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Abstract

We used a flow cytometry assay to measure proliferation and cytokine production of self-antigen-
specific T cells in individual patients during the clinical course of multiple sclerosis (MS). Myelin-
associated oligodendrocytic basic protein (MOBP) was selected for proof of principles in the
assay, along with myelin basic protein (MBP) to assess specific activated T cells in 10 MS patients
over an 18-month period, in parallel with brain magnetic resonance imaging (MRI) scans and
clinical rating scale. A positive correlation occurred between antigen-specific T cell proliferation
and interferon-y production with clinical relapses and MRI lesion activity that was absent when
the same patients were in remission.
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1. Introduction

Both CD4+ and CD8+ T cells and/or their products have been shown to play critical roles in
tissue damage of autoimmune diseases (Marrack et al., 2001). Although a single epitope
may be targeted during the initial stage of these diseases, the resultant activation broadens
and involves many epitopes later in the pathological process (Marrack et al., 2001). The
identification of the self-epitopes targeted by the activated immune responses at different
time points during these disease processes should allow a better understanding of the
pathogenesis and may lead to the design of molecules to specifically block aberrant
responses.

"Corresponding author. Tel.: +1-858-784-8388; fax: +1-858-784-9981. nathaliearbour@hotmail.com, narbour@scripps.edu (N.
Arbour).
Present address: Max-Planck-Institute of Neurobiology, Department of Neuroimmunology, Martinsried, Germany.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

Arbour et al.

Page 2

Multiple sclerosis (MS), a disease of the human central nervous system (CNS) is
characterized by the presence of infiltrating immune cells in the CNS, focal demyelination
and axonal loss (Noseworthy et al., 2000). Associated with MS are active immune responses
against many myelin antigens (reviewed in Marrack et al., 2001). Since T and B
lymphocytes, macrophages and the immune mediators they secrete are found in MS lesions,
they likely participate in the related demyelination (Cannella and Raine, 1995; Genain et al.,
1999; Hofman et al., 1989; Lucchinetti et al., 2000; Prineas and Graham, 1981; Selmaj et al.,
1991; Storch et al., 1998; Wucherpfennig et al., 1992). Within MS lesions, both CD8* and
CD4* T cells are present, undergo clonal expansion (Babbe et al., 2000), therefore
supporting the hypothesis that pathogenic T cell responses directed against self-myelin
antigens are involved in the immune attack (Steinman, 1996; Stinissen et al., 1997).

Many cytokines, mainly of the Th1l type such as interferon-gamma (IFN-y) and tumor
necrosis factor-alpha (TNF-a) have been implicated in MS (Benvenuto et al., 1991;
Calabresi et al., 1998b; Hofman et al., 1989; Killestein et al., 2001; Pouly et al., 2000;
Selmaj et al., 1991; Selmaj and Raine, 1988). A role for IFN-vy is suggested by the following
three observations. First, administration of IFN-y to MS patients worsens the disease
(Panitch et al., 1987); second, the proportion of CD4* and CD8* T cells from peripheral
blood expressing IFN-y increases significantly in patients with progressive MS compared to
control group (Becher et al., 1999). Finally, CNS expression of IFN-y in transgenic mice
induces primary demyelination (Horwitz et al., 1997).

Utilizing the above observations, investigators from many laboratories have evaluated self-
reactive myelin-specific T cell responses while seeking to identify cells involved in MS-
associated CNS demyelination. However, auto-reactive T cells are also frequently part of the
mature immune repertoire of healthy non-MS humans (Burns et al., 1983, 1986; Jingwu et
al., 1992; Kerlero de Rosbo et al., 1993; Lindert et al., 1999; Markovic-Plese et al., 1995;
Ota et al., 1990) as well as of nonimmunized animals (Schluesener and Wekerle, 1985).
Thus, humans often show comparable frequencies of myelin [myelin basic protein (MBP),
proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein (MOG)]-reactive T cells
in their blood, whether they are MS patients or healthy controls (Burns et al., 1983, 1986;
Jingwu et al., 1992; Kerlero de Rosbo et al., 1993; Lindert et al., 1999; Markovic-Plese et
al., 1995; Ota et al., 1990). These findings suggest that the more important factor in disease
development may be activation; that is a greater frequency of activated myelin-reactive cells
in MS patients as compared to healthy individuals (Zhang et al., 1994). Several studies
support this concept, as MBP- and PLP-specific cells derived from MS patients have an
increased frequency of hypoxanthine—guanine phosphoribosyltransferase reporter gene
mutations (Allegretta et al., 1990), undergo in vivo activation and expansion in blood and
accumulate in the cerebrospinal fluid (CSF) of these patients (Allegretta et al., 1990; Chou
et al., 1992; Vandevyver et al., 1995; Zhang et al., 1994). In addition, an important
proportion of auto-reactive cells derived from MS patients’ peripheral blood and CSF secrete
pro-inflammatory cytokines such as interleukin-2 (IL-2), IFN-y and TNF (Sharief and
Thompson, 1993; Strunk et al., 2000).

We selected to study myelin-associated oligodendrocytic basic protein (MOBP) antigen-
specific responses in MS patients for many reasons. First, MOBP is exclusively expressed by
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oligodendrocytes in brain and spinal cord (Holz et al., 1996; Yamamoto et al., 1994) and is
the third most abundant myelin protein in the CNS after MBP and PLP (Yamamoto et al.,
1994). Rodent MOBP, either as whole protein or peptides, could induce experimental
autoimmune encephalomyelitis in susceptible mice (Holz et al., 2000; Maatta et al., 1998).
Analysis of the human MOBP sequence (Yamamoto et al., 1994) identified the presence of
putative peptide-binding motifs for the MS-associated human leucocyte antigen (HLA)-DR
alleles (Holz et al., 2000). Further, peripheral blood mononuclear cells (PBMC) from several
MS patients display a specific proliferative response to human MOBP peptides, when
compared to healthy donors (Holz et al., 2000).

We show in this paper that activation of T cells specific for MOBP coincide with increased
clinical disability and visualization of new plaques by brain magnetic resonance imaging
(MRI). Activated T cells were analyzed and quantified using a flow cytometry-based assay
that evaluated both proliferation of myelin-specific T cells and their activation (i.e., capacity
to secrete IFN-y). Following 10 relapsing-remitting MS patients over an 18-month period,
who did not receive immunomodulatory therapy during this period of time, we show a direct
correlation between clinical neurologic disease, enhancing MRI lesions and MOBP-specific
T cell proliferation and activation. In contrast, a loss of such MOBP-specific T cell
responses occurred when patients entered clinical remissions.

2. Materials and methods

2.1. Patients

Ten patients with clinically diagnosed relapsing—remitting MS and not on
immunosuppressive or immunomodulatory drugs were selected. These patients did not
receive medications for at least 3 months prior to the study and comprised a placebo group
enrolled in a previous study (Romine et al., 1999). The studies reported here were approved
by the Human Subjects Committee of Scripps Clinic, Scripps Green Hospital and The
Scripps Research Institute (TSRI). Patients were studied each by the same neurologist who
graded their clinical status as to Expanded Disability Status Score (EDSS). Concurrently,
blood was taken and brain MRI performed. PCR-based major histocompatibility complex
(MHC) class Il typing was done by the Immunogenetics and Transplantation Laboratory of
the University of California at San Diego Healthcare, and results are displayed in Table 1.

2.2. Magnetic resonance imaging

MRI was performed using a 1.5-T General Electric Signa scanner (Romine et al., 1999). T2
and proton density-weighted images were obtained by conventional spin-echo sequence with
repetition times of 2500 ms and echo delay of 30 and 90 ms. Axial scans of 3-mm thickness
and without interslice gap were obtained about 10 min after gadopentetate dimeglumine
(GD) injection to assure optimal time for transmigration of the contrast agent across the
blood-brain barrier.

2.3. Flow cytometry-based assay

To obtain information about antigen-specific functional responses of individual lymphocytes
in CD4 and CD8 T cell subsets, we devised a flow cytometry-based assay that combined a
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quantitative assay of cell proliferation using the vital dye 5,6-carboxyfluorescein diacetate
succinimidyl ester (CFSE) (Lyons, 2000) with the detection of individual cells expressing
IFN-7y in the CD4 or CD8 T cell compartment. CFSE has been used to follow human T
lymphocyte proliferation by others (Karandikar et al., 2002; Matthews et al., 2000; Wen et
al., 2002). CFSE-labeled PBMC were cultured with the appropriate stimulus and at every
cell division thereafter lost 50% of the CFSE intensity. After 10 days of culture, these cells
were stimulated with phorbol 12-myristate 13-acetate (PMA), ionomycin and brefeldin A
for 5 h before surface and intracellular labeling. The PMA and ionomycin combination,
which broadly activates lymphocytes, generally represents the balance of T cell type 1 and
type 2 responses at the cellular level (Maino and Picker, 1998). In addition, brefeldin A
blocks protein secretion, leading to cytokine accumulation in the cell cytoplasm. With flow
cytometry, we could then simultaneously evaluate individual cells for proliferation (CFSE),
surface markers (CD4, CD8) and intracellular cytokine (IFN-vy).

Initial studies used PBMC from healthy controls stimulated with tetanus toxoid to optimize
the assay (data not shown). After an incubation of 10 days, sufficient cells proliferated and
were easily distinguished from the nonproliferated cells. In addition, for few samples, we
compared thymidine incorporation and CFSE-labeling assay and observed that peptide(s)
inducing a significant proliferation above the background by CFSE-labeling measurement
also showed a number of wells above a stimulation index of 2 compared to the negative
controls. A subsequent 4—6-h incubation with PMA and ionomycin in the presence of
brefeldin A allowed optimal assessment of cytokines (Maino and Picker, 1998). The results
obtained were both robust and reproducible, as duplicate cultures and experiments gave
similar results, as did different aliquots of the same PBMC tested on different days (data not
shown). Samples showing a percentage of CD4* T cells positive for proliferation and for
IFN-vy at least 1% over the background were repeatedly robust. The detection of IFN-y was
similar to TNF-a detection; that is, the majority of samples that were positive for IFN-y
were also positive for TNF-a and vice versa. However, the background production of TNF-
a (cells without any peptide stimulation) was greater for most donors tested than for IFN-y.
As IFN-y is still the most commonly measured Thl cytokine (Hellings et al., 2001; Vergelli
et al., 2001; Weissert et al., 2002) and has been shown to be involved in MS pathogenesis
(Panitch et al., 1987; Woodroofe and Cuzner, 1993), we limited our results presented here to
IFN-y production by myelin-specific T cells. To avoid bias, analysis of the flow cytometry-
based assay was performed without the evaluator knowing the patients’ clinical status.

2.4. Isolation and stimulation of human peripheral mono-nuclear cells

PBMC were isolated by density gradient using Ficoll-Paque Plus (Pharmacia Biotech,
Uppsala, Sweden) and then frozen in RPMI containing 10% (v/v) dimethylsulfoxide
(DMSO) (Sigma, St. Louis, MO) and 10% (v/v) fetal bovine serum (Hyclone, Logan, UT).
For the present study, PBMC were rapidly thawed, washed three times with RPMI and
labeled with 2.5 uM 5- (and 6-) carboxyfluorescein succinimidyl ester (CFSE) (Molecular
Probes, Eugene, OR) for 10 min at 37°C in RPMI containing 0.5% human AB serum
(Sigma). Cells were then washed twice with cold PBS, resuspended in RPMI (Gibco Life-
Technologies, Rockville, MD) containing 10% normal AB human serum, 2 mM glutamine
(Gibco), 10 mM HEPES (Gibco), 100 U/ml penicillin (Gibco), 100 pg/ml streptomycin

J Neuroimmunol. Author manuscript; available in PMC 2016 October 04.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

Arbour et al.

Page 5

(Gibco), 1 mM sodium pyruvate (Gibco), 0.1 mM nonessential amino acids (Gibco), 50 uM
2-mercaptoethanol (Sigma), incubated for at least 4 h at 37 °C and 5% CO», counted and
seeded in 48-well plates (5 x 10° cells/ml) containing the appropriate stimulus: human
MOBP peptides (MOBP amino acids (aa) 1-19, MOBP aa 11-29, MOBP aa 20-38, MOBP
aa 31-49, MOBP aa 41-59, MOBP aa 51-70) at 10 uM or bovine MBP (Sigma) at 50 pg/mi
or in the absence of stimulus for the baseline control. MOBP peptides were synthesized at
TSRI peptide core facility by standard FMOC synthesis chemistry and were >95% pure as
judged by HPLC and by mass spectrometry. Earlier report showed that these selected
overlapping MOBP peptides induced a lymphoproliferative response of MS patients’ PBMC
(Holz et al., 2000). Recombinant human IL-2 (50 U/ml) (Roche, Nutley, NJ) was added 5
days after the beginning of the incubation. At day 10, half of the supernatant was collected
and stored at —20 °C until used to measure by ELISA. All samples from a patient were
analyzed at the same time using the Duo set from R&D Systems (Minneapolis, MN) for
IFN-y according to the manufacturer’s instruction. ELISA readout was 10 pg/ml of IFN-y
over the background as the lower limit of detection was 7.8 pg/ml. After the 10-day culture,
cells were stimulated to produce cytokine with 20 ng/ml PMA (Sigma), 1 pg/ml ionomycin
(Sigma) and 5 pg/ml brefeldin A (Sigma) for 5 h before flow cytometry analysis.

2.5. Flow cytometry

3. Results

PBMC were labeled for surface antigens using anti-CD8 antibody conjugated to Cychrome
and anti-CD4 antibody conjugated to allophycocyanin (BD PharMingen, La Jolla, CA).
After staining for 20-30 min on ice in PBS (Gibco) containing 1% (v/v) fetal bovine serum
(FBS) and 0.1% (w/v) NaN3 (Sigma), cells were washed twice, fixed and permeabilized in
4% (w/v) paraformaldehyde (Sigma) with 0.1% (w/v) saponin (Sigma) in Hank’s Balanced
Salt Solution (Gibco). Intracellular cytokine staining was accomplished by incubating
PBMC with antibody to IFN-y conjugated to phycoerythrin (PE) for 30 min on ice in 0.1%
(w/v) saponin, 1% FBS and 0.1% (w/v) NaN3 PBS, followed by two washes and
resuspension of cells in 1% (v/v) FBS and 0.1% (w/ v) NaN3 PBS. Cells were acquired on a
FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA) and analyzed with Cell
Quest (Becton Dickinson) and FlowJo (Treestar, San Carlos, CA) software.

3.1. Assay developed to measure T cell reactivity to myelin antigens

We first developed an assay to measure T cell reactivity to various myelin antigens in MS
patients. Figs. 1 and 2 illustrate flow cytometry results from two MS patients (3 and 5): at
two time points, CD4* lymphocytes were analyzed for proliferation and IFN-y production.
Since CD8+ T cells did not significantly proliferate above the background for the antigens
tested, no result for this subpopulation of lymphocytes is shown. PBMC obtained from
patient 3 at the 12th month of the follow-up (Fig. 1, panel B) proliferated (left quadrants)
and produced IFN-y (upper left quadrants) when stimulated with myelin antigens: MOBP
aa 11-29, MOBP aa 20-38, MOBP aa 41-59 and bovine MBP. Compared to a background
level (Nil, upper left quadrant) of 0.3% of CD4* T cells, a greater than 10-25-fold
enhancement of IFN-y-producing cells was observed. These are antigen-specific reactive T
cells. The first dot plot shows cells cultured without antigen (Nil) and represents the
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background level. Clearly, most CD4* T cells were IFN-y negative and CFSEN9" (lower
right quadrant), denoting that they did not proliferate and did not produce IFN-y. Defining
this low background allowed us to focus on cells that proliferated and produced IFN-y, as
displayed in the upper left quadrant of the dot plots. Only the samples demonstrating a CD4*
T cell proliferation, regardless of the cytokine production, above the background were
considered in our analysis. Among the CD4* T cells that proliferated (CFSE!W), a fraction
produced IFN-y (upper left quadrant); 4.0%, 9.0%, 3.0% and 7.7% to MOBP aa 11-29,
MOBP aa 20-38, MOBP aa 41-59 and MBP antigens, respectively. Among proliferating
(CFSE!ow) CD4* T cells, only a small fraction produced IFN-y (upper left quadrant: 0.3%
of CD4™" T cells), whereas most cells did not (lower left quadrant: 3.0% of CD4* T cells),
when no antigen was added. Since MOBP peptides were overlapping, the observed reactivity
to MOBP aa 11-29 and MOBP aa 20-38 may represent a shared epitope present in both
peptides. In fact, 17%, 40%, 12.2% and 37.7% of antigen-specific CD4* T cell proliferation
(including IFN+ or IFN - proliferation + CD4" T cells) were observed for MOBP aa 11-29,
MOBP aa 20-38, MOBP aa 41-59 and MBP, respectively. Interestingly, myelin antigens
that showed a significantly greater percentage of proliferation + IFN-y + CD4* T cells also
induced a greater proliferation of CD4* T cells regardless of T cells’ ability to secrete IFN-
v- The total percentage of CD4" T cells that proliferated in the sample without peptide was
3.3 (0.3% CFSE!WIFEN-vy + added to 3.0% CFSE!®WIFN-y -). The MOBP aa 31-49 did not
induce proliferation and/or IFNy production. At the 7th month of the follow up (Fig. 1 panel
A), only the sample stimulated with bovine MBP showed a response greater than the
background.

Results for patient 5 at the 10th and 18th months are shown in Fig. 2. At the 10th month
(panel A), bovine MBP elicited an antigen-specific response. In contrast, MOBP aa 1-19
induced a significant antigen-specific response when PBMC from the 18th month were
assessed (panel B): 56% of CD4+ T cells proliferated and 42% proliferated and produced
cytokine, compared to 47% of total CD4* T cell proliferation and 19% for both proliferation
and cytokine production when the cells were not stimulated with a myelin antigen. Although
PBMC from patient 5 showed variable background level: 0.2% of CD4* T cells were
CFSE!'"" and IFN-y+ at the 10th month and 19% at the 18th month when cultured without
any peptide, antigen-specific response could still be detected above background levels. Since
humans are constantly exposed to a number of potential immune activators (i.e., microbial
infections), this variation in the background likely represents immune responses in a normal
environment in contrast to a pathogen-free environment.

Intracellular IL-4 was measured in some samples. The production of IL-4, a Th2 cytokine,
was low compared to IFN-y and TNF-a, Th1 cytokines, both in percentage of CD4* T cells
and in number of positive samples. Among the samples that were positive for IFN-y, only a
fraction (1/3 to 2/3 depending on the donor and time point) was also positive for IL-4. In no
instance was IL-4 detectable in samples that were below the background for IFN-y
production. Hence, as Th1l rather than Th2 cells have been shown to be involved in the
pathogenesis of animal models and MS, and as IL-4 levels were low or absent, we focused
on IFN-vy for all donors and time points.
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3.2. Reactivity to myelin antigens is associated with MS relapses

Having defined the parameters of the assay, we next measured the reactivity of MS patients’
T cells to myelin antigens over an 18-month period using each MS patient as his/her own
control. All patients were characterized as remitting—relapsing MS patients and information
on their date of birth, sex and HLA typing are provided in Table 1.

Data from 10 MS patients are presented below. Results obtained for patient 1 are shown in
Fig. 3. This patient was clinically stable during the first 7 months, but then experienced a
sudden severe increase in disability accompanied by an MRI evidence of a new brain lesion
(Fig. 3 panel A). PBMC displayed a significant CD4* T cell response to MOBP aa 20 —38
occurring immediately before both increase in clinical disease and gadolinium-enhanced
MRI lesions (arrows 3, 4 and 5). The antigen-specific T cell response was confirmed both by
the flow cytometry (panel C) and by the IFN-y-specific ELISA (panel B). Total CD4* T cell
proliferation (Fig. 4 panel D) to MOBP aa 20-38, MOBP aa 31-49 and bovine MBP was
observed at time points indicated by arrows 2, 3 and 4. In contrast, in the absence of either
new brain lesions or enhanced clinical disease (arrow 1), there was no detection of antigen-
specific MOBP or of MBP T cells, no measurable release of IFN-vy in the supernatant (panel
B), no significant CD4" proliferation (panel D) nor CD4* proliferation accompanied by
IFN-y production (panel C). Overall, samples that yielded a positive signal detected by the
flow cytometry assay were also positive for IFN-y by ELISA. In rare instances (< 10% of
cases), the amount of IFN-y measured in the supernatant was not proportional to the
percentage of cells that proliferated and expressed IFN-y by flow cytometry. This is likely
due to IFN-y-producing cells not secreting the same cytokine amount. The amounts of IFN-
vy found were similar to earlier reports for myelin-specific T cell lines (Correale et al.,
1997a) and slightly higher to the level observed in MS serum (Nicoletti et al., 2000).

A second patient (Fig. 4, panels A and B) and a third patient (Fig. 4, panels C and D)
displayed multiple new gadolinium-positive brain lesions occurring during the 18-month
follow-up, but only a small increase in clinical disability at the 15th month for patient 2 and
at the 12th month for patient 3. PBMC tested at MRI peaks (arrow 3 for patient 2 and arrows
1 and 4 for patient 3) showed a direct correlation with an enhanced antigen-specific CD4* T
cell response for at least one of the MOBP peptides. Thus, in the absence of clinical
disability but presence of new gadolinium-positive brain lesions, antigen-specific T cell
responses to myelin antigens occurred. Further, when an increase in EDSS (arrow 4 for
patient 3) did occur, it also directly correlated with reactivity to some MOBP peptides and to
bovine MBP. For patient 3, the reactivity to MOBP aa 11-29, which was negative at the
initial time points (arrows 1 and 2), increased prior to (arrows 3 and 4) the clinical relapse,
which was associated with new brain lesions, again indicating that the detection of antigen-
specific T cell response to myelin antigen preceded newly active disease.

The fourth patient (Fig. 4, panels E and F) was clinically stable during the first 10 months of
the follow-up. However, thereafter, a dramatic increase in the EDSS score occurred, which
stayed high for the remainder of the study. Just prior to the relapse (arrow 1), antigen-
specific T cell response to MOBP aa 11-29 was observed, and then during the relapse
(arrow 2), T cell responses to MOBP aa 1-19 and MOBP aa 31-49. Unfortunately, no blood
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sample was available during the prolonged clinically stable period (months 1-9) in order to
compare these results with previous status.

Patients 5 (Fig. 5, panels A and B) and 6 experienced numerous new gadolinium-positive
lesions as well as increases in their EDSS score. PBMC were available when some of these
new MRI lesions occurred (arrows 1, 2, 3 and 4 for patient 5 and arrows 1 and 2 for patient
6). Antigen-specific T cell responses to at least one MOBP peptide (MOBP aa 1-19 for
patient 5; MOBP aa 20-38 for patient 6) and to bovine MBP were directly correlated with
the development of new brain lesions for each patient. No antigen response was detected
while patient 6 was clinically stable (arrow 4).

Many antigen-specific T cell responses were detected for patient 7 (Fig. 5, panels E and F),
patient 8 (Fig. 6, panels A and B) and patient 9 (Fig. 6, panels C and D) during the
observation period. Again, responses to MOBP peptides or bovine MBP paralleled the
appearance of new GD+ lesions (arrow 4 for patients 8 and 9) and increases in EDSS score
(arrow 3 for patient 7; arrows 3 and 5 for patient 9) or preceded these changes by 1 month
(arrow 1 for patient 7, arrows 3 and 5 for patient 8; arrows 1 and 2 for patient 9). In contrast,
no antigen-specific T cell response was detected during the stable period of patient 7 (arrow
5 for patient 7). Although patient 8 was clinically stable and did not show new brain GD+
lesion at the second arrow, antigen-specific T cell responses were detected for MOBP aa 20—
38 and MBP.

Antigen-specific immune responses were observed only at one time point for the last patient
(10, Fig. 6 panels E and F). Responses to MOBP aa 41-59 and to MBP were observed just
prior (arrow 2) to the development of the main new GD+ lesion. No antigen-specific T cell
response was detectable at the two other time points tested.

As a summary of these results, most relapses of MS, disease activity as measured by the
occurrence of new brain MRI lesions and/or increase in EDSS, were directly associated with
enhanced antigen-specific CD4* T cell response to at least one myelin antigen. Further, for
most patients, the antigen-specific CD4* T cell responses as measured by proliferation and
IFN-y expression preceded the clinical relapse. Hence, in nine patients (except patient 10),
there was a clear variation in EDSS scores denoting enhanced clinical disability occurring at
the time of or just after the antigen-specific T cell response to MOBP or MBP. Moreover, the
majority of new brain lesions tested were accompanied by antigen-specific CD4* T cell
responses to at least one myelin antigen.

In contrast, during clinically stable periods, there was a lack of new brain MRI lesions and
no change in EDSS, and most often no specific antigen T cell response to MOBP or MBP. In
a few instances, a low antigen-specific T cell response reactivity to MBP (patient 3) or to
MOBP aa 20-38 and MBP (patient 8) occurred at times when no new brain MRI lesions
were detectable and the EDSS was stable.

Combining the data obtained from the 10 MS patients, our results demonstrated a significant
correlation between the detection of MOBP-specific CD4+ T cell responses and new brain
gadolinium lesions. Statistical analyses revealed that PBMC taken at the same time point or
the month before the MRI peak showed antigen-specific T cell responses to MOBP peptides
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(odds ratio 12.87, 95% confidence interval 1.89, 546.01), which were minimal in the
absence of MRI peak. In addition, a similar correlation was also observed between MOBP-
specific responses and increased EDSS score (odds ratio: 12.00, 95% confidence interval
1.79, 506.22). This correlation was specific to MOBP as the limited study of MBP-specific
responses showed that these responses were not significantly associated with clinical
exacerbations. As we used bovine MBP, a more exhaustive study with human MBP peptides
will be necessary to determine whether a correlation between MBP-specific T cell responses
and clinical exacerbations is detectable.

4. Discussion

Use of a novel flow cytometry-based assay designed to follow individual MS patients over
the 18-month course of their disease showed that detection of antigen-specific CD4* T cell
response to myelin antigens (MOBP peptides and MBP) significantly correlated directly
with active disease as detected by EDSS and brain MRI (8 out of 10 patients studied). Such
antigen-specific T cell responses often occurred immediately before or during a relapse of
MS but were absent during clinical remission or clinically stable time. Odds ratios showed a
statistically significant association between antigen-specific T cell response to MOBP and
exacerbations of MS. Thus, our study extends previous work demonstrating a correlation of
changes in immune responses with increased MRI activity (Calabresi et al., 1998a; Oger et
al., 1988; Prat et al., 2000; Rieckmann et al., 1995). Due to sample size available, our initial
studies were limited to analyses to MOBP aa 1-19, MOBP aa 11-29, MOBP aa 20-38,
MOBP aa 31-49, MOBP aa 41-59 and bovine MBP. While 8 out of 10 MS patients showed
a direct correlation between antigen-specific T cell response to myelin antigens and
exacerbations of disease, two (patients 3 and 8) showed antigen-specific T cell response
during a stable period of disease perhaps due to new spinal cord lesions, which we did not
assess by MRI.

Our assay is unique in that it employed both antigen-specific proliferation and IFN-y
expression. Typically, previous methods for assessing myelin-specific T cell activation
typically measured either the proliferation of PBMC by tritiated thymidine incorporation or
the secretion of specific cytokines by ELISA but not both simultaneously. Although useful,
these bulk methods are deficient in that they fail to provide information about functional
responses of individual lymphocyte subsets (Maino et al., 1995). While ELI-SPOT assays
evaluate the relative number of myelin-specific T lymphocytes able to produce cytokine of
either Thl or Th2 type (Hellings et al., 2001; Pelfrey et al., 2000), they measure only one
aspect of the reactivity of T cells to a particular antigen, the cytokine production. The
strength of our assay is that it measures both antigen-specific proliferation and cytokine
production while using a small number of PBMC.

The causes of the observed bursts of antigen-specific T cell responses documented here are
not known, but may be due to environmental factors such as infections by human pathogens
or by downregulation of suppressor T cells that restrict the autoimmune responses.
Epidemiologic data have indicated occurrence of viral infections preceding attacks of MS
(Panitch, 1994). Moreover, cross-reactivity (molecular mimicry) or bystander activation
might cause such myelin-specific T cell reactivity. Although we have circumstantial
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evidence that the antigen-specific T cell responses observed were correlated with the clinical
course of MS disease, we have no direct evidence that these cells play a role in the disease.
Nevertheless, such reactivity could be a surrogate marker of increased CNS-specific immune
responses at a specific time point indicating a new or more pronounced disease burden.
When the antigen-specific response closely precedes clinical disease, one might consider
therapeutic intervention at that time.

Our results expanded previous data (Holz et al., 2000; Kaye et al., 2000) showing that
MOBP should also be considered as a target of CD4* T cell responses in MS. The MS
patients analyzed here had heterogeneous MHC class 11 types (see Table 1); yet PBMC from
all of them reacted to at least one MOBP peptide at one or more time points. Since MOBP-
reactive T cells presumably find their target exclusively in the CNS, the only site where
MOBP is expressed, they would have the potential to proliferate and cause damage, unless
they encounter a molecular mimic in the periphery. Further, as MOBP is expressed later in
postnatal development than MBP and PLP (Holz et al., 1996), negative selection to remove
potentially auto-reactive MOBP-specific T cells may not be as efficient as for MBP and PLP,
which are transcriptionally active earlier in development (Holz et al., 1996) and, importantly,
are expressed in immunological organs and by antigen-presenting cells (Pribyl et al., 1996).

In our studies, antigen-specific CD8* T cell proliferation was limited. One potential
explanation is a technical one, since we used long peptides of 19 aa whereas in contrast,
smaller peptides of 8-12 aa are more efficient for stimulating CD8* T cells (Maecker et al.,
2001). Recent evidence suggests that CD8* T cells participate in MS (Babbe et al., 2000;
Biddison et al., 1997, 1998; Correale et al., 1997b), and hence, future studies should
optimize peptide size and selection. Currently, MOBP processing and presentation studies
are being planned to identify specific MHC class | and class 1l epitopes processed by
antigen-presenting cells and able to activate CD8 and CD4 T cells. Lastly, the absence of
antigen-specific T cells to MOBP or MBP that occurred in our studies may be due to T cells
specific for other myelin antigens such as MOG, MAG or PLP. Comprehensive studies using
the assay described here on lymphocytes harvested from the blood and cerebrospinal fluid of
larger number of well-defined MS patients with several myelin antigens appear warranted.
With the increase number of identified human myelin antigen epitopes, the use of human
myelin peptides covering these target antigens will allow the precise evaluation of anti-
myelin responses in MS patients over the course of their disease. Further, the assay
described here should be of value in study of other auto-immune diseases.
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Fig. 1.
Proliferation and cytokine production by CD4" T cells from patient 3 after myelin antigen

stimulation. CFSE-labeled human PBMC from patient 3 were incubated either with or
without different myelin antigens for 10 days and then stimulated for 5 h in the presence of
PMA, ionomycin and brefeldin A before labeling for surface CD4* T cells and intracellular
IFN-vy. Dot plots from the flow cytometry assays represent gated cells for CD4*
lymphocytes. The antigen added to the culture is written underneath each dot plot: Nil: no
antigen, M1: MOBP aa 1-19, M11: MOBP aa 11-29, M20: MOBP aa 20-38, M31: MOBP
aa 31-49, M41: MOBP aa 41-59, MBP: myelin basic protein. Percentage of cells that
proliferated is indicated in appropriate quadrant either IFN-y+ (upper left quadrant) or IFN-
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v — cells (lower left quadrant). (A) Cells taken at the 7th month of the follow-up; (B) cells
taken at the 12th month of the follow-up.
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Fig. 2.
Proliferation and cytokine production by CD4" T cells from patient 5 after myelin antigen

stimulation. (A) Cells taken at the 10th month of the follow up; (B) cells taken at the 18th
month of the follow-up.
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Fig. 3.

Clinical data and myelin reactivity of T cells from patient 1. At the time points indicated,
patient 1 was examined for EDSS and for gadolinium-enhanced brain MRI scans.
Simultaneously, this patient gave blood from which PBMC were isolated and frozen for later
analysis. Arrows labeled 1, 2, 3, 4 and 5 indicate times when CFSE-labeled PBMC were
cultured for 10 days with and without different myelin antigens specified. Supernatants were
harvested for ELISA, then cells were stimulated for 5 h with the combined PMA, ionomycin
and brefeldin A before labeling for surface CD4 and intracellular IFN-vy. (A) Clinical data
from donor: EDSS (M, solid line) and gadolinium-enhanced brain MRI lesion (O dashed
line). (B) Amount of IFN-y over the background measured by ELISA in the supernatant
after 10-day culture with different myelin antigens M1: MOBP aa 1-19, M11: MOBP aa
11-29, M20: MOBP aa 20-38, M31: MOBP aa 31-49, M41: MOBP aa 41-59. (C)
Percentage of CD4* IFN-y-producing T cells that proliferated over the background after
culture with different myelin antigens and PMA, ionomycin and brefeldin A stimulation
(time points are indicated by the arrows on panel A). (D) Percentage of CD4* T cells over
the background that proliferated after culture with different myelin antigens (time points are
indicated by the arrows on panel A).
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Fig. 4.
Clinical data and myelin-reactivity of T cells from patients 2, 3 and 4. Patient 2: (A) clinical

data EDSS (M, solid line) and gadolinium-enhanced brain MRI lesion (O dashed line). (B)
Percentage of CD4* T cells over the background that proliferated and produced IFN-y after
the culture with different myelin antigens for the time points indicated by the arrows on
panel A. Patient 3: (C) clinical data EDSS and GD+ brain lesion. (D) Percentage of CD4* T
cells over the background that proliferated after culture with different myelin antigens (time
points are indicated by the arrows on panel C). Patient 4: (E) clinical data EDSS and GD+
brain lesion. (F) Percentage of CD4™ T cells over the background that proliferated after
culture with different myelin antigens (time points are indicated by the arrows on panel E).
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Fig. 5.

Cl?nical data and myelin reactivity of T cells from patients 5, 6 and 7. Patient 5: (A) clinical
data EDSS (M, solid line) and gadolinium-enhanced brain MRI lesion (O dashed line). (B)
Percentage of CD4* T cells over the background that proliferated and produced IFN-y after
the culture with different myelin antigens for the time points indicated by the arrows on
panel A. Patient 6: (C) clinical data EDSS and GD+ brain lesion. (D) Percentage of CD4" T
cells over the background that proliferated after culture with different myelin antigens (time
points are indicated by the arrows on panel C). Patient 7: (E) clinical data EDSS and GD+
brain lesion. (F) Percentage of CD4™ T cells over the background that proliferated after
culture with different myelin antigens (time points are indicated by the arrows on panel E).
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Fig. 6.
Clinical data and myelin reactivity of T cells from patients 8, 9 and 10. Patient 8: (A)

clinical data EDSS (M, solid line) and gadolinium-enhanced brain MRI lesion (O dashed
line). (B) Percentage of CD4* T cells over the background that proliferated and produced
IFN-+y after the culture with different myelin antigens for the time points indicated by the
arrows on panel A. Patient 9: (C) clinical data EDSS and GD+ brain lesion. (D) Percentage
of CD4" T cells over the background that proliferated after culture with different myelin
antigens (time points are indicated by the arrows on panel C). Patient 10: (E) clinical data
EDSS and GD+ brain lesion. (F) Percentage of CD4* T cells over the background that
proliferated after culture with different myelin antigens (time points are indicated by the
arrows on panel E).
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Table 1

Description of patients with relapsing—remitting MS

Patient Gender Dateof birth HLA-DR HLA-DQ
1 F May 1953 1,7 59
2 M June 1949 15,17 2,6
3 M February 1958 7,15 2,6
4 M February 1948 8,15 4,6
5 F July 1953 04, 15 3,6
6 F December 1941 1,11 3,5
7 F February 1951 03, 15 2,6
8 F June 1955 15 6

9 F August 1962 7,13 3,6
10 F June 1949 1,15 5,6
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