Requirement for endocytic antigen processing and
influence of invariant chain and H-2M deficiencies
in CNS autoimmunity
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The role of processing in antigen (Ag) presentation and T cell activation in experimental allergic
encephalomyelitis (EAE) was evaluated in wild-type mice, mice that selectively express either Ii p31 or p41,
and mice completely deficient in Ii or H-2M. We demonstrate that processing of myelin oligodendrocyte
glycoprotein (MOG) is required for presentation of the dominant encephalitogenic MOG epitope,
p35-55.1i p31- and p41-expressing mice developed EAE with similar incidence to wild-type mice, although
p41 mice had a more severe course. Ag-presenting cells (APCs) from Ii- or H-2M-deficient mice could pres-
ent p35-55, but not MOG, demonstrating that these APCs could not process native MOG. Ii- and
H-2M-deficient mice were not susceptible to EAE by immunization with p35-55 or MOG or by adoptive
transfer of encephalitogenic T cells. However, CD4* T cells from p35-55-immunized H-2M-deficient mice
proliferated, secreted IFN-y, and transferred EAE to wild-type, but not H-2M-deficient, mice. Thus, EAE
resistance in H-2M-deficient mice is not due to an inability of APCs to present p35-55, or an intrinsic defect
in the encephalitogenic T cell repertoire, but reflects a defect in APC function. Our results indicate that
processing is required for initial Ag presentation and CNS T cell activation and suggest that autopatho-

genic peptides of CNS autoantigen may not be readily available for presentation without processing.
J. Clin. Invest. 108:1133-1139 (2001). DOI:10.1172/JC1200113360.

Introduction

Experimental allergic encephalomyelitis (EAE) is an
inflammatory demyelinating CNS disease that serves as
a model for multiple sclerosis (MS) and other organ-spe-
cific T cell-mediated autoimmune diseases (1, 2). Acti-
vated CD4" Th1 cells that recognize CNS self-antigens
(autoantigens) mediate EAE and are thought to have a
central role in MS pathogenesis (2). Activation of CD4* T
cells, which occurs when a specific Ag is presented in asso-
ciation with MHC class I molecules expressed on the sur-
face of antigen presenting cells (APCs), may be required
at different stages in the pathogenesis of CNS inflam-
matory disease (3-5). Ag presentation by APCs outside
the CNS canlead to T cell activation, a prerequisite for T
cell entry into the CNS (3, 4). Ag presentation by resident
CNS accessory cells, which are nonprofessional APCs,
may be necessary for recognition of CNS autoantigen
and T cell activation during the initial CNS inflamma-
tion (3) and T cell activation during progression from
acute to chronic and relapsing stages of CNS demyeli-
nating disease (5). In general, Ag presentation by APCs
requires “processing,” which involves proteolytic Ag

degradation in endocytic/lysosomal compartments and
association of peptide cleavage products with class I mol-
ecules before display on the surface of APCs (6). In vitro
studies have established that endocytic processing of the
native form of the CNS autoantigen, myelin basic protein
(MBP), is necessary for presentation to encephalitogenic
CD4* T cells (7). If peptides of myelin autoantigens are
not readily accessible for Ag presentation in normal CNS,
endocytic processing by CNS APCs may be required for
initial Ag presentation and T cell activation in vivo.
Invariant chain (Ii) and H-2M (HLA-DM) are molecules
involved in class IT biosynthesis and endocytic processing
(8). Ii serves as a chaperone, directing transport of newly
formed class IT ot and P chains to the endosomal/lysoso-
mal compartment (8). Two isoforms of Ii are expressed,
p31and p41 (9). Although Ii p31 and p41 both facilitate
class I assembly and prevent premature Ag binding to
class I molecules (8), some in vitro data have indicated
thatIi p41 may modulate the proteolytic environment of
the endocytic compartment and confer selective advan-
tage in Ag presentation to CD4* T cells (10-12). As Ii p31
and p41 are proteolytically cleaved, the residual peptide
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fragment, CLIP (class II-associated invariant chain pep-
tide), remains associated to class Il molecules (13). H-2M,
anonclassical class I molecule, facilitates the removal of
CLIP, permitting the binding of peptide Ag’s for T cell
presentation (14). Deficiencies in either Ii or H-2M, can
cause defects in Ag processing (8), and have been instru-
mental in evaluating the requirements for intracellular
peptide loading and Ag presentation in vivo (15-20).

In this investigation we evaluated the role of Ag pro-
cessing in EAE by examining the T cell response to myelin
oligodendrocyte glycoprotein (MOG) in mice that selec-
tively express Ii p31 or p41 and mice that are completely
deficient in Ii or H-2M molecules. We established that
processing of native MOG by APC is required for presen-
tation of the dominant encephalitogenic MOG peptide,
p35-55. Although both Ii p31 and p41 mice were suscep-
tible to EAE, Ii p41 mice sustained a more severe course.
Our vivo studies utilizing mice completely deficient in Ii
or H-2M indicate that processing is required for Ag pres-
entation during the induction of T cell-mediated CNS
inflammation. Results in this study indicate that peptides
of this CNS autoantigen may not be available for class II
restricted Ag presentation in normal CNS without pro-
cessing. Thus, reagents that selectively interfere with endo-
cytic processing could be beneficial for immunotherapy
in Ag-specific CNS autoimmune disease.

Methods

Mice. Characterization of mice deficient in Ii, Ii p31, Ii
p41,and H-2M has been described (15, 18, 21, 22). Defi-
ciency in each of these genes has been bred onto the
C57BL/6 background for four generations. Wild-type
CS7BL/6 mice, li-deficient mice, and H-2M-deficient
mice used in adoptive transfer studies were purchased
from The Jackson Laboratory (Bar Harbor, Maine, USA).

Antigens, antibodies, and recombinant cytokines. Mouse
MOG peptide 35-55 (MEVGWYRSPFSRVVHLYRNGK)
(23) was synthesized and HPLC purified by QCB Inc.
(Hopkinton, Massachusetts, USA). Whole MOG was
purified from mouse brain as described previously (23)
and full-length rtMOG (amino acid residues 1-218) was
a kind gift of C. Bernard (Latrobe University, Mel-
bourne, Australia).

Induction and clinical evaluation of EAE. Mice received a
subcutaneous injection in the flank of 100 pg of mouse
MOG p35-55in 0.1 ml of PBS emulsified in an equal vol-
ume of CFA supplemented with 2 mg/ml of mycobac-
terium tuberculosis H37RA (MT; DIFCO Laboratories,
Detroit, Michigan, USA). Immediately thereafter and
again 48 hours later, mice received an intravenous injec-
tion of 150 ng of pertussis toxin (PT) in 0.2 ml of PBS.
For adoptive transfer of EAE, p35-55-specific T cells
were activated with APCs and p35-55 3 days before trans-
fer. After Ficoll, cells were washed three times and count-
ed. Recipient mice received 5 x 106 cells in 0.5 ml PBS
intravenously. Mice were monitored for symptoms of
EAE daily and scored as follows: 0, no disease; 1, tail
paralysis; 2, hind limb weakness; 3, hind limb paralysis;
4, hind limb plus forelimb paralysis; 5, moribund.

Histological evaluation of tissue. At the completion of the
experiment on day 30, mice were anesthetized by isoflu-
rane inhalation and perfused with PBS containing 4%
(vol/vol) paraformaldehyde. Fixed CNS tissues were
embedded in paraffin wax, cut in 5-um sections, and
stained with hematoxylin and eosin. Stained sections were
examined in a blind fashion as described previously (23).

Proliferation assays. Cells were cultured in serum-free
medium, X-Vivo 20 (BioWhittaker Inc., Walkersville,
Maryland, USA) supplemented with 5 x 105 M 2-mer-
captoethanol, 2 mM glutamine, 100 pg/ml penicillin,
and 100 ug/ml streptomycin. A total of 1 x 10* MOG
Pp35-55-specific CD4* T cells were cultured with 5 x 10°
v-irradiated splenic APC and MOG peptide p35-55 or
intact MOG in 0.2 ml culture media in 96-well microtiter
plates (Falcon Labware, Oxnard, California, USA). At 48
hours, each well was pulsed with 1 uCi [*H]thymidine
and harvested 16 hours later. In APC fixation experi-
ments, 5 X 105 splenic APCs were treated with 0.05%
paraformaldehyde for 30 minutes at room temperature,
washed three times, and cultured with 1 x 10* MOG
p35-55-specific T cells in the presence of either p35-55
or intact MOG. For primary proliferative responses,
5x 105 spleen cells removed from immunized mice were
cultured in 0.2 ml media with p35-55 or native MOG.
Cultures were pulsed at 72 hours with 1 uCi [*H]thymi-
dine and harvested 16 hours later. In experiments using
chloroquine, APCs were incubated with 75 uM chloro-
quine for 75 minutes and removed. After incubation
with Ag for 30 minutes, MOG-specific T cells were
added, pulsed at 72 hours, and harvested 16 hours later.

Cytokine analysis. Cell culture supernatants were col-
lected at 24-hour incubation for cytokine analysis.
Quantitative ELISA for IL-2, IL-4, and IFN-y were per-
formed using paired mAb’s specific for corresponding
cytokines per manufacturer’s recommendations
(PharMingen, San Diego, California, USA).

RT-PCR. Mice were perfused with PBS during euthana-
sia to remove circulating blood cells. Total RNA was then
extracted with TRIZOL (GIBCO BRL; Life Technologies
Inc., Rockville, Maryland, USA). RT and PCR were per-
formed using the Access RT-PCR system from Promega
Corp. (Madison, Wisconsin, USA) using one cycle: 48°C
for 45 minutes followed by 94°C for 2 minutes. The fol-
lowing oligonucleotide primers (designed from pub-
lished murine cDNA sequences; refs. 9, 24) were pur-
chased from Operon (Alameda, California, USA): CIITA,
5’-(CCCTGCGTGTGATGGATGTC) and 5-(GTTGCCCT-
TAGCGTCTTCAG); Ii, 5-GAGGCTAGAGCCATGGATGAC-3
and 5’(3" AGATGCTTCAGATTCTCTGGG-3"); H-2Ma, 5’
CTACGAGATGTTGATGCGGGAAGT-3"and 5'GTGTAGCG-
GTCAATCTCGTGTGTC-3"; class II B -chain, 5’-GCTA-
CTTCACCAACGGGACG-3’ and 5-GCTCTTCAGGCTGGG-
ATGCT-3'; B-actin, 5’-TGTGATGGTGGGAATG-GGTCAG-3’
and 5-TTTGATGTCACGCACGATTTCC-3’. Primers for
internal CIITA detect an expected 635-bp fragment;
primers for Ii detect an expected 490-bp fragment;
primers for an H-2Ma detect a 320-bp fragment; and
primers for B-actin detect a 510-bp fragment. PCR was
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Figure 1

Presentation of native MOG requires endocyt-
ic processing. li- or H-2M-deficient APCs can
present p35-55 (a), but not native MOG (b), to
encephalitogenic p35-55-specific T cells. (c)
Paraformaldehyde-fixed wild-type APCs can
present p35-55, but not native MOG, to
p35-55-specific T cells. (d) Chloroquine-treat-
ed wild-type APCs can present p35-55 but do
not present native MOG to p35-55-specific T
cells. Irradiated splenocytes were cultured with
p35-55-specific T cells in the presence of
p35-55, native MOG, or no Ag, as described in
Methods. Proliferative responses were meas-
ured by [3H]thymidine incorporation. For APC
fixation, splenocytes were treated with
paraformaldehyde, then cultured with
p35-55-specific T cells in the presence of either
p35-55, native MOG (50 ug/ml), or no Ag (see
Methods). Irradiated wild-type splenocytes (b),
tested at the same time as paraformaldehyde-
fixed wild-type APCs (c), stimulated T cell pro-
liferation using native MOG. For chloroquine
treatment (d), APCs were treated with 75 uM
chloroquine for 75 minutes before the addition
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performed using 35 cycles of amplification: 94°C for 30
seconds, 62°C for 60 seconds, and 72°C for 120 seconds.

Results

Native MOG requires APC processing for presentation of the
dominant encephalitogenic MOG peptide, p35-55. li- and
H-2M-deficient mice have separate defects in maturation
of MHC class II molecules. APC from H-2M-deficient
mice express normal levels of mature (compact) class II
molecules that are loaded with CLIP and have defects in
processing native Ag (17, 18). Although Ii-deficient APCs
have defects in expression of class II molecules and pro-
cessing native Ag’s, they are remarkably efficient at pre-
senting certain peptide Ag’s (15, 16). To examine whether
endocytic processing of native MOG is required for pres-
entation of the dominant encephalitogenic determinant,
p35-55 (23), we first tested whether splenic APCs from
wild-type C57BL/6 mice, li-deficient mice, and
H-2M-deficient mice were capable of presenting p35-55

observations using H-2M-deficient APCs for presenta-
tion of exogenous peptide Ag’s (17, 18). In contrast, nei-
ther Ii-deficient nor H-2M-deficient APCs were very effec-
tive in presenting native MOG to p35-55-specific T cells
compared with wild-type APC (Figure 1b). That Ii- and
H-2M-deficient APCs could present p35-55, but not
MOG, suggested that processing is required for presen-
tation of native MOG. When tested at the same time, we
observed that paraformaldehyde-fixed wild-type APC
could present p35-55, but not native MOG (Figure 1c),
which clearly established that processing is required for
presentation of native MOG to p35-55-specific T cells. In
addition, we observed that the lysosomal inhibitor,
chloroquine, completely inhibited presentation of native
MOG (Figure 1d), but only had a minor effect on pres-
entation of p35-55, further confirming that the endocyt-
ic compartment participated in processing of MOG.

) . N Spinal Cord Brain Spleen
and intact MOG to I-Ab-restricted p35-55-specific T 5
cells. As shown in Figure 1a, li-deficient and wild-type 3 2
N 1 c
APCs presented p35-55 equally well. H-2M-deficient 2 3 - « S -~ o D 8
APCs, which express class Il molecules bound with CLIP, g 5% Y% s vy s Y o
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Figure 2
CNS expression of li and H-2M is upregulated during EAE. C57BL/6 KHE
mice were immunized with MOG peptide p35-55 on day 0 as  Qjassil | U - e e <5050
described in Methods. Mice that developed EAE were perfused with
PBS during euthanasia to remove circulating blood cells. Total RNA -
was extracted with trizol, and mRNA expression of each gene was p-actin - - - .. .. “4=510bp
detected by RT-PCR as described in Methods.
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Table 1
Incidence and severity of EAE in wild-type, li-deficient, and
H-2M-deficient mouse strains*

Mice Incidence  Mean maximum severity®  Day of onset®
MOG p35-55
C57BL/6 9/10 31+03 17.2+£2.7
li-/- 0/10 N/A N/A
lip31 9/10 3.5£0.6 14.0+£0.9
li p41 10/10 3.6+£0.4 147 1.7
H-2M-/- 0/10 N/A N/A
rMOG
C57BL/6 5/5 4.0+0.6 17.8+1.3
li-/- 0/3 N/A N/A
lip31 5/5 42+0.5 15.4+1.0
li p41 5/5 4.7+0.5 15.8+1.2
H-2M-/- 0/5 N/A N/A

AMice were immunized subcutaneously in the footpads with 100 ug MOG
p35-55 or 100 pg rMOG emulsified in an equal volume of CFA. Mice also
received 150 ng PT immediately thereafter and again 48 hours later as described
in Methods. BMean maximum severity of affected animals. “Mean = SEM.

CNS expression of Ii and H-2M mRNA is upregulated dur-
ing EAE. When stimulated by IFN-y, astroglia cells cul-
tured in vitro upregulate Ii and H-2M and present CNS
autoantigen to encephalitogenic T cells (7). These
results suggested that expression of class II processing
elements might be important in CNS Ag presentation.
Thus, we examined Ii and H-2M expression in the CNS
of wild-type mice with and without EAE. Ii expression
was detected in the brain of mice with EAE, but was
not detected in normal brain (Figure 2). Ii message was
barely detectable in normal spinal cord, but was cleat-
ly upregulated in EAE. Constitutive H-2Ma expression
was detected in the spinal cord and brain of control
mice, although there was marked H-2Ma upregulation
in these tissues during EAE. Constitutive levels of Ii
and H-2M mRNAs were detected in the spleens of both
normal and EAE mice.

Ii p31 and p41 mice are susceptible to EAE, but mice com-
Ppletely deficient in Ii or H-2M are resistant. Our observations
that Ii- and H-2M-deficient APCs could present p35-53,
but not native MOG, enabled us to use Ii- and H-2M-
deficient mouse strains to evaluate the requirement for
processing in Ag presentation in EAE. li-deficient and
H-2M-deficient mice were first examined for EAE sus-
ceptibility by direct immunization with p35-55 or
rMOG. In two separate experiments, none of the Ii-defi-
cient or H-2M-deficient mice developed EAE (Table 1).

Some investigators have suggested that Ii p41 may be
utilized more efficiently than Ii p31 in Ag processing and
presentation (10-12). APCs in Ii p31 and p41 mice
express normal levels of mature MHC class II molecules
and these mice contain normal levels of CD4* T cells (19).
When tested for EAE susceptibility, we observed that Ii

p31, Ii p41, and wild-type strains developed EAE with
similar incidence when immunized with either p35-55 or
rMOG (Table 1). However, after the initial onset of acute
EAE, Ii p41 mice showed a more severe disease course
compared with either Ii p31 or wild-type mice (Figure 3).
In fact, the clinical score of EAE in p41 mice was approx-
imately two times greater than in p31 mice.

MOG p35-55 primed T cells from H-2M-deficient, but not Ii-
deficient, mice proliferate and secrete Th1 cytokines. Ii- and
H-2M-deficient mouse strains have distinct differences
in their CD4" T cell compartments (15-18). As a result
of deficient thymic positive selection, Ii-deficient mice
have a reduction of peripheral CD4* T cells (15, 16).
Despite alterations in both class II expression and T cell
differentiation, li-deficient mice were able to mounta
normal Th1 response and control Leishmania major infec-
tion in vivo (25). In contrast to li-deficient mice, APCs
from H-2M-deficient mice express normal class II levels,
and H-2M-deficient mice have a broad peripheral CD4*
T cell compartment (17, 18). However, competition with
CLIP on I-A® could prevent effective priming of
p35-55-specific Th1 cells in H-2M-deficient mice. Thus,
we evaluated whether or not EAE resistance in Ii- and
H-2M-deficient mice was due to an inability to prime
p35-55-specific Th1 cells or was linked to a defect in
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Figure 3

H-2M- and li-deficient mice are resistant to EAE. Mean clinical score
of mice immunized with (a) 100 ug pMOG35-55 or (b) 100 ug
rMOG emulsified in an equal volume of CFA. Mice also received 150
ng PT at the time of immunization and again 48 hours later as

described in Methods.
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T lymphocytes from p35-55-immunized H-2M, li p31, and li p41,
but not li-deficient, mice proliferate and secrete Th1 cytokines. Ten
days after immunization with p35-55, spleen cells were isolated and
cultured with various concentrations of p35-55. Proliferative
responses are shown in a, and IFN-y secretion in b. Immunizations,
proliferation assays, and cytokine analyses from supernatants were
performed as described Methods.

their CD4* T cell compartments. Immunization of Ii-
deficient mice with p35-55 did not stimulate a signifi-
cant proliferative response (Figure 4a) or secretion of
IFN-y (Figure 4b), reflecting an inability to prime
p35-55-specific CD4* T cells. In contrast, T cells from
p35-55-immunized H-2M-deficient mice proliferated
nearly as well as T cells from wild-type and also secreted
substantial IFN-y. Thus, p35-55 elicited a Th1 response
in H-2M-deficient, but not in Ii-deficient, mice. IL-4, a
Th2 cytokine, was not detected in cultures from any
mice tested (data not shown).

Lymphocytes from EAE-susceptible Ii p31 and p41
mice were also examined (Figure 4). Even though T
cells from p35-55-immunized Ii p31 and p41 mice
secreted less IL-2 than T cells from wild-type immu-
nized mice, these IL-2 quantities were sufficient to sup-
port vigorous proliferation (data not shown). T cells
from p35-55-immunized Ii p41 mice secreted similar
levels of IFN-yas T cells from wild-type mice, although
T cells from p35-55-immunized p31 mice required
nearly one log greater concentration of p35-55 to reach
maximal detectable IFN-y secretion.

Adoptive transfer of encepbalitogenic MOG p35-55-specific
T cells does not induce EAE in Ii-deficient or H-2M—deficient
mice. As CLIP has a relatively high affinity for I-AP (26),
and it may be necessary for p35-55 to displace CLIP

from class II molecules on H-2M-deficient APCs (17,
18), lack of EAE susceptibility in H-2M-recipient mice
could reflect an inability of certain APCs to display suf-
ficient p35-55-1-AP complexes for adequate T cell acti-
vation. In contrast to H-2M-deficient APCs, Ii-defi-
cient APCs express “empty” class Il molecules (15, 16),
and although Ii-deficient APCs may express fewer class
II molecules, these APCs present p35-55 to encephali-
togenic T cells as well as wild-type APCs (Figure 1).

To distinguish the influence of defects in Ag process-
ing and presentation by APCs from alterations in selec-
tion of an encephalitogenic T cell repertoire, we exam-
ined whether activated wild-type encephalitogenic T
cells could induce EAE when adoptively transferred
into naive Ii- or H-2M-deficient mice. In contrast to
wild-type recipient mice, H-2M- and Ii-deficient-recip-
ient mice did not develop clinical EAE (Table 2) or his-
tological signs of EAE (Figure 5).

As we observed that H-2M deficient APCs could
present p35-55 to encephalitogenic T cells (Figure 1)
and immunization of H-2M-deficient mice with
p35-55 elicited proliferation and IFN-y secretion (Fig-
ure 4), the reciprocal adoptive transfer using T cells
from p35-55-immunized H-2M-deficient mice was
performed. We observed that p35-55-specific cells iso-
lated from H-2M-deficient mice induced EAE in wild-
type, but not H-2M-deficient, recipient mice (Table 2).
Although it is possible that Ii-deficient CNS APCs
could not express sufficient MHC class II molecules,
our results from H-2M-deficient mice indicate that it
was the defect(s) in Ag processing, not an inability to
present peptide Ag for T cell activation, that was
responsible for the lack of EAE induction in
H2-M-deficient mice. In contrast, lack of EAE in Ii-
deficient mice reflected both a defect in Ag processing
(Figure 1) and an inability to prime (Figure 3) an
encephalitogenic p35-55-specific T cell repertoire.

Using a panel of VB-specific antibodies (VB 4, 5, 6, 8,
12,13, 14, and 17) for FACS analysis, we examined the
TCR repertoire of p35-55-specific encephalitogenic
CD4" T cells isolated from H-2M-deficient and wild-
type mice. As reported previously (27), we observed that
the repertoire of p35-55-specific T cells in wild-type
C57BL/6 mice was heterogeneous (data not shown). In

Table 2
Adoptive transfer of encephalitogenic MOG35-55-specific T cells caus-
es EAE in wild-type mice but not li-deficient or H-2M-deficient mice

Donor cells Recipient mice? Incidence Mean
maximum score

Wild-type Wild-type 9/13 3.6+0.7
Wild-type li/~ 0/10 0.0+£0.0
Wild-type H-2Ma-/- 0/10 0.0+0.0
H-2Ma/- Wild-type 7/10 32+04
H-2Ma/~ li/- 0/5 0.0£0.0
H-2Ma/~ H-2Ma~/- 0/5 0.0+£0.0

ARecipient mice were injected intravenously with 5 x 106 encephalitogenic
p35-55-specific T cells and monitored daily for clinical signs of EAE.
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Histological evidence of EAE in wild-type, li p31, and li p41, but not

li-an

d H-2M-deficient, mice. Inflammatory lesions were observed in

(a) wild-type, (b) li p31, and (c) li p41 mice. No evidence of inflam-
matory cell infiltration was seen in (d) li-deficient or (e) H-2M-defi-
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mice. CNS tissue was harvested, fixed, and stained with hema-
in and eosin (H&E) as described in Methods. x10.

addition, there was no significant difference in usage
of TCR V[ 4,5,6,8,12,13 and 14 between wild-type and
H-2M-deficient mice. Only one difference in TCR Vf3
usage by p35-55-specific T cells was observed: V 17
was used by 5.3% of wild-type T cells and 10.2% of the
H-2M-deficient T cells. Thus, our results demonstrate
that inability to induce EAE in H-2M-deficient mice
reflects a defect in APC function and not development
of a repertoire of encephalitogenic T cells.

Discussion

Endocytic processing may be required at different stages
in EAE pathogenesis. When exposed to native MOG
outside the CNS, we have observed that processing by
peripheral APCs is required for presentation and acti-
vation of p35-55-specific T cells. Transmigration across
the blood brain barrier (BBB) does not require Ag pres-
entation, as activated T cells, independent of their speci-
ficity, can enter the CNS (3, 4). However, recognition of
CNS autoantigen is considered a prerequisite for the
initiation of T cell-mediated CNS inflammation (3, 4,
28). How then are pathogenic epitopes of CNS
autoantigen initially exposed to encephalitogenic Th1
cells? Is endocytic processing required at this stage? Pro-
cessing independent presentation of CNS autoantigen
has been described but is considered rare (29). During
turnover of myelin in normal CNS,; it is possible that
myelin peptides could become accessible to APCs (30).
Activated Thl cells entering the CNS secrete IFN-y,
which causes class IT upregulation on resident nonpro-
fessional APCs. Thus if a sufficient pool of myelin pep-
tides exists, autopathogenic epitopes of myelin proteins
could be presented to CD4* Th1 cells by resident CNS
APCs. In this situation, endocytic processing may not be
required for initial CNS Ag presentation. Alternatively,
in normal CNS, a sufficient pool of encephalitogenic
protein fragments may not exist or may not be accessi-
ble to CNS APC. Through secretion of proinflammato-
ry cytokines, activated Th1 cells that penetrate the BBB
may elicit changes that stimulate APCs to upregulate

their endocytic machinery, enabling generation and
presentation of encephalitogenic peptide products in
association with class II molecules. In this regard,
microglia (31, 32) and IFN-y-stimulated astrocytes
express cathepsin (Cat) S (J.C. Patarroyo and S.S.
Zamvil, unpublished observation), a lysosomal cysteine
protease that participates in endocytic processing (33)
and MBP degradation (34). Our data in this report are
consistent with this latter possibility. Ii-deficient or
H-2M-deficient recipient mice did not develop EAE
after adoptive transfer of activated wild-type or H-2M-
deficient donor encephalitogenic Th1 cells, a situation
that obviates the requirement for Ag presentation and
T cell activation outside the CNS (2). Thus, even with a
repertoire of encephalitogenic T cells, mice containing
APCs with defects in Ag processing could not propagate
an encephalitogenic CNS inflammatory response,
although APCs from these mice could present encephal-
itogenic MOG peptide to autopathogenic CD4* T cells.

Alternative splicing of Ii mRNA leads to the formation
of p31 and p41 Ii isoforms (9). Ii p41 contains an addi-
tional exon, 6b, which encodes a 64-amino acid sequence
that is located in the lumenal Ii domain (9). Although
controversial (21, 22, 35), several studies have indicated
that the less abundant Ii p41 facilitates enhanced class
II-restricted presentation of certain Ag’s and antigenic
peptide fragments (10, 19, 36). Ii p41 may protect a sub-
set of antigenic epitopes from excessive degradation by
inhibiting the lysosomal cysteine protease, Cat L (11, 12).
In contrast, more recent evidence indicates that p41 facil-
itates the maturation of Cat L in selected cell types and
prevents its premature destruction by surrounding endo-
cytic proteases (37). Despite differences, p31 and p41
both participate in endocytic localization and class II
compact dimer formation, and mice genetically manipu-
lated to express either p31 or p41 support thymic selec-
tion of CD4* T cells and the development of a normal T
cell repertoire (21, 22, 35). Although some studies have
indicated that Ii p41 may enhance Ag presentation
(10-12, 19, 36), this possibility had not been examined in
vivo in an organ-specific autoimmune disease. We
observed that the incidence of EAE was similar in Ii p31,
Ii p41, and wild-type mice, although the disease course
was more severe in Ii p41 mice. We also observed that
there was a lower threshold for IFN-y secretion by acti-
vated p35-55-specific T cells from Ii p41 mice, which
could contribute to the disparity in disease course.
Although multiple discrete encephalitogenic determi-
nants have been identified for other CNS autoantigens
(38) and repertoire diversification can occur after the ini-
tial phase of EAE (5), p35-55 is the only encephalitogenic
region of MOG identified in C57BL/6 mice (23, 27). As
p41 may confer selective advantage in presentation, one
possibility is that p41 facilitates presentation of a cryptic
MOG determinant(s), which could participate in the
encephalitogenic T cell response in the later phase of
acute EAE. We are currently investigating this possibility.

Several proteases that participate in the endocytic
pathway have been identified (33). Although it is not
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clear whether different proteases are utilized for pres-
entation of distinct T cell epitopes, strategies that alter
expression of individual proteases may be useful for
modifying Ag presentation and T cell activation in clin-
ical diseases (33). In this regard, it was reported that
APCs from mice deficient in Cat S have defects in Ag
processing and were less susceptible to collagen-
induced arthritis, an autoimmune disease mediated by
pathogenic Th1 cells (39). In vivo administration of a
cysteine protease inhibitor was also effective in pre-
venting Ag presentation to T cells in a model of pul-
monary hypersensitivity (40). Similarly, reagents that
selectively interfere with the endocytic pathway may be
applicable to treatment of CNS autoimmune inflam-
matory conditions, such as EAE or MS.
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