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Summary

 

We have reported previously that naive T cells from relapsing-remitting mul-
tiple sclerosis (RRMS) patients have T cell receptor (TCR) repertoire shifts,
but the basis of these TCR repertoire shifts was uncertain. Here, we ques-
tioned whether RRMS patients have altered naive CD4 and CD8 T cell homeo-
stasis by studying homeostatic proliferation and thymic production in RRMS
patients and healthy controls. We measured thymic production by quantify-
ing signal joint T cell receptor excision circles (sjTRECs). Both naive T subsets
from controls showed an age-associated decrease in sjTRECs, i.e. evidence of
progressive thymic involution, but we detected no age-associated decrease in
sjTRECs in RRMS patients. Instead, naive CD8 T cells from patients had lower
sjTRECs (

 

P

 

 ====

 

 0·012) and higher Ki-67 proliferation levels (

 

P

 

 ====

 

 0·04) than con-
trols. Naive CD4 T cell sjTRECs did not differ between patients and controls.
However, in RRMS these sjTRECs correlated strongly with CD31, a marker
expressed by newly generated CD4 T cells but not by naive CD4 T cells that
have undergone homeostatic proliferation. HLA-DR2 positivity correlated
negatively with naive CD4 T cell CD31 expression in RRMS (

 

P

 

 ====

 

 0·002). We
conclude in RRMS that naive T subsets have homeostatic abnormalities due
probably to peripheral (non-thymic) mechanisms. These abnormalities could
have relevance for MS pathogenesis, as naive T cell changes may precede MS
onset.
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Introduction

 

Multiple sclerosis (MS) is a complex and possibly heteroge-
neous disorder of the central nervous system (CNS) of
uncertain aetiology [1]. An anti-myelin autoimmune
response occurs in MS patients and in the animal models of
MS. CD4 T cells have a central role in initiating this autore-
activity [2,3]. In the T cell response in MS, the CD4 T cell
receptors (TCRs) are oligoclonal and restricted in some MS
patients but diverse between patients [4]. In an earlier study,
we reported that identical twins discordant for MS have a
shift in the overall diversity of their naive CD4 TCR J beta
segments, i.e. of their TRBJ repertoires [5]. In a more recent
study of discordant MS twins, we observed that both the MS
patients and their apparently healthy identical co-twins have
a shift in their naive CD4 T cell repertoires affecting the most
diverse portions of the TCR, i.e. the CDR3 regions [6].

Because the thymus is probably the only source of naive
human CD4 T cells [7], one possible conclusion is that the
TCR repertoire shifts occurred during TCR repertoire for-
mation in the thymus in these twins before the onset of MS.

Abnormal T cell generation by the thymus could have rel-
evance for development of MS. Consequently, we studied
thymic T cell production further by quantifying signal joint
T cell receptor excision circles (sjTRECs) in naive CD4 and
CD8 T subsets isolated from patients with relapsing-
remitting MS (RRMS) and from age-matched healthy con-
trols; we included naive CD8 T cells in the study in view of
the  probable  role  of  CD8  T  cells  in  CNS  damage  in  MS
[8–10]. The sjTRECs are generated in double-positive
(CD4

 

+

 

CD8

 

+

 

) thymocytes by excision of the TCR delta locus
from the TCR alpha locus during TCR gene rearrangements.
These sjTRECs persist as circular, extrachromosomal, intra-
cytoplasmic fragments in newly generated naive CD4 and
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CD8 T cells, i.e. in recent thymic emigrants (RTEs). There-
fore, some researchers use sjTREC content as an estimate of
the number of RTEs [7,11–17]. However, sjTREC levels are
not simply a measure of RTEs. For example, the progressive,
age-associated decrease in T cell generation by the thymus in
healthy individuals is accompanied by homeostatic naive T
cell proliferation to maintain the size of the naive T cell com-
partment or niche. The sjTRECs do not replicate during
mitosis. Consequently, homeostatic proliferation dilutes
sjTREC content, and the extent of homeostatic proliferation
influences sjTREC levels. Similarly, antigen-induced prolif-
eration and entry of naive T cells into the memory T cell
compartment reduce T cell sjTREC levels [7,14–21].

Naive T cells and memory T cells occupy different niches
that are regulated independently [18,19]. For example,
naive CD4 and CD8 T cell numbers remain relatively con-
stant throughout life, whereas the number of memory CD4
and CD8 T cells varies with age [22] and the number of
memory CD8 T cells can vary dramatically during some
antiviral immune responses [20]. Because of these impor-
tant differences between naive and memory T cells we
decided, unlike others [21], that it is inappropriate to mea-
sure sjTRECs in the collective memory and naive T cell
populations in order to make inferences about naive T cell
subsets in RRMS. Because naive T cells have not been anti-
gen-stimulated [23], we reasoned further that analysis of
naive T cell sjTREC levels might elucidate changes that pre-
cede the onset of MS and possibly predispose to MS. Fur-
thermore, as there is ample evidence that sjTRECs occur
almost entirely in naive T cells and the sjTREC content of
the memory T subsets is low [7,11–17], we measured
sjTREC levels exclusively in naive CD4 and CD8 T cells. We
also included measures of naive T cell homeostatic prolifer-
ation. Our overall objective was to determine whether
RRMS patients have a significant alteration in naive T cell
homeostasis due to either altered T cell generation by the
thymus and/or to peripheral mechanisms such as increased
homeostatic T cell proliferation.

Kong 

 

et al

 

. [24] reported that treatment with glucocorti-
coids leads to impaired thymic output of naive T cells in
chickens. Thus, after a 5–7-week treatment regimen, DNA
deletion circle levels fell to as low as 10% of values quanti-
fied in healthy controls [24]. With 3 weeks of glucocorticoid
treatment, DNA deletion circles declined by 50–60% [24].
This decline in thymic output seemed to be reversible and
DNA deletion circles returned to normal levels within a
month after discontinuation of the treatment [24].
Although these DNA deletion circles are comparable to
sjTRECs in humans, we questioned whether treatment with
glucocorticoids or other immunomodulatory agents has
long-term effects on sjTREC levels in human T cells. For
this reason, our exclusion criterion for patients in this study
was treatment with corticosteroids and/or immunomodula-
tory agents at any time during the natural history of their
disease.

 

Materials and methods

 

Patients and controls

 

We recruited 42 RRMS patients (median age 

 

=

 

 39 years)
from the MS clinics at the Montreal Neurological Hospital
over a 9-month period

 

.

 

 None of the patients had been
treated with either corticosteroids or immunomodulatory
agents. All patients had clinically definite MS by the accepted
criteria of McDonald 

 

et al

 

. [25] and all patients were in clin-
ical remission at the time that blood samples were drawn.
Disease duration for patients varied between 1 and 30 years
with a median disease duration of 11·2 years ( Fig. 1). RRMS
patients, treated with corticosteroids or immunomodulatory
agents during the natural history of their disease, were
excluded from the study. Negative treatment history was
confirmed by chart review and patient interview. We
recruited an independent set of 48 healthy controls (median
age 

 

=

 

 40 years) who had no history of autoimmune disease.
We studied a greater number of individuals for naive CD4 T
cell sjTRECs than for naive CD8 T cell sjTRECs, as we devel-
oped the method for naive CD4 T cell isolation before the
method for naive CD8 T cell isolation. This study received
ethical approval from the Institutional Review Board of the
Faculty of Medicine at McGill University in accordance with
the published guidelines of the Tri-Council Policy Statement
(Canada).

 

Isolation of peripheral blood mononuclear cells 
(PBMCs) and naive T cell subsets

 

PBMCs were isolated from 60 ml of ethylenediamine tet-
raacetic acid (EDTA)-treated blood by density-gradient
centrifugation using the under-laying method with Ficoll-
Paque

 

™

 

 PLUS (Amersham Biosciences, Uppsala, Sweden).
We separated PBMC into CD4 and CD8 T cell populations
using magnetic anti-CD4 and anti-CD8 microbeads

 

Fig. 1.

 

Naive T cell subset signal joint T cell receptor excision circles 

(sjTREC) levels in relapsing-remitting multiple sclerosis (RRMS) 

patients based on disease duration. There is no relationship between 

sjTREC levels and disease duration for either naive T cell subset in 

RRMS.
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(Miltenyi Biotech, Foster City, CA, USA) according to the
manufacturer’s instructions for MACS technology. All cells
were treated with a release reagent (Miltenyi Biotech) to
remove magnetic beads. Isolation of naive CD4

 

+

 

CD45RA

 

+

 

and naive CD8

 

+

 

CD45RA

 

+

 

 T cells was then achieved by neg-
ative selection using magnetic anti-CD45RO microbeads
(Miltenyi Biotech).

 

Immunophenotypic analysis by flow cytometry

 

For immunophenotypic analysis, the naive CD4 and CD8 T
cells were single- and/or double-stained with fluorescent-
conjugated monoclonal antibodies (mAbs) specific for cell
surface markers and analysed by flow cytometry using a
FACSCalibur

 

™

 

 (Becton Dickinson, San Diego, CA, USA)
with Cellquest

 

®

 

 software. Fluorescein isothiocyanate (FITC)
labelled anti-CD4, anti-CD8, anti-CD45RO, anti-CD27
antibodies and phycoerythrin (PE)-labelled anti-CD45RA
and anti-CD31 antibodies were purchased from BD PharM-
ingen (San Diego, CA, USA). Single stains were performed
using each of these antibodies and double stains were
performed  using  FITC-labelled  anti-CD4/PE-labelled
anti-CD45RA, FITC-labelled anti-CD8/PE-labelled anti-
CD45RA and FITC-labelled anti-CD27/PE-labelled anti-
CD45RA.

Naive T cell expression of the Ki-67 proliferation antigen
was determined by flow cytometry after nuclear staining
with an anti-Ki-67 antibody (BD PharMingen) as described
by Hazenberg 

 

et al

 

. [12].

 

Quantification of sjTRECs by real-time polymerase 
chain reaction (PCR)

 

DNA was extracted from purified naive CD4 and CD8 T cells
using the DNA Isolation Kit (Gentra, Minneapolis, MN,
USA), according to the manufacturer’s instructions. A
genomic DNA sample from thymus tissue was prepared by
homogenization. The sjTREC external standard was gener-
ated by PCR amplification followed by cloning of a 376 base
pairs (bp) fragment into a plasmid, pCR

 

®

 

2·1-TOPO

 

®

 

 (Invit-
rogen, Carlsbad, CA, USA). TOP 10 

 

Escherichia coli

 

 contain-
ing the plasmid was grown in Luria–Bertani broth and the
plasmid isolated by MidiPrep

 

®

 

 (Qiagen, Mississauga, ON,
Canada), according to the manufacturer’s instructions. The
absolute number of molecules of sjTREC external standard
per 1 

 

μ

 

g of plasmid DNA was calculated and then used to
prepare stock dilutions of 10

 

9

 

, 10

 

8

 

, 10

 

7

 

, 10

 

6

 

, 10

 

5

 

, 10

 

4

 

, 10

 

3

 

 and
10

 

2

 

 molecules of sjTREC per 5 

 

μ

 

l (stored at 

 

−

 

80

 

°

 

C). For real-
time PCR analysis of sjTRECs, we used the forward and
reverse primers, and a sjTREC probe labelled at the 5

 

′

 

-end
with FAM

 

™

 

 and the 3

 

′

 

-end with TAMRA

 

™

 

 described by Piro-
vano and Mazzolari [22]. One vial of each dilution was
thawed immediately before use and run in triplicate to gen-
erate an external standard curve for each real-time PCR run.
All acceptable runs had curve fits 

 

R

 

2

 

 

 

=

 

 0·99.

As an internal control, to normalize for input DNA we
used exon 12 of the albumin gene, which has two genomic
copies per cell [26] and no pseudogenes [27]. We PCR-
amplified and cloned a 72 bp albumin gene fragment into
pCR

 

®

 

2·1-TOPO

 

®

 

 (Invitrogen). TOP 10 

 

Escherichia coli

 

 con-
taining the plasmid was then grown in Luria–Bertani broth
and the plasmid was isolated by MidiPrep

 

®

 

 (Qiagen),
according to the manufacturer’s instructions. The absolute
number of molecules of the albumin internal standard per
1 

 

μ

 

g of plasmid DNA was calculated and then used to pre-
pare dilutions of 10

 

9

 

, 10

 

8

 

, 10

 

7

 

, 10

 

6

 

, 10

 

5

 

, 10

 

4

 

, 10

 

3

 

 and 10

 

2

 

molecules of albumin per 5 

 

μ

 

l (stored at 

 

−

 

80

 

°

 

C). For real-
time PCR analysis of the albumin control we used the
forward and reverse primers, and a probe labelled at the 5

 

′

 

-
end with FAM

 

™

 

 and the 3

 

′

 

-end with TAMRA

 

™

 

, as described
by Aarskog and Vedeler [26]. One vial of each dilution was
thawed immediately before use and run in triplicate to gen-
erate an internal standard curve for each real-time PCR
run. All acceptable runs had curve fits 

 

R

 

2

 

 

 

=

 

 0·99. In addi-
tion, in every experiment, a non-template control which
contained all reagents but lacked plasmid or DNA was
included for both primer/probe combinations and run in
triplicate. To detect sjTRECs a real-time PCR 

 

Taq

 

Man

 

®

 

method was used. Each PCR reaction was performed in
50 

 

μ

 

l containing 500 ng DNA, 1·0 

 

×

 

 buffer A (containing a
passive reference dye) (Applied Biosystems, Foster City, CA,
USA), 5

 

·

 

0 m

 

M

 

 MgCl

 

2

 

, 200 

 

μ

 

M

 

 dATP, dGTP, dCTP, 400 

 

μ

 

M

 

dUTP, 900 n

 

M

 

 forward and reverse primer, 200 n

 

M

 

 probe,
0·5 U AmpErase (Applied Biosystems) and 0·25 U Ampli-

 

Taq

 

 Gold (Applied Biosystems). Real-time PCR was per-
formed as a single-plex reaction using the ABI Prism

 

®

 

 7000
(Applied Biosystems) under the following conditions: 50

 

°

 

C
for 2 min followed by 95

 

°

 

C for 10 min, after which 50
cycles of amplification were carried out (95

 

°

 

C for 15 s,
60

 

°

 

C for 1 minute).

 

HLA-DR2 (HLA-DRB5*0101) typing

 

We used PCR sequence-specific oligonucleotide typing to
identify patients and controls positive or negative for DR2
(DRB5*0101). Briefly, we amplified DRB genes by PCR as
described previously [28], dot-blotted the PCR-amplified
material onto Hybond

 

™

 

-N membranes (Amersham Bio-
sciences, Baie d’Urfe, QC, Canada) and then used a
DRB5*0101 probe labelled with a DIG

 

1

 

 oligonucleotide tail-
ing kit, second generation (Roche Applied Science, Laval,
QC, Canada). Prehybridization and hybridization were per-
formed with the DIG Easy Hyb Solution (Roche) and post-
hybridization washes were performed according to the
manufacturer’s instructions. Colour detection utilized the
DIG nucleic acid detection kit and the DIG wash and block
buffer set (Roche) according to the manufacturer’s instruc-
tions. DR2 (DRB5*0101)-positive and negative controls
were included on every membrane, and these controls always
gave clear positive and negative results.
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Statistical analysis

 

Statistical analyses were performed using correlation analy-
sis, the Wilcoxon/Mann–Whitney 

 

U

 

-test for independent
groups from non-normal populations, and regression anal-
ysis. All statistical analyses were performed using SPSS

 

®

 

 12·0
for Windows. A value of 

 

P

 

 

 

<

 

 0·05 was considered to be
significant.

 

Results

 

Phenotypic studies and verification of naive phenotype

 

In all lymphocyte preparations more than 95% of isolated
naive CD4 T cells were CD4

 

+

 

 and more than 95% of the iso-
lated naive CD8 T cells were CD8

 

+

 

. Co-expression experi-
ments, for each lymphocyte preparation, showed that more
than 95% of CD4 and CD8 T cells co-expressed the naive T
cell marker CD45RA [29] and also co-expressed CD27,
which we used as an additional naive T cell marker [12]. In
addition, cases were stained with CD45RO, a surface marker
for memory T cells, in order to discriminate further naive

 

versus

 

 memory cells as well as to verify that the isolated naive
CD4 T cells and naive CD8 T cells were of high purity. In the
majority of cases, less than 6% of gated lymphocytes were
CD45RO+.

Reproducibility of sjTREC measurements

We confirmed that sjTREC quantification is reproducible by
analysing in triplicate, in two separate experiments, the
sjTREC levels in the DNA from a randomly selected sample
(case 56) using real-time PCR. In experiment 1, the mean
result was 4769·87 sjTRECs per 106 naive CD4 T cells and in
experiment 2 (performed over a month later) the mean
result was 4726·29 sjTRECs per 106 naive CD4 T cells.
Because these results differ by less than 1%, we conclude that
sjTREC quantification is reproducible. Similarly, in a second
representative sample, we confirmed that sjTREC quantifi-
cation is reproducible at the lower limits of detection; the
triplicate analyses of a patient sample with mean sjTRECs of
1379·69 per 106 naive T cells had a standard deviation of
0·132 cycle threshold (Ct).

Naive CD4 T cell sjTREC analyses in RRMS patients 
versus healthy controls

Considerable variation exists in the number of sjTRECs/106

naive CD4 T cells among healthy controls (mean 15 834·60,
median 13 341·13, range 52·06–43 264·59) and the RRMS
patients (mean 11 560·64, median 8782·32, range 0–
39 672·71). As expected from previous reports [11,17], naive
CD4 T cell sjTREC levels decrease with increasing age in
healthy controls (Fig. 2). Simple linear regression analysis
confirms a significant inverse linear relationship between age

and naive CD4 T cell sjTREC levels in the group of healthy
controls (r = –0·56; P = 0·005). In contrast, naive CD4 T cell
sjTREC levels do not decline significantly with increasing age
in the RRMS patients (r = –0·44; P = 0·154). Furthermore,
RRMS patients and controls do not have significant differ-
ences in their naive CD4 T cell sjTREC levels (P = 0·1061)
(Wilcoxon/Mann–Whitney U-test).

We considered the possibility that disease duration influ-
ences naive CD4 T cell sjTREC levels in RRMS patients, but
there is no linear relationship between disease duration and
sjTREC levels (r = 0·184; P > 0·1) (Fig. 1).

Ki-67 and CD31 expression on naive CD4 T cells: 
comparisons of MS patients and controls

In view of an apparently conflicting report that RRMS
patients have significantly lower total CD4 T cell sjTREC
levels than do healthy controls [21], we questioned whether
RRMS patients might have alterations in measures of naive
CD4 T cell homeostasis other than sjTREC levels. We used
two approaches to study naive CD4 T cell homeostatic pro-
liferation. First, we used a nuclear stain for the nuclear pro-
liferation antigen Ki-67; proliferation data obtained with
this method are comparable to data obtained by in vivo
labelling of dividing cells with radiolabelled glucose [12].
Naive CD4 T cells show no statistically significant differ-
ences in mean Ki-67 levels between the MS patients (mean
0·20%, range 0·01–0·27) and the unrelated healthy controls
(mean 0·23%, range 0·04–0·93). As Ki-67 provides only a
‘snapshot’ of cell proliferation at the time of cell isolation
[12], we also analysed CD31 percentage expression in
RRMS patients (mean 59·34%, range 16·28–84·77) and con-
trols (mean 64·93%, range 34·14–80·89) (Fig. 3a). CD31 is a
differentiation antigen, which is expressed on CD4 T cells
that are newly generated by the thymus, i.e. RTEs. These
CD31-positive naive CD4 T cells have high sjTREC content.
CD31 is no longer expressed on naive CD4 T cells that have

Fig. 2. Naive CD4 T cell signal joint T cell receptor excision circles 

(sjTREC) levels in healthy controls and relapsing-remitting multiple 

sclerosis (RRMS) patients based on age. sjTREC levels decrease signifi-

cantly with increasing age in healthy controls.
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undergone homeostatic proliferation [30], and these cells
have low sjTREC content. Thus, the percentage of expres-
sion of CD31 provides a sensitive measure of the prolifera-
tion history of cells within the naive CD4 T cell niche [30].
RRMS patients have significantly lower naive CD4 T cell
CD31 counts than do healthy controls (P = 0·03) (Wil-
coxon/Mann–Whitney U-test). As expected [30], correla-
tion analysis indicates that healthy controls (r = 0·391;
P = 0·027) have a positive linear relationship between
sjTRECs and CD31 counts in naive CD4 T cells. Similarly,
there is a positive linear relationship between sjTRECs and
CD31 counts in naive CD4 T cells from RRMS patients
(r = 0·543; P < 0·001), but this linear relationship is stronger
in RRMS patients than in controls. This observation led us
to question whether there are subtle differences in the pro-
liferation history of naive CD4 T cells from RRMS patients
versus controls (see below).

RRMS patients and healthy controls differ in factors 
influencing naive CD4 T cell sjTREC content

The strong correlation between naive CD4 T cell CD31
counts and sjTRECs in RRMS suggested that peripheral,
non-thymic factors could have a major influence on sjTREC
levels in RRMS, particularly as we found no evidence for a
significant thymic influence on sjTREC levels in RRMS (see
above). We performed multiple linear regression analyses to
study further the relationship between naive CD4 T cell
sjTREC levels and age and percentage of expression of
CD31. The linear relationship between the response vari-
able, i.e. sjTRECs, and the explanatory variables, i.e. both
age and percentage of expression of CD31, is significant in
both the MS patients (F = 8·712; P < 0·001) and in the
healthy controls (F = 8·834; P < 0·001). However, using coef-
ficient analysis we observe that age (t = −3·247; P = 0·003),
but not CD31 (t = 1·078; P = 0·29), is the significant explan-
atory variable in healthy controls, whereas it is CD31
(t = 2·73; P = 0·01) but not age (t = −0·459; P = 0·649),
which is the significant explanatory variable in MS patients.
Thus, we confirm that the main influence on the naive T cell
niche in healthy controls is thymic production [19,20,
30,31], which declines exponentially with age [17,31]. In
contrast, the linear regression analysis confirms that there is
not a significant age-associated decline in thymic produc-
tion of naive CD4 T cells in RRMS patients (P = 0·154).
Instead, the linear regression data, together with the signifi-
cant differences in patient and control CD31 levels, suggest
that the naive CD4 T cell niche is altered in RRMS due to
non-thymic factors influencing homeostatic turnover of
naive CD4 T cells.

HLA-DR2 (DRB5*0101), sjTREC levels and CD31 
counts

Many studies show an increased frequency of the common
Caucasian HLA-DR2 (DRB5*0101) haplotype in MS
patients compared with healthy controls [28]. Because thy-
mic selection of CD4 T cells is influenced by HLA class II
gene expression, and peripheral naive CD4 T cell survival
requires MHC class II recognition [15,16], we investigated
the possibility that HLA-DR2 positivity influences naive
CD4 T cell sjTREC levels or CD31 counts. Eleven of 48
controls (23%) and 18 of 42 RRMS patients (43%) were
DR2+ (Fig. 4). The DR2-positivity did not correlate with
naive CD4 T cell sjTREC levels either in controls or in
RRMS patients (data not shown). In contrast, correlation
analysis shows a negative linear relationship between DR2-
positivity and naive CD4 T cell CD31 counts in RRMS
patients (r = –0·598; P = 0·002) but not in controls
(r = 0·208; P = 0·298). The mean CD31 percentage of
expression in naive CD4 T cells was significantly lower
(P < 0·001) in DR2+ RRMS patients (54·4%) than in DR2–

RRMS patients (65·3%). As DR2-positivity predicts low

Fig. 3. (a) Naive CD4 T cell signal joint T cell receptor excision circles 

(sjTREC) levels and CD31 percentage of expression in relapsing-remit-

ting multiple sclerosis (RRMS) patients compared to healthy controls. 

There is a positive linear relationship between sjTREC levels and CD31 

counts. (b) Naive CD4 T cell CD31 percentage of expression based on 

age in RRMS patients compared to healthy controls. RRMS patients 

have significantly lower CD31 percentage of expression than healthy 

controls.
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naive CD4 T cell CD31 percentage of expression but does
not predict sjTREC levels in RRMS, these findings support
further the view that peripheral processes alter naive CD4 T
cell homeostasis in RRMS.

Naive CD8 T cell sjTREC levels in healthy controls and 
in RRMS patients

Considerable variation exists in the number of sjTRECs/
106 naive CD8 T cells among healthy controls (mean
15 942·16, median 13 614·13, range 3181·61–42 341·24)
and among the RRMS patients (mean 8120·52, median
6131·18, range 0–28 552·20). As expected from previous
reports [14,20], sjTREC levels appear to decrease with
increasing age in healthy controls (Fig. 5). Moreover, corre-
lation analysis indicates that healthy controls have a signifi-
cant inverse linear relationship between age and naive CD8
T cell sjTREC levels (r = –0·457; P = 0·025). In contrast,
but similar to our findings on sjTRECs in naive CD4 T
cells in RRMS, the naive CD8 T cell sjTREC levels do not
decline significantly with increasing age in the RRMS
patients (r = –0·181; P = 0·421). Furthermore, the RRMS
patients have significantly lower naive CD8 T cell sjTREC
levels than do healthy controls (P = 0·012) (Wilcoxon/
Mann–Whitney U-test).

We considered the possibility that disease duration influ-
ences naive CD8 T cell sjTREC levels but find no significant
linear relationship between disease duration and sjTREC lev-
els (r = 0·038; P >0·1) (Fig. 1).

Ki-67 expression on naive CD8 T cells: comparisons of 
MS patients and controls

We questioned whether naive CD8 T cells in RRMS patients
have evidence of increased proliferation compared with con-
trols. The Ki-67 counts of naive CD8 T cells are significantly
higher in RRMS patients (mean 0·34%, range 0·14–0·58)
than in healthy controls (mean 0·18%, range 0·01–0·95)
(P = 0·04). We did not measure percentage of expression of
CD31 on naive CD8 T cells, as we do not know of literature
suggesting that this marker is lost from naive CD8 T cells that
have undergone homeostatic proliferation.

HLA-DR2 (DRB5*0101) and sjTREC levels in naive 
CD8 T cells

HLA-DR2 positivity showed a trend towards a positive cor-
relation with sjTREC levels in naive CD8 T cells from RRMS
patients (r = 0·382; P = 0·079).

Discussion

Our study identifies novel alterations in homeostasis of the
two naive T cell subsets in RRMS patients. First, the
untreated patients have a number of significant alterations in
their naive CD8 T cells. Thus, the levels of sjTRECs in iso-
lated naive CD8 (CD45RA+) T cells are significantly lower in
RRMS than in healthy controls. sjTREC levels are a well-
accepted, surrogate measure of thymic production [7,11–
17,30]. These levels are also influenced by homeostatic naive
T cell proliferation [30] and by antigen-induced prolifera-
tion with entry of naive T cells into the memory T cell com-
partment [11–17,30]. Thus, an important issue is the basis of
the low naive CD8 T cell sjTREC levels in RRMS. We think it
unlikely that the reduced sjTREC levels in this subset are due
to antigen-induced triggering of naive T cells, as the number
of autoreactive T cells in the MS autoimmune response

Fig. 4. Naive CD4 T cell CD31 percentage of expression based on HLA-

DR2 positivity in relapsing-remitting multiple sclerosis (RRMS) 

patients. The mean CD31 percentage of expression on naive CD4 T cells 

is significantly lower in DR2+ patients than in DR2– patients.
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represent only a minor component of the peripheral naive T
cell repertoire [32]. Our finding of a progressive and signif-
icant decrease in naive CD8 T cell sjTREC levels in healthy
controls with increasing age confirms that thymic produc-
tion is the main influence on the naive T cell niche in healthy
controls [18,19,33,34]. In contrast, the low levels of sjTRECs
in naive CD8 T cells from RRMS patients, independent of
age (P = 0·421), suggest that the normal age-associated and
progressive decrease in thymic production that we detected
(P = 0·025) does not occur to any significant extent in
RRMS. One possible explanation is that some process or
event early in life, i.e. before the onset of MS, induces pre-
mature thymic involution and that the involuted thymus
produces a fairly constant level of naive CD8 T cells irrespec-
tive of increasing age. An alternative possibility, which we
favour, is that some peripheral (non-thymic) process or
event in RRMS induces either sudden or sustained loss of
naive CD8 T cells at an age when the thymus has limited abil-
ity to compensate for T cell lymphopenia, i.e. after puberty
[35]. Homeostasis of the naive T cell niche involves a balance
between thymic production, delivery of death and survival
signals and homeostatic proliferation [15]. The significantly
increased expression of the nuclear proliferation antigen Ki-
67 by naive CD8 T cells in RRMS indicates that these T cells
have increased homeostatic proliferation, presumably in
order to maintain the size of the naive CD8 T cell niche. We
cannot exclude altered thymic production completely as an
explanation for the low naive CD8 T cell sjTREC levels.
However, our identification of increased naive CD8 T cell
proliferation by Ki-67 staining is more in keeping with some
ongoing peripheral process, e.g. reduced delivery of survival
signals, which decreases naive CD8 T cell viability and leads
to increased homeostatic proliferation in patients with estab-
lished RRMS. One implication of this increased proliferative
activity is that the overall naive CD8 T cell diversity must be
reduced in RRMS, analogous to what is described in patients
with rheumatoid arthritis [36], who also show reduced
sjTREC levels [36]. This reduced diversity could have rele-
vance for MS pathogenesis by affecting the ability of RRMS
patients to mount an effective CD8 T cell response to various
pathogens.

Hug et al. [21] reported reduced sjTREC levels in CD8 T
cells from RRMS patients but concluded, unlike ourselves,
that this reduction is due to impaired thymic export of T
cells and not to peripheral mechanisms. We think the differ-
ent conclusions stem from important methodological differ-
ences between the two laboratories. Whereas Hug et al. [21]
measured sjTRECs in total CD8 T cells, which include naive
T cells plus memory and effector T cells, we focused only on
naive CD8 T cells. Memory T cells contain few sjTRECs, as
these cells have undergone typically several cycles of cell divi-
sion [37]. sjTRECs do not replicate and are diluted-out dur-
ing cell division [7,11–17]. Memory T cell numbers increase
with age [38]. Furthermore, although we know of no data on
the numbers of memory CD8 T cells in RRMS patients versus

controls, the size of the memory T cell compartment could
vary according to the magnitude of the chronic immune
response in MS. Consequently the findings of Hug et al. [21]
could be due, in part, to both age-associated and disease-
associated differences in memory T cell numbers between
RRMS patients and controls. In contrast, our study of naive
T cell subsets excludes the possible effects of chronic
immune stimulation that occurs in MS [2]. Consistent with
that opinion, we find no evidence that the duration of RRMS
affects sjTREC levels in either naive T subset (Fig. 1). Impor-
tantly, Hug et al. [21] also found no differences in CD8 T cell
proliferation between RRMS patients and controls using a
telomere assay. We question whether these investigators
would have detected homeostatic proliferation of naive CD8
T cells in RRMS, as this proliferation would be masked by the
normally occurring and significant proliferation history of
memory CD8 T cells within the total CD8 T cell populations
from patients and controls.

As reported by others [7,12–17], we find that naive CD4 T
cell sjTRECs decrease significantly in healthy controls with
increasing age (P = 0·005). Although Fig. 2 suggests that
there may be a minor decline in naive CD4 T cell sjTRECs
with increasing age in RRMS, we detected no age-associated
decrease in sjTRECs in RRMS (P = 0·154). Al-Harthi et al.
[39] detected a significant negative correlation between age
and sjTRECs in a study of 22 healthy controls. In other
words, our number (n = 42) should have been sufficient to
detect a significant negative correlation in RRMS, assuming
that this correlation is similar in any way to what occurs in
healthy individuals. In contrast to Hug et al. [21], we find no
significant differences in naive CD4 T cell sjTREC levels
between RRMS patients and controls. Our CD4 T cell find-
ings in RRMS reflect our focus on naive T cells which are the
only CD4 T cells that have significant sjTREC levels, whereas
Hug et al. [21] analysed total CD4 T cells, which include
memory and naive CD4 T cells. Our data point instead
towards subtle alterations of naive CD4 T cell homeostasis in
RRMS. Thus, the linear regression analysis indicates that the
percentage of expression of CD31 but not age predicts naive
CD4 T cells sjTREC levels in RRMS. CD31 is a differentia-
tion antigen expressed on RTEs, which is lost from naive
CD4 T cells that have undergone homeostatic proliferation
[21]. By inference, because we exclude a major influence of
age on naive CD4 T cell sjTREC levels (Fig. 2) in RRMS, and
RRMS patients have lower CD31 counts than controls, we
suggest that the predominant influences on naive CD4 T cell
sjTREC levels in RRMS are peripheral (non-thymic) events
affecting homeostasis.

HLA class II molecules, such as HLA-DR, play a role in
positive selection of CD4 T cells in the thymus, but trophic
interaction with self-peptide MHC is essential for naive CD4
T cell survival in the periphery [19]. DR2-positivity in
RRMS patients (P < 0·001) but not controls significantly
predicts a low percentage of CD31 expression but not
sjTREC levels in naive CD4 T cells. The strong correlation
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with CD31 counts indicates that the DR2+ RRMS patient
group generally has higher levels of homeostatic prolifera-
tion than the DR2– RRMS group. Furthermore, in the
absence of evidence of an influence of DR2-positivity on
sjTREC levels in RRMS (data not shown), the DR2-CD31
data support the conclusion that peripheral processes alter
naive CD4 T cell homeostasis in some RRMS patients. The
trend towards prediction of sjTREC levels in naive CD8 T
cells by DR2 in RRMS patients suggests further that naive T
cells may have altered survival in RRMS, as HLA-DR does
not affect thymic selection of CD8 T cells [40]. It remains
unclear, however, as to why HLA-DR2-positivity would
influence peripheral naive T cell homeostasis in RRMS
patients but not in controls.

We have reported previously that naive CD4 T cells iso-
lated from identical twins discordant for RRMS have a shift
in their TCR repertoires [5,6]. We postulated that this shift
was secondary to altered thymic output of naive CD4 T cells,
but had no measures that distinguished between central or
peripheral mechanisms affecting the TCR repertoire. We find
that our present data point away from a central (thymic)
mechanism affecting naive CD4 and CD8 T cells in RRMS
patients and suggest instead that peripheral (non-thymic)
mechanisms alter naive T cell homeostasis in RRMS patients.
Four RRMS patients had undetectable sjTREC levels in both
naive T subsets (Figs 2 and 5). Presumably, the same mech-
anism(s) affected both naive T subsets in these particular
individuals and led to our overall findings of altered homeo-
stasis in both naive T subsets in RRMS. The question that
remains is the relevance of altered naive T cell homeostasis to
RRMS. In our earlier identical twin study, both the healthy
members and the MS patients from the discordant MS twins
had TR repertoire shifts [6]. Consequently, it seems unlikely
that the homeostatic abnormalities are sufficient by them-
selves to cause MS. Nevertheless, these homeostatic abnor-
malities may predispose to MS, as we study naive T cells that
are largely unaffected by the disease process in MS. Further
studies are needed to analyse the extent of the homeostatic
abnormalities in MS, including studies on the homeostasis of
regulatory T cell subsets in MS. Finally, we propose that the
homeostatic abnormalities we describe here may also occur
in other autoimmune diseases and play a role in their
pathogenesis.
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