, was significantly higher in PBMCs-derived from PP-MS patients compared to 
HC subjects. This suggests that during (PP)-MS pathology alternative splicing of the TGM2 
gene occurs with a preferential generation of V4a and V4b over full-length TG2. This profile 
observed in PP-MS patient-derived PBMCs might represent a TG2-specific signature that 
could be of clinical relevance as a diagnostic biomarker for PP-MS patients.
Nevertheless, similarly to our observations in chapter 4, validation of this initial finding 
is required in a larger and independent cohort of patients. Moreover, inclusion in follow-
up studies of more control groups is necessary; in fact, besides non-inflammatory healthy 
controls and patients with other neurological disease, also other MS subtypes (RR-MS and 
SP-MS) should be investigated to determine whether this expression pattern is specific for 
PP-MS patients.
From a mechanistic and functional point of view, to date, very limited literature is available 
regarding the functional role of V4a and V4b. Those splice variants have been recently 
described as more specifically expressed in HUVEC, smooth muscle cells and leukocytes 
compared to other cells types85. In addition, they are generated from a rare alternative 
splicing event and share most of their structure with full-length TG2. Despite not being 
readily inhibited by GTP, it has been demonstrated that the V4a and V4b, respectively, have 
only 8% and 7% residual Ca+2-dependent TGase activity85 while their fibronectin (FN) binding 
affinity is not altered. Interestingly, a unique nuclear localization of V4a and V4b has been 
described in smooth muscle cells suggesting specific functions for these splice variants85 in 
the cells.
Although unclarities will first have to be solved, it is already tempting to speculate that 
the altered localization and cross-linking activity of the splice variant of TG2 will have 
consequences for MS pathology (e.g. apoptosis of certain cell types) and therefore are of 
importance to the pathophysiology of PP-MS.   
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2.3 Contribution of different cell types to PBMC-derived TG2: Are monocytes the 
only players?
Human PBMCs consist of multiple cell types, lymphocytes (T cells, B cells) NK cells, 
monocytes and dendritic cells (Table 1)86. As described in chapter 2, MS patient-derived 
monocytes express higher TG2 mRNA levels than those of HC and correlate with an anti-
inflammatory phenotype of the cells. Despite the importance of monocyte-derived TG2 in 
MS pathology, monocytes only account for 5-10% of the total PBMC population. In addition, 
TG2 expression has been observed in other cell-types belonging to the PBMC population. 
Therefore, it is conceivable that the results reported in chapter 4 and chapter 5 are not 
attributable (solely) to TG2 expressed by monocytes. 
In fact, T cells represent the majority of PBMCs. However, the expression and/or role of TG2 
in lymphocytes has not been evaluated extensively. Arbildi and colleagues demonstrated 
that both full-length TG2 as well as TG2 splice variants are expressed in lymphocytes derived 
from healthy control subjects (full-length V1 was the highest expressed form) proving 
evidence that, at least at mRNA level, TG2 is present in human lymphocytes87. In addition, 
it was shown that TG2 is present in activated T-cells derived from HIV infected patients88,89. 
A study performed in mice reported that TG2 is expressed at very low levels in naïve T 
cells, whereas upon activation, TG2 expression (both in the cytosol and on the membrane) 
increases six-fold90. These authors also demonstrated that TG2 knock-out in T cells 
suppresses the expression of IFN-γ through a mechanism involving NFκB thus suggesting 
that TG2 plays a role in T cell activation90. Interestingly, in both RR, SP and PP-MS patients, 
a transmembrane IFN-γ-activated calcium influx has been observed in lymphocytes which 
directly affects their activation by lowering the threshold of immunological activation91. 
Therefore, this inflammation-induced calcium influx could be responsible for TG2 cross-
linking activation in T cells in MS pathology. Since activated, autoreactive T cells are involved 
in the pathogenesis and pathology of MS, it is possible that T cell-derived TG2 contribute to 
the TG2 mRNA levels measured in chapter 4.
In addition to monocytes and T cells, TG2 expression has also been reported in B cells92 and 
in dendritic cells (DC) where it plays an important role DC maturation from monocytes93. 
In conclusion, it is evident that there are multiple (possible) cellular sources of TG2 in the 

Table 1: PBMCs compositionTable 1: PBMC composition

Cell type

Frequency % 
(range in healthy 

individuals) Function
CD4+ T cells 25 - 60% Coordinate adaptive immunity through activation and regulation of other immune cells 
CD8+ T cells 5 - 30% Destroy cancer cells or cells that are infected or damaged
B cells 5 - 10% Secrete antibodies as part of humoral immune response
NK cells 10 - 30% Trigger lysis or apoptosis of infected cells
Monocytes 5 - 10% Take up foreign objects via phagocytosis, perform antigen presentation, and produce cytokines
Dendritic cells 1 - 2% Process and present antigen material to T cells
NK = Natural killer
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PBMC population. From a mechanistic point of view, identification of the main cell types 
responsible for the production of TG2 in PMBCs definitively deserves further attention. 

Conclusions and suggestions for future research

The research discussed in this thesis highlights several important aspects of TG2 biology in 
the field of MS.
In the first part of the thesis we studied the expression and function of TG2 in monocytes 
and macrophages in vitro. We found that TG2 mRNA is significantly increased in MS patient-
derived monocytes compared to HC subject-derived monocytes. In addition, in MS patients, 
TG2-expressing monocytes displayed an anti-inflammatory phenotype. We demonstrated 
that IL-4 is a major inducer of TG2 expression in monocytes and that TG2 is contributing 
to the anti-inflammatory phenotype of the cells and to their adhesion and migration 
properties. In addition, TG2 is of importance for the proper differentiation of monocytes 
into anti-inflammatory M(IL-4) macrophages where it plays a role in the phagocytosis of 
myelin debris. Based on these results it is tempting to speculate that upregulation of TG2 
expression in monocytes and macrophages favours an anti-inflammatory phenotype and 
function of these cells and therefore be of potential benefit in amelioration of ongoing 
disease. 
Indeed, it has been shown that, during relapsing EAE, an imbalance between pro-
inflammatory and anti/immunomodulatory monocytes occurs. The modulation of this 
balance by injection of anti-inflammatory monocytes/macrophages, was able to suppress 
ongoing EAE in rat, thus indicating the importance of anti-inflammatory monocytes to lower 
disease activity19. 
In order to better understand how TG2 influences MS pathophysiology, it is pivotal to 
identify the major driver of monocyte-derived TG2 during the disease and to unravel 
TG2’s contribution to monocyte adhesion onto endothelial cells in MS patients. Moreover, 
evaluating whether anti-inflammatory, foamy (myelin-phagocytizing) macrophages express 
TG2 in human post-mortem MS lesions will be crucial to elucidate the potential beneficial 
role of macrophage-derived TG2 in removal of myelin debris. 
In the second part of this thesis we evaluated the potential clinical use of TG2 mRNA as a 
biomarker in the field of MS. In particular, we showed that measurement of TG2 mRNA in 
PBMCs could acts as biomarker for disease progression in MS patients, in particular in PP-MS 
patients. Within this context, measurement of PBMC-derived TG2 mRNA could potentially 
find application in the clinical practice to help clinicians in monitoring disease progression. 
This is of importance in the MS field as, to date, no blood-derived biomarker for disease 
progression has been identified. 
Finally, we showed that percentage wise mRNA expression of two TG2 splice variants (V4a 
and V4b) over the full-length is altered, specifically in the PP-MS subgroup. This indicates 
that TG2 splice variants might participate in the underlying pathological mechanisms. In 
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addition, we suggest that measurement of TG2 could have additional clinical value as the 
TG2 splice variants expression pattern could potentially be used to discriminate between HC 
subject and PP-MS patients.
The next critical step towards clinical application of TG2 as biomarker for MS progression is 
the validation of our findings in independent, longitudinal cohorts of patients. 
In conclusion, we investigated for the first time the role of blood cell-derived TG2 in MS 
pathology. Through different approaches, ranging from fundamental to translational 
research, we expanded our current knowledge on TG2 and highlighted the complexity of 
TG2 biology in the field of MS. Finally, our work opens new avenues to the potential clinical 
application of TG2 as biomarker for MS disease progression.
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