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A B S T R A C T   

Many studies have analyzed myelin-reactivity of T cells in multiple sclerosis (MS); however, with conflicting 
results. In this study we compare methods to determine myelin reactivity of T cells and aim to delineate the cause 
of inconsistency in the literature. Challenging T cells with myelin antigens we found a significant increase in 
antigen-reactivity of T cells from patients with MS using an ELISpot-assay, in contrast to a CFSE-dilution assay. 
Comparing the two assays showed that the myelin-reactive T cells detected in the ELISpot-assay originated 
primarily from effector memory T cells in contrast to the myelin-reactive T cells of the CFSE-assay representing a 
population of both naïve, central memory and effector memory T cells. This diversity in T cell populations 
activated in the two assays likely contribute to the discrepancy found in the literature and encourages thorough 
considerations when choosing an assay to determine antigen-specificity of T cells in future studies.   

1. Introduction 

The pathogenesis of relapsing remitting multiple sclerosis (RRMS) is 
characterized by central nervous system influx of inflammatory T cells 
participating in demyelination of nerve fibers [1–5]. To measure disease 
activity and examine the mechanism of MS pathogenesis, many groups 
have therefore analyzed myelin-reactivity of T cells of patients with MS 
[6–28]. The primary myelin-targets of T cells in MS is unknown, but 
myelin basic protein (MBP), myelin oligodendrocyte glycoprotein 
(MOG), myelin-associated glycoprotein (MAG) and proteolipid protein 
(PLP) are among the candidate proteins and widely used as antigens in 
myelin-reactivity assays. Despite great efforts in measuring myelin- 
reactivity of T cells in MS the literature shows high inconsistency in 
data. With this study we compare two of the commonly used methods to 
measure MBP and MOG-reactivity of T cells in patients with MS and 
outline a possible source of the observed inconsistency in data obtained 
from these procedures. 

2. Materials and methods 

2.1. Study population and ethics 

For the ELISpot analysis 23 untreated patients with RRMS (mean 40 
years; range 27–56) and 28 healthy controls (mean 38 years; range 
21–60) were included; no difference in age or sex were observed (p =
0.12; p = 0.18; Mann-Whitney U test). For the CFSE-dilution assay 23 
untreated patients with RRMS (mean 41 years; range 27–56) and 16 
healthy controls (mean 37 years; range 25–55) were included; no dif-
ference in age or sex were observed (p = 0.26; p = 0.52; Mann-Whitney 
U test). Samples from 18 of the 23 patients with RRMS were used in both 
assays. All patients were diagnosed with relapsing-remitting MS (RRMS) 
based on the 2010 revised McDonald criteria [29,30]. Untreated pa-
tients were defined as having at least one month since last steroid 
treatment or more than three months since last immunomodulatory 
treatment; none of the patients had ever received strong immunosup-
pressive drugs, e.g., cyclophosphamide or mitoxantrone, or cell- 
depleting monoclonal antibody therapy. Healthy controls had no 

Abbreviations: CFSE, carboxyfluorescein diacetate succinimidyl ester; ELISpot, enzyme-linked immunospot assay; MAG, myelin-associated glycoprotein (MAG); 
MBP, myelin basic protein; MOG, myelin oligodendrocyte glycoprotein; PBMC, peripheral blood mononuclear cells; PHA, phytohemagglutinin; PLP, proteolipid 
protein; PMA, phorbol myristate acetate; RRMS, relapsing remitting multiple sclerosis. 
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autoimmune, neurological, or other chronic illness. All participants gave 
informed, written consent to participation. The study was approved by 
the regional scientific ethics committee (protocol number KF- 
01114309). 

2.2. PBMC preparation 

Venous blood was collected and peripheral blood mononuclear cells 
(PBMC) isolated by density gradient centrifugation with Lymphoprep 
(Axis-Shield, Oslo, Norway) and washed twice in cold PBS/2 mM EDTA. 
PBMC where then stained with carboxyfluorescein diacetate succini-
midyl ester (CFSE; Molecular Probes, MA, USA) for 2.5 min at room 
temperature, washed in RPMI-1640 (Gibco, MA, USA)/10% fetal bovine 
serum (FBS; Thermo Fischer Scientific, MA, USA) and cryopreserved in 
FBS/10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, MO, USA) at 
− 150 ◦C. Prior to ELISpot and CFSE-dilution assay the cryopreserved 
PBMC where thawed at 37 ◦C, washed in RPMI-1640/10% FBS and the 
degree of cell death measured. For this, 100,000 PBMC were incubated 
with anti-CD45 antibody (APC-AF750; HI30; Invitrogen, CA, USA) and 
anti-CD3 antibody (BV421, UCHT1; BioLegend, CA, USA) for 20 min on 
ice, washed, and incubated with the cell death marker propidium iodide 
(BioLegend) for 15 min prior to flow cytometric analysis using a FACS 
Canto II flow cytometer (BD Biosciences, CA, USA). 

2.3. ELISpot assay 

ELISpot MultiScreen-HA filter plates (Millipore, MA, USA) were 
coated with either 15 μg/ml mAb IFN-γ or 10 μg/ml mAb IL-17 supplied 
in Mabtech ELISpot kits (3420-2H; 3520-2H; Mabtech AB, Nacka Strand, 
SE) for 24 h at 4 ◦C. Plates were washed in PBS, blocked for 2 h, 37 ◦C, in 
RPMI-1640/5% human serum (Life Technologies, CA, USA), and 
200,000 PBMC added to each well in RPMI-1640/5% human serum with 
10 μg/ml myelin oligodendrocyte glycoprotein (MOG; AnaSpecINC, CA, 
USA), 30 μg/ml myelin basic protein, (MBP; HyTest, Turku, Finland), 10 
μg/ml phytohemagglutinin (PHA; Sigma-Aldrich) or media alone. After 
48 h of incubation at 37 ◦C, 5% CO2 the cells were removed, plates 
washed in PBS/0.05% Tween20, and biotinylated-detection antibody 
added for 2 h at RT, according to manufacturer (Mabtech AB). Hereafter, 
plates were incubated for 1 h at RT with streptavidin-conjugated HRP, 
washed, and 1.25 mM tetramethylbenzidine (TMB) added to each well 
for 30 min, according to manufacturer (Mabtech AB). Analysis of spots 
was performed on an ImmunoSpot S6 Analyzer using the ImmunoSpot 
5.0.9 software from Cellular Technology Limited (C.T.L., OH, USA). 

2.4. CFSE-dilution assay 

In parallel with the ELISpot assay, 200,000 CFSE stained PBMC were 
cultured in RPMI-1640/5% human serum with 10 μg/ml MOG (AnaS-
pecINC), 30 μg/ml MBP (HyTest) or media alone for analysis in a CFSE- 
dilution assay. The cells were cultured for 7 days at 5% CO2, 37 ◦C, and 
then restimulated for 4.5 h with 10 ng/ml PMA, 0.5 μg/ml ionomycin 
and 5 μg/ml Brefeldin A (all from Sigma-Aldrich). The restimulated 
PBMC where then stained with a live/dead-stain from Invitrogen fol-
lowed by surface staining with fluorochrome-conjugated Ab against CD3 
(APC; UCHT1) and CD4 (BV421; OKT4). The cells were then fixed, 
permeabilized and intracellularly stained using fluorochrome- 
conjugated Ab against IFN-γ (APC; B27) and IL-17A (PerCP-Cy5.5; 
BL168) or corresponding isotype controls all from BioLegend. Data were 
acquired on a FACS Canto II flow cytometer (BD Biosciences, CA, USA) 
and data analysis performed using the software FlowJo (TreeStar, OR, 
USA). Gating strategy applied included FSC/SSC-gating of lymphocytes 
followed by gating of single cells, live cells (live/dead-stain-− ), CD4+ T 
cells (CD4+CD3+), and IFN-γ+ and IL-17A+ CFSElow cells. 

2.5. Fluorescence-activated cell sorting and co-culture of APC and T cells 

PBMC were isolated from freshly drawn blood from three healthy 
individuals. Antigen presenting cells (APC) were purified from the 
PBMC by depletion of CD2+ lymphocytes using CD2 microbeads from 
Miltenyi Biotec (Bergish Gladbach, Germany). The CD2− APC popula-
tion including dendritic cells, monocytes and B cells were plated into 
ELISpot filter plates and flat bottomed 96 well plates for use in the CFSE- 
dilution assay. Furthermore, CD4+ T cells were negatively isolated from 
the PBMC using the human CD4+ T cell Isolation Kit from Miltenyi 
Biotec and stained with CFSE. Hereafter, the CFSE+CD4+ T cells were 
stained with fluorochrome conjugated antibodies against CD4 (APC/ 
AF750; S3.5, Invitrogen), CD45RA (PerCP-Cy5.5; HI100, BioLegend) 
and CCR7 (AF647; G043H7, BioLegend) and sorted on a FACS Aria II 
(BD Biosciences) into CD45RA+CCR7+ (naïve), CD45RA-− CCR7+ (cen-
tral memory) and CD45RA-− CCR7-− (effector memory) T cell pop-
ulations; purity obtained was 98.4–99.8%. The sorted T cells were added 
to the CD2-− APC in the ELISpot filter plates and the CFSE-assay plates. A 
total of 120,000 APC and 80,000 T cells were added to each well 
together with 10 μg/ml MOG or media alone and subjected to IFN-γ 
measurement by ELISpot and CFSE-dilution assay as described above. In 
the CFSE-dilution assay the cell surface of T cells was stained with 
fluorochrome-conjugated antibody against CD3 (APC-AF750; 7D6, 
Invitrogen) and intracellular IFN-γ with a PE-Cy7 conjugated antibody 
(B27) from BioLegend. 

2.6. Statistical analysis 

For comparison of healthy controls and patients with RRMS a Mann- 
Whitney U test was performed. P < 0.01 is considered significant. 

3. Results 

3.1. ELISpot analysis reveals increased myelin-reactivity of T cells in 
patients with RRMS 

Cryopreserved PBMC from 28 healthy controls and 23 patients with 
RRMS were thawed and the degree of cell death measured. Less than 5% 
(mean) of T cells and antigen-presenting cells stained positive for the cell 
death marker propidium iodide (Fig. 1A). PBMC were cultured for 48 h 
in ELISpot plates coated with either antibodies targeting IFN-γ or IL-17. 
The cells were challenged with 10 μg/ml myelin oligodendrocyte 
glycoprotein (MOG), 30 μg/ml myelin basic protein (MBP) or 10 μg/ml 
phytohemagglutinin (PHA) as a positive control (Fig. 1B). This showed a 
significant increase in the number of cells (i.e. spots counted) producing 
IFN-γ (p < 0.01) and IL-17 (p < 0.001) in response to both MOG and MBP 
in patients with RRMS compared to healthy controls (Fig. 1C-D, F-G). In 
contrast, no difference was found between groups when cells were 
polyclonally stimulated with PHA (Fig. 1E, H). 

3.2. No difference in myelin-reactivity of T cells analyzed in a CFSE- 
dilution assay 

In parallel with the ELISpot assay, the cryopreserved CFSE-stained 
PBMC were applied to a CFSE-dilution assay for seven days with MOG 
and MBP antigens followed by a brief re-stimulation with phorbol 
myristate acetate (PMA) and ionomycin to induce cytokine production. 
In a CFSE-dilution assay a weakened CFSE-signal is used to define 
proliferating T cells, representing the antigen-specific T cells in the 
assay. Analyzing the frequency of proliferating IFN-γ and IL-17 pro-
ducing CD4+ T cells by flow cytometry showed no difference in myelin- 
reactivity between the healthy controls and patients with RRMS 
measured (Fig. 2A-F). Also, no difference was observed analyzing IFN-γ 
and IL-17 production of the entire CD4+ T cell population; i.e. both 
proliferating and non-proliferating cells (Suppl. Fig. 1A-D). 
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3.3. Different myelin-reactive T cell populations are measured in the 
ELISpot and CFSE assay 

To elucidate whether the difference observed in myelin-reactivity 
between healthy controls and patients with RRMS in the 2-day ELI-
Spot and 7-day CFSE-dilution assay was due to a difference in T cell 
populations activated, we repeated the assays using naïve, central 
memory and effector memory CD4+ T cells. For this, naïve, central 
memory and effector memory CD4+ T cells were isolated according to 
their expression of the T cell differentiation markers CCR7 and CD45RA 
by fluorescence-activated cell sorting; purity attained was 98.4–99.8%. 
The isolated T cell populations were cultured with autologous antigen- 
presenting cells and 10 μg/ml MOG, and IFN-γ production used as a 
read-out. This showed that IFN-γ measured in the 2-day ELISpot assay 
primarily was produced by effector memory T cells (Fig. 3A-B) in 
contrast to the 7-day CFSE-dilution assay in which naïve and central 
memory T cells, in addition to effector memory T cells, produced IFN-γ 
after 7 days of stimulation (Fig. 3C-D). Whereas only a minor part of the 
non-proliferating naïve and central memory T cells produced IFN-γ, 16% 

of the non-proliferating effector memory T cells produced IFN-γ in 
response to MOG-stimulation (Fig. 3C. 

Whereas the ELISpot assay has the advantage of priming memory T 
cells only, the CSFE-assay enables analysis of T cell subsets. To adapt the 
flow cytometry protocol to the ELISpot protocol, we stimulated PBMC 
from 12 healthy controls and 12 patients with MOG and MBP for two 
days without PMA/ionomycin re-stimulation. The last 6 h of the stim-
ulation period, brefeldin A was added to the cells to capture the pro-
duced cytokines intracellularly. This protocol showed no difference in 
IFN-γ or IL-17 production between groups (Suppl. Fig. 1E-H). 

4. Discussion 

A great discrepancy exists in the literature describing myelin- 
reactivity of T cells in patients with MS. Some studies show increased 
frequency or activity of peripheral myelin-antigen specific T cells 
[6–18], others demonstrate a functional difference in the myelin- 
reactive T cells rather than a difference in frequencies [9,10,19–21], 
and some groups report no difference between healthy individuals and 

Fig. 1. Myelin-reactivity of T cells analyzed in an ELISpot assay. 
(A) Percent propidium iodide (PI) positive T cells after thawing of PBMC. (B) ELISpot example of PBMC stimulated with PHA, MBP, MOG or cultured in medium 
without stimulus. (C-E) Number of IFN-γ spots measured in PBMC stimulated with MOG (C), MBP (D) or PHA (E) in 23 patients with RRMS and 28 healthy controls 
(HC). (F–H) Number of IL-17 spots measured in PBMC stimulated with MOG (F), MBP (G) or PHA (H) in 23 patients with RRMS and 28 HC. The median value is 
shown for all groups analyzed. 
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patients with MS [21–28,31]. MS is a disease with periods of high dis-
ease activity (relapses) and periods of low disease activity (remission); a 
fluctuation that changes during the course of disease progression [32]. 
In contrast to an antibody response which can persist for long periods 

after immune activation, T cell reactions are more transient in nature. 
The time of tissue sampling therefore potentially is of importance for the 
T cell myelin-reactivity measured. The nature of the myelin-antigen 
used also potentially influences the T cell reactivity. Although most 

Fig. 2. Myelin-reactivity of T cells analyzed in a CFSE-dilution assay. 
(A) Flow cytometry dot plot example of IFN-γ producing proliferating (CFSElow) and non-proliferating (CFSEhi) CD4+ T cells. (B–C) Frequency of IFN-γ+ CFSElow 

CD4+ T cells in 23 patients with RRMS and 16 healthy controls (HC) in response to stimulation with MOG (B) or MBP (C). (D) Flow cytometry dot plot example of IL- 
17 producing proliferating (CFSElow) and non-proliferating (CFSEhi) CD4+ T cells. (E-F) Frequency CFSElow IL-17+ CD4+ T cells in 23 patients with RRMS and 16 HC 
in response to stimulation with MOG (E) or MBP (F). The median value is shown for all groups analyzed. 

Fig. 3. Different myelin-reactive T cell populations are measured in the ELISpot and CFSE-dilution assay. 
(A) ELISpot assay. Number of IFN-γ spots measured in PBMC or co-cultures of naïve CD4+ T cells plus antigen presenting cells (APC), central memory CD4+ T cells 
(CM) plus APC, and effector memory CD4+ T cells (EM) plus APC, stimulated with MOG. (B) ELISpot example of cells stimulated with MOG. (C) CFSE-dilution assay. 
Frequency of proliferating IFN-γ+ (CFSElow, black bar) and non-proliferating IFN-γ+ (CFSEhi, grey bar) naïve, central memory (CM) and effector memory (EM) CD4+

T cells cultured with antigen presenting cells (APC) and MOG. (D) Flow cytometry dot plot examples of IFN-γ production of naïve, CM and EM CD4+ T cells. 

M.R. von Essen et al.                                                                                                                                                                                                                           



Clinical Immunology 230 (2021) 108817

5

studies use either MBP, MOG, MAG og PLP proteins or peptides to 
investigate myelin-reactivity of T cells in patients with MS, the species 
from which the proteins originate differ (e.g. human, bovine, rodent). 
Despite a high degree of inter-species sequence homology, these proteins 
are subject to a large number of post-translational modifications that 
may differ between species and potentially influence their immunoge-
nicity [33,34]. 

Another variable in the experimental setup possibly imposing vari-
ation in the outcome is the source of T cells. Some studies are based on ex 
vivo cells, i.e. without pre-stimulation, whereas others analyze T cells 
subjected to non-specific in vitro activation prior to myelin-reactivity 
analysis in order to increase the number of myelin-specific T cells. In 
the current study we investigated myelin-reactivity of T cells in patients 
with RRMS during remission in response to human brain MBP and 
human recombinant MOG in a 2-day ELISpot assay and a 7-day CFSE- 
dilution assay without pre-stimulation of cells. The two assays were 
run in parallel applying the same cell samples for both setups where 
possible, and T cell production of IFN-γ and IL-17 used as read-out. 
Despite the homology in antigen-preparation and cell samples used, 
we obtained conflicting data from the two assays. Whereas the ELISpot 
analysis revealed a significant difference in both IFN-γ and IL-17 pro-
duced by cells stimulated with MBP or MOG between healthy controls 
and patients with RRMS, no difference was found in myelin-reactivity of 
T cells in the CFSE assay between groups. A closer examination of this 
discrepancy showed that the two assays measured the activity of 
different T cell populations. In the ELISpot assay the T cell activity was 
almost solely ascribed to effector memory T cells, while the T cells 
activated in the CFSE-dilution assay was a mixture of naïve, central 
memory and effector memory T cells. In addition, a part of the myelin- 
activated effector memory T cells was excluded from the populations 
assessed in the CFSE assay as these cells did not proliferate. As flow 
cytometric analysis have the advantage of enabling investigation of 
particular cell subsets, we attempted to adapt the protocol of the 
ELISpot-analysis to a flow cytometry-based assay in which cytokines 
were measured intracellularly after 48 h. Unfortunately, brefeldin A 
used to capture IFN-γ an IL-17 intracellularly induces cell death after 
long time exposure. Therefore, cytokines were only captured the last 6 h 
of the stimulation period minimizing the sensitivity of this assay. 

Autoreactive naïve T cells are normally kept under control by pe-
ripheral tolerance. In coherence, previous studies show that MBP- 
reactive T cells primarily are found in the naïve T cell compartment of 
healthy individuals in contrast to patients with MS where >80% of the 
MBP-reactive T cells are memory cells [35], and furthermore, that the 
myelin-reactive memory T cells from healthy individuals produce the 
immunosuppressive cytokine IL-10 in addition to IFN-γ [19]. In the 7- 
day CFSE-assay applied in this study, naïve myelin-reactive T cells 
become activated in addition to the memory T cells measured in the 2- 
day ELISpot. In the setup used, we did not co-measure the production of 
IL-10 in the CFSE-assay, hence ignoring a possible functional change in 
naïve myelin-reactive T cells of healthy individuals. Using the 2-day 
ELISpot assay to evaluate myelin-reactivity of T cells in MS versus 
controls is therefore more likely to reflect the proinflammatory myelin- 
reactive potential. Another assay specifically targeting previously 
primed myelin-reactive T cells in MS is the trogocytosis or TRAP (T cell 
recognition of antigen presenting cells by protein transfer) assay [7]. In 
the TRAP-assay monocytes are isolated from PBMC, myelin-antigen 
loaded and fluorescently labelled before co-cultured with isolated 
autologous T cells. The assay exploits the ability of memory T cells to 
exchange fluorescently labelled surface membrane molecules with an-
tigen presenting cells during antigen-specific interaction. In this way, all 
myelin-reactive memory T cells independent of their ability to prolif-
erate or produce certain cytokines like IFN-γ and IL-17 can be identified 
after 24 h of antigen-specific stimulation. Using this approach, a higher 
myelin-reactive T cell frequency in patients with MS is confirmed [7]. 

Altogether, the present study showed that the two assays compared 
measured myelin-reactivity of two different T cell populations; hence 

demonstrating that choosing an assay to measure myelin-reactivity 
should be thoroughly considered and current literature interpreted 
with caution. 
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Supplementary Fig. 1. (A-B) Frequency of IFN-γ+ CD4+ T cells in 23 

patients with RRMS and 16 healthy controls (HC) in response to stim-
ulation with MOG (A) or MBP (B) for 7 days followed by a short re- 
stimulation with PMA/ionomycin. (C–D) Frequency of IL-17+ CD4+ T 
cells in 23 patients with RRMS and 16 healthy controls in response to 
stimulation with MOG (C) or MBP (D) for 7 days followed by a short re- 
stimulation with PMA/ionomycin. (E-F) Frequency of IFN-γ+ CD4+ T 
cells in 12 patients with RRMS and 12 healthy controls in response to 
stimulation with MOG (E) or MBP (F) for 2 days. (G-H) Frequency of IL- 
17+ CD4+ T cells in 12 patients with RRMS and 12 healthy controls in 
response to stimulation with MOG (G) or MBP (H) for 2 days. 
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