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T Cells of Multiple Sclerosis Patients Target a Common
Environmental Peptide that Causes Encephalitis in Micé

Shawn Winer,?* Igor Astsaturov, > Roy K. Cheung,? Katrin Schrade,*
Lakshman Gunaratnam,* Denise D. Wood,* Mario A. Moscarello,* Paul O’Connor,’
Colin McKerlie, * Dorothy J. Becker,! and Hans-Michael Dosci*®

Multiple sclerosis (MS) is a chronic autoimmune disease triggered by unknown environmental factors in genetically susceptible
hosts. MS risk was linked to high rates of cow milk protein (CMP) consumption, reminiscent of a similar association in autoim-
mune diabetes. A recent rodent study showed that immune responses to the CMP, butyrophilin, can lead to encephalitis through
antigenic mimicry with myelin oligodendrocyte glycoprotein. In this study, we show abnormal T cell immunity to several other
CMPs in MS patients comparable to that in diabetics. Limited epitope mapping with the milk protein BSA identified one specific
epitope, BSA g5 Which was targeted by most MS but not diabetes patients. BSA;was encephalitogenic in SJL/J mice subjected
to a standard protocol for the induction of experimental autoimmune encephalitis. These data extend the possible, immunological
basis for the association of MS risk, CMP, and CNS autoimmunity. To pinpoint the same peptide, BSA,, in encephalitis-prone
humans and rodents may imply a common endogenous ligand, targeted through antigenic mimicryThe Journal of Immunology,
2001, 166: 4751-4756.

ease of genetically susceptible hosts (1). Autoreactiveof autoimmunity, specifically linking high exposure to cow milk
T cells target constituents of myelin and oligodendro- protein (CMP) with the risk to develop MS (11-14) or autoim-

cytes for destruction, once a breach of the blood-brain barrier almune diabetes, where the available literature is more recent and
lows invasion by monocytes, dendritic cells, and effector T lym-more extensive (reviewed in Refs. 15-17).
phocytes (2). Although there is controversy (18), high cow milk consumption

MS has much in common with autoimmune type 1 diabeteswas identified as a significant risk factor for type | diabetes (19, 20)
mellitus (T1DM), including near identical ethnic and geographic and infants with diabetes risk-associated MHC alleles had a 13-
distribution and multiple genetic risk loci which overlap between fold higher T1DM risk when they were weaned early to cow milk-
the two diseases (3, 4). Much of the genetic susceptibility to MSpased infant formula (21). A nationwide Finnish pilot study for the <
and diabetes was mapped to different alleles in the MHC class linternational Trial to Reduce Insulin-Dependent Diabetes Mellitus £
locus, consistent with a pathogenic role of T lymphocytes (5).  in the Genetically at Risk (TRIGR) diabetes prevention effort (22) £

Similar mono- and dizygotic twin concordance rates of 30 andcompared weaning of high-risk newborns to a nonantigenic (hy-
4%, respectively, in both MS and diabetes suggest that environgrolyzed) and a standard, cow milk-based infant formula. Al-
mental factors trigger and/or sustain autoimmunity through interthough the statistical power of this pilot study was limited, infants
action with the products of predisposing genes (5, 6). The searchp, the hydrolyzed diet developed disease-predictive autoantibod-
for viral triggers of autoimmunity has continued for decades. Sevigs significantly less often than controls in a prospective, random- <
eral associations have surfaced (e.g., Refs. 7-9), but the issue is N9kd, and double-blinded protocol (4 of 272 vs 24 of 284 autoan-
settled in either disease (10). In addition, epidemiological SUIVeYsihody assays were positive in the first 2 years of ljjex 0.001,
relative risk 5.7 (95% confidence interval, 2—16))
*The Hospital For Sick Children, Research Institut®ivision of Neurology, St. Although it remains uncertain how cow milk exposure is linked
Michael’'s Hospital, andDivision of Laboratory Animal Services, Sunnybrook Hos  to elevated risk for autoimmune disease (23), this association could
pital, and Departments diPaediatrics andMedicine, University of Toronto, To lead to relatively simple avoidance trials (22). We asked whether

ronto, Ontario, Canada; a®epartment of Pediatrics, Division of Endocrinology, . Lo . )
Children’s Hospital of Pittsburgh, University of Pittsburgh, Pittsburgh, PA 15260 the possible association between high cow milk exposure and MS

Received for publication December 1, 2000. Accepted for publication JanuanyfiSK suggested by epidemiological surveys years ago (11-13, 24)
25, 2001. was associated with abnormal immunity to CMPs. During these
The costs of publication of this article were defrayed in part by the payment of pagestudies, we were encouraged by the recent report of Stefferl et al.
charges. This article must therefore be hereby maddertisemenin accordance ; f fif [FEPR
with 18 U.S.C. Section 1734 solely to indicate this fact. (25) that the mll_k pI‘IOIEIr.l b_UIyrophllm Ca_n Cafuse encephalitis in
. i . rats through antigenic mimicry with myelin oligodendrocyte gly-
1 This work was supported by the Canadian Institutes for Health Research,-the Ju . . .
venile Diabetes Foundation, the Canadian Diabetes Association, National Institutes &OProtein. We found that abnormal T cell immunity to several
Health (GCRC MO1 RR 00084, RO1 DK 24021), and the Renziehausen Fund. CMPs is common in MS patients and that it is comparable to
2S.W.,, LA, and R.K.C. contributed equally to this study. T1DM (26), but appears to involve different epitopes. In the milk
3 Address correspondence and reprint requests to Dr. Hans-Michael Dosch, The Hoprotein BSA, MS patients targeted epitope Bg4while diabetics
pital For Sick Children, Research Institute, IlIR Program, 555 University Avenue,targeted BS@L\S (the ABBOS epitope). Bng was immunogenic
Toronto, Ontario, Canada M5G 1X8. E-mail address: hmdosch@sickkids.ca . . oA 3 .
4 Abbreviati din th VS, multinle sclerosis: CMP K prote in SJL mice, and it induced the development of experimental au-
In tni I multl rosis; W mi I n; . e . .
revitions uss S Paper: \©s, Mipie scerosis, i <0 Prote™ toimmune encephalitis (EAE). These observations link yet another

EAE, experimental autoimmune encephalitis; MBP, myelin basic protein; T1DM, ] . : ) -
type 1 (autoimmune) diabetes mellitus; BL@/actoglobulin; S, stimulation index. ~ commonly encountered dietary peptide with CNS autoimmunity,
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and they extend this link to humans. There is structural homologyanti-BSA Ab raised in our laboratory. Blots were developed with Super-
between BSAy; (EDKGACLLPKIE) and a portion of myelinba  Signal West ECL substrate (Pierce, Rockford, IL).

sic protein (MBP) exon 2 (GLCHMYK) (27, 28), but although we T ce|| proliferation assays.

did observe cross-reaction between the two at the level of Abs, we

; _ i P Human PBMC (18&well) were cultured in serum-free Hybrimax 2897-me
could not establish T cell cross-reactivity/mimicry. The nature ofdium (Sigma) containing 0.1-10g/ml of a given test Ag or peptide and

the endogenous protein targeted in BSAmmunized mice re 10 ynits/ml human IL-2 as described elsewhere (26). Replicate 6- to 7-day

quires further study. cultures were submitted to scintillation counting after an overnight pulse
with [®*H]thymidine. For comparison, data are presented as mean stimula
; tion index (SI; cpm test- cpm unstimulated cultures, the latter varied
Materials ,and Methods between 1 and 2000 cpm, mean 1267216). SDs of replicates were
Human subjects within +10% of the mean. We defined a positive proliferative response to

PBMC were obtained through informed consent from 48 consecutive Mg1ave an Sl 4 SDs above mean OVA responses as described previously (26).
patients not on steroids, Copaxone, or IFN for at least 6 mo, from 341 NiS assay performed satisfactory in a large, blinded study of diabetes
consecutive, newly diabetic patients, and 44 MHC-matched first-degre&indreds (26) and in the 1st International T Cell Workshop (33).
relatives without autoantibodies and thus a low disease risk (29, 30). HLA For murine T cell responses, SJL/J mice were immunized s.c. with 200
(DQ) typing and autoantibody measurements in diabetes patients and theffd Of @ given peptide emulsified in CFA (23). Draining lymph nodes were
relatives were done as described previously (26). Healthy adults 30) removed 9-10 days after immunization, and cells}(4L0°/well) were

rovided population controls. culturgd in AIM V serum—free medium (Life Technologies, Mississauga,
P pop Ontario, Canada) containing 0.1-1Qu@/well of test Ag. Cultures were
Animals pulsed overnight with3H]thymidine on the third day of culture and sub

mitted to liquid scintillation counting.

SJL/J mice were purchased from The Jackson Laboratory (Bar Harbor,
ME) and housed in our vivarium. For the induction of EAE, animals 6—8 Statistics
wk of age were immunized by s.c. injections of purified bovine MBP (200
rg) (31) or of highly purified peptide (40Qg) in CFA. Pertussis toxin, a
gift from Aventis Pasteur, was injected i.v. (200 ng) at the time of immu-
nization and 2 days later. Animals were clinically monitored daily by at
least two observers, one blinded to the protocols, and EAE was score . .
using a standard grading system (32): 0, healthy; 1, limp tail; 2, abno_rmaFQesur[S and Discussion ) (g
or impaired righting reflex; 3, partial hind limb paralysis; 4, complete hind T cell responses to the CMPs BLG, casein, and BSA were assesse
limb paralysis, and 5, moribund. Animals were sacrificed within 1 week ofin 48 MS patients, 34 patients with recent onset T1DM, 44 of their =
the initial appearance of clinical signs and perfused through the left venre|atives selected to have a low risk of developing diabetes, and 30
tricle with 40 ml of PBS followed by 10% buffered Formalin as preparation healthy controls. Nearly all 156 study subjects had tetanus-respon
for histopathology. : . )

P ¥ sive T cells and these responses were similar among the groups:

Reagents (Fig. 1), as were responses to the T cell mitogen PHA (data not

Peptides were purified=95% and confirmed by mass spectroscopy: SNOWN, two-tailedo > 0'1)'_ Only one healthy control showed a
BSA193 204 EDKGACLLPKIE; BSA5, 164 ABBOS, FKADEKKFWG ~ small response to OVA (Fig. 1).

Numeric results were compared by Mann-Whitriéyr Welsh tests, sig-
nificance was set at 5%, and allvalues were two-tailed. Fischer’'s exact
test was used to analyze tables.
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Human 18.5-kDa MBP was purified from normal adult white matter (exon ~The prevalence of CMP responders was highest among MS pa-
2 negative) and 21.5-kDa MBP from white matter of MS lesions (exon 2tients (BSA, 82%; BLG, 56%; casein, 15%), followed by diabetes =
positive) (31). Proteins were separated by SDS-PAGE, transferred to ”ipatients (BSA, 56%; BLG, 35%; casein, 15%) and MHC-matched ©

trocellulose membranes, and incubated overnight in TBS-T buffer (TBS,. . . i
1% (v/v) Tween 20 (pH 8), and 2% blotto). Blots were probed with eitherﬂrs't'degree relatives (BLG, 7.7%; BSA, 23%; Fig. 2). Healthy

affinity-purified anti-exon 2 polyclonal Ab (a gift from R. Coleman, Mount Controls had only occasional responses to any of the test Ags. BSA
Sinai School of Medicine, New York, NY) or with affinity-purified rabbit and BLG responses were significantly more prevalent in MS or

KYLYE; ICA69;50.359 EEGACLGPVA; BSAjg, 405 TSVFDKL The median T cell responses were higher in MS patients than in g
E:('(L)\I/D?\I;R\%?;LG?-lFllw%ZKBEIalzi)z'lac\)ﬁaﬁmp(%ll__g)\l'vlla\:)ci;neoc\ggcsjﬁlﬁ;nd healthy controls following stimulation with BLGH = 0.0035), %
OVA were purchased (Sigrﬁa, St. Louis, MO). Tet’anus toxoid (TT,) was aBSA (P < O'QOO]‘)’, or Casglnr( = 0'01,2)' Responses to CMPs é
gift from Aventis Pasteur Canada. were similar in patients with MS or diabetep ¢ 0.6, Mann- ﬁ
) o Whitney U test, Fig. 1). Positive responses showed clear Ag dose
Western blots and detection of Ab cross-reactivity kinetics (data not shown). S
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FIGURE 1. Abnormal T cell immunity to CMPs in MS and diabetes. PBMC were obtained from 48 MS patients, 34 patients with diabetes, and 44 of
their MHC class Il (DQ)-matched first-degree relatives selected to have a low risk of developing the disease because of absent autoantibodies. Thirty health
subjects served as population controls. Individual proliferative responses (Sl) are shown for each of the test subjects and test Ags. The dotted line indicate
the cut off for positive responses, 4 SD above mean OVA responses.
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Low Risk . . . .
FDR's FIGURE 4. Immunity to BSA4; and BSA in SJL/J miceA, Immuni
[]BLG zation with BSA 45 generates proliferative T cell responses to Bg/and
its protein BSA (n= 4). B, Absence of recall response to BSA193 fol-
Healthy lowing immunization with BSA (n= 4).
Controls

BSA, o5 epitope (Fig. 3), but only a minority of MS patients fec

FIGURE 2. Prevalence (percent) of positive proliferative responses toOgn'Zed the IC_A_6950 peptlde. (data .nOt, shown). AlthOUQh the

the test Ags in the four study cohorts. See legend to Fig. 1 for details. Same CMPs elicit abnormal immunity in MS and diabetes, the
epitope specificity of these T cells differed.

Targeting of the ABBOS epitope by diabetic patients has its
diabetes patients than in the other study cohops<{ 0.0001, equivalent in murine T1DM, where ABBOS-reactive T cells are
Fisher’s exact test; Fig. 2). routinely generated (36, 37) and play a role in diabetes develop-

These data demonstrate a common abnormality in MS T cellment (23). We decided to use in vivo experiments in mice to de-
immunity to environmental food Ags present in cow milk but not termine whether there was an analogous association between im-g
in eggs, and they confirm similar abnormalities for diabetes (18)munity to the environmental epitope, BSA and CNS =
Since MHC-matched relatives of diabetes patients had fewer reautoimmunity. We selected SJL/J mice for the following experi- &
sponses to BLG |§ < 0.0001), BSA p = 0.0009), and casein ments, since these animals are susceptible to EAE following ad- =
(p = 0.02), the presence of these T cells was associated witministration of encephalitogenic CNS Ags (38).
disease or disease risk and not merely with similar MHC alleles or SJL mice immunized with BSA; generated T cell responses
familial predisposition (Fig. 2). Similar family studies will be at- against the BSA and BSA; peptide, indicating that the BSAg
tractive in MS kindreds, where they may contribute to prospectivepeptide can be naturally generated and presented from the BSA
assessments of MS risk. protein in these animals (Fig.A4. However, immunization of

The diabetic immune response to BSA was mapped earlier t&JL/J mice with BSA protein failed to elicit BS4g recall re
one major epitope, peptide B$4 (ABBOS, FKADEKKFWG sponses, suggesting that BgAis a minor, nonimmunodominant
KYLYE) (34). This peptide displays sequence homology and TBSA epitope in SJL/J mice (Fig. 4B). Neither immunization gen-
cell mimicry with the Tep69 epitope of ICA69, a protein (Tep69, erated responses to ICAGS
AFIKATGKKEDE) that is an autoimmune target in TIDM (23, To determine whether the BS4s peptide has encephalitogenic
26) and MS (52), where it is abnormally expressed in CNS lesionpotential, we used a standard EAE protocol (38). SJL mice were
(35). BSA and ICA69 share another region of considerable seimmunized s.c. with BSA,; peptide, the OVAs, control peptide,
quence homology: BSA; (EDKGACLLPKIE) and ICA69;5, ICAB9;5, intact BSA, or CFA only (Table)l MBP is a classic
(EEGACLGPVA), but neither peptide is recognized in diabetics inducer of EAE and served as a positive disease control.

(34, 36). Of the 29 mice immunized with BSA; peptide, 8 developed

We determined whether the BSA immune responses of MS paelear clinical signs of EAE. Time to disease onset was slightly
tients target the ABBOS or BSA; epitopes (Fig. B Although longer than in MBP-induced EAE (126 1.7,n = 29 vs 11.25+
86% of positive BSA responses in diabetics targeted the BSA 0.3,n = 6, p = 0.0004, Welch test), while maximal weight loss
(ABBOS) epitope, MS responses to BSA failed to recognizewas similar in peptide- and MBP-induced disease (21@6,n =
ABBOS. Instead, nearly 80% of MS BSA responses targeted th@9 vs 27.0+ 8.0,n = 6, p = 0.16, Welch test) The severity of the
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Table I. Cumulative incidence of EAE for various antigens in SJL/J mice

Group Scorg EAE Scor& Onset of EAE Maximum Weight Loss
Ag No. with EAE (X = SD) (X = SD) (day = SD) (% body weight= SD)°
BSA193 8/29 0.48+ 0.94 1.75*+ 1.03 126+ 1.7 21.3*6.6
MBP 5/6 283+t 1.8 34+1.34 11.25+ 0.3 27.0+£ 8.0
BSA 0/6 NA® NA NA 5740
ICA69-350 0/6 NA NA NA 0
CFA Only 0/6 NA NA NA 0

@ Calculated from the total number of mice in each group.
b Calculated from the number of mice that developed EAE.
°NA, Not applicable.

disease was considerably milder in the Bgfgroup compared Disease induction with BSA;was dependent on the coadmin
with MBP-injected mice p = 0.02). Most (7/8) symptomatic an- istration of pertussis toxin, since we did not observe disease in the
imals immunized with BSA,; showed ruffled fur, slowed move T cell immunization experiments above. Mice injected with per-
ments, limp tails, and impaired righting reflex. Only one of thesetussis toxin, CFA plus OVAs,, ICA69,;5, BSA, or CFA only
eight mice with EAE progressed to grade 4 disease with symmetrigvere all clinically unremarkable. The failure to induce EAE with
hind limb paralysis 16 days following EAE induction (FigAp BSA may reflect the fact that BS4g is not an immunodominant

FIGURE 5. Comparative histopathology of auto-
immune encephalitis in SJL/J mice immunized with
BSA, o5 peptide (B—E) or MBP (F—H)A, An SJL/J
mouse displays complete hind limb paralysis (grade
4) 16 days after immunization with BS4s B, A
lymphocyte-rich perivascular cuff around a small
vessel in the molecular layer of the hippocampus
(original magnification,x200). C, A lymphocyte
and neutrophil perivascular cuff around one of the
basilar arteries at the paramedian floor of the brain-
stem (original magnificationx400).D, A cuffing of

the perivascular space in a large blood vessel in the
ventral median fissure (original magnification,
X200). E, Leptomeningeal infiltration by lympho-
cytes in the thoracic spinal cord. Small perivascular
cuffs in the lateral white matter column are also ev-
ident (original magnification<100). F, Perivascu-
lar cuff with infiltration and gliosis in the thalamus
(original magnification x200).G, Mixed inflamma-
tory infiltrate at the base of the thalamus (original
magnification, X 100). Infiltration of the leptomenin-
ges is also preserit, A perivascular infiltrate in the
cervical spinal cord (original magnificatiotx 100).
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FIGURE 6. Antigenic cross-reactivity between BSA and MBP-exon 2.
A, Abs: affinity-purified guinea pig anti-exon 2 Ab detects BSA in Western
blots (lane 1) and an-20-kDa band in white matter from an MS lesion (2
g, lane 2), but not purified human 18.5-kDa MBP (exon 2 negataes

3). Affinity-purified rabbit anti-BSA Ab recognizes BSA (lane 4), recom-
binant human 21.5-kDa MBP (containing exorighe 6), but not 18.5-kDa
MBP (exon 2 negativelane 5). Lanes from different Western blots were

assembled electronically and labeled consecutively across the top. Géts relapses (11-13, 50). The identification of the BS£epitope

loading was equalized according to molecular ma&ssProliferative in
vitro recall responses in SJL/J mice immunized with B$#peptide (n=
9), MBP exon 2 (= 4), or intact BSA (n= 4). Seven BSAysimmunized
mice failed to show antigenic mimicry to exon 2 (open bars), two addi-

tional mice with the highest BSA and peptide recall responses, also re-

sponded to exon 2 (stippled bars).

BSA epitope (Fig. 4B). This may or may not be the case afterunder way in infants with diabetes risk (22).
enteric protein passage; it has been suggested that enteric passage
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from mice with EAE symptoms showed perivascular lymphocytic fully acknowledge the efforts of the Pittsburgh GCRC nurses, J. Gay and K.
cuffing and exfiltrations in the brain, brainstem, and spinal cordRiley.

generates some peptide with preference (39).

(Fig. 5, B-D). Leptomeningeal infiltration by mononuclear cells
was also observed in the spinal cord (Fig)5The histopathology

. diabetes-prone animals (23, 37, 51).

4755

found that previously described Abs to exon 2 (27) detect BSA in
Western blots as well as an20-kDa protein in lesional MS white
matter. Mass spectrographic and amino acid analysis of this band
indicated that this band represents the 21.5-kDa MBP isoform, an
exon 2-positive splice product associated with remyelination (data
not shown). These Abs did not recognize purified exon 2-negative
18.5-kDa MBP from adult brain (Fig.A. In turn, affinity-purified
anti-BSA Abs detected purified exon 2-positive 21.5-kDa MBP,
but not the exon 2-negative 18.5-kDa isoform (Fi@\) 6

These observations may suggest antigenic cross-reactivity be-
tween BSA and exon 2 at the Ab level. Autoantibodies may play
a role in autoimmune encephalitis (42—47), but the significance of
the BSA-exon 2 Ab cross-reactivity in the pathogenesis of
BSA,osinduced EAE remains to be determined.

T cell cross-reactivity between exon 2 and Bg4was incon
sistent. In most animals tested (7/9), immunization with BSA
failed to generate mimicry responses to exon 2 (Fig. 6B, open
bars), but two of nine immunized mice generated immunity to both
peptides (stippled bars). Immunization with either exon 2 or full-
length BSA failed to generate cross-reactive T cell responses (Fig. o
6B). We are currently searching for possible endogenous Iigandsg
with BSA, g5 mimicry other than exon 2. %

Collectively, these observations associate MS with abnormal T &
cell immunity to common environmental food Ags in cow milk, o]
and they bring to three the number of autoimmune disorders with é"
abnormal immunity to BSA: T1DM, rheumatoid arthritis, and MS
(26, 48, 49). In MS, this abnormality might contribute to the as-
sociation of high cow milk exposure and the risk to develop MS or

=+
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o
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>

Such efforts may be useful, in particular since a closer linkage of &
o

=

in MS patient experiments now permits mechanistic studies of its =
encephalitogenic potential in mice, analogous to similar studies in

MS and abnormally enhanced immunity to CMP could lead to the
design of noninvasive intervention strategies in this disease, based
on a reduction of liquid cow milk exposure. Analogous efforts are
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