
Introduction
Current studies support a critical role of CD4+ myelin-
specific cells in the initiation of multiple sclerosis (MS),
an inflammatory demyelinating disease of the central
nervous system CNS (1). However, myelin-reactive cells
are represented in the normal T cell repertoire and are
found in comparable frequencies in the peripheral
blood of both MS patients and normal controls (2, 3).
Thus, their mere presence is not sufficient to trigger a
pathological autoimmune response.

It is the frequency of activated myelin-reactive cells
that is increased in MS patients in comparison to
healthy individuals (4), suggesting their involvement
in disease development. An increased frequency of
hypoxanthine-guanine phosphoribosyltransferase
reporter (HPRT) gene mutations in myelin basic pro-
tein–specific (MBP-specific) and proteolipid pro-
tein–specific cells derived from MS patients suggests
their active replicative history (5). A substantial frac-
tion of autoreactive cells derived from peripheral
blood and cerebrospinal fluid (CSF) in MS patients
secrete IL-2, IFN-γ, TNF-α and soluble IL-2 receptor (6,
7) and have an increased surface expression of adhe-
sion molecules VLA 3-6, LFA-1, LFA-3, CD2, CD26,
and CD44 (8). Lejon and Fathman (9) recently report-
ed that CD4+ cells upregulate CD4 expression after
antigen challenge. They demonstrated that the
CD4high subset of the pancreatic islet infiltrate in

nonobese diabetic (NOD) mice contain autoreactive
cells that can efficiently transfer disease.

Peripherally activated autoreactive lymphocytes can
cross the blood brain barrier (BBB) and initiate an
autoimmune response in the CNS (10), as document-
ed in experimental autoimmune encephalomyelitis
(EAE), an animal model of MS. It is therefore impor-
tant to understand which factors contribute to the acti-
vation of myelin-reactive T cells.

Growing evidence indicates that functional charac-
teristics of the autoreactive T lymphocytes determine
their propensity for activation (11). In the two-signal
activation paradigm, the first signal induced by T cell
receptor (TCR) engagement determines the antigen
specificity, whereas the second costimulatory signal
determines the activation threshold and the functional
outcome of the antigen-specific activation. The activa-
tion threshold is modulated by costimulatory signals,
and several reports (12, 13) indicate that their dysregu-
lation may play a critical role in the activation of autore-
active T cells. CD80/CD86–CD28/CTLA-4 is the most
important and best-studied costimulatory pathway.
CD80 and CD86 molecules are expressed on activated
antigen-presenting cells (APCs) and bind to their lig-
ands CD28 and CTLA-4 on T cells. CD86 is constitu-
tively expressed on dendritic cells and monocytes and is
rapidly upregulated after activation. In contrast, CD80
is slowly upregulated on APCs after stimulation and
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plays a more important role in chronic inflammatory
responses (14). CD28 is constitutively expressed on the
surface of more than 95% of CD4+ lymphocytes and is
only transiently downmodulated after binding to CD80
and CD86. CD28 costimulation synergizes with TCR
activation and induces IL-2, IL-4, IL-5, TNF-α, and GM-
CSF cytokine production. It regulates Th1/Th2 differ-
entiation and the proliferative capacity, including cell-
cycle progression and susceptibility to apoptotic cell
death (15). Upon activation and CD28 downmodula-
tion, CD4+ cells upregulate surface expression of cyto-
toxic T lymphocyte–associated antigen 4 (CTLA-4), a
structural homologue of CD28 that binds the same lig-
ands with a higher affinity and delivers a negative signal
with respect to T cell activation (16).

Costimulatory requirements for T cell activation are
influenced by previous T cell antigen exposure: costim-
ulation is required for the activation of naive cells,
whereas previously activated memory cells do not
depend on CD28-mediated costimulation (17). Factors
that further affect the activation requirements are TCR
avidity and antigen dose required for the activation, the
context in which T cell activation is occurring, the APCs’
activation state, and the local cytokine milieu (18).

After an initial expansion, the majority of activated cells
become effector cells and perish via activation-induced
cell death (AICD), whereas a small portion differentiates
into memory cells. Long-term memory cells can survive
for months to years without repeated antigenic stimula-
tion. Instead, they may need only occasional low-grade
stimulation with cross-reactive antigens to maintain their
persistence in the peripheral blood (19).

The recent demonstrations that autoantigen-specif-
ic T cells in MS are less CD28-costimulation depend-
ent (20, 21), and the observation of a CD4+ CD28– T
cell population in patients with other autoimmune
diseases (22, 23), led to the following questions. Can
we detect a costimulation-independent cell population
in MS patients? What are the growth characteristics,
phenotype, function, and activation requirements of
CD4+ cells with differential CD28 surface expression?
What is the antigen specificity of cells with differential
costimulatory requirements? Is the costimulation-
independent cell population enriched for myelin-spe-
cific T cells in MS patients?

Methods
CD4+CD28– cell separation. PBMCs were isolated from
the blood obtained by lymphocytapheresis using lym-
phocyte separation medium (BioWhittaker Inc., Walk-
ersville, Maryland, USA). CD4+CD28– cells were sepa-
rated using MACS beads (Miltenyi Biotec, Auburn,
California, USA) according to the manufacturer’s rec-
ommendation. Briefly, PBMCs were resuspended at 107

cells/ml of MACS buffer (0.5% human serum and 2
mM EDTA in PBS) and incubated with anti-CD4 mag-
netic beads at 6°C for 15 minutes. The cell suspension
was applied to lymphocyte separation column, and
CD4+ cells were retained in the column. Beads were

cleaved off using the release and stop solution and cells
were subsequently incubated with anti-CD28-PE anti-
bodies (BD PharMingen, San Diego, California, USA).
Negative CD4+CD28– selection was performed with
anti-PE magnetic beads, and CD28– cells were eluted
from the column. Monocytes with a low CD4 and no
surface CD28 expression were excluded by their adher-
ence to plastic, and by separation with anti-CD14 mag-
netic beads. Separated CD4+CD28– populations had
greater than 95% purity.

CD4+CD28– and CD4+CD28+ cloning. T cell clones
were generated from separated CD4+CD28– and
CD4+CD28+ bulk cultures. Cells were plated at 1 cell
per well with 105 allogeneic feeders, 2.5 µg/ml phyto-
hemagglutinin (PHA), and 40 U/ml rIL-2 (National
Cancer Institute, Frederick, Maryland, USA) in 96-
well plates. Every 3–4 days, fresh T cell media
(Iscove’s modified Dulbecco’s medium; Life Tech-
nologies Inc., Grand Island, New York, USA), 5%
human serum (Sigma Chemical Co., St. Louis, Mis-
souri, USA), and 2 mM L-glutamine containing 40
IU/ml IL-2 were added. On days 12–14, positive wells
were selected for further expansion. Stable long-term
clones were characterized for surface markers, with
repeated monitoring of CD28 expression.

Proliferation assay. The 96-well plates were precoated
with suboptimal concentrations of αCD3 (0.01–1.0
µg/ml), αCD28 (5 µg/ml), αCTLA-4 (5 µg/ml), or iso-
type control anti-IgG1 (1 µg/ml) antibodies (BD
PharMingen) in 100 µl PBS for 4 hours at 37°C.
CD4+CD28– and CD4+CD28+ clones were plated in
duplicates at 105 cells per well and cultured for 3–7
days. During the last 16 hours, 3[H]thymidine was
added and plates were harvested and counted by Beta
counter (Wallac, Gaithersburg, Maryland, USA). To
detect the frequency of MBP-reactive cells, CD4+CD28-
and CD4+CD28+ cells derived from ten relapsing
remitting (RR) MS patients were plated at three con-
centrations (3 × 04, 1.5 × 104 , and 0.75 × 104 cells per
well, 60–20 wells for each cell number), with 105 well
irradiated autologous PBMCs prepulsed with human
MBP (50 µg/ml). Reactivity to control influenza
hemagglutinin (306-318) (PKYVKQNTLKLAT) anti-
gen was tested in parallel using final concentration of
10 µg/ml. Antigen specificity was measured on day 14
by a modified split-well assay (24). Wells were scored as
positive if counts per minute exceeded the mean con-
trol counts by at least two times (SI > 2).

FACS analysis. The expression of surface markers was
analyzed in 31 stable long-term CD4+CD28– and
CD4+CD28+ clones. Staining was performed on resting
cells 7–10 days after PHA stimulation, and 104 CD3+

lymphocyte gated events were acquired (FACSCalibur,
Becton Dickinson Immunocytometry Systems Inc.,
San Jose, California, USA). The following antibodies
were used: IgG1-FITC, IgG1-PE, IgG1-Cy, and CD4-
FITC, CTLA-4-PE, CD3-Cy, CD96-PE, CD25-FITC,
CD45RA-FITC, CD45RO-PE, CD54-PE, CD11a-FITC,
CD134-FITC, CD40L-PE, CD29-FITC, CD26-PE,
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CD28-PE, TCR-FITC and CD69-PE (BD PharMingen).
The results were analyzed with Cell Quest software
(Becton Dickinson Immunocytometry Systems Inc.)
after subtracting the control IgG1 staining.

Cytokine detection. IL-2, IFN-γ, IL-4, and IL-10 pro-
duction was measured by ELISA using CytoSets
(Biosource International, Camarillo, California,

USA) according to the manufacturer’s recommen-
dation. Cells were plated in 48-well plates at
106/ml and stimulated with 1 µg/ml PHA and 106

irradiated allogeneic feeders. Culture supernatants
were collected after 48 hours and stored at –70°C
until the measurement was performed in dupli-
cates on diluted supernatants.
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Table 1
CD4+CD28– cells are expanded in a subgroup of MS patients

MS patient Age Sex Duration of MS EDSS HLA MRI % of CD4+CD28–

(years) DRB1 DQ A1/B1 (no. of active lesions) cells

MS.1A 41 F 18 1.5 04 07 02 08 4 18.8
MS.2A 34 M 1 2 04 15 03 4 1.21
MS.3 40 F 6 2.5 0301 0701 0201 3 0.17
MS.4 57 F 8 1.5 1501 0602 0 0.17
MS.5 39 F 10 6.5 13 04 06 07 8 0.076
MS.6A 31 F 1 0 01 05 0 19.9
MS.7 46 M 24 6.5 0302 1102 0301 04 2 3.95
MS.8A 37 M 12 3 04 15 03 06 2 0.53
MS.9A 51 F 11 3 08 1302 04 06 0 0.048
MS.10 39 F 5 1.5 0701 0201 2 0.13
MS.11 37 F 12 3 01 04 05 07 0 2.15
MS.12 46 F 4 3 04 13 03 05 0 1.44
MS.13 36 F 4 0 1101 1302 0301 0604 3 0.057
MS.14 36 F 1 4 01 1501 0501 06 0 0.067
MS.15 46 F 13 3.5 0701 1501 0201 06 14 0.023
MS.16 40 F 15 1 0701 1501 0201 0603 10 2.65
MS.17 27 F 2 1.5 1501 0501 0602 3 4.87
MS.18A 53 M 3 2 1501 06 0 9.88
MS.19 56 F 23 3.5 04 13 0304 06 0 28.9
MS.20 49 F 5 1.5 11 15 03 06 0 0.95
MS.21A 25 F 12 4 0302 0701 02 04 1 7.89
MS.22A 51 M 15 2.5 01 11 03 05 0 0.35
MS.23 36 F 12 5 04 15 03 06 0 7.37
MS.24 46 M 16 4 1101 1401 0301 0503 0 0.85
MS.25 39 F 2 1.5 0301 0201 4 1.18
MS.26 37 M 14 3.5 ND 0 5.9
MS.27 51 F 9 4.1 ND 0 0.041
MS.28A 51 F 14 3 0405 1501 02 06 0 2.7
MS.29A 43 M 15 2.5 ND 0 0.012
MS.30A 47 F 25 6.5 0401 1301 03 0603 0 0.36

Normal control

NC.1 29 F ND 0.32
NC.2 34 M 11 04 06 08 6.15
NC.3 25 F 0401 0701 0201 0302 1.94
NC.4 21 M 15 03 02 06 6.25
NC.5 46 F ND 0.6
NC.6 28 M 0301 1101 0201 0301 0.24
NC.7 48 F 0101 0801 04 0501 0.28
NC.8 47 F ND 0.08
NC.9 37 F 03 13 02 06 1.2
NC.10 32 F 1501 1101 06 07 0.14
NC.11 42 M 02 07 01 02 2.2
NC.12 37 F 1503 0302 0602 04 0
NC.13 41 M 03 03 0.062
NC.14 47 F 0101 0301 0201 0501 0.13
NC.15 45 F 0301 0401 0201 0301 0.029

The CD4+CD28– cell population is expanded in a subpopulation of MS patients. Demographic characteristics of RR MS patients and normal controls are shown
in the table. The CD4+CD28– percentage was measured in 30 patients with clinically active RR MS and 15 healthy individuals using four-color staining (CD4-FITC,
CD28-PE, CD3-Cy, CD14-APC). There was an increase in the percentage of CD4+CD28– cells in a subpopulation of MS patients (bold), but no statistically signif-
icant difference in the entire sample population of RR MS patients when compared with normal controls. ASamples used for magnetic beads separation.



Survival assay. Apoptosis was induced according to a
protocol published previously (25). Briefly, 106 cells
were stimulated with PHA (2.5 µg/ml) and 106 irradi-
ated allogeneic feeders for 48 hours. Dead cells were
subsequently removed by Ficoll density gradients. Cells
were plated at 106 cells/ml with 40 IU IL-2/ml and cul-
tured for 3 days. Seven days after the second stimula-
tion with plate-bound αCD3 mAb (2 µg/ml), cells were
washed and 0.5 µg/ml of propidium iodide (PI) (Sigma
Chemical Co.), was added to each sample. Non-gated
events were acquired over 90 seconds, and results were
expressed as a percentage of viable PI excluding cells
out of total number of CD4+ cells.

TCR signal transduction. A total of 106 T cells were
stimulated with αCD3 alone or αCD3 and αCD28
for 5 minutes at 37°C. Samples were then washed
with PBS and placed in lysis buffer (1% NP-40, 10
mM Tris-HCL [pH 7.2], 140 mM NaCl, 2 mM EDTA,
5 mM iodoacetamide, 1 mM Na3VO4), and complete
protease inhibitor cocktail (Boehringer Mannheim
Biochemicals Inc., Mannheim, Germany) for 25 min-
utes on ice. After removing nuclear debris, lysate
supernatants were subjected to immunoprecipita-
tion with rabbit antiserum to ZAP-70 (gift from I.
Stefanova, NIH, Bethesda, Maryland, USA) at 4°C
for 12 hours. Samples were analyzed by SDS-PAGE
and immunoblotting with a mouse mAb to phos-

photyrosine 4G10 (Upstate Biotechnology Inc., Lake
Placid, New York, USA).

Real time PCR. Total RNA was isolated from cell
cultures by phenol-chloroform extraction using Tri-
zol Reagent (Life Technologies Inc.). RNA was
reverse transcribed to cDNA with random hexamer
primers using TaqMan Reverse Transcription
Reagents as per manufacturer’s instructions (Perkin-
Elmer Applied Biosystems, Foster City, California,
USA). Quantitative RT-PCR was performed on an
ABI Prism 7700 Sequence Detection System (Perkin-
Elmer). Amplification of 18S rRNA was used for
sample normalization. For detection of CD28, 
IL-12Rβ2, and SLAM transcripts, oligonucleotides
were used at final concentrations of 200 nM for for-
ward and reverse primer and 100 nM for the fluoro-
genic probe as follows: CD28 forward: 5‚CTTCTG-
CAAAATTGAAGTTATGTATCCT3, reverse: 5‚GGACTT-
GGACAAAGGTGTTTCC3, probe: 5‚FAM-CCTTACCTA-
G AC A AT G AG A AG AG C A AT G G A AC C A - TA M R A 3 ‚  
IL-12Rβ2 forward: 5‚GGCATTTTCTCAACGCAT-
TACTT3, reverse: 5‚TGGATCTGGAATTTC-TCTGCTA-
CA3‚ probe: 5‚FAM-TTCTCCTAGCAGCC-CTCAGAC-
CTCAGTG-TAMRA3; SLAM forward: 5‚ACAGACCC-
CTCAGAAACAAAACC3, reverse: 5‚AACTGTAGTATTAC-
CACCATGATGAGAATC3‚ probe: 5‚FAM-CCTAA-CAGC-
CCAGCATACACTGCCCA-TAMRA3.
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Figure 1
Longitudinally followed CD4+CD28– subpopulations have a stable CD28– surface expression in MS patients. (a) CD4+CD28– and CD4+CD28+

populations were separated using magnetic beads. PHA-expanded bulk cultures and subsequently generated clones continuously lacked CD28
surface expression when maintained in culture for periods up to 10 months. (b) CD4+CD28– and CD4+CD28+ clones are characterized for the
expression of costimulatory activation and memory phenotype markers in the resting state, 7–10 days after PHA stimulation. CD4+CD28– clones
are CD4+, CD45RO+, CD54+, CD11a+, CD29+ and differ from the CD4+CD28+ clones by the negative surface staining for CD28 and CTLA-4.



For the detection of IFN-γ transcripts, TaqMan Assay
Reagents (Perkin-Elmer) containing cytokine primers
and probe were used. 18S rRNA was amplified using Taq-
Man Ribosomal RNA Control Reagents (Perkin-Elmer).

Results
The absence of surface CD28 expression is a stable phenotype of
the CD4+CD28– population in MS. To address the CD28-
costimulation requirements for the activation of autore-
active T cells in MS, we isolated subpopulations of CD4+

lymphocytes with negative and positive CD28 surface
expression. CD4+CD28– and CD4+CD28+ cells were sep-
arated by MACS magnetic beads from peripheral blood
of 11 nontreated patients with RR MS (Table 1). Sepa-
rated CD4+CD28– cells constituted 0.012–28.9% of the
CD4+ population.

First, we assessed whether CD4+CD28– cells represent
a distinct population or whether these cells only tran-
siently downmodulate CD28 after T cell activation. Our
results show that in MS patients the CD4+CD28– bulk
population (Figure 1a) and subsequently generated
clones have a stable CD28– surface phenotype, whereas
CD4+CD28+ cells transiently downmodulate CD28 sur-
face expression after in vitro stimulation (data not
shown). In contrast, separated CD4+CD28– populations
from six healthy individuals did not maintain surface
CD28– phenotype upon subsequent staining.

CD28 mRNA expression was detectable by real time
PCR in long-term CD4+CD28– clones from RR MS
patients, but at a very low level when compared with
CD4+CD28+ clones (relative CD28 mRNA level 
13.1 ± 4.7 vs. 732.7 ± 66.3).

Fifty-six long-term clones were used in the subsequent
experiments. When characterized for multiple surface
markers, CD4+CD28– clones consistently lacked CD28
and CTLA-4 surface expression (Figure 1b). The surface
activation markers CD25, CD69, and CD40L were not
continuously expressed on CD4+CD28– clones, consis-
tent with their long-term memory phenotype (26).
However, these activation markers were readily upregu-
lated to maximal levels upon CD3 ligation (data not
shown). CD54 (ICAM-1), CD11a (LFA-1), and CD29
adhesion molecules were constitutively expressed in this
memory (CD45RA–CD45RO+) population, and alter-
native costimulatory molecules that function inde-
pendently of the CD28 pathway (CD134, CD29, CD26)
were expressed in the absence of CD28 expression.

CD4+CD28– clones are CD28-costimulation independent
and show a full agonist signaling activation pattern in the
absence of CD28 costimulation. CD4+CD28– cells from RR
MS patients had a prominent growth potential; they
had a higher cloning efficiency in comparison to
CD4+CD28+ cells. We examined the costimulation
requirements for the activation of CD4+CD28– and
control CD4+CD28+ clones from MS patients by meas-
uring their proliferative response and signaling pat-
terns after CD3 ligation alone or in the presence of
CD28-mediated costimulation. The proliferation of
CD4+CD28– clones was consistently independent of

CD28 costimulation, and the addition of αCD28
mAb’s did not significantly increase their response.
Results representative of ten independent experiments
performed with 29 clones are shown in Figure 2a.
Although the addition of αCD28 mAb to αCD3 mAb-
stimulated CD4+CD28– clones increased the prolifera-
tive response by an average of 8%, the αCD28 mAb
stimulation of CD4+CD28+ clones induced an average
increase in proliferation by 1,241% compared with the
response induced by αCD3 mAb only.

Analysis of the TCR signaling pathway by Western
blot permits identification of distinct patterns of phos-
phorylation which correspond to different degrees of T
cell activation. In particular, we can differentiate a full-
agonist response, characterized by phosphorylation of
the TCR-ζ chain (p38>p32) and of ZAP-70, from a par-
tial agonist response, characterized by modest TCR-ζ
chain phosphorylation (only p32) and the absence of
ZAP-70 phosphorylation. Consistent with the prolifer-
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Figure 2
CD4+CD28– clones are CD28 costimulation–independent. (a)
CD4+CD28+ and CD4+CD28– clones were plated at 105 cells per well
in plates precoated with a suboptimal concentration of αCD3 (0.1
µg/ml) or αCD3 + αCD28 (5 µg/ml). Cells were cultured in dupli-
cates for 72 hours, and proliferation was assessed by pulsing cultures
with 3[H]thymidine for the final 16 hours of culture. (b) CD4+CD28–

and CD4+CD28+ clones were stimulated with αCD3 or αCD3 +
αCD28 mAb’s. The signaling pattern was analyzed by immunopre-
cipitation with anti-ZAP mAb’s and subsequent immunoblotting
with mAb to phosphotyrosine. CD4+CD28– clones displayed maxi-
mal phosphorylation of TCR-ζ chain p32 and p38 when stimulated
in the absence of CD28 costimulation. TCC WS+3, T cell clone WS
(CD28+) 3; TCC WS-1, T cell clone WS (CD28–) 1; TCC WS-2, T cell
clone WS (CD28–) 2. 



ative results, experiments examining TCR signal trans-
duction in 11 clones reveal that CD4+CD28– clones dis-
play a full-agonist activation pattern after stimulation
with suboptimal concentrations of αCD3 in the
absence of CD28 costimulation. Measurement of 
ZAP-70 band intensities revealed 1.8–2.5 times higher
band intensities in CD4+CD28– clones in comparison to
the CD4+CD28+ clone after αCD3 stimulation. The
addition of conjugated αCD28 stimulatory antibody
did not change this signaling pattern (Figure 2b). In
contrast, CD4+CD28+ clones achieved only a partial
agonist response when stimulated with suboptimal
concentrations of αCD3, requiring both αCD3 and
αCD28 stimulus for a full-agonist response.

CD4+CD28– clones have a Th1 phenotype and maxi-
mally upregulate IFN-γ and IL-12Rβ2 chain gene
expression in the absence of CD28 costimulation. It is
well documented that CD28 costimulation plays an
important role in Th1/Th2 lineage differentiation. We
measured IL-2, IFN-γ, IL-4, and IL-10 cytokine pro-
duction in supernatants from ten CD4+CD28– and
CD4+CD28+ clones, 48 hours after PHA stimulation
(Figure 3a). CD4+CD28– clones produced Th1
cytokines, with high IFN-γ production characteristic of
differentiated memory cells. CD4+CD28– clones had
6.2 times higher mean production of IFN-γ than did
control CD4+CD28+ clones.

To characterize the Th1 differentiation of CD28-cos-
timulation–independent clones, we studied gene expres-
sion patterns after differential stimuli using quantita-
tive real time PCR (Figure 3b). CD4+CD28– clones
maximally upregulate IFN-γ mRNA after αCD3 stimu-
lation. CD4+CD28+ clones have only minimal IFN-γ
gene upregulation with αCD3 alone and require both
the αCD3 and αCD28 stimulus for maximal IFN-γ
expression, which is significantly lower than in
CD4+CD28– clones in all tested clones (data not shown).

The IL-12Rβ2 subunit, a critical molecule in Th1 lin-
eage differentiation, is maximally upregulated in
CD4+CD28– clones in the absence of CD28 costimula-
tion. CD4+CD28+ clones, on the other hand, require
both TCR- and CD28-mediated stimulus for a maximal
IL-12Rβ2 chain expression. Results in Figure 3b are
expressed as changes relative to gene expression levels
in the nonstimulated clones and are representative of
six experiments.

To address whether the upregulation of the IL-12Rβ2
chain gene occurs as a consequence of autocrine IFN-γ
secretion, we blocked IFN-γ with αIFN-γ mAb before
measurement of activation-induced IL-12Rβ2 expres-
sion. Given that IL-12Rβ2 chain expression continued
to be maximal in the absence of CD28 costimulation,
we propose that direct TCR signaling with a subse-
quent CD40L upregulation might be a mechanism for
IL-12Rβ2 chain upregulation in CD4+CD28– clones
(data not shown). Alternative costimulatory pathways
and cytokines may also play a role in the induction of
IL-12Rβ2 expression.

Signaling lymphocyte activation marker (SLAM), a
CD28-independent costimulatory molecule that selec-
tively increases IFN-γ production upon TCR activa-
tion, may provide an additional stimulus for IFN-γ
production. In six independent experiments, we
observed increased SLAM gene expression in
CD+CD28– clones after αCD3 stimulation. This find-
ing further supports the CD28-costimulation–inde-
pendent activation of CD4+CD28– clones (data not
shown) and points to the possible compensatory role
of the CD28-independent costimulatory pathways.

CD4+CD28– clones escape mechanisms that control
clonal expansion. The CD4+CD28– population shows
a prolonged proliferative response after mitogenic
stimulation. To examine whether CD+CD28– cells
escape mechanisms that normally downregulate clon-
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Figure 3
CD4+CD28– clones secrete Th1 type cytokines
and maximally upregulate IFN-γ and IL-12Rβ
chain gene expression in the absence of cos-
timulation. (a) IFN-γ production was meas-
ured in supernatants of ten CD4+CD28– and
CD4+CD28+ clones 48 hours after PHA stim-
ulation. (b) IFN-γ and IL-12Rβ2 chain gene
expression was measured by real time PCR in
CD4+CD28– and CD4+CD28+ clones after
stimulation with immobilized control IgG1,
αCD3, or αCD3 + αCD28 mAb’s. Quantita-
tive RT-PCR was performed and gene expres-
sion levels normalized to 18S RNA.
CD4+CD28– clones maximally upregulate
IFN-γ and IL-12Rβ2 chain, critical molecules
in Th1 lineage differentiation, in the absence
of CD28 costimulation.



al expansion, AICD was induced by αCD3 apoptotic
stimuli in bulk population of CD4+CD28– cells, and
their survival was compared with the survival of
CD4+CD28+ cells from the same RR MS patient. In ten
independent experiments (Figure 4a), we detected a
significantly higher survival in CD4+CD28– cells, 7
days after activation and subsequent IL-2 withdrawal,
in comparison to the CD4+CD28+ population (Wilcox-
on signed rank test, P = 0.0018).

A second mechanism of controlling clonal expan-
sion by the inhibitory effect of CTLA-4 is particularly
interesting in this system, as CD28 signaling is
required for CTLA-4 expression. Eight clones with
CD4+CD28– and CD4+CD28+ phenotype were tested
for CTLA-4 expression in time course experiments
from 3 to 72 hours after αCD3 or αCD3+αCD28
stimulation. There was neither CTLA-4 expression on
resting CD4+CD28– clones nor upon their activation,
whereas CD4+CD28+ clones upregulated CTLA-4 48
hours after αCD3+αCD28 stimulation (Figure 4b).

Furthermore, we tested the effect of CTLA-4 blockade
by anti–CTLA-4 mAb in proliferation assays. The
CD4+CD28+ clones showed an increased proliferative
response upon blockade of the inhibitory CTLA-4 path-
way. In parallel experiments, maximal proliferation of
CD4+CD28– clones induced by αCD3 antibodies was not

exceeded upon addition of either αCD28 or anti–CTLA-
4 mAb, consistent with the absence of both CD28 and
CTLA-4 surface expression. Results presented in Figure
4c are representative of seven similar experiments.

The CD4+CD28– population contains MBP-specific T cells
in MS patients. CD4+CD28– cells comprise a distinct
population in MS patients. To evaluate whether this
population expands in RR MS, we measured the per-
centage of CD28– cells out of total CD4+ cells in 30
patients with active RR MS (at least one clinical exac-
erbation in the past 6 months) and 15 healthy indi-
viduals (Table 1). Owing to the low frequency of
CD4+CD28– cells, particular care was taken to select
cells by gating on CD3+, CD4+, CD14– lymphocytes,
and to acquire high numbers (5 × 104) of gated events.
We observed the expansion of CD4+CD28– cells in a
subgroup of MS patients (Table 1, bold characters:
mean normal controls ± 2 SD), but not in all tested
patients when compared with normal controls
(Wilcoxon rank sum test, P = 0.21). The proportion of
CD4+CD28– cells showed a significant variability in
both normal individuals (0–6.15%) and MS patients
(0.023–28.90%). However, the percentage of
CD4+CD28– cells appeared rather stable in the indi-
vidual MS patient, as observed in two patients fol-
lowed up monthly for 12 months (data not shown).
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Figure 4
CD4+CD28– cells exhibit prolonged survival after
activation. (a) CD4+CD28– and CD4+CD28+

populations from the same individuals were
exposed to apoptotic stimuli, and the percent-
age of surviving cells was measured by PI exclu-
sion 7 days after stimulation. (b) CTLA-4 sur-
face expression was measured in CD4+CD28–

and CD28+ clones at resting state and at multi-
ple time points over the course of 72 hours after
stimulation. CD4+CD28+ clones maximally
upregulated CTLA-4 surface expression 48
hours after the stimulation, whereas
CD4+CD28– clones did not have detectable
CTLA-4 surface expression at any time point
after activation. (c) The effect of CTLA-4 block-
ade (anti–CTLA-4 mAb, 5 µg/ml) was assessed
in CD4+CD28– and CD4+CD28+ clones stimu-
lated with indicated concentration of αCD3 or
αCD3 + αCD28. The proliferative response
measured 72 hours after stimulation was not
changed in CD4+CD28– clones with the addition
of anti–CTLA-4 blockade, whereas CD4+CD28+

clones exhibited an increased proliferation upon
CTLA-4 blocking.



In an attempt to address the antigen specificity of
CD4+CD28– population, we measured the frequency of
cells reactive to MBP, one candidate autoantigen in
MS, in CD4+CD28– and CD4+CD28+ populations in
ten RR MS patients. A large number of PBMCs 
(6 × 108) obtained by lymphapheresis was needed to
isolate the rare CD4+CD28– population and to deter-
mine the precursor frequency of MBP-reactive cells in
both CD4+CD28– and CD4+CD28+ subpopulations.
Our results confirm the presence of MBP-reactive cells
in the CD4+CD28– cell subset. However, in comparison
to the frequency of MBP-specific cells in the
CD4+CD28+ population, there is no statistically sig-
nificant difference (Wilcoxon signed rank test, P = 0.3)
(Figure 5). In addition, we tested the reactivity to the
control FLU HA 306-318 antigen in both cell subsets.
Because FLU-HA-specific cells were more frequent in
the CD4+CD28+ subpopulation, we excluded the pos-
sibility that the MBP reactivity detected in CD4+CD28–

cell subset simply reflects a general increase in the
memory cells response.

Discussion
Previous studies of the autoimmune response in MS
have primarily focused on the antigen specificity of
myelin-reactive CD4+ cells. Comparable precursor fre-
quencies of myelin-reactive CD4+ cells in MS patients
and normal individuals support the findings from
studies on MBP-specific TCR-transgenic mice (27), that
the presence of even high numbers of myelin-specific T
cells is not sufficient to trigger an autoimmune disease.

In human studies of the costimulatory requirements
of autoreactive T cells, two groups have recently demon-
strated that MBP-specific T cells exhibit decreased

CD28-costimulatory requirements in MS patients when
compared with normal controls. Scholz et al. (20), using
CD80- and CD86-transfected Chinese hamster ovary
(CHO) cells as APCs, found that MBP-reactive T cell
clones from normal individuals require B7 costimula-
tion, whereas MBP-reactive clones from MS patients pro-
liferate in the absence of B7 costimulation. Lovett-Racke
et al. (21) reported that the addition of anti-CD28 or
CTLA-4 Ig prevented MBP-specific proliferation in nor-
mal controls, but not in MS patients. The authors con-
cluded that MBP-reactive CD4+ cells expand in the
absence of CD28/B7-mediated costimulation, due to
their previous in vivo activation and memory phenotype.

Studies in several other autoimmune diseases iden-
tified a specific costimulation-independent CD4+ pop-
ulation that can be detected in the patients’ blood over
long periods. In RA, CD4+CD7–CD28– cells were iden-
tified as expanded T cell clonotypes that persist in vivo
for several years (22). The longevity and clonal 
expansion of this population are related to their 
resistance to activation induced cell death. Expanded
CD11b+CD28–CD4+ clonotypes are also identified in
IDDM (23), chronic inflammatory bowel disease (28),
and Wegener granulomatosis (29). However, the anti-
gen specificities of those populations have not been
identified, and autoreactivity is only presumed owing
to their proliferation in the autologous mixed lym-
phocyte reaction. Expanded CD4+ and CD8+ clones
with persistent lack of CD28 surface expression are
also detected in the elderly population. Their signifi-
cance is unknown, and it is speculated that it may be
related to the decline in protective immunity and an
increased risk of developing malignancies and autoim-
mune diseases (30) in the aging population.

In this study, we characterized a subpopulation of
CD4+ cells with a long-term stable CD28– surface phe-
notype in RR MS patients. CD4+CD28– clones exhibit-
ed CD28-costimulation-independent activation,
prominent Th1 cytokine production, and a prolonged
proliferative response in vitro. In CD4+CD28– clones,
signal transduction studies reveal a full agonist signal-
ing activation pattern in the absence of CD28-costim-
ulation. In contrast, CD4+CD28+ clones derived from
the same MS patients required αCD28 costimulation
in order to obtain a full agonist signal. Rearrangements
of the topology of the signaling machinery in memory
T cells were recently described for CD8+ cells (31), and
further studies are needed to address whether similar
mechanisms underlie the facilitated activation of cos-
timulation-independent CD4+CD28– clones in MS.

The dysregulation of costimulatory pathways plays a
role in the activation of autoreactive T cells in several
autoimmune disease animal models (32, 33). Mice defi-
cient in Cbl-b, an adaptor molecule that regulates the
requirement for CD28 costimulation for proliferation
and IL-2 production, develop spontaneous systemic
autoimmune disease. B cell and T cell activation is
uncoupled from the requirement for CD28 costimula-
tion, and the resulting auto-antibody production, pro-
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Figure 5
MBP-specific cells are detected in the CD4+CD28– population. Reac-
tivity to MBP was measured in CD4+CD28– and CD4+CD28+ popu-
lations separated from ten RR MS patients by limiting dilution assays
using three cell concentrations: 0.7, 1.5, and 3 × 104/well. The mean
frequency of MBP-reactive cells for each patient was expressed as the
number of MBP-reactive cells per 106 cells of the relevant CD4+CD28–

or CD4+CD28+ cell subpopulation. Reactivity against the control FLU
HA (308-319) antigen was tested in ten RR MS patients using the
same experimental approach.



liferation, and infiltration of multiple organs by activat-
ed B and T lymphocytes leads to autoimmune disease.

Another well-studied autoimmune disease, IDDM, is
exacerbated in CD80/CD86 and CD28-deficient NOD
mice. This finding, in marked contrast with the resist-
ance of B7- and CD28-deficient mice to the induction
of EAE, illustrates the different role of B7/CD28 cos-
timulation in the setting of acute and chronic autoanti-
gen exposure (34).

The most dramatic phenotype is observed in 
CTLA-4–deficient mice, which develop spontaneous
autoimmune disease with massive lymphoprolifera-
tion, organ infiltration, and death within 4–5 weeks.
The costimulatory deficit here leads to the loss of
CTLA-4–mediated inhibitory signals that control lym-
phocytic proliferation (35).

The origin of CD4+CD28– cells in MS patients remains
to be determined. They might originate from a distinct
lineage of CD4+ cells, as suggested by their reported pres-
ence in normal individuals, or from CD4+CD28+ effec-
tor cells, which undergo functional and phenotypic
changes after activation. Consistent with the reports in
other autoimmune diseases, we demonstrated this pop-
ulation in all MS patients, whereas in the six tested
healthy individuals, the initially CD28– population sub-
sequently regained CD28 surface expression. This is an
important finding, and further studies examining the
regulation of costimulatory pathways in autoimmune
diseases are under way in our laboratory.

It is postulated that costimulation-independent
autoreactive CD4+ cells undergo activation in the
periphery by the mechanism of molecular mimicry or
bystander activation. Subsequently, activated
CD4+CD28– cells may migrate through the BBB and
initiate an inflammatory response within the CNS.

Costimulation-independent activation is particularly
important for antigen recognition within the CNS,
where competent APCs are sparse. Microglia can effec-
tively present antigens, whereas astrocytes lack the
expression of CD80 and CD86 and upregulate MHC
class II molecules only after the activation by IFN-γ (10).

CD4+CD28– clones derived from RR MS patients
have a Th1 phenotype with a particularly high IFN-γ
secretion. They maximally upregulate the expression of
IL-12Rβ2 subunit gene, which plays a role in the Th1
differentiation, maintaining IL-12 responsiveness and
continuous Th1 lineage commitment (36), in the
absence of CD28 costimulation.

CD4+CD28– clones exhibit increased survival after
apoptotic stimuli, a finding consistent with studies
in rheumatoid arthritis patients. These studies
reported a resistance to apoptosis in CD4+CD28–

cells due to an elevated expression of antiapoptotic
protein Bcl-2 (37) and Fas-associated death domain-
like IL-1–converting enzyme inhibitory protein
(FLIP) (38). The absence of CTLA-4 surface expres-
sion on CD4+CD28– cells may also play a role in their
prolonged proliferative response and resistance to
activation-induced cell death (16).

In this study, we detected the expansion of the
CD4+CD28– cell population in a subgroup, but not in all
tested RR MS patients, when compared with normal con-
trols. Our results show a substantial variability in the per-
centage of CD4+CD28- cells in both MS patients and
normal controls and are consistent with the results of
Chapman et al. (23). They found a significant variability
of the percentage of CD4+CD28– cells in normal individ-
uals and reported a higher percentages of CD4+CD28–

cells in individuals with HLA-DRB1*0401 and DR1, the
alleles associated with an increased risk for RA. A larger
number of RR MS patients and healthy individuals are
currently being evaluated in our laboratory in an attempt
to relate the age, HLA type, disease duration, and activity
with the size of CD4+CD28– population.

To address the involvement of CD4+CD28– cells in the
formation of CNS inflammatory lesions, we tested their
reactivity to MBP, a candidate autoantigen in MS. MBP-
specific T cells were detected in the CD4+CD28– popu-
lation in all tested MS patients. We intend to focus on
this population of rare but potentially important cells
in our future studies.

New insights into the costimulatory requirements of
autoreactive T cells may help us design specific thera-
pies targeting costimulatory pathways. The results of a
phase I clinical trial of CTLA-4 Ig costimulation block-
ade in patients with psoriasis vulgaris were encourag-
ing: there was a sustained improvement in clinical dis-
ease activity in 46% of treated patients; namely,
reduction in epidermal hyperplasia and skin infiltrat-
ing T cells (39). Costimulatory blockade is a promising
therapeutic approach that may prevent effective prim-
ing of naive cells in the early phases of MS (40, 41).
However, the studies on EAE suggest that it may not be
an effective treatment for already established immune
response. In most of the reported studies, treatment
with anti-B7 antibodies and CTLA-4 Ig reduced clini-
cal EAE activity and the production of inflammatory
cytokines, but did not completely abrogate the disease,
suggesting that costimulation-independent popula-
tions may continue to perpetuate the disease (42). The
clonally expanded populations, identified in RA,
IDDM, Wegener granulomatosis, systemic lupus ery-
thematosus, chronic inflammatory bowel disease, and
now in MS patients, require further functional charac-
terization that should provide us with a better under-
standing of the events involved in the development of
autoimmune response. Our results have significant
therapeutic implications, indicating that CD28/B7 cos-
timulatory blockade may not be an effective treatment
for MS, due to the potential of CD28-
costimulation–independent CD4+CD28– cells to escape
this therapy and mediate future relapses of MS.
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