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Abstract

v& T cells are resident in cerebrospinal fluid and central nervous system (CNS) lesions of multiple
sclerosis (MS) patients, but as multifaceted cells exhibiting innate and adaptive characteristics,
their function remains unknown. Previous studies in experimental autoimmune encephalomyelitis
(EAE) are contradictory and identified these cells as either promoting or suppressing disease
pathogenesis. This study examines distinct y8 T cell subsets during EAE and indicates they
mediate differential functions in CNS inflammation and demyelination resulting in pathogenesis
or protection. We identified two v subsets in the CNS, Vy1* and Vy4*, with distinct cytokine
profiles and tissue specificity. Anti-yd T cell receptor (TCR) monoclonal antibody (mAb)
administration results in activation and downregulation of surface TCR, rendering the cells
undetectable, but with opposing effects: anti-Vy4 treatment exacerbates disease whereas anti-Vy1
treatment is protective. The Vy4* subset produces multiple proinflammatory cytokines including
high levels of IL-17, and accounts for 15-20% of the interleukin-17 (IL-17) producing cells in the
CNS, but utilize a variant transcriptional program than CD4* Th17 cells. In contrast, the Vy1
subset produces CCR5 ligands, which may promote regulatory T cell differentiation. v5 T cell
subsets thus play distinct and opposing roles during EAE, providing an explanation for previous
reports and suggesting selective targeting to optimize regulation as a potential therapy for MS.
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1. Introduction

MS and its murine model, EAE, are characterized by perivascular T cell and mononuclear
cell infiltration in the central nervous system (CNS) with subsequent primary demyelination
of axonal tracts leading to progressive paralysis. Autoreactive CD4* T cells in MS patients
and in EAE respond to a variety of myelin membrane constituents including myelin basic
protein, myelin proteolipid protein (PLP), and/or myelin-oligodendrocyte glycoprotein, [1;
2] which induce CNS inflammation and demyelination. With the recent revelation that
IL-17-mediated inflammation, rather than IFN-y responses, are most critical during
autoimmunity, the research focus has centered on understanding the differentiation and
effector functions of CD4* Th17 cells in EAE and MS [3; 4; 5]. However, conventional
Th17 cells are not the sole producers of IL-17. v8 T cells secrete large amounts of 1L-17,
perhaps even without the clonal expansion or additional TCR stimulation required for the
adaptive response [6; 7] [8]. Interestingly, IL-17 producing v T cells have been shown to be
pathogenic in models of autoimmunity including collagen induced arthritis and protective
for airway hyper-reactivity, indicating a pleiotropic role for y8 T cells in immune-mediated
pathology [9; 10] [11].

Significant numbers of v8 T cells have been identified in the cerebral spinal fluid and the
CNS demyelinating lesions of MS patients. In addition to clonally expanded aff T cell
populations, which use a restricted set of gene segments, v6 T cells also display a restricted
repertoire that is over-expressed in MS plaques [12; 13]. Junctional sequence analysis of
these expanded cells suggests they are oligoclonal in nature, perhaps indicating specific
antigen stimulation. It has been proposed that v& T cells respond to heat shock proteins,
which could be released in response to inflammatory CNS tissue damage [14]. Although the
antigen specificity and regulation of these cells is not well understood, it is clear vd T cells
are involved in the autoimmune CNS inflammation in MS.

Past attempts utilizing murine models of MS to study the role of v8 T cells in the
pathogenesis of autoimmune demyelination have been contradictory [reviewed in [15]]. On
the one hand, v5 T cells have been shown to play a protective role or no role at all during
disease. It has been proposed that v& T cells regulate autoimmune inflammation via Fas-
FasL mediated killing of CNS antigen-specific T cells based on the observation that v6 T
cell-deficient mice on the B10.PL background develop a chronic disease compared to the
monophasic acute disease course seen in the control animals [16; 17]. However, an
additional study concluded that regulation of autoreactive inflammation in EAE is
specifically the role of T regulatory cells and not v& T cells [18]. To further complicate the
situation y8 T cells have been reported to enhance autoimmunity by restraining Treg
responses [19]. Similarly, adoptive transfer of autoreactive CD4* T cells into y8-deficient
recipient mice on the C57BL/6 (B6) background elicited similar disease as seen in the WT
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recipient controls suggesting v T cells do not play a significant role in the mediation or
regulation of effector mechanisms in EAE [20].

Unlike the aforementioned data, other reports support the hypothesis that v8 T cells play a
pathogenic role during disease [21; 22; 23]. Targeting yd T cells with monoclonal antibodies
during various stages of disease resulted in the inability to detect the cells as well as
decreased disease, suggesting y8 T cells play a critical role in the pathogenesis of EAE
during both acute and chronic phases [24]. Similarly, in both actively induced and
adoptively transferred EAE in B6 mice that genetically lack vo T cells, EAE disease was
significantly reduced [25]. These diverse and conflicting results obtained from animal model
studies aimed to dissect the mechanisms of v T cell involvement in demyelinating disease
could attributed to the use of a variety of mouse strains, inducing antigens and methods of v&
T cell manipulation, namely genetic depletions or monoclonal antibody targeting in vivo.

v8 T cells are a heterogeneous population and perhaps the pleiotropic nature of this cell
subset and thus the variety of results from many different studies aimed at determining their
role during EAE and MS may be explained by a dichotomy of v T cell subset function. We
therefore sought to examine a possible dichotomy of these pleiotropic cells within the
murine model of MS with the goal of clarifying the previous controversy surrounding the
role of v& T cells in EAE as well as to provide evidence for an alternative method of
specifically targeting these cells as a possible treatment for MS. Our study indicates that v
T cell subsets play opposing roles, such that targeted treatment could optimize the regulation
of disease. We show that VVy4-expressing v& T cells constitute a significant proportion of
IL-17-producing cells in the CNS during EAE pathogenesis and when activated in vivo,
exacerbate disease symptoms due to their pathogenic nature. Conversely, the Vy1 subset
plays a protective role and perhaps eliciting function at the priming stage within the spleen
rather than in the CNS. Using a y8 T cell reporter mouse we were able to show that in vivo
antibody treatment resulted in activation of the v T cell subsets and not depletion.
Collectively, these data provide some much needed explanation for the contradictory
literature surrounding the role of v8 T cells during EAE. We propose that v T cell subsets
show distinct and opposing functions, such that antibody targeting of these cells may allow a
more carefully defined inhibition of the pathogenic response in MS, while maintaining the
protective immune mechanisms of these critical immune cells.

2. Materials and Methods

2.1. Mice and peptides

Female SJL/J (Harlan Sprague Dawley), C57BL/6J and Tcrd”~ (The Jackson Laboratory)
and Tcrd-eGFP mice [26] were housed under specific pathogen-free conditions in the
Northwestern University Animal Facility. All protocols were approved by Northwestern
University Animal Care and Use Committee. PLP139_151 (HSLGKWLGHPDKF) and
MOG35_55 (MEVGWYRSPFSRVVHLYRNGK), were purchased from Genemed Synthesis
(San Francisco, CA).
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2.2. Induction of EAE

Chronic EAE (C-EAE) was induced in Tcrd-eGFP, Terd”-, and C57BL/6 mice with 200 ug
MOG3s.55 with CFA subcutaneously and treated intraperitoneally with 200 ng Pertussis
Toxin on days 0 and 2 relative to immunization. Relapsing-remitting EAE (R-EAE) was
induced in SJL/J mice with 50 pg PLP39.151 with CFA subcutaneously. Mice were
analyzed daily and disease severity scored with the following scale: 0, no symptoms; 1, loss
of tail tonicity; 2, unilateral hind limb paralysis; 3, bilateral hind limb paralysis; 4, front limb
paralysis and 5, moribund [2].

2.3. In vivo antibody treatment

Mice were treated i.v. with 200 pg anti-y§ TCR (clone UC7), anti-Vvy4 (clone UC3), anti
V1 (clone 2.11) or Control Ig (hamster IgG) on days 0 and 2 where day 0 was the day of
disease induction for disease course studies. For T cell tracking experiments, Tcrd-eGFP
animals were treated with antibody on days 0 and 2, spleen and inguinal lymph nodes were
collected at day 7 and FACS analysis was performed.

2.4. Immunofluorescence

After euthanasia, mice were perfused with 4% PFA in PBS and the brain and spinal column
were dissected and incubated in fixative overnight at 4°C on a shaker. The tissue was then
transferred to 30% sucrose in PBS and allowed to incubate overnight at 4°C followed by
placement in cryomold with O.C.T. in and frozen on dry ice for 45minutes. The blocks were
stored at -80°C until sectioning. The frozen tissue was sectioned into 10 pm slices and
placed onto slides. For immunohistology, slides were first labeled for myelin proteolipid
protein (Serotec) 1:200 in PBS + 0.5% normal donkey serum + 0.1% triton-x 100 (PBS+)
overnight at 4°C and fixed with cold acetone for 10 minutes prior to labeling. After washing
in PBS, slides were incubated in donkey anti-mouse Cy3 (Jackson ImmunoResearch) for 60
minutes at room temperature. Finally, the slides were washed in PBS, incubated in 50 pg/ml
DAPI nuclear stain (4’,6-Diamidino-2-phenylindole dihydrochloride (3), Sigma) for 5
minutes, washed and coverslipped with Vector Hard Setting Mounting Medium (Vector
Labs). The sections were viewed on the Zeiss LSM 510 META laser scanning confocal
microscope located in the Northwestern University Cell Imaging Facility. Confocal stacks
were taken at 0.37um intervals to yield a projection image enabling the visualization of the
proximity of v8 GFP™ cells to MBP™ cells. A three dimensional image was rendered using
Volocity software.

2.5. Cell Isolation

Mice were anesthetized with Nembutal followed by PBS cardiac perfusion. The cerebellum
and spinal cord were chopped with scissors, incubated with collagenase for 30 min at 37°C
and physically disrupted over a metal screen. The resulting cellular suspension was
resuspended in 30% Percoll, overlayed onto 70% Percoll and centrifuged at 1000 rpm for 25
min at 25°C. The cells at the interfaced were collected, washed and counted. Splenocytes
and lymph nodes were isolated by physical disruption, red blood lysis (for spleens only) was
performed and cells were washed and counted.
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2.6. Flow cytometry and single cell sorting

Single cell suspensions were stained with VID dye (Invitrogen) for live/dead discrimination
by manufacturers instructions, blocked with anti-CD16/32 for 15 min at 4°C and incubated
with antibodies against cell surface molecules CD11b (M1/70), CD3 (2C11), CD4 (GK1.5),
vd TCR (GL3), Vy4 (UC3-10A6), CD44 (1M7) and CD69 (H1-2F3) from either BD
Pharmingen or eBioscience. The anti-Vy1 hybridoma (2.11) was a generous gift from Willi
Born and was purified and biotinylated by the Northwestern University Monoclonal
Antibody Core Facility. Intracellular cytokines were stained using BD Perm/Fix (BD
Pharmingen, Franklin Lakes) per the manufacturer's instructions with IFN-y (XMG-1.2) and
IL-17A (eBiol7B7). Data were acquired on a Canto 1l cytometer (BD Biosciences, San
Jose, CA) and analyzed with FlowJo software (Tree Star, Ashland, OR). Individual T cell
subsets were sorted using MoFlow separation operated by the Cancer Center Flow Core
Facility, Northwestern University, Chicago, IL.

2.7. In vitro T cell activation and cytokine detection

2x104 cells (for CNS subsets) or 2x10° cells (for spleen subsets) were incubated in 200 pl in
a 96 well plate that had been plate coated with 1 ug/ml 2C11 in PBS overnight. Supernatant
was collected and subjected to cytokine analysis by Cytokine Bead Array (BD Bioscience).

2.8. Real Time PCR analysis

Following MoFlow sorting, RNA was isolated from cells using Qiagen RNeasy per
manufacturer's instructions. cDNA synthesis was performed using Invitrogen Superscript 111
per manufacturer's instructions. Gene expression analysis was monitored by real-time PCR
with reverse transcription (RT-PCR) using gene-specific primers and probes. Actin
Forward: GCT CTG GCT CCT AGC ACC AT, Reverse: GCC ACC GAT CCA CAC AGA
GT, Probe: FAM-TCA AGA TCA TTG CTC CTC CTG AGC GC-TAMRA; IL-17A
Forward: CTC CAG AAG GCC CTC AGA CTA C Reverse: AGC TTT CCC TCC GCA
TTG ACA CAG Probe: FAM-TCT GGG AAG CTC AGT GCC GCC ACC AGC-TAMRA,;
IL-17F Forward: GAG GAT AAC ACT GTG AGA GTT GAC Reverse: GAG TTC ATG
GTG CTG TCT TCC Probe: FAM-AGT TCC CCA TGG GAT TAC AAC ATC ACT C-
TAMRA,; RORyt Forward: CCG CTG AGA GGG CTT CAC, Reverse: TGC AGG AGT
AGG CCA CAT TAC A, Probe: FAM-AAG GGC TTC TTC CGC CGC AGC CAG CAG-
TAMRA; IL-21 Forward: ATC CTG AAC TTC TAT CAG CTC CAC, Reverse: GCATTT
AGC TATGTG CTT CTG TTT C, Probe: FAM-AAG CCA TCA AAC CCT GGA AAC
AAT AAG ACA-TAMRA,; IL-23R Forward: TCA GTG CTA CAA TCT TCA GAG GAC
A, Reverse: GCC AAG AAG ACC ATT CCC GA, Probe: FAM-CCT GCT TCA GGT
AAT CAT CAA GAC ATT GGA CTT TT-TAMRA and IL-22 Forward: GAC CAA ACT
CAG CAA TCA GCT C Reverse: TCA GAC GCA AGC ATT TCT CAG Probe: FAM-
AGA ATG TCA GAA GGC TGA AGG AGA CAG TGA-TAMRA. Primers and probes for
GM-CSF, IL-1B, IL-1R and IFN-y were purchased from Applied Biosciences. For
chemokine ligand analysis, real time PCR was analyzed using gene specific primer pairs and
sybr green detection (LightCycler FastStart® DNA Master SYBR Green |, Roche). Primer
sequences were CCL3 Forward: TTT TGA AAC CAG CAG CCT TT, Reverse: CTC AAG
CCC CTG CTC TAC AC; CCL4 Forward: AAC CCC GAG CAA CAC CAT GAAG,
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Reverse: CCA CAA TAG CAG AGA AAC AGC AAT; CCL5 Forward: GTG CCC ACG
TCA AGG AGT AT, Reverse: AGC AAG CAA TGA CAG GGA AG.

2.9. Statistical Analyses

Comparisons of the percentage of animals showing clinical disease were analyzed by X?
using Fisher's exact probability, and two-way ANOVA with a Bonferroni post-test was used
to determine statistical differences between mean clinical disease scores. Single comparisons
of two means were analyzed by Student's t-test.

3. Results

3.1 y8 T cell subsets accumulate in the CNS of SJL/J mice with PLPy39.151-induced EAE
correlates with relapsing-remitting disease severity and co-localize with CD4* T cells

Interestingly, a limited repertoire of v8 T cells, defined by TCR chain usage, have been seen
in the CSF and lesions of MS patients, however their function is not understood. The
relapsing-remitting EAE model (R-EAE) closely represents the most common form of MS,
characterized by repeating bouts of paralytic symptoms interrupted by remissions. Previous
studies have examined the role of v6 T cells using multiple EAE models of MS, however the
results are conflicting in that these cells have been reported to have both pathologic and
protective functions [reviewed in [15]]. Significantly, in our hands, the absence of v T cells
during MOGg3s._g5-induced EAE in C57BL/6 mice results in essentially total ablation of
disease symptoms indicating their importance in disease pathogenesis (Fig. 1a). We next
examined which subsets of v T cell were activated and present in different lymphoid
compartments during PLP139.151-induced R-EAE in SJL/J mice. v8 T cells were identified
in the spleen, cerebellum and spinal cord at the following defined phases of disease: onset,
peak of acute disease, remission and relapse (Fig. 1b). Interestingly, v T cell infiltration in
the CNS correlated with disease severity in that there was a dramatic increase in their
numbers in the spinal cord during onset, peak and relapse, and during onset and peak in the
cerebellum; with cell numbers retracting during remission in both tissues (Fig. 1c). The
percentage of T cells that are 8 within the cerebellum and spinal cord during disease is
2-4%, and most elevated in during relapse in the spinal cord (data not shown). However, the
total number of v8 T cells in the spleen remains relatively similar throughout the disease
course. Interestingly, during the primary relapse, significant v T cell infiltration occurs only
within the spinal cord, not the cerebellum. The most common circulating v8 T cell subsets
defined by their variable region TCR usage, Vy1 and Vvy4, have recently been identified in
models of arthritis and airway inflammation [9; 27]. We therefore investigated the
prevalence these subsets in the CNS and peripheral tissues during the various stages of R-
EAE. Interestingly, we find during all phases of R-EAE, the v8 T cell subsets show tissue
specificity. The Vy1 subset is dominant in the spleen, comprising 35-50% of the total v T
cell population at all stages (Fig. 1d), seen most notably earlier during onset and peak
disease. This secondary lymphoid organ location is supported by increased expression of L-
selectin on the Vy1 compared to the VVy4 subset (data not shown). Paradoxically, the Vy4
subset shows a particular specificity for the CNS with two-fold more Vy4* y8 T cells in the
cerebellum and spinal cord compared to the Vy1* subset, especially during peak disease and
relapse in the spinal cord (Fig. 1e). Although the percentage of the V1 subset is higher than
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the Vv4 subset in the spinal cord during remission, the total number of cells present in this
tissue at this time point is minimal and similar (Vy1, average: 97 cells and Vv4, average: 92
cells).

The reagents available to identify v8 T cells are limited largely to PCR and flow cytometric
analyses. Therefore, to examine the anatomical location of v8 T cells in the CNS during R-
EAE, we utilized v& T cell reporter mouse in which v& T cells can be visualized by GFP
fluorescence independently of TCR surface expression. EAE was induced in Tcrd-eGFP
mice on the C57BL/6 background using MOGs5_55/CFA and the brain and spinal cord tissue
was processed and analyzed histologically for infiltrating v8 T cells and conventional a3
CD4* T cells. CNS-infiltrating yv8 T cells (green) are seen in perivascular cuffs both in the
spinal cord (Fig. 1f) and the brain (Fig. 1g), in close proximity to autoreactive CD4* T cells
(red). Mycobacterial products within CFA, which is used to induce EAE, have been shown
to activate v T cells [28]. Importantly, we did not observe CNS infiltration of v T cell in
animals that had been immunized with MOG3s5_55/CFA but failed to develop clinical signs
of paralysis (data not shown). Together, these data show that accumulation of v8 T cell
subsets in the CNS correlates with disease symptoms during R-EAE, but have distinct tissue
specificity; the Vy4 subset is dominant in the CNS, the autoreactive inflammatory site,
whereas the Vy1 subset is the most prevalent in the spleen. The v3 T cells that enter the CNS
co-localize with the autoreactive CD4" cells in the perivascular space and do so
independently of microbial activation from CFA and secondarily to CD4* T cell
inflammation.

3.2 y6 T cell subsets play opposing roles during the pathogenesis of disease

v8 T cells are pleiotropic cells with features common to both innate and adaptive T cells and
have diverse functions that may or may not be associated with the subset defined by TCR
usage [29; 30]. Indeed, depending on the disease model, the Vy4 or Vy1 subset can be
pathogenic [9; 27]. To determine whether these subsets have pathogenic or protective roles
during R-EAE, we treated animals with antibodies specific for each of the subsets during
EAE and monitored the disease course and severity. Disease severity was worsened at all
stages during R-EAE in SJL/J mice treated with anti-Vy4, while, in contrast, treatment with
anti-Vy1 resulted in decreased severity during the peak acute phase (Fig. 2a). Since the
previous literature contains conflicting data that could be explained by the use of various
strains of animals, we induced C-EAE in B6 mice with MOG35.55/CFA and treated them
with the same anti-y8 T cell subset antibodies. Interestingly, the results are similar to what
was seen in the R-EAE model, with the anti-Vy1 treatment totally preventing EAE onset in
the B6 mice, while anti-Vy4 treatment led to significantly enhanced disease. (Fig. 2b). These
data indicate that in vivo targeting of the y8 T cell subsets results in opposite effects on the
disease course in both relapsing-remitting (SJL/J) and chronic (C57BL/6) models of MS.

3.3 In vivo targeting with antibodies against y8 T cells results in activation and
downregulation of surface TCR

The role of v8 T cells in EAE is controversial due to the variety of models and reagents used
to induce disease and modify v T cell function. Recently, the use of the yv& T cell reporter
mouse has allowed the visualization of v6 T cells without the use of antibodies and has
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suggested that antibody administration to naive animals results in downregulation of the
TCR, thus rendering the cells “invisible” [31]. To determine whether the clinical outcome
we observed using in vivo antibody targeting of the v8 T cell subsets during EAE results in
the depletion of v8 T cells and/or downregulation of the surface TCR, we treated Tcrd-eGFP
animals with 200 pg anti-pan v8 T cell antibody, UC7, or control Ig intravenously on days 0
and 2 and induced C-EAE via MOGg3s_g5 priming. In the control Ig-treated mice, y8 T cells
are double positive for GFP and surface staining for the receptor using the anti-yd TCR
clone GL3 in the spleen and draining (inguinal) lymph nodes, however in the animals treated
with the anti-y8 T cell antibody, only GFP* v8 T cells, and no surface staining, are seen at
day 7 post disease induction (Fig. 3a). Interestingly, when treated with anti-y§ TCR in vivo,
a population of GFP* cells that have an intermediate level of TCR surface expression exist,
as indicated by the arrows. The GFP* y8 T cells that have downregulated surface TCR
expression are not seen in the control Ig treated animals. Activated T cells commonly
downregulate the TCR complex after activation to prevent over-stimulation [32; 33; 34].
Therefore, to determine whether in vivo anti-yd T cell antibody administration results in y8 T
cell activation during EAE induction, we examined CD3 surface expression and the
activation markers CD44 and CD69 on the GFP* y8 T cells following in vivo anti-y§ TCR
treatment. CD3 expression is reduced on GFP* 8 T cells from UC7 treated animals
compared to the control treatment following disease induction, which correlates with CD44
and CD69 upregulation (Fig. 3b). In all tissues examined, CD44 upregulation is more
significant than the early activation marker, CD69. Collectively, these data show in vivo
administration of the UC7 pan anti-y3 TCR antibody during disease induction does not
result in depletion of GFP* v8 T cells, but rather results in the downregulation of the TCR
complex, correlating with upregulation of the activation markers CD44 and CD69.

To determine whether the antibodies against the specific v& T cell subsets would reduce the
v8 T cell population, Tcrd-eGFP animals were immunized as described above and treated
i.v. with 200 pg Control 1g, anti-pan v (UC7), anti-Vy1 TCR (2.11) or anti-Vy4 TCR (UC3)
on days 0 and 2. On day 7, cells from the spleen (Fig. 3c) and draining lymph nodes (Fig.
3d) were examined. The total percentage of GFP positive cells in either the spleen or the
inguinal lymph nodes did not change irrespective of the cell type that was targeted (Fig. 3c,d
top row). To determine whether the individual subset populations were influenced, the Vy1
and V4 positive populations within the GFP* group were analyzed. When the mice were
treated with anti-Vv4, the percentage of this population that is detectable is reduced from
24.1% in the control treated mice to 10.1% in the spleen and from 25.8% to 12.2% in the
lymph node. A similar reduction in subset specific surface receptor detection is seen when
mice are treated with anti-Vy1 antibody. The population of Vy1 positive cells is reduced
from 38.2% in the Control treated group to only 1.3% in the spleen and from 20.4% to 1.2%
in the lymph node. Interestingly, treatment with the pan-yd T cell antibody, UC?7, results in a
reduction in the detection of both subsets in the spleen and lymph node. Taken together,
these data indicate that targeting v6 T cells via the Ag-specific receptor on the individual
subsets renders the specific cells undetectable by surface TCR expression, reducing
expression of the CD3 co-receptor and upregulating expression of activation markers,
however the total v8 T cell population as seen by the GFP population remains the same. This
is consistent with cell activation, not depletion.
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3.4 The Vy4 subset comprises a significant proportion of IL-17 production during all
phases of disease

Th17 cells have been recently implicated in many different autoimmune diseases and
cytokines that influence Th17 differentiation have been shown to be required for the
development of these cells and resulting pathologies. v& T cells have been identified as
dominant IL-17 producers in models of uveitis, airway inflammation, collagen-induced
arthritis, glomerulonephritis, stroke, and in response to Mycobacterium tuberculosis [9; 10;
11; 35; 36; 37]. It is not clear whether IL-17 from v& T cells contributes to EAE
pathogenesis. To evaluate whether circulating subsets of v T cells produce IL-17 that could
contribute to the EAE pathology, we performed intracellular cytokine staining on cells
isolated from the CNS and spleen at the peak acute phase of R-EAE. The CNS, spinal cord
and cerebellum, but not the spleen have significant percentages of 1L-17 producing cells at
peak disease and 15-20% of the CNS IL-17 producing cells are v8 T cells (Fig. 4a and
Suppl. Fig. 1a). The remaining IL-17 producing cells at peak disease are CD4 and CD8 T
cells (Suppl. Fig. 1b). We next sought to determine which of the v8 T cell subsets produced
IL-17 using intracellular cytokine staining for both the Vy1 (left panel) and Vy4 (right
panel) subsets within the v& T cell gate (Fig. 4b). Although the V1 subset produces no
IL-17, the Vy4 subset produces significant amounts of IL-17 in both the spinal cord and
cerebellum. Interestingly, Vy4 v8 T cells in the CNS produce on average greater than two-
fold more per IL-17 per cell than the CD4" T cells and (Fig. 4a and Suppl. Fig. 1b) more
than 75% of the CNS-resident VVy4 cells produce 1L-17 at peak disease (Fig. 4c). These data
show that v8 T cells are significant producers of IL-17 in the CNS of mice with EAE and
that the V'y4 subset is the major IL-17 producing v6 T cell subset.

3.5 y6 T cell subsets display distinct cytokine profiles and the Vy4 subset expresses
multiple transcription factors associated with Th17 differentiation

We next wanted to determine what other cytokines are produced by the v8 T cell subsets in
the CNS during EAE. First, the Vy1 and Vv4 v§ T cell subsets as well as CD4* T cells were
sorted from the CNS at peak disease from PLPq39.151/CFA primed SJL/J mice, the cell
numbers were normalized, stimulated with anti-CD3 and the supernatants analyzed for
secreted cytokines. Consistent with the intracellular cytokine staining data, the sorted Vvy4
subset produced substantial amounts of 1L-17, almost two-fold more than the CD4* T cells
(Fig. 5a). This subset also produced other pro-inflammatory cytokines including GM-CSF
and TNF-a, albeit not to the levels of the CD4" population. The Vy1 subset, conversely, did
not produce significant levels of pro-inflammatory cytokines. It is interesting to note that
neither the Vy1 nor the Vy4 subset produced much IFN-vy, which is in contrast to other
published results, however strain differences between these studies could account for this
discrepancy.

We next sought to examine the transcriptional regulation of 1L-17 production by v& T cells
from the CNS. y8 T cells have innate properties and therefore may not employ the same
mechanisms for regulating cytokine production and differentiation as CD4* Th17 cells,
therefore we examined the expression of transcription factors and cytokines known to be
involved in Th17 differentiation within the y8 T cell subsets at the peak of R-EAE. At peak
of acute disease, RNA was isolated from CNS-infiltrating CD4* T cells and v8 T cell subsets
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sorted to greater than 99% purity and real time PCR was performed on Th17 related genes
(Fig. 5b). The Vv4 subset expresses extremely high levels of IL-17A mRNA, which is
consistent with the intracellular cytokine staining (Fig. 4) and secreted protein data (Fig. 5a).
Interestingly, this cell subset also expresses high levels of IL-17F, RORyt and IL-22,
however the level of aryl hydrocarbon receptor (AhR) and IL-21 expression is reduced
compared to the CD4" population. Collectively, these data show the Vy4 subset has a
distinct pattern of expression of genes compared to autoreactive CNS-infiltrating CD4* T
cells and confirm a recent transcriptome analysis of emergent v& thymocyte subsets [38].
The Vy1 subset does not express large amounts of IL-17A, or IL-17F, but does express
RORvt, IL-22 and AhR mRNA.

It has been shown that v8 T cells produce IL-17 in response to inflammatory cytokines
including IL-1p and IL-23 and perhaps in the absence of TCR stimulation [7]. To determine
which v8 T cell subset may respond in such a manner, we examined IL-23R and IL-1R
expression on the specific subsets that infiltrate the CNS during peak disease and found that
the Vv4, but not the Vy1 subset expresses high levels of both receptors (Fig. 5b). Finally, we
sought to determine whether the v T cell subsets in the CNS express genes for those
cytokines that were produced in only minimal amounts when stimulated with anti-CD3.
Interestingly, the Vy1 subset did express IFN-y and IL-1 mRNA, but did not express GM-
CSF or IL-10 mRNA (Fig. 5b).

3.6 Co-localization of y6 T cells and oligodendrocytes in the CNS during pathogenesis

Oligodendrocytes in the CNS are critical for neuronal function and also a target for
autoimmune mediated demyelination resulting in the paralytic phenotype seen in MS [1]. v8
T cells from human patients have been shown to directly lyse oligodendrocytes providing a
possible pathogenic mechanism for v T cells during MS [39]. Mature oligodendrocytes
express the cell surface markers CC-1 and MBP [40]. To determine whether v& T cells
interact with oligodendrocytes in the CNS of mice with EAE, we examined the proximity of
v8 T cells to oligodendrocytes within the spinal cord during disease using the Tcrd-eGFP
reporter animal. Figure 6 shows co-localization of v8 T cells with CC-1 (Fig. 6a) and MBP
(Fig. 6b) expressing oligodendrocytes using immunohistological staining. Z-stack analysis
of confocal images confirmed these cells are physically interacting (data not shown). These
data indicate y8 T cells are in fact interacting with oligodendrocytes in the CNS during R-
EAE disease pathogenesis and could suggest that v T cells may be partially responsible for
oligodendrocyte killing.

3.7 The Vy1 subset produces CCR5 ligands upon activation

CCR5 is highly expressed on regulatory T cells (Treg), and it has been shown that the
CCL4-CCRS axis is important in regulating the Th17-Treg balance [41]. Therefore, we
sought to determine whether the Vy1 subset could produce ligands for CCR5 upon
activation. v5 T cell subsets were sorted from naive spleens and activated overnight with
anti-CD3. The Vvy1 and V4 subset both express CCL3, CCL4 and CCL5 mRNA (Fig. 7a).
However, the Vy1 subset produces significantly more chemokine than the Vy4 subset and
CCLA4 is the most prominent CCR5 ligand secreted (Fig. 7b).
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4. Discussion

v& T cells have been identified in both lesions and the CSF of MS patients and display a
limited repertoire, however their function is unknown. Past literature using the EAE model
of MS is filled with contradictory data as to whether these cells play a pathogenic or
protective role [15]. As a population, v8 T cells display a broad functional spectrum that
may segregate into the multiple subsets defined by the TCR variable region. In this study we
characterize the two main circulating subsets of v3 T cells during EAE and conclude they
demonstrate distinct and opposing functions. Using the Tcrd-eGFP animal we are for the
first time able to identify y8 T cells in the CNS during EAE independently of surface TCR
expression and show that in vivo antibody administration results in activation of the cells
and downregulation of TCR surface expression. Subset specific targeting suggests the Vy1
subset plays a protective role while the Vy4 subset is pathogenic. Cytokine analysis supports
this hypothesis in that multiple proinflammatory mediators are produced by the Vy4 subset
including large amounts of IL-17. These data suggest vd T cell subsets play distinct and
opposing roles and utilize temporally and anatomically distinct regulatory mechanisms
during EAE disease progression such that specific targeting of v6 subsets to optimize
regulation of autoreactive CNS destruction may prove to be a potential treatment for MS.

The conflicts regarding the potential pathogenic vs. protective role of v T cells during EAE
are likely due to the variety of models and reagents used. Our results address two possible
explanations for the contradictions. First, we definitively show that in vivo antibody
treatment activates, rather than depletes v6 T cells during EAE and secondly, that v T cell
subsets have opposing roles during disease: the Vy4 subset exacerbates disease whereas the
V1 subset has protective properties. Although treatment with these antibodies renders the
specific subset “invisible” based on TCR surface expression, the total v T cell population
remains unchanged suggesting the cells are not depleted but have downregulated the TCR
complex, a common event during T cell activation [32; 33; 34]. Anti-yd T cell antibody
treatment downregulates CD3 expression while increasing expression of the activation
markers CD44 and CD69. We propose that the confusion in the literature could be partially
due to the simultaneous targeting of opposing subsets using pan-yd T cell antibodies
complicated by the use of clones which could have differential affinities for one subset vs.
the other. It is also possible different strains of mice have a varying ratio of opposing subsets
so that global activation of the population has different affects. Our data corroborates results
from another study that used UC7 during EAE resulting in exacerbated disease, but the
authors mistakenly concluded that v8 T cells were protective because the cells were
undetectable [42]. Other studies have shown that v8 T cell deficient mice display reduced
clinical disease [17; 43], and although our studies support these findings, we found that
TCR&-deficient mice were virtually totally resistant to disease (Fig. 1a) perhaps due to
different gut microbiota in our colony. Our data utilizing UC7-treated Tcrd-eGFP mice
(targeting the pan v& T cell population) supports the conclusion that activation of the total
population of v3 T cells results in an enhanced clinical disease (data not shown).
Interestingly, targeting v8 T cells with the GL3 clone during EAE resulted in reduced
disease also suggesting a pathogenic role for v& T cells. However, it is not clear whether
these cells are actually depleted or rendered “invisible” [44].
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Our results demonstrate an interesting dichotomy among the common circulating Vy1 and
Vv4 v T cell subsets, providing an additional explanation for previous controversial data.
The Vy1 and Vv4 subsets display a functional dichotomy in other models of inflammation
and autoimmunity that is dependent on the disease mechanism [45]. IL-17 produced by the
Vv4 subset likely contributes to the pathogenesis of EAE and collagen induced arthritis,
however in response to inhaled OVA, this cell type is protective against airway hyper-
reactivity [9; 2746]. Similarly, the Vy1 subset promotes IgE production during airway
inflammation [27; 46], however our results demonstrate that this subset plays a protective
role during EAE. These results suggest that the VVy1 and V4 subsets' function are ascribed
similarly to a Th2 and Th1/17 phenotype, respectively. Interestingly, human data from V51
and V82 v6 T cells also indicates a distinct pattern of gene expression supporting opposing
functions for the different subtypes [47].

Specific Ab-induced activation of the VVy4 subset results in exacerbation of disease at all
stages of R-EAE suggesting they either increase in number or their pathogenic function is
heightened. CNS-infiltrating VVy4 cells produce large quantities of IL-17, contributing to the
pathogenic environment within this tissue. IL-17 production correlates tightly with
autoimmune diseases, is proposed to be critical for pathogenesis [6] and has been implicated
in multiple autoimmune diseases including rheumatoid arthritis and MS [48; 49]. IL-17 can
act directly on stromal cells to produce inflammation and MS, and has been suggested to
potentiate the migration of lymphocytes across the blood brain barrier [50; 51].

The pattern of Th17-related transcription factors and cytokines is distinct from that of the
CD4* T cells found in the CNS at the same time point. Increased expression of RORyt and
reduced expression of AhR compared to the CNS CD4* T cells suggests differential
regulation of IL-17 production. IL-17 from V4 cells may not require autocrine 1L-21
mediated amplification since IL-21 gene transcripts are undetectable in the subset [52]. The
Vy4 subset in the CNS expresses high levels of IL-22, which is associated with terminal
differentiation of Th17 cells. AhR results in the expansion of Th17 cells and although it is
not required for Th17 differentiation, its activation is important for further functional
differentiation [53]. However, AhR is critical for IL-22 production in Th17 cells [54]. The
distinct pattern of expression of these transcription factors suggests differential requirements
for IL-22 cytokine production by Vy4 cells vs. conventional CD4* Th17.

It has been proposed that IL-17 production from y& T cells can occur in the absence of
additional TCR stimulation in an IL-23- and IL-1B-dependent manner [7]. High levels of
IL-23R and IL-1R gene expression in the CNS-infiltrating Vv4 subset support the
hypothesis that v6 T cells produce IL-17 in response to the inflammatory milieu, perhaps
partially in absence of antigen. IL-23-dependent activation of v8 T cells resulting in
regulation of IL-23R* v8 T cells has also been shown to regulate CD4* autoreactive
inflammation by rendering the cells refractory to Treg-mediated suppression [19]. Our
demonstration of co-localization of v T cells and CD4™ T cells in the CNS supports the
possibility that activation of the Vy4 subset through antibody stimulation results in
exacerbated disease either via increased pro-inflammatory cytokine production and/or
regulation of autoreactive CD4" cells and Tregs.
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The novel use of the Tcrd-eGFP strain has allowed us for the first time to definitively locate
v8 T cells in the CNS during EAE pathogenesis. Immune-mediated destruction of myelin-
producing oligodendrocytes in MS patients results in the lack of conductivity along neurons
resulting in paralysis [55]. v& T cells isolated from MS patients can directly lyse
oligodendrocytes in vitro [39]. Indeed, our study provides evidence that v T cells physically
interact with oligodendrocytes in the spinal cord during disease. Interestingly, the finding
that v T cell infiltration is restricted to the spinal cord during relapse correlates tightly with
the symptoms of hind limb paralysis. Collectively, the temporal pattern of CNS infiltration,
production of pro-inflammatory cytokine and potential ability to lyse oligodendrocytes
identify the VVy4 subset as a suitable target for reducing pathogenesis during MS. Most
interestingly, specific activation of the Vy1 subset results in a reduction in disease severity,
suggesting a distinct protective role for this subset. Concomitantly, activated Vvy1 cells
produce CCR5 ligands, most prominently CCLA4. In addition to directing migration of
lymphocytes, chemokines and their receptors have been suggested to regulate T cell
differentiation [56]. CCR5 is highly expressed on regulatory T cells (Treg), and it has been
shown that the CCL4-CCRS5 axis is important in regulating the Th17-Treg balance [41].
Thus, the high levels of CCR5 expression on the Vy1 subset my relate to its regulatory
effects, but this needs to be definitively determined.

Activation of the Vy1 subset appears to elicit protection early in disease during the acute
phase of both R-EAE and C-EAE and delays disease onset during C-EAE, whereas the
exacerbation of disease by the Vy4 subset occurs throughout disease. These results correlate
with the observation that the Vy1 subset is dominant in the periphery and the robust
downregulation of the Vy1 TCR upon 2.11 treatment during early phase of disease (day 7)
in the lymph node. The V1 subset is pathogenic in the Th2-dependent model of airway
inflammation, thus perhaps during EAE, the V'y1 subset could ameliorate disease by
inducing immune deviation away from Th17 or by the production of CCL4 leading to the
promotion of Treg proliferation during the priming phase [27; 41]. Collectively, these data
suggest the Vy1 protective function may dampen the priming of autoreactive T cells and that
therapeutic strategies exploiting their protective function may be employed for treatment of
MS.

We show that the Vy4 subset dominates in the CNS. Tissue specificity is common for
resident yv& T cells - definitive Vy chain usage is seen in gut, spleen, thymus, and skin
resident murine y8 T cells [57]. Similarly, V&1 and V32 v8 T cells are over-expressed in MS
plaques [12; 47; 58; 59] during acute disease, but most V and J regions are represented
during chronic disease. This pattern suggests an antigen specific expansion during early
phases of disease and possible non-specific recruitment thereafter [60]. Junctional sequence
analysis also supports the hypothesis that infiltrating v& T cells are oligoclonal in nature,
perhaps indicating specific antigen stimulation [61]. Although the ligands for v& T cells
remain elusive, recognition of self antigens such as heat shock proteins and non-classical
MHC I molecules have been speculated as possible targets [14; 62; 63]. Indeed, heat shock
protein expression (including hsp60, hsp90 and alpha B crystallin) is upregulated in foamy
macrophages and astrocytes within active MS plaques [12; 64]. It is relevant that the
inducing antigen(s) in MS has not been identified. It is highly probable that T cell responses
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(CD4, CD8 and vd) to epitopes on a number of CNS structural proteins, lipids, as well as
proteins upregulated as a result of chronic inflammation (e.g. heat shock proteins) are
critically involved in chronic disease progression. It is this de novo activation in response to
endogenously released CNS epitopes via a process termed epitope spreading which we have
studied over the past 20 years [65; 66]. Broadening the immune response during disease
progression due to release of a wide variety of endogenous CNS antigens suggests that
regulation of ongoing disease pathogenesis may have to target not just conventional aff TCR
expressing effector cells, but also v T cells [67]. Specific expansion of the VVy4 subset in the
CNS suggests this subset may respond to a self-antigen in the CNS and respond by
production of pro-inflammatory cytokines and perhaps the direct lysis of oligodendrocytes.
Given that data from MS patients suggests a limited repertoire of v8 T cells in the CSF and
lesions along with our data indicating v& T cell subsets play opposing roles and show tissue
specificity during EAE, it is intriguing to speculate that specific targeting of v& T cell
subsets could be employed to regulate autoimmune destruction of CNS tissue during MS.
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[ Onset
[ Peak

ES Remission
Il Relapse

I

Spleen

v8 T cell infiltrates in the CNS correlate with disease symptoms, co-localize with CD4™ cells
and y8 T cell subsets show tissue specificity. (a) C-EAE was induced in female WT and
Terd”- B6 mice primed subcutaneously with 200 pg MOG33.55/CFA and pertussis toxin.
Disease severity was monitored daily as described in Materials and Methods. Results are the
mean disease score for at least 9 individual mice per group. (b-g) R-EAE was induced in
female SJL/J mice by subcutaneous priming with 50 ug PLP439.151/CFA. Clinical disease
was followed for 38 days post-priming. Cells were isolated from the spleen, cerebellum and
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spinal cord as described in Materials and Methods and cell populations were assessed by
flow cytometry. (b) Time points used for cell collection during the clinical course of R-
EAE. (c) Total number of v T cells in the CNS (spinal cord and cerebellum) and spleen at
onset, peak, remission and primary relapse of clinical disease. (d) Percentage of v6 T cell
subsets within the total v3 T cell population during the R-EAE disease course in the CNS
and spleen. (e) Total number of yv& T cell subsets during the R-EAE disease course in the
CNS and spleen. C-EAE was induced in female Tcrd-eGFP mice by subcutaneous priming
with 200 pg MOG33.55/CFA and pertussis toxin. The spinal cord (f) and cerebellum (g) was
processed for histological analysis on day 20; v8 T cells were visualized by GFP (green),
and tissues were also stained with antibodies against CD4 (red) and DAPI (blue).
Representative data of one of four experiments (a-e) and representative of 3 individual mice
(f-g) are shown. Statistical analysis from unpaired student t test where ***p<0.0005,
**p<0.005 and *<0.05.
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Figure 2.
In vivo antibody targeting of the Vy1 or Vvy4 v8 T cell subsets results in opposing effects on

clinical disease outcome in both R-EAE and C-EAE. On day 0, R-EAE was induced in
female SJL/J mice primed subcutaneously with 50 pg of PLP139.151/CFA (a) and C-EAE
was induced in female C57BI/6 mice primed subcutaneously with 200 pg MOGg33.55/CFA
and pertussis toxin (b). 200 ug of purified control g, anti-Vy1 or anti-Vy4 monoclonal
antibody was administered intravenously on days 0 and 2 and disease severity was
monitored daily as described in Materials and Methods. Results are representative of at least
2 independent experiments with 5 mice per group. Disease scores significantly different
from control Ig-treated mice - "p<0.005, *p<0.05 using the unpaired Student's t test.
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Figure 3.
In vivo antibody targeting activates v8 T cells and downregulates surface TCR expression.

C-EAE was induced in Tcrd-eGFP primed subcutaneously with 200 pg MOG33.55/CFA and
pertussis toxin as described in Materials and Methods and mice were treated i.v. with 200 g
of the indicated antibodies on days 0 and 2. Cells were isolated from the spleen and inguinal
lymph nodes on day 7, y8 TCR-GFP and cell surface molecules were visualized by flow

cytometry. (a) GFP and TCR surface staining of T cells from the spleen and draining lymph
nodes. Arrow indicates downregulated surface expression. (b) Activation marker expression
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on GFP* cells. (c-d top panel) Percent of GFP* cells in the spleen (c) and inguinal lymph
nodes (d). (c-d bottom panel) Surface expression of Vy1 and Vy4 TCR from GFP* cells in
the spleen (c) and lymph nodes (d). Data are representative of at least 2 independent
experiments and represents the average of 4 mice per group.
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Figure 4. The Vy4 subset produces a significant proportion of IL-17 in the CNS of SJL/J mice
with PLP139.151-induced R-EAE
R-EAE was induced in female SJL/J mice by subcutaneous priming with 50 ug

PLP;39.151/CFA as described in Materials in Methods. At peak disease, cells were isolated
from the CNS and spleen, and intracellular staining performed and analyzed by flow
cytometry. (a) The percentage of total IL-17 producing cells in the spinal cord, cerebellum
and spleen (top panel) and the percentage of IL-17 producing cells that are v& T cells
(bottom panel). (b) The percentage of Vy1 and Vy4 v8 T cell subset-specific IL-17
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producers from the total v8 T cell population. (c) The percentage of Vy4" cells that produce
IL-17. Data are representative of 3 independent experiments and the mean of 4 animals per
tissue.
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Figure 5.

The Vy4 subset expresses multiple Th17 related genes and produces proinflammatory
cytokines. R-EAE was induced in female SJL/J mice by subcutaneous priming with 50 ug
PLP139.151/CFA. Cells were harvested from the spinal cord and cerebellum at peak disease
and CD4*, Vy1 and Vy4 T cell subsets were sorted to 99% purity using MoFlow separation.
(a) Cytokine analysis via CBA from supernatant of subsets stimulated overnight with plate-
coated ant-CD3. (b) Real time PCR gene expression analysis of sorted subsets. Data are
representative of at least 2 independent experiments.
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Figure 6.
v8 T cells co-localize with oligodendrocytes in CNS lesions. C-EAE was induced in female

Terd-eGFP mice by subcutaneous priming 200 pg MOG33.55/CFA and pertussis toxin as
described in the Materials and Methods. Spinal cord tissue was processed for histological
analysis on day 20; v6 T cells were visualized by GFP (green), and tissue were stained with
antibodies against CC-1 (a) and MBP (b) in red and DAPI in blue. Data are representative of
at least 4 individual mice.
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Figure 7.
The Vy1 subset produces high levels of CCR5 ligands. v8 T cell subsets were sorted from

naive SJL/J splenocytes, plated at 1x106 cell/ml and stimulated on plate bound 2C11
(Lug/ml) overnight. RNA was isolated from cells and subjected to real time PCR analysis
(a). Supernatant was collected and protein was analyzed by Cytokine Bead Array (b).
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