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ABSTRACT Multiple sclerosis (MS) is a chronic inflam-
matory disease of the central nervous system postulated to be
a cell-mediated autoimmune disease in which interferon y
(IFN-vy) plays an important role. There is increased IFN-y
secretion in MS, and IFN-y administration induces exacer-
bations of disease. We found that interleukin 12 (IL-12) was
responsible for raised IFN-y secretion in MS as anti-IL-12
antibodies reversed raised anti-CD3-induced IFN-y in MS
patients to normal levels. Furthermore, we found a marked
increase in T cell receptor-mediated IL-12 secretion in pro-
gressive MS patients vs. controls (24.8 = 7.7 pg/ml vs. 1.5 =
1.0 pg/ml, P = 0.003) and vs. relapsing-remitting patients
(3.7 = 1.4 pg/ml, P < 0.05). Investigation of the cellular basis
for raised IL-12 demonstrated that T cells from MS patients
induced IL-12 secretion from non-T cells, and that T cells from
MS patients could even drive non-T cells from normal sub-
jects to produce increased IL-12. Anti-CD40 ligand antibody
completely blocked IL-12 secretion induced by activated T
cells, and we found increased CD40 ligand expression by
activated CD4* T cells in MS patients vs. controls. The CD40
ligand-dependent Thl-type immune activation was observed
in the progressive but not in the relapsing-remitting form of
MS, suggesting a link to disease pathogenesis and progression
and providing a basis for immune intervention in the disease.

Multiple sclerosis (MS) is a chronic inflammatory disease of
the central nervous system postulated to be a T cell-mediated
autoimmune disease (1). Interferon -y (IFN-v), a cytokine that
is the hallmark of Thl-type immune responses, plays an
important role in disease pathogenesis as increased production
of IFN-vy precedes clinical attacks (2, 3), and injection of MS
patients with recombinant IFN-y-induced exacerbations of the
disease (4). Furthermore, within the nervous system, the
inflammatory process is characterized by increased IFN-y
expression (5). Little is known about the immune basis for
raised IFN-v in MS or how it relates to different stages of the
disease. Interleukin 12 (IL-12), a cytokine produced by non-T
cells, is the most potent inducer of IFN-y and Thl-type
immune responses (6). We recently observed increased ex-
pression of IL-12p40 mRNA associated with inflammation in
the central nervous system of MS patients but not in patients
suffering from stroke (7). Given the importance of IL-12 in
IFN-vyinduction, we investigated IFN-y secretion in MS and its
potential link to IL-12.

MATERIALS AND METHODS

Subjects. MS patients were studied from the outpatient MS
clinic of the Brigham and Women’s Hospital. Relapsing—
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remitting patients (n = 18; average age = 44 = 1.3 years) had
an average expanded disability status (EDSS) of 3.9 = 0.5, and
chronic progressive MS patients (n = 33; average age = 46 *
1.1years) had an EDSS of 5.7 = 0.3. A disability of 6 or greater
involves use of a cane or other support. Patients had not
received immunosuppressive therapy in the past or steroid
treatment in the 6 months before blood drawing. The control
group consisted of age and sex matched healthy subjects (n =
29; average age = 43 = 1.8 years). The number of patients used
for each individual experiment is given in the corresponding
table or figure legends.

Cell Separation. Peripheral blood mononuclear cells
(PBMC) were isolated from heparinized venous blood by
Ficoll/Hypaque density gradient centrifugation (Pharmacia
LKB). Cells were resuspended (10° cells/ml) in complete
culture media consisting of RPMI 1640 medium (BioWhit-
taker) supplemented with 10% fetal bovine serum, 4 mM
L-glutamine, 25 mM Hepes buffer, 50 units/ml penicillin, and
50 wg/ml streptomycin (all from BioWhittaker). Separation of
T cells from PBMC was performed by using negative depletion
of non-T cells with human T cell enrichment column (R & D
Systems) according to manufacturer’s instructions. Separation
of non-T cells (antigen-presenting cells; APCs) from PBMC
was done by using negative depletion of T cells with Dynabeads
M-450 Pan T (CD2) (Dynal; Great Neck, NY) according to
manufacturer’s instructions. Separation of T cells into CD4
depleted (CD47) and CDS8 depleted (CD87) T cells was
performed using Dynabeads M-450 CD4 and Dynabeads
M-450 CDS8, respectively (Dynal).

Cell Culture. PBMC activation with soluble anti-CD3. In
preliminary experiments during which culture conditions were
established, we found that following 2 days of in vitro culture,
prominent IFN-+y secretion was observed with anti-CD3 mAb
stimulation but not with IL-2 or IL-12. Thus to study the T cell
receptor complex (TcR)-mediated pathway of IFN-y secre-
tion, we chose culture conditions in which 1 ml of PBMC (1 X
106 cells) was placed in polypropylene culture tubes (Fisher
Scientific), cultured for 2 days in medium, washed, and then
activated with 1 pg/ml of anti-CD3 mAb (American Type
Culture Collection; clone OKT3, mouse IgG2a) and culture
supernatants were collected 24 or 48 h later. Activated cells
were also used for flow cytometry analysis of IL-12 receptor
(IL-12R) positive cells.

T cell activation with immobilized anti-CD3. T cells (1 X 10°
cells/well) and/or APCs (5 X 106 cells/well) were placed in the
total volume of 1 ml in the wells of a 24-well flat-bottom plate

Abbreviations: MS, multiple sclerosis; IFN-v, interferon y; PBMC,
peripheral blood mononuclear cells; EAE, experimental autoimmune
encephalomyelitis; APC, antigen presenting cell; Ab, antibody; FITC,
fluorescein isothiocyanate; IL, interleukin; IL-12R, IL-12 receptor;
rIL-12, recombinant IL-12; TNF-a, tumor necrosis factor a; TcR, T
cell receptor.
*To whom reprint requests should be addressed at: Center for
Neurologic Diseases, Brigham and Women’s Hospital, 221 Long-
wood Avenue, LMRC Room 102a, Boston, MA 02115. e-mail:
weiner@cnd.bwh.harvard.edu.
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with immobilized anti-CD3 or with immobilized control mouse
IgG2a. Culture supernatants were collected after 24-h incu-
bation. Activated T cells were also studied for CD40 ligand
expression by flow cytometry after 20-h incubation and at
various other times for kinetic studies.

Cytokine ELISA. IFN-vy and IL-4 determinations in culture
supernatants was performed by ELISA using a cytokine
ELISA protocol from PharMingen. For IFN-y and IL-4, 1
pg/ml of capture mouse anti-human IFN-y mAb or mouse
anti-human IL-4 mAb, and 1 pg/ml of biotinylated mouse
anti-human IFN-y mAb or biotinylated rat anti-human IL-4
mAb were used (all from PharMingen). IL-12p70 and IL-2
were determined by appropriate ELISA kits (R & D Systems
and BioSource International, Camarillo, CA, respectively).
For standards, recombinant human IFN-y (GIBCO/BRL),
recombinant human IL-2 (Boehringer Mannheim), recombi-
nant human IL-4 (PharMingen), and recombinant human
IL-12 (R & D Systems) were used. Sensitivity of IFN-vy, IL-2,
IL-4, and IL-12 ELISA were 32, 32, 8, and 2 pg/ml, respec-
tively.

Flow Cytometry. IL-12R-bearing cells were detected as
described by Desai et al. (8). Briefly, 1 X 10° cells in 0.1 ml
staining buffer (PBS/2% fetal calf serum/0.1% sodium azide)
were sequentially incubated with 40 nM unlabeled IL-12 for 40
min, followed by biotinylated rat anti-human IL-12 (Clone
4D6, IgG1, provided by M. K. Gately (Hoffmann-La Roche)
or control biotinylated rat IgG1 (clone MP4-25D2; PharMin-
gen) for 20 min, and finally with Streptavidin—phycoerythrin
for 20 min. Cells were then incubated with fluorescein iso-
thiocyanate (FITC)-conjugated mAb specific for CD3, CD16
(both from AMAC, Westbrook, ME), CD4, CD8, or control
FITC-conjugated mouse Ig (all from Coulter Immunology)
according to the manufacturer’s recommendations). T cells
activated with immobilized anti-CD3 were stained with FITC-
conjugated mAbD specific for CD4 (Coulter Immunology) and
phycoerythrin-conjugated anti-CD40 ligand mAb (PharMin-
gen) or control FITC- and phycoerythrin-conjugated mouse Ig
(Coulter Immunology) according to the manufacturer’s rec-
ommendations. All incubations were carried out at 4°C in
staining buffer, and cells were washed twice between incuba-
tions. Flow cytometric analysis of 5-10 X 103 cells from each
sample was performed on an FACSort flow cytometer (Beck-
ton Dickinson) according to standard procedures.

Statistical Analysis. Results are presented as mean =+ SEM
for each group. Statistical significance was calculated using
Student’s ¢ test.

RESULTS AND DISCUSSION

To investigate the basis for raised IFN-vy production in MS, we
stimulated T cells through the TcR with anti-CD3 mAb. We
first studied a group of chronic progressive MS patients and
healthy control subjects and found a clear increase in TcR-
mediated IFN-y production in MS. Specifically, anti-CD3-
induced IFN-y production was almost 3-fold higher in pro-
gressive MS (n = 25) than in control subjects (n = 21), 2132 +
207 pg/ml in MS vs.756 * 121 pg/ml in controls, P < 0.001.

To investigate the possible role of IL-12 in the raised IFN-y
secretion in progressive MS, we added anticytokine neutral-
izing antibody (Ab) to cultures stimulated with anti-CD3. In
addition to progressive MS, we also studied patients with
relapsing-remitting disease. Clinically, a classic feature of MS
is a course that initially involves relapses followed by remission
of disease (9). The relapsing-remitting phase is often followed
by a progressive phase that involves progressive neurologic
deterioration and is a major source of disability in MS. Some
patients have progressive disease from the onset. Why the
character of the illness changes from relapsing-remitting to
progressive is unknown. As shown in Fig. 1 Top, an increase in
anti-CD3-induced IFN-vy production was seen in patients with
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F1G. 1. Increased TcR-mediated IFN-vy production in MS is linked
to defective regulation by endogenous IL-12. PBMC (1 X 10°/ml)
from controls, relapsing-remitting MS (RR MS), or chronic progres-
sive MS (CP MS) were stimulated with anti-CD3 mAb as described.
Neutralizing goat anti-human IL-12 (10 ug/ml, R & D Systems) or
isotype control goat anti-human tumor necrosis factor a (TNF-«; 10
pg/ml, R & D Systems) were added to the cultures. After 2 days the
levels of IFN-vy production in culture supernatants were measured by
ELISA; data are expressed in pg/ml. Data are mean = SEM from
tested control subjects (n = 10), relapsing-remitting MS (n = 9), and
chronic progressive MS (n = 11) patients. IFN-vy production in CP MS
was significantly higher then in control subjects (P < 0.005) or
relapsing-remitting MS (P < 0.05). Neutralizing anti-IL-12 signifi-
cantly reduced IFN-y production in chronic progressive MS (P =
0.009) to the level of control subjects. T cell proliferative responses or
IL-4 production in MS patients or in control subjects were not affected
by anti-IL-12. Isotype control mouse IgG2a did not induce any
detectable level of IFN-y or IL-4.

the chronic progressive form of MS but only minimally in
relapsing-remitting subjects. In addition (Fig. 1 Middle), anti
IL-12 Ab reversed the elevated anti-CD3-induced IFN-vy se-
cretion in chronic progressive MS to the level of control
subjects (P = 0.009). Anti-TNF-« did not affect anti-CD3-
induced IFN-y production in either MS or controls (lower
panels). Anti-CD3-induced proliferation, and IL-4 and IL-5
production in chronic progressive MS or controls, were not
affected by anti-IL-12 (data not shown).

The IL-12-dependent increase in anti-CD3-induced IFN-vy
in chronic progressive MS we observed could be secondary
either to increased IL-12R expression on activated T cells in
MS or increased biologically active IL-12 production by non-T
cells in MS patients. It has been reported that recombinant
IL-12 (rIL-12) can provide a costimulatory effect for activated
human T cells that express detectable levels of IL-12R, par-
ticularly after mitogen stimulation (8, 10). To investigate these
possibilities, we first studied IL-12R expression on anti-CD3
activated T cells. However, we found no difference between
the number of IL-12R positive activated T cells in eight chronic
progressive MS patients (22.6 £ 3.3%) vs. seven control
subjects (21.4 = 4.0%).

We thus investigated whether the raised IFN-vy secretion was
secondary to increased IL-12 production in MS patients. To
investigate this possibility, we added anti-CD3 to PBMC and
measured secretion of IL-12, IL-4, and IL-2 in culture super-
natants. As shown in Table 1, there was a marked increase in
IL-12 production in chronic progressive MS subjects, which
was not observed either in control subjects or relapsing—
remitting MS subjects. No changes were observed in IL-4 or
IL-2 secretion. To determine whether the amount of increased
IL-12 observed in MS patients (24 pg/ml) was sufficient to
affect IFN-vy production, we added rIL-12 to cultures of PBMC
from control subjects in conjunction with anti-CD3 stimula-
tion. We found that 10 pg/ml of rIL-12 increased anti-CD3-
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Table 1. Increased T cell receptor-mediated IL-12 production in
progressive MS

1L-12, pg/ml IL-4, pg/ml IL-2, pg/ml
Control 1.5+1.0(17) 39177 (17) 719 £ 196 (7)
RR MS 3.7+14 (9) 37.9 = 10.4 (9) ND
CP MS 24.8 = 7.7 (15)* 445 +9.1 (15) 905 =+ 279 (10)

PBMC were stimulated with anti-CD3 mAb as described, and
supernatants were collected 24 h later. The levels of 1L-12p70, IL-4,
and IL-2 were measured by ELISA and expressed in pg/ml. Data are
presented as mean + SEM (number of subjects tested) for controls,
relapsing-remitting MS patients (RR MS) and chronic progressive MS
patients (CP MS).

*IL-12 secretion in CP MS patients vs control subjects (P = 0.003) and
vs. RR MS patients (P < 0.05).

induced INF-y production 3-fold and this was reversed by
neutralizing anti-IL-12 Ab (data not shown).

Because anti-CD3 stimulates T cells and IL-12 is produced
by non-T cells, we assumed that both cell populations were
required for the increased IL-12 secretion in progressive MS
patients. To identify whether one or both of the cell popula-
tions were abnormal in MS and which cells were responsible
for the increased IL-12 in MS, we separated PBMC into T cell
or non-T cell populations (APCs) and added them separately
to plates coated with immobilized anti-CD3. IL-12 secretion in
progressive MS patients was only observed when all three
components were present: T-cells, APCs, and anti-CD3 (data
not shown). Given this, we then mixed separated populations
of T-cells and APCs from MS and normal subjects and
measured IL-12 secretion. As shown in Fig. 2, minimal IL-12
was secreted by T cells plus APCs from control subjects
whereas large amounts were secreted by MS subjects. How-

T cells APCs

Control Control

MS MS

Control MS

MS Control

CD4- MS MS

CD8- MS MS

IL-12 production (pg/ml)

F1G. 2. Activated T cells but not APCs from progressive MS
patients are responsible for increased I1L-12 production. PBMC from
control subjects and progressive MS patients were separated into
APCs (non-T cells), T cells, CD4-depleted T cells (CD4~), or CDS-
depleted T cells (CD87). T cells or their subsets (1 X 10°) from the
control subject or from a chronic progressive MS patient were then
activated with immobilized anti-CD3 mAb in the presence APCs (5 X
10°) of either control subject or MS patient. The levels of biologically
active IL-12p70 was measured in 24-h culture supernatants by ELISA
and are expressed in pg/ml. Data represented by four top bars are
mean * SEM of six independent experiments with different control
subjects and MS patients. Data represented by two bottom bars are
mean * SEM of four independent experiments with four different MS
patients. APCs from MS patients produced significantly more IL-12
when cultured with activated T cells from MS patients vs. T cells from
control subjects (P < 0.025). APCs from control subjects also secreted
more IL-12 when cultured with activated T cells from MS patients vs.
controls (P < 0.001). APCs from MS patients produced more IL-12
when cultured with autologous CD8-depleted (CD8™) T cells vs.
CD4-depleted (CD47) T cells (P < 0.05). No detectable IL-12 (less
then 2 pg/ml) was secreted by APCs alone or T cells alone activated
with immobilized anti-CD3, or T cells plus APCs in the presence of
immobilized isotype control mouse IgG2a.
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ever, when mixing experiments were performed, increased
IL-12 was only observed when T cells from MS patients were
cultured with APCs either from MS patients or controls. No
increased IL-12 was observed when APCs from MS patients
were cultured with T cells from controls subjects. These results
clearly demonstrate that T cells from MS patients are respon-
sible for the increased secretion of IL-12 in progressive MS,
which act by inducing the non-T cell population to produce
IL-12. To determine which T cell populations were involved,
we separated T cells into CD4- and CD8-depleted populations;
as shown in Fig. 2, we found that depletion of CD4 cells
abrogated increased IL-12 secretion whereas depletion of CD8
cells had no effect.

Although we found that the interaction between anti-CD3
activated CD4* T cells from MS patients with APCs was
responsible for raised IL-12 production in CP MS, the nature
of the T cell/APC interaction was unknown. To investigate
this, we attempted to block IL-12 secretion in chronic pro-
gressive MS using mAb directed against cell surface structures
known to be involved in T cell interaction with APCs. As
shown in Fig. 3a, anti-CD40 ligand mAb completely blocked
increased production of IL-12 in patients with progressive MS.
No effect of anti-CD40 ligand Ab was seen on IL-4 production
in the same culture supernatants. In addition, we found no
significant effect on IL-12 production in MS using other Ab or
soluble adhesion molecules to block interaction of LFA-1,
CD2, or CD28/CTLA-4 (cytolytic T lymphocyte-associated
antigen) expressed by T cells with appropriate ligands ex-
pressed by APCs (data not shown). These results suggested
that anti-CD3 mAb was inducing increased CD40 ligand
expression on T cells from MS patients, but not controls. As
shown in Fig. 3b, this indeed was the case as a small, but
significant increase in CD40 ligand expression occurred in
anti-CD3 activated T cells from progressive MS patients but
not in controls or relapsing-remitting patients. The expression
of CD40 ligand occurred preferentially on activated CD4* T
cells, although a small number of CD40 ligand positive CD8*
T cells was also detected. Because optimal CD40 ligand
expression may occur at earlier time points, we investigated the
kinetics of CD40 ligand expression in purified T cells from MS
patients and controls. As shown in Table 2, CD40 ligand
expression first became evident at 24 h and was only observed
in progressive MS patients. Although CD40 ligand is required
for IL-12 production, other T cell-secreted cytokines may act
synergistically with CD40 ligand. We have found that neutral-
izing anti-IFN-y antibody reduced, though did not abolish,
IL-12 secretion. Additional experiments were performed using
phorbol 12-myristate 13-acetate (PMA) plus ionomycin, which
is one of the strongest inducers of T cell activation. PMA plus
ionomycin dramatically up-regulated CD40 ligand expression
on T cells to a similar extent in both control subjects and MS
patients with peak expression (56-78%) at 4 h after stimulation.

There are two series of investigations describing anti-CD3-
induced CD40 ligand expression by human peripheral blood T
cells. In the first, T cells were isolated by positive separation
with sheep red blood cells (11-13). This separation led to
CD2/LFA3 (lymphocyte function-associated antigen 3) inter-
action and CD2 engagement on the surface of T cells during
separation. It has been reported recently that CD2/LFA3
interaction augments the expression of CD40 ligand on acti-
vated human CD4* T cells (14). Presumably this explains why
the level of CD40 ligand expression by T cells was higher in
these studies than in our studies. In contrast, when T cells from
normal individuals were activated without previous CD2 en-
gagement (15), stimulation of peripheral blood T cells through
CD3 by mAb immobilized on plates induced only a minimal
expression of the CD40 ligand, that was analogous to our
system. Of note is that the phenotype of T cells directly after
isolation from normal individuals vs. CP MS did not show
generalized activation as measured by increased IL-2R,
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Fic. 3. (a) Increased TcR-mediated IL-12 production in MS is
mediated by activated T cells via CD40 ligand. T cells and APCs from
chronic progressive MS patients were activated with immobilized
anti-CD3 mAb as described in the legend for Fig. 2. Anti-CD40 ligand
mAb (10 pg/ml, clone m92, mouse IgG2a, provided by W. Fanslow,
Immunex) or isotype control mouse IgG2a (10 wg/ml; PharMingen)
were added from the beginning of the cultures. The levels of biolog-
ically active IL-12p70, IL-4, and IFN-y were measured in 24-h culture
supernatants by ELISA in pg/ml. Data are mean * SEM of seven
different experiments with different MS patients. Production of IL-12
was significantly reduced in the presence of anti-CD40 ligand mAb
(P = 0.007 vs. isotype control Ig). Production of IFN-y was 1381 * 302
pg/ml in cultures with control mouse IgG2a and 634 = 188 pg/ml in
cultures with anti-CD40 ligand mAb. (b) Increased CD40 ligand
expression by activated T cells in progressive MS. T cells from a control
subject (4 and C) or chronic progressive MS subject (B and D) were
cultured with immobilized mouse 1gG2a (4 and B) or immobilized
anti-CD3 (C and D) for 20 h. T cells were then stained with
FITC-conjugated mAb specific for CD4 (Coulter Immunology) and
phycoerythrin-conjugated anti-CD40 ligand mAb (PharMingen), ac-
cording to the manufacturer’s recommendations. Flow cytometric
analysis of 5 X 10 cells from each sample was performed on an
FACSort flow cytometer (Beckton Dickinson) according to standard
procedures. Data are representative of six separate experiments. For
all tested subjects, a significantly higher number of anti-CD3 activated
T cells from progressive MS patients expressed CD40 ligand (2.5 +
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HLA-DR (human leukocyte antigen, DR region), or IL-12R
expression (data not shown).

Our results provide an explanation for the altered regulation
of IFN-y in progressive MS patients and suggest that a
self-perpetuating series of immune interactions occurs that
results in a Thl-type immune response (see Fig. 4). The
initiating immunologic event must involve repeated stimula-
tion of the T cells through the Ag/major histocompatibility
complex (MHC)/TcR complex, because stimulation through
the TcR is required for CD40 ligand expression. It is postulated
that this occurs in the relapsing-remitting form of the illness
when patients have repeated attacks before entering the
progressive phase. Although the trigger for these attacks is
unknown, epidemiologic studies suggest that attacks are re-
lated in part to repeated viral infections and an increased
number of attacks early in the disease is a poor prognostic sign
(9,16, 17). Increased expression of CD40 ligand on T cells then
triggers the APC through CD40, an interaction that is known
to induce IL-12 secretion by APCs (18-20). IL-12 then acts on
T cells to induce the secretion of IFN-vy. Once secreted, IFN-vy
itself acts on APCs to further up-regulate IL-12 secretion and
perpetuate the cycle leading to a chronic state of Thl-type
immune activation. It remains to be determined the degree to
which increased CD40 ligand expression in MS is related to an
inherent defect in MS T cells or is secondary to the state of T
cell differentiation following chronic in vivo activation.

The association of IL-12 and CD40 ligand expression with
raised IFN-vy secretion in MS is consistent with what is known
about the effect of IL-12 and CD40 ligand on Thl-type
autoimmune diseases in animals (21, 22). Thus, administration
of IL-12 induces the rapid onset of insulin-dependent diabetes
mellitus (23) in the NOD mouse. In the experimental auto-
immune encephalomyelitis (EAE) model, animals treated with
IL-12 in vivo have a more severe and prolonged form of EAE
whereas anti-IL-12 reduces the incidence and severity of
adoptively transferred EAE (24). Administration of IL-12
enhances, in an IFN-y-dependent fashion, collagen-induced
arthritis (25). Biologically active IL-12 secretion has not been
studied in human autoimmune diseases in which it would be
expected that enhanced production would be associated not
only with disease progression but with increased IFN-vy pro-
duction. This indeed was found in our MS patient population.
IL-12 has also been studied in other human disease states
including HIV, where IL-12 production was decreased and

0.3%, n = 6) vs. controls (0.6 = 0.2%, n = 8) or relapsing remitting
MS patients (0.6 = 0.24%, n = 6), P < 0.001, chronic progressive MS
vs. control or relapsing-remitting MS. Less than 0.2% of anti-CD3-
activated T cells from any tested donor were positively stained with
combination of control FITC- and phycoerythrin-conjugated mouse
IgG (all from Coulter Immunology).
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Table 2. Kinetics of CD40 ligand expression

Percentage of T cells expressing
CD40 ligand

Time after
activation, h Control RR MS CP MS
0 0.05 0.10 0.26
6 0.08 0.17 0.64
12 0.10 0.11 0.80
24 0.14 0.17 2.58
36 0.07 0.14 3.14
48 0.94 043 6.45

Purified T cells were activated with immobilized anti-CD3 as
described in the legend for Fig. 3b. The percentage of T cells that
expressed CD40 ligand was determined at various time points after
activation. Results shown are representative of three independent
experiments. RR MS, relapsing-remitting MS; CP MS, chronic pro-
gressive MS.

exogenous rIL-12 was reported to restore HIV specific cell-
mediated immunity in vitro (26, 27).

CD40 ligand is a 33-kDa type II glycoprotein which is
transiently expressed on the surface of T cells following
activation (28). In the murine system, CD40 ligand is involved
in T cell-dependent induction of nitric oxide, TNF-a (29), and
IL-12 (18) secretion by macrophages and activated differen-
tiated Thl cells express a 20-fold greater amount of CD40
ligand than activated nondifferentiated T cells (30). In murine
collagen-induced arthritis, disease is blocked by Ab to CD40
ligand (22). In addition, it has recently been shown by Gerritse
et al. (31) that CD40-CD40 ligand interactions play an im-
portant role in EAE as treatment of animals with anti-CD40
ligand mAb completely prevented development of the disease.
Furthermore, these investigators reported an increased num-
ber of CD4" T cells expressing CD40 ligand in MS patient
brain sections (31). Our results demonstrate that functional
immune abnormalities in the blood of MS patients are linked
to CD40-CD40 ligand interactions and are related to disease
progression. Thus, increased IL-12 production in progressive
MS is mediated by activated T cells via CD40 ligand, a
mechanism that has not been previously described in human
disease states. Of note is that Stuber ef al. (32) have recently
observed CD40 ligand-mediated increased IL-12 and Th1-type
responses in the mouse model of 2,4,6-trinitrobenzene sulfonic
acid-induced colitis. Also, Grewal et al. (33) have recently
reported impairment of antigen-specific T cell priming in mice
lacking CD40 ligand expression and postulated that antago-
nists of CD40-CD40 ligand interaction may be of benefit in the
treatment of autoimmune diseases such as multiple sclerosis.

In summary our findings establish the presence of immune
activation associated with raised IFN-y in MS which is linked
to IL-12 production by non-T cells and to CD40 ligand
expression by CD4* T cells. These immune abnormalities are
seen most prominently in patients with the progressive form of
the disease, suggesting an important link to disease pathogen-
esis and progression. Furthermore, these findings not only
provide an immunological basis to understand disease mech-
anisms in MS but identify two molecules that may serve as
targets for treatment of the disease.
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