Antigen Concentration and Precursor Frequency Determine
the Rate of CD8" T Cell Tolerance to Peripherally Expressed
Antigens’
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Expression of transgene-encoded proteins in the pancreatic islets can cause peripheral deletion of T cells. However, tolerance has
not been observed in all transgenic models. It has been proposed that the determining factor for successful peripheral tolerance
is the amount of Ag cross-presented by quiescent APCs. Using InsHA mice, which demonstrate peripheral tolerance to the
influenza virus hemagglutinin (HA) expressed in the pancreatic isleB cells, we have investigated the consequences when different
amounts of HA are expressed. As compared with InsHA mice that are heterozygous for the InsHA transgene, homozygous InsHA
mice demonstrated enhanced activation and proliferation of K-restricted HA-specific CD8" T cells in the pancreatic lymph nodes.
However, despite such activation, insulitis was not observed, and the T cells were gradually functionally deleted. Deletion of these
activated cells occurred much more rapidly in homozygous than in heterozygous InsHA mice. These data demonstrate that there
is a direct correlation between the amount of HA expressed in the periphery, and both the degree of T cell proliferation in the
pancreatic lymph nodes and the rate of tolerance of HA-specific CD8T cells. This strongly supports the hypothesis that activation

of T cells through cross-presentation of peripheral Ags in a noninflammatory environment is an important part of the normal
mechanism of tolerance to Ags expressed in the pancreatic isletsThe Journal of Immunology,1999, 163: 723-727.

velopment (1-3). However, as not all tissue-specific pro-their islets demonstrate clonal elimination and tolerance. Mice that

tein Ags are expressed in the thymic milieu, other mech-express the lymphocytic choriomeningitis virus (LCMV)-encoded
anisms must exist to prevent autoimmunity to Ags encountered irglycoprotein (GP) do not develop spontaneous diabetes, yet they
the periphery. One strategy that has been used to study mechharbor GP-specific T cells that can be activated following infection
nisms of tolerance to Ags expressed in peripheral tissues has beaith LCMV to cause autoimmune destruction of tAecells (10).
to target expression of transgene products using tissue-specifithis phenotype has been referred to as “ignorance,” as the naive T
promoters. This has been done extensively with the insulin proeells ignore cognate Ag present on {Bieells. Recent studies have
moter (4—-14), and studies using TCR transgenic T cells specific fosuggested that ignorance may occur when the level of expression
Ags expressed by islgs cells have revealed the existence of a and/or cross-presentation of Ag is insufficient to lead to activation
mechanism of tolerance that relies upon cross-presentatigh of of nawve T cells in the draining lymph nodes (16, 17). By extrap-
cell-specific protein by professional APC (7, 14, 15).\aT cells  olation, this suggests that the extent of tolerance to self-proteins
become exposed to such peripherally expressed Ags as they cimay vary significantly depending upon the amount of cross-pre-
culate through the pancreatic lymph nodes. Surprisingly, despitsented Ag that is made available in the draining nodes.
the fact that the Ag is presented on professional APC, this inter- InsHA mice express the hemagglutinin (HA) protein from in-
action results in an abortive activation of the T cells, resulting influenza virus A/PR/8 H1IN1 under the control of the RIP (4). These
their clonal elimination (7, 14). This type of elimination has beenInsHA mice demonstrate tolerance of the transgenic product,
observed previously in two transgenic models in which Ags arewhich occurs as a result of expression of HA by pancreatic jslet
expressed under the control of the rat insulin promoter (Rt)e  cells. Previous studies showed that clone-4 TCR transgenic'CD8
involving CD4" T cells specific for the SV40 T Ag cells (14), and T cells, specific for the dominantdA epitope (18), demonstrate
the other involving CD8 T cells specific for OVA (RIP-OVA  activation and proliferation in the draining lymph nodes of the
mice) (7). pancreas, but not in other lymphoid tissues (15). In this report, we
demonstrate that the consequence of such activation is functional
deletion of clone-4 TCR transgenic CDF cells, which occurs in
the absence of insulitis or diabetes. Furthermore, it is shown that
Department of Immunology, Scripps Research Institute, La Jolla, CA 92037 the rate of peripheral activation and subsequent tolerance is a func-
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The costs of publication of this article were defrayed in part by the payment of pagenumber of HA-specific T cells.
charges. This article must therefore be hereby masddertisemenin accordance

with 18 U.S.C. Section 1734 solely to indicate this fact. Materials and Methods

1 This work was supported by Grants Al 39664, DK/CA50824, and CA57855 from Mice

the National Institutes of Health and the Juvenile Diabetes Foundation. D.M. is the

recipient of a senior fellowship from the Juvenile Diabetes Foundation. BALB/c mice were purchased from the breeding colony of The Scripps

2 Address correspondence and reprint requests to Dr. Linda A. Sherman, DepartmeResearch Institute (TSRI, La Jolla, CA). InsHA transgenic mice (4) and
of Immunology, IMM-15, Scripps Research Institute, 10550 North Torrey Pines clone-4 TCR transgenic mice (18) were generated and characterized as

T cell tolerance to most self-Ags occurs during thymic de- Nevertheless, not all mice that express transgenic proteins in

Road, La Jolla, CA 92037. E-mail address: Isherman@scripps.edu previously described and each line backcrossed at least eight generations
3 Abbreviations used in this paper: RIP, rat insulin promoter; HA, hemagglutinin; With BALB/c. Clone-4 TCR mice were also backcrossed with Thyi'1
CSFE, 5,6-carboxy-succinimidyl-fluorescein-ester. BALB/c for two generations to achieve homozygosity for Thy1.1. All mice

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



724 RATE OF PERIPHERAL TOLERANCE

were bred and maintained under specific pathogen-free conditions in TSRI
vivarium. All experimental procedures were conducted in strict accordance
with the guidelines laid out in the National Institutes of HeaRhide for

the Care and Use of Laboratory Animals

Influenza virus infection . InsHA'-
Influenza virus A/PR/8/34 HLN1 was grown in the allantoic cavity of 10-
to 11-day-old hen’s eggs. Following isolation, the allantoic fluid was ti-
tered for hemagglutination using chicken RBC and later stored in 1-ml
aliquots at—70°C. Mice were immunized i.p. with 1200 HA units of PR8
in the form of allantoic fluid.

InsHA /-

- = = InsHA+/+

Preparation of purified nase CD8" clone-4 TCR cells

A single cell suspension was prepared from the lymph node cells of
Thy1.1"'* clone-4 TCR mice. Purified if\a@ CD8" clone-4 TCR cells
were prepared by first passing®l€lone-4 TCR lymph node cells through

a nylon wool column (Wako Chemicals, Richmond, VA) that was pre-
soaked fo 1 h at37°C in RPMI 1640 medium containing 10% v/v FCS, 25
mM HEPES, 2 mM glutamine, X 10°> M B-mercapto-ethanol, and 50
mg/ml gentamicin (complete RPMI). After 1 h, cells were eluted from the
nylon wool column with 15 ml of complete RPMI and centrifuged. The
pelleted cells were resuspended in 1 ml of anti-heat stable Ag (J11D),
anti-CD4 (RL172), and anti-MHC class Il (CA4/A12) Ab supernatants per
107 cells, and the mixture was incubated on ice for 1 h. Cells were then 0 10!
centrifuged, the Ab discarded, and then resuspended in Low-Tox rabbi ) . .
complement (Accurate Chemical and Scientific, Westbury, NY) and incu-'EIGURE 1. FACS analyses to determine HA expression by islet cells
bated for an additionid h at37°C. Cells were then washed three times in from InsHA mice. Purified islet cells from InsHA™ (shaded area),
complete RPMI. The purity of CD8cells was determined by FACS anal- INSHA™~ (——), and InsHA™* (- - - -) mice were stained with the FITC-
yses. A total of 1X 10° cells were incubated for 20 min on ice with conjugated, 37/38 anti-HA mAb. Mean fluorescence values are as follows:
FITC-conjugated and PE-conjugated Abs against mouse CD8 and CD4nsHA ', 2.8; InsHA"~, 17.4; and InsHA’", 37.6.

respectively (PharMingen, San Diego, CA.). After washing three times in

HBSS containing 0.1% w/v BSA (Sigma, St. Louis, MO.) and 0.02% w/v

sodium azide, cells were analyzed with a FACScan and CELLQuest soft-

ware (Becton Dickinson, Mountain View, CA). The purity of CD8ells (InSHA“’) for the InsHA transgene, pancreatic islet cells were

was found to be>85% in all cases. Purified CD8cells demonstrated a I+ Iy .
naive phenotype as evidenced by CDB2L, CD44°", and CD69 negative prepared from InsHA'™", InsHA™", and conventional BALB/c

staining with FITC-conjugate Abs against each molecule (PharMingen). (INSHA™'™) mice and were incubateq with a mAb.SPGCiﬁC fqr HA-.
CSFE-labeling of clone-4 TCR CD8T cells The level of HA observed was consistent with a linear relationship

between gene dosage and protein expression (Fig. 1).
Purified clone-4 TCR CD8 T cells were resuspended ab510” cells/ml
in PBS. A total of 2ul of a 5-mM solution of 5,6-carboxy-succinimidyl- The efficiency of activation of clone-4 TCR CD8 cells is
fluorescein-ester (CSFE; Molecular Probes, Eugene, OR) in DMSO (Sigdose-dependent
ma) was added per ml of cells and incubated¥ch at37°C. Cells were
washed once in cold PBS and then resuspended ax 218" cells/ml of To determine how the amount of HA expression affected the level
complete RPMI. All manipulations with CSFE were conducted in such apf presentation of KHA epitope in the pancreatic lymph nodes, we

way as to minimize exposure to light. Recipient mice were injected i.v.ayamined the degree of activation of naivBH&-specific clone-4
with the indicated number of CSFE-labeled clone-4 TCR CDO®&ells in 9 P

200 ul of PBS. The presence of these cells in the peripheral IymphoidTCR_ CD8" T cells in the periphery of InsHA mice. Specifically,
organs of recipient mice was determined 3 days later by FACS analysequrified CSFE-labeled clone-4 TCR CD8T cells were trans-
ferred into InsHA/~, InsHA*/~, and InsHA™* recipients (Fig.

2). Using this internal fluorescent label, cell division is indicated
CSFE-labeled clone-4 TCR CDST cells were detected by incubating with by the appearance of daughter cells that contain half the fluores-

PE- conjugated anti-CD8 Abs (PharMingen). Thyl1 clone-4 TCR  cant |abel of their progenitors (15, 19). Following transfer into
CD8* were detected by incubating with PE-conjugated anti-Th{/1.Ab InsHA— mi p.f. % . '(I'h ’11 )'I 2 TC?R cD8 T
(PharMingen) in combination with one of the following: CyChrome-con- ns mice, puriied naive Thyl.l clone-

jugated anti-\88 (F23.1), CyChrome-conjugated anti-CD4, plus FITC- Cells underwent several rounds of division in the draining lymph
conjugated anti-CD8 Abs (PharMingen). nodes of the pancreas, as evidenced by the series of fluorescent
peaks observed in the FACS profile (Fi@®)2This activation does

not occur in other peripheral lymphoid tissue (15). However, in
Pancreata were excised and passed through a nytex mesh to produce ag %HA*” mice, the majority of the CSFE-labeled cells divided

suspension. Cells were washed in complete RPMI and resuspended in 5 L. 20). indicating that activati iqnifi H fiicient
of complete RPMI containing 2 U/ml of collagenase (Boehringer Mann- ig. 2C), indicating that activation was significantly more efficien

heim, Indianapolis, IN) and then placed in a shaker at 37°C for 10 min toln these mice. The fact that the proportion of cells that have not
separate the islets from the parenchymal tissue. Islets were collected amlivided appears to be>2-fold in the InsHA”~ than in the
incubated with collagenase for an additibdah in ashaker at 37°C to  |nsHA™* mice suggests that the activation of the clone-4 TCR

disaggregate the islets into a single cell suspension. The disaggr¢yated + : -
cell suspension was washed three times in complete RPMI and then re(;D8 cells is dependent upon a threshold dose Bk epitope,

S — .
suspended at X 10’ cells/ml of the FITC-conjugated anti-HA 37/38 Ab  Which is limiting in InsHA™" mice (20).
for FACS analyses to determine the level of HA expression.

i
e,

102 108 10

Cytometry

Preparation of pancreatic islet cell suspension

Activation of K'HA-specific CD8 T cell does not result in
Results insulitis
Expression of HA by purifieg cells from InsHA'" and

o It was previously demonstrated in mice that expressed either OVA
InsSHA™™ mice

(7) or SV40 T Ag (14) in their pancreatic islets, that cross-presen-
To compare the amount of HA expressed in the islets of InsHAtation of islet Ags in the draining lymph nodes of the pancreas
mice that were either homozygous (InsHA) or heterozygous could ultimately lead to deletion of potentially autoreactive T cells.
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FIGURE 2. CSFE-labeled purified fiae clone-4 TCR CD8 T cells demonstrate greater proliferation in InsHA than InsHA™~ mice. Groups of four

adult InsHA™'~ (A), InsHA™~ (B), and InsHA™'* (C) mice were injected i.v. with 5 10° CSFE-labeled purified clone-4 TCR CDF cells. Then, 72 h

later, cells were isolated from the pancreatic lymph nodes and stained with PE-conjugated anti-CD8 Abs. Data shows the expression of CSFE amont
activated CD8 T cells obtained from pooled lymph nodes. For clarity of depiction, the unlabeled cells have been deleted from the histograms.

However, in these studies, such activation also led to insulitis anenonitored. In preliminary studies, it was determined that transfer
diabetes. As there was no evidence of diabetes in any InsHA micef as few as 100 naive CD8T cells from clone-4 TCR mice,
that received clone-4 TCR CD8T cells, it was of interest to followed immediately by PR8 infection caused diabetes. There-
determine whether, following activation in the pancreatic lymphfore, the majority of the adoptively transferred cells would need to
nodes, the clone-4 TCR CD8T cells proceeded to invade the be functionally eliminated in order for mice to avoid diabetes. As
islets. Analyses of sections of pancreatic tissue using fluorescenahown in Table |, by 10 days after cell transfer, thes#K-
microscopy revealed that CSFE-labeled cells were not present igpecific T cells could no longer be activated to cause diabetes in
the islets or surrounding parenchymal tissue of pancreata takeimsHA™'* mice, although sufficient numbers of functional clone-4
from either InsHA'~ or InsHA*'* recipients 3 or 7 days follow- TCR CD8" T cells persisted to cause disease in the InSHA

ing adoptive transfer (data not shown). However, due to the factice. This indicated that the rate of functional elimination of the
that CSFE intensity decreases with increasing cell division, anyK“HA-specific T cells was greater in mice expressing more HA.
infiltrating clone-4 TCR CD8 T cells may have lost CSFE. Thus, In addition to availability of Ag for T cell activation, another
sections of pancreatic tissue taken 7 days after adoptive transfer édctor that is likely to determine how long it takes for tolerance to
5 X 10° clone-4 TCR CD8 T cells into InsHA™*, InsHA*'~, occur is the number of ¥HA-specific T cells that are present.
and InsHA’~ (BALB/c) mice, were stained for both CD8 and Given that a small number of activatedHA-specific T cells is
insulin expression. Examination of tissue gave no evidence osufficient to cause diabetes, it would be necessary to eliminate a
CD8"* T cell-mediated insulitis or isle8 cell destruction, as evi- higher percentage of the initial Ag-specific population to achieve
denced by uniform insulin expression throughout the islets of alltolerance in mice receiving greater numbers of cells. To determine
recipients (data not shown). Thus, in both InsHA and Ins-  how long it takes for the InsHA'~ mice to functionally eliminate
HA™'* mice, activation and proliferation of ha T cells in the  clone-4 TCR CD8 T cells, mice were immunized with PR8 at
pancreatic lymph nodes does not result in autoimmunity. various time points after receiving different numbers of cells. As
described in Table I1, if mice received A6ells, tolerance occurred

in <5 days. Between 2 wk and 1 mo was necessary to achieve
It has been demonstrated that, in the absence of T cell help or ®@lerance of 18 cells. However, it took>4 mo for 1¢ cells to be
proinflammatory signal, rige T cells that are activated through tolerized. These results suggest that a linear relationship exists
cross-presentation in vivo can become deleted (7, 14). To detebetween the number of cells injected and the time taken for toler-
mine whether activation and proliferation of potentially autoreac-ance (Table IlI).

tive T cells in the pancreatic lymph nodes of InsHA mice resulted To determine whether the elimination of functional clone-4
in tolerance, the following experiment was performed. PurifiedTCR CD8" T cells was attributable to the presence of HA rather
naive clone-4 TCR CD8T cells (1x 10% were adoptively trans- than normal T cell turnover, FACS analyses were used to look for
ferred into INnsSHA™'*, InsHA */~, and InsHA’~ (BALB/c) mice.

At various time points following adoptive transfer, mice were im-

munized with influenza virus (PR8), and blood glucose levels Wer€ e Il Rate of tolerance of purified i clone-4 TCR CD8 T cells

adoptively transferred into InsHA™ miceé*

The rate of tolerance in InsHA™ and InsHA™'~ mice

Table I. Incidence of diabetes (%) among adult InsHA and InsHA~ ] ]
mice following adoptive transfer of purifiediva clone-4 TCR CD8 Incidence of Diabetes (%)
T cells

No. of clone-4 cells transferred

Time of Immunization

Time of Immunization After Transfer 10t 168 107
After Transfer (days) InsHA'*™ INSHA™/~
0 days 100 100 100
0 ND 100 5 days 100 ND 0
5 100 100 2 wk ND 100 0
10 0 100 1 mo 100 0 0
2 Groups of four adult InsHA™ and InsHA™~ mice were injected i.v. with 10 2 Groups of four adult InsHA’~ mice were injected i.v. with various numbers of

purified clone-4 TCR CD8 T cells. At various time points following transfer, mice  purified clone-4 TCR CD8 T cells as indicated. At various time points following
were immunized with 1200 HA U of influenza virus A/PR/8, and blood glucose levels transfer, mice were immunized with 1200 HA U of influenza virus A/PR/8, and blood
were monitored every 3 days. Mice were considered diabetic when their blood gluglucose levels were monitored every 3 days. Mice were considered diabetic when
cose level exceeded 300 mg/dl. ND, not determined. their blood glucose level exceeded 300 mg/dl. ND, not determined.
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Table 1ll. A linear relationship exists between the number of purified in insulitis or diabetes, and these cells are subsequently function-
naive clone-4 TCR CDB T cells adoptively transferred into InsHA™ ally eliminated over a period of time. Moreover, the rate of elim-
mice and the time required for their functional deletion ination is proportional to the amount of activation observed in the
pancreatic lymph nodes. Taken together, these results provide
compelling evidence that activation of CD8T cells in the pan-
creatic lymph nodes is a precursor of peripheral tolerance.
100 0-5 The rate of tolerance observed in InsHA mice is significantly
1800000 112‘(1)__%120 greater than the InsHX™ animals. Nevertheless, it is likely that

. the rate observed in the InsHA™ mice is more than adequate to
allow for immediate tolerance of islet Ag-specific T cells that exit
the thymus. It has been estimated that, at the time of greatest thy-
mic output,~2 X 10° T cells enter the periphery each day (21). If

No. of Clone-4 TCR CD8 T Time Required for
Cells Transferred Tolerance (days)

the presence of Thy1?l CD8" T cells in recipient mice immu-

nized vx+/ith PR8 7 mo afteErradoptive transfer of* Hrified n?'l.ve it is assumed that a normal T cell repertoire contairsin 5 x 10*
Thyl.1" clone-4 TCR CD8 T cells. Whereas Thyl1.1, CD8" T CTL precursors that are specific for an antigenic peptide of the

cells were not observed in Ins+I-TA mice, in the ab_sence pf the influenza virus A/PR/8 (22, 23), fewer than fouftA-specific T
InsHA transgene, :I'/rlyl.*llchS T f:ells were readlly. retrieved  .1s would need to be tolerized each day.
from control ITSHA recipients (Fig. 3). Thus, functional dele- Although not directly demonstrated in the current studies, it is
tion of Thyl1.1" clone-4 TCR CD8 T cells was dependent upon highly likely that the HA epitopes expressed by istetells in the
the presence of the InsHA transgene. InsHA mice become available to T cells in the pancreatic lymph
. . nodes through cross-presentation on APC, rather than direct rec-
Discussion ognition of B cells, as recently described in the RIP-OVA mice (6,
Previous studies have proposed that T cell activation and prolif7). The reasons for this are as follows. First, clone-4 TCR CD8
eration to islet Ags, cross-presented by APC in the pancreatid cells cannot be detected in the islets or indeed anywhere in the
lymph nodes, is a mechanism that is normally used to achievg@ancreas of InsHA mice. This is consistent with the known traf-
tolerance (7, 14). Nevertheless, there are several reasons why it htieking pattern of naive T cells, which are unable to gain access to
been difficult to extrapolate from these studies that peripheral tolperipheral tissues (24—26). Second,veal cells are known to
erance to islet-expressed Ags naturally occurs by this mechanismequire presentation by a professional APC, presumably a dendritic
First, in the RIP-OVA model, CD8 T cells that recognizg cell- cell, to become activated (27-33). This is even true for islet-ex-
expressed OVA were deleted in the thymus due to low-level abpressed alloantigens, which are unable to stimulateen@icells
errant expression of OVA in this organ. Therefore, peripheral tol-(34, 35). Finally, activated clone-4 TCR CD8 cells could only
erance does not actually occur in these mice (6). Second, althoudre detected in the lymph nodes that drain the pancreas and not in
B cell-expressed OVA was recognized by adoptively transferredther peripheral lymphoid tissue (15).
OVA-specific T cells via cross-presentation on professional APC, The question remains as to why, unlike the RIP-OVA transgenic
the consequence of subsequent CDB cell activation and pro- model, insulitis does not occur in the InsHA mice following trans-
liferation was insulitis and diabetes, rather than tolerance. The fader of nave clone-4-TCR CD8 T cells. The answer may relate to
that significant damage to the is|gtcells could occur before the the fact that KHA epitope is only available to T cells that enter the
T cells were eliminated makes this a potentially dangerous mechpancreatic lymph nodes. In the RIP-OVA mice, there is also ex-
anism for peripheral tolerance in these mice. Indeed, to circumvenpression of OVA by the renal proximal tubular cells of the kidney,
the problem of autoimmunity, the authors constructed allogenei@s well as the pancreatic islgtcells. This additional site of high-
bone marrow chimeras to prevent CD& cell recognition of level Ag expression may result in the activation and sustained
OVA expressed by isleg cells (7). proliferation of greater numbers of CDET cells, resulting in islet
Unlike the RIP-OVA model, in the InsHA mice, tolerance to the access and the destruction®tells. Such a potentially dangerous
HA protein normally occurs in the periphery, rather than the thy-situation is avoided in RIP-OVA mice, as potentially autoreactive
mus (4, 15). Following transfer into InsHA mice, naiv&HA- OVA-specific CD8 T cells are deleted in the thymus (6).
specific clone-4-TCR CD8 T cells become activated and prolif- In conclusion, our results suggest that the details regarding the
erate in the pancreatic lymph nodes; however, this does not resuite of expression and amount of expression are determinative of

A. InsHA-/- B. InsHA /-

FIGURE 3. Functional deletion of clone-4 TCR
CD8" T cells is dependent upon the presence of the
InsHA transgene. Groups of InsHA™ (A) and
InsHA*'~ (B) mice were injected i.v. with T0pu-
rified Thy1.1" clone-4 TCR CD8 T cells. Then, 7

mo following transfer, four mice were immunized
with 1200 HA U of influenza virus A/PR/8. Four-
teen days later, peripheral lymph nodes and spleen
were removed, and a mixture of these cells were
stained with PE-conjugated anti-Thy1.1, FITC-con-
jugated anti-CD8 and CyChrome-conjugated anti-
CD4 Abs. Data shows CD4 vs CD8 expression {J
among Thy1.1 cells.
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the mechanism used for tolerance. Together, with the results ofs.
others, it may be concluded that there are many strategies that are
used to avoid autoimmunity, and that peripheral tolerance is ongg
among an arsenal of tools. Peripheral tolerance is of primary sig-
nificance for Ags that are expressed uniquely in the pancreas anlq
presented in sufficient quantity to achieve activation ovear
cells. This may fit the profile of availability for a number of dif-
ferent islet-expressed Ags. 1.

Acknowledgments

We thank Ms. Patricia Krier for secretarial assistance.

19.

20.
References

1. Kappler, J. W., N. Roehm, and P. Marrack. 1987. T cell tolerance by cIonaIZl'
elimination in the thymusCell 49:273.

2. Kisielow, P., H. Bluthmann, U. D. Staerz, M. Steinmetz, and H. vonBoehmer.
1988. Tolerance in T cell receptor transgenic mice involves deletion of non ma-
ture CD4"8~ thymocytes Nature 333:742.

3. MacDonald, H. R., R. Schneider, R. K. Lees, R. C. Howe, H. Acha-Orbea,
H. Festenstein, R. M. Zinkernagel, and H. Hengartner. 1988. T cell recegtor V
use predicts reactivity and tolerance to K+escoded antigendNature 332:40.

4. Lo, D., J. Freedman, S. Hesse, R. D. Palmiter, R. L. Brinster, and L. A. Sherman?24.
1992. Peripheral tolerance to an islet cell specific hemagglutinin transgene affects
both CD4" and CD8" T cells. Eur. J. Immunol. 22:1013. 25,

5. Hanahan, D. J., C. Alpert, and J. Skowronski. 1989. Alternative self or nonself
recognition of an antigen expressed in a rare cell type in transgenic mice: impli-26.
cations for self-tolerance and autoimmuni@old Spring Harbor Symp. Quant.  27.
Biol. 2:821.

6. Kurts, C., W. R. Heath, F. R. Carbone, J. Allison, J. A. F. P. Miller, and
H. Kosaka., 1996. Constitutive class I-restricted exogenous presentation of selfrg.
antigens in vivoJ. Exp. Med. 184:923.

7. Kurts, C., H. Kosaka, F. R. Carbone, J. F. A. P. Miller, and W. R. Heath. 1997.
Class-| restricted cross-presentation of exogenous self-antigens leads to deletiogy
of autoreactive CD8 T cell. J. Exp. Med. 185:239.

8. Selden, R. F., M. J. Skoshkiewicz, K. B. Howie, P. S. Russell, and
H. M Goodman. 1986. Regulation of human insulin gene expression in transgeni%0
mice. Nature 321:525.

9. Burkly, L. C., D. Lo, O. Kanagawa, R. L. Brinster, and R. A. Flavell. 1989. T-cell
tolerance by clonal anergy in transgenic mice with non-lymphoid expression of
MHC class II-IE.Nature 342:564.

10. Ohashi, P. S., S. Oehen, K. Buerki, H. Pircher, C. T. Ohashi, B. Odermatt,‘?'l'
B. Malissen, R. M. Zinkernagel, and H. Hengartner. 1991. Ablation of “toler-
ance” and induction of diabetes by virus infection in viral antigen transgenic
mice. Cell 65:305.

11. Oldstone, M. B. A., M. Nerenberg, P. Southern, J. Price, and H. Lewicki. 1991.
Virus infection triggers insulin-dependent diabetes mellitus in a transgenic mod-
el: role of anti-self (virus) immune respongeell 65:319. 3

12. Heath, W. R., J. Allison, M. W. Hoffmann, G. Safvaech, G. Hanmerling,

B. Arnold, and J. F. A. P. Miller. 1992. Autoimmune diabetes as a consequence
of locally produced interleukin-2Nature 359:547.

13. Roman, L. M., L. F. Simmons, R. E. Hammer, J. F. Sambrook, and
M. J. H. Gething. 1990. The expression of the influenza virus hemagglutinin in
the pancreati@ cells of transgenic miceCell 61:383. 35.

14. Forster, I., and I. Lieberam. 1996. Peripheral tolerance of CDdells following
local activation in adolescent micEur. J. Immunol. 26:3194.

727

Morgan, D. J, C. Kurts, H. T. C. Kreuwel, K. Holst, W. R. Heath, and
L. A. Sherman. 1999. Ontogeny of tolerance to peripherally-expressed antigens.
Proc. Natl. Acad. Sci. USA 30:3854.

Carbone, F. R., C. Kurts, S. R. M. Bennett, J. F. A. P. Miller, and W. R. Heath.
1998. Cross-presentation: a general mechanism for CTL immunity and tolerance.
Immunol. Today 19:368.

. Kurts, C., J. F. A. P. Miller, R. M. Subramanian, F. R. Carbone, and W. R. Heath.

1998. Major histocompatability complex class I-restricted cross-presentation is
biased towards high dose antigens and those released during cellular destruction.
J. Exp. Med. 188:409.

Morgan, D. J., R. Liblau, B. Scott, S. Fleck, H. O. McDevitt, N. Sarvetnick,
D. Lo, and L. A. Sherman. 1996. CD8cell-mediated spontaneous diabetes in
neonatal miceJ. Immunol. 157:978.

Lyons, A. B., and C. R. Parish. 1994. Determination of lymphocyte division by
flow cytometry.J. Immunol. Methods 171:131.

Valitutti, S., S. Muller, M. Cella, E. Padovan, and A. Lanzavecchia. 1995. Serial
triggering of many T-cell receptors by a few peptide-MHC compleiésture
375:148.

Scollay, R. G. B., E. C. Butcher, and I. L. Weissman. 1980. Thymus cell migra-
tion: quantitative aspects of cellular traffic from the thymus to the periphery in
mice. Eur. J. Immunol. 10:210.

22. Owen, J. A., M. Allouche, and P. C. Doherty. 1984. Frequency of influenza-

responsive cytotoxic T lymphocyte presursors in the thymus and spleen of
unprimed miceCell. Immunol. 84:403.

23. Askonas, B. A., A. Mullbacher, and R. B. Ashman. 1982 Cytotoxic T-memory

cells in virus infection and the specificity of helper T celiimunology 45:79.
Mackay, C. R. 1993. Homing of naive, memory and effector lymphoc@tes.
Opin. Immunol. 5:423.

Mackay, C. R., W. L. Marston, and L. Dudler. 1990. Naive and memory T cells
show distinct pathways of lymphocyte recirculatidn.Exp. Med. 171:801.

Picker, L. J. 1994. Control of lymphocyte homir@urr. Opin. Immunol. 6:394.
Lafferty, K. J., S. J. Prowse, and C. J. Simeonovic. 1983. Immunobiology of
tissue transplantation: a return to the passenger leukocyte codgepi. Rev.
Immunol. 1:143.

Bretscher, P., and M. Cohn. 1970. A theory of self-nonself discrimination: pa-
ralysis and induction involve the recognition of one and two determinants on an
antigen, respectivelyScience 169:1042.

. Shahinian, A., K. Pfeffer, K. P. Lee, T. M."IKdig, K. Kishihara, A. Wakeham,

K. Kawai, P. S. Ohashi, C. B. Thompson, and T. W. Mak. 1993. Differential T
cell costimulatory requirements in CD28-deficient miSeience 261:609.

. Chen, L., S. Ashe, W. A. Brady, |. Helstrom, K. E. Hellstrom, J. A. Ledbetter,

P. McGowan, and P. S. Linsley. 1992. Costimulation of antitumor immunity by
the B7 counterreceptor for the T lymphocyte molecules CD28 and CTL@el.
71:1093.

Townsend, S. E., and J. P. Allison. 1993. Tumor rejection after direct costimu-
lation of CD8" T cells by B7-transfected melanoma cefBzience 259:368.

32. Turka, L. A.,, P. S. Linsley, H. Lin, W. Brady, J. M. Leiden, R. Wei,

M. L. Gibson, X. Zhen, S. Myrdal, D. Gordon, et al. 1992. T cell activation by
the CD28 ligand B7 is required for cardiac allograft rejection in vivmoc. Natl.
Acad. Sci. USA 89:11102.

3. Lenschow, D. J., Y. Zeng, J. R. Thistlethwaite, A. Montag, W. Brady,

M. G. Gibson, P. S. Linsley, and J. A. Bluestone. 1992. Long-term survival of
xenogenic pancreatic islet grafts induced by CTLA43$gience 257:789.

34. Prowse, S. J., K. J. Lafferty, M. Simeonovic, M. Agostino, K. M. Bowen, and

E. J. Steele. 1982. The reversal of diabetes by pancreatic islet transplantation.
Diabetes 31(Suppl. 4):30.

Gill, R. G., M. Coulombe, and K. J. Lafferty. 1996. Pancreatic islet allograft
immunity and tolerance: the two signal hypothesis revisitedmunol. Rev.
149:75.



