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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 to monitor disease activity and progression. Recent evidence
revealed that tissue transglutaminase (TG2) is altered in patient-derived monocytes. We hy-
pothesize that blood cell–derived TG2 messenger RNA (mRNA) can potentially be used as
biomarker in patients with MS.

Methods
In peripheral blood mononuclear cells (PBMCs) from 151 healthy controls and 161 patients
withMS, TG2mRNAwas measured and correlated with clinical andMRI parameters of disease
activity (annualized relapse rate, gadolinium-enhanced lesions, and T2 lesion volume) and
disease progression (Expanded Disability Status Scale [EDSS], normalized brain volume, and
hypointense T1 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, normalized brain volume, and normalized
gray and white matter volume in the total MS patient group at baseline. Of these, in patients
with relapsing-remitting MS, TG2 expression was significantly associated with worsening of the
EDSS scores over 2 years of follow-up. In the patients with primary progressive (PP) MS, TG2
mRNA levels were significantly associated with EDSS, normalized brain volume, and nor-
malized gray and white matter volume at baseline. In addition, TG2 mRNA associated with T1
hypointense lesion volume in the patients with PP MS at baseline.

Conclusion
PBMC-derived TG2 mRNA levels hold promise as biomarker for disease progression in
patients with MS.

Classification of Evidence
This study provides Class II evidence that in patients with MS, PBMC-derived TG2 mRNA
levels are associated with disease progression.
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Multiple sclerosis (MS) is a chronic inflammatory, neuro-
degenerative disease of the CNS.1‐4 It is the most frequent
neurologic disease leading to permanent disability in young
adults. The severity and clinical course varies among patients
and is largely unpredictable.5,6 Nowadays, only few bio-
markers are clinically used of which the majority detect
conversion from clinically isolated syndrome to MS or re-
sponse to treatment.7 Moreover, most of them rely on CSF
collection, which is an invasive procedure. Neurofilament
light chain (NfL) is emerging as the most promising bio-
marker in MS. However, NfL correlates less accurately with
disease progression.8 Therefore, there is an unmet need for
blood-derived biomarkers that predict MS progression.

Tissue transglutaminase (TG2) is a Ca2+-dependent multi-
functional enzyme known for its protein cross-linking activity
involved in the apoptotic pathway9,10 and membrane
trafficking11,12 as well as involvement in cell adhesion pro-
cesses, including that of monocytes/macrophages.13 A role for
TG2 in the pathogenesis of several neurodegenerative disor-
ders, including Alzheimer disease, has been established.14 In a
previous study in a rat model of MS (chronic relapsing ex-
perimental autoimmune encephalomyelitis [EAE]), we ob-
served that inhibition of TG2 activity reduced monocyte
infiltration into the CNS as well as clinical symptoms.15

Moreover, in those rats as well as in human MS lesions, TG2-
positive macrophages were found.15,16 In addition, TG2 has
been proposed to contribute to encephalitogenic T-cell dif-
ferentiation in EAE.17 These findings suggest a role for blood-
derived leukocytes, which may enter the brain, contributing to
MS pathology.

The clinical implications of TG2 have already been de-
scribed for several human diseases. Indeed, TG2 can be used
as a biomarker for cervical dysplasia.18 Furthermore, anti-
TG2 antibodies are used as a serologic marker for Coeliac
disease’s diagnosis.19,20 Nevertheless, the potential applica-
tion of TG2 as a blood-derived biomarker in MS has not
been studied yet.

Hence, we aimed to assess whether peripheral blood mono-
nuclear cell (PBMC)-derived TG2 is altered in patients with
MS and whether TG2 messenger RNA (mRNA) associates
with disease activity and/or progression.

Methods
Subjects
From the MS Center Amsterdam (VU University Medical
Center), a total of 169 patients with MS were included from
the GeneMSA cohort in the years 2004 and 2005. Patients
were diagnosed with MS according to the McDonald Di-
agnostic Criteria21 and also further classified either as patients
with relapsing-remitting (RR; n = 111), secondary progressive
(SP; n = 36), or primary progressive (PP; n = 22) MS.22

Disability was scored at the baseline visit and after 2 years
using a numerical scale of the Expanded Disability Status Scale
(EDSS).23 The annualized relapse rate (ARR) was based on
the average number of relapses per year occurring between
baseline and 2-year follow-up. Inclusion criteria for patients
with MS 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, and (4) able
and willing to sign an informed consent form. In addition, a
total of 157 healthy control (HC) volunteers were included
(blood only). Inclusion criteria for HCs were (1) age between
18 and 65 years and (2) able and willing to sign an informed
consent form. Exclusion criteria were (1) a past history or
current diagnosis of any clinically relevant neurologic, onco-
logic, or autoimmune disease including MS and (2) being
related to a case or another control.

At baseline, in the RRMS group, 37% of the patients (n = 39)
were treated with disease-modifying drugs (DMDs; 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).

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the local ethical committee.
Written informed consent was obtained from all participants.

Isolation of Primary Human Peripheral Blood
Mononuclear Cells
At the baseline visit, peripheral blood was drawn by veni-
puncture and collected into EDTA tubes (Becton Dickinson).
These were centrifuged within 4 hours after blood collection.

Glossary
3D = 3 dimensional; ARR = annualized relapse rate; cDNA = complementary DNA; DMD = disease-modifying drug; EAE =
experimental autoimmune encephalomyelitis; EDSS = Expanded Disability Status Scale; HC = healthy control; HPRT1 =
hypoxanthine phosphoribosyltransferase 1; IQR = interquartile range; mRNA = messenger RNA; MS = multiple sclerosis;
NBV = normalized total brain volume; NfL = neurofilament light chain; NGMV = normalized total gray matter volume;
NWMV = normalized white matter volume; PBMC = peripheral blood mononuclear cell; PD = proton density; POLR2F =
polymerase (RNA) II polypeptide F; PP = primary progressive; qPCR = quantitative real-time PCR; RR = relapsing-remitting;
SP = secondary progressive; T1LV = lesion volumes T1 hypointense lesion; T2LV = lesion volumes for T2 lesions; TE = echo
time; TG2 = tissue transglutaminase; TI = inversion time; TR = repetition time.
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PBMCs were isolated from the 169 patients with MS and 157
HCs by density centrifugation using Ficoll (Ficoll Isopaque
PLUS; GE Healthcare, Chicago, IL) and immediately stored
in liquid nitrogen until further processing. No differences
were reported regarding sample handling between MS and
HC groups.

mRNA Isolation and cDNA Synthesis
Total RNA was isolated from primary human PBMCs using
TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Total RNA was further purified
using the MicroElute RNA clean up kit (Omega Bio-Tek,
Norcross, GA). The RNA purity was assessed using the
NanoDrop 1000 (Thermo Scientific, Waltham, MA). 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 complementary
DNA (cDNA) using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA)
according to the manufacturer’s instructions.

Semiquantitative Real-Time PCR
For semiquantitative real-time PCR (qPCR), the Power SYBR
GreenMasterMix (AppliedBiosystems)was used. The following
primer sequences (Eurogentec, Maastricht, the Netherlands)
were used: TG2 forward 59-AGAGGAGCGGCAGGAGTATG-
39, TG2 reverse 59-AGGATCCCATCTTCAAACTGC-39,

HPRT1 forward 59-AGCCCTGGCGTCGTGATTAGT-39,
HPRT1 reverse 59-CGAGCAAGACGTTCAGTCCTGTCC-
39, POLR2F forward 59-GAACTCAAGGCCCGAAAG-39,
POLR2F reverse 59-TGATGATGAGCTCGTCCAC-3’. qPCR
was performed in LightCycler 480 Multiwell Plate 384 (Roche,
Basel, Switzerland) on a LightCycler 480 Real-Time PCRSystem
(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 minutes at 95°C followed by 50 cycles of 15
seconds at 95°C and 1 minute 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 de-
termined by the LinRegPCR software (version 2014.3; website:
hfrc.nl) using the following calculation N0 = Nq/ECq (N0 =
target quantity, Nq = fluorescence threshold value, E = mean
PCR efficiency per amplicon, and Cq = threshold cycle),24 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 6 different
human housekeeping genes (GAPDH, MRIP, POLR2F,
HPRT1, PGK1, and SDHA) was assessed in a random selection
of MS and HC subject samples.

Table 1 Demographic and Clinical Information of the Study Cohort

HC MS RR MS SPMS PPMS

N 151 161 103 36 22

Male/female 57/94 68/93 38/65 16/20 14/08

Age at BL, y, mean ± SD 41.9 ± 11.5 45 ± 10 42.7 ± 10 51.4 ± 7.2 51.6 ± 7.9

Disease duration at BL, y, mean ± SD NA 10.6 ± 7.5 8.7 ± 6.7 17.2 ± 7.1 9.1 ± 5.4

ARR (2 y), 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 mo, mean (range) NA 4.1 (1–8) 3.3 (1–6.5) 6.0 (3–8) 5.5 (1.5–8)

NBV at BL, mL, mean mL± SD NA 1,500 ± 98.4 1,151 ± 104 1,465 ± 88 1,500 ± 75.6

NGMV at BL, mL, mean ± SD NA 743 ± 60.8 754 ± 61.9 715 ± 54.4 730 ± 51.1

NWMV at BL, mL, mean ± 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-y follow-up (yes/no) NA 16/145 15/88 NA NA

Gd+ at BL (yes/no/unknown) NA 39/120/2 29/72/2 8/28/0 2/20/0

DMT at BL (untreated/treated)a NA 112/49 64/39 28/8 20/2

Abbreviations: ARR = annualized relapse rate; BL = baseline; DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; Gd+ = gadolinium-
enhancing lesions; HC = healthy control; MS =wholeMS group; NA =not applicable; NBV = normalized brain volume; NGMV= normalized graymatter volume;
NWMV=normalizedwhitematter volume; RR = relapsing-remitting; SP = secondary progressive; PP = primary progressive; T1LV = T1 lesion volume; T2LV = T2
lesion volume.
a Treatment description to be found in the Methods section.
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MRI Acquisition and Analysis
Of the patients with MS, imaging was performed at the
baseline visit on a 1.5 T MRI scanner (Siemens Vision using
the standard circularly polarized head-coil) using a stan-
dardized and previously described protocol.25 The protocol
included 3-dimensional (3D) T1-weighted images (repeti-
tion time [TR]: 9.7–20.8 milliseconds; echo time [TE]: 2–4
milliseconds; inversion time [TI]: 300–400 milliseconds)
for brain volume measurements, consisting of 1.0 mm-thick
slices and a 1.0 × 1.0 mm2 in plane resolution. In addition,
dual echo proton density (PD)-T2-weighted images (TR:
2,000–4,000 milliseconds; TE: 14–20/80–108 millisec-
onds), 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 milliseconds; TE:
8–17 milliseconds; axial 3.0 mm-thick slices with an in plane
resolution of 1.0 × 1.0 mm2) were obtained for lesion
quantification.

Two independent, trained, and experienced raters (em-
ployees of the former Image Analysis Center Amsterdam)
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 post-
contrast T1-weighted spin-echo images was scored.

Lesion filling was then applied to the 3D T1-weighted im-
ages to prevent an effect of hypointense lesions on brain
volumetry.26 Whole-brain volumes were than calculated
using SIENAX (part of FSL 5.0.4) and the recommended
settings for brain extraction.27 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.

Statistical Analysis
According to the interquartile range (IQR) rule,28 6 HCs and 8
patients with RRMS were excluded from all the analysis based
on extreme TG2 mRNA levels (e.g., >1.5 IQR). To investigate
whether TG2 mRNA levels were altered in patients with MS,
linear regression analyses were performed with TG2 mRNA
levels as outcome and MS vs control as independent variable.
Besides, additional linear regression analyses were performed
with the different MS subgroups as a categorical independent
variable, in the model represented by dummy variables. Before
analysis, TG2 mRNA levels of all (sub)groups were evaluated
for normality by visual inspection. Because TG2 mRNA levels
were not normally distributed, the logarithmic transformation
of TG2 mRNA was used as dependent variable.

To investigate whether TG2 mRNA levels were related to
disease activity and/or progression, linear regression analyses
were used with TG2 mRNA levels as independent variable
and EDSS, relative change in EDSS over 2-year follow-up,
disease duration, NBV, NGMV, NWMV, T1LV, and T2LV as
outcome variables. In all linear regression analyses, an ad-
justment was made for sex and age.

Because of the non-normal distribution of T1LV, T2LV and
the relative change in EDSS, the linear regression analyses
were performed on the log transformed outcomes.

In additional sex- and age-adjusted linear regression analyses,
we also investigated either (1) the effect of DMDs on TG2
expression, (2) the differences in TG2 mRNA levels between
patients with active/inactive disease (based on presence/
absence of gadolinium enhancing lesions), (3) the differences
in TG2 mRNA levels regarding the presence/absence of re-
lapses during follow-up, or (4) the association between TG2
mRNA and ARR as additional independent variables. In those
4 analyses, the logarithmic transformation of TG2mRNAwas
used as a dependent variable.

Table 2 Linear Regression Analyses Comparing TG2 mRNA Levels Between Subject Groups

p Value Ratio

95% CI

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

Abbreviations: HC = healthy control; mRNA = messenger RNA; MS = whole MS group; RR = relapsing-remitting; SP = secondary progressive; PP = primary
progressive; ratio = Exp(B), exponentiation of the B coefficient; TG2 = tissue transglutaminase.
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). 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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p < 0.05 was considered statistically significant. All the
analyses were performed using SPSS version 22.0 (IBM
Corp., Armonk, NY).

Data Availability
All the data are included in the article. Anonymized data can
be shared by request from any qualified investigator.

Results
TG2mRNA Levels in PBMCs of PatientsWithMS
A total of 151 HCs and 161 patients withMS 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 patients with MS and HCs. The linear regression

analysis showed that TG2 mRNA levels were comparable be-
tween the 2 groups (median [IQR]: HC: 0.41 [0.24–0.65];
MS: 0.37 [0.22–0.61]; p = 0.274). In addition, RRMS patient-
derived PBMCs showed significantly lower levels of TG2
mRNA compared with that of HCs (median [IQR]: HC: 0.41
[0.24–0.65]; RR: 0.35 [0.17–0.57]; p = 0.013), whereas pa-
tients with PP MS tended to show higher TG2 mRNA levels
than HCs (median [IQR]: HC: 0.41 [0.24–0.65]; PP: 0.46
(0.28–1.13); p = 0.079). Of interest, patients with SP MS and
PP MS showed significantly higher TG2 mRNA levels com-
pared with patients with RR MS (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).

Association of TG2 mRNA With Measures of
Disease Activity
Next, we determined whether PBMC-derived TG2 expres-
sion has any potential relevance as read out for disease activity.

Table 3 Association of TG2 With Measures of Disease Activity

Type

Median of relative TG2 mRNA

p Value Ratio

95% CI

Yes No 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

DMT 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

DMT at BL 0.30 0.35 0.922 0.98 0.73 1.32

ARR p Value Std β Unstd B

95% CI

Lower bound Upper bound

Type

MS 0.596 0.044 0.174 −0.251 0.435

RR 0.489 0.073 0.176 −0.227 0.471

SP NA NA NA NA NA

PP NA NA NA NA NA

log(T2LV) p Value Std β Unstd B

95% CI

Lower bound Upper bound

Type

MS 0.979 −0.002 0.370 −0.742 0.722

RR 0.770 0.029 0.579 −0.980 1.320

SP 0.091 −0.327 0.875 −3.327 0.264

PP 0.071 0.434 0.559 −0.101 2.248

Abbreviations: ARR = annualized relapse rate; BL = baseline; DMT = disease-modifying treatment; Gd+ = gadolinium-enhancing lesions; mRNA = messenger
RNA; MS = whole MS group; NA = not applicable; PP = primary progressive; ratio = Exp(B), exponentiation of the B coefficient; RR = relapsing-remitting; SP =
secondary progressive; Std β = correlation coefficient; T2LV = T2 lesion volume; TG2 = tissue transglutaminase; Unstd B = unstandardized B coefficient.
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Table 4 Association of TG2 With Measures of Disease Progression

MS type

MS RR SP PP

Std β p Value
Unstd
B

CI (lower/
upper) Std β

p
Value

Unstd
B

CI (lower/
upper) Std β

p
Value

Unstd
B

CI (lower/
upper) Std β p Value

Unstd
B

CI (lower/
upper)

EDSS 0.260 <0.001*** 1.454 0.72/2.19 0.047 0.613 0.252 −0.733/
1.237

0.368 0.032* 1.555 0.144/2.966 0.478 0.029* 1.455 0.166/2.743

Log(rel. change EDSS
0–24 mo)

0.166 0.052 0.132 −0.001/
0.266

0.258 0.015* 0.28 0.056/0.505 −0.191 0.303 −0.075 −0.221/
0.072

0.039 0.873 0.02 −0.240/
0.279

NBV −0.180 0.015* −54.821 −98.69/
−10.95

−0.148 0.096 −60.572 −132.01/
10.868

−0.177 0.368 −50.611 −164.13/
62.91

−0.564 0.007** −87.132 −147.42/
−26.85

NGMV −0.148 0.033* −27.905 −53.47/
−2.34

0.122 0.159 −29.710 −71.29/
11.87

−0.049 0.797 −86.751 −77.18/
59.83

−0.427 0.022* −44.547 −82.03/
−7.06

NWMV −0.172 0.030* −26.916 −51.23/−2.6 −0.148 0.117 −30.862 −69.64/
−7.92

−0.246 0.212 −41.936 109.32/
25.44

−0.647 0.003** −42.585 −69.01/
−16.16

Log(T1LV) 0.048 0.543 0.394 −0.880/
1.667

0.009 0.925 0.096 −1.918/
2.110

−0.043 0.809 −0.341 −3.193/
2.510

0.476 0.046* 2.228 0.043/4.414

Abbreviations: EDSS = Expanded Disability Status Scale; MS = whole MS group; NA = not applicable; NBV = normalized brain volume; NGMV = normalized gray matter volume; NWMV = normalized white matter volume; PP =
primary progressive; rel. = relative; RR = relapsing-remitting; SP = secondary progressive; Std β = correlation coefficient; T1LV = T1 lesion volume; TG2 = tissue transglutaminase; Unstd B = unstandardized B coefficient.
*p < 0.05; **p < 0.01; ***p < 0.001.
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We observed no significant association between PBMC-
derived TG2mRNA levels and measures of disease activity. In
fact, TG2mRNA 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) ARR either in patients with MS or any MS subtype. In
addition, no significant association was present between TG2
mRNA levels and T2LV (log (T2VL)) (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, TG2mRNAwas
associated with clinical disability, i.e., EDSS score at baseline
in overall patients with MS (std. β = 0.260; p < 0.0001)
(figure, A). Among these, TG2 mRNA levels associated with
EDSS scores at baseline particularly in patients with SP MS
(std β = 0.368; p = 0.032) and patients with PP MS (std β =
0.478; p = 0.029) (figure, G). Of interest, in overall patients
with MS and in particular in patients with RR MS, TG2
mRNA levels were associated with worsening of disability, as
measured by the change in EDSS score, over a 2-year follow-
up (log (EDSS): MS: std. β = 0.166; p = 0.052 and RR: β =
0.258; p = 0.015) (figure, B and F, respectively).

Furthermore, considering all patients with MS, a significant
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 ob-
served (figure, C–E, respectively). Of these, in particular in
patients with PP MS, a significant 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 (figure, H–J,
respectively).

Of interest, in PPMS patients also T1LV at baseline showed a
significant association with TG2 expression levels (log
(T1LV): std β = 0.476; p = 0.046) (figure, K).

Discussion
During the last decades, there has been an increasing interest in
TG2 as a potential prognostic marker or therapy target in
various human pathologies.29–31 Previous research has high-
lighted the possible role for TG2 in the pathogenesis of MS16,32

as well as in its animal model EAE.15,17,33 In search for potential
novel blood-derived biomarkers, this study reports on PBMC-
derived TG2 mRNA levels in patients with MS, and in its
clinical subtypes, in relation to markers of disease activity and
progression.

First, we found no difference in TG2 mRNA levels between
patients with MS as a group and HCs, probably due to high
variability in expression levels in the group of patients with
MS. Next, we observed that in PBMCs derived from patients

with RR MS, significantly lower levels of TG2 mRNA were
measured compared with HCs, whereas in PBMCs of patients
with SP MS and PP MS, more TG2 mRNA was found
compared with patients with RR MS. In a previous study, we
observed clear enhanced levels of TG2 mRNA in blood-
derived monocytes from patients with MS.34 The current
study presents a different TG2 expression pattern in MS
patient–derived PBMCs. Thus far, regulation of TG2 ex-
pression 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 in-
terleukin-434,35 and vitamins D and A.36 Lymphocytes, in
particular T cells, have also been described to produce
TG2.37,38 Thus, our data may indicate that TG2 expression
may be PBMC cell type, vitamin status, and inflammatory
factor dependently regulated. Nevertheless, PBMC-derived
TG2 mRNA levels do not differ between patients with MS
and HCs, and therefore, as such, it cannot clearly discriminate
between the 2 groups.

Regarding the association between TG2 and measures of dis-
ease activity (i.e., presence of a relapse, ARR, Gd+ lesions, and
T2 lesion volume), no significant associations were found,
suggesting that the presence of active disease in the CNS is not
associated with the level of TG2 mRNA in PBMCs. Moreover,
TG2 mRNA levels were not clearly associated with the use of
DMDs, which target inflammatory processes ongoing during
MS. Although TG2 expression has been shown to be regulated
by inflammatory mediators, we did not find such an effect in
our cohort of patients withMS. This can be due to the relatively
low number of patients with MS with active disease at baseline
when PBMCs were obtained.

In addition, association between TG2 expression and measures
for disease progression was evaluated. Of interest, we observed
that TG2 mRNA levels significantly associated with clinical and
radiologic measures of disease progression; In fact, TG2 ex-
pression showed significant association with patients disability
(EDSS) as well asNBV,NGMV, andNWMVat baseline in both
the total group of patients with MS among which in particular in
patients with PPMS. Furthermore, in patients with PPMS, TG2
mRNA was also significantly associated with T1LV. Together,
these data indicate that in particular in patients with PP MS,
PBMC-derived TG2 mRNA levels are associated with pro-
gression of the disease and axonal damage. Although the de-
scribed associations were detected cross-sectionally, TG2
mRNA also showed some potential to associate with disease
progression longitudinally; in fact, in the total group of patients
with MS and in particular 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. Longitu-
dinal correlations with disability progression that are largely
driven by the RR MS group should be interpreted with some
caution as changes in EDSS in the lower range occur rather easily
and may also reflect lack of recovery after possible relapses in
addition to more real disease progression. Lack of confirmation
of the longitudinal associations in the separate progressive
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patient groups may have to do with both limited follow-up du-
ration and possibly lack of power in the subgroups.

The goal of the present study was to perform an explorative
analysis, we there for decided to not perform any adjustment for
multiple testing. In a future validation study, this has to be taken
into account. Still, our data point to PBMC-derived TG2 mRNA

as biomarker for disease progression in patients withMS as group
and more specifically in the PP MS or RR MS subgroups of
patients with MS. Subsequent prospective, longitudinal studies in
patients with MS 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

Figure Association of TG2 With Measures of Disease Progression in Patients With MS and per Subtype of MS

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 patients with MS. Asso-
ciation of PBMC-derived TG2mRNA levels with (F) relative change of EDSS over 2-year follow-up in patients with RRMS (LogRelative Change EDSS). Association
of PBMC-derived TG2 mRNA levels with (G) EDSS; (H) NBV; (I) NGMV; (J) NWMV; and (K) T1 lesions volume (T1LV) (LogT1LV). Linear regression analysis was
performed controlling for sex and age. mRNA = messenger RNA; PBMC = peripheral blood mononuclear cell; TG2 = tissue transglutaminase.
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predictive blood-derived biomarker for disease progression in
patients with MS for which there is an unmet need. Moreover,
biomarkers reliably measuring disease progression in MS are im-
portant to make timely decisions on treatment and early switches
if needed. If confirmed, these biomarkersmay potentially be useful
to monitor progression both in trials testing new neuroprotective
agents as well as in daily practice, e.g., monitoring progressive
patients on therapies like ocrelizumab and siponimod.

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
compared with a blood-derived marker, especially if repeated
measurements are indicated. There is an urgent need for bio-
markers that can predict and monitor long-term disease pro-
gression and reflect ongoing axonal damage specifically in
progressive patients. Thus far, NfL seems to bemost promising
as a marker of MS disease activity and response to DMDs39–42

being also validated in serum samples.43,44 Although some re-
cent articles also suggest correlations with disease progression
in MS,8,43 this has to be confirmed. In addition, serum level of
glial fibrillary acidic protein has been proposed as biomarker for
disease severity in patients with PP MS,45 however, no asso-
ciation with MRI parameters was found.45

In conclusion, the novel findings reported in this study in-
dicate that PBMCs-derived TG2 mRNA levels associate with
clinical and radiologic measurements of MS disease pro-
gression and therefore hold promise as biomarker for disease
progression in MS and especially in patients with PP MS.
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