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ARTICLE INFO ABSTRACT

Handling Editor: M.E. Gershwin Sensitization to self-peptides induces various immunological responses, from autoimmunity to tumor immunity,
depending on the peptide sequence; however, the underlying mechanisms remain unclear, and thus, curative
therapeutic options considering immunity balance are limited. Herein, two overlapping dominant peptides of
myelin proteolipid protein, PLP136-150 and PLP139-151, which induce different forms of experimental auto-
immune encephalomyelitis (EAE), monophasic and relapsing EAE, respectively, were investigated. Mice with
monophasic EAE exhibited highly resistant to EAE re-induction with any encephalitogenic peptides, whereas
mice with relapsing EAE were susceptible, and progressed, to EAE re-induction. This resistance to relapse and re-
induction in monophasic EAE mice was associated with the maintenance of potent CD69*CD103"CD4 " CD25Msh
regulatory T-cells (Tregs) enriched with antigen specificity, which expanded preferentially in the central nervous
system with sustained suppressive activity. This tissue-preferential sustainability of potent antigen-specific Tregs
was correlated with the antigenicity of PLP136-150, depending on its flanking residues. That is, the flanking
residues of PLP136-150 enable to form pivotally arranged strong hydrogen bonds that secured its binding sta-
bility to MHC-class II. These potent Tregs acting tissue-preferentially were induced only by sensitization of
PLP136-150, not by its tolerance induction, independent of EAE development. These findings suggest that, for
optimal therapy, “benign autoimmunity” can be critically achieved through inverse vaccination with self-
peptides by manipulating their flanking residues.
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1. Introduction to self-antigens may cause autoimmune reactions, which can be benign

or hazardous to human health [3,4]. The clinical manifestation and

Host immune systems, crucial for maintaining physiological ho-
meostasis and enabling host protection against exogenous and endoge-
nous insults, can discriminate between self and non-self to provoke
potent responses against foreign microbial antigens while avoiding self-
antigens. Self/non-self discrimination depends on a finely tuned balance
of inflammatory effectors and protective regulators [1,2]. Sensitization

course of autoimmune diseases vary greatly between individuals [5];
however, the precise mechanisms that enable self-antigens to elicit such
a wide diversity of effects on multiple immune constituents remain
unclear. This lack of mechanistic insight has limited the selection of
optimal self-peptide ligands for designing autoimmune disease and
tumor immunotherapies [6,7]. Indeed, the immunotherapies that have

* Corresponding author. Department of Immunology, National Institute of Neuroscience, National Center of Neurology and Psychiatry, Tokyo, 187-8502, Japan.

** Corresponding author.

E-mail addresses: lin@ncnp.go.jp (Y. Lin), sakuraba.shun@gst.go.jp (S. Sakuraba), mchandirasegaran@gmail.com (C. Massilamany), jayreddy@unl.edu
(J. Reddy), ystanaka@nagasaki-u.ac.jp (Y. Tanaka), s-miyake@juntendo.ac.jp (S. Miyake), yamamura@ncnp.go.jp (T. Yamamura).

https://doi.org/10.1016/j.jaut.2023.103094

Received 25 May 2023; Received in revised form 21 July 2023; Accepted 25 July 2023

Available online 14 September 2023

0896-8411/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:lin@ncnp.go.jp
mailto:sakuraba.shun@qst.go.jp
mailto:mchandirasegaran@gmail.com
mailto:jayreddy@unl.edu
mailto:ystanaka@nagasaki-u.ac.jp
mailto:s-miyake@juntendo.ac.jp
mailto:yamamura@ncnp.go.jp
www.sciencedirect.com/science/journal/08968411
https://www.elsevier.com/locate/jautimm
https://doi.org/10.1016/j.jaut.2023.103094
https://doi.org/10.1016/j.jaut.2023.103094
https://doi.org/10.1016/j.jaut.2023.103094
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaut.2023.103094&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Y. Lin et al.

been developed specifically target single key cells and molecules
without sufficiently considering disease-related antigens [7-9]. More-
over, although these advanced therapies can dramatically mitigate the
disease state and thus lead to clinical breakthroughs, their therapeutic
efficacies vary depending on the disease types, even if they share the
same target. They also fail to fully inhibit disease activity or attenuate
disease progression due to the presence of several disease targets, even
by combination therapy [7]. Furthermore, severe adverse reactions may
develop, including infection, tumors and other autoimmune diseases,
due to their extrinsic over-suppression via the collateral immune
disequilibrium [8-10]. Several promising antigen-based approaches
have been investigated to address these challenges; however, none have
exhibited curative effects [7,11-14], while others reportedly exacerbate
certain conditions [7,11]. Elucidation of the underlying mechanisms
guiding the kinetics of autoimmune reactions to self-antigen peptides
could enhance the efficacy and optimal use of selective therapeutics.

Experimental autoimmune encephalomyelitis (EAE) is widely
employed to study the induction and regulation of autoimmune re-
sponses [15]. This animal model is induced by administrating central
nervous system (CNS) components mixed with an adjuvant [16-18],
mediated by encephalitogenic CD4" T-cells [19]. Recent studies have
suggested that CNS components also induce CD8™ T cells and contribute
to the development of EAE [20,21]. EAE serves as a representative an-
imal model of multiple sclerosis (MS), an autoimmune disease affecting
the CNS [22], and exhibits significant diversity in its clinical course, like
human MS, ranging from monophasic (M-EAE) to relapsing-remitting
(RR-EAE) and progressive forms [23]. This heterogeneity in the clin-
ical phenotype is partially explained by the genetic background of mice
[24-26], which includes non-MHC genes controlling EAE susceptibility
[27] and MHC-class II genes defining the corresponding encephalito-
genic epitopes [23,25-29]. It is, therefore, theoretically impossible to
reflect different courses of EAE in one strain without cross-breeding or
protocol changes [15,24,25].

Herein, we investigated how sensitization to individual self-antigen
peptides yields discrete immune responses, leading to either disease
initiation or disease prevention in EAE models. From the observation
that two overlapping peptides can induce M-EAE and RR-EAE in SJL/J
mice, we hypothesized that the differences in relapse susceptibility be-
tween these EAEs are due to differences in their functional and structural
aspects. Functionally, the potent regulatory T-cells (Tregs) might exhibit
different kinetics and antigen specificity, which might be preferentially
sustained in the CNS tissue. Additionally, the structural differences in
the flanking residues outside the MHC groove between the sensitized
overlapping peptides could influence their binding ability to the MHC-
class I molecules and determine their antigen specificity. The findings
of this study have implications for the development of novel antigen-
based therapies that can be used to control the sustainability of
antigen-specific Tregs in target tissue by manipulating the self-antigen
peptide flanking residues, which may significantly influence autoim-
munity regulation.

2. Materials and methods
2.1. Mice

Female SJL/J mice (5-7-week-old) were purchased from Charles
River Laboratory (Tokyo, Japan) and housed under specific pathogen-
free conditions in accordance with institutional guidelines. All animal
protocols were approved by the Animal Ethics Committee of the Na-
tional Institute of Neuroscience, National Center of Neurology and
Psychiatry (NCNP), Japan (approval number 2007037, 2011015,
2014011, and 2020008).

2.2. Peptides

Murine PLP, MBP, and MOG peptides were synthesized by
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automated Fmoc solid-phase peptide synthesis at Toray Laboratories
(Tokyo, Japan) as follows: PLP136-150, RVSHSLGKWLGHPDK [30];
PLP139-151, HSLGKWLGHPDKF [28]; PLP178-191, NTWTTCQSIAFPSK
[31]; MBP89-101, VHFFKNIVTPRTP [32]; MOG92-106, DEG-
GYTCFFRDHSYQ [33]. C138 and C140 in PLP136-150 were mutated to
S to avoid C-C disulfide bridging. C140 in PLP139-151 was also
substituted with S as described previously [28], which certainly did not
change the results of EAE (data not shown). Type II collagen peptide
(bovine) was synthesized at the Collagen Research Center (Tokyo,
Japan) while ovalbumin peptide (OVA 323-339) was synthesized at
Peptide Institute Inc. (Osaka, Japan).

2.3. EAE induction

EAE (active EAE) was induced in 6-8-week-old female mice via
subcutaneous immunization in the tail base bilaterally with 100 pg PLP-
peptide in 100 pL of PBS in an emulsion mixed with 100 pL of incom-
plete Freund’s adjuvant (IFA; Difco, Detroit, USA) supplemented with 1
mg Mycobacterium tuberculosis H37Ra (Difco, Detroit, USA) as described
previously [34]. The mice were then immediately injected intraperito-
neally with 200 ng pertussis toxin (PT; List Biological Laboratories,
Campbell, USA); the injection was repeated after two days. The sec-
ondary challenge for EAE (re-induction [35]) was introduced similarly
on d35. Mice were examined daily for clinical signs of EAE and scored as
follows [36]: 0 = normal; 1 = loss of tail tonicity; 2 = partial hind limb
paresis; 3 = complete hind limb paralysis; 4 = hind limb paralysis with
body paresis; 5 = hind- and forelimb paresis; 6 = death.

Passive EAE was induced in 6-8-week-old irradiated (300-rad) fe-
male mice via intraperitoneal administration of peptide-primed lymph
node (LN) cells at 1.0 x 107/mouse. Peptide-primed LN cells were
prepared by immunizing the cells with 100 pg PLP-peptide and incu-
bating the day 10-11 primed cells with the priming peptide for three
days [36].

2.4. CIA induction

To induce collagen-induced arthritis (CIA), 100 pg bovine type II
collagen dissolved in 100 pL of PBS was emulsified with an equal volume
of complete Freund’s adjuvant (CFA; Difco, Detroit, USA) supplemented
with 250 pg M. tuberculosis H37Ra. Then 200 pL of the emulsion was
inoculated intradermally (id) into the tail base at day 0 and boosted at
day 21. Disease severity of CIA was determined as a summation of the
scores for each limb evaluated as follows: 0 = no change; 1 = focal er-
ythema of the limb; 2 = mild swelling and erythema of the limb; 3 =
pronounced swelling and erythema of the limb; 4 = maximum swelling
and erythema of the limb with joint deformity. The cumulative score
was calculated by summing up the daily scores of each mouse [37].

2.5. Recall response to encephalitogenic peptide and evaluation of
cytokine production

To evaluate the recall response to several peptides, we immunized
the mice with each peptide without administering PT. At various time
points, we prepared single-cell suspensions of draining LN and spleen
cells by mechanical disruption in standard media (RPMI 1640 supple-
mented with 5.5 x 107> M 2-mercaptoethanol, 2 mM L-glutamine, 100
U/mL penicillin and streptomycin) supplemented with 1% syngeneic
mouse serum. Cell suspensions were cultured with varying concentra-
tions of PLP-peptides in 96-well flat-bottom microwell plates at 1 x 106/
200 pL/well for 72 h. T-cell proliferation was determined by measuring
[3H]-thymidine (1 pCi/well) incorporation in the final 24 h of the cul-
ture. The capability of cells to produce IFNy and IL-17 was also evalu-
ated by collecting culture supernatant before [*H]-thymidine labeling
and analyzing cytokine levels via ELISA, as described previously [34].
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2.6. Adoptive transfer of primed cells

Either total LN cells (3.0 x 10”/mouse) or LN subpopulations (CD4~
and CD47CD25" cells; both 1.0 x 107/mice and CD4TCD25" cells: 1.0 x
10°/mouse) from PLP136-150- or PLP139-151-primed cells obtained by
mechanical disruption were suspended in 200 pL of PBS and intraperi-
toneally administered to naive mice, which were then induced EAE with
PLP139-151 five days later.

2.7. Flow cytometry

To characterize the heterogeneity of the CD4"CD25" T-cells, they
were stained with the following monoclonal antibodies in the presence
of FcyRII/III antibody (CD16/32): perCP-anti-CD4 (L3T4), PE-anti-CD25
(PC61), FITC- or biotin-anti-CD69 (H1-2F3), FITC- or biotin-anti-CD103
(M290) (BD PharMingen, San Diego, USA), and FITC- or APC-anti-Foxp3
(FJK-16 S) (eBioscience, San Diego, USA). Biotinylated cells were con-
jugated with streptavidin-APC, and samples were analyzed on a FACS-
Calibur system using CellQuest (Becton Dickinson, Franklin Lakes, USA)
and FlowJo (Tomy Digital Biology Co., Ltd., Tokyo, Japan). To deter-
mine the T-cell frequency (total, CD4" or CD8™) and B-cells, perCP-anti-
CD3 (2C11), PE-anti-CD4 (L3T4), FITC-anti-CD8a (Ly-2), and perCP-anti-
CD19 (1D3) (BD PharMingen, San Diego, USA) were used.

2.8. Depletion of CD25™ cells

An anti-CD25 mAb was purified from ascites fluid of ICR nude mice
inoculated with PC61 hybridoma using a protein G column (Cosmo Bio
Co., Ltd., Tokyo, Japan) and intraperitoneally (ip) injected at 500 pg/
mouse five days before EAE induction.

2.9. Isolation of subpopulations among CD4"CD25" T-cells

CD47CD25" T-cell subpopulations (CD697CD103%, CD69"CD103",
CD69°CD103" and CD69°CD1037) subpopulations were obtained by
CD47CD25" T-cell isolation using a CD4"CD25" Regulatory T-cell
Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany), subse-
quently stained with a combination of FITC-anti-CD69 and biotin-anti-
CD103, or biotin-anti-CD69 and FITC-anti-CD103, and reacted with
streptavidin-APC. Alternatively, the CD47CD25" T-cells were isolated
using biotin anti-CD25 after isolation of CD4" T-cells using a CD4
Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and sub-
sequently staining them with perCP-anti-CD69 and FITC-anti-CD103.
The cells were sorted using an EPICS ALTRA (Beckman Coulter, Full-
erton, CA) or BD FACS Aria II (Becton Dickinson, Franklin Lakes, USA)
system.

2.10. Evaluation of in vitro and in vivo suppressive capacity of
CD47CD25" T-cells

To evaluate the in vitro suppressive activity of sorted subpopulations
of CD47CD25" T-cells primed with either of the PLP-peptides, LN cells
from day 14 PLP139-151-primed mice were used as effector cells and
stimulated with PLP139-151 (100 pg/mL) in the presence of each sub-
population in 96-well U-bottom plates for 96 h. Cellular proliferation
was measured as previously described. The cultures comprised a fixed
number of LN cells (5 x 10°/well) and the sorted subpopulation at a
ratio of 20:1, 10:1, or 5:1 as well as irradiated splenocytes from naive
mice as feeder cells (0.5 x 10%/well). The in vitro suppressive activity
was also measured via flow cytometry by evaluating the proliferation of
CFSE-labeled effector cells as the CFSE®" population, according to the
procedure described by eBioscience (San Diego, USA). The in vivo sup-
pressive activity was evaluated by intraperitoneal administration of
sorted subpopulations of CD4TCD25" T-cells and total CD4"CD25" T-
cells derived from PLP136-150-immunized mice (1 x 10°/mice of each)
into naive mice before EAE induction by challenge with PLP139-151 five
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days later.

2.11. Evaluation of antigen specificity in PLP-peptide-primed cells and
their subpopulations

Experiments were performed as previously described [38,39].
Briefly, CD4" and CD4"CD25" T-cells were isolated using the CD4"
T-cell Isolation Kit or CD4"CD25" Regulatory T-cell Isolation Kit (Mil-
tenyi Biotec, Bergisch Gladbach, Germany) from PLP-peptide-primed LN
cells and their sorted subpopulations were stimulated with both
PLP-peptides and irradiated splenocytes used as antigen-presenting cells
at 37 °C for four days. The stimulated cells were then stained with I-As
dextramer in the presence of IL-2. Under resting conditions, the stimu-
lation with the priming peptide was omitted. Under activating condi-
tions, we determined the dextramer™ population in the lymphocyte and
lymphoblast areas demarcated on the scatter plot (the population with a
larger Forward Scatter [FSC] than lymphocytes was demarcated as
lymphoblasts).

2.12. Peptide-specific tolerance induction

We adopted three protocols to obtain peptide-specific tolerance:
‘peptide/IFA ip,” ‘high-dose peptide iv,” and ‘peptide-coupled with
splenocyte iv.” ‘Peptide/IFA ip’ was induced 14 days before EAE in-
duction by intraperitoneal administration of 300 ug of peptide dissolved
in PBS in an emulsion mixed with incomplete Freund’s adjuvant (IFA;
Difco, Detroit, USA) [40]. ‘High-dose peptide iv’ was induced 10 days
before EAE induction by intravenous administration of 300 pg of peptide
dissolved in PBS [41]. ‘Peptide-coupled with splenocyte iv’ was induced
seven days before EAE induction by intravenous administration of 5 x
10° naive splenocytes conjugated with each peptide at 1 mg/mL and
150 mg/mL 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDAC;
CalBioChem, LaJolla, CA, USA) [42].

2.13. Peptide binding stability evaluation

2.13.1. Modeling mouse MHC-class II (I-As)-PLP complexes

Three-dimensional models of mouse MHC-class II (I-As)-PLP com-
plexes were created based on a mouse MHC-class II (I-Ax)-peptide
complex (PDBID: 1IAK) as a template using HOMCOS [43] and MOD-
ELLER [44] software packages. After the structures were refined by MD
simulation, all-atom, explicit-solvent models of complexes I-As with
PLP136-150 and I-As with PLP139-151 were constructed using the
homology-modeled structures. Both models were solvated in 0.15 M
sodium chloride solution. To represent an interaction potential function,
we used the AMBER14SB force field [45], TIP3P [46], and Joung--
Cheatham’s monovalent ion parameters [47]. The model was relaxed
with 1000 steps of energy minimization and a 1 ns of equilibration run
under a 300 K and 1 atm (NPT) condition.

2.13.2. Molecular dynamics simulation of I-As—-PLP complexes

Replica Exchange with Solute Tempering 2 (REST2) [48] simulation
was employed to relax the initial model, and representative structures
were extracted from the trajectories of the PLP-MHC complexes.
Generally, configurations sampled from simulations with REST2
converge to a true distribution faster than those with conventional MD
simulation under the condition of fixed temperature and pressure.
REST2 simulation was performed as follows. Peptide atoms and
side-chain atoms of MHC-class-II in contact with the peptide (hence-
forth, we call them the “MHC cleft””) were defined as “accelerated” atoms
in REST2. The MHC cleft consists of the side-chain atoms of residues 59
to 82 in the a chain and 78 to 119 in the f§ chain of the MHC-class-II.
Interactions within the “accelerated” region, and those between the
“accelerated” region and others, were then scaled according to a REST2
scheme. REST2 simulation was conducted with 24 replicas, where
replica O corresponded to the simulation with unmodified interaction
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potential, and the interaction energies within the accelerated region
were halved in replica 23. Details of the REST2 simulation are described
in Supporting Information. The simulation was run in NPT condition
with 300 K and 1 atm. Simulations were performed using GROMACS
2016 [49] with in-house modification to perform a Hamiltonian replica
exchange method under a constant-temperature and constant-pressure
(NPT) condition. The pressure was set to 1 atm. Two 200 ns REST2
simulation runs were performed for PLP136-150 and PLP139-151,
respectively (9.6 ps in total). The last 100 ns runs in replica 0 were
used to sample configurations. Trajectories were sampled every 20 ps.

2.13.3. Analysis of PLP structures

Ca atom coordinates of PLP, corresponding to residue IDs 140-149,
were monitored and assessed with principal component analysis. For
each PLP, 5000 samples from the trajectories were collected, and the
combined samples (10,000 samples in total) were used to compute
principal vectors [50]. The projections to the first and second principal
vectors were calculated and compared. Fluctuations in all Ca atoms of
the peptides were also compared. The rotation and translation during
the simulation were first removed by best-fitting the MHC structures in
the trajectory to the initial model. Only Ca atoms of residues 71-86 in
the o chain and residues 32-216 in the p chain were considered in the
fitting. The root-mean-square-fluctuations of Ca atoms in PLP were then
determined for both peptide trajectories. The trajectory was split into
ten 10 ns segments to analyze statistical significance (Mann-Whitney U
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test). The data were plotted and analyzed using visual molecular
dynamics.

2.14. Statistical analysis

All data are presented as mean + SEM. Mann-Whitney testing was
used to analyze the EAE clinical scores, whereas cell proliferation,
cytokine production, and flow cytometry data were assessed using
Student’s t-test. Statistical significance was defined as P < 0.05 or P <
0.01 using GraphPad Prism (version 8; GraphPad Software, La Jolla, CA,
USA).

3. Results

3.1. Encephalitogenic peptides themselves direct the distinct clinical
course of EAE

SJL/J mice were immunized with an encephalitogenic peptide
(PLP136-150, PLP139-151, or PLP 178-191) to induce clinical EAE. The
mice groups immunized with PLP139-151 or PLP178-191 developed
RR-EAE accompanied by smoldering chronic disease, as other enceph-
alitogenic peptides [27,31-33,51,52]. Contrastingly, those immunized
with PLP136-150 developed M-EAE that quickly and fully recovered
without significant residual signs (Fig. 1a). Moreover, a striking differ-
ence was observed among the groups when convalescent mice were
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Fig. 1. Different encephalitogenic peptides direct the distinct clinical course of EAE in SJL/J mice (a) Clinical course of relapsing-remitting EAE (RR-EAE) induced
with PLP139-151 or PLP178-191 versus monophasic EAE (M-EAE) induced with PLP136-150. A representative from at least seven EAE experiments is shown (n = 5
mice/group). (b) Complete resistance to EAE re-induction after recovery from PLP136-150-induced M-EAE. After recovery from primary EAE induced with the PLP-
peptide, mice were re-immunized with PLP136-150, PLP139-151, or PLP178-191 on day 37. A representative from five experiments yielding similar results is shown
(n = 5 mice/group). Solid and dashed arrows indicate the time of immunization and re-immunization, respectively.
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re-immunized with the same, or different, peptide to induce secondary

EAE. The mice first immunized with PLP139-151 or PLP178-191

developed secondary EAE, which had a more severe and progressive
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that received primary immunization with PLP136-150 did not develop
secondary EAE with any encephalitogenic peptide (Fig. 1b). Resistance
against secondary challenges for EAE differed between the EAE models.

course, after re-immunization with any encephalitogenic peptide, except
after re-immunization with PLP136-150. However, convalescent mice
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Fig. 2. Distinct quality and quantity of regulatory T-
cells induced after immunization with different PLP-
peptides (a) Frequency of CD47CD25" T-cells in
PLP136-150- or PLP139-151-primed LN. Data
representative of six experiments are shown (n = 6/
group). (b) Abrogation of resistance to re-induction
of PLP136-150-induced M-EAE after the depletion
of CD25" T-cells; solid diamond: anti-CD25 mAb,
open circle: rat immunoglobulin (Ig) as control. A
representative from three experiments is shown (n =
5 mice/group). (c) Ability of CD4"CD25" T-cells
from PLP136-150- and PLP139-151-primed mice to
suppress EAE. Data from a representative of three
experiments that yielded similar results are shown
(n 5 mice/group). (d) Proportions of sub-
populations demarcated by CD69 and CD103
expression among CD4"CD25" T-cell in LNs primed
with PLP136-150 or PLP139-151. Representative
data from three experiments are shown (n = 6 mice/
group). (e) Proportions of four subpopulations
shown in (d) were compared between CD25"8" and
CD25'°% fractions of CD4"CD25" T-cells. Each frac-
tion is indicated by a solid line and dashed line,
respectively (n = 4 mice/group, *P < 0.05, **P <
0.01 between PLP136-150 priming and PLP139-151
priming: #P < 0.05, ##P < 0.01 between CD25""
and CD25"" fractions). Foxp3 expression levels in
the CD25"#" and CD25"" fractions were also
analyzed. (f) In vitro suppressive activity of
CD4"CD25" T-cell subpopulations isolated on d30
from pooled LN cells primed with either PLP-
peptides and mixed with PLP139-151-primed
effector cells under PLP139-151 stimulation on cell
proliferation rates using recall response assay (upper
panel) or CFSE-labeling assay (lower panel). Assays
were conducted in at least 4 wells, and data are
expressed as the mean + SEM. (**P < 0.01
compared with control, CPM: count/min). (g) In vivo
suppressive activity of the CD47CD25"% T-cell sub-
populations. Clinical scores during the acute phase of
EAE (d1-d20) and relapse phase (d21-d35) were
recorded and summated daily (n = 5 mice/group, *P
< 0.05, **P < 0.01). The acute phase was separated
into the acute developing (d1-d13) and acute
recovering (d14-20) phases. The same mice were re-
immunized with PLP139-151 on d35, and clinical
scores of the re-induction phase were recorded daily
from d36 to d70. (h, i) Kinetics and phenotype
changes of CNS-infiltrating cells in mice primed with
PLP136-150 and PLP139-151. CNS-infiltrating lym-
phocytes were collected using a Percoll gradient,
enumerated, and examined for markers of
CD4"CD25" T-cells through flow cytometry and
compared with those in LN cells (n = 4 mice/group,
*P < 0.05; **P < 0.01 between PLP136-150 and
PLP139-151 priming, #P < 0.05; ##P < 0.01 be-
tween CNS and LN cells). (h) Frequencies of the
CD47CD25" T-cell subpopulations in CNS cells be-
tween CD25"#" and CD25'°" components indicated
by the solid line and dashed line, respectively. (i)
Foxp3 expression in the CD4"CD25" T-cell sub-
populations in CNS lymphocytes (solid line), when
compared with those in LN cells (dashed line), *P <
0.05, **P < 0.01.
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3.2. Different PLP-peptides induce distinct regulatory T-cells in quality
and quantity

PLP136-150 was suspected of inducing antigen-nonspecific resis-
tance to autoimmune diseases. This was supported by the observation
that, during the convalescence of PLP136-150-EAE, mice were partially
protected from CIA via challenge with type II collagen when compared
with that of PLP139-151-EAE (Supplementary Fig. S1). However, the
preventive effects of PLP136-150 for CIA were much weaker than for
EAE, indicating that the antigen-nonspecific effects of PLP136-150 were
inferior to the antigen or disease targets’ preferential effects.

We then evaluated the possible differences in priming ability for each
peptide to elicit encephalitogenic T-cells. Regardless of immunization
with PLP136-150 or PLP139-151, the primed LN cells showed similar
proliferative responses and production of proinflammatory cytokines
interferon-y (IFN- y) and interleukin (IL)-17 on day 10 (d10); addition-
ally, the recall responses substantially decreased on d20 in parallel with
recovery from primary EAE. However, on d30 and d40, PLP136-150-
primed LN cells continued to display reduced recall responses,
whereas PLP139-151-primed LN cells restored responses (Supplemen-
tary Fig. S2a). Of interest, in vitro stimulation with the same peptide
induced higher responses than stimulation with other peptide, regard-
less of the priming peptide. The timing of the restored responses was
consistent with that of the relapses in the PLP139-151-immunized mice.
Hence, the persistently lower recall responses of the PLP136-150-primed
LN cells from d20-d40 might have resulted from the induction of reg-
ulatory cells in the LNs. Consistently, the transfer of PLP136-150-primed
LN cells from d30 and d40 mice weakly but significantly suppressed
primary EAE attack and subsequent relapses induced in the recipient
mice, compared with the transfer of PLP139-151-primed LN cells
(Supplementary Fig. S2b).

We then sought to determine whether CD47CD25" Tregs [53] are
differentially involved in PLP136-150- and PLP139-151-EAE. The fre-
quency of CD47CD25" T-cells in the LN increased on d20 in both EAEs
and was maintained in the PLP136-150-immunized mice but was
reduced in the PLP139-151-immunized mice on d30 and d40 (Fig. 2a),
which was paralleled with peptide-specific T-cell recall responses
(Supplementary Fig. S2a).

We next injected anti-CD25 mAb into mice during the convalescent
phase of M-EAE on d35, which fully recovered the susceptibility of mice
to secondary EAE, the signs of which were serious and persistent
(Fig. 2b). Upon transfer, purified CD47CD25" T-cells from PLP136-150-
primed LN cells exhibited a more potent regulatory activity than those
from the PLP139-151-primed LN cells (Fig. 2c). Collectively, we
concluded that CD4"CD25™" T-cells induced in PLP136-150-primed mice
contributed to the acquisition of resistance to disease reactivation, i.e.,
spontaneous relapse and induction of secondary EAE.

3.3. Induction and maintenance of CD69"CD103" regulatory T-cells in
M-EAE

We subsequently quantified the expression of the key Treg factor
Foxp3 [54] in CD47CD25" T-cells derived from LN cells during M-EAE
and RR-EAE and observed no significant difference between them
(Supplementary Figs. S2c and d). Foxp3TCD47CD25" Tregs express
various surface markers [55], among which integrin agfy (CD103) is a
marker of recently activated cells and identifies one of the most potent
regulatory cell types in mice [56,57]. We measured the expression of
CD103 and another activation marker, CD69 [57,58], both of which are
associated with transforming growth factor (TGF)-f expression [59,60],
in LN CD4"CD25" T-cells. The frequency of the CD697CD103" sub-
population of CD47CD25™ T-cells was higher in M-EAE than in RR-EAE
from d20-d40, whereas the CD697CD103~ and CD69°CD103™ sub-
populations of the CD47CD25™ T-cells were similar in both EAE models
(Fig. 2d). The differences in the frequencies of the CD691CD103" sub-
population between the EAE models were observed exclusively in the
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CD25M8" fraction of CD47CD25™ T-cells, wherein Foxp3 expression was
homogeneously bright (Fig. 2e). The CD697CD103" subpopulation
isolated from d30 LN cells showed a more potent suppression capacity
than other subpopulations in vitro and in vivo, regardless of the priming
peptide (Fig. 2f and g). In contrast, the CD697CD103~ and
CD69°CD103" subpopulations showed only mild suppression shortly
after, and before, the EAE attack peak, respectively (Fig. 2g). These re-
sults indicated that the CD697CD103" subpopulation represented the
most efficacious Tregs, and the selective expansion of this subpopulation
may account for the continuous resistance to re-induction and preven-
tion of EAE relapse in PLP136-150-primed mice. We operationally
referred to the CD697CD103%, CD697CD103", CD69°CD103", and
CD69°CD103" subpopulations as DP, 69SP, 103SP, and DN subsets,
respectively.

Tregs presented in the CNS during the acute phase of EAE are
thought to resolve local inflammation [61]. Although the generation of
Tregs in situ from infiltrated effector cells by contact with neurons has
been reported in the resolution [62], another study showed that infil-
trated Tregs may lose Foxp3 expression and suppressive potentials in the
CNS inflammatory milieu [63]. We further analyzed the characteristics
of the Treg subsets among lymphocytes in the CNS of M-EAE and
RR-EAE mice. The DP subset of the CD25"#" fraction expanded in the
CNS after both EAE peaks (d20), which was more remarkable than the
expansion observed in the draining LN (Fig. 2h). The most active DP
subset was maintained on d30 in M-EAE compared with RR-EAE. Con-
trastingly, the 103SP subset, save for its CD25"° fraction in M-EAE,
infiltrated the CNS only during the disease peak (d13), and its CD25'°"
fraction in RR-EAE re-infiltrated the CNS at relapse (d30) (Fig. 2h).
Furthermore, Treg subsets in the CNS contained lower proportions of
Foxp3™ cells than those in the LN (Fig. 2i), indicating a possible loss of
Foxp3 expression in the CNS. However, only the DP subset preserved
Foxp3™ cells relatively well in the CNS, particularly after the disease
peak (Fig. 2i). Given that DP subsets of CD4"CD25" T-cells maintained
Foxp3 expression in the inflammatory CNS lesions, we postulated that
they might efficiently inhibit the reactivation of pathogenic effector cells
in the CNS.

3.4. Hierarchy and cross-reactivity of encephalitogenic peptides in SJL/J
mice

Our results indicate that PLP136-150 more efficiently induces a DP
subset of Treg; hence, PLP136-150 EAE is monophasic and resistant
against the re-induction of secondary EAE. The differential abilities of
the overlapping peptides were further analyzed using in vivo and ex vivo
experiments. Earlier studies emphasized that PLP139-151 is an immu-
nodominant peptide in SJL/J mice, as whole CNS tissue-primed cells
readily respond to this peptide [64]. Similarly, we immunized SJL/J
mice with spinal cord homogenates (SCH) and examined the T-cell recall
response to peptides encephalitogenic for SJL/J mice. Both PLP136-150
and PLP139-151 were deemed dominant peptides, as the SCH-primed
LN cells responded to these peptides (Fig. 3a). Accordingly,
PLP178-191, MBP89-101, and MOG92-106 were thought to be cryptic
(Fig. 3a). Interestingly, the T-cells primed with a dominant peptide did
not react to cryptic peptides, whereas T-cells primed with a cryptic
peptide showed weak, but apparent reactivity to dominant peptides
(Fig. 3b). This cross-response to dominant peptides, particularly
PLP136-150, was also observed to some extent with peptide-free CFA
immunization (Fig. 3b). These results indicated that autoimmune T-cells
reactive to the dominant PLP-peptides might represent an intrinsic
component of the immune system, although immunization with an
encephalitogenic peptide is needed for EAE development.

Of interest, once SJL/J mice were primed with dominant PLP-
peptides, the preferential reactivity to these peptides was preserved
even after secondary immunization with other encephalitogenic pep-
tides (Fig. 4 upper). In contrast, when mice were primed with cryptic
peptides, immune responses to these peptides appeared to be
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Fig. 3. Hierarchy and cross-reactivity of encephalitogenic peptides in SJL/J mice (a) Recall response of the LN cells from naive SJL/J mice primed with spinal cord
homogenate. Proliferative responses to encephalitogenic peptides PLP136-150, PLP139-151, PLP178-191, MBP89-101 and MOG92-106 were measured on d13 after
immunization. Representative data from one of two experiments with similar results (n = 4 mice/group, CPM: count/min) are shown. (b) Recall responses of the
primed LN cells to encephalitogenic peptides. SJL/J mice were primed with each encephalitogenic peptide in CFA or with CFA without the peptide as a control, and
proliferative responses were measured on d13. Representative data from one of at least three experiments with similar results (n = 5 mice/group, CPM: count/min)
are shown. (c) Primary EAE was induced with a low-dose (10 pg/mice) of overlapping PLP-peptide (PLP136-150, PLP136-151, PLP139-150, or PLP139-151) as a
suboptimal stimulus, and secondary EAE was induced with a regular dose (100 pg/mice) of PLP139-151. The clinical scores for the mice that developed clinical signs

of EAE, and the incidence of EAE among immunized mice, are shown (n =

7 mice/group, *P < 0.05, **P < 0.01). Arrows indicate the time of immunization. (d)

Recall response to four overlapping PLP-peptides (PLP136-150, PLP136-151, PLP139-150, or PLP139-151). Proliferative responses of LN cells primed with subop-
timal doses of peptide were measured on d13. Representative data from one of two experiments with similar results are shown (n = 4 mice/group, CPM: count/min).

subdominant after secondary immunization with other encephalitogenic
peptides (Fig. 4 lower). Hence, T-cell reactivity to a dominant PLP-
peptide overwhelmed other encephalitogenic T-cell responses in SJL/J
mice. Particularly, it appears that PLP136-150- and PLP139-151-
reactive T-cells did not completely overlap, as PLP136-150-primed LN
cells responded more robustly to PLP136-150 than to PLP139-151 at low
concentrations, whereas PLP139-151-primed LN cells responded rela-
tively equally to both dominant peptides (Fig. 3b).

We then evaluated whether T-cell responses to a dominant PLP-
peptide were preserved after inducing tolerance with another domi-
nant PLP-peptide. PLP136-150 induced comparably complete tolerance
to PLP136-150 and PLP139-151, whereas PLP139-151 induced suffi-
cient tolerance only to PLP139-151, but partial tolerance to PLP136-150
(Supplementary Fig. S3a). In addition, mixtures of both dominant pep-
tides induced M-EAE, similar to PLP136-150-EAE; LN cells primed with
the peptide mixture exhibited lower proliferative responses to the pep-
tide, similar to PLP136-150-primed LN cells (Supplementary Figs. S3b
and c). We hypothesized that they have different functional avidity.

Biological phenomena resulting from the differential avidity be-
tween the T-cell receptor (TCR) and peptide/MHC complex can be
overlooked when a supra-optimal peptide dose is applied [65]. There-
fore, we re-evaluated the encephalitogenic capacity of PLP-peptides

using a lower immunizing dose (10 pg/mouse, 1:10 of the optimal
dose). At this suboptimal dose, sensitization to PLP139-151 did not
induce EAE at all, strongly supporting the qualitative differences be-
tween PLP136-150 and PLP139-151 and rejecting the hypothesis that
both peptides can be grouped based on their ability to stimulate
SCH-primed LN cells. We also conducted a more comprehensive anal-
ysis by adding two overlapping peptides, PLP136-151 and PLP139-150.
The results revealed a hierarchy among these peptides regarding
encephalitogenic potential to induce primary EAE (PLP136-150 >
PLP136-151 > PLP139-150 > PLP139-151) (Fig. 3c). In parallel, we
evaluated the recall responses to the PLP-peptides in mice primed with a
suboptimal dose. LN T-cells primed with a less encephalitogenic peptide,
such as PLP139-151, responded equally to any peptide with a higher
encephalitogenic potential, whereas T-cells primed with a more
encephalitogenic peptide responded more efficiently to peptides with
higher encephalitogenicity, indicating that priming with a more
encephalitogenic peptide could result in a repertoire skewed to the
primed peptide itself (Fig. 3d). Conversely, susceptibility to EAE
re-induction with secondary immunization was inversely correlated
with the encephalitogenic potential of peptides used for primary im-
munization (Fig. 3c). These results indicated that such preferential
skewing of T-cells to the peptide placed at a higher rank in the
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Fig. 4. Longitudinal reactivity in sequential immunization Mice sensitized with an encephalitogenic peptide (primary peptide; PLP136-150, PLP139-151, PLP178-
191, MBP89-101, or MOG92-106) were immunized with another peptide (secondary peptide; PLP136-150, PLP139-151, PLP178-191, MBP89-101, or MOG92-106)
on d40, and the recall proliferative responses to both peptides in the LN cells of the mice was measured on d13 after secondary immunization. Representative data
from one of two experiments with similar results are shown (n = 5 mice per group, CPM: count/min).

encephalitogenic hierarchy could be critical for inducing primary EAE,
as well as resistance to disease re-induction and reactivation of
encephalitogenic T-cells.

3.5. Distinct antigen specificity of Treg subsets in PLP136-150 and
PLP139-151-induced EAEs

Collective data suggests that the preferential reactivity of the

peptide-primed T-cells to the dominant PLP-peptide may reflect the
abundance of T-cells reactive to the dominant peptide. Using PLP139-
151-bound I-As MHC-class II dextramer [38,39], we compared the fre-
quency of the cells reactive to the dominant peptide among total CD4™"
T-cells, CD41CD25" T-cells (CD25"), and CD47CD25™ T-cells (CD257)
between PLP136-150- and PLP139-151-primed LN cells (Fig. 5a).
Although dextramer' populations were primarily detected in CD25
cells during the induction phase of EAE (d10 and d13), these populations
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Fig. 5. Distinct antigen specificity of Tregs subsets in PLP136-150 and PLP139-151-induced EAEs (a, b) Frequency of PLP139-151-specific I-As dextramer™ cells in
isolated CD4™ T-cells and CD47CD25" T-cells. (a) Representative staining pattern on d30. (b) Frequency of dextramer™ cells in lymphocyte and lymphoblast
fractions. Populations with Forward Scatter (FSCs) larger than their lymphocytes were demarcated as lymphoblast. (c, d) Frequency of Fox3™ dextramer™ cells or
Fox3~ dextramer™ cells in isolated CD4"CD25" T-cells and CD4"CD25™ T-cells, represented as the percentage among CD4 " T-cells. (e) Frequency of dextramer * cells
in CD25"8" and CD25'°" fractions among CD47CD25" T-cells on d30. (f-h) Frequency of dextramer™ cells in the subset of CD4"CD25" T-cells. (f) Representative
staining pattern on d30. (g, h) Frequency of dextramer™ cells in Foxp3" and Foxp3™ fractions on d13 and d30. Representative data from one of the two experiments

are shown (*P < 0.05, **P < 0.01 between PLP136-150 and PLP139-151 priming; #P < 0.05, ##P < 0.01 among the subsets of Treg).

mostly shifted in CD25" cells during the recovery phase (d20) for both
groups (Fig. 5b). Although dextramer” populations in
PLP136-150-primed LN cells continuously resided exclusively in CD25"
cells during the remission phase (d30), approximately half of these
populations were found in CD25™ populations in PLP139-151-primed
LN cells (Fig. 5b). Foxp3'dextramert populations were mostly CD25~
during the induction phase (d10 and d13), indicating activation-induced
expression of Foxp3 [66]. In contrast, during the recovery and remission
phases of EAE (d20 and d30), Foxp3 expression was largely restricted to
CD257 cells in PLP136-150-primed LN cells (Fig. 5c and d). The same
trend was observed in PLP139-151-primed LN cells, though it was less
remarkable. These results indicated that the Foxp3'dextramer™ cells
detected during the remission phase were intrinsic Tregs.

Moreover, dextramer "CD41CD25" T-cells were primarily detected

in the CD25M8" fraction during the remission phase (d30) of PLP136-
150-EAE, whereas they were observed mostly in the CD25'°" fraction
after PLP139-151 priming (Fig. 5e). Furthermore, among the Treg sub-
sets defined by the expression of CD103 and CD69, most of the
dextramerFoxp3™ populations were observed in the DP and 103SP
subsets regardless of immunization with PLP136-150 or PLP139-151
(Fig. 5f). When these subsets were compared on d13 and d31, the pro-
portion of dextramerFoxp3™ populations was higher in the DP than
103SP subsets in both the PLP136-150- and PLP139-151-primed groups.
Although the high proportion of dextramer'Foxp3™ populations in the
DP subset was maintained in the PLP136-150-primed LN cells, it
decreased in PLP139-151-primed LN cells (Fig. 5g). In contrast,
dextramer Foxp3~ cells were relatively undetectable in the DP subset
but were present in the 103SP subset on d13 and the 69SP subset on d31,
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Fig. 6. Resistance to the re-induction of EAE via expansion of a distinct subset of Tregs depends on the flanking residues of the dominant peptides that are reflected in
the peptide preferences. (a) Different kinetics of CD47CD25" T-cell subsets in LN cells primed with overlapping PLP-peptides (PLP136-150, PLP136-151, PLP139-
150, or PLP139-151). LN cells from an individual mouse were individually analyzed (n = 5 mice/group). (b) Comparison of overlapping PLP-peptides (PLP13x-15y
(x = 6-9; y = 0,1)). The relapse rate (%) of primary EAE and the incidence (%) of re-induced EAE are shown (n = 10-28 for each group). (c) Recall response to
PLP136-150 and PLP139-151 on d40 in LN cells of SJL/J mice primed with each truncated PLP-peptide indicated in Fig. 6b. (n = 4 mice/group). Note that the scale of
CPM differs (CPM: count/min). (d) Differences in susceptibility to EAE induced with the PLP-peptides depend on the PLP136-150 or PLP139-151 backbone (n = 5
mice/group).
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particularly after PLP139-151 priming (Fig. 5h). Thus, the dextramer™
DP subset was exclusively Foxp3™ Tregs, whereas the dextramer™ 103SP
subset also contained a Foxp3™ non-Treg fraction. These results implied
that PLP136-150 priming could efficiently induce and maintain antigen-
specific Foxp3' Tregs; however, antigen-specific non-Tregs were
excluded. Additionally, PLP139-151 priming induced antigen-specific
Foxp3" Tregs, which were only transient and rapidly replaced by
antigen-specific non-Tregs.

3.6. PLP136-150 residues determine the dominant peptides hierarchy and
reactivation resistance

We then compared the frequency of the Treg subsets shown in Fig. 2d
isolated from the LN cells primed with overlapping peptides PLP136-
150, PLP136-151, PLP139-150, and PLP139-151, which expressed
different levels of encephalitogenicity shown in Fig. 3c. The DP subset
increased continuously in mice primed with the more dominant PLP-
peptides 136-150 and 136-151, while they decreased when mice
were immunized with less dominant peptides. Other subsets, such as
69SP, 103SP, and DN, were similar across all groups of mice (Fig. 6a).
The kinetics in the DP subset appeared to correlate with the ability of
each primed peptide to induce primary EAE and to protect against sec-
ondary EAE.

The linkage between the functional and structural aspects of PLP-
peptide priming was then assessed. The TCR contact residues and
MHC binding sites are thought to be identical between PLP136-150 and
PLP139-151 as the T-cells primed with both PLP-peptides were highly
cross-reactive (Fig. 3b). Thus, the presence of N-terminal residues
(R136/V137/5138) and/or absence of C-terminal residue (F151) likely
accounted for different encephalitogenicity and protection against sec-
ondary EAE, coupled with the ability to induce the DP subset of Tregs.

To further confirm this, we immunized mice with a larger panel of
overlapping PLP-peptides at regular optimal doses and analyzed the
clinical manifestations of the primary and secondary EAE and the T-cell
recall response during the remission phase of primary EAE. Deletion of
1-4 residues in the N-terminus (R136, V137, S138, and H139) from
PLP136-150 and the addition of one residue (F151) to the C-terminus
synergistically increased the relapse rate of primary EAE and the inci-
dence of secondary EAE (Fig. 6b). The recall response was also enhanced
in correlation with the EAE clinical courses (Fig. 6¢). We then compared
the clinical profile of the EAE in mice immunized with analog peptides of
PLP136-150 and PLP139-151 with amino acid substitutions. The analog
peptides had substitutions at S/C140, L141, G142, K143, W144, L145,
G146, H147, or P148 to A (alanine). Immunization with any of the
peptide analogs proved less efficient for the induction of primary EAE,
especially L141A, K143A, W144A, H147A, and P148A, when compared
with the wild peptide; regardless of whether the analog was derived
from PLP136-150 or PLP139-151 (Fig. 6d upper). In contrast to the wild
PLP136-150 peptide, mice primed with the PLP136-150 analog peptides
developed secondary EAE, although disease severity was reduced
compared with those primed with the PLP139-151 analog, save for the
K143A, L145A, and P148A analog peptides. Like the priming with wild
PLP139-151, priming with the PLP139-151 analog peptides also resulted
in secondary EAE, although some exerted marginal preventive effects
were comparable to priming without a peptide (Fig. 6d lower).

Furthermore, the T-cell recall response in the LNs of mice immunized
with analog peptides showed that immunization with the K143A and
P148A substituted peptides did not induce T-cell responses to any pep-
tide, whereas immunization with the W144A, H147A, and L141A
substituted peptides induced T-cell responses only to the analog peptide
itself (Fig. 7a). Together with the results that these analog peptides did
not induce primary EAE (Fig. 6d upper), these results indicate that K143
and P148 may serve as MHC binding sites, while W144, H147, and L141
could be TCR contact sites in both PLP-peptides [67]. The I-As binding
residues of the PLP-peptides, which we assumed in this study, were
consistent with those previously proposed as I-As ligand motifs [68]. A
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previous study demonstrated that while using T-cell clones specific for
PLP139-151, W144, H147, and L141 function as the primary, second-
ary, and tertiary TCR contact sites, respectively, whereas P148 (P9) and
K143 (P4) or L145 (P6) are the primary and secondary MHC binding
sites, respectively [67-70]. Taken together, we regarded R136-S138 of
PLP136-150 and F151 of PLP139-151 as the flanking residues, which
were located outside the TCR contact sites and MHC binding sites. These
results indicated that MHC-class II binding and TCR contact residues
were shared between PLP136-150 and PLP139-151 and that flanking
residues played a critical role in determining the hierarchy in
encephalitogenic potentials and the induction of the DP subset of
Tregs, which plays a pivotal role in the regulation of the EAE clinical
course.

3.7. PLP136-150 flanking residues secure binding stability to the MHC-
class II molecules

According to the analysis of the T-cell response with analog peptides
(Fig. 7a), S140 and L145 in PLP136-150 were speculated to be second-
ary MHC binding sites, corresponding to P1 and P6 that were defined by
the ligand motifs [68]. In addition, the presence of another binding
pattern to I-As, shifted toward the N-terminal side by three residues,
such as K143 corresponding to P1 instead of P4, and P148 corresponding
to P6 instead of P9, could not be excluded for PLP139-151 (Fig. 7b).
These results prompted us to explore if PLP136-150 and PLP139-151
binding to I-As differs qualitatively or quantitatively. The binding ca-
pacity of the dominant PLP-peptides to MHC molecules was therefore
evaluated in silico. We first composed estimated I-As a and p chains,
MHC-class II of SJL/J mice, and the two PLP-peptides by homology
modeling (Fig. 8a, Supplementary Fig. S4). We then simulated their
structural changes in solution using calculations of their molecular dy-
namics (MD) and replica exchange with solute tempering (REST) [48].
This simulation revealed that PLP136-150 remained stationary in the
MHC groove, while PLP139-151 escaped the groove and fluctuated
around it, and that the N-terminal residues of these PLP-peptides were
located outside of the MHC groove, which supports the notion that these
residues correspond to flanking residues (Video 1). Focusing on the main
chain of the common core peptides 140-149, PLP136-150 was quite
stabilized at a single center in association with its N-terminal residues,
whereas PLP139-151 was unstable with nearly double the foci (Fig. 8b
and c). This stability of PLP136-150 relied on the presence of high
hydrogen bond occupancy at L145, H139, S138, and K150 of its main
chain with MHC molecules (Table 1), the presence of the side-chains at
L141 and W144 that could fit in the mostly hydrophobic pockets of the
MHC molecules (Supplementary Figs. S5a and b), and the presence of
weak hydrogen bonds at K143 and S138 of its side-chain (Supplemen-
tary Figs. S5c and d). The presence of synergistic hydrogen bonds at
residues R136-S138 of PLP136-150 (Fig. 8d) and the absence of the
residue F151 of PLP139-151, which obstructed the formation of strong
hydrogen bonds at K150 made by a turn shaped from P148 (Fig. 8e),
could achieve these phenomena. In contrast, PLP139-151 formed no
stable hydrogen bonds from H147 to K150 of its main chain with the
MHC molecules (Table 1), consistent with the observations that the
C-termini of PLP139-151 displayed a variety of conformations (Fig. 6a,
Video 1). Furthermore, even the hydrogen bonds formed at the N-ter-
minal residues of the main chain were weak (Table 1), and the overall
contact of its side-chain with MHC molecules was less than that of
PLP136-150, especially at W144 and H147 in the hydrophobic pockets
(Supplementary Fig. S5e), suggesting an inability to stabilize in the
shifted position to the N-terminal side. These results indicated that
PLP136-150 could strictly bind to the MHC molecules, while
PLP139-151 would loosely bind and move back and forth. Taken
together, the binding stability of the PLP-peptides to MHC molecules
was structurally influenced by their flanking residues, which determined
the encephalitogenic potential and stability of antigen-specific Tregs
(Fig. 8f).
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expected from Figs. 6d and 7a. The key residues are encircled with ovals. P1, P4, P6, and P9 are thought to correspond to MHC pockets as described in the
binding motif.
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fluctuations when compared with those of the other chain (Mann-Whitney test). (d) Key hydrogen bonds between N-terminal residues of PLP136-150 and MHC-class
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3.8. EAE reactivation resistance in PLP136-150 priming requires peptide adjuvant instead of CFA (peptide/IFA sc) did not induce primary EAE,
immunization itself and mice treated with PLP136-150/IFA sc were significantly protected
from the subsequent induction of EAE with any peptide, while

To examine the potential therapeutic applications of the results for PLP139-151/1IFA sc did not exert such protective effects (Fig. 9b).
autoimmune diseases, we evaluated whether the resistance to EAE Moreover, the proportional increases in Tregs and their DP subset were
reactivation observed in PLP136-150 priming could be induced without observed in mice treated with PLP136-150/IFA sc as seen with the
primary EAE development. Classical tolerance induction with peptides PLP136-150/CFA sc treatment. However, a similar increase in Tregs was

administrated orally or intravenously inhibited the development of EAE not detected in mice receiving other peptide tolerance treatments, such
[71,72]. We found that this peptide-induced tolerance was observed as peptide/IFA ip (Fig. 9¢). Thus, we concluded that sensitization with
only in a peptide-specific manner (Fig. 9a), except for cross-tolerance PLP136-150 would uniquely induce the peptide non-specific, but tissue
between PLP136-150 and PLP139-151. In contrast, subcutaneous preferential, inhibition of EAE by increasing the DP subset of Treg.

sensitization with the peptide emulsified in incomplete Freund’s Finally, passive EAE induced by the transfer of encephalitogenic T-cells
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Table 1
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Analyses of the hydrogen bonds between MHC I-As and PLPs Hydrogen bonds were defined as having donor-acceptor distances <3.0 A and a hydrogen-donor-
acceptor angle <20°. Only hydrogen bonds with more than 10% occupancy are listed. In the Donor/Acceptor columns, «, §, and P represent the MHC-a chain, MHC-f
chain, and PLP-peptide, respectively. Hydrogen bonds involving the PLP-peptide are in bold, and amino acid residues in MHC responsible for hydrogen bonds were
underlined when the same residues were found in both the left and right columns. Most hydrogen bonds (11/13 in MHC-PLP136-150 and 12/13 in MHC-PLP139-
151) were formed between MHC I-As and the main chain atoms of the PLPs, reflecting the function of MHC I-As that accommodates a wide variety of peptides.

PLP136-150
Donor Acceptor %

A:THR56-Side P:ARG136-Main 11.7
B:HIS106-Side P:VAL137-Main 14.1
P:SER138-Main A:SER57-Main 36.4
B:ASN107-Side P:HIS139-Main 44.7
P:HIS139-Main B:ASN107-Side 19.6
P:LEU141-Main A:TYR12-Main 24.3
P:GLY142-Main B:GLU99-Side 15.8
P:LYS143-Side A:THR69-Side 10.2
B:TYR88-Side P:TRP144-Main 25.8
B:TYR92-Side P:LEU145-Main 50.7
P:HIS147-Main B:ASP84-Side 21.6
A:TYR72-Side P:ASP149-Side 19.3
A:ARGB80-Side P:LYS150-Main 44.6

PLP139-151
Donor Acceptor %

A:THR56-Side P:HIS139-Main 13.6
A:THR56-Side P:HIS139-Side 10.0
B:HIS106-Side P:CYS140-Main 14.2
P:LEU141-Main A:SER57-Main 14.6
B:ASN107-Side P:GLY142-Main 109
B:THR102-Side P:LYS143-Main 13.6
A:TYR26-Side P:TRP144-Main 10.8
P:TRP144-Main A:TYR12-Main 10.0
P:LEU145-Main B:GLU99-Side 18.9
P:GLY146-Main B:GLU99-Side 15.9
B:TYR87-Side P:PHE151-Main 17.8
A:GLN65-Side P:PHE151-Main 10.4

primed with either PLP139-151 or PLP136-150 similarly resulted in EAE
relapse without rapid recovery (Fig. 9d). The mice were highly susceptible
to re-induction of EAE, which contrasted with EAE actively induced with
peptide immunization (Fig. 9d). This implied that the DP subset of Tregs
could not be induced via transfer of primed effector cells, but required
sensitization to the peptide itself, acting as an inverse vaccination [73].

4. Discussion

Our study focused on elucidating the mechanism of individual self-
antigens contributing to discrete immune responses, which might be
applicable to antigen-specific therapy. The current study was initiated
after observing that immunization with discrete peptides PLP136-150
and PLP139-151 induced different types of EAE in SJL/J mice, namely
M-EAE and RR-EAE, respectively (Fig. 1a). Moreover, PLP136-150-
primed mice exhibited complete resistance to the re-induction of EAE
when immunized with any of the encephalitogenic peptides, whereas
PLP139-151-primed mice remained highly susceptible (Fig. 1b). Sub-
sequent studies revealed that these peptides have differential abilities to
induce potent Tregs, which may account for these observations
(Fig. 2a—c). More detailed analysis revealed that the potent Tregs, which
were more efficiently induced by PLP136-150 immunization, corre-
spond to a Treg subset, defined by the expression of both CD69 and
CD103 (DP subset; Fig. 2d-g). The DP subset of Tregs, which we describe
here, expanded and acted preferentially in the inflamed CNS with more
stable Foxp3 expression (Fig. 2h and i). Using MHC-class II dextramer
loaded with PLP139-151, we found that PLP136-150 immunization
efficiently induced and maintained antigen-specific Tregs, especially
composed of DP subset (Fig. 5f~h). These results were unexpected as the
sequences of these two peptides differed only in their peptide flanking
residues. However, the importance of peptide flanking residues was
highlighted first in EAE experiments using a lower dose of peptide for
immunization (Fig. 3c and d). At the 10 times lower dose, PLP136-150
induced EAE, whereas PLP139-151 was non-encephalitogenic. The re-
sults indicated that the two peptides might have qualitatively different
abilities to expand cross-reactive encephalitogenic T-cells. In vitro ex-
periments and ex vivo flow cytometric analysis (Fig. 6a, c¢) further
implied that the numerical and functional stability of PLP-specific Tregs
depended on how stably the peptide binds to I-As MHC-class IL
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Unexpectedly, flanking residues of the peptide had a major influence on
MHC-class II binding (Fig. 8). Tregs appeared to depend on how stably
the peptide binds to I-As MHC-class II.

Tregs are promising therapeutic targets for autoimmune diseases in
suppressing excessive immune responses while avoiding collateral
imbalance that might occur in the therapy with molecular target agents
[74]. However, they have a risk for infection and tumor development by
their non-specific suppression [75] and a plasticity issue that allows
their conversion to pathogenic effector cells in some circumstances [76].
Functionally, Treg stability has been linked to epigenetic modifications
in Foxp3 and other Treg-signature genes [77]. These modifications,
established in the thymus, are preserved with lineage continuity even in
the periphery and retain stabilized suppressive functions, including in-
flammatory stimuli, in most circumstances [78]. However, a recent
study reported that such epigenetic modifications are insufficient to
secure the stability of antigen-specific Tregs under autoimmune in-
flammatory conditions [79,80]. In addition, Treg stability requires
enhancement of TCR strength [81] or IL-2R signaling [82,83] and the
acquisition of co-expression of another transcription factor to transform
into effector Tregs [84], which is established to adapt to local environ-
ments [85-87]. Particularly, effector Tregs can act as tissue-resident
Tregs and participate in tissue homeostasis, while in other circum-
stances, they become pathogenic via loss of Foxp3 expression [80,
87-89]. Their heterogeneity might explain this discrepancy. Using I-As
dextramer, we revealed the presence of antigen-specific Tregs in the DP
(CD69*CD103™) and 103SP (CD69~CD103™) subsets (Fig. 5f). In the DP
subset, dextramer ' Tregs were found exclusively in the Foxp3™ fraction,
whereas they were also present in the Foxp3~ fraction of the 103SP
subset (Fig. 5g and h). The DP subset preferentially expanded in the CNS
after the EAE peak and could suppress the activation of encephalitogenic
T-cells at any period of the EAE. In contrast, the 103SP subset infiltrated
the CNS around the EAE peak and could mitigate and exacerbate EAE
during the induction and recovery phase of EAE, respectively (Fig. 2h,
g). Although both Treg subsets expressed effector signatures, the DP and
103SP subsets presented different TCR signaling patterns, cytokine
profiles, and survival capacities in response to stimulation by distinct
cognate antigens (manuscript in preparation). Therefore, the expansion
and stabilization of the DP subset would likely require the persistent and
proper presentation of the dominant peptide antigen that was naturally
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Fig. 9. Resistance to EAE re-induction via induction of Tregs required PLP136-150 immunization To confirm the effects of the PLP136-150 priming on EAE inhi-
bition, the following three conditions: (a) routes of administration; (b) EAE development; and (d) peptide presence were evaluated. (a) Peptide tolerance was induced
in SJL/J mice by intraperitoneal (ip) injection of encephalitogenic peptides (PLP136-150, PLP139-151, PLP178-191, MBP89-101, and MOG92-106) emulsified in IFA
14 days before EAE induction by immunization with PLP136-150, PLP139-151, or PLP178-191. IFA with no peptide was used as a control (n = 5 mice/group). (b)
Peptide sensitization without EAE development. Mice were immunized with PLP136-150 emulsified in IFA (referred to PLP136-150/IFA) or PLP139-151/IFA
subcutaneously (sc) before EAE induction by re-immunization with PLP139-151/CFA on d35. PBS/IFA used as control (n = 5 mice/group). (c) Frequency of the
DP subset of CD47CD25™ T-cells in LN from PLP-peptide-tolerant mice (referred to PLP-peptide/IFA ip) and PLP-peptide-immunized mice (referred to PLP-peptide/
IFA sc or PLP-peptide/CFA sc), compared with naive mice (*P < 0.05, **P < 0.01). (d) Passive EAE. Irradiated naive mice were administered PLP136-150-sensitized
LNs or PLP139-151-sensitized LNs on d13 for passive EAE and were then re-immunized with PLP139-151/CFA on d40 for active EAE (n = 5 mice/group).

exposed in the CNS tissue, which is similar to the activation of the
tumor-infiltrating effector Tregs in situ [90]; otherwise, the 103SP subset
was infiltrated. As such, PLP136-150 priming could secure the stability
of induced Tregs as it efficiently expanded the most potent and stable DP
subset. In contrast, PLP139-151 priming could not maintain the DP
subset, leading to the expansion of the 103SP subset, which contained
Tregs with the plasticity to differentiate into pathogenic cells.

Regarding the structural aspects, we discovered that the peptide
flanking residues of PLP136-150 and PLP139-151 were key to deter-
mining their encephalitogenic potentials and ability to maintain
antigen-specific Tregs (Figs. 3c and 5b, g, h, Fig. 6a and b). Given that
PLP136-150 and PLP139-151 greatly differed in encephalitogenicity,
conclusively with low-dose priming, it is possible that a higher func-
tional avidity interaction of their cognate peptide with encephalitogenic
T-cells may give rise to the generation of potent regulatory T-cells as
well as more encephalitogenic T-cells. The high-avidity TCR-pMHC in-
teractions tend to cause T-cell apoptosis, while apoptosis-resistant cells
acquire regulatory features in human type 1 diabetes [91].

Regarding peptide avidity and potential immunogenicity, past
studies using altered peptide ligands (APL) emphasized the role of the
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TCR contact and MHC binding residues of a given peptide [70,92].
Herein, however, we demonstrated the importance of peptide flanking
residues based on the results of in vivo and in silico analysis (Figs. 6b and
8). The contributions of peptide flanking residues to enhance immuno-
genicity in vitro were reported using the egg white lysozyme (HEL)
system [93,94]. Moreover, a relationship between peptide length and
peptide flanking residues with binding affinity and stability has been
reported [95-97]. Single-molecule X-ray analysis of the HEL peptide
demonstrated that short peptides might move into the MHC groove more
freely than larger peptides [98], which may generate conformational
changes, leading to the induction of cryptic autoimmunity [98,99]. Our
findings that peptide flanking residues directly contribute to binding
stability could be regarded as proof of this assumption. The in silico re-
sults (Fig. 8, Video 1) indicate that higher stability of peptide binding to
MHC-class II can facilitate longer contact between the TCR and peptide,
thus inducing efficiently stabilized antigen-specific Tregs.

The results of the present study will have major implications on our
understanding of how self-sensitization fails to be resolved in certain cases,
leading to the development of chronic autoimmune diseases while suc-
ceeding in other cases. Our findings suggest the overwhelming importance
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of peptide sequence for primary sensitization. As evidenced by the com-
parison of dominant and cryptic peptides, the responses to dominant
peptides govern and simplify the subsequent reactivity to other antigens
(Fig. 4). Such simplification may be advantageous for peptide selection in
non-necessity to consider mixtures of multiple antigens [100], which may
be generated during epitope spreading [101,102], including even un-
identified ones. Moreover, as was determined from the comparison be-
tween dominant peptides (PLP136-150 and PLP139-151), which also
affected the response in immunization with cryptic peptide (Fig. 3b), the
preferential peptide has the potential to efficiently induce and maintain a
distinct subset of efficacious antigen-specific Tregs (Fig. 2d, e, h, Fig. 5);
functionally, such peptides may stimulate corresponding T-cells at a
higher frequency and for a longer duration. Sensitization to the prefer-
ential dominant self-peptide should be exploited for the prevention or
termination of pathogenic autoimmunity. We postulate that a current
version of the suppressor determinant of the antigen will be highly
immunogenic and capable of inducing potent Tregs like PLP136-150 in
SJL/J mice, although the assumption was discovered in one animal strain
in which several encephalitogenic peptides were identified.

Under the “immunological homunculus” paradigm, Cohen explained
why natural autoimmunity is prevalent in the healthy immune system
[103]. According to this concept, proper autoimmunity is expected to
protect damaged tissues by preventing secondary degeneration [104,
105]. Our data support this concept; that is, PLP136-150-induced M-EAE
resulted in quicker recovery when compared with PLP139-151-induced
RR-EAE, secondary immunization of PLP136-150 induced recovery in
either PLP139-151- or PLP178-191-induced RR-EAE with progressive
capacity (Fig. 1), and the lymphocytes from convalescent mice could
suppress progression (Fig. 2c). We further observed the tissue repair
capacity of the DP subset of Tregs in PLP136-150-immunized mice
(manuscript in preparation).

Our understanding of the complexities of the immune system histori-
cally keeps pace with the study of EAE, which originated from a rare allergic
reaction observed in the early vaccination era [106]. Although advanced
vaccination prevents many infectious diseases, eliminating infection hy-
gienically would likely lead to the development of autoimmune diseases
[107]. Also, the recently advancing cancer immunotherapy poses risks for
developing them [108]. Based on our results, we propose that preferential
dominant peptides, such as PLP136-150, should be considered for
antigen-specific peptide therapies to govern autoimmune diseases by in-
verse vaccination, achieving benign autoimmunity, whereas they should be
avoided for use in peptide-based therapies as anti-tumor immunotherapies.
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Supporting Information

Detailed protocol of MHC class-II I-As simulation

The initial structure of MHC I-As molecule was refined using molecular dynamics
simulation. Detailed system setups for computation are as follows. All histidine residues
were modeled as HIE (protonated at He atoms). Six cysteine residues in MHC I-As were
appropriately connected through three S-S bonds. All N- and C-termini were not capped,
i.e., termini were ionic. Waters were added with the solvation thickness of at least 10 A.
There were 107,087 and 115,731 atoms for MHC-PLP136-150 and MHC-PLP139-151
systems, respectively. The simulation topology was constructed with AmberTools
[AMBER] and converted to GROMACS [GMX, GMXS5.1] through acpype [acpype].

In molecular dynamics simulation, smooth particle-mesh Ewald (PME) method
[EssmanSPME] was used to evaluate long-range electrostatic interactions. The real-space
electrostatic interaction of the PME, and the Lennard-Jones terms of the non-bonded
interaction was cut-off at 10A. Bonds between hydrogens and heavy atoms were
constrained to be constant using P-LINCS [P-LINCS]. The integration time step was set
to 2 fs. Rigid body motion of TIP3P waters were treated by SETTLE.[SETTLE] Constant
temperature simulation at 300 K was achieved by employing the Langevin dynamics. The
pressure was kept at 1 atm using Berendsen’s barostat [BerendsenWeakScaling], and the
pressure tensor was corrected by the dispersion correction scheme. The double precision
version of GROMACS was used.

Brief introduction to REST2 simulation

As described in Materials and Methods, REST2 simulation was employed to sample
various configurations of MHC I-As—PLP complexes. The principle of REST2 simulation
is as follows. In REST2, N multiple simulations (“replicas”) are performed in parallel
(numbered from 0 to N-1). Each replica uses different potential function to sample
different configurations. Specifically, the potential function U is split into three terms,
namely;

U=Upp + Upy + Upy-

Here, “p” is the region whose sampling needs to be accelerated (named after “protein” in
Ref. [REST2]), whereas “w” is the region that does not have to be accelerated (named
after “water”). The potential function Up, represents the interaction within the “p”
region, whereas Up,, and U,,, represent those between “p” and “w” and within “w”,

respectively. The potential function U,, used in replica m (0 <m < N — 1) is then



formed as;

Pm Pm
"B B

where B, = (kgT,,)" !, kg=Boltzmann constant, and T,,=specified temperature. T, is

Un Upw + Uww,

the temperature of our interest (in this study, Ty;=300 K). Simulations with high T,
allows to sample a wide variety of configurations in the accelerated regions due to
weakened interactions in Uy, and Up,,. All simulations in REST2 are carried out at
temperature T, irrespective to T,,; T,, values are used only to determine the potential
function of replica m. During the simulation, at regular interval, two neighboring replicas
numbered m and m + 1 exchange their coordinates with the following probability
[HamiltonianReplica] ;
Pr(m, X,,,, X;p41)

= min(1, exp[—Bo(Um Xm+1) + Unms1(Xm) = Upn (X))

- Um+1(Xm+1))]);
where U,,(X,) is the potential energy of particles with the coordinate in nth replica,
evaluated by mth replica’s potential function. With this scheme, the configurations
sampled in replica 0 converges to the samples at temperature T,. Figure S2 is a schematic
representation of state exchanges between replicas. In the present study, we used N =24

replicas and the temperatures were set to
m

-1
T = (To_l N —1 (To_1 - T1\7—11)> )

where Ty_; was set to 600K. Neighboring replicas were exchanged every 1000 steps
(i.e., 2 ps). The exchange ratios were between 35% and 54%. The distance between the
center of mass of the peptide and the center of mass of the MHC cleft was restricted so
as not to exceed 15 A, by adding a flat-bottom harmonic restraint potential with the force
constant of 1000 kJ mol! nm™2. In the present simulation, there were no snapshots
violating this distance restraint in replica 0. After 100 ns of equilibration, the convergence
of 100 ns production run was observed. The trajectories were split into 10 sections (10 ns
each), and the forward and backward averages of peptide Ca atom coordinates were
calculated. The deviations of these time-sliced averages were all within the standard
deviation among 100 ns, showing that the systems were well equilibrated for further

analyses.
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