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T Cells of Multiple Sclerosis Patients Target a Common
Environmental Peptide that Causes Encephalitis in Mice1

Shawn Winer,2* Igor Astsaturov, 2* Roy K. Cheung,2* Katrin Schrade,*
Lakshman Gunaratnam,* Denise D. Wood,* Mario A. Moscarello,*¶ Paul O’Connor,†

Colin McKerlie, ‡ Dorothy J. Becker,| and Hans-Michael Dosch3*§

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, BSA193, which was targeted by most MS but not diabetes patients. BSA193 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, BSA193, in encephalitis-prone
humans and rodents may imply a common endogenous ligand, targeted through antigenic mimicry.The Journal of Immunology,
2001, 166: 4751–4756.

M ultiple sclerosis (MS)4 is a chronic autoimmune dis-
ease of genetically susceptible hosts (1). Autoreactive
T cells target constituents of myelin and oligodendro-

cytes for destruction, once a breach of the blood-brain barrier al-
lows invasion by monocytes, dendritic cells, and effector T lym-
phocytes (2).

MS has much in common with autoimmune type 1 diabetes
mellitus (T1DM), including near identical ethnic and geographic
distribution and multiple genetic risk loci which overlap between
the two diseases (3, 4). Much of the genetic susceptibility to MS
and diabetes was mapped to different alleles in the MHC class II
locus, consistent with a pathogenic role of T lymphocytes (5).

Similar mono- and dizygotic twin concordance rates of 30 and
4%, respectively, in both MS and diabetes suggest that environ-
mental factors trigger and/or sustain autoimmunity through inter-
action with the products of predisposing genes (5, 6). The search
for viral triggers of autoimmunity has continued for decades. Sev-
eral associations have surfaced (e.g., Refs. 7–9), but the issue is not
settled in either disease (10). In addition, epidemiological surveys

identified nutritional elements as risk factors for the development
of autoimmunity, specifically linking high exposure to cow milk
protein (CMP) with the risk to develop MS (11–14) or autoim-
mune diabetes, where the available literature is more recent and
more extensive (reviewed in Refs. 15–17).

Although there is controversy (18), high cow milk consumption
was identified as a significant risk factor for type I diabetes (19, 20)
and infants with diabetes risk-associated MHC alleles had a 13-
fold higher T1DM risk when they were weaned early to cow milk-
based infant formula (21). A nationwide Finnish pilot study for the
international Trial to Reduce Insulin-Dependent Diabetes Mellitus
in the Genetically at Risk (TRIGR) diabetes prevention effort (22)
compared weaning of high-risk newborns to a nonantigenic (hy-
drolyzed) and a standard, cow milk-based infant formula. Al-
though the statistical power of this pilot study was limited, infants
on the hydrolyzed diet developed disease-predictive autoantibod-
ies significantly less often than controls in a prospective, random-
ized, and double-blinded protocol (4 of 272 vs 24 of 284 autoan-
tibody assays were positive in the first 2 years of life,p , 0.001,
relative risk 5.7 (95% confidence interval, 2–16))

Although it remains uncertain how cow milk exposure is linked
to elevated risk for autoimmune disease (23), this association could
lead to relatively simple avoidance trials (22). We asked whether
the possible association between high cow milk exposure and MS
risk suggested by epidemiological surveys years ago (11–13, 24)
was associated with abnormal immunity to CMPs. During these
studies, we were encouraged by the recent report of Stefferl et al.
(25) that the milk protein butyrophilin can cause encephalitis in
rats through antigenic mimicry with myelin oligodendrocyte gly-
coprotein. We found that abnormal T cell immunity to several
CMPs is common in MS patients and that it is comparable to
T1DM (26), but appears to involve different epitopes. In the milk
protein BSA, MS patients targeted epitope BSA193, while diabetics
targeted BSA150 (the ABBOS epitope). BSA193was immunogenic
in SJL mice, and it induced the development of experimental au-
toimmune encephalitis (EAE). These observations link yet another
commonly encountered dietary peptide with CNS autoimmunity,
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and they extend this link to humans. There is structural homology
between BSA193 (EDKGACLLPKIE) and a portion of myelin ba-
sic protein (MBP) exon 2 (GLCHMYK) (27, 28), but although we
did observe cross-reaction between the two at the level of Abs, we
could not establish T cell cross-reactivity/mimicry. The nature of
the endogenous protein targeted in BSA193-immunized mice re-
quires further study.

Materials and Methods
Human subjects

PBMC were obtained through informed consent from 48 consecutive MS
patients not on steroids, Copaxone, or IFN for at least 6 mo, from 34
consecutive, newly diabetic patients, and 44 MHC-matched first-degree
relatives without autoantibodies and thus a low disease risk (29, 30). HLA
(DQ) typing and autoantibody measurements in diabetes patients and their
relatives were done as described previously (26). Healthy adults (n 5 30)
provided population controls.

Animals

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
wk of age were immunized by s.c. injections of purified bovine MBP (200
mg) (31) or of highly purified peptide (400mg) 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 scored
using a standard grading system (32): 0, healthy; 1, limp tail; 2, abnormal
or impaired righting reflex; 3, partial hind limb paralysis; 4, complete hind
limb paralysis, and 5, moribund. Animals were sacrificed within 1 week of
the initial appearance of clinical signs and perfused through the left ven-
tricle with 40 ml of PBS followed by 10% buffered Formalin as preparation
for histopathology.

Reagents

Peptides were purified.95% and confirmed by mass spectroscopy:
BSA193–204, EDKGACLLPKIE; BSA150–164, ABBOS, FKADEKKFWG
KYLYE; ICA69350-359, EEGACLGPVA; BSA394–405, TSVFDKL
KHLVD; exon 2 MBP71–85, PSHARSQPGLCNMYK; OVA152–165,
EYQDNRVSFLGHFI. BSA,b-lactoglobulin (BLG), bovine casein, and
OVA were purchased (Sigma, St. Louis, MO). Tetanus toxoid (TT) was a
gift from Aventis Pasteur Canada.

Western blots and detection of Ab cross-reactivity

Human 18.5-kDa MBP was purified from normal adult white matter (exon
2 negative) and 21.5-kDa MBP from white matter of MS lesions (exon 2
positive) (31). Proteins were separated by SDS-PAGE, transferred to ni-
trocellulose membranes, and incubated overnight in TBS-T buffer (TBS,
1% (v/v) Tween 20 (pH 8), and 2% blotto). Blots were probed with either
affinity-purified anti-exon 2 polyclonal Ab (a gift from R. Coleman, Mount
Sinai School of Medicine, New York, NY) or with affinity-purified rabbit

anti-BSA Ab raised in our laboratory. Blots were developed with Super-
Signal West ECL substrate (Pierce, Rockford, IL).

T cell proliferation assays.

Human PBMC (105/well) were cultured in serum-free Hybrimax 2897 me-
dium (Sigma) containing 0.1–10mg/ml of a given test Ag or peptide and
10 units/ml human IL-2 as described elsewhere (26). Replicate 6- to 7-day
cultures were submitted to scintillation counting after an overnight pulse
with [3H]thymidine. For comparison, data are presented as mean stimula-
tion index (SI; cpm test4 cpm unstimulated cultures, the latter varied
between 1 and 2000 cpm, mean 12676 216). SDs of replicates were
within 610% of the mean. We defined a positive proliferative response to
have an SI 4 SDs above mean OVA responses as described previously (26).
This assay performed satisfactory in a large, blinded study of diabetes
kindreds (26) and in the 1st International T Cell Workshop (33).

For murine T cell responses, SJL/J mice were immunized s.c. with 200
mg of a given peptide emulsified in CFA (23). Draining lymph nodes were
removed 9–10 days after immunization, and cells (43 105/well) were
cultured in AIM V serum-free medium (Life Technologies, Mississauga,
Ontario, Canada) containing 0.1–10.0mg/well of test Ag. Cultures were
pulsed overnight with [3H]thymidine on the third day of culture and sub-
mitted to liquid scintillation counting.

Statistics

Numeric results were compared by Mann-WhitneyU or Welsh tests, sig-
nificance was set at 5%, and allp values were two-tailed. Fischer’s exact
test was used to analyze tables.

Results and Discussion
T cell responses to the CMPs BLG, casein, and BSA were assessed
in 48 MS patients, 34 patients with recent onset T1DM, 44 of their
relatives selected to have a low risk of developing diabetes, and 30
healthy controls. Nearly all 156 study subjects had tetanus-respon-
sive T cells and these responses were similar among the groups
(Fig. 1), as were responses to the T cell mitogen PHA (data not
shown, two-tailedp . 0.1). Only one healthy control showed a
small response to OVA (Fig. 1).

The median T cell responses were higher in MS patients than in
healthy controls following stimulation with BLG (p 5 0.0035),
BSA (p , 0.0001), or casein (p 5 0.012). Responses to CMPs
were similar in patients with MS or diabetes (p . 0.6, Mann-
WhitneyU test, Fig. 1). Positive responses showed clear Ag dose
kinetics (data not shown).

The prevalence of CMP responders was highest among MS pa-
tients (BSA, 82%; BLG, 56%; casein, 15%), followed by diabetes
patients (BSA, 56%; BLG, 35%; casein, 15%) and MHC-matched
first-degree relatives (BLG, 7.7%; BSA, 23%; Fig. 2). Healthy
controls had only occasional responses to any of the test Ags. BSA
and BLG responses were significantly more prevalent in MS or

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 II (DQ)-matched first-degree relatives selected to have a low risk of developing the disease because of absent autoantibodies. Thirty healthy
subjects served as population controls. Individual proliferative responses (SI) are shown for each of the test subjects and test Ags. The dotted line indicates
the cut off for positive responses, 4 SD above mean OVA responses.

4752 AN ENCEPHALITOGENIC PEPTIDE IN COW MILK

 by guest on June 19, 2013
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


diabetes patients than in the other study cohorts (p , 0.0001,
Fisher’s exact test; Fig. 2).

These data demonstrate a common abnormality in MS T cell
immunity to environmental food Ags present in cow milk but not
in eggs, and they confirm similar abnormalities for diabetes (18).
Since MHC-matched relatives of diabetes patients had fewer re-
sponses to BLG (p , 0.0001), BSA (p 5 0.0009), and casein
( p 5 0.02), the presence of these T cells was associated with
disease or disease risk and not merely with similar MHC alleles or
familial predisposition (Fig. 2). Similar family studies will be at-
tractive in MS kindreds, where they may contribute to prospective
assessments of MS risk.

The diabetic immune response to BSA was mapped earlier to
one major epitope, peptide BSA150 (ABBOS, FKADEKKFWG
KYLYE) (34). This peptide displays sequence homology and T
cell mimicry with the Tep69 epitope of ICA69, a protein (Tep69,
AFIKATGKKEDE) that is an autoimmune target in T1DM (23,
26) and MS (52), where it is abnormally expressed in CNS lesions
(35). BSA and ICA69 share another region of considerable se-
quence homology: BSA193 (EDKGACLLPKIE) and ICA69350

(EEGACLGPVA), but neither peptide is recognized in diabetics
(34, 36).

We determined whether the BSA immune responses of MS pa-
tients target the ABBOS or BSA193 epitopes (Fig. 3). Although
86% of positive BSA responses in diabetics targeted the BSA150

(ABBOS) epitope, MS responses to BSA failed to recognize
ABBOS. Instead, nearly 80% of MS BSA responses targeted the

BSA193 epitope (Fig. 3), but only a minority of MS patients rec-
ognized the ICA69350 peptide (data not shown). Although the
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
equivalent in murine T1DM, where ABBOS-reactive T cells are
routinely generated (36, 37) and play a role in diabetes develop-
ment (23). We decided to use in vivo experiments in mice to de-
termine whether there was an analogous association between im-
munity to the environmental epitope, BSA193, and CNS
autoimmunity. We selected SJL/J mice for the following experi-
ments, since these animals are susceptible to EAE following ad-
ministration of encephalitogenic CNS Ags (38).

SJL mice immunized with BSA193 generated T cell responses
against the BSA and BSA193 peptide, indicating that the BSA193

peptide can be naturally generated and presented from the BSA
protein in these animals (Fig. 4A). However, immunization of
SJL/J mice with BSA protein failed to elicit BSA193 recall re-
sponses, suggesting that BSA193 is a minor, nonimmunodominant
BSA epitope in SJL/J mice (Fig. 4B). Neither immunization gen-
erated responses to ICA69350.

To determine whether the BSA193 peptide has encephalitogenic
potential, we used a standard EAE protocol (38). SJL mice were
immunized s.c. with BSA193 peptide, the OVA152 control peptide,
ICA69350, intact BSA, or CFA only (Table I). MBP is a classic
inducer of EAE and served as a positive disease control.

Of the 29 mice immunized with BSA193 peptide, 8 developed
clear clinical signs of EAE. Time to disease onset was slightly
longer than in MBP-induced EAE (12.66 1.7,n 5 29 vs 11.256
0.3, n 5 6, p 5 0.0004, Welch test), while maximal weight loss
was similar in peptide- and MBP-induced disease (21.36 6.6,n 5
29 vs 27.06 8.0,n 5 6, p 5 0.16, Welch test) The severity of the

FIGURE 3. Proliferative T cell responses to
the peptides indicated. See legend to Fig. 1 for
description of cell donors.

FIGURE 4. Immunity to BSA193 and BSA in SJL/J mice.A, Immuni-
zation with BSA193 generates proliferative T cell responses to BSA193 and
its protein BSA (n5 4). B, Absence of recall response to BSA193 fol-
lowing immunization with BSA (n5 4).

FIGURE 2. Prevalence (percent) of positive proliferative responses to
the test Ags in the four study cohorts. See legend to Fig. 1 for details.
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disease was considerably milder in the BSA193 group compared
with MBP-injected mice (p 5 0.02). Most (7/8) symptomatic an-
imals immunized with BSA193 showed ruffled fur, slowed move-
ments, limp tails, and impaired righting reflex. Only one of these
eight mice with EAE progressed to grade 4 disease with symmetric
hind limb paralysis 16 days following EAE induction (Fig. 5A).

Disease induction with BSA193 was dependent on the coadmin-
istration of pertussis toxin, since we did not observe disease in the
T cell immunization experiments above. Mice injected with per-
tussis toxin, CFA plus OVA152, ICA69350, BSA, or CFA only
were all clinically unremarkable. The failure to induce EAE with
BSA may reflect the fact that BSA193 is not an immunodominant

Table I. Cumulative incidence of EAE for various antigens in SJL/J mice

Ag No. with EAE
Group Scorea

(X 6 SD)
EAE Scoreb

(X 6 SD)
Onset of EAE
(day 6 SD)

Maximum Weight Loss
(% body weight6 SD)b

BSA193 8/29 0.486 0.94 1.756 1.03 12.66 1.7 21.36 6.6
MBP 5/6 2.836 1.8 3.46 1.34 11.256 0.3 27.06 8.0
BSA 0/6 NAc NA NA 5.76 4.0
ICA69-350 0/6 NA NA NA 0
CFA Only 0/6 NA NA NA 0

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

FIGURE 5. Comparative histopathology of auto-
immune encephalitis in SJL/J mice immunized with
BSA193 peptide (B–E) or MBP (F–H).A, An SJL/J
mouse displays complete hind limb paralysis (grade
4) 16 days after immunization with BSA193. B, A
lymphocyte-rich perivascular cuff around a small
vessel in the molecular layer of the hippocampus
(original magnification,3200). C, A lymphocyte
and neutrophil perivascular cuff around one of the
basilar arteries at the paramedian floor of the brain-
stem (original magnification,3400).D, A cuffing of
the perivascular space in a large blood vessel in the
ventral median fissure (original magnification,
3200). 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,3100). F, Perivascu-
lar cuff with infiltration and gliosis in the thalamus
(original magnification,3200).G, Mixed inflamma-
tory infiltrate at the base of the thalamus (original
magnification,3100). Infiltration of the leptomenin-
ges is also present.H, A perivascular infiltrate in the
cervical spinal cord (original magnification,3100).
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BSA epitope (Fig. 4B). This may or may not be the case after
enteric protein passage; it has been suggested that enteric passage
generates some peptide with preference (39).

Histopathological evaluation of brain and spinal cord sections
from mice with EAE symptoms showed perivascular lymphocytic
cuffing and exfiltrations in the brain, brainstem, and spinal cord
(Fig. 5, B–D). Leptomeningeal infiltration by mononuclear cells
was also observed in the spinal cord (Fig. 5E). The histopathology
of BSA193-injected animals was comparable, but less extensive
than similar lesions in MBP-injected animals (Fig. 5,F–H). Mice
immunized with OVA152, ICA69350, or BSA had unremarkable
brain and spinal cord histology (data not shown).

These observations indicate that the BSA193 peptide is not only
targeted spontaneously by a majority of MS patients, but that it is
encephalitogenic in SJL/J mice subjected to a standard EAE pro-
tocol. BSA is a ubiquitous food Ag, exposure is near universal, and
one reasonable explanation for the encephalitogenic function of
BSA193is antigenic mimicry with an unknown endogenous protein
targeted by MS autoimmunity. There is considerable sequence ho-
mology with ICA69350; however, no mimicry or EAE was ob-
served in SJL/J mice immunized with the peptide and few MS
patients recognize this peptide (data not shown).

BSA193 also shows subtle structural homology with exon 2 of
MBP (GLCHMYK). Exon 2 is a recognized target in MS auto-
immunity and an exon 2 peptide can cause EAE (28, 40, 41). The
expression of exon 2 is developmentally regulated through alter-
native splicing and largely restricted to the developing brain and to
areas of myelin reconstruction, including MS lesions (27). We

found that previously described Abs to exon 2 (27) detect BSA in
Western blots as well as an;20-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. 6A). 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 (Fig. 6A).

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
BSA193-induced EAE remains to be determined.

T cell cross-reactivity between exon 2 and BSA193 was incon-
sistent. In most animals tested (7/9), immunization with BSA193

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.
6B). We are currently searching for possible endogenous ligands
with BSA193 mimicry other than exon 2.

Collectively, these observations associate MS with abnormal T
cell immunity to common environmental food Ags in cow milk,
and they bring to three the number of autoimmune disorders with
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
its relapses (11–13, 50). The identification of the BSA193 epitope
in MS patient experiments now permits mechanistic studies of its
encephalitogenic potential in mice, analogous to similar studies in
diabetes-prone animals (23, 37, 51).

Such efforts may be useful, in particular since a closer linkage of
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
under way in infants with diabetes risk (22).

Acknowledgments
We thank Dr. J. Ilonen for helpful discussions and tissue typing. We grate-
fully acknowledge the efforts of the Pittsburgh GCRC nurses, J. Gay and K.
Riley.

References
1. Sadovnick, A. D., D. Dyment, and G. C. Ebers. 1997. Genetic epidemiology of

multiple sclerosis.Epidemiol. Rev. 19:99.
2. Tran, E. H., K. Hoekstra, N. van Rooijen, C. D. Dijkstra, and T. Owens. 1998.

Immune invasion of the central nervous system parenchyma and experimental
allergic encephalomyelitis, but not leukocyte extravasation from blood, are pre-
vented in macrophage-depleted mice.J. Immunol. 161:3767.

3. Becker, K. G., R. M. Simon, J. E. Bailey-Wilson, B. Freidlin, W. E. Biddison,
H. F. McFarland, and J. M. Trent. 1998. Clustering of nonmajor histocompati-
bility complex susceptibility candidate loci in human autoimmune diseases.Proc.
Natl. Acad. Sci. USA 95:9979.

4. Encinas, J. A., L. S. Wicker, L. B. Peterson, A. Mukasa, C. Teuscher, R. Sobel,
H. L. Weiner, C. E. Seidman, J. G. Seidman, and V. K. Kuchroo. 1999. QTL
influencing autoimmune diabetes and encephalomyelitis map to a 0.15-cM region
containing IL2.Nat. Genet. 21:158.

5. Ebers, G. C., K. Kukay, D. E. Bulman, A. D. Sadovnick, G. Rice, C. Anderson,
H. Armstrong, K. Cousin, R. B. Bell, W. Hader, et al. 1996. A full genome search
in multiple sclerosis.Nat. Genet. 13:472.

6. Oksenberg, J. R., E. Seboun, and S. L. Hauser. 1996. Genetics of demyelinating
diseases.Brain Pathol. 6:289.

7. Munch, M., K. Riisom, T. Christensen, A. Moller-Larsen, and S. Haahr. 1998.
The significance of Epstein-Barr virus seropositivity in multiple sclerosis pa-
tients?Acta Neurol. Scand. 97:171.

8. Hiltunen, M., H. Hyoty, M. Knip, J. Ilonen, H. Reijonen, P. Vahasalo,
M. Roivainen, M. Lonnrot, P. Leinikki, T. Hovi, and H. K. Åkerblom. 1997. Islet
cell antibody seroconversion in children is temporally associated with enterovirus
infections: Childhood Diabetes in Finland (DiMe) Study Group.J. Infect. Dis.
175:554.

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
mg, lane 2), but not purified human 18.5-kDa MBP (exon 2 negative,lane
3). Affinity-purified rabbit anti-BSA Ab recognizes BSA (lane 4), recom-
binant human 21.5-kDa MBP (containing exon 2,lane 6), but not 18.5-kDa
MBP (exon 2 negative,lane 5). Lanes from different Western blots were
assembled electronically and labeled consecutively across the top. Gel
loading was equalized according to molecular mass.B, Proliferative in
vitro recall responses in SJL/J mice immunized with BSA193 peptide (n5
9), MBP exon 2 (n5 4), or intact BSA (n5 4). Seven BSA193-immunized
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).

4755The Journal of Immunology

 by guest on June 19, 2013
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


9. Wucherpfennig, K. W., and J. L. Strominger. 1995. Molecular mimicry in T
cell-mediated autoimmunity: viral peptides activate human T cell clones specific
for myelin basic protein.Cell 80:695.

10. von Herrath, M. G. 2000. Obstacles to identifying viruses that cause autoimmune
disease.J. Neuroimmunol. 107:154.

11. Butcher, J. 1976. The distribution of multiple sclerosis in relation to the dairy
industry and milk consumption.N. Z. Med. J. 83:427.

12. Malosse, D., H. Perron, A. Sasco, and J. M. Seigneurin. 1992. Correlation be-
tween milk and dairy product consumption and multiple sclerosis prevalence: a
worldwide study.Neuroepidemiology 11:304.

13. Malosse, D., and H. Perron. 1993. Correlation analysis between bovine popula-
tions, other farm animals, house pets, and multiple sclerosis prevalence.Neuro-
epidemiology 12:15.

14. Lauer, K. 1997. Diet and multiple sclerosis.Neurology 49:S55.
15. Gerstein, H. 1994. Cow’s milk exposure and type 1 diabetes mellitus.Diabetes

Care 17:13.
16. Karges, W., and H.-M. Dosch. 1996. Environmental factors: cow milk and others.

In Diabetes Prediction, Prevention and Genetic Counselling in IDDM.
J. P. Palmer, ed. Wiley, Chichester, U.K., p. 167.

17. Åkerblom, H. K., and M. Knip. 1998. Putative environmental factors in type 1
diabetes.Diabetes Metab. Rev. 14:31.

18. Hammond-McKibben, D., and H.-M. Dosch. 1997. Cow milk, BSA and IDDM:
can we settle the controversies?Diabetes Care 20:897.

19. Verge, C. F., N. J. Howard, L. Irwig, J. M. Simpson, D. Mackerras, and M. Silink.
1994. Environmental factors in childhood IDDM.Diabetes Care 17:1381.

20. Virtanen, S. M., E. Hypponen, E. Laara, P. Vahasalo, P. Kulmala, K. Savola,
L. Rasanen, A. Aro, M. Knip, and H. K. Åkerblom. 1998. Cow’s milk consump-
tion, disease-associated autoantibodies and type 1 diabetes mellitus: a follow-up
study in siblings of diabetic children: Childhood Diabetes in Finland Study
Group. Diabetes Med. 15:730.

21. Perez-Bravo, F., E. Carrasco, M. D. Gutierrez-Lopez, M. T. Martinez, G. Lopez,
and, M. Garcia de los Rios. 1996. Genetic predisposition and environmental
factors leading to the development of insulin-dependent diabetes mellitus in Chil-
ean children.J. Mol. Med. 74:105.

22. Knip, M., and H. K. Åkerblom. 1998. IDDM prevention trials in progress: a
critical assessment.J. Pediatr. Endocrinol. Metab. 11:371.

23. Winer, S., L. Gunaratnam, I. Astsatourov, R. K. Cheung, V. Kubiak, W. Karges,
D. Hammond-McKibben, R. Gaedigk, D. Graziano, M. Trucco, et al. 2000. Pep-
tide dose, MHC-affinity and target self-antigen expression are critical for effective
immunotherapy of NOD mouse prediabetes.J. Immunol. 165:4086.

24. Butcher, P. J. 1986. Milk consumption and multiple sclerosis: an etiological
hypothesis.Med. Hypotheses 19:169.

25. Stefferl, A., A. Schubart, M. Storch, A. Amini, I. Mather, H. Lassmann, and
C. Linington. 2000. Butyrophilin, a milk protein, modulates the encephalitogenic
T cell response to myelin oligodendrocyte glycoprotein in experimental autoim-
mune encephalomyelitis.J. Immunol. 165:2859.

26. Dosch, H.-M., R. K. Cheung, W. Karges, M. Pietropaolo, and D. J. Becker. 1999.
Persistent T cell anergy in human type 1 diabetes.J. Immunol. 163:6933.

27. Capello, E., R. R. Voskuhl, H. F. McFarland, and C. S. Raine. 1997. Multiple
sclerosis: re-expression of a developmental gene in chronic lesions correlates
with remyelination.Ann. Neurol. 41:797.

28. Segal, B. M., C. S. Raine, D. E. McFarlin, R. R. Voskul, and H. F. McFarland.
1994. Experimental allergic encephalomyelitis induced by the peptide encoded
by exon 2 of the MBP gene, a peptide implicated in remyelination.J. Neuroim-
munol. 51:7.

29. Lipton, R. B., M. Kocova, R. E. LaPorte, J. S. Dorman, T. J. Orchard, W. J. Riley,
A. L. Drash, D. J. Becker, and M. Trucco. 1992. Autoimmunity and genetics
contribute to the risk of insulin-dependent diabetes mellitus in families: islet cell
antibodies and HLA DQ heterodimers.Am. J. Epidemiol. 136:503.

30. Lipton, R. B., J. Atchison, J. S. Dorman, R. J. Duquesnoy, K. Eckenrode,
T. J. Orchard, R. E. LaPorte, W. J. Riley, L. H. Kuller, A. L. Drash, et al. 1992.
Genetic, immunological, and metabolic determinants of risk for type 1 diabetes
mellitus in families.Diabetes Med. 9:224.

31. Wood, D. D., and M. A. Moscarello. 1989. The isolation, characterization, and
lipid-aggregating properties of a citrulline containing myelin basic protein.
J. Biol. Chem. 264:5121.

32. Voskuhl, R. R., H. Pitchekian-Halabi, A. MacKenzie-Graham, H. F. McFarland,
and C. S. Raine. 1996. Gender differences in autoimmune demyelination in the
mouse: implications for multiple sclerosis.Ann. Neurol. 39:724.

33. Dosch, H.-M., and D. J. Becker. 2000. Measurement of T cell autoreactivity in
autoimmune diabetes.Diabetologia 43:386.

34. Miyazaki, I., R. K. Cheung, R. Gaedigk, M. F. Hui, J. Van der Meulen,
R. V. Rajotte, and H.-M. Dosch. 1995. T cell activation and anergy to islet cell
antigen in type 1 diabetes.J. Immunol. 154:1461.

35. Becker, K. G., D. H. Mattson, J. M. Powers, A. M. Gado, and W. E. Biddison.
1997. Analysis of a sequenced cDNA library from multiple sclerosis lesions.
J. Neuroimmunol. 77:27.

36. Karges, W., R. Gaedigk, M. F. Hui, R. K. Cheung, and H.-M. Dosch. 1997.
Molecular cloning of murine ICA69: diabetes-prone mice recognize the human
autoimmune-epitope, Tep69, conserved in splice variants from both species.Bio-
chim. Biophys. Acta 1360:97.

37. Karges, W., D. Hammond-McKibben, R. Gaedigk, N. Shibuya, R. Cheung, and
H.-M. Dosch. 1997. Loss of self-tolerance to ICA69 in non-obese diabetic mice.
Diabetes 46:1548.

38. Owens, T., and S. Sriram. 1995. The immunology of multiple sclerosis and its
animal model, experimental allergic encephalomyelitis.Neurol. Clin. 13:51.

39. Alting, A. C., R. J. G. M. Meijer, and E. C. H. van Beresteijn. 1997. Incomplete
elimination of the ABBOS epitope of bovine serum albumin under simulated
gastrointestinal conditions of infants.Diabetes Care 20:875.

40. Fritz, R. B., and M. L. Zhao. 1994. Encephalitogenicity of myelin basic protein
exon-2 peptide in mice.J. Neuroimmunol. 51:1.

41. Voskuhl, R. R., E. D. Robinson, B. M. Segal, L. Tranquill, K. Camphausen,
P. S. Albert, J. R. Richert, and H. F. McFarland. 1994. HLA restriction and TCR
usage of T lymphocytes specific for a novel candidate autoantigen, X2 MBP, in
multiple sclerosis.J. Immunol. 153:4834.

42. Genain, C. P., M. H. Nguyen, N. L. Letvin, R. Pearl, R. L. Davis, M. Adelman,
M. B. Lees, C. Linington, and S. L. Hauser. 1995. Antibody facilitation of mul-
tiple sclerosis-like lesions in a nonhuman primate.J. Clin. Invest. 96:2966.

43. Wucherpfennig, K. W., I. Catz, S. Hausmann, J. L. Strominger, L. Steinman, and
K. G. Warren. 1997. Recognition of the immunodominant myelin basic protein
peptide by autoantibodies and HLA-DR2-restricted T cell clones from multiple
sclerosis patients: identity of key contact residues in the B-cell and T-cell
epitopes.J. Clin. Invest. 100:1114.

44. Miller, D. J., M. K. Njenga, J. E. Parisi, and M. Rodriguez. 1996. Multi-organ
reactivity of a monoclonal natural autoantibody that promotes remyelination in a
mouse model of multiple sclerosis.J. Histochem. Cytochem. 44:1005.

45. Hunter, S. F., D. J. Miller, and M. Rodriguez. 1997. Monoclonal remyelination-
promoting natural autoantibody SCH 94.03: pharmacokinetics and in vivo targets
within demyelinated spinal cord in a mouse model of multiple sclerosis.J. Neu-
rol. Sci. 150:103.

46. Litzenburger, T., R. Fassler, J. Bauer, H. Lassmann, C. Linington, H. Wekerle,
and A. Iglesias. 1998. B lymphocytes producing demyelinating autoantibodies:
development and function in gene-targeted transgenic mice.J. Exp. Med. 188:
169.

47. Genain, C. P., B. Cannella, S. L. Hauser, and C. S. Raine. 1999. Identification of
autoantibodies associated with myelin damage in multiple sclerosis.Nat. Med.
5:170.

48. Perez-Maceda, B., J. P. Lopez-Bote, C. Langa, and C. Bernabeu. 1991. Antibod-
ies to dietary antigens in rheumatoid arthritis–possible molecular mimicry mech-
anism.Clin. Chim. Acta 203:153.

49. Saukkonen, T., S. M. Virtanen, M. Karppinen, H. Reijonen, J. Ilonen, L. Ra¨sänen,
H. K. Åkerblom, E. Savilahti, and the Childhood Diabetes in Finland Study
Group. 1998. Significance of cow’s milk protein antibodies as risk factor for
childhood IDDM: interactions with dietary cow’s milk intake and HLA-DQB1
genotype.Diabetologia 41:72.

50. Warren, T. R. 1984. The increased prevalence of multiple sclerosis among people
who were born and bred in areas where goiter is endemic.Med. Hypotheses
14:111.

51. Karges, W., D. Hammond-McKibben, R. K. Cheung, M. Visconti, N. Shibuya,
D. Kemp, and H. M. Dosch. 1997. Immunological aspects of nutritional diabetes
prevention in NOD mice: a pilot study for the cow’s milk-based IDDM preven-
tion trial. Diabetes 46:557.

52. Winer, S., I. Astsaturov, R. K. Cheung, L. Gunaratnam, V. Kubiak, M. A.
Moscarello, P. O’Connor, C. McKerlie, D. J. Becker, and H.-M. Dosch. 2001.
The immunology of MS, human and rodent diabetes is similar, and NOD mice
can develop MS-like disease.J. Immunol. 166:2831.

4756 AN ENCEPHALITOGENIC PEPTIDE IN COW MILK

 by guest on June 19, 2013
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/



