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B cell-deficient nonobese diabetic (NOD) mice are protected from the development of spontaneous autoimmune diabetes, sug-
gesting a requisite role for Ag presentation by B lymphocytes for the activation of a diabetogenic T cell repertoire. This study
specifically examines the importance of B cell-mediated MHC class Il Ag presentation as a regulator of peripheral T cell tolerance
to islet B cells. We describe the construction of NOD mice with an I-A” deficiency confined to the B cell compartment. Analysis
of these mice, termed NOD B"P, revealed the presence of functionally competent non-B cell APCs (macrophages/dendritic cells)
with normal I-A 97 expression and capable of activating Ag-reactive T cells. In addition, the secondary lymphoid organs of these
mice harbored phenotypically normal CD4* and CD8* T cell compartments. Interestingly, whereas control NOD mice harboring
I-A9"-sufficient B cells developed diabetes spontaneously, NOD"¥ mice were resistant to the development of autoimmune
diabetes. Despite their diabetes resistance, histologic examination of pancreata from NOIF'® mice revealed foci of noninvasive
peri-insulitis that could be intentionally converted into a destructive process upon treatment with cyclophosphamide. We conclude
that I-A 9-mediated Ag presentation by B cells serves to overcome a checkpoint in T cell tolerance to isgetells after their initial
targeting has occurred. Overall, this work indicates that the full expression of the autoimmune potential of anti-islet T cells in NOD
mice is intimately regulated by B cell-mediated MHC class Il Ag presentation. The Journal of Immunology,1999, 163: 743—-750.

taneous organ-specific T cell-mediated disease. Theheir ability for uptake and presentation of specific Ags, are logical

nonobese diabetic (NOB)nouse serves as an excellent candidate APCs capable of driving an islet-destructive inflamma-
model for study of the immune pathogenesis of insulin-dependentory process (14-17). In fact, several recent studies have conclu-
diabetes mellitus (1-4). Diabetes in the NOD mouse is the resulsively demonstrated that B cell-deficient NOD mice are protected
of a selective destruction of insulin-producing pancrefiticells ~ from autoimmune diabetes (18-21). B lymphocytes have also
by autoreactive T lymphocytes. Indeed, the critical role of islet-been implicated as critical APCs for the in vivo priming of poten-
reactive CD4 T cells in NOD diabetogenesis has been well es-tially diabetogenic CD4 T cells (19, 21-25). However, direct
tablished (5-9). Furthermore, the frequency of diabetogen®’1-A evidence for a requisite role of B cell-mediated Ag presentation via
restricted CD4 T cells in the peripheral repertoire as well as I-A% in the evolution of a diabetogenic T cell response in NOD
diversification of islet-specific CD4 T cell responses are strongly mice is lacking. To address this issue, we have examined the im-
linked to the development of autoimmune diabetes (10—-13). Thespact, on diabetogenesis, of selectively rendering the B cell com-
findings have led to the notion that recruitment of a threshold frepartment incapable of |-X-mediated Ag presentation. In the
quency of diabetogenic T cells into the islet milieu may be re-present study, NOD mice wita B cell-restricted deficiency of
quired for progression tg cell destruction. However, the nature of 1-A%7 expression (NOD B'"P) were generated and monitored for
Ag presentation responsible for the initial activation of anti-islet T susceptibility to anti-islet autoimmunity.

cells and subsequent diversification of the diabetogenic T cell re- )
Materials and Methods

Mice

A utoimmune diabetes is an important paradigm of spon-sponse remains unclear. In this regard, B lymphocytes, by virtue of

*Department of Surgery, University of Pennsylvania Medical Center, Philadelphia, . .
PA 19104; and'Division of Nephrology, London Health Sciences Centre, London, NOD/LtJ, NODScid and BALB/c mice were purchased from The Jackson

Ontario, Canada Laboratory (Bar Harbor, ME). All mice were housed under specific patho-
gen-free barrier conditions. 195(—/—) NOD mice were developed as pre-
viously described (26)uMT(—/—) NOD mice were generated by back-
The costs of publication of this article were defrayed in part by the payment of pagecrossing the mutantMT(—) allele from C57BL/6 mice onto the NOD
charges. This article must therefore be hereby maddacrtisemenin accordance background. The transgene status of the backcross progeny mice was de-
with 18 U.S.C. Section 1734 solely to indicate this fact. termined by PCR screening performed on DNA extracted from tail tissue
1 This work was supported by Grants DK34878 and DK54215 from the Nationalusing previously described conditions and primers (27). At the seventh
Institutes of Health and Juvenile Diabetes Foundation International. H.N. was supbackcross, a foundewMT(+/—) NOD mouse was selected using PCR
ported by Training Grant NEI T32 from the National Eye Institute. product length polymorphisms to identify an individual homozygous for
2 Address correspondence and reprint requests to Dr. Ali Naji, Department of Surthe following microsatellite markers linked to all identified Idd loci in
gery, Hospital of the University of Pennsylvania, 3400 Spruce Street, PhiladelphiaNOD mice: D17 Mit34, D9 Mit25, D3 Mit206, D3 Mit95, D3 Mit21,

PA 19104. E-mail address: alinaji@mail. med.upenn.edu D3Nds6, D11 Mit115, D11Nds16, D11 Mit320, D1 Mit5, D1 Mit46, D1

2 Abbreviations used in this paper: NOD, nonobese diabetic; AF, aldehyde fuchsinMit18, D6 Mit52, D6 Mit339, D7 Mit20, D14 Mit11, D14 Mit222, D14
CFSE, 5 (and 6)-carboxyfluorescein diacetate succinimidyl ester; DC, dendritic cellMit110, D4 Mit59, D3 Mit103, D3Nds11, D3Nds8, D2 Mit395, D2 Mit17,
GAD, glutamic acid decarboxylase; H&E, hematoxylin and eosin; BM, bone marrow. D13 Mit61, D5 Mit48, D5 Mit69. After selection of a founder mouse, we

Received for publication February 22, 1999. Accepted for publication April 27, 1999.

Copyright © 1999 by The American Association of Immunologists 0022-1767/99/$02.00



744 B CELL I-A%” ANTIGEN PRESENTATION IN NOD DIABETOGENESIS

Bone Marrow Donors

Recipients
1 Part
I-AE(-/-) NOD
(1-A%null, 1-E null, K, Db) LV, Inject
T and B cell depleted

FIGURE 1. Strategy for the generation and ex- BM cells
pected reconstitution profile of chimeric NOD°# (ﬂ 4-5 Week Old Female NOD
mice. The MHC haplotype of the bone marrow donors = 1 Part

is noted in parentheses. The expected contribution of pEMT(-/-) NOD

each bone marrow donor to the reconstituting immune ~ (-A#, I-E null, K%, D%

system of the NOD B'"® mice is presented.

Donor Contribution to the Reconstituting Immune System of
NOD B” Mice

Origin of T cells Origin of B cells Origin of Non-B Cell APCs
I-A¢7(-/-) NOD (K*) I-A#"(-/-) NOD (K*)
1-A#"(-/-) NOD (K*)
PMT (-/-) NOD (K9 UMT (-/-) NOD (K9)

continued backcrossing up to the tenth generation, intercroaddd +/—) cubated with FITC-conjugated anti-19A (10-3.6) and biotin-conjugated
progeny, and selected B cell-deficiepMT(—/—)) F, mice to expand the  anti-B220 (RA3-6B2) (PharMingen). Sections were incubated with strepta-
B cell-deficient NOD colony. All mice on the NOD genetic background vidin conjugated to HRP (Southern Biotechnology Associates) and alkaline
were monitored weekly for the development of spontaneous diabetegphosphatase-conjugated anti-FITC (Sigma). HRP and alkaline phosphatase
Blood glucose measurements were made using CHEMSTRIP bG (Boehmwere then developed using the substrate 3-amino-9-ethylcarbazole and
inger Mannheim, Indianapolis, IN). Three consecutive daily nonfastingFast-Blue BB base (Sigma), respectively. H&E and AF staining was per-
glucose measurements with value250 mg/dl constituted a diagnosis of formed on pancreata, as previously described (29), to identify islets and
diabetes. infiltrating lymphocytes.

Induction of diabetes by cyclophosphamide ELISA

Mice were treated i.p. with 200 mg/kg of cyclophosphamide (Sigma, St.T0 determine the serum titers of total Ig, IgM, total IgG, 1gG1, IgG2a,
Louis, MO) dissolved in PBS. Two weeks following the initial treatment, '9G2b, and 1gG3, unlabeled goat anti-mouse total Ig Ab (Southern Bio-
remaining nondiabetic mice were treated a second time. Mice were folf€Chnology Associates) was used as the capture Ab, incubated with serum,

lowed weekly for the development of diabetes, as described above. and then developed with alkaline phosphatase-conjugated goat anti-mouse
total Ig, IgM, 1gG, or the IgG subclasses (Southern Biotechnology Asso-
Generation of chimeric NOD mice ciates). Serum titers of each isotype were determined by interpolating to

1/(serum dilution) at which an absorbance reading of 0.5 was achieved at
Five-week-old female NOD recipient mice were lethally irradiated (1200 the wavelength of 406 used to detect thep-nitrophenyl phosphate
rad), and within 10-24 h following irradiation were reconstituted with sypstrate.
5-10 X 10° T and B cell-depleted bone marrow cells from donor mice. . . . - .
NOD BS''® mice were generated using a mixture (in a 1:1 ratio) of bone IN Vivo stimulation of I-A"-reactive CD4 T lymphocytes

2 e
marrow cells from female I-A(~/-) and female B cell-deficient Allogeneic CD4" T cells from BALB/c (H-2d) mice were utilized as 19
(MMT(_/:L_':)L) N.OD dor;og mice. Control I(I:hnfnencfmlc? We'rlg genegrrapt\ed reactive T cells. To purify CD4 T cells, pooled splenic and lymph node
t’i'/n_g oar +'/ +)ma:i<1tc;]1[§n$ale%nSeﬂqggrﬁgeri;&T(rgT—)?mN%eD \(IZIVIOH_OtI}/IF‘)neiCE_ cells were incubated with anti-CD8 and anti-B220 MACS beads (Miltenyi
NOD intermediate 8" mice were generated using a 1:1 mixture of bone Biotech, Auburn, CA) and passed through a VarioMACS column. This

lis from female wild-type I95(+/+) and I-A97(—/—) NOD procedure cons_lstently yielded 90-95% purified CDHcells. Cells were
marrow Cels Ir te wiid-typ an e then labeled with the fluorescent dye 5 (and 6)-carboxyfluorescein diac-
mice. All mice were monitored up to 30 wk foIIOW|r_1g reconstitution for the etate succinimidyl ester (CFSE), as previously described (30, 31). A total
development of spontaneous diabetes, as described above. of 20—-30 X 10° CFSE-labeled CD4 T cells was then i.v. injected into

stimulator mice. These stimulator mice had been lethally irradiated with

Flow cytometry 1500 rad 10-24 h before injection of responder CO4cells. After a 70-h
A total of 1 X 10° cells was surface stained according to a previously stimulation period, splenocytes from the stimulator mice were isolated and
described protocol (28). The following Abs were used: GK1.5-FITC (anti- counterstained with anti-CD4 PE to allow for the identification of the trans-
CD4), 53-6.7-PE (anti-CD8a), RA3-6B2-biotin (anti-B220), 7G6-FITC ferred CFSE-labeled, CD4responder T cells using flow cytometry.
(anti-CD21/35), Cy34.1-FITC (anti-CD22), 3/23-FITC (anti-CD40), IM7- . .
FITC (anti-CD44), 10-3.6-FITC (anti-I-®), 28-8-6 biotin (anti-H-2k/  Results and Discussion
H-2D"), SF1-1.1 biotin (anti-H-2R), 1B1 FITC (anti-CD1), 1D3-FITC  Generation of NOD mice with an I9& deficiency confined to
(anti-CD19), 2.4G2-FITC (anti-CD16/32) (PharMingen, San Diego, CA), the B cell compartment
polyclonal anti-lgM-PE (Southern Biotechnology Associates, Birming-
ham, AL), and streptavidin-RED670 (Life Technologies, Gaithersburg, To establish whether B cells act as APCs necessary for the acti-

MD). All samples were analyzed on FACScan (Becton Dickinson, Moun-yation of diabetogenic CD4 T cells, we sought to abrogate the
tain View, CA) using Cellquest software. Twenty thousand events Werecapacity of B cells to present Ags via 19A This goal was ac-
collected within a live lymphoid gate set based on forward and side scatter. . . . . e .
complished by generating NOD mice Wit B cell-specific defi-
Histochemistry ciency in I-A%7 expression, but with normal 1% expression on
Spleens were suspended in OCT, frozen in 2-methylbutane cooled Witﬂqn'B cell APCs. ThI(;:‘DStrat.egy for the development Of_SUCh NOD
liquid nitrogen, sectioned, and fixed with acetone. The sections weréNice, termed NOD B'"®, relied on the construction of mixed bone

blocked using PBS/5% normal goat serum/0.1% Tween 20, and then inmarrow (BM) chimeras, utilizing bone marrow stem cells from
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female I-A%"(—/—) and B cell-deficient gMT—/—) NOD mice  39). Several reports have demonstrated that genetically B cell-
(Fig. 1). We reasoned that reconstitution of lethally irradiated fe-deficient NOD mice are resistant to the development of insulitis
male NOD recipients with stem cells from 195—/—) NOD do- and autoimmune diabetes (18, 20, 21). Fig.d@monstrates that
nors would lead to the development of an ¥Aleficient B cell  uMT(—/—) NOD mice in our colony are, indeed, protected from
compartment; whereas stem cells frgogMT(—/—) NOD mice,  spontaneous diabetes as compared with their B cell-sufficient lit-
although developmentally blocked in their ability to generate Btermates. Thus, given the functional competency of T cells in B
cells, would give rise to I-A”-sufficient non-B cell APCs such as cell-deficient mice, the protection from autoimmune diabetes ob-
macrophages and DCs. Conveniently, cells originating from theserved in these mice is most likely due to inefficient activation of
I-A97(—/—) NOD donor bone marrow were phenotypically distin- islet Ag-specific T lymphocytes rather than an intrinsic T cell de-
guishable from those derived fromMT(—/—) NOD (I-A%7(+/ fect. In support of this possibility, two recent studies demonstrate
+)) donor bone marrow. Lymphoid cells derived fraeMT(—/-) inefficient activation of GAD-reactive CD4T cells in the B cell-
stem cells express the H-2HIHC class | haplotype. On the other deficient NOD mice (22, 23). Furthermore, GAD-reactive CD#
hand, those originating from 1 %(—/—) stem cells do not express cells were shown to be efficiently primed in B cell-deficient NOD
H-2K¢, but instead express H-2KThis H-2K disparity between mice reconstituted with B cells (22), indicating an important role
the bone marrow donors allowed the determination of the relativdor B lymphocytes in priming the anti-GAD T cells.
contribution of each donor bone marrow to the reconstituting im-
mune system of NOD B8'® mice. As will be discussed below, this
H-2K disparity exists because the FA—/—) NOD mice are con-
genic NOD mice whose MHC locus was derived from NOD B“"P mice were allowed to reconstitute for up to 30 wk.
I-AB°(—/—) mice. Representative mice were analyzed at several time points after
A group of control chimeric female NOD mice with an FA reconstitution (starting at 12 wk). As shown in Figa, 220"/
sufficient B cell compartment and harboring #sufficient non-B  IgM™ splenic B cells in NOD B"P mice were deficient in I-&”
cell APCs was generated for comparison. Lethally irradiated fe-expression as compared with unmanipulated wild-type NOD mice.
male NOD recipients in this group were reconstituted with a mixedin contrast, B220/IgM™ splenic B cells from control chimeric
bone marrow cell inoculum from I-¥-sufficient +/+ and +/—) NOD mice expressed I-X at a level comparable with that seen in
NOD and B cell-deficientgMT —/—) NOD mice. Another group  unmanipulated wild-type mice (Figb® In addition, Fig. 8 shows
of NOD mice that harbored a partially I1%-deficient B cell com-  that NOD intermediate 8'° mice reconstituted whta B cell com-
partment was also generated. These chimeras, termed NOD intgrartment composed 6£50% |-A%”-deficient and 50% I-A’-suf-
mediate B"P, were constructed by reconstituting lethally irradi- ficient B cells. Importantly, splenic B cells in all groups of chi-
ated female NOD recipients with a mixed bone marrow inoculummeras were proportionally and numerically comparable with

NOD B“"P mice have an |-&-deficient B cell compartment
and a phenotypically normal T cell compartment

from 1-A9-sufficient and I-&7(—/—) NOD mice at a 1:1 ratio. unmanipulated age-matched NOD mice (Table I).9-deficient
o g . B cells of NOD B~"® mice did not express H-2K(Fig. 2a), as
Characterization of I-A’-deficient and B cell-deficient bone dictated by their origin from the 1-(—/—) (H-2K®) donors.

marrow donor NOD mice Thus, the reconstitution of an I9-deficient B cell compartment

I-A97(—/=) NOD mice. Congenic I-#7(—/—) NOD mice were in NOD B“"P mice occurred, as was anticipated.

generated by 11 backcrosses (genetically 99.95% NOD) of the It was important to determine whether the B cell compartment
I-ABP(—) mutation from the H-2 genetic background onto the of NOD B<"P mice was functionally competent and phenotypi-
NOD background (26). Female 194 —/—) NOD mice are com-  cally mature. Therefore, the cell surface phenotype of f-defi-
pletely protected from autoimmune diabetes as compared witlsient B cells in NOD B"'® mice was characterized with respect to
their 1-A9”-sufficient (+/— and +/+) female littermates that ex- the expression of several markers of B cell development, including
hibited a diabetes incidence of 60-70% by 25 wk of age (data no€D1, CD19, CD21/35, CD22, CD32, CD40, and CD44 (Fig). 2
shown). In the present work, BM stem cells derived from The expression of these markers on splenic B cells of NGB
I-A97(—/—) NOD mice were used as part of a donor cell inoculum mice was comparable with that seen in unmanipulated wild-type
to generate the I-X-deficient B cell compartment in NODBP NOD mice (Fig. 2), indicating that I-&’-deficient B cells in NOD
mice. As expected, |I-&(—/—) NOD mice are deficient in periph- B"P mice are developmentally mature. Functionally, B cells from
eral CD4" T cells due to a failure of positive selection (32-34). NOD B“"P mice proliferated normally in response to anti-lgM
Despite their CD# T cell and MHC class Il deficiency, and LPS stimulation in vitro (data not shown). Collectively, these
I-A%97(—/—) NOD mice have a mature peripheral B cell compart- data indicate that peripheral B cells in NOIF'® mice, despite
ment, albeit lacking MHC class Il expression (data not shown).being I-A%” deficient, are otherwise phenotypically and function-
Thus, B cell development proceeds independently of CD4ells ally normal.

and MHC class Il expression by B cell precursors. Given the dem- To further characterize the competence of the B cell compart-
onstrated importance of both 19A (35-38) and CD#4 T cells  ment in NOD E™"'® mice, serum from these mice was examined
(5-9) in NOD diabetogenesis, it is not surprising that femalefor the presence of the various g isotypes. ELISA quantification of
I-A97(—/—) NOD mice are protected from autoimmune diabetes agotal serum Ig, IgM, and IgG did not reveal any significant differ-
compared with their I-A”-sufficient female littermates. ence between NOD ®'® mice and the control chimeric NOD
pMT(—/—) NOD mice. Genetically B cell-deficientMT —/-) mice at 25 wk after reconstitution (FigdR Furthermore, no ap-
NOD mice at the tenth backcross (genetically 99.90% NOD) werepreciable differences were detectable between serum levels of
utilized as a source of donor BM stem cells used, in part, to genigG1, 1gG2a, or IgG2b. On the other hand, an impressive 100-fold
erate |-A"-sufficient non-B cell APCs in NOD B'® mice. elevated titer of the IgG3 isotype was detected in serum from NOD
wMT(—/—) NOD mice are blocked in their ability to generate a B<"° mice compared with that of the control chimeric NOD mice.
mature IgM"/B220" B cell compartment. Importantly, it was Interestingly, serum titers of IgG3 were also elevated in
shown that B cell-deficient NOD mice develop normal CDend I-A9’(—/—) NOD mice (data not shown). The elevated titer of
CD8" T cell compartments (18, 19). Furthermore, T lymphocytesserum IgG3 in NOD B"® mice was not reflected in the total IgG
from B cell-deficient NOD mice are functionally competent (19, titer due to the relatively small contribution of this isotype to the
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FIGURE 2. a,Flow-cytometric analysis of the splenocytes from NOB/'B mice revealed the presence of IgB220" B lymphocytes. IgM /B220"-

gated splenocytes from NODHP (bold line), and wild-type NOD control (solid line) mice were stained with anti®l-and anti-H-2K. Non-B cell-gated
splenocytes from NOD B'® (bold line) and wild-type NOD (solid line) mice were stained with anti-HI2K, IgM */B220" B lymphocytes were present

in spleens of control chimeric NOD mice. IgMB220"-gated splenocytes from control chimeric NOD (bold line) and wild-type NOD control (solid line)
mice were stained with anti-I4X and anti-H-2K. ¢, Flow-cytometric analysis and comparison of Ig8220"-gated splenic lymphocytes from NOD

BC''"® (bold line) and wild-type NOD (solid line) mice with respect to the expression pattern of the indicated panel of B cell developmental/activation
markers.d, ELISA assay for the quantification of the titers of all indicated Ig isotypes in serum from N&B &olid bars) and control chimeric NOD
(hatched bars) mice at 25 wk after reconstitution. Serum titers are standardized and expressed as (1/serum dilution) at which an absorban@® reading o
was achieved. Diamonds represent values achieved from each individual mouse examined at 25 wk after reconstitution.

pool of serum IgG isotypes. The IgG3 isotype has been shown tgonstitution (data not shown). Splenic (Table 1) and lymph node
be secreted preferentially in response to immunization with T cell{data not shown) CD%4 and CD8 T cells in NOD B~"P and
independent type 2 Ags (40, 41). That IgG3 was elevated in serumontrol chimeric NOD mice were proportionally and numerically
from both NOD E™"'® and I-A%(—/—) NOD mice is taken as normal by 8 wk following reconstitution. It is known that both
evidence that the serum titer of this IgG isotype in wild-type NOD intra- and extrathymic APCs expressing MHC class Il are required
mice is regulated specifically by MHC class Il-mediated cognate Bto drive the differentiation and survival of a normal peripheral
cell interactions, presumably with CD4T cells. CD4" T cell compartment (32—-34, 43). Mice deficient in either
We next considered the functional integrity of the T cell com- extrathymic or intrathymic MHC class ll-expressing APCs/stromal
partment in NOD B"P mice. Interestingly, a recent study by the cells are defective in their ability to develop CDZ cells. There-
Benoist and Mathis laboratory (42) indicated that nonautoimmundore, the existence of a phenotypically normal CD® cell com-
chimeric mice with an MHC class Il deficiency restricted to the B partment in NOD B"® mice implied that sufficient MHC class
cell compartment (similar to the NOD ¥° mice described Il-expressing non-B cell APCs must have been present to drive the
herein) retain their ability to effectively priema T cell response differentiation and survival of these T cells. In fact, examination of
upon immunization with foreign Ag. This finding supports our non-B cells in NOD E"'® mice revealed that an equal proportion
contention that the T cell compartment of NOIS'I® mice is not  of these cells was derived from both H-2kxpressing (derived
globally defective in its ability to initiate an immune response from uMT(—/-), I-A%-sufficient, H-2K! donor) and non-H-2&
against inciting immunogens. In fact, we found that both CD4 expressing (derived from I%(—/—), H-2K" donor) NOD stem
and CD8 T cells were present in spleens and lymph nodes ofcells (Fig. 2). This equal proportion of H-2Kto non-H-2K-
NOD B“"P and control chimeric mice as early as 6 wk postre- expressing non-B cells in NOD®B® mice conformed with the
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FIGURE 3. a, Immunohistochemical double staining of a splenic section from a representative control chimeric NOD mouse stained wit# anti-I-A
(blue stain) and anti-B220 (orange stain). Double-stained®’I-:/8220" B cell follicles (dark brown) are found in control chimeric NOD chimeras.
Flow-cytometric analysis reveals the presence of -4B220" double-stained splenic lymphocytes in control chimeric NOD mticémmunohistochem-

ical double staining of a splenic section from a representative NG Bnice stained with anti-I-&” (blue stain) and anti-B220 (orange stain). Flow-
cytometric analysis reveals the presence of[-4B220" single-stained splenic lymphocytes in NOB'® mice.c, Immunohistochemical double staining

of a splenic section from a representative NOD intermedi&t& Bnice stained with anti-I-&” (blue stain) and anti-B220 (orange stain). Flow-cytometric
analysis reveals the presence of both9-AB220" and |-A%""/B220* splenic lymphocytes in NOD intermediatét® mice.

original 1:1 ratio of the mixed reconstituting donor BM stem cells. macrophage/DC lineage. Thus, immunohistological analysis di-
The expression of H-2Kby a portion of non-B cells suggested rectly indicated that I-A”-sufficient non-B cell APCs are present
that I-A%"-sufficient APCs (macrophages/DC), derived from9%A  in the peripheral lymphoid organs of NODFEP mice.

sufficientuMT(—/—) NOD BM, are present in NOD B'® mice. To determine the functional competency of the 4%&ufficient
Next, we directly assessed NOD“#> mice for the presence and non-B cell APCs present in NOD B® mice, we assessed the
functional competence of non-B cell APCs. ability of these cells to directly activate 19%reactive CD4 T

S ) cells. To accomplish this task, we utilized an in vivo approach for
I-A%%-sufficient non-BlgeII APCs are present and functionally  giimylating I-A497-reactive CD4 T cells derived from allogeneic
competent in NOD 8 mice BALB/c mice (44). CFSE-labeled BALB/c responder CDA
Immunohistochemical analysis of tissue sections from spleens dfells were adoptively transferred into irradiated stimulator mice to
NOD B€"P and control chimeric NOD mice allowed direct iden- trace the division history of the transferred T cells over the course
tification of MHC class ll-expressing cells within the splenic white of a 70-h stimulation period. The division of CD4I-A9"-reactive
pulp of these mice. As expected, Figa Bemonstrates that the B T cells was used as an indicator of their activation status and the
cell follicles of control chimeric NOD mice express FA Thisis  ability of APCs in the stimulator mice to prime such CD7 cells.
consistent with the I-A’-sufficient phenotype of B220splenic  Fig. 4a shows that CFSE-labeled CD4esponder cells transferred
lymphocytes in these animals determined by flow cytometry (Fig.into control chimeric NOD mice divide up to six generations dur-
3a). On the other hand, Fig.b3shows that the B cell follicles of ing the stimulation period. That this division is specifically di-
NOD B€"P mice are virtually devoid of I-A” expression, consis- rected against I-& is proven by the absence of such division upon
tent with the I-A7-deficient status of B220splenocytes in these transfer of responder cells into 194 —/—) (Fig. 4b) or syngeneic
mice (Fig. 3). Interestingly, both NOD B"® and control chi- BALB/c stimulator mice. Importantly, as shown in Fig, 4ransfer
meric NOD mice contain |-A”-expressing non-B cell APCs in the of responder cells into stimulator NOD®#® mice resulted in the
inner-PALS/T cell zone. MHC class Il-expressing cells confined toefficient activation of I-&#”-reactive CD4 T cells, as evidenced
the T cell zone of the splenic white pulp are known to be of theby up to six rounds of division similar to that seen in control

Table I. Proportions and absolute numbers of B22@CD4", and CD8" Splenic lymphocytes in control chimeric NOD, NOB'"B, and wild-type
NOD mice

Control Chimeric NOD i = 6) NOD B°'® (n = 7) Wild-Type NOD @ = 11)
Lymphocyte Gate Proportion (%) Total no.X 10 ) Proportion (%) Total no.X 10 ) Proportion (%) Total no.X 10 )
B220"/igM ™ 35+5.3 315+ 438 36.1+ 4.7 30.7- 4.0 34.3= 5.3 25.0+ 3.9
CD4* 31+25 279+ 2.2 29.3+- 4.2 28.4+ 4.1 35+ 6 30.1=5.1

CD8" 741 7.0x0.9 8.1x1 7.2+0.8 7.8x1 6.6+ 0.9
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dance with these findings, examination of pancreata from a cohort
a) Control Chimeric NOD Stimulator of NOD B“"P mice at 25 wk after reconstitution showed rare foci
of peri-insulitis to be present (Fig.aé-d) This finding indicates
that the initial targeting of islets in NOD mice occurs indepen-
dently of I-A%"-mediated Ag presentation by B lymphocytes. On
the other hand, as expected, invasive insulitis was present in pan-
creata from diabetes-prone control chimeric NOD mice (Fig 6,
o/ andf), but not the NOD B"'® mice. The benign nature of insulitis
o’ 1 in NOD B®"P mice, together with their diabetes-resistant pheno-

CFSE———mM > type, argues in favor of the importance of FAmediated Ag pre-

sentation by B cells for the conversion to invasive insulitis and

b) progression to diabetes. A potential limitation of this interpretation
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is that the H-2-derived MHC loci expressed by cells derived from
1-A#7(-/-) NOD Stimulator the congenic I-&7(—/—) NOD BM donor mice might have ex-
erted a diabetes-resistant effect in NOB"8 mice. In this regard,
given that the NOD intermediate 8 mice were found to be
diabetes susceptible despite having been partially reconstituted
with bone marrow from |-&7(—/—) mice strongly suggests that
H-2P-linked loci derived from the I-A7(—/—) congenic NOD do-
nors do not contribute a dominant diabetes-resistant effect. Thus,
CFSE ——M8M8M8M88™™ > the lack of I-A°”-mediated Ag presentation by B lymphocytes
rather than a diabetes-resistant effect of théT¢A/—) BM donor
C) most likely accounts for the diabetes-resistant phenotype of NOD
NOD B¢? Stimulator B<"P mice. Overall, these findings suggest that the initial targeting
of islets proceeds efficiently in the absence of MHC class II-me-
4 diated Ag presentation by B cells. However, conversion of this
? process into a diabetogenic response is dependent upon B cell-
mediated I-8” Ag presentation. To test this latter hypothesis, we
next sought to intentionally overcome the benign nature of insulitis
targeting the islets of NOD B'® mice by provoking its conver-

CFSI; FLIH > sion to a diabetogenic process.

FIGURE 4. In vivo stimulation of I-A%"-reactive BALB/c CD4 re- L o D
sponder T lymphocytes. CFSE-labeled responder Ceells were trans- Nondestructive insulitis in NOD 8'® mice can be converted

ferred into lethally irradiated stimulator mice. Cell division was used as ainto a g islet cell-destructive process

measure of T cell activation. The bold line in each histogram maps therq getermine whether the benign insulitis observed in NOB®B
division hl_sto_ry of reactive CDYlT_ceIIs inan |r|_'ad|ated stimulator of the _mice could be converted into a pathogenic process, a cohort of
genotype indicated above each histogram during the course of a 70-h stim

ulation period. The thin line in each histogram represents a control syn:[hese mice was treated with cyclophosphamide at 12 wk after re-

geneic BALB/c stimulator into which CFSE-labeled CDresponder cells consttution. F'g' 5 demonstrqtes Fhat cyclophosphamlde. treat-
were adoptively transferred. The presented data are representative of thr€Nt of nondiabetic control chimeric NOD and NOI' mice
experimentsa, CD4" responder T cells transferred into control chimeric 1€d to the development of diabetes in both groups. Cyclophosph-
NOD (bold line) or syngeneic BALB/c (thin solid line) stimulator mide. ~ amide-induced diabetes did not occur in insulitis-free BALB/c or
CD4" responder T cells transferred into R%—/—) NOD (bold line) or ~ NOD/Scidmice, indicating its specific dependence on the presence
syngeneic BALB/c (thin solid line) stimulator mice, CD4" responder T of the inflamed islet milieu of NOD mice. Interestingly, cyclo-
cells transferred into NOD B'® (bold line) or syngeneic BALB/c (thin phosphamide treatment of a cohort of nondiabetic female B cell-
solid line) stimulator mice. deficient NOD mice at-35 wk of age led to diabetes in 20% of
these mice within 2 wk (Fig. &.

Cyclophosphamide treatment is known to overcome a check-
chimeric NOD stimulators (Fig.a). Therefore, despite the 194 point in pathogenicity of diabetogenic T cells after the initial tar-
deficient status of the B cell compartment in NOD'B mice,  geting of islets has occurred. In fact, induction of cyclophospha-
I-A9”-sufficient non-B cell APCs are present and functionally ca-mide-induced diabetes requires preexisting insulitis in treated
pable of activating I-A"-reactive CD4 T cells. animals and is dependent on the severity of islet inflammation (45).
Therefore, that cyclophosphamide can overcome diabetes resis-
tance in insulitis-prone NOD 8'® mice and a number of older
nondiabetic B cell-deficient NOD mice indicates that igetells
NOD B®"P, NOD intermediate B"P, and control chimeric NOD  in these mice are targeted by potentially diabetogenic lymphocytes
mice were monitored for the development of spontaneous autoimthat, unless provoked, are unable to mediate destruction in the
mune diabetes for up to 30 wk following their reconstitution. Strik- absence of I-A™-mediated Ag presentation by B cells or B cell
ingly, as shown in Fig. 5, NOD B“"P mice were protected from deficiency, respectively. A model for NOD diabetogenesis pro-
the onset of diabetes with only 1 of 24 NOIF# mice sponta- poses that progression to fulminant diabetes is dependent upon
neously developing autoimmune diabetes. This was in contrast tbypassing two temporally distinct checkpoints: initial targeting of
19 of 23 mice in the control chimeric NOD cohort and 5 of 9 NOD islet B8 cells (checkpoint 1) and later conversion of hondestructive
intermediate B"P mice that became diabetic at various time insulitis into a diabetogenic inflammatory process (checkpoint 2)
points between 12 and 30 wk following reconstitution. In concor-(46). As is evident from the presence of noninvasive insulitis in
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NOD B“"P mice are resistant to the development of
spontaneous autoimmune diabetes
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FIGURE 5.
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a, Incidence of spontaneous diabetes in a cohort of B cell-deficient female NOB £ 30) and wild-type female NODZ; n = 30) mice.

b, Incidence of spontaneous diabetes in a cohort of female N&IB BJ; n = 24), control chimeric NOD®; n = 23), and NOD intermediate B° (A;

n = 9) mice.c, Cyclophosphamide-induced diabetes in a group of NGBPB(J; n = 10), control chimeric NOD@; n = 8), BALB/c (O; n = 5),
NOD/Scid(<; n = 10), and femalgsMT(—/—) NOD (P; n = 10) mice. NOD B"® and control chimeric NOD mice were treated with cyclophosphamide
at 12 wk after reconstitutioruMT(—/—) NOD mice were free of spontaneous diabetes up- 8 wk of age, at which time they were first treated with
cyclophosphamide. Asterisks indicate the time of treatment with cyclophosphamide.

NOD B“"P mice, checkpoint 1 appears to be spontaneously overeell tolerance was examined. Specifically, the requirement of
come in the absence of 198 Ag presentation by B cells, and is, I-A%"-mediated Ag presentation by B cells for diabetogenesis in
therefore, independent of B lymphocytes. However, overcomingNOD mice was determined. We generated NOB'B mice with
checkpoint 2 requires MHC class ll-mediated Ag presentation byan 1-A%” deficiency confined to the B cell compartment. Despite
B cells and is, thus, not easily overcome spontaneously in NODOhe presence of noninvasive insulitis, NOS'E mice were found
B<"® mice with 1-A%7-deficient B cells, unless their benign insu- to be resistant to the spontaneous development of autoimmune
litis is potentiated by cyclophosphamide treatment. diabetes. This observation highlights the critical requirement for
Collectively, using the NOD model as an example of a spontad-A9’-mediated cognate T/B interactions for the progression of in-
neous T cell-mediated autoimmune disease, the importance of Bulitis from its benign form to 8 cell-destructive inflammatory
cell MHC class Il Ag presentation as a regulator of peripheral Tprocess. It has been suggested that the mlg specificity of B cells
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FIGURE 6. a-d Representative H&E- and AF-stained serial sections of pancreas from NtDrBice. The majority of islets in NOD 8'® mice are
healthy and noninsulitic, as shownan AF staining of a serial section of the same pancredsshows insulin-containing islgd cells staining dark blue.
Rare sections of pancreas from NOB'8 mice showed a mild peri-insulitis. H&E staining mshows the presence of a noninvasive pole (see arrows)
of mononuclear cells adjacent to the islet. AF staining of a serial pancreatic sectishows insulin-containing islet cells stained dark blue andf,
H&E- and AF-stained serial sections of pancreas from control chimeric NOD mice showing typical invasive insulitis. H&E sta@rghgws the presence

of invasive mononuclear cell infiltration of the islet. AF staining of a serial pancreatic sectioshiows the remaining islg cells stained dark blue.
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imposes a selective uptake of Ags leading to the presentation of 2.

limited array of Ags at high density by individual B lymphocytes

(47). Thus, the dependence of NOD diabetogenesis on the expresy.

sion of I-A%” by B lymphocytes may stem from the unique capac-
ity of B lymphocytes for specific uptake and efficient MHC class

Il-mediated presentation of islet autoantigens. 23.

Finally, using the NOD model as a naturally occurring para-

digm, the present study establishes B cell-mediated MHC class §4.

Ag presentation as a critical regulator of peripheral T cell toler-
ance. We speculate that the full expression of the autoreactivg,
potential of the T cell repertoire is intimately regulated by B cell
Ag presentation that, in disease-susceptible individuals, could
serve to overcome checkpoints in the maintenance of peripheral *
cell tolerance to organ-specific targets.
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