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Abstract 

Objective 
The clinical course of multiple sclerosis (MS) is variable and largely unpredictable pointing 
to an urgent need for markers for disease activity and progression. Recent evidence has 
revealed that tissue Transglutaminase (TG2) is altered in patient-derived monocytes. 
Therefore, we evaluated the potential use of blood cell-derived TG2 mRNA as a biomarker 
in patients with MS. 
Methods 
Peripheral blood mononuclear cells (PBMCs) were isolated from 151 healthy controls and 
161 MS patients and qPCR was performed to detect TG2 mRNA levels. These were associated 
with clinical and MRI parameters of disease progression (Expanded Disability Status Scale 
(EDSS), normalized brain volume and hypointense T1-lesion volume) and activity (annualized 
relapse rate, gadolinium enhanced lesions and T2-lesion volume).  
Results 
PBMC-derived TG2 mRNA levels were significantly associated with disease progression; i.e. 
worsening of the EDSS over 2 years of follow-up (std β=0.260), normalized brain volume (std 
β= -0.180), normalized grey (std β= -0.148) and white matter volume (std β= -0.172) in the 
total MS patient group at baseline. In particular, TG2 mRNA was significantly associated with 
worsening of the EDSS scores over 2 years of follow-up in RR-MS patients (std β= 0.258). In 
addition, in the PP-MS subtype, TG2 mRNA levels were significantly associated with EDSS 
(std β= 0.478), normalized brain volume (std β= -0.564), normalized grey (std β= -0.427) and 
white matter volume (std β= -0.647) at baseline. In addition, TG2 mRNA associated with T1-
hypointense lesion volume in PP-MS patients at baseline (std β= 0.476). 
Interpretation 
Our results suggest that PBMC-derived TG2 mRNA levels have potential as biomarker for MS 
disease progression.
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Introduction 

Multiple sclerosis (MS) is a chronic inflammatory and neurodegenerative disease of the 
central nervous system (CNS)1,2. It is characterized by inflammation, demyelination, axonal 
degeneration and a complex clinical course3,4. MS is considered the most frequently 
acquired neurological disease leading to permanent disability in young adults. The severity 
and clinical course of MS varies among patients and is largely unpredictable5,6, resulting in 
a need for biomarkers to predict the disease course. To date only a few biomarkers have 
been translated into the clinic of which the majority detect either conversion from clinically 
isolated syndrome (CIS) to MS (e.g. IgG oligoclonal bands) or treatment response (e.g. anti-
drug antibodies)7. In addition, several of the clinically used or proposed biomarkers rely 
on cerebrospinal fluid (CSF) collection, which is an invasive procedure. Neurofilaments (Nf) 
are emerging as the most promising biomarker in MS; In fact, CSF-derived NF light (NfL) 
chain has been identified as biomarkers for disease activity and for treatment response in 
MS patients. It is considered to reflect early, acute, inflammatory-mediated axonal damage. 
However, it correlates less accurately with disease progression8. Therefore, there is an 
unmet need for biomarkers that predict MS progression and can be derived in a less invasive 
way e.g. from blood. 
Tissue Transglutaminase (TG2 or Transglutaminase 2) is a Ca2+-dependent enzyme that 
cross-links (among others) molecules belonging to the apoptotic pathway9,10, membrane 
trafficking11,12 and cytoskeleton reorganization13,14. In addition, its expression is regulated by 
inflammatory mediators15-17. Recently, we showed the presence of TG2 in infiltrating MHC-II 
positive macrophages in MS lesions18 as well as increased TG2 mRNA in MS patient-derived 
monocytes19 suggesting a possible role for monocyte/macrophage-derived TG2 in the 
pathophysiology of MS. Indeed, inhibition of TG2  activity reduced the influx of monocytes 
into the CNS and concomitant ablation of clinical symptoms has been observed in rats 
suffering from chronic-relapsing experimental autoimmune encephalomyelitis (cr-EAE)18. In 
addition, TG2 has been proposed to contribute to encephalitogenic T cell differentiation in 
mice suffering from EAE20. 
The clinical implications of TG2 have already been described for several human diseases. In 
fact, it has been reported that de-regulation of TG2 expression and activity are associated 
with tumor invasiveness and metastasis formation21-23. Moreover, an increase in TG2 can 
be used as an additional biomarker for all grades of cervical dysplasia24. Furthermore, 
antibodies directed to TG2 are used as a serological marker for the diagnosis of Coeliac 
disease25,26. Nevertheless, the potential application of TG2 as a biomarker in MS patients has 
not been studied yet. 
Hence, the aim of the current study was to assess whether TG2 expressed by peripheral 
blood mononuclear cells (PBMC) is altered in patients with MS and whether TG2 mRNA 
levels associate with measures of disease activity and progression. 
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Materials and methods

Subjects
From the MS Center Amsterdam (VU University Medical Center), a total of 169 MS 
patients were included from the GeneMSA cohort in the years 2004 and 2005. Patients 
were diagnosed with MS according to the McDonald Diagnostic Criteria27 and also further 
classified either as RR, SP, or PP-MS patients28. Disability was scored at the baseline visit and 
after two years using the Expanded Disability Status Scale (EDSS)29. Inclusion criteria for MS 
patients were: 1) age between 18 and 65 years; 2) EDSS ranging between 0 and 7.5; 3) at 
MRI, all patients had been relapse-free and steroid-free for at least 1 month. In addition, a 
total of 157 healthy control (HC) volunteers were included (blood only). Inclusion criteria for 
HC were; 1) age between 18 and 65 years; 2) no history or family history of MS. The study 
was approved by the local ethical committee. Written informed consent was obtained from 
all participants. 
At baseline, in the RR-MS group, 37% of the patients (n=39) were treated with disease 
modifying drugs (DMD; n=9 glatiramer acetate; n=29 interferon β; n=1 mitoxantrone). In the 
SP-MS group, 22.2% of the patients (n=8) were treated with DMD (n=2 glatiramer acetate; 
n=6 interferon β). In the PP-MS group, 9.1% of the patients (n=2) were treated with DMD 
(n=1 interferon β; n=1 methotrexate).

Isolation of primary human peripheral blood mononuclear cells
At the baseline visit, peripheral blood was drawn by venipuncture, collected into EDTA tubes 
(Becton Dickinson). PBMCs were isolated from the 169 MS patients and 157 HC by density 
centrifugation using Ficoll (Ficoll Isopaque PLUS, GE Healtcare) and stored in liquid nitrogen 
until further processing.  

mRNA isolation and cDNA synthesis
Total RNA was isolated from primary human PBMCs using TRIzol Reagent (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s instructions. Total RNA was further 
purified using the MicroElute RNA clean up kit (Omega Bio-Tek). The RNA purity was 
assessed using the NanoDrop 1000 (Thermo Scientific). The quality ratios 260/280 and 
260/230 were above 1.9 and 1.7, respectively, for all samples included in the study. Total 
RNA (200 ng/sample) was reverse-transcribed into cDNA using the High-Capacity cDNA 
Reverse Transcription kit (Applied Biosystems) according to the manufacturer’s instructions. 

Semi-quantitative real-time PCR (qPCR)
For semi-quantitative real-time PCR (qPCR), the Power SYBR Green Master Mix (Applied 
Biosystems) was used. The following primer sequences (Eurogentec, Maastricht, the 
Netherlands) were used: TG2 forward 5’-AGAGGAGCGGCAGGAGTATG-3’, TG2 reverse 
5’-AGGATCCCATCTTCAAACTGC-3’, HPRT1 forward 5’-AGCCCTGGCGTCGTGATTAGT-3’, 
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HPRT1 reverse 5’-CGAGCAAGACGTTCAGTCCTGTCC-3’, POLR2F forward 
5’-GAACTCAAGGCCCGAAAG-3’, POLR2F reverse 5’-TGATGATGAGCTCGTCCAC-3’. qPCR 
was performed in LightCycler® 480 Multiwell Plate 384 (Roche, Basel, Switzerland) on a 
LightCycler® 480 Real-Time PCR System (Roche). The reaction mixture (10 µl) was composed 
of 1× Power SYBR Green buffer (Applied Biosystems), 1.86 pmol of each primer and 5 ng 
cDNA. The thermal cycling conditions were an initial 10 min at 95° C followed by 50 cycles of 
15 sec at 95° C and 1 min at 60° C. The specificity of the reaction was checked by melt curve 
analysis of the individual qPCR reactions. The relative expression level of TG2 was determined 
by the LinRegPCR software (version 2014.3; website: http://www.hfrc.nl) using the following 
calculation N0=Nq/ECq (N0=target quantity, Nq=fluorescence threshold value, E=mean 
PCR efficiency per amplicon, Cq=threshold cycle30, after which the value was normalized 
relative to the geometric mean of the mRNA levels hypoxanthine phosphoribosyltransferase 
1(HPRT1) and polymerase (RNA) II polypeptide F (POLR2F). HPRT1 and POLR2F were chosen 
as reference genes as being most stably expressed based on the results of the GeNorm 
software analysis (version 3.5) in which the stability of six different human housekeeping 
genes (GAPDH, MRIP, POLR2F, HPRT1, PGK1, SDHA) was assessed in a random selection of 
MS and HC subject samples.

MRI acquisition and analysis 
Of the MS patients, imaging was performed on a 1.5T MRI scanner (Siemens Vision using 
the standard circularly polarized head-coil) using a standardized and previously described 

protocol31 at baseline. The protocol included three-dimensional (3D) T1 weighted images 
(repetition time [TR]: 9.7–20.8 ms; echo time [TE]: 2–4 ms; inversion time [TI]: 300–400 
ms) for brain volume measurements, consisting of 1.0 mm-thick slices and a 1.0×1.0 mm2 
in plane resolution. Additionally, dual echo proton density (PD)-T2-weighted images (TR: 
2000–4000 ms; TE: 14–20/80–108 ms), with interleaved axial 3.0 mm-thick slices and an 
in plane resolution of 1.0×1.0 mm2 and postcontrast T1-weighted spin-echo images (TR: 
467–650 ms; TE: 8–17 ms; axial 3.0 mm-thick slices with an in plane resolution of 1.0×1.0 
mm2) were obtained for lesion quantification. 
Experienced raters manually outlined T2-hyperintense lesions on the PD/T2 images and T1-
hypointense lesions on the T1 weighted spin echo images. Subsequently, lesion volumes for T2 
lesions (T2LV) and T1-hypointense lesions (T1LV) were calculated. The number of gadolinium 
enhancing brain lesions on postcontrast T1-weighted spin-echo images was scored. 
Lesion filling was then applied to the 3D T1-weighted images to prevent an effect of hypo-
intense lesions on brain volumetry32. Whole brain volumes were than calculated using 
SIENAX (part of FSL 5.0.4) and the recommended settings for brain extraction33. The whole 
brain volume was then normalized for differences in head-size, resulting in normalized total 
brain volume (NBV), normalized total gray matter volume (NGMV) and normalized white 
matter volume (NWMV) at baseline. 
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Statistical analysis
According to the interquartile range (IQR) rule34, 6 HC and 8 RR-MS patients were excluded 
from all the analysis based on extreme TG2 mRNA levels (e.g. > 1.5 IQR). All outcomes were 
evaluated for normal distribution. Due to the non-normal distribution of TG2 mRNA levels, 
group comparisons were performed using the logarithmic transformation of TG2 mRNA 
levels as dependent variable in linear regression analyses (correcting for gender and age 
differences). 
Linear regression analysis (MS patients as one group or stratified for the different groups) 
with either EDSS, change in EDSS over two years follow-up (normalized to baseline 
measurement), disease duration, NBV, NGMV, NWMV, T1LV or T2LV as dependent variables 
and TG2 mRNA levels as independent variable were performed while correcting for age 
and gender in order to determine the association between TG2 mRNA levels and clinical 
parameters. Due to the non-normal distribution and to the presence of 0 values in T1LV 
and relative change in EDSS, the association analyses were performed adding +1 to the 
variables prior to logarithmic transformation. Due to the non-normal distribution of T2LV, 
the association between TG2 mRNA level and T2LV was performed using the logarithmic 
transformation of T2LV.  

 
    HC MS       RR-MS      SP-MS PP-MS 

N 151 161 103 36 22 
Male/Female 57/94 68/93 38/65 16/20 14/08 
Age at BL: Mean ± SD   in years 41.9±11.5 45±10 42.7±10 51.4±7.2 51.6±7.9 
Disease duration at BL in years, as 
mean ± SD NA 10.6±7.5 8.7±6.7 17.2±7.1 9.1±5.4 

ARR (2 years): Mean ± SD NA 0.10±0.35 0.16±0.43 0.014±0.08 NA 
EDSS at BL: Mean (Range)  NA 3.9 (0-7.5) 3 (0-6.5) 5.6 (2-7.5) 5.1 (2-7.5) 
EDSS at 24 months: Mean (Range) NA 4.1 (1-8) 3.3 (1-6.5) 6.0 (3-8) 5.5 (1.5-8) 
NBV at BL: Mean (ml) ± SD NA 1500±98.4 1151±104 1465±88 1500±75.6 
NGMV at BL: Mean (ml)  ± SD NA 743±60.8 754±61.9 715±54.4 730±51.1 
NWMV at BL: Mean (ml) ± SD NA 757±50.4 757±52.9 750±52.4 769±32.2 
T2LV at BL: Median (25-75 
percentile) NA 3.4 (1.5-9.7) 3.56 (1.6-10.2) 3.8 (2.2-13.7) 2.03 (0.8-4.5) 
T1LV at BL: Median (25-75 
percentile) NA 0.61 (0.1-2.9) 0.54 (0.1-2.6) 1.36 (0.4-5.7) 0.22 (0.1- 1.6) 
Relapse during 2 years follow up 
(yes/no) NA 16/145 15/88 NA NA 

Gd+ at BL (yes/no/unknown) NA 39/120/2 29/72/2 8/28 2/20 
DMD at BL (Untreated/Treated)* NA 112/49 64/39 28/8 20/2 

 
 

Table 1:  Demographic and clinical information of study cohort 

HC=healthy controls; MS=whole MS group; RR=relapsing-remitting; SP=secondary progressive; PP=primary 
progressive; BL= baseline; ARR= Annualized relapse rate; EDSS= Expanded Disability Status Scale; NBV=Normalized 
Brain Volume; NGMV=Normalized Grey Matter Volume; NWMV= Normalized White Matter Volume; T2LV= T2 
Lesion Volume; T1LV= T1 lesion; DMD at BL=disease modifying drugs at baseline; * treatment description to be 
found in material and methods section; Gd+ at BL=Gadolinium enhancing lesions at baseline; NA=Not Applicable; 
SD = standard deviation
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We additionally investigated the effect of DMDs on TG2 mRNA, the differences in TG2 
mRNA levels between patients with active/inactive disease (based on presence/absence 
of gadolinium enhancing lesions) and the association between TG2 mRNA and annualized 
relapse rate (ARR) using linear regression analysis corrected for gender and age. In those 
three analysis, the logarithmic transformation of TG2 mRNA was used as dependent variable.  
P<0.05 was considered statistically significant. All the analyses were performed using SPSS 
version 22.0 (IBM Corp, NY, USA). 

Results

TG2 mRNA levels in PBMCs of MS patients
A total of 151 HC and 161 MS patients were included in the study. The demographic and 
clinical characteristics of both groups are described in Table 1.
First, we investigated the levels of TG2 mRNA in PBMCs derived from MS patients and HC 
subjects. The linear regression analysis showed that TG2 mRNA levels were comparable 
between the two groups (median (IQR): HC: 0.41 (0.24–0.65); MS: 0.37 (0.22-0.61); p=0.274). 
In addition, RR-MS patients-derived PBMCs showed significantly lower levels of TG2 mRNA 
compared to that of  HC subjects (median (IQR): HC: 0.41 (0.24-0.65); RR: 0.35 (0.17-0.57); 
p=0.013), while PP-MS patients tended to show higher TG2 levels than HC subjects (median 
(IQR): HC: 0.41 (0.24-0.65); PP: 0.46 (0.28-1.13); p=0.079). Interestingly, SP-MS and PP-MS 
patients showed significantly higher TG2 mRNA levels compared to RR-MS patients (median 
(IQR): SP: 0.43 (0.26-0.73); RR: 0.35 (0.17-0.57)); p=0.011 and PP: 0.46 (0.28-1.13); RR: 0.35 
(0.17-0.57); p=0.002) (Table 2). 

       95% confident interval 

 
p value Ratio Lower bound Upper bound 

HC vs MS 0.274 0.91 0.78 1,07 
HC vs RR 0.013 0.80 0.67 0.95 
HC vs SP 0.320 1.14 0.88 1.49 
HC vs PP 0.079 1.33 0.97 1.86 
RR vs SP 0.011 1.43 1.08 1.88 
RR vs PP 0.002 1.67 1.20 2.34 
PP vs SP 0.411 0.85 0.59 1.25 

  

Table 2: Linear regression analyses of TG2 mRNA levels between groups

HC: M 0.41 (0.24 - 0.65); MS: M 0.37 (0.22 - 0.61); RR: M 0.35 (0.17 - 0.57); SP: M 0.43 (0.26 - 0.73);       PP: M 
0.46 (0.28 - 1.13); HC=healthy controls; MS=whole MS group; RR=relapsing-remitting; SP=secondary progressive; 
PP=primary progressive; Ratio = Exp(B), exponentiation of the B coefficient; TG2 mRNA levels were not normally 
distributed and therefore the natural logarithm was taken. TG2 mRNA distribution in the different groups is 
expressed as median (IQR)
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Association of TG2 mRNA with measures of disease activity 
Next, we determined whether PBMC-derived TG2 expression has any potential relevance 
as read out for disease activity. We observed no significant association between PBMC-
derived TG2 mRNA levels and measures of disease activity. In fact, TG2 mRNA levels did not 
significantly associate with (1) the presence or absence of gadolinium-enhanced lesions, (2) 
presence of relapses during follow-up (3) use of DMDs and 4) annualized relapse rate (ARR) 
either in MS patients or any MS subtype. In addition, no significant association was present 
between TG2 mRNA levels and T2LV (Table 3).

Association of TG2 mRNA with measures of disease progression 
In addition to disease activity, we determined whether PBMC-derived TG2 mRNA is 
potentially relevant as a read-out for disease progression (Table 4). Indeed, TG2 mRNA 
was positively associated with clinical disability, i.e. EDSS score at baseline in MS patients 
(std. β=0.260; p<0.0001) (Fig. 1A). Moreover, TG2 mRNA levels associated positively with 
EDSS scores at baseline in SP-MS patients (std β=0.368; p=0.032) and PP-MS patients (std 
β=0.478; p=0.029) (Fig. 1G). Interestingly, in MS patients and in particular in RR-MS patients, 

   

Type   
Median of relative 

TG2 mRNA     95% confident interval 

  
yes no p value Ratio Lower bound Upper bound 

MS Gd+ at BL 0.30 0.39 0.162 0,83 0.63 1.08 

 

Relapse during 
follow up  0,41 0,36 0.734 1,07 0.71 1.61 

  DMD  at BL 0.35 0.38 0.643 0.94 0.73 1.21 

RR Gd+ at BL 0.25 0.38 0.080 0.75 0.55 1.03 

 

Relapse during 
follow up  0.39 0.33 0.647 1.10 0.72 1.69 

  DMD  at BL 0.30 0.35 0.922 0.98 0.73 1.32 
  ARR   

  
    

 
p value std β  

     MS 0.596 0.044 
     RR 0.489 0.073 
     SP NA NA 
     PP NA NA 
      T2LV 

     
 

p value std β  
     MS 0.979 -0.002 

     RR 0.770 0.029 
     SP 0.091 -0.327 
     PP 0.071 0.434           

 
 

Table 3: Association of TG2 mRNA with measures of disease activity

MS=whole MS group; RR=relapsing-remitting;  SP=Secondary Progressive; PP= Primary Progressive; Gd+ 
=Gadolinium enhancing lesions; DMD= disease modifying drugs; BL= baseline, ARR= Annualized Relapse Rate; 
T2LV= T2 lesion Volume; Ratio = Exp(B), exponentiation of the B coefficient; NA=Not Applicable; std β= correlation 
coefficient
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TG2 mRNA levels were associated with worsening of disability, as measured by the change 
in EDSS score, over a 2 year follow-up (MS: std. β=0.166; p=0.052 and RR: β=0.258; p=0.015) 
(Fig. 1B and F, respectively).
Furthermore, in MS patients, a significant negative association of TG2 mRNA with both NBV 
(std β=-0.180; p=0.015), NGMV (std. β=-0.148; p=0.033) and NWMV (std. β=-0.172; p=0.030) 
at baseline was observed (Fig. 1C-E, respectively). Similarly, in PP-MS patients, a significant 
negative association between TG2 mRNA levels and NBV (std β=-0.564; p=0.007), NGMV 
(std β=-0.427; p=0.022;) and NWMV (std β=-0.647; p=0.003;) at baseline was observed (Fig. 
1H-J, respectively). 
Interestingly, in PP-MS patients also T1LV at baseline showed a significant positive association 
with TG2 expression levels (std β=0.476; p=0.046) (Fig. 1K).

Discussion

During the last decades, there has been an increasing interest in TG2 as a potential 
prognostic marker or therapy target in various human pathologies35-37. Previous research has 
highlighted the possible role for TG2 in the pathogenesis of MS19,38 as well as in its animal 
model experimental autoimmune encephalomyelitis (EAE)18,20,39. In search for potential 
blood-derived biomarkers, this study is the first to report PBMC-derived TG2 mRNA levels 
in MS patients, and in its clinical subtypes, in relation to markers of disease activity and 
progression.  
First, we found no difference in TG2 mRNA levels between MS patients as a group and HC 
subjects, probably due to high variability in expression levels in the group of MS patients. 
Next, we observed that in PBMCs derived from RR-MS patients, significantly lower levels of 
TG2 mRNA were measured compared HC subjects, whereas in PBMCs of SP-MS and PP-MS 

 
 
MS Type MS RR SP PP 

EDSS 
std β = 0.260 
p <0 0.001*   

std β = 0.047            
p = 0.613     

std β = 0.368                
p = 0.032*    

std β = 0.478             
p = 0.029*    

Rel. Change  
EDSS 0-24M 

std β = 0.166   
p = 0.052       

std β = 0.258               
p = 0.015*    

std β = -0.191            
p = 0.303      

std β = 0.039           
p = 0.873      

NBV 
std β = -0.180 
p = 0.015*     

std β = -0.148           
p = 0.096      

std β = -0.177              
p = 0.368      

std β = -0.564          
p = 0.007*    

NGMV 
std β = -0.148 
p = 0.033*     

std β = 0.122            
p = 0.159      

std β = -0.049            
p = 0.797     

std β = -0.427          
p = 0.022*    

NWMV  
std β = -0.172 
p = 0.030*     

std β = -0.148           
p = 0.117      

std β = -0.246           
p = 0.212      

std β = -0.647          
p = 0.003*    

T1LV 
std β = 0.048 
p = 0.543      

std β = 0.009            
p = 0.925      

std β = -0.043           
p = 0.809      

std β = 0.476            
p = 0.046*    

MS=whole MS group; RR=Relapsing-Remitting; SP=Secondary Progressive; PP= Primary Progressive;  EDSS= 
Expanded Disability Status Scale;  NBV=Normalized Brain Volume; NGMV=Normalized Grey Matter Volume; 
NWMV= Normalized White Matter Volume; T1LV= T1 Lesion Volume;  NA=Not Applicable; std β= correlation 
coefficient; * =significant effect 
 

Table 4: Association of TG2 with measures of disease progression

MS=whole MS group; RR=Relapsing-Remitting; SP=Secondary Progressive; PP= Primary Progressive;  EDSS= 
Expanded Disability Status Scale;  NBV=Normalized Brain Volume; NGMV=Normalized Grey Matter Volume; 
NWMV= Normalized White Matter Volume; T1LV= T1 Lesion Volume;  NA=Not Applicable; std β= correlation 
coefficient; * =significant effect
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Fig. 1 Association of TG2 with measures of disease progression in (subtypes of) MS patients. 
Association of PBMCs-derived TG2 mRNA levels with A) Expanded Disability Status Scale (EDSS); B) 
relative change of EDSS over 2 years follow-up; C) normalized brain volume (NBV); D) normalized gray 
matter volume (NGMV) and E) normalized white matter volume (NWMV) in MS patients. Association 
of PBMCs-derived TG2 mRNA levels with F) relative change of EDSS over 2 years follow-up in RR-MS 
patients. Association of PBMCs-derived TG2 mRNA levels with G) Expanded Disability Status Scale 
(EDSS); H) normalized brain volume (NBV); I) normalized gray matter volume (NGMV); J) normalized 
white matter volume (NWMV); K) T1 lesions volume (T1LV) in PP-MS patients. Linear regression 
analysis was performed controlling for gender and age. Relative change of EDSS was calculated as Log 
(1+Relative change EDSS). T1LV was calculated as Log(1+T1LV)
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patients more TG2 mRNA was found. In a previous study, we observed clear enhanced levels 
of TG2 mRNA in blood derived monocytes from MS patients19. The current study presents a 
different TG2 expression pattern in MS patient-derived PBMCs. Thus far, regulation of TG2 
expression in the whole PBMC population has not been studied, but it is known that TG2 
expression is induced in monocytes and macrophages by the anti-inflammatory cytokine 
interleukin-419,40. Lymphocytes, in particular T-cells, have also been described to produce 
TG241,42. Thus, our data may indicate that TG2 expression is regulated by inflammation 
within certain cell subtypes of the PBMC population. Nevertheless, PBMC-derived TG2 
mRNA expression level does not differ between MS patients and HC subjects and, therefore, 
it cannot clearly discriminate between the two groups. 
Regarding the association between TG2 and measures of disease activity (i.e. presence 
of a relapse, annualized relapse rate, Gd+ lesions and T2-lesion volume), no significant 
associations were found, suggesting that the presence of active disease is not associated 
with the level of TG2 mRNA in PBMCs. Moreover, TG2 mRNA levels were not associated 
with the use of DMDs, which target inflammatory processes ongoing during MS. Although 
we cannot draw conclusions on individual MS patients, this finding suggests that the 
inflammatory status of the disease does not affect TG2 expression in PBMC’s. 
In addition, association between TG2 expression and measures for disease progression was 
evaluated. Interestingly, we observed that TG2 mRNA levels significantly associated with 
clinical and radiological measures of disease progression; In fact, TG2 expression showed 
significant association with patients disability (EDSS) as well as NBV, NGMV and NWMV at 
baseline in both the total group of MS patients and PP-MS subtype. Furthermore, in PP-
MS patients, TG2 was also significantly associated with T1LV. Together, these data indicate 
that in particularly in PP-MS patients, PBMC-derived TG2 mRNA levels are associated 
with progression of the disease and axonal damage. Although the described associations 
were detected cross-sectionally, TG2 mRNA also showed power to associate with disease 
progression longitudinally; in fact, in both the total group of MS patients and in the RR-
MS subtype, TG2 mRNA levels at baseline were associated with worsening of the clinical 
symptoms (change in EDSS) over a 2 year follow-up. Thus, we are the first to point to PBMC-
derived TG2 mRNA as biomarker for disease progression in MS patients as group, and more 
specifically in the PP-MS or RR-MS subgroups of MS patients. Subsequent prospective, 
longitudinal studies in MS patients are required to evaluate individual PBMC-derived TG2 
mRNA levels over the course of the disease in association with measures of disease activity 
and in particular, disease progression. This may eventually result in a patient predictive 
biomarker for disease progression in RR-MS and PP-MS patients for which there is need for 
blood-derived a marker for disease progression.
To date, many of the proposed candidate biomarkers for MS disease activity and progression 
are measured in the CSF which can only be collected through an invasive procedure, thus 
making a CSF-derived biomarker less patient friendly over prolonged time. In addition, 
there is an urgent need for biomarkers that can predict disease progression and reflect 
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ongoing axonal damage specifically in progressive patients.  To date, NfL seems to be most 
promising as a marker of MS disease activity and response to DMD43-46 being also validated 
in serum samples47,48. Although some recent papers also suggest correlations with disease 
progression in MS8,47, this has to be confirmed. In addition, serum level of glia fibrillary acid 
protein (GFAP) has been proposed as biomarker for disease severity in PP-MS patients49. 
However, no association with MRI parameters were found49. 
In conclusion, the novel findings reported in this study indicate that PBMCs-derived 
TG2 mRNA levels associate with clinical and radiological measurements of MS disease 
progression and therefore holds promise as biomarker for disease progression in MS and 
especially in PP-MS patients. 
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