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Naive CD4 T-cell activation identifies MS
patients having rapid transition to
progressive MS
ABSTRACT

Objective: Our objective was to determine whether altered naive CD4 T-cell biology contributes to
development of disease progression in secondary progressive multiple sclerosis (SPMS).

Methods: We compared the naive CD4 T-cell gene expression profiles of 19 patients with SPMS
and 14 healthy controls (HCs) using a whole-genome microarray approach. We analyzed surface
protein expression of critical genes by flow cytometry after T-cell receptor (TCR) stimulation of
naive CD4 T cells isolated from HCs and patients with SPMS.

Results: Hierarchical clustering segregated patients with SPMS into 2 subgroups: SP-1, which
had a short duration of relapsing-remitting multiple sclerosis (MS), and SP-2, which had a long
duration of relapsing-remitting MS. SP-1 patients upregulated numerous immune genes, including
genes within TCR and toll-like receptor (TLR) signaling pathways. SP-2 patients showed immune
gene downregulation in comparison with HCs. We identified an SP-1–specific transcriptional
signature of 3 genes (TLR4, TLR2, and chemokine receptor 1), and these genes had higher
surface protein expression in SP-1 than in SP-2. After TCR stimulation for 48 hours, only
SP-1 showed a progressive linear increase in TLR2 and TLR4 protein expression.

Conclusions: Differences in naive CD4 T-cell biology, notably of TCR and TLR signaling pathways,
identified patients with MS with more rapid conversion to secondary progression, a critical deter-
minant of long-term disability in MS. Neurology® 2014;82:681–690

GLOSSARY
ANOVA 5 analysis of variance; CIS 5 clinically isolated syndrome; EDSS 5 Expanded Disability Status Scale; FDR 5 false
discovery rate; GSEA 5 Gene Set Enrichment Analysis; HC 5 healthy control; IFNb 5 interferon b; MAPK 5 mitogen-acti-
vated protein kinase; MFI 5 mean or median fluorescence intensity; MS 5 multiple sclerosis; PPMS 5 primary progressive
multiple sclerosis; RRMS 5 relapsing-remitting multiple sclerosis; SPMS 5 secondary progressive multiple sclerosis; TCR 5
T-cell receptor; TLR 5 toll-like receptor; TOB1 5 transducer of ERBB2, 1.

Immune cells, including T cells, contribute to CNS injury in relapsing-remitting multiple sclerosis
(RRMS), but their role in progressive multiple sclerosis (MS) is uncertain. Many patients with
RRMS eventually develop a progressive accumulation of neurologic disability irrespective of relap-
ses: secondary progressive MS (SPMS). Our exploratory study focused on T-cell activation in
SPMS. We compared the gene expression profiles of naive CD4 T cells from 14 healthy controls
(HCs) and 19 patients with SPMS.We studied naive CD4 T cells for the following reasons: 1) this
T subset includes the autoreactive T cells that initiate MS1; 2) some patients with MS have altered
naive CD4 T-cell homeostasis with increased homeostatic proliferation2—some propose a link
between altered T-cell homeostasis, homeostatic proliferation, and autoimmune disease3,4; and
3) several investigators defined a naive CD4 T-cell transcriptional signature in patients with
clinically isolated syndromes (CIS). Decreased expression of TOB1 (transducer of ERBB2, 1), a
repressor of naive T-cell quiescence, identified patients with CIS having rapid progression to
RRMS.5 We report that opposing naive CD4 T-cell gene expression patterns segregated SPMS
patients into 2 subgroups: SP-1, which had a short RRMS duration, and SP-2, which had a long
RRMS duration. SP-1 patients upregulated numerous immune genes, including genes within
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T-cell receptor (TCR) and toll-like receptor
(TLR) signaling pathways, compared with con-
trols and SP-2 patients. Surface marker analyses
before and after TCR stimulation confirmed
naive T-cell immune activation in SP-1 patients.
Thus, differences in naive CD4 T-cell biology
identify patients with MS having different rates
of development of secondary progression,
the critical determinant of long-term prognosis
in MS.6

METHODS Patients and controls. We recruited 19 patients

with SPMS, 5 with primary progressive MS (PPMS), and 13 with

RRMS from the Montreal Neurological Hospital MS Clinics,

diagnosed by standard criteria,7 and 14 HCs (table 1). Inclusion

criteria were females, age younger than 65 years, and Expanded

Disability Status Scale (EDSS) score ,7 for patients with pro-

gressive MS. Exclusion criteria included autoimmune diseases

other than MS, relapses or treatment with immunomodulatory

agents, cytotoxic agents, or corticosteroids within 3 months, or

any infection in the previous 4 weeks. Initially, we analyzed only

female HCs and patients with SPMS by microarrays, because of

male-female differences in gene expression.8 Subsequently, we

included patients with RRMS and PPMS in microarray studies

to determine the stability of microarray-defined SPMS subgroups.

For protein expression studies, we recruited additional patients

with SPMS, based on RRMS durations.

Standard protocol approvals, registrations, and patient
consents. The Institutional Review Board of McGill University,

Montreal, provided ethical approval. All participants provided

written informed consent.

Naive CD4 T-cell isolation, RNA preparation, and
hybridization. We isolated peripheral blood CD41 CD45RA1

(naive CD4) T cells by negative selection using MACS naive

CD4 T-cell isolation kits, human II (Miltenyi Biotec,

Bergisch Gladbach, Germany). We isolated total RNA using

RNeasy Plus Mini Kits (Qiagen, Mississauga, Canada),

amplified the RNA using Low RNA Input Linear Amplification

Kit PLUS (Agilent Technologies, Mississauga, Canada),

dye-labeled (Cy5) and hybridized on 4 3 44 K Oligochip

Slides (Agilent Technologies) containing 41,000 unique

probes. We used the Agilent 2100 Bioanalyzer to verify

RNA quality.

Array data quality and analysis. We analyzed microarray data

using GeneSpring GX (version 11, Agilent Technologies) and R

programs.9–11 We used Feature Extraction QC reports (FE 9.3.1,

Agilent Technologies) to control RNA quality and applied

LOWESS (locally weighted scatterplot smoothing) normalization.

Using analysis of variance (ANOVA), we identified the most

variable genes across SPMS and HC samples followed by unsu-

pervised hierarchical clustering12 to identify sample subgroups.

To identify differentially expressed genes between subgroups,

we used GeneSpring GX, including multiple testing correction,

Benjamini-Hochberg false discovery rate (FDR)-corrected

p value #0.05, together with an absolute difference $1.7-fold

and 1.3-fold in mean intensity for each gene. We did not use

more stringent FDR or fold changes because these may overlook

subtle but important pathway changes in complex diseases such

as MS.13 We performed in-depth pathway analysis with GeneSpring

GX, Gene Ontology, Ingenuity Pathway Analysis, and Gene Set

Table 1 Cohorts for microarray studies

Characteristic
PPMS
(n 5 5)

SPMS
(n 5 19)

SP-1
(n 5 6)

SP-2
(n 5 13)

RRMS
(n 5 13) p Value

Age, y (SD) 57 (4.5) 56.8 (6.6) 52.5 (9.1) 57.9 (3.99) 40.33 (9.03) 0.22

Age at MS onset, y (SD) 47 (5.3) 27.9 (7.3) 30.5 (10.2) 26.5 (5) 0.41

Age at SPMS onset, y (SD) 49.3 (8.4) 42.8 (11.1) 50.8 (3.9) — 0.148

Total MS duration, y (SD) 10 (1.6) 28.9 (8.5) 21.8 (5.2) 31.4 (7.5) 15.1 (5.17) 0.008

SPMS duration, y (SD) 7.7 (4.6) 9.67 (4.2) 7.2 (5.2) — 0.303

RRMS duration, y (SD) 20.9 (7) 12.17 (2.23) 24.27 (3.69) 15.1 (5.17) ,0.001

EDSS median score 6 6 5.75 6.25 1 0.957

EDSS median score, SPMS onset 3.75 4 3.5 — 0.947

Relapses during RRMS phase,
mean (SD)

1.83 (1.47) 2.38 (2.14) 1.2 (1.2)

Relapses during SPMS phase, n 2 2

Interval from relapse/treatment
and blood draw, y (SD)

9.83 (6.6) 10.96 (7.4)

CIS symptoms, n Motor 1,
sensory 2, ON 3

Motor 1, sensory 4,
ON 1, sensory-
motor 7

Abbreviations: CIS 5 clinically isolated syndrome; EDSS 5 Expanded Disability Status Scale; MS 5 multiple sclerosis; ON 5

optic neuritis; PPMS 5 primary progressive MS; RRMS 5 relapsing-remitting MS; SPMS 5 secondary progressive MS.
Progressive MS is divided into SPMS and PPMS subgroups, and SP-1 and SP-2 are subgroups of SPMS. Except for EDSS
scores, mean values are shown. All p values are for comparisons between SP-1 and SP-2 patients using Student t test for
ages and MS durations and Mann-Whitney test for EDSS scores. Healthy controls (n 5 14), mean age 6 SD (54.7 6 6.7).
Healthy controls and total SPMS group patients did not differ in ages (p5 0. 61). None of the 13 patients with RRMS had a
relapse in the previous 5 years. In the SP-1 subgroup, one patient had methotrexate treatment during the RRMS phase. No
other patient had immunomodulatory/immunosuppressive treatment during either RRMS or SPMS phases.
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Enrichment Analysis (GSEA).13,14 For GSEA, we used an FDR

,0.25, as recommended.14

Real-time PCR. We used real-time PCR to confirm the

expression of selected genes (see the results section) using the

ABI Prism 7000 Sequence Detection System (Applied

Biosystems, Foster City, CA) and the comparative CT method.15

Surface marker expression and functional analyses.
We analyzed naive CD4 T-cell surface markers before and after

in vitro culture of isolated naive CD4 T cells in flat-bottom

plates (250 3 105 T cells/well), with and without CD3/CD28

Dynabeads human T-activator CD3/CD28 (Invitrogen, Grand

Island, NY), under optimal stimulation conditions (25 mL

beads/106 naive CD4 T cells) for 24 and 48 hours in complete

RPMI 1640 medium containing 10% heat-inactivated fetal bovine

serum, 2 mM L-glutamine, 100 U/mL penicillin/streptomycin in

5% CO2 at 37°C. We used a FACSAria (Becton Dickinson, San

Diego, CA) to analyze T-cell aliquots stained with the following

antibodies: CD45RA PE-Cy7, TLR2 PE, TLR4 APC, CD28

PerCP-Cy 5.5 (eBioscience, San Diego, CA), and CCR1 Alexa

Fluor 488 (R&D Systems, Minneapolis, MN). We defined

CD41 CD45RA1 CD45RO2 CD62L1 T cells as naive. Purity

was .90% in all samples, with the majority .95%.

Statistics. Using GraphPad Prism 5 and the D’Agostino-Pearson

omnibus test, we determined whether data had a normal distribu-

tion. We used the Student t test to analyze ages and MS durations,

and the Mann-Whitney test to analyze EDSS scores, because the

EDSS does not have a normal distribution. We analyzed surface

protein expression data using FlowJo 7.6.4 and compared percent

expression between HCs and 2 SPMS subgroups using 1-way

ANOVA. We compared median fluorescence intensity (MFI)

between subgroups using Kruskal-Wallis and Dunn

multiple comparison tests. To compare temporal changes

within subgroups, we used Friedman and Dunn posttests

for mean fluorescence intensity (MFI). We used repeated-

measures ANOVA plus Tukey multiple comparison test

and an ANOVA posttest for linear trends to compare percent

expression. A p value #0.05 was considered statistically

significant. We used Pvclust16 to confirm reproducibility of

microarray-defined clusters.

RESULTS Hierarchical clustering discriminated HCs

from SPMS and identified 2 SPMS subgroups: Association

of subgroups with RRMS duration. Unsupervised
hierarchical clustering (Ward clustering method and
Euclidean distance metric) based on 1,439 genes hav-
ing the greatest variance across all HCs and patients
with SPMS segregated HCs and patients with SPMS
from one another (figure 1). Notably, we identified 2
SPMS subgroups, which we termed SP-1 and SP-2.
Pvclust, a multiscale bootstrap resampling method,
gave an “approximately unbiased” p value of 0.95,
indicating that all subgroups are significantly
reproducible16 and not due to random partitioning
of samples.

In a limited study, we investigated whether the
segregation of patients with SPMS into subgroups
was temporally stable. We repeated microarray analy-
ses for one SP-1 and one SP-2 patient on peripheral
blood samples taken 11 and 6 months after the initial
blood draws. Hierarchical clustering using the most

variable genes across all samples segregated the 2
patients as found previously (data not shown).
That is, the gene expression differences between
patients with SPMS seem stable over time.

Patients in the SP-1 and SP-2 subgroups did not
differ in mean ages, EDSS scores, age at onset, or
mean SPMS durations. Interestingly, SP-1 patients
had a shorter mean RRMS duration than SP-2 patients
(12.17 vs 24.27 years; p, 0.001). These differences
in RRMS duration explain the shorter total mean
MS duration in SP-1 vs SP-2 (21.8 vs 31.4 years,
p 5 0.008) (table 1).

Transcriptional program associated with T-cell activation

in SP-1. We found significant differences in gene
expression between HCs and total SPMS (data not
shown), between HCs and the 2 SPMS subgroups,
and between SP-1 and SP-2. SP-1 upregulated most
differentially expressed genes between SP-1 and
HCs (1,901 upregulated, 100 downregulated,
FDR-corrected p # 0.05, $1.7-fold change), and
most genes were immune-related. SP-2 downregulated
most differentially expressed genes between SP-2 and
HCs, and few genes were immune-related (figure e-1
on the Neurology® Web site at www.neurology.org).
SP-1 upregulated most differentially expressed genes
between SP-1 and SP-2 (2,537 upregulated, 398
downregulated, p # 0.05, $1.7-fold change).

Comparisons of SP-1 vs HCs and SP-1 vs SP-2
showed that approximately 40% and 70% of the
differentially expressed genes in SP-1 overlapped
with a T-cell activation signature obtained by
TCR stimulation of CD4 T cells.17 That is, many
genes upregulated during T-cell activation17,18 had
increased expression in SP-1 vs both HCs and SP-2:
upregulated genes included proapoptotic genes
CASP1 (1.83 up) and FAS (1.83 up), chemokine
receptors CCR1 (7.33 up) and CCR2 (4.83 up),
and IL1R2 (4.83 up) (table e-1A). TOB1, a gene
with reduced expression in patients with CIS having
rapid conversion to RRMS,5 was downregulated in
SP-1 vs SP-2 (FDR 5 6.6E-4, 1.43 down).

We compared patients with stable RRMS with
HCs and our now-defined SP-1 and SP-2 subgroups
to see whether the patients with RRMS differed from
our SPMS subgroups. SP-1 and SP-2 patients contin-
ued to represent separate clusters (data not shown).
We questioned whether SP-2 patients upregulated
genes involved in neurodegeneration. GSEA showed
no altered expression of genes in neurodegeneration
pathways, in keeping with recent findings from
genome-wide association studies.19

Altered expression of genes involved in TCR and TLR

signaling in SP-1. Several tyrosine kinase genes
involved in TCR-induced signaling (including LYN,
7.23 up; ZAP70, 1.33 down; and SYK, 4.33 up)
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and genes involved in calcium signaling (table e-1B)
had altered expression in SP-1 vs HCs. The vitamin
D receptor (VDR), normally expressed on naive CD4
T cells only after TCR signaling,20 showed increased
gene expression in SP-1 vs HCs (FDR 5 1.7E-7,
3.83 up).

Cells of the innate immune system, as well as
activated and memory T cells, express TLRs.21,22

Normally, naive CD4 T cells express very low levels
of TLR messenger RNA but TCR signaling upregu-
lates TLR expression.23 TCR and TLR share T-cell
signaling pathways.21 TLR-2 is a costimulatory
receptor for TCR activation22 and TLR-4 induction
regulates TCR signaling events through the
mitogen-activated protein kinase (MAPK) cascade.21

TLR1, TLR2, TLR4, and TLR7 (FDR ,1E-5; 23,
4.23, 8.13, and 63 up, respectively) were among
the genes showing the highest expression in SP-1 vs
HCs (table e-1B). SP-1 patients upregulated many
downstream targets of TLR signaling including

MYD88, IRF5, IRF7, TANK (TRAF family member-
associated NF-kB activator), TBK1, and MAPK. Thus,
our pathway analyses suggest that enhanced TLR-TCR
signaling results in increased activation of naive CD4 T
cells in SP-1.

T-cell activation transcriptional signatures define

SP-1 patients. Using Gene Ontology, GSEA, and
Ingenuity Pathway Analysis, we generated a gene
list of 130 T-cell activation-associated genes and
performed unsupervised hierarchical clustering
of all HCs and patients with SPMS and RRMS.
We included 5 patients with PPMS in this
comparison to determine whether this gene list is
SP-1–specific. SP-1 patients segregated from all
other individuals (data not shown). Comparison
of this 130-gene list with the gene set in reference 5
identified TOB1 as the only gene overlapping with our
dysregulated pathways. From the 130-gene list, we
selected 3 genes (TLR2, TLR4, and CCR1) because

Figure 1 Hierarchical clustering segregated HCs from patients with SPMS and identified 2 SPMS subgroups

Unsupervised hierarchical clustering (Ward clusteringmethod and Euclidean distancemetric) of 1,439 genes having the great-
est variance across all samples segregated HCs from patients with SPMS and identified 2 SPMS subgroups (SP-1 and SP-2).
Patients with SPMS clustering with HCs are indicated in gray. HC5 healthy control; SPMS 5 secondary progressive multiple
sclerosis.
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their expression levels (figure 2A) suggested that they
could be used for further microarray studies and for
protein expression analyses; unlike most genes in the
list, these genes had corresponding T-cell surface
membrane products recognized by commercially
available monoclonal antibodies. Real-time PCR
confirmed the relative upregulation of the 3 genes in
SP-1 (data not shown). Unsupervised hierarchical
clustering using this 3-gene list segregated SP-1

patients from all other individuals (figure 2B),
indicating that this 3-gene list is SP-1–specific and
suggests that HCs, SP-2 patients, patients with stable
RRMS, and patients with PPMS have similar low
levels of naive T-cell activation.

Naive CD4 T-cell surface markers before and after

CD3/CD28 stimulation. Initially, to confirm gene
expression results at the protein expression level,

Figure 2 Transcriptional signature of 3 genes distinguishes SP-1 patients from other patients with MS and
HCs

(A) SP-1 patients have higher expression of TLR2, TLR4, and CCR1 genes than either HCs or SP-2 patients. Mean fold
change values are shown for SP-1 vs SP-2. (B) Hierarchical clustering based on the 3-gene list distinguishes SP-1 patients.
Hierarchical clustering segregated SP-1 from HCs, SP-2, patients with stable RRMS, and patients with PPMS. HC5 healthy
control; MS 5 multiple sclerosis; PPMS 5 primary progressive MS; RRMS 5 relapsing-remitting MS.
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we analyzed naive CD4 T-cell surface expression of the
3 SP-1 signature genes (TLR2, TLR4, and CCR1),
before and after anti-CD3/CD28 stimulation. We also
studied surface expression of the CD28 costimulatory
molecule. We included 3 SP-1 and 2 SP-2 patients from
our initial microarray studies (bled approximately 2 years
later). We recruited 2 new SP-1 patients, 3 new SP-2
patients, and 5 HCs. The 5 SP-1 and 5 SP-2 patients
had respective RRMS durations of,11 years and.20
years (table 2). In SP-1, freshly isolated naive CD4 T
cells had significantly higher percentage of TLR2,
TLR4, and CCR1 expression than SP-2 and HCs
(figure 3A). Because monocytes have high TLR
expression, we costained naive CD4 T cells for CD14,
a monocyte/macrophage marker,24 and for CD4,
CD45RA, TLR2, and TLR4 before and after
24 hours of stimulation with Dynabeads. The
percentage of CD14 expression varied from 0% to
0.125%, with no CD14 expression on TLR2- or
TLR4-positive cells, i.e., TLR positivity does not
reflect monocyte contamination. Thus, these surface
marker studies confirm our microarray findings at the
protein expression level.

After TCR stimulation, TLR2 and TLR4 expres-
sion (MFI and %) peaked at 24 hours in HCs and
the SP-2 subgroup and then decreased to prestimula-
tion levels by 48 hours, whereas TLR2 and TLR4
expression increased linearly in SP-1 from 0 to 24 to
48 hours; at 48 hours, these TLRs had higher expres-
sion in SP-1 than in HCs or SP-2 (Figure 3, B and C).
The increasing TLR expression in SP-1 after TCR
stimulation supports our microarray data and suggests
that these cells are preprogrammed toward T-cell acti-
vation. In all 3 groups, CD28 expression (percentage
and MFI) decreased at 24 hours and then increased
at 48 hours, but at 24 hours, percentage of CD28

positivity was significantly higher in SP-1 (figure 3D).
This relative retention of CD28 in SP-1 at 24 hours
may have facilitated a sustained response to TCR sig-
naling leading to an increase in TLR expression from
24 to 48 hours.

Validation of surface protein expression. To validate our
protein expression findings, we analyzed freshly
isolated naive CD4 T cells from a second set of
5 HCs (4 newly recruited females and 1 male),
5 SP-1 patients (one from the microarray study, 2
newly enrolled females, and 2 males), and 5 SP-2
patients (3 from the microarray study and 2 newly
enrolled females), based on their RRMS durations
as defined above. Ages did not differ between
subgroups. SP-1 patients had a significantly shorter
RRMS duration but significantly higher percentage
expression of TLR2, TLR4, and CCR1 than HCs or
SP-2 (figure e-2). Thus, we confirm increased surface
protein expression of the 3-gene signature in SP-1.

DISCUSSION We report that differences in naive
CD4 T-cell biology, identified by unsupervised
hierarchical clustering, segregated patients with
SPMS into 2 significantly reproducible subgroups.
We did not preselect patients on the basis of their
RRMS durations for these gene expression studies,
but these durations differed significantly between
subgroups (SP-1 vs SP-2; 12.17 vs 24.27 years).
One question is whether patients with RRMS would
also separate into 2 distinct subgroups, but to address
that question, a larger prospective study focusing
on RRMS is needed. Our data suggest that naive
CD4 T-cell upregulation/T-cell activation identifies
patients with MS having a short vs protracted RRMS
course. The downregulation of TOB1 in SP-1 vs

Table 2 Cohorts for surface protein expression analysis

Characteristic HCs (n 5 5) SPMS (n5 10) SP-1 (n 5 5) SP-2 (n 5 5) p Value

Age, y (SD) 52.4 (7) 54.1 (7.4) 49.2 (6.87) 59 (3.8) 0.07

Total MS duration, y (SD) — 28.78 (9.12) 20.33 (6.03) 33 (7.38) 0.051

SPMS duration, y (SD) — 8.25 (4.71) 11.67 (3.51) 6.2 (4.32) 0.109

RRMS duration, y (SD) — 17.5 (9.35) 9.4 (2.07) 25.6 (5.32) 0.001

EDSS median score — 6.5 6.75 6.5 0.695

RRMS relapses, mean (SD) 4.6 (3.2) 4.4 (3.5) 4.8 (3.3)

SPMS relapses, n 3 2 1

Interval from relapse or treatment and blood draw, y (SD) 7.6 (5.0) 8.8 (5.1)

Abbreviations: EDSS 5 Expanded Disability Status Scale; HC 5 healthy control; MS 5 multiple sclerosis; RRMS 5 relaps-
ing-remitting MS; SPMS 5 secondary progressive MS.
SP-1 and SP-2 are subgroups of SPMS. Except for EDSS, mean values are shown. All p values are for comparisons between
SP-1 and SP-2 patients using Student t test for ages and MS durations and Mann-Whitney test for EDSS scores. One SP-1
patient received interferon beta-1a and then interferon beta-1b during SPMS, 2 years before blood draw, and one SP-1 patient
received cyclophosphamide and interferon beta-1b during RRMS and then interferon beta-1b during the SPMS phase 14 years
before blood draw. One SP-2 patient received interferon beta-1b during SPMS, 4 years before blood draw.
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Figure 3 Surface expression of 3-gene signature and CD28

(A) Increased protein expression on freshly isolated naive CD4 T cells from SP-1. SP-1 patients had significantly higher per-
centage of TLR2, TLR4, and CCR1 than HCs and SP-2 patients (95% confidence interval not shown) and higher TLR4 MFI
than HCs and SP-2 patients (p , 0.05, both comparisons). (B) TCR stimulation increased TLR2 surface expression in SP-1.
At 48 hours, SP-1 had increased percentage of TLR2 and MFI (p , 0.05, both comparisons) compared with unstimulated
cells, with a positive linear increase in percentage of TLR2 from 0 to 48 hours (p 5 0.02). At 48 hours, SP-1 had higher
percentage of TLR2 expression than HCs and SP-2 (p, 0.001, both comparisons) and higher TLR2 MFI than HCs and SP-2
(p , 0.05, both comparisons). (C) TCR stimulation increased TLR4 surface expression in SP-1 patients. The percentage of
TLR4 increased in HCs (p , 0.05) and SP-2 (p , 0.01) from 0 to 24 hours, then decreased from 24 to 48 hours. In SP-1,
percentage TLR4 showed a positive linear increase from 0 to 48 hours (p 5 0.0025). At 48 hours, SP-1 had higher
percentage of TLR4 than HCs or SP-2 (p , 0.01, both comparisons) and higher TLR4 MFI than HCs or SP-2 (p , 0.05,
both comparisons). (D) CD28 surface expression. TCR stimulation for 24 hours decreased percentage CD28 (p , 0.001)
and CD28MFI (p,0.05, not shown) in all groups, but at 24 hours, SP-1 had higher percentage CD28 than HCs (p,0.05) or
SP-2 (p , 0.01) plus higher CD28 MFI than HCs (p , 0.05, not shown). HC 5 healthy control; MFI 5 mean or median
fluorescence intensity; TCR 5 T-cell receptor.
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SP-2 supports this interpretation, as this repressor of
naive CD4 T-cell activation is downregulated in
patients with CIS having rapid progression to
RRMS.5 Possibly, TOB1 downregulation persists
from CIS to RRMS to SPMS and identifies patients
with rapid MS progression. Some researchers
suggest that a short RRMS phase predicts rapid
disease progression in SPMS.25 Thus, SP-1 patients
could potentially have a more active/aggressive SPMS
disease course.

The upregulation of genes involved in TCR and
TLR signaling in SP-1 is noteworthy as various
TLRs function as costimulatory receptors that can
enhance proliferation and cytokine production by
TCR-activated T cells.21,22 Gandhi et al.26 reported
T-cell dysregulation in all MS subtypes. Our find-
ings modify this conclusion by showing, at least
for naive CD4 T cells, that only a subgroup of
patients with SPMS has immune gene dysregula-
tion. Moreover, the findings suggest either global
naive CD4 T-cell activation in SP-1 or activation
of sufficient naive CD4 T cells to permit detection
of differences between patient subgroups. Of inter-
est is the basis of the immune gene dysregulation in
SP-1. Some claim a link between homeostatic T-cell
proliferation and autoimmunity.3,4 We previously
reported reduced thymic output with increased
homeostatic naive CD4 T-cell proliferation in
RRMS.2,27,28 Possibly, SP-1 patients had increased
homeostatic proliferation but we have no data on
this issue.

A potential limitation of our study is that we did
not repeat the microarray study to validate our gene
expression findings. Instead, we opted to study the
protein expression of the 3-gene signature on 2
separate cohorts of HCs and patients with SPMS.
The significantly increased TLR2, TLR4, and
CCR1 expression on freshly isolated naive CD4
T cells in SP-1 is consistent with the findings of
an activated transcriptional program in this patient
subgroup. The differences in TLR expression between
subgroups seem to be small, but are entirely consistent
with another report that demonstrated biologically sig-
nificant differences in T-cell TLR expression between
patients and controls.29 The progressive linear increase
in TLR expression under optimal stimulation condi-
tions provides further evidence of T-cell activation in
SP-1. CD28 stimulation transiently downregulates
CD28 messenger RNA and surface expression levels
in CD4 T cells, with resulting temporary unrespon-
siveness to CD28 signaling.30 The decrease in TLR
protein levels from 24 to 48 hours in HCs and SP-2
may reflect a normal feedback response to TCR sig-
naling due to loss of CD28. Conversely, the relative
CD28 retention in SP-1 at the 24-hour time point
may have permitted a continued naive CD4 T-cell

response to TCR signaling, leading to a sustained
increase in TLR protein expression. Together, the
microarray and surface phenotypic marker findings
suggest in vivo naive CD4 T-cell activation in SP-1
patients and that this activation is responsible for the
increased response to in vitro TCR signaling seen in
these patients. Microarray-based classification has
predictive value in CIS5,31 and MS.32 For example,
T-cell transcriptional profiling can predict the response
to interferon b (IFNb) treatment in RRMS.32

Our microarray findings have potential clinical
implications for SPMS. The global naive CD4
T-cell downregulation in SP-2, i.e., in the larger
SPMS subgroup, suggests that patients with this
phenotype will be unresponsive to anti-inflammatory
treatments. A North American SPMS trial showed no
reduction in disability progression with IFNb treat-
ment.33 In a European trial, which included younger
patients with shorter disease duration, higher relapse
rate, and more aggressive SPMS, some patients showed
reduced disability progression.34,35 The patients who
benefited from IFNb treatment may correspond, in
part, to our SP-1 subgroup with T-cell activation
and rapid progression. Thus, our 3-gene T-cell activa-
tion signature may identify patients with SPMS who
would benefit from anti-inflammatory therapies, but
further validation of this signature is indicated.
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