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A
�

bstract. Autoimmune diseases are typically characterized by a persistent inflammatory self-recogn	 ition process
t



hat ultimately leads to chronic progressive disability. Over the past several years we have ad

�
dressed the fun-

d
�
amental question of why autoimmune diseases are chronic. Our working hypothesis in these stu� dies has been

t


hat autoimmunity involves a continuous acquisition of new self-recognition events, thereby
  providing an inflam-
matory steady-state that leads to chronicity. This acquired T cell neoautoreactivity is commo� nly referred to as
e� pitope spreading. By studying multiple sclerosis (MS) and its related animal model, experimen	 tal autoimmune
e� ncephalomyelitis (EAE), we have found that chronic progression of autoimmune disease is inva� riably linked to
t



he development of an epitope-spreading process that manifests as a cascade of inflammatory T cell neoautore-
a� ctivities to a sequential series of predictable new target self-antigens. However, our most



 recent observations

i
�
ndicate that the emergence of epitope spreading is accompanied by a concurrent regressio� n of the established
p� rimary autoreactivity associated with disease onset. Thus, our studies indicate that progression of autoimmune
d

�
isease involves a shifting of T cell autoreactivity from primary initiating self-determina� nts to defined cascades

o� f secondary determinants that sustain the inflammatory self-recognition process during progression to chronicity.
O

�
ur data support the view that the natural development of self-recognition during autoimmu� ne disease may best

b
�
e understood when considered in the temporal context of an “epitope d

�
u jour”  and “moving target”  perspective.
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Introduction

M
�

uch of our current understanding of self-recogni-
t



ion in multiple sclerosis (MS) stems from studies on

e� xperimental autoimmune encephalomyelitis (EAE), an
a� nimal model with many clinical and histopathologic
similarities to MS11, 22. EAE is induced by immuniza-

t


ion of animals with either whole central nervous sys-

t


em (CNS) tissue, myelin or myelin, proteins such as

m� yelin basic protein (MBP), myelin proteolipid protein
(PLP) or myelin oligodendrocyte glycoprotein (MOG).
E

�
AE is mediated by CD4+ T cells of the Th1 phenotype

(IL-2, IFN-γ� , TNF-β)
�
 that recognize peptide determi-

nants of CNS myelin proteins in the context of major

Abbreviations used: CDMS – clinically definite multiple sclerosis, CNS – central nervous sys� tem, EAE – experimental autoimmune
e� ncephalomyelitis, IMDS – isolated mono-symptomatic demyelinating syndrome, MBP – myelin ba� sic protein, MOG – myelin oligoden-
d
�
rocyte glycoprotein, MRI – magnetic resonance imaging, MS – multiple sclerosis, PBMC – peripheral blood mononuclear cells, PLP

– myelin proteolipid protein, MHC – major histocompatibility complex.
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nstitute, The Cleveland Clinic
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h
�
istocompatibility complex (MHC) class II molecules

a� nd initiate a cascade of events leading ultimately to
p� aralysis accompanied by perivascular mononuclear in-
f

 
iltrates and demyelination in CNS white matter11, 19.

SWXJ mice develop a relapsing form of EAE that
p� rogresses to chronicity. Following immunization with
t



he immunodominant encephalitogenic determinant

PLP 139-151, SWXJ mice develop acute EAE followed
b

�
y a relapsing-remitting clinical course, with each re-

l
!
apse being progressively more severe and each re-

mission leaving the mice progressively more impaired.
W

"
ithin 4 months after immunization, the majority of

SWXJ mice reach a chronic-progressive stage of EAE
c# haracterized by a gradual inability to initiate any self-
-directed movement and by severe CNS demyelination,
p� articularly pronounced in the spinal cord21, 25.

A growing number of studies indicate that relapse
a� nd progression of EAE may be due to the acquisition
o� f T cell responses to new myelin protein determinants
d

�
uring the course of disease. This acquired T cell

n	 eoautoreactivity is commonly referred to as epitope or
d

�
eterminant spreading and is presumably due to en-

d
�
ogenous priming with new self-antigens presented

d
�
uring the inflammatory destruction of tissue to an in-

f
 
iltrating immune system2

�
4, 30. The first definitive report

o� f intramolecular epitope spreading may be attributed
t



o MCC

$
A

%
RRON et al.12, who showed that (SJLxPL)F1

mice acquired a new class II MHC-restricted response
t



o MBP during relapse that was not present during the

p� rimary inflammatory attack. LEHMANN et al.10 ex-
t



ended this finding and found that the specificity of the

T cell repertoire in (SJLxB10.PL)F1 mice was restricted
t



o the priming immunodominant MBP 1-11 determi-

nant during the inductive phase of MBP-induced EAE,
b

�
ut broadened with increasing time to include reactivity

t


o the MBP cryptic determinants p35-47, p81-100 and

p� 121-140. Most importantly, the observed epitope
spreading did not require immunization with whole
M

�
BP but occurred even when the priming immunogen

w& as the MBP 1-11 peptide determinant. Shifts in MBP,
e� pitope recognition during the course of EAE have also
b

�
een observed in SJL/J and B10.PL parental mouse

strains3
'
 and in Lewis rats14.

Intermolecular spreading was described by PERRY et
a� l.( 18 who showed proliferative responses and delayed-
-type hypersensitivity to PLP during the course of EAE
in (SJLxPL)F1 mice immunized with MBP. The pa-
t



hogenicity of intermolecular spreading was established

b
�
y CR

)
OSS et al.5

*
, who were able to transfer EAE with

PLP 139-151 stimulated spleen cells from SJL/J mice
t



hat had previously developed passive disease mediated

b
�
y the immunodominant MBP 87-99 determinant.

M
�

CR
+

A
%

E  et al.13  showed that progression of PLP 139-
-151-induced EAE could be inhibited by inducing toler-
a� nce to whole PLP after recovery from the primary
a� ttack. The induction of tolerance inhibited the devel-
o� pment of neoautoreactivity directed toward the ence-
p� halitogenic PLP 17

,
8-191, thereby providing functional

e� vidence, that epitope spreading is a pathogenic process
t



hat may be targeted therapeutically with peptide-specific
t



reatment after disease onset. The following account de-
t



ails our experimental evidence, which provides support
for the view that epitope spreading is a pathogenic mech-
a� nism for progression to chronicity in autoimmune dis-
e� ase.

E
-

pitope Spreading in EAE

W
"

e have systematically assessed the pattern of
i

�
ntra- and intermolecular determinant spreading as
a�  function of time in SWXJ mice immunized with the
i

�
mmunodominant PLP 139-1513

'
2. We found that the

o� rder in which new determinants are recognized during
t



he course of disease follows an ordered, predictable,

sequential pattern. After immunization of SWXJ mice
w& ith PLP 139-151, a sequential cascade of self-recog-
nition occurred. At 4, 8 and 12 weeks after immuniza-
t



ion, responses to PLP 249-273, MBP 87-99 and PLP

178-191, respectively, emerged. Thus, at 12 weeks after
p� riming with PLP 139-151, SWXJ mice consistently
showed a chronic accumulation of neurologic deficit
a� ccompanied by severe CNS demyelination and a cas-
c# ading accumulation of neoautoreactivity involving
P

.
LP 139-151 → PLP 249-273 → MBP 87-99 → PLP

178-191. Similar patterns of temporally spaced neoau-
t



oreactivity were observed following priming of SWXJ

mice with other encephalitogenic determinants, includ-
i

�
ng PLP 104-117 and PLP 178-191 (Fig. 1a, b).

In addition, we observed an invariant relationship
b

�
etween the development of relapse/progression and

t


he spreading of self-recognition to new immunodomi-

nant encephalitogenic determinants. Moreover, we
found that peptide-specific tolerance to spreading, but
n	 ot to “nonspreading” , determinants after disease onset
p� revents subsequent chronic progression of EAE. Fi-
n	 ally, we showed that CD4+ Th1 T cells generated in
v/ ivo to spreading determinants are autonomously pa-
t



hogenic, since they adoptively transfer EAE into naive

recipients even after photolytic elimination of T cells
r0 esponding to the priming immunogen3

'
3. Thus, our data

indicate that determinant spreading is a pathogenic pro-
c# ess that leads to relapse and chronic-progression of
a� utoimmune disease, and that the predictable sequential
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p� attern of the determinant-spreading cascade provides
a�  basis for peptide-specific therapy after the onset of
c# linical disease.

Epitope Spreading in MS

W
"

e next asked the question whether epitope spread-
ing occurs during the development and progression of
MS26. Since MS typically persists for many years be-
f

 
ore a definitive diagnosis can be made, we focused our

studies on patients at the earliest stage of the disease
p� rocess that ultimately leads to clinically definite MS
(CDMS). Patients with isolated monosymptomatic de-
myelinating syndromes (IMDS) have distinct clinical
d

�
isorders often associated with the eventual progression

t


o CDMS2

�
, 7, 15. By magnetic resonance imaging (MRI)

a� nalysis, IMDS patients showing only the CNS lesion
r0 esponsible for acute symptoms (monocentric mono-
p� hasic IMDS) are widely viewed to represent the ear-
liest stage at which inflammatory demyelination can be
f

 
ollowed from the genuine onset of disease.

O
�

ur approach was to determine serial changes over
a�  12-18 month period in response to an epitope-map-
p� ing series of 265 12-mer PLP peptides by PBMC from
IMDS patients. We found that an extensive array of
PLP peptides could elicit autoreactivity. Moreover, dif-
f

 
erential autoreactive patterns were evident within

IMDS patient subpopulations distinguished by the ab-
sence or presence of old inactive lesions. Monocentric
m� onophasic IMDS patients with no evidence of prior
subclinical disease typically showed fully sustained
a� utoreactivity, characterized by extensive plasticity,
e� pitope focusing, shifting and spreading of responses to
new self-determinants (Fig. 1c). In contrast, multicen-
t



ric monophasic IMDS patients with putative evidence

o� f prior asymptomatic lesion formation typically
showed partially sustained autoreactivity, characterized
b

�
y abrupt abrogation of responses to an extensive array

o� f self-determinants. No sustained autoreactivity was
o� bserved in normal control subjects or in patients with
o� ther neurologic diseases. Our results indicate that self-

Fig. 1. T
1

he epitope-spreading cascade accompanies progression of
EAE and MS: a – immunization of SWXJ mice with PLP 104-117
results in a relapsing-remitting course of EAE that progresses to
chronicity. Each relapse is followed by an incomplete recovery that
results in a progressive accumulation of neurologic deficit. Similar
clinical profiles occur following immunization with PLP 139-151
and PLP 178-191. Error bars show ±

2
SEM; b – a predictable se-

quential epitope-spreading cascade accompanies progression to
chronicity in EAE. Induction of EAE by immunization of SWXJ
mice with PLP 104-117 results in a temporally spaced cascade of
neoautoreactivity involving PLP 104-117 →3  PLP 139-151→3  MBP
87-99 →3  PLP 178-191. Similar, and perhaps more pronounced,
sequential cascades occur during progression of EAE induced with
other encephalitogenic PLP determinants, including PLP 139-151
and PLP 178-191. It should be noted that EAE progression con-
tinues long after responses to the priming PLP 104-117 determinant
have peaked, regressed, and virtually disappeared. The data are
represented as spline curve plots of mean splenocyte proliferative
responses of at least three mice tested at each 0, 2, 4, 8 and 12 week
time points; c – progression of IMDS →3  CDMS is accompanied by
the spontaneous regression of the proliferative autoreactivity asso-
ciated with initial IMDS symptoms and by the concurrent emer-
gence of epitope spreading. IMDS patient DL showed IMDS
→3  CDMS progression 60 weeks after the initial onset of IMDS
symptoms at week 0. Disease progression involved a sustained
neoautoreactivity to PLP 167-182 accompanied by a regression and
eventual  disappearance of proliferative responses to the PLP 116-
-150 determinant associated with disease onset. The data are repre-
sented as spline curve plots of the mean proliferative responses of
PBMC on each day tested

4
4
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-recognition associated with the development of MS is
c# haracterized by autoreactive diversity, plasticity and
instability, with epitope spreading being a core mani-
f

 
estation of the observed plasticity.

W
"

e have also found that the neoautoreactivity oc-
c# urring  during the progression of MS involves HLA-
-DP-restricted responses of autoreactive CD4+6

T cells3
'
4. In our human studies, we have never observed

a�  consensus determinant recognized by patients sharing
c# ommon HLA-DR and -DQ class II genes, including
several study subjects expressing the DRB1*1501/
/

7
DRB5*0101/DQB1*0602 haplotype associated with

i
�
ncreased risk for developing MS1, 8. However, we did

o� bserve epitope spreading to PLP 50-69 in each of two
study subjects showing complete disparity at HLA-DR
a� nd HLA-DQ but identity at the HLA-DP class II allele
DPB1*0301. Upon further analysis we found that pep-
t



ide-specific proliferation of T cell lines generated from
b

�
oth patients was inhibited by treatment at the initiation

o� f culture with monoclonal antibody specific for HLA-
-DP, but not with antibody specific for either HLA-DR
o� r -DQ. Moreover, the derived T cell lines showed pep-
t



ide-specific lytic activity against homozygous-typing
B cells expressing the DPB1*0301 class II allele, but
n	 ot against target cells compatible at HLA-DR and -DQ
a� lleles. Our data indicate that self-presentation by
H

8
LA-DP may play an important role in the spreading

a� nd propagation of autoreactivity during the clinical
p� rogression of MS.

R
9

egression, Spread and Progression 
o: f Autoimmune Disease

Recently, we have directly addressed the relative
r0 oles of primary autoreactivity and secondary epitope
spreading in the progression of both EAE and MS. We
serially evaluated the development of several epitope-
-spreading cascades in SWXJ mice primed with dis-
t



inctly different encephalitogenic PLP determinants and

in monophasic monocentric IMDS patients as their dis-
e� ase progressed to CDMS. Our results showed that in
b

�
oth EAE (Fig. 1a, b) and MS (Fig. 1c), primary pro-

l
!
iferative autoreactivity associated with onset of clinical

d
�
isease invariably regressed with time and was often

u� ndetectable during periods of disease progression. In
c# ontrast, the emergence of sustained secondary autore-
a� ctivity to spreading determinants was consistently as-
sociated with disease progression in both EAE and MS.
T

;
hus, chronic progression of EAE and MS actually in-

v< olves a definitive shift of autoreactivity from primary
initiating self-determinants to defined cascades of sec-
o� ndary determinants that sustain the self-recognition

p� rocess during disease progression2
�
7, 28. A shifting,

rather than an accumulation, of autoreactivites implies
t



hat the T cell repertoire associated with the progres-
sion of autoimmune disease is dramatically different
from that associated with disease onset. Moreover, it
b

�
ecomes increasingly more difficult to explain how dis-

e� ase progression can result from an undetectable initiat-
ing primary autoreactivity.

The repeated failure to demonstrate memory re-
sponses to self-determinants indicates that autoimmune
memory has features not observed in traditional mem-
o� ry responses to environmental antigens. This apparent
a� nomaly may find some explanation from recent
studies that showed complete deletion of the memory
r0 epertoire to viral antigens following high-load inocu-
l

!
ation with virus9

=
. A similar outcome seems feasible in

a� utoimmunity when one considers the virtually infinite
a� ntigen load of constantly synthesized self-proteins.
T

;
hus, chronic self-stimulation may result in T cell ex-

haustion and the peripheral apoptotic deletion of the
a� utoreactive repertoire associated with disease onset,
l

!
eaving only the developing, endogenously primed

neoautoreactive repertoire to sustain the inflammatory
self-recognition process17, 23, 35. Alternatively, regres-
sion of autoreactivity may be due to anergy6

>
, 4, 20, 21 or

suppression16, 29 of the established mature autoreactive
r0 epertoire. Experiments designed to determine the
relative contributions of deletion, anergy and suppression
t



oward the observed spontaneous regression of self-rec-
o� gnition are currently in progress. The outcome may, one
h

�
opes, explain the fundamental mechanism(s) responsible

for the inherent instability of the self-recognition process
r0 esponsible for progression of autoimmune disease.
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?
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