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Summary

Autologous haematopoietic stem cell transplantation (HSCT) for relaps-

ing–remitting multiple sclerosis is a potentially curative treatment, which

can give rise to long-term disease remission. However, the mode of

action is not yet fully understood. The aim of the study was to evaluate

similarities and differences of the CD4+ T-cell populations between

HSCT-treated patients (n = 12) and healthy controls (n = 9). Phenotyp-

ing of memory T cells, regulatory T (Treg) cells and T helper type 1

(Th1) and type 17 (Th17) cells was performed. Further, T-cell reactivity

to a tentative antigen, myelin oligodendrocyte glycoprotein, was investi-

gated in these patient populations. Patients treated with natalizumab

(n = 15) were included as a comparative group. White blood cells were

analysed with flow cytometry and T-cell culture supernatants were analy-

sed with magnetic bead panel immunoassays. HSCT-treated patients had

similar levels of Treg cells and of Th1 and Th17 cells as healthy subjects,

whereas natalizumab-treated patients had lower frequencies of Treg cells,

and higher frequencies of Th1 and Th17 cells. Cells from HSCT-treated

patients cultured with overlapping peptides from myelin oligodendrocyte

glycoprotein produced more transforming growth factor-b1 than natal-

izumab-treated patients, which suggests a suppressive response. Con-

versely, T cells from natalizumab-treated patients cultured with those

peptides produced more interleukin-17 (IL-17), IL-1 and IL-10, indicating

a Th17 response. In conclusion, we demonstrate circumstantial evidence

for the removal of autoreactive T-cell clones as well as development of

tolerance after HSCT. These results parallel the long-term disease remis-

sion seen after HSCT.

Keywords: haematopoietic stem cell transplantation; multiple sclerosis;

natalizumab; neuroimmunology.

Introduction

Autologous haematopoietic stem cell transplantation

(HSCT) has been performed for multiple sclerosis (MS)

since 1995.1 The aim is to achieve long-term disease

remission through short-lasting lymphoablation followed

by rebuilding of a new immune system. Initially this pro-

cedure was reserved for patients with treatment-resistant

progressive forms of MS, largely with disappointing

results. Eventually, HSCT was tried for relapsing–remit-

ting MS (RRMS) and it has become clear that HSCT can

be a very effective and possibly curative treatment for

RRMS.2,3 Most patients remain free from disease activity,

even with long follow up. At our centre we have seen

patients with remission up to 9 years after HSCT; others

have reported similar outcomes.4–6

The mode of action is not fully understood, and several

mechanisms probably contribute to the effect. We know

that HSCT causes a profound renewal of the immune sys-

tem and not just long-lasting immune suppression,7 and

at least part of the effect is probably related to removal of

autoreactive clones. Nevertheless, some autoreactive cells

probably escape the treatment and remain after HSCT,

which was demonstrated in a recent study.8 Such

ª 2013 John Wiley & Sons Ltd, Immunology, 140, 211–219 211

IMMUNOLOGY OR IG INAL ART ICLE



autoreactive cells must be kept in control to maintain

remission, and a possible mechanism is restoration of tol-

erance to self-antigens. In this setting, tolerance can be

achieved through massive exposure to myelin degradation

products in the developing immune system after HSCT

and lack of co-stimulation during antigen presentation.

The developing immune system has low levels of co-stim-

ulatory molecules such as CD289 and the presence of

myelin peptides in the absence of co-stimulation could

give rise to clonal anergy and tolerance through myelin-

specific natural T regulatory (Treg) cells or induction of

Treg type 1 cells.

In a recent study of HSCT in experimental autoim-

mune encephalomyelitis, non-myeloablative conditioning

without stem cell transplantation was not sufficient for

the induction of long-term remission, whereas with trans-

plantation long-term remission could be achieved.10 This

suggests that the haematopoietic stem cells themselves are

important for the establishment of tolerance.

The aim of the present study was to evaluate similari-

ties and differences of the CD4+ T-cell populations

between HSCT-treated patients and healthy controls.

More specifically, we performed phenotyping of memory

T cells, Treg cells, T helper type 1 (Th1) cells and Th17

cells. In addition, we also investigated a novel marker of

a subset of Treg cells previously not investigated in MS:

the transcription factor Helios. Helios is a member of the

Ikaros family and binds to the FoxP3 promoter. It has

been suggested as a marker of natural Treg (nTreg) cells

developed in the thymus as opposed to peripherally

induced Treg (pTreg) cells.11,12 T-cell reactivity to a ten-

tative antigen: myelin oligodendrocyte glycoprotein

(MOG) was investigated in CD4+ T cells.

Patients were treated with HSCT up to 7 years before

the study, and therefore no pre-HSCT blood samples

were available. In lieu, patients treated with natalizumab

(NZB) were included as a contrasting group with immu-

nologically highly active MS. NZB inhibits extravasation

of T cells and causes a sequestration of pathological T

cells in the peripheral circulation without activation of

the T cells.13

Methods

Ethics statement

The study was approved by the local ethics committee of

Uppsala University (DNr 2006:089). All participants pro-

vided written informed consent.

Subjects

In total 36 individuals were included: 12 patients who

had undergone HSCT as rescue therapy for aggressive

RRMS, 15 NZB-treated patients with RRMS and nine

healthy controls. HSCT was performed with the BEAM/

ATG protocol (bis-chloroethylnitrosourea, etoposide,

cytosine-arabinoside, melphalan with addition of anti-

thymocyte globulin), which is considered to be a med-

ium-intensity protocol. Peripheral haematopoietic stem

cells were mobilized with cyclophosphamide and granulo-

cyte colony-stimulating factor. No ex vivo graft manipula-

tion was performed. NZB-treated patients received

infusions every month, and the total number of infusions

received ranged from 9 to 49. All patients were treated at

the Department of Neurology at Uppsala University Hos-

pital; blood donors served as healthy controls.

The HSCT-treated patients had a severe disease course

with an expanded disability disease scale score of up to

9�0 pre-treatment and in several cases > 20 gadolinium-

enhancing lesions. The annualized relapse rate was on

average 6�5 with an increased number of relapses in the

year before HSCT, reaching annualized relapse rate > 10

in some cases. The clinical characteristics of some of the

patients treated with HSCT as well as the clinical effects

have been reported previously.2 NZB-treated patients had

a fairly aggressive disease with an annualized relapse rate

of 2�0 during the pre-treatment course. The characteristics

of patients and controls are summarized in Table 1. A

more detailed description of the HSCT-treated patients is

available in the Supplementary material (Table S1).

Cell isolation

White blood cells were isolated by incubation of heparin

blood with a lysing buffer (cat. no. 555899; BD Bioscienc-

es, San Jose, CA) according to the manufacturer’s proto-

Table 1. Demographic data and clinical characteristics of the

included subjects

Control HSCT Natalizumab

n 9 12 15

Male/female 3/6 4/8 4/11

Age (years) 27 (24–37) 32 (16–41) 39 (18–67)

Total disease duration

(months)

n/a 94 (44–170) 140 (17–393)

Disease duration after

commencement

of treatment (months)

n/a 53 (3–84) 24 (9–49)

Number of relapses

in the year

before treatment start

n/a 6�9 2�0

Annualized relapse rate

after treatment

n/a 0�06 0�1

HSCT, haematopoietic stem cell transplant; n/a, not applicable.

Data for age, disease duration and duration of treatment are given

as means (range). For HSCT-treated patients, duration of treatment

equals time since HSCT.
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col. The cells were washed with PBS and then cryopre-

served at � 80°.

Short-term recall assay of MOG-reactive T cells

A total of 1�5 9 106 white blood cells were incubated at

37° for 4 hr with 1 lg of a 15-mer peptide mix (in total

29 different peptides) of 11 overlapping amino acids from

the MOG (JPT Peptide Technologies, Berlin, Germany).

The complete sequence of MOG can be found in the

Supplementary material (Appendix S1). This was followed

by a 5-hr incubation with brefeldin A (cat. no. 347688;

BD Biosciences). Intracellular staining for flow cytometry

was performed using a Cytofix/CytopermTM kit (cat. no.

554714; BD Biosciences).

Long-term recall assay of MOG-reactive T cells

A total of 106 cells were labelled with CFSE using the

CellTraceTM CFSE Cell Proliferation Kit (cat. no. C34554;

Invitrogen, Carlsbad, CA). Labelled cells were divided

into three groups: unstimulated cells; cells stimulated with

100 IU/ml human recombinant interleukin-2 (IL-2; R&D

Systems Inc., Minneapolis, MN) and 0�3 lg MOG pep-

tide mix; and cells stimulated with 100 IU/ml IL-2 and

2 lg/ml OKT-3 Orthoclone (anti-CD3) antibody (Cilag

Ag Int., Zug, Switzerland). The cells were kept in culture

for 7 days, and additional medium supplemented with

IL-2 was added every other day. At endpoint, cells were

analysed with flow cytometry. Supernatants were analysed

using magnetic bead panel immunoassays.

Flow cytometry

A total of 105 unstimulated white blood cells were stained

with antibodies against surface markers for 15 min at 4°.
Intracellular staining for FoxP3 and Helios was performed

with 5 9 105 unstimulated cells for 30 min at 4° using a

FOXP3 Fix/Perm Buffer set according to the manufac-

turer’s protocol (cat. no. 421403; BioLegend, San Diego,

CA). The combinations of antibodies used are specified

in the Supplementary material (Appendix S2).

Memory T cells were defined as CD4+ CD45RO+ T

cells. Th1 cells were defined as CD4+ T cells producing

interferon-c (IFN-c), and Th17 cells were defined as

CD4+ T cells producing IL-17. Treg cells were defined as

CD4+ FoxP3+ T cells, nTreg cells were defined

as CD4+ FoxP3+ Helios+ T cells and pTreg cells were

defined as CD4+ FoxP3+ Helios– T cells.

Cells were acquired on a FACS Calibur or a FACS Can-

toII cytometer (BD Biosciences) and data were analysed

using FLOWJO version 9.3.3 (Tree Star Inc., Ashland, OR).

All data analyses were performed at the end of the study

to minimize potential temporal artefacts. Further, all

analyses were performed by an investigator who was

blinded to the subject’s identity to minimize bias. A qual-

ity control was performed after data collection, namely,

proliferative ability after polyclonal stimulation. If T cells

did not respond to polyclonal stimulation in the long-

term recall assay, all results from the long-term recall

assay of those subjects were discarded and not included

in the analysis. The numbers listed in the results reflect

the samples that passed the quality control criteria and

that were included in the analysis.

Magnetic bead panel immunoassay

Supernatants from the long-term recall assay were analy-

sed on a Magpix (Luminex, Austin, TX). For analysis of

IL-1, IL-6, IL-10, IL-17 and IFN-c, a Milliplex MAG

human cytokine/chemokine magnetic bead panel immu-

noassay (Merck Millipore, Billerica, MA) was used. For

analysis of transforming growth factor-b (TGF-b), a Bio-

Plex Pro TGF-b 3-plex assay (Bio-Rad, Hercules, CA) was

used.

Statistical analysis

All statistical analyses were done with GRAPHPAD PRISM 5�0
(GraphPad Software, La Jolla, CA). For establishing

statistical significance between the groups the Kruskal–
Wallis test was used and Dunn’s test was used for the

post hoc analysis. A two-tailed P value of < 0�05 was con-

sidered significant. All described differences are statisti-

cally significant unless otherwise stated. Statistical

significances are indicated by *P < 0�05 and ***P < 0�001
in the figures.

Results

HSCT-treated patients display circulating Treg cell
levels comparable to healthy controls

Frequencies of memory T cells, Treg cells and Th1 and

Th17 cells were investigated (Table 2). A trend towards

a difference in percentage of CD4+ CD45RO+ T cells

was observed between the three groups: the HSCT-trea-

ted group had most, followed by the NZB group,

and healthy controls had the lowest numbers of

CD4+ CD45RO+ T cells. HSCT-treated patients and

healthy controls had similar levels of CD4+ FoxP3+ T

cells, CD4+ Helios+ T cells as well as nTreg and pTreg

cells. NZB-treated patients, on the other hand, had fewer

CD4+ FoxP3+ T cells than the other two groups. This

difference was due to a lower level of nTreg cells,

whereas the frequencies of pTreg cells were similar in

the three groups. CD4+ Helios+ T cells were fewer in the

NZB-treated group than the HSCT-treated patients, and

a similar trend could be observed towards controls.

The gating strategy and FACS plots from a typical
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HSCT-treated patient are seen in Supplementary mate-

rial, Fig. S1.

HSCT patients have normal frequencies of Th1 and
Th17 cells

In the short-term recall assay we investigated ex vivo

MOG-specific T-cell responses. The presence of MOG

peptides did not seem to have an impact on the produc-

tion of IFN-c or IL-17 in CD4+ T cells (see Supplemen-

tary material, Fig. S2); however, baseline cytokine

production varied between the groups. HSCT-treated

patients and healthy controls had similar levels of Th1

cells, but a trend towards a higher production of IFN-c
was observed in the NZB-treated group. Similarly, HSCT-

treated patients and healthy controls had equal numbers

of Th17 cells, whereas NZB-treated patients had an

increased level of Th17 cells (Fig. 1).

T central memory cells are less frequent among
MOG-stimulated T cells from HSCT-treated patients
compared with those treated with NZB

In the long-term recall assay we investigated if co-culture

with MOG peptides could affect the proliferation of T

cells and if the proliferating cells were memory T cells.

No statistically significant differences in proliferation

among the groups could be seen after stimulation with

MOG peptide and IL-2 (Fig. 2). Some individual patients

had a high level of responsive cells but they were too few

to allow any meaningful conclusions.

T cells were then cultured with anti-CD3 (OKT-3), i.e.

polyclonal stimulation, and no difference in proliferation

could be seen between HSCT-treated patients and healthy

controls. However, CD4+ T cells from NZB-treated

patients proliferated less than the other groups after poly-

clonal stimulation.

CD4+ T cells stimulated with OKT-3 and IL-2 (Fig. 3)

expressed high levels of CD45RO and CCR7 in all groups

Control HSCT Natalizumab P-value

CD4 55�8 (50�4–66�4) 44�1 (33�3–53�5) 64�5 (49�3–69�2) 0�003
CD45RO 30�3 (21�2–45�0) 49�1 (35�6–65�0) 37�1 (29�3–46�7) 0�06
FoxP3+ 2�93 (2�47–3�75) 3�00 (2�76–3�39) 1�87 (1�60–2�64) 0�006
Helios+ 7�74 (6�07–9�27) 8�84 (7�33–10�7) 5�98 (4�30–7�82) 0�04
pTreg 1�20 (0�90–1�45) 1�33 (1�16–1�91) 1�18 (0�76–1�58) NS

nTreg 1�89 (1�15–2�59) 1�54 (1�22–1�85) 0�84 (0�45–1�13) 0�001
pTreg/nTreg 0�55 (0�42–1�06) 0�74 (0�62–1�57) 1�19 (0�81–2�99) 0�03

HSCT, haematopoietic stem cell transplant; nTreg, natural regulatory T cells; pTreg, peripheral

regulatory T cells.

Medians (interquartile range). CD4+ is a percentage of CD3+ cells. All other numbers are per-

centages of total CD3+ CD4+ cells. pTreg is defined as CD3+ CD4+ Helios– FoxP3+. nTreg is

defined as CD3+ CD4+ Helios+ FoxP3+. P-values are given for the Kruskal–Wallis test.

Table 2. Frequencies of memory T cells and

regulatory T cells
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Figure 1. Interleukin-17 (IL-17) and interferon-c (IFN-c) produc-

tion in a short-term recall assay using myelin oligodendrocyte glyco-

protein (MOG) peptide stimulation. Frequencies of CD4+ T cells

producing IL-17 and IFN-c after MOG peptide stimulation from

(a) healthy controls, (b) haematopoietic stem cell transplant-treated

patients and (c) natalizumab-treated multiple sclerosis patients.
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but activated CD4+ T cells (as evidenced by an increase

in size) from NZB-treated patients stimulated with MOG

peptide and IL-2 expressed more CD45RO than the other

groups. Double-positive CD45RO+ CCR7+ CD4+ T cells

were much more frequent in the NZB-treated group. The

gating strategy and FACS plots from a typical NZB-trea-

ted patient are seen in Supplementary material, Fig. S3.

Stimulated T cells from HSCT patients produce less
IL-17 than controls

In the analysis of supernatants from the long-term recall

stimulation assay, some numerical differences of interest

were observed, but no statistically significant differences

could be demonstrated between the groups (Table 3, and

Supplementary material, Table S2). After MOG stimula-

tion the Th17-related cytokine IL-17 could not be

detected in the HSCT-treated group, whereas it was

detected in three of seven controls and four of seven

NZB-treated patients. Production of the Th1-related cyto-

kine IFN-c was lower in the HSCT-treated group, than in

the other two groups. Production of TGF-b1 was higher

after MOG stimulation in the HSCT-treated group than

in the NZB-treated group; this relation reversed after

OKT-3 stimulation, when mean TGF-b1 production was

27% lower in the HSCT-treated group and 35% higher in

the NZB-treated group (Fig. 4).

Discussion

In this study, some of the aspects of tolerance in the

immune system after HSCT for aggressive MS were

explored. HSCT-treated patients were compared with

healthy controls and NZB-treated patients. An obvious

weakness of this study is that the HSCT-treated patients

were not compared with themselves before and after
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Figure 2. Proliferation of CD4+ T cells in a

long-term recall assay using myelin oligoden-

drocyte glycoprotein (MOG) peptide stimula-

tion and polyclonal stimulation. Proliferation

of CD4+ T cells subjected to a long-term recall

assay measured with CFSE. (a) Cells cultured

with MOG and interleukin-2 and (b) cells cul-

tured with OKT-3 and interleukin-2, i.e. poly-

clonal stimulation. HSCT, haematopoietic stem

cell transplant.
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Figure 3. Frequencies of CD45RO and CCR7

in CD4+ T cells cells in a long-term recall assay

using myelin oligodendrocyte glycoprotein

(MOG) peptide stimulation and polyclonal

stimulation. (a) Ungated white blood cells

from stimulation with MOG and interleukin-2.

The gate on the left contains unactivated T

cells and the gate on the right contains acti-

vated T cells. (b) Polyclonal stimulation with

OKT-3 and interleukin-2, CD4+ T cells from

the ‘activated’ gate. T cells acquire a T central

memory phenotype, indicated by high expres-

sion of CD45RO and CCR7. (c) MOG stimula-

tion of CD4+ T cells, cells from the

‘unactivated’ gate. T cells from all groups have

similar frequencies of T central memory cells.

(d) CD4+ T cells from the ‘activated’ gate. T

cells from natalizumab-treated patients pre-

dominantly are of a T central memory

phenotype. HSCT, haematopoietic stem cell

transplant
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HSCT. Patients had been treated with HSCT on average

for more than 4 years and up to 7 years before this study,

making a comparative approach difficult for practical rea-

sons. At the point of HSCT most of our patients had cat-

aclysmic MS with several severe relapses in the year

before HSCT. Such patients are exceedingly rare, even at

a tertiary centre. With today’s ‘treat early’ paradigm,

untreated patients with active MS are few and far between

and a group of untreated patients with highly active MS

should not be found today.

Natalizumab is a monoclonal antibody binding to inte-

grin a4/bl, preventing extravasation of leucocytes into the

central nervous system.14 It has until recently been

considered a second-line drug, used for patients with

break-through disease on first-line therapy. As it is non-

cytotoxic, it was reported that pro-inflammatory T cells

from NZB-treated patients are sequestered in the periph-

eral circulation13 and that NZB does not stimulate prolif-

eration of T cells in vitro;13,15 as a result we decided to

include NZB-treated patients as a comparative group and

to ensure that our methods of evaluating central nervous

system reactivity was appropriate.

CD45 exists in two complementary isoforms: CD45RA

and CD45RO. CD45RA is a marker of naive cells recently

issued from the thymus, whereas CD45RO is a marker of

memory cells.16 Conflicting data exist regarding the expres-

sion of CD45RO in MS.7,17 In the larger series17 the fre-

quency of CD4+ CD45RO+ T cells was 34�8% in healthy

controls and somewhat higher, c. 45% in MS patients. Our

data from healthy controls and NZB-treated patients

adhere well to the data from this study. The highest expres-

sion of CD45RO was seen in HSCT-treated patients and

most in the two patients who underwent HSCT within

2 years before this study. This seems counterintuitive,

because HSCT has been proposed to reset the immune sys-

tem. However, it is well-known that the CD4+ CD45RA+

subset is profoundly reduced after HSCT and may take up

to 2 years to recover.7,9 The expansion of the CD45RO+

subset of CD4+ T cells has been considered to be the result

of proliferation of surviving T cells in response to homeo-

Table 3. Magnetic bead panel immunoassay of cytokines from supernatants of T cells cultures with myelin oligodendrocyte glycoprotein in long-

term recall assay

Control HSCT Natalizumab

Detected Mean value (pg/ml) Detected Mean value (pg/ml) Detected Mean value (pg/ml)

IFN-c 7/7 17�09 (�29�46) 6/6 5�28(� 2�73) 7/7 9�41 (� 8�90)
IL-1b 7/7 2�12 (� 0�41) 6/6 1�90 (� 0�46) 7/7 2�69 (� 0�94)
IL-6 3/7 6�80 (� 7�48) 3/6 8�64 (� 3�71) 4/7 9�51 (� 7�76)
IL-10 7/7 5�84 (� 3�17) 6/6 3�08 (� 0�71) 7/7 5�15 (1�62)
IL-17 3/7 3�66 (� 0�85) 0/6 n/a 4/7 4�42 (1�75)
TGF-b1 3/7 33443 (� 15977) 6/6 32849 (� 16296) 7/7 20954 (� 7562)

TGF-b2 7/7 468 (� 42�1) 6/6 469 (� 48�9) 7/7 428 (� 53�2)
TGF-b3 7/7 32 (� 8�83) 6/6 32 (� 4�52) 7/7 27 (� 4�63)

HSCT, haematopoietic stem cell transplant; IFN-c, interferon-c; IL-1b, interleukin-1b; n/a, not applicable; TGF-b1, transforming growth factor-

b1.
Means (SD).

Differences are not statistically significant.
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static mechanisms. In a lymphopenic setting, low-affinity

self and microbial flora-derived antigens may induce prolif-

eration of mature cells in the periphery.18

FoxP3 is a transcription factor and a marker of the Treg

cell subset of CD4+ T cells. Conflicting data exist regarding

frequency and function of Treg cells in MS. Others have

reported unchanged frequencies of Treg cells after

1 month of treatment with NZB,19 non-significant increase

after 12 months of treatment with NZB,20 or non-signifi-

cant reduction15 after 1 month of treatment. Helios is a

transcription factor of the Ikaros family, suggested to be a

marker of nTreg cells. The nTreg cells are believed to be

educated in the thymus and are more stable than pTreg

cells, which are induced in the inflammatory response and

probably converted from effector T cells.

In our study HSCT-treated patients and controls had

similar levels of FoxP3+ and Helios+ CD4+ T cells, they also

had similar levels of pTreg and nTreg cells. In contrast,

NZB-treated MS patients had fewer CD4+ FoxP3+ T cells

and fewer CD4+ Helios+ T cells (Table 2). This difference

in Treg cell frequency was the result of a selective decrease

of nTreg cells, because levels of pTreg cells were similar

between all groups. The pTreg cell pool is continuously

replenished with short-lived pTreg cells converted from

effector T cells.11 Hence, the number of pTreg cells would

increase with the number of effector T cells. It is well

known that the absolute number of T cells increases with

NZB treatment. The nTreg cells are not dependent on the

T-cell pool in the same way as pTreg cells and the lower fre-

quencies in nTreg cells observed in the NZB-treated group

could represent the original population of nTreg cells. Fur-

ther studies on Helios in MS may elucidate on this.

In the short-term recall assay to detect MOG-reactive

CD4 T cells, the frequency of Th17 cells was similar in the

HSCT-treated group and healthy controls (Fig. 1). In the

NZB-treated group the frequency was higher, but this phe-

nomenon was not a result of MOG reactivity, but rather

reflected an elevated baseline. A similar trend was noted

for IFN-c. Interleukin-17 is a well-known marker for Th17

cells, which have been associated with disease activity in

MS as well as in experimental autoimmune encephalomy-

elitis.21 Interferon-c is produced by Th1 cells, which have

also been associated with disease activity in MS.22 When

combining the analyses of these two CD4+ T-cell popula-

tions, signs of immunological disease activity were demon-

strated in 10 out of 15 NZB-treated patients, whereas no

Th1 or Th17 activation could be seen in the HSCT-treated

group or controls. This lends support to the supposition

that HSCT causes a removal of autoreactive T-cell clones.

As the T cells did not seem to respond to MOG antigen

in the short-term recall assay, cells were stimulated in a tra-

ditional 1-week recall assay. In this assay, a polyclonal stim-

ulation with OKT-3 was added as well. T cells from all

groups proliferated poorly when stimulated with MOG and

IL-2. Polyclonally stimulated T cells from HSCT patients

and controls proliferated vigorously, but CD4+ T cells from

MS patients treated with NZB proliferated less (Fig. 2b), in

concordance with earlier studies on MS patients.23

As no effect of MOG on proliferation could be demon-

strated, activated T cells were examined. Such T cells

from HSCT-treated patients and controls expressed rela-

tively low levels of CD45RO and CCR7 (Fig. 3d), most

likely representing unspecific activation by IL-2. Activated

T cells from the NZB-treated group expressed high levels

of CD45RO and CCR7, suggesting activation of a T cen-

tral memory phenotype.24 This implies that MOG was

recognized by a group of T cells in the NZB-treated

group, even though we failed to demonstrate a MOG-spe-

cific proliferation. Myelin reactivity in CD4+ memory T

cells has been described in humans with MS.25 Again, our

observation lends support to the supposition that HSCT

causes a removal of autoreactive T-cell clones, whereas

they persist during NZB treatment.

Haematopoietic stem cell transplantation does not seem

to impede T-cell activation in general. We saw no differ-

ence between T cells from HSCT-treated patients and

healthy controls in the ability to proliferate and produce

IFN-c after polyclonal stimulation (Table S1). When stim-

ulated with MOG and IL-2, however, T cells from HSCT-

treated patients produced less IFN-c than T cells from both

healthy controls and NZB-treated patients. This is consis-

tent with data from a recent study by Darlington et al.,8 in

which patients were treated with a high-intensity protocol,

the frequency of CD4+ T cells producing IFN-c in response

to myelin basic protein, proteolipid protein and MOG was

markedly diminished 12 months after HSCT. Similar to

Darlington et al.,8 we noticed that CD4+ T cells produced

less IL-17 after polyclonal stimulation. Production of IL-17

was overall very low in the MOG stimulation, and we

failed to detect IL-17 production in about half of the con-

trols and natalizumab-treated patients. In HSCT-treated

patients we could not detect it at all, again suggesting that

reduction in IL-17 production may be important for the

therapeutic effect of HSCT.

In addition, T cells from HSCT-treated patients and

healthy controls produced similar levels of TGF-b1,
whereas T cells from NZB-treated patients produced

about 50% less (Fig. 4). When stimulated polyclonally, T

cells from HSCT-treated patients produced less than dur-

ing peptide stimulation, healthy controls produced similar

levels, and NZB-treated patients produced more TGF-b1.
Even if these differences were non-significant, taken

together it seems reasonable to suggest that Treg cells

from HSCT-treated patients recognize MOG, produce

TGF-b1 and inhibit the Th17 response seen in MS. This

idea deserves to be further explored.

Haematopoietic stem cell transplantation and NZB are

both viable treatment options for aggressive MS. In our

patients both had a strong effect on the annualized relapse

rate and most patients were clinically stable. In patients
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treated with HSCT, we could not demonstrate any of the

pathological changes commonly associated with MS, such

as increased frequencies of Th17 cells. MOG is abundantly

found in oligodendrocytes, thought to be the prime target

of the autoimmune attack in MS. We have demonstrated

that T cells from HSCT-treated patients exhibit signs of

tolerance in the presence of MOG in contrast to T central

memory cells from NZB-treated patients that were acti-

vated by MOG. Far from being proof that HSCT might

entail a cure for MS, these results offer support to this idea.

NZB on the other hand seems to do nothing to alter the

way the immune system works, as exemplified by the clini-

cal rebound activity seen after cessation of NZB therapy,

which in some cases can be severe.26 Although the issue of

progressive multifocal leucoencephalopathy and the risks

associated with NZB treatment are now well recognized, it

remains to be seen if HSCT can be performed in a way that

is safe, and at least one phase III study is underway to

address this question (ClinicalTrials no. NCT00273364).
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Short-term recall assay using myelin oligo-

dendrocyte glycoprotein peptide stimulation.

Figure S2. Gating strategy and example of FACS plots

from a typical haematopoietic stem cell transplant-treated

patient.

Figure S3. Gating strategy and example of FACS plots

from a typical natalizumab-treated patient.
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Appendix S1. Myelin oligodendrocyte glycoprotein

protein sequence.

Appendix S2. Antibodies used.

Table S1. Information on individual haematopoietic

stem cell transplant-treated patients.

Table S2. Magnetic bead panel immunoassay of cyto-

kines from supernatants of T cells cultures with OKT-3

in long-term recall assay.
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