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A B S T R A C T

Background: Induction of T-cell apoptosis constitutes a mechanism of action for Glatiramer Acetate (GA). We
investigated whether activation of apoptotic T-cell death may be indicative of optimal treatment response in
patients with relapsing-remitting Multiple Sclerosis (RRMS), with respect to radiological activity.
Methods: We studied apoptotic markers on blood T-cells of forty patients with RRMS, 19 patients under GA and
21 patients under interferon-β (IFNβ), by flow cytometry. Patients were relapse-free and were further classified
into optimal and sub-optimal responders based on radiological activity. Eighteen patients (8 patients under GA
and 10 patients under IFNβ were additionally evaluated at a 12-month follow-up and were relapse- and radi-
ological activity-free. For these patients, apoptosis was also evaluated by molecular techniques.
Results: At inclusion, optimal responders to GA exhibited increased (23.6 ± 1.976) relative % frequency of
CD4(+)AnnexinV(+)7AAD(−) T-cells, compared to sub-optimal responders (14.478 ± 1.204, p=0.001).
Similarly, relative % frequency of caspase-3(+) T-cells was 1.517 ± 0.436 versus 0.45 ± 0.149 (p=0.041),
respectively. Anti-apoptotic molecule bcl-2 showed an inverse pattern 4.532 ± 1.321 versus 13.094 ± 3.987,
p=0.044, respectively. These differences were not evident for IFNβ-treated patients.
Conclusions: T-cell apoptotic markers may be applied as a biomarker useful in evaluating optimal treatment
response under GA, thus allowing for personalized treatment decisions.

1. Introduction

Altered apoptotic profile has recently been reported in the T-cells of
patients with multiple sclerosis (MS). Resistance of T-cells towards Fas-
mediated apoptosis has been implicated in MS pathogenesis [1] and
disease exacerbation [2]. Increased Fas/Fas-L expression levels in per-
ipheral blood mononuclear cells (PBMCs) from patients with Relapsing-
Remitting MS (RRMS) and Secondary Progressive MS (SPMS) have been
linked with more favorable outcome with respect to long-term

disability worsening/progression [3]. Moreover, the potential of dis-
ease modifying treatments (DMTs) to interfere with T-cell apoptotic
pathways has been proposed as a mechanism of action mediating dis-
ease remission. Induction of tumor necrosis factor (TNF)-related
apoptosis inducing ligand (TRAIL)-mediated apoptotic pathway has
been associated with optimal treatment response in patients with RRMS
receiving Interferon-β (IFNβ) treatment [4], a long-used DMT.

Glatiramer acetate (GA), previously known as copolymer 1, struc-
turally imitates myelin basic protein (MBP), a well characterized myelin
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antigen. GA's potential to attenuate the production of autoreactive T-
cells specific for myelin antigens has been demonstrated in vitro [5], as
well as its capacity to enhance a shift from T-helper (Th) type-1 (Th1) to
Th type-2 (Th2) effector profile [6], a cell population with suppressive
properties [7]. With respect to peripheral immune responses, GA is
known to modify the function of antigen-presentating cells (APCs),
namely, dendritic cells and monocytes, in order to shift cytokine pro-
duction from APCs towards anti-inflammatory repertoire [8,9]. More-
over, by acting as altered peptide ligand (APL) showing structural
homology to the encephalitogenic myelin antigen MBP, GA antagonizes
T-cell receptor (TCR) recognition, thus inhibiting the activation of au-
toreactive T-cell clones [10]. GA exhibits the ability to induce anti-in-
flammatory T-effector profile, as means of “bystander suppression
mechanisms” [11]. GA-treated mice and humans produce modulatory
suppressor cells of the Th-2/3 subtype [6,7,12]. Moreover, GA treat-
ment leads in increased production of T-regulatory cells, characterized
by activation of the transcription factor forkhead box P3 (Foxp3) [13].
The effect of GA treatment on B-cells has also been recently evaluated,
especially in the context of the newly acknowledged role of B-cell
mediated CNS autoimmune responses. Long-term GA treatment has
been described by numerous researchers to induce the development of
anti-GA antibodies, with isotype switching from IgG1 to IgG4 [14–20].
Although the clinical relevance of GA-speacific IgG4 is being disputed
[15,19], a shift towards IgG1 production relative to IgG2 indicates the
induction of Th2 anti-inflammatory immune response, following GA
treatment [16]. Moreover, GA treatment was shown to induce a de-
crease in the relative frequency of circulating B cells in patients with
RRMS [21]. As B-cells are often recruited as antigen-presenting cells,
this observation poses prominent implication for GA-mediated antigen-
presentation.

Evidence of GA-mediated neuroprotective effect has also been re-
cently provided, by the demonstration that T-cells stemming from GA-
treated patients secrete brain derived neurotrophic factor (BDNF)
[22,23]. GA-treated mice also exhibit increased levels of BDNF in the
CNS [23], as well as other neurotrophic and growth factors, such as
neurotrophin (NT)-3 and NT4 [23], insulin-like growth factor (IGF)-1
[24] and IGF-2 [25] and GA treatment has been shown to lead in res-
cuing BDNF levels in the serum and the cerebral spinal fluid (CSF) of
MS patients [26].

However, the molecular pathways involved in T-cell proliferation
and function in the context of GA treatment remain to be fully eluci-
dated. Apoptosis seems to constitute a central mechanism in T-cell
modulation by GA. GA was found to increase T-cell apoptosis in pa-
tients with RRMS over the first year of treatment, compared to pre-
treatment conditions [27]. Increased expression of several apoptotic
markers has been reported in T-cells of patients with RRMS receiving
GA, such as bcl-2, bax and Cyt-c [28]. Moreover, a panel of genes im-
plicated in several intracellular apoptotic pathways ultimately leading
in caspase 9 and caspase 3 activation was found to be primarily upre-
gulated in patients with RRMS under GA [29].

Gene expression analysis has been used in order to elucidate sets of
biomarkers with the potential to predict relapse probability in RRMS
[30]. However, approximately 10 new clinically silent new MRI T2
lesions correspond in one clinical relapse [31–33] and the discrepancy
between T2 lesion burden and clinical disability seems to increase for
disability estimates higher than that corresponding to Expanded Dis-
ability Status Scale (EDSS) score 4.0 [34]. New or enlarging T2 lesions,
as well as gadolinium (Gd) enhancement account for radiological ac-
tivity in RRMS [35,36]. The importance of radiological activity with
respect to long-term disability outcome, even in the absence of clinical
relapses is underlined by the recommendation for annual MRI evalua-
tion in all patients with RRMS [37,38] and by its consideration when
contemplating DMT escalation [39–41].

The present study aims to investigate whether activation of apop-
totic cell death in T-cells, in the context of GA treatment, may be in-
dicative of optimal treatment response in patients with RRMS,

compared to sub-optimal response, as indicated by the presence of
radiological activity.

2. Materials and methods

2.1. Patients

Forty patients with RRMS, 19 patients under GA and 21 patients
under IFNβ, fulfilling the 2010 revised McDonald's diagnostic criteria
[42] were included in the present study. All patients were followed by
the Multiple Sclerosis Center of the B′ Neurological Department of the
AHEPA University Hospital in Thessaloniki. The protocol for the pre-
sent study was approved by the Hospital's Scientific Committee and was
according to the ethical principles defined by the Declaration of Hel-
sinki. All patients were informed by the treating neurologist regarding
the aim and procedures of the present study and signed an informed
consent form prior to their inclusion. All patients needed to receive the
respective DMT for at least 12months prior to their inclusion to the
study. Steroid treatment within 6months and immunosuppressive
treatment at any point prior to the inclusion to the study served as
exclusion criteria. Demographics, EDSS assessment and other clinical
disease parameters were collected at inclusion to the study. All patients
included in the study underwent routine blood analysis and absolute
counts of white blood cells, as well as lymphocytes, were comparable
and within normal limits. Radiological activity was defined according
to Rio et al. [43] as at least two new T2 and/or at least one Gd(+) MRI
lesion at inclusion, compared to routine MRI evaluation 12months
before. Clinical activity was defined as either at least one relapse and/
or disability progression during the last 12 months. Therefore, the
12months prior to the inclusion were used in order to evaluate clinical
and radiological activity at inclusion, as suggested in [44]. Based on
their MRI at inclusion, all patients were classified as either optimal
responders, further mentioned as “responders”, or as sub-optimal re-
sponders, in the presence of radiological activity. Sub-optimal re-
sponders exhibited only radiological activity, thus not reaching the
threshold, according to the Rio score, in order to be classified as non-
responders. Moreover, the radiological burden alone in the absence of
clinical relapse or increase in disability did not dictate treatment es-
calation. All patients in the present study remained free of relapses and
free of disability worsening. Therefore, in the absence of radiological
activity, patients classified as responders are the ones that practically
achieved the No Evidence of Disease Activity (NEDA) criterion. At the
end of a 12-month follow-up, EDSS assessment, as well as brain and
cervical MRI evaluation were repeated. All MRI evaluations were con-
ducted at a 1.5 Tesla scanner.

2.2. Flow cytometry

For analysis of markers of apoptosis by means of flow cytometry,
EDTA blood was collected at inclusion and at the end of the follow-up.
PBMCs isolation was conducted immediately by Ficoll gradient cen-
trifugation and cells were stained for flow cytometry. Monoclonal an-
tibodies and reagents used are shown in Supplementary Table 1. Flow
cytometry analysis evaluated relative % frequency of caspase3(+), bcl-
2(+), Annexin V(+) 7AAD(−) [early apoptotic] and Annexin V(+)
7AAD(+) [late apoptotic/necrotic] CD4(+) T-cells. Gating strategy is
illustrated in Supplementary Fig. 1. Samples were acquired at the level
of at least 50× 103 cells. All samples were acquired in a FACSCalibur
(BD) by the use of CellQuest software and analyzed by FlowJo software
(TreeStar).

2.3. Real-time polymerase chain reaction (RT-PCR)

For analysis of markers of apoptosis by means of molecular tech-
niques, whole blood was collected into PAXgene™ Blood RNA Tubes
(Qiagen) at inclusion and at the end of the follow-up, and retained at
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−20 °C until further processing. RNA was extracted using PAXgene
RNA extraction kit (Qiagen) and was reverse transcribed to cDNA using
Iscript cDNA Synthesis Kit (Biorad) following manufacturers' instruc-
tions. Real-time PCR was performed using iTaq Universal SYBR Green
supermix (Biorad) in the IQ5 ICycler Multicolor Detection System
(Biorad). The relative gene expression was normalized to β-actin which
served as a housekeeping gene. The results were analyzed using the
ΔΔCt method. Primers were designed for B-cell lymphoma 2 (Bcl-2)-
associated X protein (Bax), caspase activation and recruitment domain
family - member 4 (Card4), caspase 3 (Casp3), caspase 9 (Casp9), cel-
lular apoptosis susceptibility gene (Cse1L), death-associated protein
kinase 3 (Dapk3), death receptor 3 (DR3), death receptor 6 (DR6), Fas,
golgi reassembly-stacking protein 1 (Gorasp1), MAP-kinase activating
death domain (Madd) and b-actin using Primer3 (Supplementary
Table 2).

2.4. Statistical analysis

Results were presented as mean ± standard error (SE) of mean.
Fisher's exact test was used for the relative frequency comparison of
discrete variables. For continuous variables, normality was assessed by
the use of Κolmogorov-Smirnov Test. For the comparison of means,
either Independent – Samples' t-test and One-Way Analysis of Variance
(ANOVA), or the non-parametric equivalents Mann-Whitney and
Kruskal-Wallis tests were used followed by Bonferroni's or Dunn's Post-
Hoc comparisons, respectively. Statistical analysis was conducted by
the use of IBM SPSS Software 16.0 and GraphPad Prism 5.0 (GraphPad
Software). Graphs were illustrated by the use of GraphPad Prism.
Statistical significance was set at the level of p < 0.05.

3. Results

3.1. Patients' characteristics

Table 1 shows demographics, clinical and radiological character-
istics at inclusion. Overall, 40 patients participated in the present study,
19 patients under GA, of which 10 responders and 9 sub-optimal re-
sponders and 21 patients under IFNβ, of which 10 responders and 11
sub-optimal responders. Twelve-month follow-up data were available
for 8 patients under GA, of which 4 initially responders and 5 initially
sub-optimal responders and 10 patients under IFNβ, of which 5 initially
responders and 5 initially sub-optimal responders. All patients that

underwent the follow-up evaluation proved to be responders at this
stage. With respect to the patients that did not complete their partici-
pation in the study, twelve were switched to an oral first-line DMT, and
ten were lost to follow-up. Low adherence to clinical follow-up is
common among patients under long-term treatment with first-line
DMTs that exhibit sustained clinical remission, in spite of the detailed
information provided by the treating neurologist regarding the in-
dicated routine clinical and laboratory assessment. Molecular analysis
for apoptotic markers was conducted only for patients who completed
the follow-up.

Patients' groups were matched for age (p=0.06) and gender
(p=0.427). Overall, patients across groups exhibited low levels of
disability, as indicated by low (<3.0) mean EDSS scores (p=0.878).
With respect to treatment duration in months, the majority of patients
exhibited long-term treatment with the respective DMT of comparable
duration, as indicated in Table 1 (65 ± 13.91 for responders under GA,
47 ± 11.668 for sub-optimal responders under GA, 54.6 ± 12.938 for
responders under IFNβ and 89.091 ± 15.841 for sub-optimal re-
sponders under IFNβ, p=0.168).

Brain T2 burden at inclusion was comparable across patients' groups
(13.7 ± 2.902 for responders under GA, 21 ± 3.753 for sub-optimal
responders under GA, 17.2 ± 2.01 for responders under IFNβ and
14.909 ± 1.928 for sub-optimal responders under IFNβ, p=0.234), as
was the distribution of lesions in periventricular (8.4 ± 1.74 for re-
sponders under GA, 8.778 ± 2.08 for sub-optimal responders under
GA, 7.4 ± 0.718 for responders under IFNβ and 6.909 ± 1.179 for
sub-optimal responders under IFNβ, p=0.864), juxtacortical
(3 ± 0.83 for responders under GA, 6.222 ± 1.605 for sub-optimal
responders under GA, 3.7 ± 0.7 for responders under IFNβ and
3.273 ± 0.469 for sub-optimal responders under IFNβ, p=0.091) and
infratentorial areas (2.2 ± 0.49 for responders under GA,
2.111 ± 0.754 for sub-optimal responders under GA, 1.8 ± 0.467 for
responders under IFNβ and 2.091 ± 0.436 for sub-optimal responders
under IFNβ, p=0. 897). As by definition, sub-optimal responders
under GA and sub-optimal responders under IFNβ exhibited increased
new T2 lesion burden (2.556 ± 0.294 and 2.456 ± 0.207, respec-
tively) compared to responders under GA and IFNβ who did not show
evidence of new T2 lesions in brain MRI (p < 0.001). Although a si-
milar pattern was observed with respect to Gd enhancing lesions, the
difference across groups was not significant (p=0.22).

As expected by the low levels of disability, also spinal T2 lesion
burden was relatively low and comparable across patients' groups

Table 1
Demographics, clinical and radiological characteristics at inclusion.

GA responders (N=10) GA sub-optimal responders (N=9) IFNβ responders (Ν=10) IFNβ sub-optimal responders (Ν=11) p

Age 44.4 ± 2.377 34.778 ± 1.588 38.8 ± 1.548 39.455 ± 3.522 0.06
Gender (m/f) 2/8 5/4 3/7 4/7 0.427
EDSS score 2.5 ± 0.289 2.333 ± 0.612 2.65 ± 0.914 2.636 ± 0.37 0.878
Treatment durationa 65 ± 13.91 47 ± 11.668 54.6 ± 12.938 89.091 ± 15.841 0.168

Brain MRI lesion count
T1 totalb 7.1 ± 1.636 5.667 ± 1.462 5 ± 0.931 4.273 ± 0.864 0.596
T2 total 13.7 ± 2.902 21 ± 3.753 17.2 ± 2.01 14.909 ± 1.928 0.234
Periventricular 8.4 ± 1.74 8.778 ± 2.08 7.4 ± 0.718 6.909 ± 1.179 0.864
Juxtacortical 3 ± 0.83 6.222 ± 1.605 3.7 ± 0.7 3.273 ± 0.469 0.091
Infratentorial 2.2 ± 0.49 2.111 ± 0.754 1.8 ± 0.467 2.091 ± 0.436 0.897
New T2 0 2.556 ± 0.294 0 2.456 ± 0.207 <0.001
Gd(+) 0 0.222 ± 0.147 0 0.182 ± 0.122 0.22

Cervical MRI lesion count
T1 total 0.2 ± 0.422 0.778 ± 0.222 0.3 ± 0.153 0.273 ± 0.195 0.101
T2 total 2 ± 0.422 2.667 ± 0.236 2.4 ± 0.34 1.727 ± 0.384 0.277
New T2 0 0 0 0.182 ± 0.122 0.144
Gd(+) 0 0 0 0.091 ± 0.091 0.451

GA, glatiramer acetate; IFNβ, interferon-β; EDSS, Expanded Disability Status Score; m/f, male/female; Gd(+), gadolinium enhancing lesion; N/A, non-applicable.
a Treatment duration in months.
b Black holes. Values represent mean ± standard error of mean.
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(2 ± 0.422 for responders under GA, 2.667 ± 0.236 for sub-optimal
responders under GA, 2.4 ± 0.34 for responders under IFNβ and
1.727 ± 0.384 for sub-optimal responders under IFNβ, p=0.277).

Upon follow-up evaluation all patients remained relapse-free and
exhibited<2 new T2 lesions in brain MRI (0.25 ± 0.16 for responders
under GA, 0.1 ± 0.1 for responders under IFNβ, p=0.19), whereas
none exhibited new or Gd(+) lesions on cervical MRI (Supplementary
Table 3).

3.2. Patients with RRMS under GA with evidence of radiological activity
exhibit lower expression levels of T-cell apoptotic markers, compared to
patients under GA with clinical and radiological remission

Supplementary Fig. 2 exhibits representative FACS plots of patients
under GA and IFNβ, optimal and sub-optimal responders. Table 2 and
Fig. 1 refer to the relative % expression of apoptotic markers on T-cells
by means of flow cytometry at inclusion. At inclusion, patients under
GA, responders (38.46 ± 1.386) and sub-optimal responders
(36.7 ± 2.53), exhibited low relative % frequency of CD4(+) T-cells
compared to patients under IFNβ, responders (46.43 ± 2.061,
p=0.026 and p=0.016, respectively) and sub-optimal responders
(45.582 ± 2.708, p=0.049 and p=0.048, respectively). With respect
to DNA fragmentation analysis at inclusion, optimal responders to GA
exhibited increased (23.6 ± 1.976) relative % frequency of
CD4(+)AnnexinV(+)7AAD(−) T-cells (early apoptotic), compared to
sub-optimal responders to GA (14.478 ± 1.204, p=0.001), optimal
responders to IFNβ (14.863 ± 1.17, p=0.001) and sub-optimal re-
sponders to IFNβ (14.476 ± 1.089, p < 0.001). A similar pattern of
expression was observed with respect to caspase-3 at inclusion. Optimal
responders to GA exhibited increased relative % frequency of caspase-
3(+) T-cells (1.517 ± 0.436) compared to sub-optimal responders to
GA (0.45 ± 0.149, p=0.041). Also in comparison to optimal re-
sponders to IFNβ (0.645 ± 0.14) and sub-optimal responders to IFNβ
(0.641 ± 0.289), optimal responders to GA exhibited increased

relative % frequency of caspase-3(+) T-cells, a difference that showed a
trend towards an effect, although it did not reach statistical significance
(p=0.073 and p= 0.073, respectively). Anti-apoptotic molecule bcl-2
showed an inverse pattern, according to which optimal responders to
GA at inclusion exhibited reduced relative % frequency of bcl-2(+) T-
cells (4.532 ± 1.321) compared to sub-optimal responders to GA
(13.094 ± 3.987, p=0.044). Also in comparison to optimal re-
sponders to IFNβ (12.91 ± 4.822) and sub-optimal responders to IFNβ
(15.555 ± 3.802), optimal responders to GA exhibited reduced re-
lative % frequency of bcl-2(+) T-cells, a difference that showed a trend,
although it did not reach statistical significance (p=0.123 and
p=0.073, respectively). Due to the fact that relative % frequency of
early apoptotic T-cells, of caspase-3(+) T-cells and of bcl-2(+) T-cells
did not differ between optimal and sub-optimal responders under IFNβ
(for early apoptotic T-cells, p=0.811; for caspase-3(+) T-cells,
p=0.573; for bcl-2(+) T-cells, p=0.526), modulation of T-cell
apoptotic pathways is likely to be a GA-mediated effect.

These results were, at least in part, confirmed by molecular analysis
at a transcriptional level (Table 3 and Fig. 2). At inclusion, caspase 3
relative expression was increased in optimal responders under GA
compared to sub-optimal responders (1.753 ± 0.108 vs.
0.689 ± 0.253, respectively; p=0.029). Also sub-optimal responders
under GA exhibited reduced caspase 3 relative expression in compar-
ison to optimal responders under IFNβ (0.689 ± 0.253 vs.
1.942 ± 0.229, respectively; p=0.016). Similarly, DR3 relative ex-
pression was increased in optimal responders under GA compared to
sub-optimal responders at inclusion (0.137 ± 0.048 and
0.003 ± 0.001, respectively; p= 0.029). Also sub-optimal responders
under GA exhibited reduced DR3 relative expression in comparison to
optimal responders under IFNβ (0.003 ± 0.001 vs. 0.163 ± 0.066,
respectively, p= 0.016). In accordance to caspase-3 and DR3 associa-
tion, Gorasp1 relative expression, a substrate protein for caspase-3
which, upon cleavage by caspase-3, mediates Golgi fragmentation in
the frame of apoptosis, was reduced in GA responders compared to sub-

Fig. 1. Quantification of the relative % frequency of CD4(+) T-cells and the relative % expression of apoptotic markers on CD4(+) T-cells, by means of flow
cytometry at inclusion. Relative % frequency of CD4(+) T-cells, of AnnexinV(+)7AAD(−) [early apoptotic], AnnexinV(+)7AAD(+) [late apoptotic/necrotic],
caspase-3(+) and bcl-2(+) T-cells in patients under GA (optimal and sub-optimal responders; white and light grey bars, respectively) and IFNβ (optimal and sub-
optimal responders; dark grey and black bars, respectively). Bars and error bars represent mean ± standard error of mean. GA= glatiramer acetate;
IFNβ=interferon-β; Bcl-2, B-cell lymphoma 2. *= p < 0.05; **= p < 0.01; ***= p < 0.001.
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optimal responders (4.976 ± 3.534 vs. 181.931 ± 65.675, respec-
tively). Caspase-3, DR3 and Gorasp1 relative expression did not differ
between optimal and sub-optimal responders under IFNβ (for caspase-
3, 1.942 ± 0.229 vs. 2.322 ± 1.37, respectively, p=0.792; for DR3,
0.163 ± 0.066 vs. 16.377 ± 16.299, respectively, p=0.421; for
Gorasp1 98.219 ± 39.643 vs. 357.541 ± 164.646, respectively,
p=0.31). Moreover, we did not observe significant difference between
responders and sub-optimal responders under IFNβ for neither of the
other apoptosis-related molecules under study. DR6 relative expression
was found to be increased in responders under IFNβ compared to re-
sponders under GA (4280.746 ± 4278.615 vs. 0.021 ± 0.008,
p=0.016), however, this increase was not significant when compared
to sub-optimal responders under IFNβ (4280.746 ± 4278.615 vs.
2.553 ± 2.106, p=0.222). Similarly, although responders under IFNβ
exhibited increased relative expression of caspase-3 and DR3 compared
to sub-optimal responders under GA (for caspase-3 1.942 ± 0.229 vs.
0.689 ± 0.253, respectively, p= 0.016; for DR3 0.163 ± 0.066 vs.
0.003 ± 0.001, respectively, p= 0.016), they did not exhibit a sig-
nificant difference with respect to these pro-apoptotic markers when
compared to sub-optimal responders under IFNβ (for caspase-3
1.942 ± 0.229 vs. 2.322 ± 1.37, respectively, p=0.791; for DR3
0.163 ± 0.066 vs. 16.377 ± 16.299, respectively, p=0.421). We
therefore conclude that modulation of T-cell apoptotic pathways is
likely to be a GA-mediated effect.

3.3. Absence of radiological activity at follow-up evaluation in responders
under GA is accompanied by increased expression of T-cell apoptotic
markers

Upon follow-up evaluation all patients under GA and IFNβ did not
exhibit radiological activity and were therefore, classified as re-
sponders. Relative % frequency of CD4(+) T-cells was comparable
between patients under GA and patients under IFNβ (p=0.958)
(Supplementary Table 3 and Supplementary Fig. 3). Responders under
GA at follow-up evaluation exhibited increased relative % frequency of
early apoptotic T-cells compared to responders under IFNβ
(24.98 ± 1.8 vs. 16.47 ± 0.74, p=0.002), as well as increased re-
lative % frequency of caspase-3(+) T-cells (1.35 ± 0.1 vs.
0.54 ± 0.07, p < 0.001). With respect to the anti-apoptotic molecule
bcl-2 we observed an inverse effect, as responders under GA exhibited
reduced relative % frequency of bcl-2(+) T-cells compared to re-
sponders unders IFNβ (6 ± 1.4 vs. 14.66 ± 3.26, p=0.031).
Moreover, responders under GA exhibited comparable expression of T-
cell apoptotic markers between the inclusion and follow-up evaluation
(for relative % frequency of early apoptotic T-cells p=0.622; for re-
lative % frequency of late apoptotic T-cells p=0.31; relative % fre-
quency of caspase-3(+) T-cells p=0.738 and for relative % frequency
of bcl-2(+) T-cells p=0.461). This result was verified by molecular
techniques (for caspase 3 p=0.467; for caspase 9 p=0.576; for Bax
p=0.546; for Card4 p=0.413; for Cse1l p=0.161; for DR3 p=0.59;
for DR6 p=0.427; for Dapk3 p=0.574; for Fas p=0.506; for Corasp1
p=0.438 and for Madd p=0.485).

4. Conclusions

In the present study we investigated the assumption that the relative
activation T-cell apoptotic death in patients with RRMS receiving first-
line DMTs may determine treatment response. By combining techniques
that allow assessment of T-cell apoptotic profile at both transcriptional
and post-transcriptional level, we were able to correlate increased ac-
tivation of apoptotic cell death in T-cells of patients with RRMS ex-
hibiting optimal treatment response to GA administration, in terms of
radiological activity, in comparison to IFNβ, thus indicating a treat-
ment-specific effect. Activation of T-cell apoptosis in optimal re-
sponders under GA was evidenced by relative DNA fragmentation
quantification, as well as by analysis at a post-transcriptional level,Ta
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showing increased caspase-3 and concurrent decreased bcl-2 relative
expression. These differences were eliminated upon follow-up evalua-
tion a setting allowing for direct comparison between different time-
points and disease activity status in the same patient. Resolution of
radiological activity in patients initially classified as sub-optimal re-
sponders under GA was linked with increased activation of T-cell
apoptotic death pathways compared to inclusion, at levels comparable
with optimal responders under GA, thus indicating correlation of GA's
mechanism of action with MRI parameters of disease activity. Our re-
sults were, at least in part, verified by molecular analysis with respect to
caspase-3 and DR3, an indirect upstream activator of caspase-3 [45],
expression levels, as well as expression levels of Gorasp1, a known
substrate for caspase-3 which is cleaved upon Golgi fragmentation in

the frame of apoptosis and is linked, therefore, with low expression
levels in apoptotic cells [46]. Our results do not indicate a GA-related
effect on late apoptotic and/or necrotic cells. It is likely that the con-
tribution of different cell death pathways for these cells is responsible
for the lack of association with treatment-specific effects.

With respect to the expression of apoptosis markers in IFNβ-treated
patients, both responders and non-responders exhibited comparable
expression levels, similar to the sub-optimal responders to GA at in-
clusion. Therefore the results of the present study do not provide evi-
dence that enhancement of apoptosis in autoreactive T-cells is a pro-
minent mechanism of action for IFNβ. These results were also verified
by molecular techniques according to which, due to large value dis-
tribution, mean difference in apoptosis expression markers did not

Table 3
Relative expression of apoptotic markers in whole peripheral blood at inclusion.

GA responders (N=4) GA sub-optimal responders (N=4) IFNβ responders (Ν=5) IFNβ sub-optimal responders (Ν=5) p

Caspase 3 1.753 ± 0.108 0.689 ± 0.253 1.942 ± 0.229 2.322 ± 1.37 0.175; 0.029a; 0.016b

Caspase 9 95.762 ± 70.589 264.866 ± 218.918 319.022 ± 281.173 49.947 ± 27.226 0.829
Bax 227.318 ± 220.387 2644.666 ± 1855.36 896.041 ± 461.793 4122.81 ± 3299.681 0.199
Card4 2.003 ± 1.181 1.483 ± 1.331 7.59 ± 2.786 88.655 ± 85.14 0.467
Cse1l 0.014 ± 0.005 0.565 ± 0.502 0.647 ± 0.566 0.5 ± 0.267 0.714
DR3 0.137 ± 0.048 0.003 ± 0.001 0.163 ± 0.066 16.377 ± 16.299 0.051; 0.029 a; 0.016 b

DR6 0.021 ± 0.008 128.446 ± 127.262 4280.746 ± 4278.615 2.553 ± 2.106 0.057; 0.016c

Dapk3 3.887 ± 3.497 2.861 ± 2.627 1338.475 ± 1338.208 14.215 ± 12.191 0.874
Fas 0.368 ± 0.153 36.626 ± 24.961 0.544 ± 0.384 7.606 ± 5.096 0.797
Gorasp1 4.976 ± 3.534 181.931 ± 65.675 98.219 ± 39.643 357.541 ± 164.646 0.039; 0.029a; 0.016d

Madd 4.596 ± 2.137 1.668 ± 1.192 5.143 ± 1.721 30.471 ± 22.253 0.417

a GA responders vs. GA sub-optimal responders.
b GA sub-optimal responders vs. IFNβ responders.
c GA responders vs. IFNβ responders.
d GA responders vs. IFNβ sub-optimal responders. GA, glatiramer acetate; IFNβ, interferon-β; Bax, B-cell lymphoma 2 (Bcl-2)-associated X protein; Card4, caspase

activation and recruitment domain family - member 4; Casp3, caspase 3; Casp9, caspase 9; Cse1L, cellular apoptosis susceptibility gene; Dapk3, death-associated
protein kinase 3; DR3, death receptor 3; DR6, death receptor 6; Gorasp1, golgi reassembly-stacking protein 1; Madd, MAP-kinase activating death domain. Values
represent mean ± standard error of mean.

Fig. 2. Quantification of the relative expression of apoptotic markers in whole peripheral blood, by means of molecular techniques at inclusion. Relative expression of
caspase-3, DR3, DR6 and Gorasp1 in patients under GA (optimal and sub-optimal responders; white and light grey bars, respectively) and IFNβ (optimal and sub-
optimal responders; dark grey and black bars, respectively). Bars and error bars represent mean ± standard error of mean. GA= glatiramer acetate;
IFNβ=interferon-β; DR3, death receptor 3; DR6, death receptor 6; Gorasp1, golgi reassembly-stacking protein 1. *= p < 0.05. Only markers for which significant
associations were observed are presented.
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reach significance between IFNβ responders and sub-optimal re-
sponders.

Our study is subjected to potential limitations: first, small sample
size may account for not elucidating correlation of optimal treatment
response to GA with other pro-apoptotic markers under investigation,
by molecular techniques. Second, additional measures, such as the
Multiple Sclerosis Functional Composite (MSFC) and MRI volumetry in
terms of whole brain and lesion volume may add valuable information
with respect to the evaluation of overall disability. Similarly, future
studies may address apoptosis profiling in additional immune cell po-
pulations known to contribute to MS pathogenesis, such as CD8(+) T-
cells and B-cells. Finally, although it would be valuable to include
analysis of T-cell markers of apoptosis for treatment-naïve patients with
similar disease duration to the patients under GA or IFNβ, the recruit-
ment of this group of patients poses a significant challenge, since almost
all patients with RRMS are under DMTs, as suggested by the interna-
tional treatment guidelines for the disease [47].

The assumption that defective apoptotic regulation of T-cell survival
may be implicated in CNS inflammation in the frame of MS was sug-
gested by an early report of reduced Fas-mediated T-cell death in pa-
tients with MS compared to healthy controls, and in patients with SPMS
compared to patients with RRMS [1]. Moreover, increased expression of
apoptosis inhibitor FLICE/caspase-8-Inhibitory Protein (FLIP) was
found to correlate with disease activity [48]. A study on kinetics of T-
cell apoptosis in patients with RRMS under GA treatment showed that
Fas-mediated induction of T-cell apoptotic death may be included in the
drug's immunomodulative properties [27], although other molecules
modifying apoptosis mechanisms, such as Bcl-2, Bax and Cyt-c have
also been implicated [28]. Moreover, clinical remission in the context
of recent corticosteroid treatment in patients with RRMS was linked
with increased activation of T-cell apoptosis [49] and increased PBMCs
Fas/FasL expression has been associated with milder disability dete-
rioration and progression in patients with RRMS and SPMS, respec-
tively [3]. By the use of molecular T-cell expression profiling Achiron
et al. suggested a panel of apoptotic molecules that may be used in
order to evaluate optimal GA treatment response [29] within 3months
of treatment onset. Although the study provided a detailed and sys-
tematic approach in profiling the drug's immunomodulatory mode of
action, it did not provide correlations with respect to optimal vs. sub-
optimal treatment response in the long-term.

This is the first study to assess the effect of apoptosis-mediated T-
cell death to optimal treatment response in terms of radiological ac-
tivity in patients with RRMS who receive GA, compared to IFNβ.
Radiological activity early in the disease course is regarded as a sig-
nificant predictor of poor long-term prognosis with respect to disability
progression [50]. Combined with clinical relapses and EDSS score in-
crease, radiological activity is taken into account upon evaluation of
treatment response and the need for therapy escalation [41,43]. Bio-
markers of optimal treatment response have been the focus of extensive
research in MS, in the scope of the variety of DMTs available to date,
and the advocated potential to achieve No-Evidence of Disease Activity
(NEDA) status [51–53]. However, newer DMT treatments pose sig-
nificant health risks [54–56]. GA is one of the earliest first-line DMT
treatments available worldwide and long-term follow-up of patients
under GA indicates a low-risk safety profile [57]. The identification of
optimal treatment responders based on DMT-specific mechanisms may
therefore facilitate more targeted and personalized assessment of the
necessity for treatment escalation, thus allowing for reduced risk ex-
posure of patients with RRMS. Based on the present study, we hereby
suggest that T-cell profiling with respect to apoptotic mechanisms may
be used as a marker for optimal treatment response to GA, with im-
plication for long-term disability outcomes.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jns.2019.03.030.
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