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Abstract - The present study was undertaken to analyze the regulatory T cells generated in response to MHC class IT derived selft]-
AE (54-76) peptide. It was observed that T cells from young unprimed type [ diabetes (T1D) prone NOD miice did not respond to

self-1-AB87 (54-76) peptide although T cells from primed young NOD mice showed a strong response. T cells from young unprimed
BALB/c mice responded to self-I-AB? (62-78) peptide. However, a breakdown of tolerance to these peptides was observed with age
in both the strains. Culture supernatant from I-AP¥’ (54-76) peptide-primed cells secreted large amounts of TGF-B and inhibited
T cell responses in allogeneic-MLR, Further, I-AB¥ (54-76) peptide specific T cell lines from young (I-A.Y) and diabetic (I-A.DD)
NOD mice were established. I-A.Y secreted IL <4, TGF -B and IL-10 while I-A.D T cell line secreted IL-10 and IFN-y. We found that
EAD T cell line induced diabetes when transferred in NOD/SCID mice but LAY T cell line did not induce disease. These results
show that immunization of NOD mice with AP (54-76) peptide ata younger age induces a regulatory T cell response suggesting
that correcting the defects in immunoregulatory mechanisms using self- MHC peptides may be one of the approaches to prevent

autoimumune diseases like T1D.
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INTRODUCTION

The repertoire of T cells is determined in the thymus
during the process of selection. As T eells develop in the
thymus they express antigen-specific recepiors, those with
high-affinity to self-antigens are deleted. The process of
binding of the receptors by weak ligands positively selects
the T cell receptor (TCR) repertoire. These ligands
originate from self-proteins, generating self-peptides that,
in turn, bind to self-major histocompatibility (MHC) class
Il. Low-affinity auto-reactive T cells escape deletion and
join the peripheral T cell pool. This process in the thymus,
and secondarily in the periphery, results in tolerance of the

Abbreviations: APC: antigen presenting cells; MHC: major
histocomp,a@‘ility complex; MLR: mixed lymphocyte
reaction; NOD: non-obese diabetic mice; TCR: T cell
receptor; T1D: type 1 diabetes mellitus; TGF-B: transforming
growth factor-beta

irmune system toward components of self (33).

The T lymphocytes that are positively selected from the
thymus do not exhibit strong reactivity toward self-MHC
molecules. In the periphery, these thymically selected
weakly autoreactive T cells are subsequently exposed to
self-MHC peptides or some cross reactive peptide derived
from microbial agents that can trigger the activation of
these T cells. Any cross reactivity between the triggering
peptide and some tissue specific peptides may lead to T cell
mediated autoimmune diseases, T1D is one such classical
example of T cell mediated autoimmune disease. T1D is
characterized by the destruction of insulin producing
B cells in the pancreatic islets of Langerhans (5,56,60).
Both genetic and environmental factors coniribute to the
development of T1D. There is a strong association between
susceptibility to T1D and MHC class IT molecules, HLLA-
DR and HLA-DQ in humans and -DQ homologue I-A#” in
non-obese diabetic (NOD) mice (23,25,55,58,61). Several
unique properties of the MHC class T molecules I-A27 and

159




160 R. Mukhetjee et al.

HLA-DQ8 probably contribute to diabetes pathogenesis.
I-A®” and HLA-DQS positively select for high-affinity
T cells, because they appear to bind peptides with low
affinity. Results of several groups suggest that unstable
I-A¥"-peptide complexes produce an effectively decreased
density of MHC-peptide complexes on the cell surface
(40). NOD mouse T cells show unusual self-reactivity,
attributed to the poor negative selecting ability of the I-A%’
aliele in the thymus and the periphery, presumably arising
from poor peptide binding (41). This reduced expression of
MHC class It would bias positive selection towards a T cell
repertoire with a predisposition towards high-affinity
T cells and a lack of regulatory T cells in NOD mice.
However, this suggested role for MHC molecules in
diabetogenesis is, probably, just one of multiple possible
roles. A recent review of the HILA associations in human
type 1 diabetes points out clearly that susceptibility to
disease is conferred by particular combinations of the
highly polymorphic genes encoding HLA-DQ and HLA-
DR, rather then the mere presence or absence of certain
variants (59).

The animal model of T1D, the NOD mouse has proven
to be very important in understanding the pathogenesis of
the discase. A number of studies have reported the
association of structural abnormalities in the thymus of
NOD mice and inadequate central tolerance (35,65). A
number of aberrations like poorly defined demarcation
between the cortex and medulla, increased nmumber of
mature T and B cells and deficiency of regulatory T cells in
addition to defective negative selection have been attributed
to the NOD thymus (3,17,26,45 ,46). It has also been shown
that grafling of thymic epithelium into newborn C57BL/6
mice resulted in development of insulitis (54). This suggests
a possible role of thymic epithelium in the development of
diabetes by way of positive selection of auto-reactive T
cells. A namber of the peptides presented to T ceils in the
thymus may derive from self-MHC molecules. A number of
studies have examined the response of peripheral T cells to
self-MHC derived peptides (1,6,16).

A number of cytokines play a major role in down
regulating the immune response in autoimmune diseases.
Several approaches have been applied for cotrecting T1D
including deletion of beta cell autoreactive Thi cells and
cytokines (IFN-yand I.-2), or increasing regulatory Th2 or
Th3/Tr1 cells and their cytokines (IL-4, IL-10 and TGF -3)
reviewed in (52). A role of TGF-P has been implicated in a
wide variety of in vivo models including NOD mice
making this cytokine an important candidate for T cell
mediated immunoregulation. TGF-B is a multifunctional
cytokine with both positive and negative effects on the
immune system. TGF-B has been shown to suppress
inflammation, and is important for the induction of
tolerance induced by oral antigen (31). A number of studies
have reported the secretion of TGF-B by self-MHC-

reactive regulatory T cells that mediate oral and peripheral
tolerance and prevent the development of autoimmune
diseases (22,27).

The peptide [-AB® (54-76) represents an
immunodominant region on the I-Af” molecule. This
region has also been implicated in contacting the TCR in
the recognition of MHC-peptide complex (8). Previously,
using self-MHC class I B chain derived peptides, we
found that tolerance to a peptide corresponding to 54-76
region is broken with age suggesting a role for peptide
specific T cells in pathogenesis of diabetes in NOD mice
(11). However, immunization of NOD mice at a younger
age prevented the development of diabetes by induction of
peptide specific antibodies and Th2 type cytokines (11).
These results suggested that autoimmunity could be
regulated using self-MHC peptides. The present study was
undertaken to study breakdown of tolerance to self-MHC
peptides in different strains of mice and to further
characterize the regulatory T cells generated in response o
self- 1-AB&” (54-76) peptide and understand the
mechanism involved in the prevention of diabetes.

MATERIALS AND METHODS

Mice

Female NOD/Lt and NOL/SCID mice were bred and housed in the
animal facilities at the John P. Robarts Research Institute and the
University of Westermn Ontario, respectively (Londen, Ontario, Canada).
Diabetic NOD mice were pooled and used within the week following
disease onset. Female BALB/c mice were purchased from The Jackson
Laboratory (Bar Harbor, ME),

Antigens

Peptides used in this study were synthesized in this laboratory, as
previously described (1), using the Menifield solid-phase peptide
synthesis technique on an ABI 431A peptide synthesizer (Applied
Biosystems, Mississauga, Ontario, Canada). The crude peptides were
purified by reverse-phase HPLC on a semi-preparative synchropak RP-
P CI8 (250 x 10 mm ID) column using a linear gradient from 0.1%
trifluoroacetic acid in water to 0.1% trifluoroacetic acid in acetonitrile
(1% of the second solvent/min). Peptide purity and composition were
confirmed by Mass spectral analysis. For functional assays, peptides
were dissolved in saline by adjusting the pH with 0.1 M NaGH and were
sterilized by filtration through a 0.22 pm filter. The sequences of the
peptides used in this study are I-AB¥ (1-14), GDSERHFVHQFKGE, I-
APET (48-60), RAVTELGRHSAEY, I-APE7 (54-76), GRHSAEYYN
KQYLERTRAELDTA, [-ARe7 (82-95), EETEVPTSLRRLEQ, OVA
(323-339), ISQAVHAAHAFEINEAGR and -AB4 (62-78), NSQPELL
ERTRAEVDTA. Concanavalin A (ConA) used as a positive control was
obtained from Sigma Chem. (St. Louis, MO).

Furification of T cells

T cells were purified using nylon wool columns. Briefly, 1 x 108
spleen cells or lymph node cells were suspended in | ml RPMI (Life
Technologjes, Grand Island, NY) supplemented with 5 x 10-5 M 2-ME,
10 mM HEPES, 2 mM glutamine, 5 [U/mi penicillin-streptomycin and -
10% heat-activated FCS (HyClone Laboratories, Logan, UT). The cells
were then loaded onto a 10 ml column containing 0.6 g of nylon wool
(Robbins Scientific, Surmyvale, CA). After 45 min incubation at 37°C in
the presence of 5% COy, the columns were washed with warm RPMI and
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the effluent containing T cells was collected. The purity of T cells
obtained was >90%.

Immunization and T cell proliferation assays

For primed T cell proliferation assay, 8 wk old mice were immunized
subcutaneously in each hind footpad with 50 pg of peptide in saline
mixed with an equal volume of incomplete freund's adjuvant (IFA)
(Sigma Chem.). After 10 days, draining popliteal lymph nodes were
collected and a single cell suspension was prepared. T cells were purified
using niylon wool columns as described above. T cells (2 x 10%) were then
cultured in 96-well flat-bottom pates (Becton Dickinson, Bedford, MA)
with I-A B-chain peptides (1-100 pg/ml) or ConA (5 pg/ml) in 200 pl of
10% RPMI (Life Technologies). Irradiated (3000 rad) spleen cells (105
cells/well) from normal syngeneic mice (8-9 wk old) were used as a
source 0f APCs. After 3 days, cultures were pulsed with 1 pCiswell of *H-
thymidine (NEN-DuPent, Boston, MA) for 16-20 hr. Incorporation of
*H-thymidine was measured using a liquid scintillation counter (LKB
Instruments, Gaithersburg, MD),

Proliferation assays using T cells from unprimed NOD mice

For experiments with unprimed mice, spleens were harvested and
single cell suspensions were prepared. Purified T cells (5 x 105) were then
oultured in 96-well flat-bottom plates (Becton Dickinson) with I-Af-
chain peptides (1-100 pg/ml) or ConA (5 pg/ml) in 200 pt of medium.
Iradiated (3000 rad) spleen cells (10° cellsiwell) from normal syngeneic
mice (8-9 wk old) were used as a source of APCs. After 4 days, cultures
were pulsed with 1 pCi/well of *H-thymidine (NEN-DuPont) for 16-20
hr. Incorporation of *H-thymidine was measured using a liquid
scintillation counter (LKB Instruments).

Mixed lymphocyte reaction (MLR}

Allogeneic MLRs were perfonmed using purified T cells from NOD
as responders and irradiated (3000 rads) spleen cells from BALB/c mice
as stimulators. Cells collected from lymph nodes of NOD mice (4-6 wk}
primed with I-ABS” (54-76) peptide were cultured in the presence of
I-ABe’ (54-76) peptide and supernatants were collected afier 24 and 72
hr. These culture supernatants were then added to the MLR cultures
containing NOD T cells (Responders, 2 x 10 and irradiated BALB/c
spleen cells (Stimulators, 4 X 10°) and incubated for 3 days at 37°C.
Untreated MLR culfures containing responders and stimulators {1:2)
were used as positive controls. For cne experiment, various I-AR#
peptides (50 pg/ml) were added to the MLR cultures. After 72 hr, cultures
were pulsed with 1 pCirwell of *H-thymidine (NEN-DuPont) for 16-20
hr. Incorporation of *H-thymidine was measured using a liquid
scintillation counter (LKB Instruments).

Generation of AP (54-76) peptide-specific T cell lines

Female NOD mice (4-6 wk old) were immunized with I-AB#’
(54-76) peptide (50 pg/footpad) emulsified in IFA. After 10 days,
popliteal lymph nodes were harvested and T celis were purified using
nylon wool as described above. T cells (4 x 10%) were cultured for 4 days
with I-ABE” (54-76) peplide (50 pg/ml) in the presence of irradiated
(3000 rads) syngeneic spleen cells from normal NOD (8 wk) as APCs (1
% 10%) in a final volume of 4 ml. Cells were washed and incubated in
medium alone at 37°C for 7 days. This process was repeated twice. Cells
were collected and dead cells were removed using lympholyte M
{Cedarlane, Homby, Ontario, Canada). T cells (2 x 10) were cultured
with the peptide (50 pg/ml) in the presence of irradiated APCs. Two days
later, cells were further diluted in 10 ml medium and expanded in the
presence of 15 U/ml IL-2 (Becton Dickinson). Two days later cells were
diluted again in 100 ml media and rested. After 10 days, I-ABE’ (54-76)
peptide-specific T cell lines from young NOD mice (I-A.Y) were used
for the experiments or restimulated to maintain the cell line. Similarly an
I-ABE7 (54-76) peptide-specific T cell Jine was generated from unprimed
diabetic NOD mice (I-A.D) and used in the experiments,

Cytokine ELISA

Female NOD mice {4-6 wk old} were immunized with [-ABE7 (54-76)
peptide (50 pg/footpad) emulsified in IFA. After 10 days, popliteal lymph
nodes were harvested and cells (2 x 108} were cultured in the presence of
[-AP (54-76) peptide (50 ug/mb) or control peptides (5( pg/ml) in 24 -
well plates (Becton Dickinson), Culture supemnatants were collected after
24 hr and 72 hr and secretion of TGF-B was measured. Samples were
acidified by addition of HCI for 10 min, neutralized by NaOH and the
TGF-B content was measured using a TGF-} DuoSet Elisa Development
Kit (R&D Systems, Minneapolis, MN). Similarly, 1-ABE? (54-76)
peptide specific cell lines (2 x 10%) were cultured in the presence of
-AB¥ (54-76) peptide (50 pg/ml) and syngeneic irradiated (3000 rads)
spleen cells frorn NOD mice (8 wk) as APCs in 24 -well plates (Becton
Dickinson). Culture supernatants were collected after 24 br and IL4,1.-10
and [FN-y secretion was assayed using cytokine specific BD OptEIA™
ELISA Sets (BD Pharmingen, Mississauga, Ontario, Canada). TGF-f
secretion was measured as described above, Optical densities were
measured at 450 nm using a micro plate ELISA reader (Bio-Rad,
Richmond, CA).

Adoptive transfer of diabetes by T cell lines

NOD/SCID (6-8 wk-old) mice were injected intravenously with
either I-A.Y or I-A.D T cell line (1 x 107/ mouse). As a positive control
NOD/SCID mice were injected with splenocytes (1 x 107/ mouse) from
diabetic NOD mice alone. Recipient (n= 10/group) mice were then
monitored twice per week for glycosuria and regarded as overtly diabetic
based on two consecutive positive (>11.5 mmol) glycosuria tests.

Statistical analysis
Results were analyzed using Student’s ¢ test, in which p values of
0.05 or less were considered significant.,

RESULTS

Response of T cells from NOD and BALB/c mice to self
I-A3 54-76 peptide

Previously, using self-MHC class 11 B chain derived
peptides, we found that young NOD mice are tolerant to a
self-MHC class II peptide corresponding to region 54-76
(I-AB#7 54-76 peptide). However, there is a breakdown of
tolerance to this peptide in old diabetic NOD mice
suggesting a role for peptide specific T cells in the
pathogenesis of diabetes in NOD mice (11). This
experiment was done to find out if a similar breakdown of
tolerance occurs in non-autoimmune mouse strains as well.
We determined the response of primed or unprimed T cells
from BALB/c and NOD mice towards self I-AB? (62-78)
and I-AP#" (54-76) peptide, respectively. There was no
proliferative response observed in T cells isolated from
young (8 wk old) unprimed NOD mice towards self I-AB&7
(54-76) peptide suggesting that young NOD mice are
tolerant to this peptide (Fig. 1A). However, T cells from
BALB/c mice showed moderate proliferation to I-Af¢
(62-78) peptide. There was a dose dependent increase in
the response of T cells from BALB/c mice. The response
was abrogated at 100 pg/ml dose probably due to
activation induced cell death,

To examine primed T cell responses, young mice were
immunized subcutancously in the hind footpads with




162 R. Mukherjee ef o/,

sy A Breakdown of tolerance to self I-A B peptide with age in
o BaLee diabetes prone and non-diabetes prone mice

5000 | To further determine if tolerance/unresponsiveness to

self 1-AB peptide is maintained thronghout life, we

E oo examined the response of T cells from old BALB/c mice

(6 months old) and diabetic NOD mice towards the I-AR¢

w0 (62-78) or I-APE? (54-76) peptide, respectively. T cells

were separated from spleen cells of unprimed old BALB/c

0 L and diabetic NOD mice and cultured with irradiated spleen

1 10 100

=Y

cells (from 8 wk old syngeneic mice) and I-AB9 (62-78) or
I-APe’ (54-76) peptide, respectively at various
concentrations and proliferation was assayed as described
20000 in Materials and Methods. Surprisingly, the T cell
T s proliferative response to these self I-AB peptides was
15000 considerably greater than that of T cells from young mice
in both BALB/c and NOD mice but the overall magnitude
£ oo of response was higher in autoimmune diabetic NOD mice
(Fig. 2). After an initial dose dependent increase the
5300 response decreased at highest peptide concentration
possibly due to activation induced cell death. These results
suggest that T cell tolerance to a self-peptide
corresponding to an immunodominant region on I-A is
broken at an older age in both autoimmune and non-
autoimmune strains of mice, However, this breakdown of
tolerance in NOD mice suggests a role for these cells in the
development of diabetes.

Concentration of peptide (pp/m)

1 19 190
Conceniration of peptide {pg/ml)

@

Fig. 1 Response of T cells from NOD and BALB/c mice
to self I-AP chain peptides. A) Splenic T cells from unprimed
young NOD and BALB/c (8 wk) mice were cultured with I-
ABE? 54-76 or I-Apd (62-78) peptide (1-100 pg/ml)
respectively along with irradiated (3000 rads) syngeneic
spleen cells as APCs. B) For primed T cell Tesponses, young
NOD and BALB/c (8 wks) mice were immunized with I
AB¥ (54-76) or I-ABY (62-78) peptide (50 pg/foot pad),
respectively. After ten days, lymph nodes were harvested and
T cells were cultured with irradiated (3000 rads) syngeneic
spleen cells as APCs and respective I-AJ3 peptides at various
concentrations. T cell proliferation was measured by *H-
thymidine incorporation as described in Materials and
Methods. Results represent triplicate culture + SD.

Inhibition of NOD T cell response to BALB/c spleen cells
by AP (54-76) peptide specific culture supernatants in
MLR

We have previously shown that immunization of young
NOD mice with I-AB27(54-76) peptide induces a Th? type
response and cells from I-ABe7 (54-76) peptide-
immunized mice significantly delays the transfer of

40000
—4— Diabetic NOD

peptide emulsified in IFA. After ten days, draining lymph 4 BALBe (8 monts ol
nodes were harvested and T cells were purified. T cells 30000 |
were cultured with irradiated spleen cells as APCs and
-AB® (62-78) or L-ABS7 (54-76) peptide at various E oo |
concentrations. T cell proliferation was measured as
described in Materials and Methods. ConA served as a 10000
positive confrol to demonstrate that the T cells were
competent (data not shown). The data presented in Fig. 1B N :
show that T cells from primed NOD mice proliferate in 0 1 10 100
response to I-ABE7 (54-76) peptide and the proliferation Concentration of peptde (ugim
was dose dependent, However, response in primed T cells Fig.2  Breakdown of tolerance to self I-AP peptide in

from young BALB/c mice towards self I-AB? (62-78)

diabetes prone and non-diabetes prone mice with age. T cells

peptide was similar to that obtained in young unprimed
mice. These results suggest that although young NOD
mice are tolerant to self I-ABE’ (54-76) peptide this
tolerance can be broken by immunization but non-
autoitnmune mice remain tolerant even after
immunization.

from unprimed old BALB/c mice (6 months old) and diabetic
NOD mice were cultured with irradiated (3000 rads)
syngeneic spleen cells and respective self I-Af peptide at
various concentrations. Cultures were harvested and
proliferation was assayed by IH-thymidine uptake as
described in Materials and Methods. Results represent
triplicate culture + SD.



Immunoregulation of TID by a selt-MHC class H-peptide 163

diabetes in an adoptive transfer model, Also, anti-peptide
antibodies inhibited antigen-specific T cell responses in
NOD mice (11). Therefore, experiments were conducted to
see if cytokines secreted by peptide-specific T cells have
any effect on T cell responses. An allogeneic-MLR system
was used with NOD T cells (responder) and irradiated
BALB/c spleen cells (stimulator} as described in Materials
and Methods. Supernatants from I-ABe? (54-76) peptide
primed T cells collected after 24 and 72 hr were added to
the MLR cuitures. The data presented in F ig. 3 show that
the 1-ABE” (54-~76) peptide-specific culture Ssupematants
(24 and 72 hr) significantly inhibited the response of NOD
T cells to BALB/c spleen cells. The supernatants collected
from control I-ABE’ (1-14) peptide primed cells did not
have any effect on the T cell response in MLR cultures,
These results suggest that the 1-ABE" (54-76) peptide-
specific cells secrete cytokines that can inhibit T cell
response in allogeneic-MLR.

Effect of self-MHC peptides on the NOD T cell response to
BALB/c spleen cells in MLR

The results from the previous experiment showed that
culture supernatants from I-AQ#7 (54-76) peptide-primed
cells inhibit T cell responses. Further experiments were
done to find out if the inhibition observed was due to

—&— No superatanl
48090 1 e | AV (54-26)-2¢h supomatant
—#— 1-A¥ (54.76)- 12h supernatant
~#— LAY {1-14)-24h supematant

40000 »

. F’A}\f/
24000 /:.%
16000

8000

CPM

12 14 1:8 I:16

Dilution of Supernatant

Fig. 3 Culture supernatants from 1-Ap#7 (54-76)
peptide-primed  cells inhibit allogeneic-MLR. Culture
supernatants from [-AB87 (54-76) peptide-primed  cells
collected afer 24 and 72 hr were added to the allogeneic-
MLR cultures using purified T cells from NOD as responders
and irradiated (3000 rads) spleen cells fiom BALB/c mice as
stimulators (1:2). Unireated MiLR cultures containing
responders and stimulators were used as posttive controls,
I-AB7 (1-14) peptide-primed T cell supernatant was used as
a control. Supernatants were used at a dilution of 1.2,1:4,1:8
and 1:16. After 3 days, cultures were harvested and .
thymidine uptake was measured as described in Materials and
Methods. Statistical analysis was performed using Student’s ¢
test. P values for cultures with supernatant (24 hr and 72 hr)
from I-ABE" (54-76) peptide-primed cells compared with
untreated responders and stimulators was <0.01 and for I-
APE’ (1-14) peptide-primed supematant p=0.35. Difference
between I-AfS7 (54.-76) peptide-primed cell supematant and
I-ABE” (1-14) peptide-primed supernatant was significant
with p<0.001.

cytokines or the presence of I-ABE’ (54-76) peptide in the
culture supernatant. Various peptides from I-Ape7
corresponding to regions 114, 54-76, 84-91 and OVA
(223-239) peptide were added to the MLR cultures
containing NOD T cells and BALB/c spleen cells. The data
presented in Fig. 4 show that various I-ABE7 peptides
including the 1-ABS” (54-76) peptide did not inhibit the
response of NOD T cells to BALB/c spleen cefls. These
results suggest that inhibition of the T cel] response is due
to the cytokines secreted by AR (54-76) peptide-
primed cells and not because of the presence of peptide in
the supematant,

Effect of TGF-B on inhibition of MLR of NOD responders
to BALB/c stimulators

We have previously shown that I-AB#7 (54-76)
peptide-primed cells secrete IL-4 but no 11,2 or IFN-y
(11). In order to find out the cytokine responsible for
inhibiting the T cell response, additional experiments were
done to determine if the I-ABe7 (54-76) peptide-specific
cells secreted TGF-B. Cuiture supematants from -Ape7
(34-76) peptide primed cells were tested for the presence of
TGF} as described in Materials and Methods, It was
observed that the L-AB#" (54-76) peptide-primed cells
secreted large amounts of TGF-B when cultured with I-
APET (54-76) peptide in vitro for 24 and 72 hr (Fig. 5).
These cells also secreted some IL-10 (data not shown).
Culture supernatants from control 1-ABE7 (1-14) peptide
treated cells contained significantly lower levels of TGE -B.

Further, to find out if TGF-B was responsible for
inhibiting the response of NOD T cells to BALB/c spleen
cells in MLR, recombinant TGF-B1 (final concentration of
10 ng/well) was added to the MLR cultures, Proliferation
was assayed as described in Materials and Methods. It was

™

3000

10440

Fig. 4 SeltMHC peptides do not inhibit allogeneic-
MLR. Various I-ABe7 peptides (50 Hg/ml) corresponding to
regions 1--14, 54-76, 84-91 and the contro] OVA (323-339)
peptides were added to the MLR cultures containing NOD
T cells (respenders) and BALB/c spleen cells (stimulators).
After 72 hr, cultures were harvested and *H-thymidine uptake
was measured as described in Materials and Methods, Results
represent triplicate culture + SD.
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observed that TGF-B1 significantly inhibited the response
of NOD T cells to BALB/c spleen cells. This inhibition
was similar to that observed in the presence of I-ABE’
(54-76) peptide-primed cell culture supernatants (Fig. 6).
These results show that TGF-B is responsible for the
inhibition of the T cell response. However, the
concentration of TGF-B1 required to achieve inhibition
similar to the supernatants was much higher than the
concentration of TGF-3 present in the supernatants. This
suggests that a combination of cytokines present in the
supernatants tmay contribute to the inhibition.

Generation of an I-A[F’ (54-76) peptide-specific T cell
line

We have shown previously that I-AB&" (54-76) peptide
is naturally processed and presented by APCs in NOD
mice. Tolerance to the I-AB&’ (54-76) peptide is broken
with age, suggesting a role for peptide-specific T cells in
the pathogenesis of disease in NOD mice. To further
characterize the cells generated in response to I-ABE7
(54-76) peptide, T cell lines were established from young
NOD mice immunized with I-AB&7 (54-76) peptide and
unprimed diabetic NOD mice as described in Materials
and Methods. To check the specificity of the I-AfR¢’
(54-76) peptide-specific T cell lines, cells were cultured in
the presence or absence of I-ABE7 (54-76) peptide and
proliferation was assayed as described in Materials and
Methods. The T cell lines generated from both young
NOD mice (I-A.Y) and diabetic mice (I-A.D) proliferated
strongly in response to I-APE7 (54-76) peptide suggesting

1200 [y (54-78)-supematant

EZZ2 1-A% {1-14}-supematant
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200 . .

24h supernatant 72h supematant

Fig. 5 L-APB#7 (54-76) peplide-primed cells secrete large
amounts of TGF-B in vitre. Female NOD mice (4-6 wk old)
wete immunized with 1-AB&" (54-76) peptide or I-ABe’
{I-14) peptide (50 pg/footpad) emulsified in [FA. After 10
days, popliteal lymph nodes were harvested and cells (2 x
10%) were cultured in the presence of either I-ABE” (54-76)
peptide or I-AB& (I-14) peptide (50 pg/ml). Culture
supernatants were collected afler 24 hr and 72 hr and
secretion of TGF-§ was measured as described in Materials
and Methods. Statistical analysis was performed using
Student’s £ test, in which p<0.001 for supematant from I-AB¢7
(54-76) peptide-primed cells compared to supematant from I-
AP (1-14) peptide-primed cells for both time points.
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Fig. 6 TGF-B inhibits MLR of NOD responders to
BALB/c stimulators, Recombinant TGF-Bi  (final
concentration of 10 ng/well) was added to NOD T cells as
responders and irradiated BALB/c spleen cells as stimulators
in a ratio of 1:2, Supematants from 1-Af7 (54-76) peptide-
primed cells collected after 24 and 72 hr were also added to
the MLR cultures, After 72 hr, cultures were harvested and
SH-thymidine uptake was measured as desctibed in Materials
and Methods. Statistical analysis was performed using
Student’s ¢ test, in which *p<0.0005 for TGF-B1, **p<0.0007
for I-ABE? (54-76) peptide-24 supernatant, ***p<0.0008 for
-APBE" (54-76) peptide-72 hr supematant compared with
unireated responders and stimulators (1:2).

that the cells are specific for the peptide (Fig. 7). Some
response was also observed when T cells were cultured
with irradiated spleen cells in the absence of peptide and
this response was higher in I-A.D T cells, This response
could be attributed to the endogenous presentation of the
peptide by the APCs,
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Fig. 7 Generation of [-AB®” (54-76) peptide specific
T cell lines I-A.Y and [-A.D from NOD mice. T cell lines
specific for FABE (54-76) peptide were established from
young NOD mice immunized with 1-AB&? (54-76) peptide
(I-A.Y) and unprimed diabetic NOD (I-A.D) mice as
described in Materials and Methods. To check the specificity
of the I-AB#" (54-76) peptide-specific T cell tines, cells were
cultured in the presence or absence of I-Af#7 (54-76) peptide
and proliferation was assayed. After 72 hr, cultures were
harvested and 3H-thymidine uptake was measured as
described in Materials and Methods. Results represent
triplicate culture + SD.
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Cytokine response of LA[¥ (54-76) peptide-specific T cell
fines

To further characterize the -AB87 (54-76) peptide-
specific T cell lines, I-A.Y and I-A.D, cells were cultured
in the presence of I-AB87 (54-76) peptide and the culture
supernatants were tested for the presence of [L-4, IFN-y,
TGF-B and IL-10. The data presented in Fig. 8 show that T
cell lines generated from young mice (I-A.Y) secreted high
levels of IL-4 and TGF-[3, but no IFN-y. On the other hand,
T cell lines generated from diabetic (I-A.D) NOD mice
secreted significant amounts of IFN-y, but no IL-4 or
TGF-B. Both cell lines secreted large amounts of IL-10.
This suggests that immunization with I-AB#7 (54-76)
peptide at a young age induces a Th3/Tr! type response in
contrast to a Th1/Tr1 type response generated as a result of
spontaneous breakdown of tolerance with age and disease
status.
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Adoptive transfer of I'A.Y and I'A.D T cells into
NOD/SCID mice

Further experiments were performed using an adoptive
transfer protocol to find out if the T cell lines generated
from young (I-A.Y) and diabetic (I-A.D) NOD mice
specific for I-ABE’ (54-76) peptide can induce diabetes in
NOD/SCID mice. NOD/SCID mice were injected with
cither I-AY or I-A.D T cell lines or spleen cells from
diabetic NOD mice as described in Materials and Methods.
NOD/SCID recipients were followed for development of
diabetes for the next 8 wk. It was observed that the mice
injected with only diabetogenic spleen cells started
developing diabetes two weeks after the cell transfer and
all of the mice gradually became diabetic by 5 wk (Fig. 9).
NOD/SCID mice injected with the I-A.D T cell line also
started developing diabetes two weeks after the cell
transfer and all the mice became diabetic similar to the
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Cytokine profile of I-ABE" (54-76) peptide specific T cell lines. I-ARS7 (54-76) peptide-specific T cell lines, I-A.Y and I-A.D,

were cultured in the presence of I-ABE (54-76) peptide and the culture supematants collected after 72 hr were tested for the presence of
IL-4 (A}, IFN-y{B), TGF-B (C) and IL-10 (D) as described in Materials and Methods.




166 R, Mukherjee ef al.

lOO-I

80 4 —&— Diabetogenic Cells
¥ l-AY

—- [-AD
60

40

Percent Diabetic

20 A

Weelss after Adaptive Transfer

Fig. 9 [-AD T cell line is diabetogenic while [-AY
T cell line is non-diabetogenic. NOD/SCID mice were
injected intravenously with either 1-ARS? (54-76) peptide-
specific T cell line 1-A.Y or LAD or spleen cells from
diabetic NOD mice (10 x 10% mouse). NOD/SCID recipients
were followed for development of diabetes for the next & wik.
Recipient (n= 10/group) mice were then monitored twice per
weck for glycosuria and regarded as overtly diabetic based on
two consecutive positive (>11.5 mmeol) glycosuria tests,

mice given diabetogenic cells only. On the other hand,
NOD/SCID mice injected with the I-A.Y T cell line did not
develop diabetes. These results confirmed that cells
generated spontaneously in response to I-ARe7 (54-76)
peptide after the breakdown of tolerance are involved in
diabetes pathogenesis. However, cells generated after
immunization of young NOD mice (I-A.Y) with [-Ape?
(54-76) peptide are not pathogenic and do not cause
disease.

DISCUSSION

Thymic or central deletion of autoreactive T cell clones
is the major mechanism for maintaining tolerance to self.
T cell selection involves the interaction of the TCR with a
MHC-peptide complex. T cells with high affinity for self-
MHC-peptide complexes are deleted and cells with low
affinity are positively selected and transported to the
periphery. Defective negative selection in the thymus is
one of the possible mechanisms leading to autoimmune
diseases. T1D is one of the autoimmune diseases mediated
by T cells (4,14). Susceptibility to T1D is strongly
associated with the expression of a unique MHC class II {I-
Af7) in NOD mice and HLA-DQO0302 in humans
(25,48,49,57). Both class IT molecules I-A&” and DQ0302
cannot form stable dimmers in SDS-PAGE gels and they
both preferably bind peptides with acidic residues near the
C-terminus (10,15,28,53). These properties of DQ0302
and I-A¥” may also lead to a less diverse peptide repertoire
being presented to developing T cells compared to other
MHC class [ molecules, It has been shown that DQO302
can accommodate peptides with no negative charge at
position 9 but the interactions are of low affinity (29).

These low affinity interactions may lead to selection of
self-reactive T cells that are transported to the periphery.
These cells may become activated in the periphery by
recognizing a cross-reactive antigen (molecular mimicry)
leading to the breakdown of tolerance to autoantigens (2).

We have shown earlier that there is a spontaneous
breakdown of tolerance to self-I-AB’ (54-76) peptide in
NOD mice with age suggesting a role for this peptide in the
pathogenesis of T1D. Tolerance to this peptide can also be
broken at an earlier age by immunizing mice with the
peptide. Immunization of young NOD mice with the
peptide induced a Th2 response and prevented the
development of diabetes in spontaneous, accelerated
(¢yclophosphamide) and adoptive transfer models (1D,
The present study was undertaken to further characterize
the cells gencrated in response to self-I-AP&" (54-76)
peptide and understand the mechanism involved in the
prevention of diabetes.

Experiments were done to find out if the breakdown of
tolerance to this self-I-ABE7 (54-76) peptide observed in
NOD mice occurs in non-autoimmune BALB/c mice as
well. It was observed that T cells from young NOD mnice
did not respond to self-I-AB#7 (54-76) peptide but T cells
from BALB/c mice proliferated in response to [-Afd
(62-78) peptide. On the other hand, T cells from unprimed
old BALB/c and diabetic NOD mice responded to I-AB¢
(62-78) or I-APE7 (54-76) peptide respectively although
the response was stronger in NOD mice. The response to
self-MHC peptide in BALB/c mice can be explained by
the possibility that during selection in the thymus T cells
may not have seen the I-AB¢ (62-78) peptide. Therefore,
when this peptide is presented in the periphery, T cells
mount an immune response. Further, BALB/c mice were
immunized with -AB¢ (62-78) peptide to induce a
breakdown of tolerance. We found that the response of
T cells primed with I-AB? (62-78) peptide was similar to
that observed with unprimed T cells, whereas T cells
isolated from NOD mice primed with -ABE7 (54-76)
peptide showed strong proliferative response. These resuits
suggest that 1-AB! (62-78) peptide is not very
immunogenic in BALB/ mice as opposed to AR
(54-76) peptide in autoimmune NOD mice. Also, the
increase in response to this peptide with age in both NOD
and BALB/c mice indicates that there is a breakdown of
tolerance to this immunodominant epitope with age.
However, in BALB/c mice this breakdown does not lead
to autoimmunity but in NOD mice it contributes to the
development of diabetes. The possible reason for this is,
these cells are kept under constant control by regulatory
cells in BALB/c mice. The development of diabetes in
both humans and NOD mice is associated with deficiency
in the CD4'CD25" regulatory T cell compartment.
Another regulatory T cell subset, natural killer T cells
(NKT), is also impaired in both NOD mice and human



lmmunoregulation of T1D by a self-MHC class 1-peptide 167

T1D patients (39,62). Due to these defects in the regulatory
cell populations the autoreactive response to self-MHC
peptide can lead to autoimimunity in NOD mice.

Previously, we have reported that T cells isolated from
young NOD mice immunized with self-1-ARE’ (54-76)
peptide prevent transfer of disease by diabetogenic cells.
Also, peptide-specific antibodies inhibit antigen-specific
T cell responses (11). Further experiments were done to
understand the mechanism of disease prevention by
peptide-specific cells. First, we wanted to see if the
cytokines secreted by peptide-specific cells have any effect
on NOD T cell response in an allogeneic-MLR using
BALB/c spleen cells as stimulators. Surprisingly, the
supernatant  from I-APE7 (54-76) peptide-primed cells
inhibited the T cell response significantly when added to
the MLR while the supematant from control peptide
treated cells did not have any significant effect. To rule out
the possibility that I-ARE (54-76) peptide present in
culture supernatants may be responsible for the observed
suppression, we added various 1- A7 peptides to the MLR
cultures. None of the peptides have any effect on the T cell
response to allogeneic-MHC suggesting that the inhibition
is mediated by a soluble factor secreted by -ARY (54-76)
peptide-primed cells.

Kitani ef al. (27) have described human self-MHC-
reactive T cell clones with suppressor effect. They showed
that suppression of non-T cells was mediated by TGF-$
alone but the suppression of primary T cells and antigen-
specific T cells was mediated by both [L-10 and TGF-P
(27). Cytokine analysis of the supematant from 1-ARE
(54-76) peptide-primed cells showed the presence of [L-4
(11) and in this study we found secretion of large amounts
of TGF-B and small amounts of 1L-10 (data not shown).
TGF-BI is a pluripotent cytokine that controls peripheral
T cell tolerance. It has been shown earlier that TGF-5 can
inhibit the allogeneic-MLR and prevent graft versus host
disease (7,36,64). To confirm that TGE-B is responsible for
the inhibition of MLR, we added TGF-B1 to the MLR
cultures. We found that TGF-B1 inhibited T cell response
in MLR similar to culture supernatant from peptide-primed
cells. However, the concentration of TGF-B1 required to
get similar suppression was higher than the TGF-f
concentration in supernatants (1:2 dilution). It is possible
that a combination of cytokines present in supernatants (TL-10
and 1L-4) is more effective than TGF-f alone in
suppressing the allogeneic-MLR. It has been shown earlier
that self-MHC class 11 reactive suppressor T cells inhibit
the proliferation of effector T cells from NOD mice. These
cells also prevented spontaneous diabetes and recurrent
diabetes in islet ransplanted NOD mice. The suppressive
activities of self-MHC class 11 reactive suppressor T cells
were mediated by secretion of TGF-B (22). Another
possibility is the involvement of some other cytokine,
possibly macrophage-colony stimulating factor, that has

been shown to inhibit allogeneic-MLR responses (44).

To further characterize the T cells generated in response
10 self-1-ABY (54-76) peptide, T cell lines specific for the
I-ARE" (54-76) peptide were established from young
immunized NOD mice and unprimed diabetic NOD mice.
These T cell lines proliferated in response to 1-ARY’
(54-76) peptide showing the specificity of the response.
These cells also proliferated when cultured with syngeneic
APCs in the absence of peptide and this response was
stronger in I-A.D T cells. This response could be due to two
possibilities, furst, the 1-APBE” (54-76) peptide is paturally
processed and presented by APCs and second, these T cells
recognize the 54-76 region on intact MHC molecules.
Indeed, this region has been implicated in contacting the
TCR during the interaction with MHC-peptide complexes
(30). Further, the peptide-specific T celi line, [-AY,
secreted large amounts of IL-4, TGF- and IL-10
suggesting the generation of Th3/Trl cells. The [-A.D
T cell line, on the other hand, secreted large amounts of IL-10
and IFN-y suggesting generation of Th1/Tr1 cells. Thel-AD
T cell line induced diabetes when transferred into
NOD/SCID mice but the I-A.Y T cell line was found to be
non-pathogenic and did not induce disease. TGF-f can
regulate autoreactive T cell responses by preventing the
maturation of APCs and differentiation of naive CD4”
T cells (18,19,24 ). The presence of IL-10 can prevent the
migration of dendritic cells and the production of pro-
inflammatory chemokines (13,34). The combination of
TGF-B and 1L-10 production by I-A.Y T cells may be
responsible for their inability to induce diabetes in
NOD/SCID mice. It has been shown that [L-1¢ can inhibit
the activation of autoreactive T cells by down-regulating
1L-12 , TNF-or and MHC class 11 (34). It has also been
shown carlier that Th2 cells can induce acute pancreatitis
and autoimmune diabetes in NOD/SCID recipients via
production of IL-10 (38). IL-10 can also Induce
recruitment, proliferation and cytotoxicity of CDR* T cells
and can up-regulate the cytotoxicity of NKT cells when
combined with IL-18 (9,34). Possibly, n the absence of the
regulatory effects of TGF-$ in combination with TFN-y,
1L-10 secretion by I-A.D T cells leads to the destruction of
B cells resulting in the development of diabetes in
NOD/SCID mice. Further experiments are being done to
examine the effect of supernatants from [-A.Y and 1-A.D
T cell lines on antigen-specific and non-antigen-specific
T cell responses. Also, to see if the I-A.Y cell line can block
disease transfer by diabetogenic cells, adoptive transfer
experiments will be done after mixing the I-A.Y T cell line
with diabetogenic cells.

Positive selection of T cells in the thymus is facilitated
by self-MHC-peptide complexes, these complexes may
also be present in the periphery. It has been shown that
mature T cells express 5- to 10-fold more TCR on their
surface (42). As a result, the interactions of TCR and seli-
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MHC-peptide complexes may become stronger than that
in the thymus leading to the activation of autoreactive
T cells, Normally, these responses are inhibited by a
population of CD4*CD25* regulatory T cells that inhibit
the response of other T cells (43,50). Another possibility is
that the activation threshold of mature T cells is
dynamically controlled by self-MHC-peptide complexes
in the periphery so that the interaction of TCR with self-
MHC-peptide complexes is not sufficient to activate
autoreactive T cells (12 ,20,21,37,47,51,63). Any defect in
the regulatory compartment leads to the development of
autoimmunity. We have recently shown that the dendritic
cells in NOD mice have elevated co-stimulatory and Thl
inducing ability (32). This may prevent activation of
regulatory T cells such as CD4*CD25" cells. Moreover,
TGF-P has a direct role in blocking the maturation of APCs
and Thl cells (18). Correcting the defects in
immunoregulatory mechanisms using self-MHC peptides
may be one of the approaches to prevent autoimmune
diseases like T1D.
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