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Abstract
Multiple sclerosis (MS) is an inflammatory, demyelinating disease of the central nervous system
(CNS). MS is thought to be T-cell-mediated, with prior research predominantly focusing on CD4+
T-cells. There is a high prevalence of CNS-specific CD8+ T-cell responses in MS patients and
healthy subjects. However, the role of neuroantigen-specific CD8+ T-cells in MS is poorly
understood, with the prevalent notion that these may represent pathogenic T-cells. We show here
that healthy subjects and MS patients demonstrate similar magnitudes of CD8+ and CD4+ T-cell
responses to various antigenic stimuli. Interestingly, CD8+ T-cells specific for CNS autoantigens,
but not those specific for control foreign antigens, exhibit immune regulatory ability, suppressing
proliferation of CD4+CD25- T-cells when stimulated by their cognate antigen. While CD8+ T-
cell-mediated immune suppression is similar between healthy subjects and clinically quiescent
treatment-naïve MS patients, it is significantly deficient during acute exacerbation of MS. Of note,
the recovery of neuroantigen-specific CD8+ T-cell suppression correlates with disease recovery
post-relapse. These studies reveal a novel immune suppressor function for neuroantigen-specific
CD8+ T-cells that is clinically relevant in the maintenance of peripheral tolerance and the intrinsic
regulation of MS immune pathology.
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1. Introduction
Multiple sclerosis (MS) is the most common disabling neurological disease of young people,
typically presenting as a relapsing-remitting form (RRMS). MS is thought to be immune-
mediated and is characterized by temporally and spatially separated central nervous system
(CNS) lesions that may be accompanied by acute exacerbation of clinical symptoms, which
remit over time with limited accumulating disability. The immune dysregulation that
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underlies the pathology of MS and its clinical exacerbations remains poorly understood.
Much of our understanding of the immunology of MS derives from work in the murine
model, experimental autoimmune encephalomyelitis (EAE). The vast majority of studies in
MS and EAE have focused on the role of CD4+ T-cells as mediators and regulators of
disease. The preponderant belief is that MS and EAE are mediated through CNS-specific
CD4+ Th1/Th17 responses and regulated by CD4+ regulatory T-cells [1]. However,
considerable evidence points to an important role for CD8+ T-cells in the pathogenesis and/
or regulation of MS and EAE [2-18]. CNS lesions show a predominance of CD8+ T-cells
with oligoclonal expansion [4], indicating an active role at the site of pathology. While it is
thought that these cells represent a key pathogenic element of MS lesions, neither the
antigenic specificity of these cells nor their role has been elucidated. MS patients show a
high prevalence of CNS-specific CD8+ T-cell responses in their circulation [3]. These cells
appear to have a mixed functional phenotype in that they express cytotoxic/inflammatory as
well as regulatory effector molecules [3]. Again, the intuitive function attributed to these
responses is that of pathogenesis. However, their role has not been adequately investigated.
Moreover, healthy subjects also harbor such responses, raising the possibility that they may
not be purely pathogenic.

Antigen-specific immune regulation has high therapeutic potential. Global defects in
immune regulatory T-cell (Treg) function have been demonstrated in a wide variety of
human immune-mediated diseases [14,19-27]. In most cases, antigenic specificity of the
regulatory population is poorly defined and this would be key in the ability to expand and
utilize such populations. In the current study, we investigated the role of neuroantigen-
specific CD8+ T-cells in MS and discovered an unexpected, novel and clinically relevant
immune regulatory role for autoantigen-specific T-cells. This role has both biologic and
therapeutic implications.

2. Methods and Materials
2.1. Subject characteristics

MS patients were recruited and gave written informed consent at the UT Southwestern
Clinical Center for Multiple Sclerosis. Table 1 summarizes patient characteristics. 11
treatment-naïve adult clinically definite RRMS patients (McDonald criteria) with quiescent
disease were recruited. Exclusion criteria included pregnancy, HIV positivity, active cancer,
other autoimmune, immunosuppressive, neurodegenerative conditions, clinical relapse or
corticosteroid treatment within last 3 months and any history of disease-modifying
immunomodulatory therapy. In addition, 9 treatment-naïve MS patients were recruited
during an active acute clinical episode/relapse. 15 healthy subjects were recruited as controls
(HC). All studies were approved by the UT Southwestern IRB according to Declaration of
Helsinki principles.

2.2. Cell preparation and bead sorting
PBMC were isolated from whole blood using Ficoll Hypaque (GE Healthcare Biosciences,
Pittsburgh, PA) density gradient. Purified CD8+ T-cells were isolated using CD8+
Microbeads positive selection kit (Miltenyi Biotec, Auburn, CA) and AutoMacs separation,
according to the manufacturer's instructions. CD8+ enriched populations were >95% CD8+
and <0.1% CD4+ by flow cytometric analysis. “Untouched” CD4+ T-cells were isolated
using CD4 negative selection kits (Miltenyi Biotech). CD25+ T-cells were depleted from the
purified CD4+ using CD25 Microbeads (Miltenyi Biotec). CD4+CD25- enriched
populations were >98% CD4+, <1% CD25+, and <0.1% CD8+ by flow cytometric analysis.
CD4+CD25+ enriched populations were >98% CD4+ and <0.1% CD8+. CD25 expression
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ranged from 40.5-73.8%. The CD4+ and CD8+ T-cell-depleted PBMC population was
irradiated with 3000 rads before being used as antigen-presenting cells (APC).

2.3. CFSE staining
To detect proliferative responses upon antigenic challenge, cells were stained with
carboxyfluorescien diacetate succinimidyl ester (CFSE) (Invitrogen Molecular Probes,
Eugene, OR), as described previously [3,28]. Briefly, cells are suspended at 1 × 106 cells/
mL and incubated for 7 min at 37°C with 0.25 μM CFSE (Invitrogen), then washed twice
with media containing 5% human serum.

2.4. CMTPX staining
Cell Tracker Red CMTPX (Invitrogen Molecular Probes) was used to stain putative
regulatory cells. CD8+ and CD4+CD25+ suppressor cells, or CD4+CD25-negative control
cells were marked with CMTPX, as described previously [15]. Briefly, cells were suspended
at 1 × 106 cell/mL and incubated 15 min at 37°C with 700 nM CMTPX, then washed twice
with media containing 5% human serum. The longer-wavelength CMTPX exhibits bright
red fluorescence that is easily distinguished from that of green fluorescent probes, such as
CFSE.

2.5. Flow cytometry-based suppression assay cultures
1 × 106 CFSE-stained CD4+CD25- T-cells were used as responders in a 1 ml culture. 1 ×
106 CD4- and CD8-depleted PBMC were irradiated with 3000 rads and used as APC. In
replicate cultures, varying ratios of CMTPX-stained suppressors were added and cultured
with various antigenic stimuli for 7 days in complete RPMI 1640 media containing 5%
human serum, 100U/mL Penicillin, 100 μg/mL Streptomycin, and 0.92 mg/mL L-glutamine.
Cells were washed and stained for flow cytometry, as described below.

2.6. Antigenic Stimulation
Pools of 15-mer peptides, overlapping by 10, spanning entire neuroantigenic proteins were
used, as described previously [3]. These were used at 1 μg/ml final concentration for each
peptide and covered myelin basic protein (MBP), proteolipid protein (PLP), myelin
oligodendrocyte glycoprotein (MOG), myelin associated glycoprotein (MAG),
oligodendrocyte myelin glycoprotein (OMGP) and αβ-crystallin (CRAB). In addition, whole
bovine MBP (wbMBP) was also used at 20 μg/ml. For control foreign antigens, we utilized
pools of known CD4 and CD8 epitopes of CMV (5 and 14 peptides, respectively) as well as
whole cytomegalovirus (CMV) (Microbix Biosystems, Ontario, Canada) and tetanus toxoid
(TT) (Accurate Chemical & Scientific Corp, Westbury, NY). 1 μg/mL anti-CD3 monoclonal
antibody (OKT3) was used for mitogenic stimulation.

2.7. T-cell line generation
We generated neuroantigen- and control antigen-specific CD8+ and CD4+ T-cell lines by
bead-sorting CD8+ (or CD4+) T-cells after 1 week of in vitro PBMC stimulation, followed
by repeated antigen-specific expansion with autologous APC. CD8+ T-cell lines were
maintained with 25 IU/mL IL-2 (Peprotech, Rocky Hill, NJ), 10 ng/mL IL-7 (Peprotech), 1
ng/mL IL-12 (Peprotech), and 1 ng/mL IL-15 (Peprotech), as previously described [29,30].

2.8. Flow cytometric antibody staining
On day 7 of in vitro stimulation, cells were washed with 0.1% (w/v) sodium azide/
phosphate-buffered saline (Mediatech Cellgro). Cells were stained with anti-CD3-PE (BD
Biosciences, San Jose, CA), anti-CD4-PECy5.5 (Invitrogen), anti-CD8-Pacific Blue (BD
Biosciences), and anti-CD25-APC (BD Biosciences), then resuspended in 1%
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paraformaldehyde (Electron Microscopy Sciences, Hatfiled, PA). Flow cytometric data were
acquired on a 4-Laser, 17-color LSRII using FACSDiva software (Becton Dickinson). CFSE
was detected in the FITC channel and CMTPX in the PE-Texas red channel on the LSR.

2.9. Data Analysis
Linear uncompensated data was transferred as FCS 3.0 files and analysed after
compensation and transformation using FlowJo version 8.4.1 (TreeStar, Ashland, OR).
Using Flowjo software (Treestar), putative Treg (CD4+CD25+, CD8+, and CD4+CD25- as a
negative control) were CMTPX(high) and were gated out from flow cytometric analysis of
CFSE-stained cells. Similar PKH-26 (Sigma-Aldrich, St. Louis, MO)-labeling techniques
have been utilized for the purpose of excluding Treg from proliferative quantitation of CD4+
responder T-cells [31]. T-cell activation and proliferation was quantified by the percentage
of CD25(high) and CFSE(low) events among gated CD4+ (or CD8+) T-cells. Cut-offs for
positive populations were determined by using either fluorescence minus one (FMO)
staining for polychromatic flow cytometry, no stimulus background CFSE staining, or
isotype control staining, as appropriate [32]. A “positive” T-cell response to antigen was
defined as having (1) a response index (RI) greater than or equal to 1.5 and (2) a
%CD25+CFSElow response of the antigen-stimulated cells at least 1% greater than the
%CD25+CFSElow response of the cells in the no antigen tube. Response index (RI) was the
stimulated cells' %CD25+CFSElow divided by 100-%CD25+CFSElow divided by the
unstimulated cells' %CD25+CFSElow divided by 100-%CD25+CFSElow. If these criteria
were unmet, absence of T-cell response was indicated. For suppression assays, % response
was calculated by normalizing the ‘responder only’ proliferation to 100%. %Suppression
was 100 minus %response. CMTPX(high)CD8+ cells were analyzed for CD25+ expression.
Stimulation index of the CD8 response was defined as the percentage of CD25+ cells with
antigenic stimulus divided by percentage with no antigen.

2.10. 3H-thymidine based assays
Assays were performed in triplicate in 96-well plates using antigen-specific T-cell lines.
1×105 CD4+ line cells were cultured with 1×105 irradiated autologous PBMC in a total
volume of 200 μl/well, with or without indicated antigens. 1×105 CD8+ line cells were
added to the cultures as suppressors. The cultures were pulsed with 3H-thymidine on day 3
and harvested after 20 hours to measure proliferation in CPM, as previously described
[3,28]. ΔCPM was calculated by subtracting background proliferation in the absence of
antigen.

2.11. Statistical analyses
Statistical tests were performed using Prism 5 (Graphpad Software, La Jolla, CA).
Correlation regression and t tests were used to compute a two-tailed P value assuming a 95%
confidence interval. P values >0.05 were not significant with “ns” notated where applied in
figures. Likewise P values 0.01 to 0.05, 0.001 to 0.01, and <0.001 were significant with “*”,
“**”, and “***” notated respectively. R squared values were computed from non-
transformed raw data with the use of non-linear regression, assuming a semi-log X line
model (days since start of last relapse is plotted on a logarithmic X axis).

3. Results
3.1. CD8+ T-cells specific for CNS autoantigens, but not those specific for control foreign
antigens, suppress CD4+ T-cell proliferation

Most prior studies comparing CNS-specific T-cell responses between MS patients and
healthy subjects have employed proliferation assays using bulk PBMC. Using CFSE-based
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flow cytometric proliferation assays, we have shown high prevalence of CD4+ and CD8+ T-
cell responses to neuroantigens in both healthy subjects and MS patients, with some
functional differences [3]. In the current study, we performed CFSE assays using
magnetically purified CD4+CD25- and CD8+ cells. We observed that, similar to bulk
PBMC, purified populations of CD4+CD25- and CD8+ T-cells from treatment-naïve MS
patients (MS) and healthy control subjects (HC) showed similar responses to neuroantigens,
foreign antigens and mitogenic (anti-CD3) stimulation (Fig. 1). Fig. 1A shows examples of
CD4 proliferation from representative HC and MS subjects, whereas Fig. 1B shows
cumulative data from 15 HC and 11 MS, representing 50 and 37 detectable CNS-specific
CD4 responses and 25 and 13 CD8 responses, respectively. We also performed parallel
assays using bulk PBMC versus purified CD4+CD25- T-cells [i.e., in the absence of CD8+
T-cells and CD4+CD25+ regulatory T-cells], predominantly using HC PBMC. We observed
that depletion of CD8+ T-cells and CD25+ cells, resulted in a significant increase in CD4+
T-cell responses to neuroantigens, but not to control foreign antigens like CMV or TT (Fig.
1C). This suggested that, in addition to CD4+CD25+ T cells, CNS-specific CD8+ T-cells
may potentially possess immune suppressive ability.

To test this hypothesis, we adapted a sensitive flow cytometry-based suppression assay [31]
to measure suppressive ability of autologous CD8+ T-cells (Fig. 2A). This assay measured
the proliferation and activation of CFSE-stained CD4+CD25- responder T-cells. Putative
suppressor cells were stained with a tracker dye, CMTPX [15], allowing their exclusion
from the analysis. CMTPX-stained CD4+CD25+ (positive control), CD8+ or CD4+CD25-
(negative control) T-cells were added in increasing numbers and their effect on responder
proliferation was quantified, by normalizing to the RI of CD4+CD25- T-cells (treated as
100% proliferation or 0% suppression). Representative dotplots of anti-CD3-stimulated
assays are shown in Fig. 2A, with cumulative %proliferation shown in Fig. 2B and
%suppression from a single responder to suppressor ratio in Fig. 2C. Using anti-CD3
stimulation, we observed consistent suppressive activity in the CD4+CD25+ and CD8+
populations, while CMTPX-stained CD4+CD25- T-cells did not significantly dampen pan-
stimulated CD4+CD25- T-cells (negative control). Interestingly, non-fractionated CD8+ T-
cells showed greater suppressive capacity than CD4+CD25+ T-cells, a fraction known to
contain regulatory T-cells.

We then sought to evaluate the suppressive ability of CD8+ T-cells in cultures stimulated
with specific antigens by conducting suppression assays using a panel of CNS and control
antigens. Positive CD4 T-cell responses to specific antigens were selected and suppression
was quantified. Fig. 2D shows representative responses from one HC, where the addition of
increasing numbers of CD8+ T-cells suppressed the proliferation and activation of
neuroantigen-stimulated responses, in contrast to foreign-antigen-stimulated responses. Figs.
2E and 2F show cumulative data from 15 HC, demonstrating consistent dose-dependent
suppression in neuroantigen-stimulated cultures (2E), contrasting with lack of consistent
suppression in response to foreign antigens (2F), which in many cases led to enhanced
proliferation of the responders [denoted as “negative suppression”]. This suggested that
neuroantigen-specific CD8+ T-cells obtained ex vivo possessed immune suppressive ability,
whereas foreign antigen-specific ones did not show consistent suppression.

3.2. CNS-specific CD8+ T-cells require stimulation with cognate antigen for suppressive
activity

In the experiments above, the antigens added to the bulk culture presumably stimulated both
the CD4+ T-cells and CD8+ T-cells. Thus, it was possible only to test the effect of
neuroantigen-stimulated CD8+ T-cells on CD4+ T-cells stimulated by the same antigenic
peptides. To ascertain that these results were based on cognate antigen-specific recognition,
we generated over thirty-four CD4+ and CD8+ T-cell lines, using PBMC from 8 HC.
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Specificity was confirmed by 3H-thymidine uptake, showing reactivity to the intended
antigen but not to other CNS or foreign antigens (Suppl. Fig. 1). Using these lines, we
performed autologous 3H-thymidine-based suppression assays, culturing CNS-or foreign
antigen-specific CD4+ T-cells alone or in the presence of CNS- or foreign antigen-specific
CD8+ T-cells in various combinations. These cultures contained APC with antigens that
would stimulate just the CD4+ T-cells or both CD4+ and CD8+ T-cells (Fig. 3). Fig. 3A
shows a single MBP-specific CD4+ T-cell line, cultured with autologous MBP-, PLP- or
CMV-specific CD8+ T-cells. When cultured in the absence of any CD8+ T-cells, the MBP-
specific CD4+ T-cells showed a similar proliferative response to stimulation by MBP, MBP
+CMV or MBP+PLP. The addition of MBP-specific CD8+ T-cells to the MBP-stimulated
cultures resulted in robust suppression of the response. Importantly, the addition of PLP- or
CMV-specific CD8+ T-cells did not affect cultures stimulated only by MBP. However,
when PLP antigen was added, the PLP-specific CD8+ T-cells suppressed MBP-specific
CD4 proliferation. Most interestingly, this was not true of CMV-specific CD8+ T-cells. In
cultures containing CMV peptides and CMV-specific CD8+ T-cells, no significant
suppressive effect was exerted. Fig. 3B demonstrates an example of a CMV-specific CD4+
T-cell line, in combination with autologous CMV-specific or MBP-specific CD8+ T-cells.
Again, in contrast to CMV-specific CD8+ T-cells, MBP-specific CD8+ T-cells had a
suppressive effect in the presence of their cognate antigen. Thus, similar to bulk cultures
(Fig. 2), antigen-specific lines confirmed that neuroantigen-specific CD8+ T-cells had
robust immune suppressive properties compared to foreign antigen-specific CD8+ T-cells
and required the presence of cognate antigen.

3.3. CNS-specific suppressive ability is significantly diminished during acute exacerbation
of MS and recovers during remission

We then postulated that neuroantigen-specific CD8+ T-cell suppressive ability may be
relevant in MS and may influence the clinical disease course. Several studies by others and
us have demonstrated a global deficit in regulatory CD4+CD25+ [23-25] or CD8+ T-cell
function in MS [14,26,27]. To test the possibility that CNS-specific suppressive ability has a
bearing on MS clinical presentation, we compared flow-based suppression assays on PBMC
from 15 HC, 11 treatment-naive RRMS patients (quiescent MS) and 9 treatment-naïve MS
patients during an acute exacerbation (Fig. 4). CD8+ T-cells from HC and quiescent MS
patients showed similar neuroantigen-specific suppressive ability (Figs. 4A-4B).
Interestingly, CD8+ T-cells obtained during an acute clinical episode showed significantly
lower neuroantigen-specific suppressor ability, whether viewed as suppression stimulated by
independent multiple antigens (Fig. 4B) or as a mean neuroantigen-specific suppression per
subject (Suppl. Fig. 2). This corroborated with a global CD8 suppressor deficit,
demonstrated in anti-CD3-stimulated suppressor assays (Fig. 4D), whereas none of the
patients showed significant foreign antigen-specific CD8+ suppressor ability (Fig. 4C). To
address whether the lack of suppression could be explained by major changes in T-cell
subsets, we first evaluated CD4:CD8 ratios across various cohorts an found no significant
differences between any of the cohorts, especially between quiescent MS (1.75 ± 0.69) vs.
acute exacerbation (2.12 ± 0.72). We further evaluated whether there may be an absence of
CNS-specific CD8 reactivity in the peripheral blood during acute exacerbation or enhanced
activation or proliferation of CNS-specific CD8 cells in the suppression assays. Using
CMTPX as a cell tracker, we were able to specifically evaluate CD8 T cell activation. While
CMTPX is not optimal for use as a proliferation dye, we could evaluate total CD25
expression on the CMTPX-stained CD8 cells in these cultures, indicating their overall
activation/proliferation status. We found that, albeit slightly diminished, CNS-specific
CD8+ T-cell reactivity was detectable even during acute exacerbation (Suppl. Fig. 3),
suggesting that these responses may be functionally different rather than simply
quantitatively suppressed.
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To gauge the clinical relevance of these findings further, we asked whether there was any
correlation between CD8 suppressor ability and the distance from an acute clinical episode.
We found that the duration from the latest clinical episode correlated significantly with
CNS-specific CD8 suppression, but not with foreign-specific or global (anti-CD3-mediated)
suppression (Fig. 5A-C). In contrast to foreign-specific and anti-CD3-induced CD8
suppression, most of the neuroantigen-specific CD8+ suppressive function, plotted versus
time since last relapse, could be explained by the regression line demonstrated in Fig. 5A.
This suggested that correction of the CNS-specific CD8 suppressor deficit would correlate
with recovery from an acute relapse. To test this hypothesis prospectively, we re-evaluated a
subset of the subjects longitudinally, after their disease had become clinically quiescent
either with or without immunomodulatory therapy. We observed a robust and significant
recovery of the CNS-specific CD8 suppressive ability, whether viewed as suppression
against multiple neuroantigens (Fig. 5D) or as mean suppression per subject (Suppl. Fig.
4A). Again, foreign-specific CD8 suppression showed no changes over time, whereas there
was some recovery of anti-CD3-based suppression (Suppl. Fig. 4B-D).

4. Discussion
To our knowledge, these studies are the first evidence that human autoreactive CNS-specific
CD8+ T-cells play an immune regulatory role, in contrast to foreign-antigen-specific
effectors. Moreover, our studies show a clear clinical relevance for this regulatory role, in
that suppressive activity is greatly diminished during relapses of MS and recovered as the
patients enter remission. Classically, CNS-targeted, MHC Class I-restricted CD8+ T-cells
are thought to have a pathogenic role in disease, with reports demonstrating in vitro
cytotoxic killing of oligodendrocytes [8,9]. However, our studies identify an unexpected and
novel immune regulatory role in both HC and quiescent MS patients, corroborating studies
in EAE, where CNS-specific CD8+ T-cells inhibited disease, whereas control antigen-
specific ones did not [15]. Sporadic, acute exacerbations are characteristic of the relapsing-
remitting form of MS. While MS suppressor cell dysfunction has been recognized for
decades, the role of CNS-specific CD8+ T-cells remains elusive in the context of
accumulating disability, axon trans-section, and gliosis which are characteristic of secondary
progressive MS [33,34]. It appears that CNS-specific regulatory ability is directly or
indirectly involved in the mechanism of MS clinical phase changes. It still remains unclear
whether underlying pathology of chronic progressive MS exhibit similar deficient
suppressor CD8+ T-cell activity [25].

We are only beginning to understand the role of autoreactive, regulatory (“autoregulatory”)
T-cells in autoimmune disease [35]. There has been some evidence that autoantigen-specific
CD8+ T-cells may have immune regulatory properties in diabetes models [36,37]. Thus,
chronic stimulation of CD8+ T-cells with low TCR avidity may induce regulatory function
[37], perhaps explaining the therapeutic generation of antigen-specific, cytotoxic immune
suppressor CD8+ T-cells following chronic copolymer-based therapy of MS [14,28]. This
may also explain the difference between the roles of foreign-antigen-specific CD8+ T-cells
vs. autoreactive ones that tend to bear lower avidity TCR, presumably following thymic
deletion of higher avidity responders. In contrast to Qa1/HLA-E-restricted suppressor CD8+
T-cells that recognize immune cell-derived peptides, autoregulatory CD8+ T-cells are
stimulated by the same tissue antigens that are targets of destructive effector cells, thereby
creating an autoregulatory tolerance loop.

The assay system utilized in our studies took advantage a proliferation dye (CFSE), a
cellular tracking dye (CMTPX) and overlapping antigenic peptide pools to monitor
neuroantigen-specific CD8+ T-cell suppressive ability. This assay has excellent sensitivity
and specificity for detecting functional antigen-specific suppressive ability, by allowing the
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exclusion of suppressor populations from the analysis. Moreover, it allows an unbiased
characterization of T-cell suppressive ability without limited range of HLA haplotype or
epitopes. Finally, the assay also enables separate concurrent characterization of CD4+ and
CD8+ responses within the same culture. Thus, this unique approach allowed us to discover
and quantify this novel autoregulatory function of CNS-specific CD8+ T-cells.

This novel concept also unveils a potential strategy for immune therapy. While using
autoreactive CD8+ T-cells as therapy may seem unorthodox, this is principally similar to
generating autoantigen-reactive CD4+CD25+FOXP3+ Tregs for adoptive immunotherapy.
Other forms of autoreactive CD4+ Tregs (Tr1, Th3) have also shown promise in animal
models. CD8+ T-cells, representing an underappreciated arm of peripheral immune
tolerance, afford an attractive form of adoptive immunotherapy, especially in the context of
clinical relapses. In that regard, we have shown recently that CNS-specific CD8+ T-cells can
inhibit ongoing EAE [15], dependent on cytotoxic and immune modulatory mechanisms.
The phenotypic characteristics of regulatory CD8+ T-cells are not definite and, depending
on the model, may range from a CD28(-) [38-44], γδ+ [45], CD25+ [46], CD122+ [16],
CD103+ [47,48], PD-1+ [49] or FOXP3+ [50-53], among others [54]. In which context
neuroantigen-specific CD8+ T-cells regulate, and how, is still unclear. Our preliminary
studies reveal autoregulatory CNS-specific suppressor activity in multiple such subsets, with
the common features being cytokine- and contact-dependent processes (including
cytotoxicity) and an absolute requirement for HLA-Class I (data not shown). Detailed
dissection of the characteristics and mechanisms of these cells will be an important pursuit
to develop a therapeutic approach.

To summarize, our studies demonstrate a novel, clinically relevant role for neuroantigen-
specific CD8+ T-cells, revealing a potential pathway of intrinsic immune regulation that
may have implications for the therapy of human MS and other immune-mediated disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multiple sclerosis patients and healthy control subjects share similar T-cell responses.
CFSE-based proliferation assays were performed on purified CD4+CD25- or CD8+ T-cells from
15 HC and 11 MS patients
(A) Representative responses from CD4+ T-cells from a single HC (top row) and single MS
patient (bottom row) are shown, with CFSE on X-axis and CD25 on the Y-axis. Various
stimuli are indicated above each column. The numbers in red toward the top of each dotplot
indicate the %CD25+/CFSE(low) (activated/proliferating) cells, representing the response.
Numbers in black toward the bottom represent the response index (RI), calculated based on
background proliferation in the absence of any stimulus. “Negative” represents lack of a
response, based on criteria described in the methods. (B) Cumulative results from 15 HC
and 11 MS patients (9 neuroantigenic responders) are shown as RI for both CD4 responses
(top row) and CD8 responses (bottom row), stimulated with neuroantigens, foreign antigens
or anti-CD3 (as indicated). These results represent 85 and 60 positive assays with
neuroantigens performed on HC and MS, respectively. (C) From 9 HC, CFSE-based
proliferation assays were performed on both bulk PBMC as well as sorted CD4+CD25- T-
cells. Cumulative results from gated CD4 responses from each condition are shown as RI.
*** indicates significant elevation of neuroantigen-specific responses (p<0.001), whereas
foreign antigen-specific responses were not significantly different (ns).
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Figure 2. Anti-CD3-stimulated and neuroantigen-specific CD8+ T-cells suppress CD4+ T-cells
(A) CFSE-stained healthy ex vivo purified CD4+CD25- T-cells were used as responders in
anti-CD3-stimulated suppression assays. Dotplots from a single representative experiment
demonstrate CFSE on the X-axis and CD25 expression on Y-axis. Indicated in red at the top
of each dot plot is the gated percentage of CD25+/CFSE-low cells (activated and
proliferating), representing the “response”. Indicated in black in the lower left is the
calculated %suppression, based on normalizing to the anti-CD3-mediated response in the
absence of suppressors (top row). Indicated to the left of the bottom three rows are the
CMTPX-stained cell populations used as suppressors at the indicated ratios over each
column. The results are representative of 15 flow-based suppression assays from 15 healthy
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controls. (B) Cumulative results from suppression assays from 15 healthy controls are
displayed as percent proliferative response normalized to the response without suppressors
(defined as 100%), indicated as 1:0. Open circles represent the response in the presence of
increasing numbers of CD4+CD25+ T-cells (positive controls), closed diamonds for bulk
CD8+ T-cells and open triangles for CD4+CD25- T-cells (negative controls). (C) Results
from Panel B are represented as %suppression at a single responder: suppressor ratio
(1:0.25). (D) Representative dotplots from a single subject demonstrate CD8-mediated
suppression assays in the presence of neuroantigens (MOG1, MAG1) and foreign antigen
(TT, CMV). The left column represents CD4+CD25- responders only, where positive
responses were selected to evaluate suppression. The right three columns contain increasing
numbers of CMTPX-stained CD8+ T-cells, with %proliferation and %suppression indicated.
(E, F) Cumulative results are shown from 67 suppression assays. Data points represent
neuroantigen- (E) and foreign antigen- (F) specific %suppression. Each of 15 subjects is
indicated by a different shape. Neuroantigen or foreign antigen used in the suppression assay
is indicated by the color legend at right (for some proteins, multiple pools were made to
limit the number of peptides in each pool, as described previously [3]).
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Figure 3. Activated neuroantigen-specific CD8+ T-cells suppress CD4+ T-cells
Responder CD4+ T-cell lines were cultured with APC and indicated antigens in the presence
or absence of the indicated CD8+ T-cell lines. 3H-Thymidine-based proliferation assays
were performed. Panel A shows ΔCPM (background subtracted) from a single MBP-specific
CD4+ line and Panel B shows a CMV-specific CD4+ line. The results are representative of
8 independent assays, each repeated twice, with lines obtained from 8 different HC.
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Figure 4. Neuroantigen-specific suppressive ability is deficient during acute MS exacerbation
Ex vivo-purified, CFSE-stained CD4+CD25- T-cells from HC, quiescent MS patients or MS
patients suffering from an acute exacerbation were used as responders in autologous
suppression assays. Panel A shows CFSE vs. CD25 dotplots from representative subjects
responding to two neuroantigens (MOG-pool 1 and PLP-pool 1) in the absence of
suppressor cells (1:0) or with CD8+ T-cells added at indicated ratios. Red numbers at the top
of each dotplot represent proliferative response, whereas the black numbers represent the
calculated %suppression. This is representative 15 HC, 11 quiescent MS patients (9
responders) and 9 acute MS exacerbation patients (6 responders), equivalent to 50, 47, and
37 flow-based suppression assays, respectively. Panels B, C and D show cumulative
%suppression data at the 1:0.25 responder:suppressor ratio from assays containing
neuroantigens, foreign antigens or anti-CD3, as indicated.
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Figure 5. Neuroantigen-specific CD8+ T-cell suppressive-ability correlates with days since last
relapse and recovery
(A, B, C) Dots represent average CD8+ T-cell suppressive ability of individual MS patients
in the presence of neuroantigens (A), foreign antigens (B) or anti-CD3 (C). Closed and open
circles are acute MS exacerbation and quiescent MS patients, respectively. R squared values
are shown for nonlinear regression assuming a semi-log X line model. P values are shown
for correlation analysis. (D) Dots represent neuroantigen-specific suppression assays
performed longitudinally during exacerbation and after a quiescent clinical state as reached.
Closed squares and open circles represent patients who averaged 12 and 81 days since start
of last relapse, respectively.
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Table 1
Summary of Patient Characteristics

Healthy Controls (HC) RRMS: Quiescent (MS) MS: Acute Exacerbation MS: Exacerbation Follow-up

Number of Subjects 15 11 9 4

Average age, y
(Range)

44 (21-65) 40 (23-56) 45 (31-65) 44 (35-53)

Sex (M/F) 5/10 2/9 3/6 2/2

Days from Last
Relapse [Mean
(Range)]

N/A 599 (90-2920) 8 (2-50) 81 (31-118)
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