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IMMUNOLOGY

Mechanisms of antigen-induced reversal of CNS
inflammation in experimental demyelinating disease

Jian Li"?4, Lisen Lu®t, Kyle Binder'?, Jian Xiong?, Lilin Ye?, Yan H. Cheng'?, Sonia Majri-Morrison’,
Wei Lu’, Jae W. Lee’, Zhihong Zhang?*, Yu-zhang Wu?*, Lixin Zheng'**, Michael J. Lenardo>*

Autoimmune central nervous system (CNS) demyelinating diseases are a major public health burden and poorly
controlled by current immunosuppressants. More precise immunotherapies with higher efficacy and fewer side
effects are sought. We investigated the effectiveness and mechanism of an injectable myelin-based antigenic
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polyprotein MMPt (myelin oligodendrocyte glycoprotein, myelin basic protein and proteolipid protein, truncat-
ed). We find that it suppresses mouse experimental autoimmune encephalomyelitis without major side effects.
MMPt induces rapid apoptosis of the encephalitogenic T cells and suppresses inflammation in the affected CNS.
Intravital microscopy shows that MMPt is taken up by perivascular F4/80" cells but not conventional antigen-
presenting dendritic cells, B cells, or microglia. MMPt-stimulated F4/80" cells induce reactive T cell immobiliza-
tion and apoptosis in situ, resulting in reduced infiltration of inflammatory cells and chemokine production. Our
study reveals alternative mechanisms that explain how cognate antigen suppresses CNS inflammation and may
be applicable for effectively and safely treating demyelinating diseases.

INTRODUCTION
Autoimmune demyelinating diseases including multiple sclerosis
(MS) affect over two million people worldwide and cause functional
and cognitive decline leading to permanent disability and reduced
life span (I-3). MS pathogenesis remains incompletely understood,
but current hypotheses based on major histocompatibility complex
(MHC) antigen associations and other evidence suggest that pe-
ripherally activated central nervous system (CNS) antigen—specific
lymphocytes migrate to the brain and spinal cord and coordinate
inflammatory reactions. In particular, T cells and other immune
cells produce cytokines including interleukin-6 (IL-6), IL-1p, inter-
feron-y (IFN-y), and IL-17 and chemokines CCL5, CCL7, and
CXCL10 that cause myelin destruction and neurodegeneration
(4-7). This hypothetical mechanism is supported by evidence
from the animal models of experimental autoimmune encephalo-
myelitis (EAE) in which peripheral immunization with CNS-
derived protein or peptides causes myelin antigen—reactive CD4"
T cells to infiltrate the CNS resulting inflammation and demyelina-
tion (8—11). Foxp3™ regulatory T cells (Tregs) may counterbalance
the inflammatory attack through production of anti-inflammatory
cytokines such as the transforming growth factor—{3 and IL-10 (4, 5).
Similar to most autoimmune diseases, the treatments for MS and
autoimmune demyelinating diseases are mainly nonantigen-specif-
ic immunomodulators such as steroids, IFN-B, fingolimod,
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dimethyl fumarate, and natalizumab (12-17). These nonspecific
immunomodulators can have serious, sometimes fatal, side effects
such as opportunistic infections and progressive multifocal leu-
koencephalopathy (12-17). Lymphocyte-depleting therapies have
ameliorated EAE and relapsing-remitting MS, suggesting that elim-
inating encephalitogenic lymphocytes may be therapeutically effec-
tive (I8, 19). A remarkable long-standing observation in
immunology is that administration of an antigen can specifically
suppress an immunological reaction against that antigen, even
itself is disease-causing. This effect is called antigen-specific toler-
ance and has been used as a basis for antigen-specific therapy (AST)
of diseases involving pathological adaptive immune responses (20).
Although it can be effective, such as in preventing inhibitory anti-
bodies in protein replacement therapy in hemophilia, extensive pre-
clinical and clinical testing of AST has not achieved widespread
success (20). We have a long-term program to study the induction
of AST by using intravenous (IV) antigen administration to sup-
press the function and induce apoptosis of disease-causing T cell
clonotypes (21, 22). The induction of cell death is an attractive
form of AST because it would permanently eliminate the pathogen-
ic lymphocytes and create a more enduring tolerance and therapeu-
tic effect (23, 24). Our goal is to gain additional insight into how IV
antigen administration can change immune parameters to better
understand how to increase clinical efficacy of this approach.
There is an extensive literature investigating the concept of AST
for MS with a major focus on tolerizing T cells by administering
antigen in the absence of costimulation (20, 25-28). T cells in
some patients with MS recognize several myelin antigens including
myelin basic protein (MBP), proteolipid protein (PLP), and myelin
oligodendrocyte glycoprotein (MOG), suggesting that these could
be potential MS therapeutic antigens, which we will refer to
herein as “therigens” (29, 30). Previous work has shown that these
antigens can induce EAE and then be used successfully to induce
AST and ameliorate EAE (22, 31-36). However, some papers indi-
cate that single IV dose of antigen can exacerbate disease (35, 36).
Therefore, understanding the physiology of therigen presentation
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on antigen-presenting cells (APCs) and the changes in immune pa-
rameters during AST is important for designing a safe and effective
AST approach to MS and other human demyelinating diseases.

In this study, we created MMPt (myelin oligodendrocyte glyco-
protein, myelin basic protein and proteolipid protein, truncated), a
therigen or therapeutic protein that contains the most common en-
cephalitogenic antigens from MOG, MBP, and PLP to study AST.
We hypothesize that MMPt processing can yield therigens that,
when properly presented, can specifically suppress disease-
causing T cells in CNS demyelinating diseases. We use intravital mi-
croscopy and analysis of cells and cytokines to elucidate several pre-
viously unknown aspects of immunity in the CNS including the role
of perivascular F4/80" cells as APCs for therigens. We also show
how MMPt reduces T lymphocytes, other inflammatory cells, and
the cytokine milieu. These studies help provide a scientific basis for
developing antigen-specific therigen immunotherapy for human
autoimmune demyelinating diseases.

RESULTS

MMPt fusion protein induces T cell death, tolerance, and
amelioration of EAE

The membranous layers of the myelin sheath harbor the proteins
MBP, PLP, and MOG that contain antigenic epitopes that are rec-
ognized by immune responses in patients with MS, which can either
cause EAE in experimental animals or induce tolerance and
ameliorate EAE (Fig. 1A) (37-39). We created a polyprotein
MMPt of large antigenic portions of these proteins by splicing a
truncated portion of the extracellular domain of MOG (amino
acids 31 to 152) onto a previously reported protein fusion of MBP
and portions of PLP, termed MP4, that can be used to induce EAE
as well as a potent AST for MBP or PLP-induced EAE (Fig. 1B) (40,
41). MMPt contains a collection of the most common encephalito-
genic antigenic epitopes identified in MS that could serve as theri-
gens (29, 30). We purified MMPt to near homogeneity as a well-
defined protein species for IV injection (Fig. 1C). As an in vitro
test, we challenged activated T cells derived from MOGj3s_s5 peptide
(MOGp35-s5)—specific 2D2 T-cell-receptor (TCR)-transgenic (Tg)
mice with MMPt presented on irradiated splenocytes and found
that it could induce dose-dependent death of the cells (fig. S1A).
Cell death in this experiment required antigen-specific engagement
because the MOG-responsive 2D2 T cells died in response to MMPt
and MOGp alone but not ovalbumin (OVA) or MP4 (fig. S1A). A
control experiment using an anti-TCR agonist, anti-CD3, showed
that activated T cells in the preparation died from TCR engagement
(fig. S1B). Thus, MMPt is antigenically active. This antigen induced
specific T cell death present with specificity and typical dose- and
time-dependent loss of viable cell counts (fig. S2).

We next tested whether MMPt could be used as AST in vivo.
Protein antigens administered intravenously without costimulation
have been shown to induce tolerance (42). Therefore, we treated
more than 10 mice in replicate experiments for each group with
IV administration of MMPt in monophasic and relapsing-remitting
EAE (RR-EAE) mouse models (fig. S3, A and B) (8, 43). In the
monophasic model, control mice developed an average of grade 3
EAE disease with severe hind limb paralysis and compromised mo-
bility around day 15 and did not recover motor function by day 20
(Fig. 1D). By contrast, 400 pg twice a day or 800 ug once a day of
MMPt IV injections on days 7, 9, and 11, right before the disease
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onset, completely prevented paralytic disease (Fig. 1D and fig.
S3A). To model a clinical situation in which an affected patient is
seeking treatment, we administered MMPt near the peak of clinical
signs on days 14, 16, and 18 of the EAE induction. We observed that
this treatment greatly improves motor deficits in EAE mice (Fig. 1E
and fig. S3A). Thus, MMPt has both preventive and therapeutic
effects on MOG-induced disease. To observe the treatment effect
more carefully, we recorded videos of treated individual EAE
mouse. We observed that MMPt achieved a very rapid recovery
with obvious improvement after two treatment doses (400 pg x 2
times/day) in less than 24 hours and nearly complete restoration
of motor function after six treatment doses over the course of 5
days (fig. S3A and movie S1). Overall, the treatment works
quickly to reverse severe paralytic disease in EAE mice.

Since most MS therapeutics are approved for relapsing-remitting
disease, we also investigated a relapsing-remitting mouse model
(fig. S3B). We found that MMPt treatment on days 12, 14, and 16
during the first wave of disease could reduce the clinical score and
disease relapse (Fig. 1F). Similarly, MMPt administration on days
18, 20, and 22 during disease remission could significantly reduce
the relapse severity (Fig. 1G). These treatment effects were evident
in histopathological sections showing a marked decrease in cell in-
filtrate. Specifically, hematoxylin and eosin staining showed
reduced mononuclear infiltration (fig. S4), and toluidine blue and
Luxol fast blue/periodic acid—Schiff staining showed less demyeli-
nation following MMPt treatment (fig. S5). We also examined mul-
tifunctional effects of therigens on treating epitope-spread involved
pathogenesis in EAE and found that MP4, a fusion protein com-
posed of MBP and PLP but not MOG, could significantly alleviate
MOGp immunogen—initiated EAE in mice (fig. S6). Moreover,
MMPt exhibits significant preventive and therapeutic effects on
mouse EAE induced by mouse spinal cord homogenate, a
mixture of all myelin-encephalitogenic immunogens (fig. S7).
Thus, IV MMPt is a highly effective therigen that can reverse clinical
disease and CNS pathology.

Supporting the concept of antigen specificity in a model unrelat-
ed to EAE, we found that an OVAj3,; 339 peptide (OVAp), but not
equivalent amounts of an irrelevant peptide, caused in vivo death of
activated OVAp-specific TCR-Tg T cells, and vice versa, MMPt can
only selectively deplete MOG;s_s5 peptide—specific TCR-Tg T cells
in vivo (fig. S8, A and B). We also tested whether T cell death is sen-
sitive to cyclosporin A (CsA), a strong inhibitor of T cell activation
and cytokine production. We were surprised to find while being
capable of efficiently inhibiting T cell activation and proliferation,
CsA does not prevent antigen-driven T cells deletion; moreover, it
exhibits little effect on MMPt treatment in MOGp-induced EAE
(fig. S8, C and D) (44).

Antigen shows rapid distribution in vivo

To understand how MMPt exerts a therapeutic effect, we examined
the uptake of rhodamine-conjugated MMPt protein (R-MMPt)
versus rhodamine-conjugated chicken OVA (R-OVA) control
after IV injection in the CNS and other organs in normal and
EAE mice at the peak of monophasic disease. Three hours after in-
jection, the two antigens were largely distributed similarly in
organs, especially in the liver, but R-MMPt was enriched in the
lungs, whereas R-OVA predominated in the kidneys (Fig. 1, H
and [, and fig. §9). Uptake of both R-MMPt and R-OVA was iden-
tical in the brain, spinal cord, and leptomeninges by either tail vein

20of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

A B
wein ' GGGSGGG ENLYFQG
W ' MOGA  MBPA PLPA v
| | | 8xHis 58 kDa

c 98 e k|

66 - ‘
Al 45 | .. . H«MMPt
- [
D ek E sk ok
5 = - Vehicle — 5 = -= Vehicle —
() -~ MMPt @ -~ MMPt
8 41 g 41
3 8
£°7 g°7
Tg? 2 - S 2
o c
Q 1 = 3 1 =
=
TR -
0~ 0+ r . 5rr..r—armrT
7 9 1 13 15 17 19 21 7 9 1M1 13 15 17 19
Days Days
F -a~ Vehicle G
5 7-e MMPt ki 59 - Vehicle ook k
© ! ! & -= MMPt r 1
g 47 L 4
@ 8
8 37 5 31
£ =
S 29 S 21
g g
= 11 2 11
o Mty . } ¥4
7 11 15 19 23 27 31 35 39 43 7 11 15 19 23 27 31 35 39
H Days | Days
4000+ BN EAE + MMPt s B EAE + MMPt
[S] EAE + OVA N EAE + OVA
p— I Normal + MMPt Gt [ Normal + MMPt
= 3 Normal + OVA - O Normal + OVA
=
£ 20004
w
(4
10004
odakj 3
o S O N e e o
& o Q\e? \9‘“}6@@ 4 x°°&°°é\‘®“
‘.‘S\ \00
K

Fig. 1. Characteristics of MMPt as a multivalent therigen that can suppress EAE. (A) Diagram of encephalitogenic myelin protein distribution in neuron axon myelin
sheath, showing the anatomy of the oligodendrocyte and myelin sheath on axons (top) and cross section of the myelin sheath displaying the relative locations of MOG,
MBP, and PLP (bottom). (B) Schematic presentation of MMPt antigenic therigen. The human MOG, MBP, and PLP with hydrophobic domains removed (delta) are fused to
the TEV cleavage site (ENLYFQG) and a histidine tag at the C terminus. (C) Coomassie Blue—stained gel electrophoresis result showing purified MMPt at the expected
molecular weight migration (58 kDa). Molecular weight standards at the left. (D to G) Mean clinical disease scores versus time (days) with various regimens of IV admin-
istration of 400 ug of MMPt twice daily in MOGp-induced C57BL/6 EAE mice (D and E), and MOGp-induced relapsing-remitting EAE (RR-EAE) in (C57b/6xSJL) F1 mice (F
and G). Vertical red arrows indicate treatments by time in days, n = 4 in each group. Data represent at least three independent experiments for each panel. Two-way
analysis of variance (ANOVA) with Bonferroni's correction has been used for statistical analysis (shown means + SD); ***P < 0.001. Organ distribution and quantification of
injected rhodamine-conjugated MMPt (R-MMPt) via tail vein (H) or retroorbital plexus (1). Relative fluorescence intensity (RFI) was measured at 3 hours after injections with
indicated samples. Means and SDs represent data from three independent replicates per group. a.u., arbitrary units.
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or retroorbital plexus injection. The relative fluorescence intensity
of R-MMPt and R-OVA in the normal or EAE inflamed CNS was
comparable. There was little uptake in the heart, spleen, or muscle.
Thus, IV therigen can access the brain, spinal cord, and leptome-
ninges, although a substantial amount is quickly lost in the liver,
lung, and kidney.

CNS perivascular mononuclear cells capture and present
MMPt to activated T cells in situ

Autoimmune demyelination has been thought to involve different
APCs, such as CD11c¢" dendritic cells (DCs) that prime myelin-re-
active T cells, microglial cells that phagocytose myelin debris, and
perivascular macrophages that interact with effector T cells in the
leptomeninges (45-47). The cellular distribution of IV protein
antigen therapies in real time has not been previously established
but is now possible using intravital two-photon microscopy
(IVM), which has been used to document cell trafficking in EAE
(48-50). Therefore, we examined the fate of R-MMPt and R-OVA
by IVM using implanted spinal cord window chambers. Using Tg
CX3CR1-GFP (green fluorescent protein) mice to visualize the dis-
tribution among conventional APCs (DCs and microglia), we ob-
served a rapid perivascular dissemination of the rhodamine-
labeled MMPt after IV injection with unexpected late-phase con-
centration not in CX3CR1" DC and microglial cells but in an unex-
pected cell type (Fig. 2 and movie S2). We confirmed this using
CD11c-Venus mice to estimate R-MMPt uptake in the conventional
DCs and microglia and found no uptake of R-MMPt by CD11c"
(Venus) cells (Fig. 2, C and D; fig. S10; and movie S3). We next
used ex vivo fluorescence microscopy staining with CD31 to
display blood vessel endothelial cells and other markers (Fig. 2, E,

100 pm

F, H, and I). This revealed that R-MMPt uptake was almost exclu-
sively carried out by F4/80-expressing cells outside of, but juxta-
posed to, the blood vessels marked by CD31(Fig. 2, H and I).
This was not antigen specific and likely due to the route of admin-
istration since we found similar results for IV R-OVA (Fig. 2, E and
F). We assessed microglia using the transmembrane protein 119
(TMEM119) marker and found no R-MMPt uptake. In addition,
CD3" T cells (red) associated mainly with F4/80" cells (blue) and
only rarely with the TMEM119" microglia (green) especially in
EAE mice after R-MMPt administration (Fig. 2, G and J, and fig.
S11A). Pearson coefficient analysis showed colocalization R values
between T cells, and DCs, microglia, and macrophages are corre-
spondingly 0.21, 0.39, and 0.65, indicating preferential T cell/mac-
rophage interactions. We observed expression of the activation
markers MHC-II and intercellular adhesion molecule-1 (ICAM-
1) on F4/80" cells, which was overall more intense following
MMPt administration compared to OVA (Fig. 3, A and B, and
fig. S11B). Thus, F4/80" cells are the primary APCs that take up
IV protein during EAE, and a disease-specific therigen MMPt
induces greater F4/80™":T cell interactions compared to nonspecific
antigen OVA, whereas microglia appear to be the major scavengers
for cleaning up apoptotic cells within the inflamed CNS. Further
investigations using publicly available human single-cell sequencing
datasets reveal an adhesion G protein—coupled receptor E1/Ermes
regulator 1 (ADGREI/EMR1"), CD16", and CD14™ macrophage
population (fig. S12), indicating that this uptake and tolerance
mechanism may be conserved in humans.

Fig. 2. Perivascular macrophages are the primary therigen-presenting cells in the CNS of C57BL/6 EAE mice. IVM images from different test conditions. (A) An
intravital confocal image of the spinal cord in CX3CR1-GFP (green) mice immediately after injection of 400 pg of R-MMPt (red). (B) As in (A), across blood-barrier dis-
tribution of R-MMPt recorded after 30 min. (C) The spinal cord in CD11c-Venus (yellow) Tg mice before injection. (D) As in (C), 30 min after injection of 400 ug of R-MMPt. (E
to H) Confocal images of axial sections of the spinal cords of EAE mice 3 hours after injection of rhodamine-conjugated proteins are shown as (E), with an injection of 400
ug of R-MMPt (yellow). Scale bar, 100 um. (F) The inset of (E), indicating macrophages by F4/80 (blue), R-MMPt (yellow), and endothelial mark CD31 (red). Scale bar, 30 um.
(G) Staining F4/80" macrophages (blue), CD3* T cells (red), TMEM119 (green). Scale bar, 50 um. (H) EAE mice received 400 pg IV of rhodamine-OVA (R-OVA, yellow) for 3
hours. Scale bar, 100 um. (I) Inset of (H), with F4/80 (blue), R-MMPt (yellow), CD31 (red). Scale bar, 30 um. (J) R-OVA injection, F4/80-BV421 (blue), CD31-Alexa Fluor 647
(red), and R-OVA (yellow) (E, F, H, and I). Scale bar, 50 um. For (G) and (J), CD3-Alexa Fluor 594 (red), and TMEM119-Alexa Fluor 488 (green). Yellow arrows, T cells co-
incident with F4/80" macrophages; pink arrows, T cells coincident with TMEM119" microglia. Data represent two independent experiments.
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Fig. 3. MMPt up-regulates MHC-1l and ICAM-1 expression in macrophages for T cell therigen cross presentation in the CNS of MOGp-induced C57BL/6 EAE mice.
Fluorescent microscopic images of axial sections of the mouse spinal cords with a clinical score of 3 EAE. Staining: F4/80" macrophages in blue, CD3* T cells in red, ICAM-1
in green, MHC-Il in magenta, and ICAM-1 and MHC-Il merge as indicated. Post-1V injection of 500 pg of (A) OVA or (B) MMPt for 3 hours, with x20 magnification. Scale bars,
50 um. The insets are presented on individual color and merged channels as indicated flanking on the right and bottom of each representative images at x40 magnifi-

cation. Scale bars, 20 um.

The therigen induces cellular changes in the spinal cord of
EAE mice

After determining that perivascular F4/80" cells consume IV
MMPt, we examined the cellular kinetics of T cell engagement by
the antigen laden F4/80" APCs. Previous live imaging of lymph
nodes shows that antigen-specific T cells and DC interactions are
prolonged by antigen stimulation (51). Correspondingly, using
IVM in the thoracic spinal cord in EAE mice, we observed that
MMPt administration halted migration of GFP* endogenous T
cells within 1 hour (Fig. 4, fig. S11A, and movie 3). Moreover, the
in situ appearance of the T cells in OVA or vehicle-treated mice
looked large and blast-like, but in MMPt-treated mice, the T cells
had a shrunken, apoptotic-looking appearance (Fig. 4, A, C, and
E). These T cells showed greater mobility arrest and longer intimate
contacts with macrophage-like APCs around blood vessels after
MMPt but not OVA administration (Fig. 4, B, D, and F). Quantify-
ing the cellular kinetics of the T cells in situ in mice given IV MMPt
showed decrease in cell sizes as a sign of apoptosis (Fig. 4G), overall
reduction in velocity, and increased arrest coefficients (Fig. 4, H and
I). By contrast, no significant difference was observed in T cell mi-
gration, velocity, or arrest coefficient between normal saline and
OVA-injected controls (Fig. 4, H and I). Thus, the shrunken, immo-
tile T cells are specific to encounter with F4/80" cells laden
with MMPt.

MMPt selectively depletes MOG-specific effector T cells and
tissue-resident memory T cells

Restimulation of activated and cycling T cells through their TCR can
induce cell death, particularly following strong antigen stimulation
(22, 23). We therefore hypothesized that the antigen-driven T cell
immobilization and cellular shrinkage response were a prequel to
death of the activated, apoptosis-sensitive T cells in the CNS
lesions during EAE. We therefore induced EAE in CX3CR1-GFP

Li et al., Sci. Adv. 9, eabo2810 (2023) 1 March 2023

mice and treated them with MMPt or OVA. Using terminal deox-
ynucleotidyl transferase-mediated deoxyuridine triphosphate nick
end labeling (TUNEL) staining, we observed substantially apoptotic
cells, especially in the perivascular and meningeal areas after MMPt
administration, whereas the TUNEL staining was rarely observable
from OVA-treated samples (Fig. 5, A and B). This supports the in
vivo IVM observation that the antigen-induced T cell shrinkage
leads to apoptosis (Fig. 4). We also observed TUNEL-stained cell
fragments in the spinal cord parenchyma coincident with
CX3CR1" microglia after MMPt but not OVA treatment. We pos-
tulated that these apoptotic cells within microglia were apoptotic T
and other infiltrating cells that had been phagocytosed. To test this
hypothesis, we performed an adoptive transfer experiment. Activat-
ed MOGj;s_s5-specific 2D2-TCR-Tg T cells were labeled with Dye
670 and injected during EAE induction. These mice were treated
with MMPt and evaluated for apoptotic cell engulfment by ex
vivo microscopy on the spinal cords immersed in phosphate-buft-
ered saline (PBS). We directly visualized increased amounts of Dye
670 fragments within CX3CR1" cells, indicating that microglia were
clearing out the apoptotic T cell debris (Fig. 5C).

The observation of specific therigen-induced T cell apoptosis in
the affected CNS suggests that spinal cord disease—infiltrating T
cells will be reduced by MMPt treatment. Hence, we isolated mono-
nuclear cells after spinal cord dissection and quantified cell popu-
lations by flow cytometry. Compared to the vehicle controls, MMPt
caused a progressive dose-dependent depletion in CD3"CD45" T
cells at days 15 and 20 of EAE (Fig. 5, D and E). Correspondingly,
the MMPt notably increased annexin V staining in CD3" T cells,
further confirming that the therigens caused antigen-induced T
cell apoptosis in situ (Fig. 5F). We were surprised to also observe
that MMPt reduces rare CNS-resident memory CD69"CD11a"
tissue-resident memory T (Tgry) cells (Fig. 5, G and H). Together,
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Fig. 4. MMPt-loaded macrophages arrest reactive T cells in the CNS of MOGp-induced, CXCR6-GFP-Tg, and C57BL/6 EAE mice. Intravital microscopic imaging
analysis on responses of the encephalitogenic T cells with therigen-loaded APCs in the CNS of EAE mice. Migration distance and velocity of endogenous CXCR6-GFP* T
cells were recorded for 3 hours after antigen administrations in a clinical score of 3 EAE mice (A to F). Antigen stimulations: saline vehicle (A and B), OVA (C and D), or MMPt
(E and F). The images represent typical observations of T cell displacement view in the field of the spinal cord chamber, with its two-dimensional tracking data corre-
spondingly shown in (B), (D), and (F). Scale bars, 50 um. Data are representative of 60 to 80 tracked cells from two mice per treatment in two independent experiments. (G)
Cell size in diameters measured from the retrieved images is presented as group means and SEM (error bars). *P < 0.05 and ****P < 0.001 (one-way ANOVA with Tukey's
multiple comparisons). Cell moving velocity data are plotted for showing the migration rate of CXCR6 T cells over the 3-hour courses after injections of vehicle, OVA, or
MMPt, as indicated in (H). Arrest coefficient of T cells with same parameters as (H) is shown in (I). T cell velocity and arrest coefficients were analyzed using two-tailed
unpaired t test shown means (red horizontal lines) + SD (red bars). ns, not significant; ****P < 0.0001.

these data show that clonal deletion of encephalitogenic T cells ac-
companies the disease-ameliorating effect of MMPt treatment.

MMPt shifts T cell functional profiles to anti-inflammatory
in EAE mice

Since motor deficits improved within 24 hours after MMPt treat-
ment, it seemed unlikely to be solely due to suppression of T cell
damage and remyelination (Fig. 1 and movie S1). We conjectured
that the treatment may also suppress CNS tissue inflammation and
therefore examined the effect of MMPt on the inflammatory

Li et al., Sci. Adv. 9, eabo2810 (2023) 1 March 2023

cytokine milieu. EAE pathogenesis is thought to involve an activa-
tion cascade of autoreactive T helper cells 1 and 17 that stimulate
innate immune and inflammatory cells to produce cytokines such
as IFN-y, IL-1B, and IL-6 (52, 53). We observed increases in per-
centage of T, cgs and IL-10/IFN-y double-producing T cells in the
MMPt-treated EAE spinal cords at the end point of the experiments
likely due to a combination of both absolute and relative increases,
suggesting their possible role in disease suppression (Fig. 6, A to D,
and fig. S13). By contrast, we found no obvious changes in IFN-y or
IL-17 single-producing T cells, although there was a trend to
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Fig. 5. MMPt induces RICD of the sensitive T cells in blunting inflammatory responses in MOGp-induced C57BL/6 EAE mice. Confocal microscopy imaging with
TUNEL staining of axial section of the spinal cords from CX3CR1-GFP-Tg mice with a clinical score of 3 EAE that were IV injected with (A) OVA or (B) MMPt for 20 hours.
Channel presentations are 4',6-diamidino-2-phenylindole (DAPI; blue), microglia (CX3CR1; green), TUNEL (red). Scale bars, 100 um (top) and 50 pm (bottom). (C) Ex vivo
imaging of the spinal cords isolated from CX3CR1-GFP mice at a clinical score of 3 EAE. In addition, 24 hours after MMPt injection, the mice were adoptively transferred
with in vitro Dye 670-labeled, activated MOGss_ss-specific 2D2-TCR-Tg T cells. Scale bars, 50 um. (Bottom) Inset: A magnification of x16. Arrows indicate the Dye 670—
labeled apoptotic T cell fragments within microglia. (D) Frequency of CD3*CD45" T cells isolated from the CNS of a clinical score of 3 EAE mice after treatment with one
dose (middle) or three doses (bottom) control vehicle or MMPt. (E) Quantification of CD45" leukocytes from (D), average counts of three mice. WT, normal non-EAE mice.
(F) Annexin V staining of T cells isolated from the spinal cords 24 hours after injection of vehicle or MMPt in mice with an EAE clinical score 3. (G) Frequency of
CD69"CD11a* Tgy cells isolated from the CNS of score-3 EAE mice that had received three doses of vehicle or MMPt treatments. (H) Quantification of (G) after three
doses of vehicle or MMPt, average counts from three mice. Data were analyzed using two-tailed unpaired t test (shown means + SD); *P < 0.05 and **P < 0.01.
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Fig. 6. MMPt induces anti-inflammatory cytokine profiles in the MOGp-induced C57BL/6 EAE spinal cord. Flow cytometry analysis of mononuclear cells isolated
from a group of spinal cords (n = 4) from EAE mice (clinical score = 3) and stained for the indicated markers. Live cells defined by forward scatter/side scatter (FSC/SSC)
were first gated for singlets and subsequently by CD3* and CD45.2" for T cells for (A) to (C), and CD11b~ and CD45.2* T cells for (D) (with gating shown in fig. S12). Analysis
of the indicated populations is shown. (A to D) Frequencies of IL-10%, IFN-y*, IL-17%, and FoxP3™ T cells in the EAE CNS of mice that received one dose of IV injection of
vehicle or 800 ug of MMPt. (E) Frequencies of indicated T cell populations in the spinal cords of EAE mice that received one dose of 800 pg of MMPt treatment for 20 hours.
(F) Frequencies of IFN-y* and IL-10" T cells in the peripheral blood of score-3 EAE mice after three doses of normal saline vehicle or MMPt treatment (800 pg/day).
Significance of the cell percentage changes was statistically analyzed using two-tailed unpaired t test (shown as means + SD); *P < 0.05.

increased IFN-y producers (Fig. 6E). In the peripheral blood,
MOGp-responsive T cells showed reduced IFN-y and increased
IL-10 expressions after MMPt treatment (Fig. 6F). Thus, it
appears that eliminating antigen-specific T cells and inflammatory
cells modulated the inflammatory cytokine milieu. We further ex-
amined the effect of MMPt on cytokines, particularly those respon-
sible for innate immune responses within the affected CNS. Using
quantitative polymerase chain reaction (PCR) to measure cytokine
mRNA, we found that one dose of MMPt reduced the high expres-
sion of IFN-y, IL-1p, and IL-2Ra but not IL-18 mRNA (Fig. 7A). In
further studies, we found that repeated doses of MMPt caused re-
ductions in innate immune cells. We found that within 20 hours of
MMPt treatment, there was a reduction in the frequency and abso-
lute number of microglia (CD11b*CD45™"), infiltrating myeloid
DCs (CD11b*CD45™CD11c"), macrophages (CD11b*CD45""
CD11c¢ Ly6G™), and neutrophils (CD11b*CD45™CD11¢"Ly6G™)
(Fig. 7, B and C), among which the MMPt-induced apoptosis of
CNS-infiltrating macrophages appears to be prominent (fig. S14).
In addition, we found that chemokines responsible for immune
cell recruitment such as CCL5, CCL7, CXCL10, and CXCL11
were also reduced (Fig. 7D). The swiftness of these changes after
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MMPt administration appears to explain rapid disease

amelioration.

DISCUSSION

AST approaches based on natural endogenous immunoregulation
have been long-sought as an adjunct to general immunosuppres-
sants for treating autoimmune diseases due to autoreactive T cells
(16). Antigen-specific T cell apoptosis, called restimulation-induced
cell death (RICD), is a general mechanism for homeostatic control
of the immune system, and we have advocated this mechanism as a
basis for AST (22, 40). It would be ideal for treating autoimmune
diseases where pathogenic antigen epitopes are identifiable, unvary-
ing, and selectively delete specific disease-causing T cells. We have
previously shown that myelin encephalitogenic antigens can elimi-
nate specific T cells and alleviate EAE in experimental animals (31,
41). Here, we demonstrate that MMPt, a fusion protein containing
the major myelin encephalitogenic epitopes, can induce apoptosis
of the disease-causing T cells in the inflamed CNS. We show that
this induction of T cell inactivation and apoptosis occurs directly
in situ in the spinal cord in response to antigen. Associated with
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Fig. 7. MMPt-induced T cell depletion leads to suppression of inflammatory cytokines in the CNS of MOGp-induced C57BL/6 EAE mice. (A) Quantitative PCR
results for indicated cytokines from the spinal cord mononuclear cells isolated from mice of day 20 post-EAE induction that were treated at day 14 of disease scoring of 3
with IV injections of one dose of 800 ug of MMPt or normal saline (NS) control. (B) Frequency of microglia (Mic), myeloid DCs, macrophages (Mac), and neutrophils (Neu) in
the affected CNS of mice that received three doses of vehicle control or 800 ug of MMPt every other day starting from day 14 of EAE induction that presented with a
disease score of 3 is shown with gating, and each specific population is specified at the bottom. (C) Quantification of (B) with absolute cell counts on average of three mice
per group. (D) mRNA stimulation index derived from quantitative PCR data measuring expression of chemokines of EAE CNS tissue isolated from EAE mice that received
one dose of IV injection of normal saline or 800 pg of MMPt for 20 hours. Data were analyzed using two-tailed unpaired t test (shown means + SD); *P < 0.05, **P < 0.01,
and ***P < 0.001. Data represent two independent experiments.
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this is a rapid resolution of inflammation as well as peripheral dele-
tion of antigen-specific T cells. These effects and possibly other tol-
erogenic effects, such as T,., induction, could be beneficial for
improving the symptoms of immune-mediated demyelinat-
ing disease.

Further exploration on the underlying mechanisms of therigen
treatment reveals interesting discoveries. Unexpectedly, MMPt
uptake is mainly by the perivascular F4/80" cells rather than
CD11c" DCs or microglia, which might have been expected from
previous studies (45, 46, 54-56). We found that the meningeal F4/
80" cells in the inflamed area have up-regulated ICAM-1 and MHC-
I associated with the death of MOGp-specific T cells (Fig. 5 and
movie S2). Another key observation is that MMPt did not cause cy-
tokine “storm.” Inflammatory cells, cytokines, and chemokines were
markedly reduced. Thus, MMPt is an effective and safe tolerogenic
therigen for established CNS inflammation. CNS-resident macro-
phages, DCs, and microglial cells have all been previously implicat-
ed as functional APCs for antigen presentation in demyelinating
diseases (45, 46, 54-56). Depletion of perivascular macrophages
causes a decrease in EAE symptoms, suggesting importance of mac-
rophages in causing CNS inflammation (57-59). Recent studies
have further elaborated the complexity of origin and biological
functions of these macrophages (60, 61). Live imaging of the periph-
eral lymph nodes showed that immunogen presentation relies on
interactions between T cells and DCs (51). Conversely, others
claim that DCs also function as tolerance-inducing APCs in the
CNS (62). Our data show that T cell deletional tolerance is associ-
ated with prominent antigen uptake in perivascular F4/80" cells,
suggesting that these resident macrophages likely play a key role
in therapeutic antigen presentation in the CNS. The F4/80
antigen, first identified by Austyn and Gordon, is expressed in
various mouse mononuclear populations, including tissue macro-
phages, macrophages of T cell areas, and marginal zone in lymph
nodes, lung alveolar macrophages, and classical DCs (63). More
recent exciting studies in high-dimensional single-cell mapping
using mass cytometry showed that F4/80 was highly expressed on
CD206" CD38" border—associated macrophages and the most nu-
merous leukocytes isolated from the brain were shown to be distinct
from microglia. In addition, F4/80 was observed on eosinophils,
monocytes expressing variable amounts of Ly6, and other rare mi-
croglia and monocyte-derived cells (64, 65). Other studies suggest
that border-associated or perivascular macrophages are derived
from blood-borne monocytes and are capable of phagocytosing ma-
terial in the perivascular space (66). The physiology of CNS toler-
ance induction in EAE appears to be a complex interplay of essential
populations of cells in the CNS, for which F4/80" perivascular cells
act as primary APCs, while T cells are powerful inducers of the in-
flammatory response, and CD11c¢" DCs together with macrophages
seem to govern cytokine release (67). In addition, microglial cells
phagocytose apoptotic T cells and scavenge debris in EAE (68).

The deletion of MMPt-sensitive T cells, including the activated
effector T cells and resident Try cells, appears to be permanent, as
T cells isolated from MMPt-treated EAE mice failed to respond to
MOG stimulation ex vivo. MMPt treatment at the first disease peak
provides extended protection against a second EAE flare. The clin-
ical improvements happening less than 1 day after MMPt treatment
were found to correlate to death of disease-causing T cells, along
with a robust suppression of the innate immune inflammation, in-
cluding elimination of infiltrating macrophages and resident
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microglia and DCs and neutrophils, as well as IFN-y, IL-1f, IL-6,
CCL5, CCL7, CXCL10, and CXCL11. These changes would
strongly blunt the inflammatory processes of EAE (69). However,
further studies are necessary to clarify if this depletion of antigen-
specific T cells directly leads to the collapse of local inflammation
due to monocyte apoptosis or involves other important mediators,
such as Tyegq.

One of the principal challenges in demyelinating disease is
antigen selection. MMPt is composed of the hydrophilic portions
of MOG, MBP, and PLP against which T cell responses have been
demonstrated in MS (10, 27). However, individual peptides selected
from these proteins have shown only limited success in treating pa-
tients with EAE and MS (70). Nevertheless, our approach enables an
individual set of antigens to be selected by the host system during
initial disease and in response to potential epitope spreading in
more advanced disease (37, 41, 71, 72).

The clinical response to MMPt is the most marked when given in
amonophasic EAE model. While tested in a mouse relapsing remit-
ting EAE model, MMPt can significantly reduce the severity but is
unable to eliminate the clinical motor deficits during the relapse.
The mechanism underlying the incomplete protection is unclear,
as there are several possible explanations. First, the relapsing-remit-
ting model may involve more T cell clones sensitive to epitope-
spreading myelin antigens beyond MMPt coverage. Second, there
is a continuous replacement of newly matured thymocytes in the
periphery that are continuously activated by existing EAE induc-
tion. Last, the disease may involve neuroinflammation and neuro-
degeneration resulting in deficits that may resolve only with an
extended healing process or not at all. The inability of MMPt to
fully eliminate relapses implies that a tolerogen approach to MS
treatment would be best deployed during early development of
the disease with less burdens from demyelinating lesions.

This study provides evidence demonstrating that AST is effective
and safe in treating EAE in mice. While our data suggest antigen-
specific depletion, further comparison of multiple antigen-specific
T cells and its effect on controlling autoimmune inflammation is
required to establish this point definitively before translational
medical trials, for which we could also benefit from further ad-
vancement of our knowledge on the multifactorial steps involved
in the physiological effects of tolerogen administration in EAE
models, along with encouraging advanced technologies that may
considerably improve spatiotemporal therigen delivery in vivo.
The medical translatability to humans is not established in our
study, but we believe that the statistically significant preventative
and therapeutic effect of MMPt in the spinal cord homogenate ex-
periment is encouraging. It is important because we did not tailor
the disease-inducing antigens in any way to the treatment antigens
as is often done to show tolerance effects in mouse experiments.
While we agree that it would be premature to draw conclusions
about human disease without a clinical trial, we think that these
results are hopeful. For example, a partial treatment effect reducing
spinal cord inflammation as we have demonstrated would not
completely cure the disease but might prevent progression from dif-
ficulty walking to being wheelchair bound. On the basis of these en-
couraging data, we are investigating strategies to improve the
chances of success, such as screening with the polyprotein for reac-
tivity by a new type of blood test so that only patients that have ex-
isting reactivity would receive treatment. In addition, route, dose,
and frequency of administration may greatly affect the efficacy in
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humans. Last, currently available biological therapies have a wide
range of efficacy in different patients. Since the antigen-specific ap-
proach uses a fundamentally different mechanism than current
therapies, it is possible that combination therapies would achieve
greater efficacy.

MATERIALS AND METHODS

Development and preparation of MP4 and MMPt

The MP4 preparation has been described previously (41). We added
the truncated extracellular domain of MOG (amino acids 31 to 151
of National Center for Biotechnology Information protein database:
Q16653) to MP4 for creating a new polyprotein termed MMPt. This
polyprotein contains a comprehensive collection of known and po-
tential MS epitopes separated from a purification tag of 8x histidine
by a tobacco etch virus (TEV) cleavage site (ENLYFQG) (Fig. 1B)
(31). We produced MMPt in Escherichia coli as a nonglycosylated
protein that we purified to a single band of 58 kDa (Fig. 1C).
Mass spectrometry confirmed the band and showed that the
faster migrating species were proteolytic degradation products
that occurred in minor quantities. The pET-MMPt was constructed
by sequential fusing of bacterial codon-optimized cDNA coding se-
quences for the engineered human MOGj3;_;5; amino acid coding
sequence) with the full-length 21.5-kDa MBP and the transmem-
brane domain—truncated PLP proteins. A TEV cleavage site and
an 8xHis tag were added at the C terminus of the fusion protein.
The E. coli strain BL21 Star (DE3) was used for transformation,
and a selected single clone was used for preparative fermentation
using 500 ml of Overnight Express System medium (Novagen) in
a 4-liter Erlenmeyer flask, shaking at 250 rpm at 37°C until
optical density at 600 nm reached 2.5. Cell pellets were stored at
—20°C overnight. Pellets were resuspended in tris buffer [50 mM
(pH 8.0)] containing complete protease inhibitor (Roche) and dis-
rupted via sonication. Last, the insoluble material was collected by
centrifugation at 24,000 rpm for 20 min, and the supernatant was
discarded. Insoluble pellets were resuspended in 100 ml of extrac-
tion buffer [8 M urea, 40 mM imidazole, 0.5 M NaCl, 20 mM
sodium phosphate, and 5 mM (-mercaptoethanol (pH 7.4)] via
sonication and vigorous trituration. The mixture was centrifuged
at 24,000 rpm for 15 min, and the supernatant was immediately
put on ice. The extraction step was repeated five times to ensure
the full recovery of MMPt from insoluble pellets, and the combined
supernatants were filtered through a 0.22-pm Millipore Express
PLUS membrane. After filtration, the sample was applied to a 5-
ml HisTrap HP column (GE Healthcare) and washed with at least
5 column volumes of the extraction buffer. The column was subse-
quently washed with 50 column volumes of buffer A [0.1% Triton
X-114, 8 M urea, 40 mM imidazole, 0.5 M NaCl, 20 mM sodium
phosphate, and 5 mM [-mercaptoethanol (pH 7.4)] and 10
column volumes of the extraction buffer at 4°C. To elute MMPt,
5 ml of buffer E [8 M urea, 500 mM imidazole, 0.5 M NaCl, 20
mM sodium phosphate, and 5 mM p-mercaptoethanol (pH 7.4)]
was applied to the column while monitoring optical density at
280 nm (Fig. 4). Additional B-mercaptoethanol was then added to
the elution fraction to bring up the concentration of the reductant to
50 mM. MMPt was subsequently applied to a 1 cm—by-25 cm
length C4 Vydac reversed-phased high-performance liquid chro-
matography column equilibrated in 65% solvent B (1:1 formic
acid:H,O) and 35% solvent C (1:1 acetonitrile:formic acid) with a
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flow rate of 4.0 ml/min. The bound MMPt was eluted with a
linear gradient of solvent C (35 to 90%) and lyophilized.

Mice and EAE induction

We purchased C57BL/6, (C57BL/6xSJL) F1, 2D2-TCR-Tg, and
DO11.10-TCR-Tg mice from the Jackson Laboratory. Mice were
maintained in a specific pathogen—free facility and used under pro-
tocols approved by the National Institute of Allergy and Infectious
Diseases (NIAID) Animal Care and Use Committee (protocol
LISB-7E). EAE was induced by immunization of female C57BL/6
mice (10 to 12 weeks old) with 200 ul of emulsion containing 100
pg of MOGpss_ss and 400 ug of Mycobacterium tuberculosis extract
H37 Ra (Difco) in Freund's complete adjuvant (FCA) as previously
described (73). At 4 and 24 hours after immunization, mice received
200 ng of pertussis toxin (List Biological Laboratories) intraperito-
neally. To induce RR-EAE in (C57BL/6xSJL) F1 mice, we immu-
nized the female F1 mice with 200 pl of emulsion containing 200
pg of MOGpss_s5 and 400 pg of M. tuberculosis extract H37 Ra
(Difco) in FCA. At 4 and 24 hours after immunization, mice re-
ceived 75 ng of pertussis toxin intraperitoneally. EAE was scored
by the methods previously described (74, 75).

For intravital imaging, C57BL/6.Cg-Tg (Itgax-Venus)
1Mnz/] (CD11c-YFP, Research Resouce Identity
(RRID): IMSR_JAX:008829) mice, C57BL/6.129P2-Cxcr6™ Mt/
(Cxcr6*/8®,  RRID:  IMSR_JAX:005693)  mice,  and
B6.129P2(Cg)-Cx3cr1 ™2 re/ERIDLI Woan (Cx3CR1MEP, RRID:
IMSR_JAX:005582) mice were derived from breeding pairs that
were originally obtained from the Jackson Laboratory (Bar
Harbor, Maine, USA). To generate multicolor-coded Tg mice,
CD11c-YFP mice were bred with CXCR6-GFP mice. All the mice
were bred and maintained in a specific pathogen—free barrier facility
at the Animal Center of Wuhan National Laboratory for Optoelec-
tronics. All animal studies were approved by the Hubei Provincial
Animal Care and Use Committee and followed the experimental
guidelines of the Animal Experimentation Ethics Committee of
Huazhong University of Science and Technology.

Surgical procedure

Optical access to the spinal cord was achieved by means of a single
laminectomy at the vertebral T6 level. Briefly, a midline incision of
~1 cm in length was performed on the shaved back of the experi-
mental mouse. The skin was then retracted to expose the muscles
and tissues covering the vertebra of interest. Upon removal of the
dorsal aspect of the vertebra, the dura mater was carefully
removed, and the spinal cord at Th6 to Thll was surgically
exposed as previously described (76). Following surgery, the
mouse was placed on a custom-made stabilization device on a
heating pad maintained at 37°C. After the surgery, mice received
150 pl of sterile saline subcutaneously and were placed in the cage
for recovery.

Intravital microscopy

CX3CRI1-GFP or CXCR6-GFP/CD11c-Venus mice were anesthe-
tized via inhalation of 1.0 to 3.0% isoflurane in oxygen flow using
a Matrix VMS small animal anesthesia machine (Midmark, Dayton,
OH, USA). The window was fixed on a warm plate (Thermo Plate)
using a custom-made holder and then fastened to the microscope
stage. Intravital images were obtained using an LSM780 system.
The images were captured using a 20x water immersion objective
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(numerical aperture, 1.0). During the intravital imaging process,
mice were maintained at 37°C with a warm plate. Confocal Laser
Scanning Microscopy (CLSM) was used to simultaneously image
the microglial cells or T cells (488-nm laser, 500- to 550-nm emis-
sion) and rhodamine-labeled MMPt drugs (561-nm laser, 570- to
620-nm emission) or Dye 670-labeled exogenous T cells.

MMPt treatment

For EAE treatment experiments, 800 ug of MMPt once a day (or 400
ug twice a day with a 6-hour interval), vehicle control (sterile
normal saline) was administered by retroorbital IV injection on
either days 8, 10, and 12 after MOG immunization (for prevention
of clinical motor deficits) or on days 14, 16, and 18 after MOG im-
munization (for therapeutic intervention after clinical motor defi-
cits develop). For RR-EAE treatment, 800 ug of MMPt once a day
was administered by IV injection on either days 12, 14, and 16 (for
treatment during the first inflammatory phase) or on days 18, 20,
and 22 (for late therapeutic treatment). Each replicate experiment
contained five mice per group.

Isolation of CNS mononuclear cells

Mice were euthanized and then perfused through the left ventricle
of the heart with PBS. Spinal cords (SCs) were flushed out from the
spinal columns with PBS. SC tissues were cut into small pieces and
then digested using a neural tissue dissociation kit (Miltenyi Biotec,
Germany) to make single-cell suspensions. The digested cells were
passed through a 70-pm cell strainer, followed by sucrose (0.9 M in
Hanks' balanced salt solution) centrifugation at 850g at 4°C for 10
min. The mononuclear cells were pelleted for further analysis.

Flow cytometry

All flow cytometry antibodies are from eBioscience or BioLegend.
For surface staining, single-cell suspensions from the spleen, lymph
nodes, SCs, and in vitro expanded T cells were washed with PBS and
incubated with surface staining antibodies (1:200 dilution) at 4°C
for 30 min in the dark. The cells were then washed with PBS once
and then analyzed using an LSRII flow cytometer. For intracellular
cytokine staining, cells were prepared as described and stimulated
with phorbol 12-myristate 13-acetate (50 ng/ml; Sigma-Aldrich)
plus ionomycin (1 pg/ml; Sigma-Aldrich) for 6 hours with monen-
sin added for the last 3 hours (1 pl/ml; BD Biosciences). Cells were
then stained for surface markers as described above, fixed and per-
meabilized using the Fixation and Permeabilization Buffer (eBio-
science) according to the manufacturer’s instructions, and
incubated with antibodies against cytokines of interest before anal-
ysis. We characterized cell subsets in the spinal cord as follows:
CD45™ CD11b* (microglia), CD45™8" CD11b*CD11¢ Ly6G™~
(macrophages), CD45™8" CD11b*CD11c¢* (DCs), CD45"¢"
CD11b*Ly6G"* (neutrophils), and CD45"8" CD11b~CD3* (T
cells) (77).

Immunofluorescence staining

For the immunofluorescence analysis, spinal cord tissues from
CXCR6“FSFP and CD11c-Venus heterozygous mice were fixed
in 4% paraformaldehyde for 12 hours at 4°C and then dehydrated
in 30% sucrose solution for 48 hours. The tissues were then frozen
in optimal cutting temperature (OCT) (Sakura, Torrance, CA, USA)
compound and sectioned into 20-um slices using a freezing micro-
tome (Leica, Germany). OCT was removed by washing three times
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in PBS, and the sections were immunostained with Alexa Fluor 594
anti-mouse F4/80 (clone BMS8, BioLegend) for macrophage and
Alexa Fluor 647 anti-mouse ICAM-1 (clone YN1/1.7.4, BioLegend)
for immune synapse. Other antibodies used in these experiments
were as follows: Brilliant Violet 421 anti-mouse F4/80 (1:200;
clone BMS, BioLegend), Alexa Fluor 488 anti-mouse ICAM-1
(1:200; clone YN1/1.7.4, BioLegend), Alexa Fluor 594 anti-mouse
CD3 (1:200; clone 17A2, BioLegend), Alexa Fluor 647 anti-mouse
CD31 (1:200; clone MEC13.3, BioLegend), primary anti-mouse
MHC-II (1:400; clone ab15630, Abcam), mouse monoclonal anti-
rat immunoglobulin G2b (IgG2b)/IgG2a conjugated to Alexa
Fluor 647 (1:1000; clone ab172333, Abcam), primary anti-mouse
TMEM119 (1:400; clone ab209064, Abcam), and mouse monoclo-
nal anti-rat IgG H&L conjugated to Alexa Fluor 488 (1:1000; clone
ab150077, Abcam). T cell apoptosis was detected by a one-step
TUNEL cell apoptosis detection kit (C1089, Beyotime, China). All
the sections were imaged with LSM710 laser confocal scanning mi-
croscopy (Zeiss, Germany). The data were analyzed using Image]J
software.

In vitro T cell activation/restimulation and apoptosis assays
For activation and proliferation of TCR-Tg T cells, splenocytes from
2D2 mice or DO11.10 mice were stimulated in vitro in RPMI 1640
medium containing 10% fetal bovine serum, 2 mM glutamine, pen-
icillin and streptomycin (100 U/ml), anti-CD3 (3 pg/ml; clone 145-
2C11, BioLegend), and anti-CD28 (1 pg/ml; clone 37.51, BioLe-
gend) or concanavalin A (1 ug/ml; Sigma-Aldrich). After 3 days,
the activated T cells were washed and then cultured in complete
RPMI 1640 medium containing recombinant human IL-2 (100
U/ml; R&D Systems). After 2 days, dead cells were removed by gra-
dient centrifugation using Ficoll-Paque, and then the activated, live
T cells were cultured with IL-2 (300 U/ml) overnight before apopto-
sis assays. For kill assays, triplicate wells in 96-well round-bottomed
plates were seeded with 200 pl per well with 1 x 10°/ml of activated
2D2 T cells and 6x irradiated splenocytes loaded with 10 to 160 pg/
ml of the following antigens: MMPt, MP4, OVA proteins, or
MOGp. Plate-bound anti-CD3e (0.5, 5, 50, 500, and 5000 ng/ml)
was used to restimulate activated T cells. Cell viability was deter-
mined by staining with propidium iodide (5 pg/ml) and flow cytom-
etry collecting on a constant time of 20 s per sample. Percentage cell
loss was calculated = {1 — [number of viable cells (restimulated)/
number of viable cells (untreated)]} x 100.

Antigen-induced in vivo T cell apoptosis experiments

Day 5 activated T cells from 2D2 (MOGp-specific) or DO11.10
(OVAp-specific) mice were obtained as described above in the in
vitro assay, and 6 x 10° of the IL-2 cultured T cells were adoptively
transferred correspondingly into each of the C57BL/6 or BALB/c
mice that were pretreated with and without CsA (1.25 mg/kg) as
indicated in fig. S8. These mice were then subjected to IV injections
of the indicated antigen stimulations in the presence or absence of
CsA as indicated in fig. S8 for 4 to 8 days. The splenocytes and
lymph node cells were harvested and quantified for depletion by
flow cytometry in constant time counting.

Enzyme-linked immunosorbent assay

Cell-free supernatants were harvested and assayed for mouse IL-10
(eBioscience) and IL-1p (eBioscience) according to the manufactur-
er's instructions.

12 of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

Immunoblot analysis

Immunoblotting was carried out as previously described (78).
Primary antibodies were purchased from Cell Signaling Technolo-
gy, Santa Cruz Biotechnology, or Beyotime (China). Secondary an-
tibodies were from Beyotime.

Quantitative PCR analysis

RNA was extracted from mice SC tissue using the RNeasy Lipid
Tissue Mini Kit (QIAGEN, USA) or from flow-sorted cells using
the RNeasy Mini Kit (QIAGEN, USA) according to the manufactur-
er's instructions. The iScript cDNA Synthesis Kit (Bio-Rad) was
used to prepare cDNA from 1 pg of RNA from each sample.
Power SYBR Green PCR Master Mix (Applied Biosystems) was
used for subsequent real-time reverse transcription PCR with spe-
cific primers for each gene on a 7900HT machine (ABI). We nor-
malized expression to hypoxanthine phosphoribosyl transferase.
Primer sequences are provided in table S1.

Proliferation assays

Splenocytes were prepared from wild-type, MMPt-, or vehicle-
treated EAE mice at day 15 after one dose of MMPt treatment
and then labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE; 3 uM; eBioscience). Cells were then restimulated
with MOGp (20 pg/ml) in vitro for 3 days. The frequency of T
cells producing IL-17, IL-10, IFN-y, FoxP3" T cells, and CFSE dilu-
tion was analyzed by flow cytometry.

Histological analysis

Mice were perfused with PBS, and spinal cords were collected and
fixed in 10% formalin. Spinal cord sections were stained with hema-
toxylin and eosin for visualization of leukocyte infiltration and with
toluidine blue or Luxol fast blue/periodic acid—Schiff stain for
myelin sheath.

TUNEL staining

Apoptotic cells were assessed by TUNEL assay. Briefly, the spinal
cord sections were deparaffinized in four changes of xylene and re-
hydrated through graded alcohol. The sections were stained using a
standard procedure by a commercial vendor (Histolab). The tissue
sections were visualized by basic fuchsin (red color) and then coun-
terstained with hematoxylin (purple color).

Data analysis

Intravital cell movement was tracked and analyzed with Imaris 7.6
(Bitplane AG, Zurich, Switzerland, 641 RRID: SCR_007370) soft-
ware. The mean velocity and arrest coefficient were calculated
using Post-Track Object software (custom-designed software) as
previously described (79). The arrest coefficient was calculated as
the percentage of time that the instantaneous velocity of each cell
was less than 2 um/min. Cells with a mean velocity of less than 2
pm/min were defined as immotile (80).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 (Graph-
Pad Software Inc., La Jolla CA, USA, RRID: SCR_002798). For com-
parisons of two groups, the two-tailed unpaired t test was
performed. The statistical analysis is described in each figure
legend. Differences between or among groups are denoted as ns
for nonsignificant, *P < 0.05, **P < 0.01, and ***P < 0.001.
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