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Humanized in vivo Model for Autoimmune Diabetes 
Gerald T Nepom, MD, PhD; John A Gebe, PhD 

Benaroya Research Institute 
Seattle, WA 98101-2795 

January 2009 

Research Technical Report—REVISED May 2009 

INTRODUCTION 
This research study uses humanized mice containing type 1 diabetes (T1D)-associated 
human HLA molecules to address the fate and pathogenicity of T cells reactive to the 
autoantigen glutamic acid decarboxylase 65 (GAD65).  

BODY 
The focus in the second year of this grant has been on Task 1 (Statement of Work, 2006, 
appended): To evaluate diabetes disease progression in the DR4/TCR models in order to 
test the hypothesis that high avidity autoreactive CD4+ T cells escape from selection and
persist in the periphery as dominant clonotypes; and to evaluate the fate and 
pathogenicity of high and low avidity autoreactive T cells representative of the human 
T1D repertoire.  

In a follow up to last year’s report on 164 and 4.13 TcR transgenic mice responsive to 
naturally processed GAD65 555-567, we now report (enclosed manuscript submitted) 
that these two T cells, both of which use Va12.1/Vb5.1 structural sequences and differ 
only in their CDR3 regions, display stark differences in both central and peripheral 
tolerance mechanisms to maintain peripheral self-tolerance when expressed as TcR 
transgenes.  These differences make them an ideal model for our overall objectives to 
understand and modify the differing autoreactive T cells in humans. 

In addition to the strong negative thymic selection (central tolerance) displayed in 164 
mice, peripheral tolerance is also achieved through activation-induced cell death (AICD).  
Peripheral self-antigen reactive 164 T cells are activated in the periphery in spleen and 
lymph nodes and are also Annexin V, active Caspase 3, and CD95 positive (see enclosed 
manuscript, Figure 3).  The expression of these molecules specific to 164 T cells, but not 
4.13 T cells, is indicative of peripheral tolerance through AICD as a method to maintain 
tolerance to self antigen1, 2.  This is likely the primary mechanism for lack of disease
progression in these cases, and is sufficient to block disease induction by agonists or Treg 
deletion (Task 1b, Task 1e, and Task 1f). 

In contrast, T cells from 4.13 mice are not activated in vivo but, like 164 T cells, do 
secrete IFN-γ upon in vitro stimulation (see enclosed manuscript, Figure 5).  Interestingly, 
unlike 164 T cells, 4.13 CD4 T cells upon stimulation secrete IL-10 independently of 
IFN-γ (see enclosed manuscript, Figure 6).  The differentiation into IL-10-producing cells 
(presumably Tr1 type) is a peripheral differentiating event, as proliferating mature T cells 
from the thymus do not secrete the cytokine (see enclosed manuscript, Figure 7).  As IL-
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10 has been shown to regulate immune responses3, 4, these mice have been crossed onto
IL-10-deficient mice to test the hypothesis that: 1. IL-10 is preventing these particular 
GAD65 self-antigen-responsive 4.13 cells from activation that is in contrast to 164 T 
cells; and 2. the lack of in vivo activation of 4.13 T cells by the IL-10-secreting cells is 
preventing their migration into the pancreatic islets, as was observed in 164 mice (Task 

1e).  Spontaneous islet infiltration has also not been observed in 4.13 mice on a Rag2o/o 

background (Task 1f).   

We recently reported that 164 mice on a Rag2o/o background exhibited a T cell pancreatic
islet infiltrate, which was associated with loss of islet insulin in infiltrated islets.  
However, the disease process in these mice did not continue to progress to frank diabetes.  
This intriguing finding leads to three alternatives: 

1. The B cell compartment may regulate diabetes induction in our model5.  HLA
transgenic diabetic RIP-B7/DR4 mice do have a B cell islet infiltrate6.  164 mice
have been crossed onto TcR Cao/o mice to maintain monoclonality of the T cell
repertoire and reintroduce the B cell compartment, and they are currently being
monitored for islet infiltrate and diabetes.

2. In both the NOD mouse and human disease, other genetic components contribute
to disease7.  To study IL-2 and its association with Treg function, we are currently
crossing 164 mice to B6 congenic strains containing both insulin-dependent
diabetes (idd)3 (IL-2-containing loci) and idd5-susceptible loci.

3. Recent work has shown the importance of RORγt-mediated Th17 cells in both
experimental autoimmune encypholomyelitis8 and collagen-induced arthritis9

models of autoimmunity.  Through a collaboration, we have obtained CD4
promotor-driven RORγt mice and are crossing them to 164 mice to skew the
cytokine profile from a Th1 (IFN-γ secreting) to a Th17 profile.

KEY RESEARCH ACCOMPLISHMENTS 
Tolerance to autoreactive Th1 164 T cells is maintained through a strong thymic 
negative selection (central tolerance) and also in the periphery by activation-
induced cell death (peripheral tolerance).    

Central tolerance in 4.13 mice is also achieved by negative selection, albeit to a 
lesser extent, likely a reflection of its lower avidity.  In contrast to peripherally 
activated 164 T cells, peripheral 4.13 T cells appear to achieve tolerance through 
the generation of IL-10-secreting Tr1 cells.  This hypothesis is currently being 
tested by crossing 4.13 mice onto IL-10 knockout mice.  

The generation of potentially regulatory IL-10-secreting, peripheral 4.13 T cells in 
4.13 TcR transgenic mice is a post-thymic, peripheral differentiating event, as 
mature CD4+/CD8- thymocytes do not secrete IL-10 upon autoantigenic 
stimulation. 
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In contrast to 164 mice on a Rag2o/o background, 4.13 mice on a Rag2o/o

background do not exhibit islet infiltrates.  

164 mice have been successfully crossed onto TcR Cao/o mice.  We can now test
the hypothesis that the B cell compartment of the immune system will lead to a 
more severe form of insulitis and/or diabetes in 164 mice. 

REPORTABLE OUTCOMES—Manuscripts  
Gebe JA, Yue BB, Unrath KA, Falk BA, and Nepom GT.  Restricted autoantigen 
recognition associated with deletional and adaptive regulatory mechanisms.  J Immunol, 
in press, 2009. 

CONCLUSION  
In a detailed analysis of tolerance in GAD65 555-567-responsive 164 and 4.13 TcR 
transgenic mice, we find that tolerance in 164 TcR transgenic mice is maintained at both 
the central level (thymic deletion) but also peripherally through Caspase 3-mediated 
AICD.  This finding contrasts sharply to 4.13 TcR mice where peripheral tolerance 
through AICD is not evident.  Furthermore, we find the differentiation of 4.13 T cells into 
IL-10-secreting Tr1 cells is a peripheral differentiating event as evident by a lack of IL-
10 cytokine in stimulated mature CD4+ thymocytes.  As both T cells use identical
Va12.1/Vb5.1 TcR segments, these data indicate that subtle sequence changes in the 
CDR3 region of TcRs responsive to the same antigen can lead to drastically different 
mechanisms of tolerance induction.   

While autoreactive 164 TcR mice on a Rag2-deficient background exhibit a pancreatic 
infiltration10, we have not observed this to be the case for 4.13 mice.  It is tempting to
speculate that the IL-10-secreting Tr1 nature of the 4.13 T cells may be responsible for 
preventing both the peripheral activation and islet infiltration, which is observed in 164 
mice.  Having generated IL-10 knockout mice containing 4.13 TcR, we are now in a 
position to answer this question.  Having also crossed our TcR mice onto RORγt mice, 
we also can address the influence of the generation of Th17 cells in the islet infiltrative 
process in seen in 164 mice.   

Understanding of these mechanisms that control the autoreactivity of the human 4.13 and 
164 TcR will lead to informed choices for selecting and monitoring novel 
immunotherapy. 

REFERENCES
1. Zhang HG, Su X, Liu D, Liu W, Yang P, Wang Z, Edwards CK, Bluethmann H,

Mountz JD, Zhou T. Induction of specific T cell tolerance by Fas ligand-
expressing antigen-presenting cells. J Immunol 1999 February 1;162:1423-30. 



W81XWH-07-1-0121

7 

2. Herndon JM, Stuart PM, Ferguson TA. Peripheral deletion of antigen-specific T
cells leads to long-term tolerance mediated by CD8+ cytotoxic cells. J Immunol

2005 April 1;174:4098-104.

3. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W. Interleukin-10-deficient
mice develop chronic enterocolitis. Cell 1993 October 22;75:263-74.

4. Groux H, O'Garra A, Bigler M, Rouleau M, Antonenko S, de Vries JE, Roncarolo
MG. A CD4+ T-cell subset inhibits antigen-specific T-cell responses and prevents
colitis. Nature 1997 October 16;389:737-42.

5. Noorchashm H, Noorchashm N, Kern J, Rostami SY, Barker CF, Naji A. B-cells
are required for the initiation of insulitis and sialitis in nonobese diabetic mice.
Diabetes 1997 June;46:941-6.

6. Gebe JA, Unrath KA, Falk BA, Ito K, Wen L, Daniels TL, Lernmark A, Nepom
GT. Age-dependent loss of tolerance to an immunodominant epitope of glutamic
acid decarboxylase in diabetic-prone RIP-B7/DR4 mice. Clin Immunol 2006
December;121:294-304.

7. Maier LM, Wicker LS. Genetic susceptibility to type 1 diabetes. Curr Opin

Immunol 2005 December;17:601-8.

8. Komiyama Y, Nakae S, Matsuki T, Nambu A, Ishigame H, Kakuta S, Sudo K,
Iwakura Y. IL-17 plays an important role in the development of experimental
autoimmune encephalomyelitis. J Immunol 2006 July 1;177:566-73.

9. Nakae S, Nambu A, Sudo K, Iwakura Y. Suppression of immune induction of
collagen-induced arthritis in IL-17-deficient mice. J Immunol 2003 December
1;171:6173-7.

10. Gebe JA, Unrath KA, Yue BB, Miyake T, Falk BA, Nepom GT. Autoreactive
human T-cell receptor initiates insulitis and impaired glucose tolerance in HLA
DR4 transgenic mice. J Autoimmun 2008 June;30:197-206.

APPENDIX 
Gebe JA, Yue BB, Unrath KA, Falk BA, and Nepom GT.  Restricted autoantigen 
recognition associated with deletional and adaptive regulatory mechanisms. J Immunol, 
in press, 2009. 
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Humanized in vivo Model for Autoimmune Diabetes 
Gerald T Nepom, MD, PhD; John A Gebe, PhD 

Benaroya Research Institute 
Seattle, WA 98101-2795 

Statement of Work (May 2006) 

Task 1. Evaluate diabetes disease progression in the DR4/TCR models 
(months 1-18) 

a. Cross the DR4/TCR transgenics onto the DR4/RIP-B7 transgenics for
an accelerated disease course (months 1-9) 

b. Inject TLR agonists and/or anti-CD40 agonists for further disease
acceleration (months 1-9) 

c. Inject low-dose streptozotocin to initiate beta cell damage, testing the
impact of antigen release in situ (months 1-9) 

d. Transfer spleen and LN cells from DR4/TCR transgenic donors,
activated in vitro, after labeling with CFSE, to track their in vivo course 
(months 6-18) 

e. Deplete donor cells of the CD4+CD25+ regulatory population prior to
transfer; alternatively, supplement donor cells with enriched CD4+CD25+ 
cells from avidity-selected TCR transgenic donors (months 6-18) 

f. In all cases (a-e), monitor immunohistochemistry of pancreatic islets,
using staining for CD4, FOXP3, and insulin, as well as standard H&E.  In 
all cases, monitor blood glucose and intraperitoneal glucose tolerance tests 
at regular intervals (months 1-18) 

Task 2. Evaluate tetramer profiles and disease progression in the TCR 164b model 
(months 12-42) 

a. Measure insulitis and glycemia in the DR4/l64b transgenics, while
monitoring peripheral blood, LN and spleen cells for DR4-GAD tetramer 
binding profiles (months 12-42) 

b. Measure cytokines and TCR alpha chain utilization in the GAD-
responsive T cells, sorting for tetramer+ and activation profiles;  compare 
high tetramer binding cells with low avidity cells (months 12-42) 
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c. Monitor disease progression comparing tetramer binding with the same
parameters as (f) above.  Do this in the presence of the disease accelerants 
selected for activity in Task 1 (months 12-42) 

d. Determine if CD4+CD25+ GAD-specific regulatory T cells derive
from the low or the high avidity end of the tetramer-binding spectrum, by 
flow sorting using tetramers and FOXP3 markers (months 12-42) 

Task 3. Optimize the translational potential of the tetramer and disease profiles 
(months 18-42) 

a. Compare peripheral blood tetramer profiles and T cell phenotypes with
simultaneous LN and spleen profiles, at different stages of disease 
progression (months 18-42) 

b. Elute lymphocytes from infiltrated pancreatic islets and evaluate for
tetramer binding and FOXP3 staining, at different stages of disease 
progression (months 18-42) 

c. Create a standardized multiparameter analysis protocol combining
tetramer staining with the most informative T cell markers (determined in 
the above tasks) that is suitable for analysis of peripheral blood-derived 
lymphocytes (months 18-42) 
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Restricted Autoantigen Recognition Associated with Deletional 
and Adaptive Regulatory Mechanisms1 

John A. Gebe,2* Betty B. Yue,* Kelly A. Unrath,t Ben A. FaJk,* and Gerald T. Nepom* 

Autoimmune diabetes (TID) is characterized by CD4+ T cell reactivity to a variety of islet-associated Ags. At-risk individuals, 
genetically predisposed to TID, often have similar T cell r eactivity, but nevertheless fail to progress to clinically overt disease. To 
study the immune tolerance and regulatory environment permissive for such autoreactive T cells, we expressed TCR transgenes 
derived from two autoreactive human T cells, 4.13 and 164, in HLA-DR4 transgenic mice on a C57BL/6-derived "diabetes
resistant" background. Both TCR are responsive to an immunodominant epitope of glutamic. acid decarboxylase 65555 _567, which 
is identic.aJ in sequence between humans and mice, is restricted by HLA-DR4, and is a naturally processed self Ag associated with 
TID. Although both TCR use the identical Va and Vf3 genes, differing only in CDR3, we found stark diJferenc.es in the mechanisms 
utilized in vivo in the maintenance of immune tolerance. A combination of thymic deletion (negative selection), TCR down
regulation, and peripheral activation-induced cell death dominated the phenotype of 164 T cells, which nevertheless still maintain 
their Ag responsiveness in the periphery. In cont t·ast, 4.13 T cells at·e much less influenced by central and deletional tolerance 
mechanisms, and instead display a peripheral immune devia tion including differentiation into IL-10-secreting Trl cell~. These 
findings indicate a distinct set of t·egulator y alte.-natives for autoreactive T cells, even within a single highly restt·icted HLA
l'eptide-T CR recognition profile. The } ounwl of Immunology, 2009, 183: 0000 0000. 

C entral and peripheral mechanisms maintaining T cell to! 
erance to self Ags are variable in degree of completeness, 
and autoreactive T cells populate the peripheral immune 

system. Central tolerance in the thymus is largely governed 
through the interaction of the TCR with self peptide MHC com 
plexes, in which high avidity T cells are eliminated through apo 
ptosis ( I 3) or potentially differentiated into CD4 +CD25 + 

AQ: c FOXP3 expressing regulatory T cells (Treg)3 (4, 5). Strategies by 
which autoreacti veT ce!Js may escape central tolerance to self Ags 
include down modulation of receptor or costimulatory molecules 
(6) and skewing of CD4/CD8 coreceptor expression (7, 8). These 
mechanism~ are incomplete, however, such that self reactivity by 
some peripheral T cells is an intrinsic property of nonnal immu 
nity, perhaps required to enable the immune repertoire to respond 
to the diverse nature of foreign Ags (9). 

While several TCR transgenic mice have been developed to 
study tolerance io self Ags, the vast majority of studies use either 
alloreactive T cells or a foreign Ag reactive T cell expressed as a 
TCR trfmsgene along with the foreign Ag as a second trans gene (4, 
19, 20). ln human type I diabetes (TID), HLA DR4 subjects com 
monly C..'UTY peripheral T cells reactive to a vmiety of islet asso 
ciated self Ags, including the immunodominant glutamic acid 
decarboxylase (GAD)65ssS-s6? peptide, a naturally processed 
epitope of glutamic acid decarboxylase (2 1 24).lnterestingly, rec 
ognition of this epitope displays a biased TCR repertoire, with 
prevalent use of VJ35.1/Ya l2.1, although CDR3 regions are vmi 
able (22). To study tolerance mechanisms associated with this 
dominant autoreactive specificity, we intmduced transgenic TCR 
from two human CD4 + T cells specific for GAD65555_567 , which 
dilfer only in their CDR3 regions. intercrossed into HLA DR4 
transgenic tnice. Despite the close structural features of these two 
autoreactive TCR. stru·k differences in both central and peripheral 
tolerance mechanisms were elicited. 

Once in the periphery, several additional mechanisms operate as 
checkpoints to limit T cell activation to self Ags, including func 
tiona! inactivation or anergy of the T cell (10. II ), activation 
induced T cell deletion ( 12 14 ), generation of suppressive cyto 
kine secreting Tcells (Trl fmd Th3) (IS, 16), and diJferentiation of 
tmcommitted T cells into FOXP3 expressing regulatory T cells 
(17, 18). 
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Materials and Methods 
Mice 

OR040 IE m ce (DR4) were obta ned from Tacon c These C57BU6 I 
Ab'''" m oe express a human mouse ch mer c c ass ll mo ecu e n wh cb the 
TCR nteract ng and pept deb nd ng doma ns of mouse I E (doma ns a 1 
and {31, exon 2 n both genes) have been rep aced w th the a , and {31 
doma ns from ORA *0 0 and ORB *040 , respect ve y Retent on of the 
mur ne a2 and {32 doma ns a ows for the cognate mur ne CD4 mur ne 
MHC nteract on (25) 

TCR sequences for generat on of the two T ce lransgen c m ce were 
obta ned from human CD4 + T ce c ones 64 (26)and 4 3 (22) Both 
human T ce s are respons ve to the same se f Ag GAD65ssS-s67 and both 
use human V a 2 N {35 T ce receptors The 64 T ce wa~ c oned from 
per phera b ood from an HLA ORA *0 0 IB *040 d abetes at r sk n 
d v dua as prev ous y descr bed (26) 

C one 4 3 was c oned from the per phera b ood of an HLA 
ORA *0 0 /B *040 d abet c nd v dua (22) Human mouse cb mer c 
TCR transgeues were constructed by subcloning PCR amplified regions 
encod ng rearranged Vcila and Vf30f3Jf3 doma ns from the human cones 
mo pTaca% and pT{3cass TCR transgen c vectors, respect ve y (27) TCR 

transgen c vectors pTacass and pT{3cass conta n the natura mouse TCR a 



2 

I balt6/zim-jimm/zim-jimm/zim01309/zim9222.09z I xppws I S= 1 I 5/18/09 119:441 Art 08-04046llnput-kco I 
AUTOANTIGEN RECOGNITION AND REGULATORY MECHANISMS 

and {3 promoter/enhancer e ements and mouse Ca and C/3 constant reg ons. 
respect ve y DNA nject on nto C57BU6/T Ab"1" ( 64 TCR) or F B6/ 
C3H (4 3 TCR) moLL~e embryos was performed at the Un vers ty of 
Wash ngton (Seart e, W A) n the Comparat ve Med c ne An rna Fac ty 
Founder m ce conta n ng the hLLman TCR transgenes were then crossed 
onto DR040 IE m ce to generate DR4/ 64 and DR4/4 3 m ce Add 
t ona crosses were made onto Rag2"'0 m ce A founder mouse was a so 
id<!utiiied that contained only the 164 TCR {3 transgene Th s was a so 
crossed onto DR040 IE m ce The 4 3 TCR transgen c m ce generated n 
F B6/C3H were crossed for n ne general ons nto DR040 IE m ce A 
an rna work was approved by the Benaroya Research Inst tute An ma 
Care and Use Comm ttee and an ma s were housed n the Benaroya Re 
search lnst lute Amer can Assoc at on of Laboratory An ma Care accred 
ted an ma fac ty 

Tissue processing and flow cytometry 

Thymus, sp een, and ymph node l ssues were processed nto s ng e ce 
suspett~ ons by gent y press ng through 0 40 J,tm ce stra ners (BD Fa con; 
ref no 352340) liS ng the rubber end of a m tubercu n syr nge n 
DMEM 0 med a (lnv trogen: cata og no 965 092) supp emented w tb 

0% FBS (HyC one), 00 J,tg/m pen c n, 00 U/m streptomyc n, 50 J,LM 
2 ME, 2 mM g utam ne, and mM sod urn pyruvate (lnv trogen) Ce 
suspert~ ons were centr fuged at 200 X g for 0 m n, asp rated, and e ther 
) resuspended n DMEM 0 med a ( ympb node and thymus) or 2) RBC 

AQ: 0 were ysed (for sp eens) us ng m of ACK ys s buffer (28) for 5 m n at 
37°C at wh ch t me 30 m of med a was added and ce s spun down (200 X 
g), asp rated, and resuspended n DMEM 0 med a The fo ow ng chro 
mophore-labeled Abs were used in flow cytometric analysis: anti-mouse 
CD4 (cone RM4 5), CD8 (c one 53 6 7), CD25 (cone PC6 ), CD62L 
(Me 4), ant human act ve ca.~pa~e 3 (po yc ona , cata og no 55709 ). 
CD44 (IM7), Fe b ock (2 4G2), and PE abe ed annex n V (a from BD 
Pharrn ngen). ant human V{35 PE (cone £MMU 57; Itrununotech/ 
Cou ter), and Va 2 FITC (cone 60 6; Endogen) FACS samp es n me 
d a were presta ned w th Fe b ock for 0 m n on ce and then sta ned w tb 
specific Abs on ice for 45 min, washed once, and resuspended in FACS 
sta n bulfer (PBS conta n ng % FBS, 0 % Na az de) before be ng un on 
a FACSCatibur or LSR II fl ow cytometer (BD Biosciences) . Intracellular 
sta n ng of ce s for Foxp3 was performed us ng eB osc ence k t (FJK 6a 
Ab) accord ng to the manufacturer's nstruct ons lntrace ll ar sta n ng for 
act ve caspase 3, mouse ant IFN 'Y (XMG 2; eB osc ence), and ant 
IL 0 (cone JESS 6E3; eB osc ence) was performed liS ng eB osc enoe 
ntrace u ar sta n ng k t tcata og no 88 8823 88: eB osc ence) 

Proliferation assays 

In lymph node or purified CD4+ T ce ~ro ferat on assays X OS ympb 
node ce s were cu tured w th 2 X O· (3000 rad) Cs gamma rrad ated 
splenocytes (final volume 150 p, ) Supernatant.~ for cytok ne ana ys s were 
taken (50 J.L ) at 48 h, and J.LC /we 3 H]thym d ne wa~ added at 72 h 
Thym d ne ncotporat on was a.~sayed at 96 h us ng qu d sc nt at on 
count ng ana yzed on a M crobeta Tr Lux 450 sc nt at on counter (Wa 
ac Perk nE mer L fe Sc ences) Sp enocyte responses were measured n 

lhe same manner us ng 5 X OS sp enocytes per we CD4 and CD8 s ng e 
pos t ve ce s were obta ned us ng M teny B otec bead~ w tb pur ty of 90% 
or greater or by Ab labeling with CD4 and CD8 and sorting by How 
cytometry 

Cytokine analysis 

Cytok nes IL 2, ll.. 4, ll.. 5, TNF a, and IFN 'Y were assayed us ng a mouse 
Th ffh2 cytok ne CBA k t (BD B osc e nces; cata og no 55 287) IL 0 
was a.~sayed us ng a BD OptEfA mouse IL 0 ELISA set and mouse 
TGF {3 was measured LL~ ng a human/mouse TGF {3 ELISA Ready SET 
Go! k t (BD B osc ences; cata og nos 555252 and 88 7344, respect ve y) 
Supernatants from tr p cate pro ferat on we s (SO J.L /we ) were com 
b ned for cytok ne ana ys s, w th SO J.L used for CBA ana ys s and 50 p, 
for IL 0 ELISA 

Results 
Thymic selection of autoreactive T cells 

Util izing TCR from two slructurally related DRBJ *040 l (DR4) 
restricted human CD4+ T cell clones reactive to the autoantigen 
GAD65, human TCR transgenic mice were generated to investi 
gate differential modes of T cell tolerance to the naturally pro 
cessed GAD65555_567 autoantigen. The human CD4 + T cell clones 
164 and 4.13 (obtained from two dilferent subjects) are structurally 

Tab e I Comparison of 164 and 4.13 TCR" 

Clone COR3 Region sequence 

(-) 

.a :1!:- "' c 
TcRAV (!) (!) < ~ 

164 5 1 A L s E E G G G A N s K L 

4.13 5 1 A L s E N R G G A s K L 
c 2' i: ., 
~ <( ... < 

(~) (~) 

., ., c 2 " "' TcRBV < < ~ 
., 

I a. ..J 

164 12 1 A s s L A G G A 11 s p L H 
4.13 12 1 A s s l v G G p §. s E A F 

1ii e " .a ~ 
., 
.c 

> a. (/) (!) a. 
H 

0 Gay h ghl ghted a eas denote d fl'e enoes between 164 and 4 13 TCR CD3 se
quences boldface, nonpola -to-nonpola am no ac d changes unde I ned es dues, 
pol a · lO· pota changes and pa en theses, cha ge changes 

related in that they both use TCR with human Va l2.1 (hVa 12.1) 
and Y/35.1 (hV/35.1) gene sequences, which di.Jfer only in their 
CDR3 regions (Table 1). Both of the human T cells recognize '1'1 

GAD65sss-s67 (22. 26), a region within the naturally processed 
and presented GAD65552_5 72 epitope (2 1, 23). The sequence of the 
DR4 binding minimal stimulating epitope GAD65555_ 56 7 is iden 
tical for GAD65 and GAD67 in both human and mouse and thus 
serves as a naturally processed self Ag T cell epi lope in both spe 
cies (29). Both 4.1 3/Rag2+t+ and 164/Rag2+1+ mice display re 
duced thymus cellularity (Fig. lA), with 164 mice exhibiting a FI 

profound reduction in CD4 +co &+ double positive cells (Fig. 18). 
The reduction in cellularity and a decrease in double positive cells 
is indicative of negative selection (20, 30. 31). While positi vely 

A D t DR4/164 Yb onJy 300 [0:99 5:7 . 
250 co 
200 ~ 

.~ 

~ 
111 150 Q) 

oil s. .. , 
Qi 100 "' () 

50 6 '" l) ;2; ol 13.51 ~ 79.7 
0 .~ 

Non-TcR 4.13 164 
~·" ,,; 

hYb5.1 _.. 
tg 

B DR4 DR4/4.13 DR4/164 

•d .~ li .~ '" 101 ,g. oi 1d ,,p 

CD4 

c1 ~Q;J· ::~. . ~~· 
C'i ,rJ- 1~ ~ ~ · u:f . . -~. 

~ ,.; ;~.66 . 0 .9 ,., 9 2 :,-'; ' 1 .0 101 :~.56 ,; 8 .5 

~ 11/ o<i' 1i td 1ol' 10' 10' oO' 1d ool' t.J 10' 10' 111 t!f 
L. -----hVb5. 1 _____ __. 

FIGURE I. 'Thymic lymphocyte profiles iu 164 aud 4.13 humau TCR 
transgen c HLA DR4 m ce Thymus ce u ar ty of 8 to 0 wk o d m ce 
(n = 3) (A), CD4/CD8 profiles (B), and TCR hVbS vs bVa 2 expres 
son on CD4+cos- gated ce s (C) Human VbS express on on 
co4+cos- thymocytes from 64 Vb on y TCR m ce (D) 
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FIGURE 2. Per phera ympho 
cyte profiles in 8· to 10-wk-old 164 
and 4 3 TCR transgen c DR4 m ce 
Per phera sp een and ympb nodes 
( ngu na and para aort c comb ned) 
ce u ar ty (11 = 3) (A) CD4 vs CD8 
profile and TCR human Val2.1 and 
Vb5 express on on CD4+cos
gated ce s from sp een (B) H sto 
gram n B shows CD3e express on on 
CD4+cos- gated ce s from 64 

m ce (b ack ne). 4 3 m ce (gray 
ne). and sotype contro (dotted 
ne) Sp enocyte Ag dose response n 
64 (gray) and 4 3 (b ack) TCR 
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CDrCD8+ T ce st mu at on (D) 
cells were sorted by How and tested 
for pro ferat on n response to 
GAD65ss5-561 or centro Ag A ex 
per ments were repeated at east three 
tmes wth s m arresuts 
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selected 4.13 T cells are heavily skewed toward a single positive 
CD4 +cos- phenotype reflecting their class II restriction, siugle
positi ve thymic T cells in 164 mice are matured into both 
CD4 - cos+ and CD4+cog- phenotypes, a profile similar to that 
observed in other self Ag responsive TCR transgenic mice under 
conditions of strong negative selection (8). ln addition to the stron 
ger negative selection observed in 164 mice is the down modu 
lated expression of the TCR on CD4+c o s - lhymocytes where 
only~ I% of mature CD4+c o s - Tcells express both Ya and Y/3 
transgenes (Fig. I C). This is in stark contrast to the >70% ex pres 
sion of hYa12. ! and hYf35.1 on C04+c o s - thymocyte.~ from 
4.13 mice. As the amino acid sequence in the COR3 region of 164 
TCR is di.fterent from 4. 13 TCR, it was possible that the low level 
of hY/35.1 and hYa 12.1 staining on 164 mice could be the re.<;ult 
of differential binding of the Ab itself; however, the hV {35.1 Ab 
does stain the 164 TCR from 164 {3 chain only TCR transgenic 
mice (Jacking the human TCR Yal2.1 transgene), sugge.<;ting that 
the low level of 164 TCR expre.<;sion on matured CD4+Cos
thymocytes is the result of down modulation of the TCR under 
thymic selection pressures (Fig. ID). Based on thymic cellularity, 
CD4 vs CD8 profiles, and TCR expression levels, we conclude that 
164 TCR thymocytes, likely due to a higher avidity for peptide 
MHC of the I 64 TCR relative to the 4.13 TCR, tmdergo stronger 
central tolerance ~md maintain a down modulated TCR. 

Peripheral skewing of auto reactive T cells 

4.13/Rag2 + I+ and 164/Rag2+t+ mice both show reduced cellular 
ity in the ~pleen (Fig. 2A), but only 164 mice show a reduction in 
peripheral lymph nodes. The 4.13 T cells in the spleen as in the 
thymus are heavily skewed toward C0 4+Co &- lineage, reflecting 
their class ll restriction (Fig. 28). The 164/Rag2+1+ mice have 
fewer cells in the spleen, and <I % of C04 + C08- T cells are 

B CD4gated 
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hYai2.J and hV/35.1 positive (Fig. 28). Coinciding with the 
weak TCR expression in L64/Rag2+/+ mice is also a low expres 
sion of C03e on CD4 +cos - gated cells (Fig. 28. histogram). In 
contrast to the near absence of C04 - cos + cells in 4.13/Rag2 + I+ 

mice, 164/Rag2+1+ mice have nearly one third of their T cells ~L<; 
C08+CD4- cell<;, which is also greater than that seen in non TCR 
transgenic mice (Fig. 28). The percentages of CD4 cells among all 
T cells (CD4/(CD4 + C08)) (average of three mice) are 98 :!: I% 
in 4.13 mice lmd 73 :!: 2% in 164 mice compared with 90 :!: 1% 
in non TCR transgenic mice. indicating that 4.13 T cells are 
strongly selected toward their MHC class ll reslliction, while T 
cell selection in 164/Rag2+t+ mice is skewed toward the CD8 
compartment, similar to what is observed in the thymus. The stron 
ger central tolerance in 164/Rag2 + I + mice is also reflected in the 
periphery by the greater expression of endogenous mouse mY a 
and mY/3 T cell receptors (supplemental Fig. S I ).4 In assaying for AQ: E 

Ag specificity we used splenocytes from Rag2ot" TCR transgenic 
mice to ensure that all a/{3 T cells only express the hVal2.1 and 
hY/35.1 tr~msgenes. Splenocyte.> from both 4.13/Rag2""> and 164/ 
Rag2"1

" mice respond to GAD65555_567 in an Ag-specific manner, 
confirming their specificity for the GAD65 epitope (Fig. 2q. Be 
cause of the skewing of 164 T cells from I 64/Rag2 + I + mice (also 
seen in 164/Rag2'"" mice) into a C0 8+CD4- pathway, we sorted 
1641Rag2"1'> T cells into CD4+co&- and CD4- co&+ fractions 
and stimulated these fractions with irradiated splenocytes and pep 
tide. We find that both populations are Ag specific, with the CDS 
164 cells having a lower proliferative response (lower functional 
avidity) (Fig. 2D). 

Peripheral toleranc e mediated by apoptosis 

As with the low expression of the transgenic TCR on 164/Rag2 + I+ 

thymocyte.<; in the thymus (Fig. 28), the TCR expression on 
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FIGURE 3. Act vat on and apo 
ptos s n 64 and 4 3 TCR trans 
gen e mce Speen ce s from 8 to 
2 wk o d DR4 m ce on a Rag2o1o 

background were sta ned w th act va 
t on markers CD44 and CD62L and 
gated on CD4+cog- ce s for ana y 

s s (A and B) Percentage of gated 
CD4+cos- ce s that were annex n 
y + (C) and act ve caspa~e 3+ (D) are 

shown Examp es of ca~pa~e 3 h sto 
grams n (D) are non TCR transgen c 
(gray filled), DR4/4.13/Rag2olo 
(back dashed ne), and DR4/ 64/ 
Rag010 (b ack heavy ne) Percent 
ages are from three m ce n each 
group CD4 + sp een T ce s from 64 
(gray ne) m ce are a so CD95+ com 
pared w th non TCR CD4+ T ce s 
(back ne) (!!) 
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TcR tg 

Rag2+/+ 

164 4. 13 

164/Rag2+i+ T cells in the periphery is also nearly absent (also 
true in 164/Rag2""> mice). This suggested that perhaps the ligand 
inducing negative selection in the thymus is also activating these 
cells iJ1 the periphery, and tbLL~ the extremely low level of TCR 
expression in the periphery is in part the result of constant activa 
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FIGURE 4. Foxp3 express on on sp een CD4+cog- T ce s from non 

TCR transgen c, 64, and 4 3 GAD TCR ITansgen c m ce E ght to 2 
wk o d mouse sp een ce s from TCR and non TCR transgen c m ce were 
surface sta ned w th CD4, CD25, and then nlrace u ar y for Foxp3 Ex 
amp e of stan ng s shown n (A) on non TCR transgen c DR4 sp enocytes 
Foxp3 express on n Rag2+' + m ce a~ a percentage of CD4+ ce s s shown 
n (B)( average of three m ce) Foxp3 express on on CD4+ Toe s from 64 

and 4 3 TCR transgen c m ce on a Rag2°1" background s shown n C 
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tion of 164 cells in the periphery. By SLLrface phenotypillg we 
found that most peripher-.:tl4.13/Rag2""> CD4+ T cells, like CD4+ 
cells from non TCR!Rag2+i+ transgenic mice, are of a naive na 
ture expressillg high levels of CD62L and intermediate levels of 
CD44 (CD62L11if:hCD44i"') (Fig. 3A). In contrast, ~40% of pe F3 

ripheral spleen CD4+ cells fTom 164/Rag2"'" mice are 
CD62L1""CD44high compared with ~10% in 4.13 and non TCR 
transgenic mice, indicating an activated phenotype (Fig. 3, A and 
B). A similar activation profile of 164/Rag2oi" CD4 + T cells was 
observed in other lymph nodes (p~mcreatic and illguinal. data not 
shown) and also in Rag2+/+ mice (supplemental Fig. S3). There 
fore, we tested whether the low numbers ofT cells in the petiph 
eral tissues of J64/Rag2oi" mice could be the resul t of constant 
peripheral activation and subsequent activation iJ1duced cell dealh. 
As shown in Fig. 3C, peripheral CD4 + 164/Rag2"'" T cells com 
pared with 4.13/Rag2°10 and non TCR u·ansgenic cells stain with 
the apoptotic marker annexin V and additional staining indicated 
that the CD4+ 164/Rag2'"" T cells are also activated caspa-;e 3+ 
(Fig. 3D). Peripheral CD4+ 4.13/Rag2"1'> cells were negative for 
both annexiJ1 V and activated ca.,pase 3 staining. Surface staining 
on CD4 + 164/Rag2"''>T cells indicated that a significant portion of 
these cells are also CD95 +, suggesting that apoptotic signaling 
may occur through CD95 (Fig. 3£). 

Both 164 and 4.13 mice show an enhanced selection of 
peripheral Foxp3+ cells 

CD4 +CD25+ cells that express Foxp3 pa11icipate ill immllDe reg 
ulatioo, and the selection of these Treg can be mediated ill foreign 
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FIGURE 5. Cytokine profile of 164 and 4.13 T cells to GAD65ssz_572 
Sp enocytes from DR4/ 64/Rag2""" and DR4/4 3/Rag?"0 m ce. were st m 
u ated w th 00 p,glm GAD65 or conrro pept de for 96 h Supe natants 
were co ected at48 h and TNF a, IFN y, IL 2, fL 4, and IL 5 were mea 

sured us ng a mouse Th fTh2 k t, and IL 0 was measured by ELISA 
Exper ment was done three l mes w tb s m ar resu ts 
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F1GURE 6. !merna cytok ne stan 
ng for IL 0 and IFN y ce s from 64 

(A) and 4 3 (B) m ce were ntrace u 
arystanedwth!L OandiFNyd 

rec.t y conjugated Abs Sp een ce s 
from Rag2"'" 64 and 4 3 m ce were 
st mu ated for 4 days w th GAD6533z_ 

sn and then cu tured w th PMA/ ono 
myc n for 4 h w th brefe d n A dur ng 
the ast 2 h Exper ment wa~ done three 
tmes w th s m ar resu L~ 
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Ag-specific TCR transgenic tnlce by expression of the s timulatory 
Ag as a neo-self peptide driven by tissue-specific promoters (4 , 
32). It has also been shown that increasing avidity of the TCR for 
the peptide MHC correlates with a propensity to develop along the 
thymic derived Foxp3 Treg pathway (4). In our setting involving 
endogenous self Ag recognition. we find that peripheral CD4 + T 
cells from both autoreactive 4. I 3/Rag2+t+ and 164/Rag2+' + TCR 

transgenic m ice express increased numbers ofFoxp3 cells, and that 
the percentage of CD4 + cells that express Foxp3 is highest in 164 
mice compared with 4 . . 13 mice, ~md both are greater than that seen 
in non TCR transgenic mice (Fig. 48). However, upon crossing 
TCR transgenic mic.e onto a Rag2-deficient background, peripheral 
Foxp3 + cells were near undetectable levels in either 164 or 4.13 
mice (Fig. 4C), consistent with the induction of Treg populations 
in the nontransgenic fraction of endogenous T cells. 

Periphera/4.13 CD4+ T cells exhibit Thl and Trl profiles 

Cytokine analy~is on in vitro stimulated cells from both Rag2M" 
TCR transgenic mice responding to GAD65~sS-~67 stimulation is 
shown in Fig. 5. Peripheral 164 T cells are of a Thl phenotype 
expressing IFN 'Y and little or no IL 4, IL 5, IL 10, or TNF a, 
while CD4+ 4.13 T cells secrete IFN 'Y and ll. !0 and little or no 
IL 4, IL 5, or TNF a. The same pattern was observed in Rag2+t + 
mice (data not shown). Because of tbe unexpected finding of both 
IFN 'Y and IL 10 from GAD6555~_~67 stimulation, we performed 
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F1GURE 7. IFN y and IL 0 product on from st mu ated sorted 
CD4+cog- ce s from DR4/4 3/Rag2+f+ m ce CD4+cos- ce s from 
sp een, ymph node, and thymus were FACS so ted from t ssues taken from 
8 to 2 wk o d m ce and st mu ated w th rrad ated APC and e ther CD3/ 
CD28 Ab (A) or GAD65552..s72 (B) 

intracellular s taining for lFN 'Y and IL I 0 to determine whether 
both of these cytokines are derived from the same cell. As shown 
in Fig. 6, we found that T cells from 4.13/Rag2'"" mice generate F6 

IFN 'Y independently of ll. 10 and therefore peripheral 4.13 CD4+ 
T cells are of a mix of Th I and Tr I cells types, while 164 T cells 
are of a Th I phenotype generating only IFN 'Y· Additional cyto 
kine m~l~urements revealed that 4.13 T cells do not secrete 
TGF {3! (supplemental Fig. S2). Because IL 10 can be immuno 
regulatory, we addressed whether the commitment of 4.13 T cells 
to a Tr I phenotype is a central or peripheral tolerizing event. 
CD4 + T cells from thymus and spleens of DR4/!64/Rag2ot" and 
DR4/4.13/Rag2M" mice were FACS sorted and stimulated with 
irradiated APC, and then assayed for IL 10 and JFN 'Y production. 
The 4.13 CD4 + T cells from spleen generated IL 10 and [FN 'Yin 
response to e ither CD3/CD28 or GAD65552_572 stimulation, while 
thymus derived CD4+ Co8- 4.13 T cells secreted neither cytokine 
(Fig. 7). F7 

Discussion 
Limiting pathogenic autoreactivity is of the utmost importance for 
a successful immune system, and several mechanisms provide 
functional checkpoints for this control. These mechanism~ broadly 
.fit into tluee categories: those that involve deletion of autoreactive 
cells, centrally ~mcl/or peripherally; those that involve down mod 
ulation of activation molecules or receptors, chanf,ring activation 
thresholds; and those that involve active immune regulation. In this 
study we evaluated central and pe1ipheral tolerance mechanisms 
using two TCR transgenic mice containing structurally similar re 
ceptors specific for a nanu·al!y processed self Ag. These TCR were 
derived from autoreactive CD4 + T cells present in humans with 
immunity to GAD65, an important islet Ag associated with au to 
immune diabetes. On a C57BU6 "diabetes resistant" background 
transgenic for HLA DR4, the human class I! restricting element 
for these TCR, very potent in vivo tolerance mechanisms were 
observed. The 164 TCR was associated with strong deletional 
events, both in the thymus and in the periphery, and surviving 164 
T cells down modulated TCR expression ancl/or switched from 
CD4 to CDS phenotype, even as they maintained specific Ag re
activity. In marked contnL~t. the 4.13 TCR had less sensitivity to 
negative selection and no CD4 to CD8 skewing, but instead used 
a predominant pathway of immunomodulation, skewing toward an 
IL 10 phenotype. 

Both !64 and 4 . . 13 T cells use Yal2.!/Vf35. ! TCR and dilfer 
only in CDR3, a region that conventionally interacts primatily with 
the peptide in the Ag binding MHC (33). Based on the higher 
thymic cellularity in 4.13 mice compared with 164 mice and the 
absence of differentiation toward the CD4- cos+ pathway, it ap 
pears that the 164 TCR is of a higher avidity to peptide MHC 
complexes in the thymus. As T cell CD4 avidity interaction with 
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the {32 domain of the MHC cla~s II has been shown to contribute 
positively to thymic T cell selection (21, 34), the dilferentiation of 
irnmatme CD4 + CD8 + double positive 164 thymocytes into 
CD4 - cog+ mature cells would preswnably lower the TCR over 
all avidity to the MHC complex and enable escape from negative 
selection. This skewing toward a CD4- CD8+ expression pathway 
and away from a CD4+cog- pathway occurred despite the cla~s 
U restJiction of the original human 164 T cell clone. Consistent 
with this interpretation is our observation that peripheral 
CD4- CD8+ 164/Rag2°1

" T cells have Jess functional avidity to 
GAD65555_567 stimulation than do CD4+cos- 1641Rag2',1

" T 
cells. The skewing of class II restJicted self Ag reactive T cells 
toward a CD8 lineage has been observed in other TCR transgenic 
models, also in the context of strong negative selection (7, 8). 

In addition to thymic deletion and CD4 to CD8 skewing, T cells 
surviving in the 164 TCR mice showed significant down-regula
tion of the TCR molecule itself. This also is consistent with a 
strategy invoked for lowering avidity, and cotrelated in the mice 
with evidence of a very strong activation induced cell death path 
way. The end result of all these simult~meous high avidity toler 
ance checkpoints was the presence in the peripheral circulation of 
a low number of autoreactive T cells, which nevertheless displayed 
strong Ag-specific proliferative and Th 1 cbaracte1istics. 

Considering that both 164 and 4.13 TCR use Vcd2.1 and V{35.1 
and are responsive to the same Ag, it wa~ remarkable that 4.13 T 
cells showed a completely different tolerance induction profile. A 
more modest central tolerance for 4.13 T cells was reflected in less 
thymic deletion and nonnal CD4+CD8- maturation, and similarly 
no evidence for peripheral activation induced cell death or recep 
tor down modulation was observed. A likely explanation for the 
absence of peripheral activation of 4.13 T cells was the peripheral 
generation of IL 10 producing Trl regulatory cells in these mice. 
IL I 0 is a potent regulatory cytokine and has been shown to be 
important in regulating colitis and autoimmunity in experimental 
autoimmune encephalomyelitis and collagen induced arthritis 

AQ:F models (35 38). The absence of IL 10 from sorted CD4+Co8- T 
cells from the thymus upon stimulation with either CD3/CD28 or 
Ag·specific GAD6S552-572 peptide also indicates that generation 
of these IL 10 secreting T cells was a petipheral dilferentiation 
event. It is interesting to speculate that T cell generated IL 10 in 
4.13 mice could be preventing the activation of 4. J3 T cells in the 

AQ: G periphery, which contnsts with the activated phenotype in periph 
eral 164 mice. This hypothesis is currently being testing by cross 
ing DR4/4. I 3/Rag2"'', mice onto ll..-1 0-deficient mice. While both 
164 and 4.13 peripheral T cells are specific for GAD65555_567• 

because many TCR are degenerate in peptide recognition (39), we 
cannot exclude the possibility that cross reactivity with other un 
known ligands might contribute to the differences in functional 
profiles. 

In the periphery, both 4.13 and 164 mice show an increase in 
Foxp3+ cells, which is consistent with that seen in quasi self Ag 
models (4, 40). The larger increase in the percentage of Foxp3+ 
cells in 164 mice relative to 4.13 mice conelates with the increase 
in negative selection (higher avidity TCR) in the thymus. How 
ever, upon crossing to Rag2-deficient mice we did not detect pe
ripher'dl CD4+CD25+ (Foxp3+) cells from either 164 or 4.13 
mice. This is in contrast to HA-specific and OVA-specific TCR 
transgenic mice on a Rag-deficient background where the Ag is 
expressed as a neo self Ag (40 42). ln these models up to half of 
peripheral T cells are CD25+ and have a regulatory function. 
However, in TCR tnmsgenic mice where the T cell responsive Ag 
is endogenously expressed. CD4 +co2s+ (Foxp3 +) Treg do not 
develop on a Rag-deficient background. This includes a myelin 

_ AQ: B basic protein-specific TCR (43) and tbe BDC2.5 TCR (44). It bas 

been suggested that a high avidity interaction between T cells and 
APC in the thymus is re<Juired for Treg development (45). Con 
sideling the stmng negative selection in the thymus of both TCR 
mice suggesting a high functional avidity of the TCR for MHC 
Ag, we were surprised to not find CD4 + CD25 +Foxp3 + cells in the 
periphery on Rag2"'', mice. A possible explanation for a Jack of 
Foxp3+ Treg in these mice may be that both of these TCR are of 
high enough avidity that they are beyond the threshold for Foxp3 
differentiation (5). 

Peripheral tolerance meth<Xl~ of anergy (I 0, 11 ), deletion (12 
14), or the generation of Trl( lS) and Th3(16) cells are a second 
line of defense against T cell autoimmunity. Once in the petiphery 
164 cells displayed a strong activation phenotype in both spleen 
and lymph nodes resulting in continued down modulation of their 
TCR and concomitant activation induced cell death through an 
activated caspase 3 pathway. Consistent with this is the expression 
of CD95 (FAS) on 164 T cells through which signaling has been 
shown to mediate deletion induced peripheral tolerance (46, 47). 
The 4.13 T cells, which populate the periphery to a greater extent, 
do not undergo this type of petipheraltolerance, most likely due to 
their apparent lower overall pMHC avidity. 

Autoreactive cell~, such as those used to detive the 164 and 4.13 
TCR in this study, occur frequently in humans with autoimmtme 
disease, in people who are genetically at tisk of autoilJIIJlune dis 
ease, and in notmal HLA matched individuals (48 52). Neverthe 
less, overt autoimmune disease is relatively rare, reflecting the im
portance of tolerance checkpoints in normal immune function. Om 
study, using hwnan autoimmune TCR and human MHC transgenic 
mice, directly demonstrates multiple mech;misms that, sometimes 
simultaneously, elicit both central and petipheral toler~mce. In 
deed, the two structurally similar TCR used, derived from human 
HLA-DR4 subjects. with specificity for the same Ag and resllic
tion element and diJfering only in their CDR3 regions, revealed 
stark difference.<; in deletional, compensatory, and immtmomodu 
latory mechanisms. That such distinction occms even with closely 
related autoreacti ve TCR underscores the importance of under 
standing the contribution of this variation to disease susceptibility, 
pathogenic pathways, and response to therapy. 

Acknowledgments 
We acknow edge A ce Long for crt ca rev ew of the manuscr pl 

Disclosures 
The authors have 110 financial conflicts of interest 

References 
I Bevan, M J, K A Hogqu st, and S C Jameson 1994 Select ng the T cell 

ecepto epe to e Science 264 796- 797 
2 Lo, D , C R Re lly, L C Bu lcly, J DeKon ng, T M Laufe , and 

L H 01 mche 1997 Thym c st omal cell spec aJ zat on and the T -cell ecepto 
epe lO e Immune/. Res. 16 3-14 

3 Jameson,$ C,andM I Bevan 1998 T-cellselecton Curr.Opin.lmmw10/.IO 
214-219 

4 Jo dan, M S , A Boesteanu, A J Reed, A L Pet one, A E Holenbeclc, 
M A Leman, ANa ,andA J Caton 2001 ThymcselectooofCD4.,.CD25'" 
egulato y T cells nduced by an agon st self-pept de Nllt. lmmunol. 2 301 -306 

5 Fehe va , Z, and S Sakagueh 2004 CD4 .,. T egs and mmune cont ol J. Clin. 
Invest. 114 1209- 1217 

6 Ba nden, M J , W R Heath, and F R Ca bone 1997 Down-modulat on ofCD8 
j3-cha n n esponse to an alte ed pept de I gand enables develop ng thymocytes 
to escape negat ve select on Cell. Immune/. 175 11 1- 119 

7 Badam , E , L Ma o , and S Qua at no 2005 H gh nc dence of spontaneou.~ 
auto mmune thy o d t s n mmunocompetent self- eact ve human T cell ecepto 
t ansgen c m ce J. Auwimmun. 24 85-91 

8 Ranhe m, E A , K V Ta bell, M K ogsgaa d, V Mallet-Des gne, L Teyton, 
H 0 McDev tt, and l L Wessman 2004 Select on of abe ant class II e
st cted ens+ T cell~ n NOD moe exp ess ng a glutam c ac d deca boxylase 
(GAD)65-speciik T cell receptor transgene. Autoimmunity 37 555- 567 

9 Goodnow, C C 1996 Balanc ng mmun ty and tole ance de let ng and run ng 
lymphocyte epe to es PrfJC. Nt~tl. Act1d. Sci. USA 93 2264 - 2271 

10 Schwa tz, R H 2003 T cell ane gy Annu. RI!V. lmmunol. 21 305-334 



I balt6/zim-jimm/zim-jimm/zim01309/zim9222.09z I xppws I 5= 1 I 5118/09 119:441 Art 08-04046llnput-kco I 
The Journal of Immunology 7 

II Sa b I, S 0 , E K Deen clc, and P S Ohash 2007 lbe sound of s lence 
modulat ng ane gy n T lymphocytes Curr. Opin. lmmunol. 19 658- 664 

12 Redmond, W L , C H We, H T K euwel, and L A She man 2008 The 
apoptot e pathway coot but ng to the delet on of nave CDS T cells du ng !he 
nduet on of pe phe a! tole ance to a c OSS·p esented self-ant gen J. lmmunol. 
ISO 5275-5282 

13 Fo ste , I , and I L ebe am 1996 Pe phe a! tole ance of CD4 T cells follow ng 
local act vat on n adolescent moe Eur. J. lmmunol. 26 3194- 3202 

14 Mogan, 0 J, H T K euwel, and L A She man 1999 Ant gen concent at on 
and p eeu so f equency dete m ne the ate of CD8 ... T cell tole ance to pe ph· 
e ally exp e.~sed ant gens J. lmmunol. 163 72">--727 

15 You, S , C Chen, W H Lee, T B usko, M Atk nson, and C P L u 2004 
Presence of diabetes-inhibiting, glutamic acid decarboxylase-specific, IL· 10-<le.· 
pendent, egulato y T cells n nave nonobese d abet e m ce J. lmmwwl. 173 
6777- 6785 

16. Cben. Y., v. K. Kucbroo. J. lnobe, D. A. Hatler, and H. L. Weiner. 1994. Reg· 
ulato y T cell clones nduced by o a! tole ance supp ess on of auto mmune en· 
cephalomyel t s Scimce 265 1237-1240 

I 7 Cu otto de Lafa Ue, M A, N Kutchokb dze, S Shen, Y 0 ng, H Yee, and 
J J Lafa lie 2008 Adapt ve Foxp3" egulato y T cell -dependent and · ndepen· 
dent control of allergic inflammation. Immunity 29 114- 126 

18 Walke , M R , B D Cason, G T Nepom, S F Z egle, and J H Buckne 
2005. De novo generation of antige.n-specific CD4.,.CD25.,. egulato y T cells 
f om human CD4+ Proc. Nat/. Acad. Sci. USA 102 4103- 4108 

19 Caba ocas, I , C Cassan, F Magnusson, B P agg o, L Ma s, J De b nsk , 
B Kyewsk , 0 A G oss, B L Salomon, K Khaza e, et al 2006 Foxp3 ... CD25 + 
regulatory T cells specific for a neo-self-antigen develop at the double-positive 
tbym c stage Proc. Nat/. Amd. Sci. USA I 03 8453- 8458 

20 P che, H, K Bu k, R Lang, H Henga tne, and R M Z nke nagel 1989 
Tolerance induction in double specific T-cell receptor transgenic mice varies with 
ant gen Nature 342 559- 561 

21 Patel, S D , A P Cope, M Conga, T T Chen, E K m, L Fugge , D Wbe eu, 
and G. Sonderstrup·McDevitt. 1997. Identification o f immunodominant T cell 
ep topes of human glutam c ac d deca boxylase 65 by us ng HLA-DR 
(a 1 OIOI,j31 0401) t ansgen c m ce Proc. Natl. Acad. Sci. USA 94 8082- 8087 

22 Re onen, H , R Mallone, A ·K Hen nge , E M Laugh! n, S A Koch k, B Falk, 
W. W. Kwok, C. Greenbaum. and G. T. Nepom. 2004. GAD65·specific CD4.,. 
T -cells w th h gh ant gen av d ty a e p evalent n pe phe at blood of patents w lh 
type I d abetes Diabetes 53 1987- 1994 

23 Nepom, G T, J 0 L ppol s, F M Wh te, S Masew cz, J A Ma to, A He man. 
C. J. Luckey. B. Falk. J. Shallanowitz. D. F. Hunt, et a!. 2001. Identification and 
modulat on of a natu ally p oeessed T cell ep tope f om !he d abetes-assoc ated 
autoant gen human glutam c ae d deea boxylase 65 (bGAD65) Proc. Nat/. A<•ad. 
Sci. USA 98 1763-1768 

24 Masew ez, S A, N Meld urn, V Ge sok, L Oau , W Hagop an, L Mo a ty, 
and G. T. Nepom. 2001. Complexity of human immune response profiles for 
CD4 .,. T cell ep topes f om the d abetes autoant gen GAD65 Autoimmunity 34 
231- 240 

25 Ito, K , H J B an, M Mol na, J Han, J Mag am, E Saa , C Belun s, 
D R Bol n, R A ceo, R Campbell, et al 1996 HLA-DR4-IE ch me c class ll 
transgenic, murine class ll· deficient mice are susceptillle to experimental allergic 
encephalomyel t s J. Exp. Med. 183 2635-'2644 

26 Re onen, H , E J Novak, S Koch k, A Hen nge , A L u, W Kwok, and 
G. Nepom. 2002. Detection of GAD65 specific T-cells by MHC class ll mul· 
t me s n type I d abetes patents and at· sk subects Diabetes 51 1375-1382 

27 Kooskotf, V , K S gno ell , C Beno st, and D Malh s 1995 Cassette vecto s 
d ect ng exp ess on of T cell ecepto genes n t ansgen c m ce J. lnununol. 
Methods 180 273- 280 

28 K u sbeek, A M 2000 I sol at on and fact onat on of mononuclea cell popula
t ons In Current Protocols in lmmutwlogy, suppl 39th ed J E Col gao, 
A M K u sbeek, D H Ma gules, E M Shevach, and W St obe , eds W ley, 
New Yo k, pp 3 I 1- 3 I 5 

29 Gebe, J A , B A Falk, K A Rock, S A Koch k, A K Hen nge , H Re onen, 
W W K wok, and G T Nepom 2003 Low-av d ty ecogn t on by CD4 ... T cells 
d ected to self-ant gens Eur. J. lmmunol. 33 1400- 1417 

30 K s elow, P, H Bluthmann, U 0 Stae z, M Ste nmett, and H von Boehme 
1988 Tole ance n T -cell· ecepto t ansgen c m ee nvolves delet on of nonma
tu e CD4 .,.8+ thymocyte& Nature 333 742- 746 

31. Gallegos. A. M., and M. J. Bevan. 2004. ce.ntral tolerance to tissue-specific 
ant ge.ns med atod by d ect and nd ect ant gen p esentat on J. Exp. Med. 200 
1039- 1049 

32 Kawahata, K, Y M sak, M Yamauch , S Tsunekawa, K Setoguch , 
J M yazak, and K Yamamoto 2002 Gene at on ofCD4 .. CD25.,. egulato y T 
cells f om auto eact ve T cells s multaneously w lh !he negat ve select on n the 
lhymus and f om nonauto eact veT cells by endogenous TCR exp e.~s on J. lm· 
munol. 168 4399- 4405 

33. Rudolph. M. G., and I. A Wilson. 2002. 'D1e specificity of TCRJpMHC inter· 
act on Curr. Opin. lmmunol. 14 52- 65 

34 R be dy, J M . E Mostaghel, and C Doyle 1998 D s upton of the CD4-ma o 
h stocompat b I ty complex class ll nte act on blocks the development of CD4 ... 
T cells n v vo Proc. Natl. Acad. Sci. USA 95 4493- 4498 

35 Kuhn, R, J Lohle , D Renn ck, K Ra ewsky, and W Mulle 1993 lnte leak n· 
H)-deficient mice develop chronic enterocolitis. Ce/175 26">--274 

36 G oux, H , A 0 Ga a, M B gle , M Rouleau, S Antonenko,J E de V es, and 
M G Ronca olo 1997 A C04-I- T-cell subset inhibits antigen-specific T -cell 
esponses and p events col t s Nature 389 737- 742 

37 Bettell , E , M P Das, E 0 Howa d, H L We ne , R A Sobel, and 
V K Kuch oo 1998 fL· I 0 s c t cal n !he egulat on of auto mmune enceph
alomyelitis as demonstrated tly srudies or IL·IQ. and IL-4-deficient and trans· 
gen c m ce J. lmnumol. 161 3299- 3306 

38 Johansson, A C , A S Hansson, K S Nandakuma , J Backlund, and 
R. Holmdabl. 2001. IL· IO-deJkient B IO.Q mice develop more severe collagen· 
nduced a th t s, but a e p otected f om a lh t s nduced w th ant -type n col

lagen ant bodes J. lmmunol. 167 3505- 3512 
39 Mazza, C , and B Mal ssen 2007 What gu des MHC- est cted TCR ecogn • 

ton? Semin. lmmunol. 19 225-235 
40 Walke , L S , A Chodos, M Eggena, H Dooms, and A K Abbas 2003 An· 

t gen-dependent pol feat on ofCD4+Co25+ egulato y Tcells n v vo J. Exp. 
Med. 198 249- 258 

41 Le man, M A , I La k n, lll, C Cozzo, M S Jo dan, and A J Caton 2004 
CD4.,.CD25 + egulato y T cell epe to e fo mat on n esponse to va y ng ex· 
p ess on of a neo-seJf. ant gen J. ltrununol. 173 236- 244 

42 Apostolou, I , A Sa ukhan, L Kle n, and H von Boebme 2002 0 g n of 
regulatory T cells with known specificity for antigen. Nat. Immunol. 3 756- 763 

43. Hori. S .. M. Haury. A. Coutinho, and J. Demengeot. 2002. Specificity require· 
ments fo select on and etfecto funct ons of CD25 ... 4.,. egulato y T cells n 
ant -myel n bas c p ote n T cell ecepto t ansgen c m ee Proc. Nat/. Acad. Sci. 
USA 99 8213- 8218 

44 Che.n, Z , A E He man, M Matos, 0 Math s, and C Beno st 2005 Whe e 
CD4.,. CD25 + T eg cells mp nge on auto mmune d abetes J. Exp. Med. 202 
1387- 1397 

45 Walke , L S 2004 CD4.,. C025+ T eg d v de and ule? Immunology 111 
129- 137 

46 Zhang, H G, X Su, 0 L u, W L u, P Yang, Z Wang. C K Edwa ds, 
H. Bluelbmann. J. D. Mountz. and T. Zhou. 1999. Induction of specific T cell 
tole ance by Fas I gand-exp ess ng ant gen-p esent ng cells J. lmmunol. 162 
1423- 1430 

47 He ndon, I M , P M Srua ~ and T A Fe guson 2005 Pe phe at delet on of 
antigen-specific T cells leads to long-tenn tolerance mediated lly CD8+ cytotox c 
cells J. lmmunol. 174 4098- 4104 

48 Danke, N A, 0 M Koelle, C Yee, S Behe ay, and W W Kwok 2004 
Auto eact ve T cell~ n hea.llhy nd v duals J. lmmunol. 172 5967-5972 

49 01 ng, V • J Ma tt Ia, J Uonen, W W K wok, G Nepom, M Kn p, 0 S mell, and 
H. Reijonen. 2005. GAD65· and proinsulin·specific CD4 ... T-oells detected by 
MHC cia.<;.~ 11 tet ame s n pe phe al blood of type I d abetes patents and at· sk 
sub ects J. Autoimmun. 25 235-243 

50 Be !helot, L , 0 A Laplaud, S Peu e, C Ballet, L M chel, S H II on, 
C B audeau, F Connan, F Lef e e, S We tlewsk, et al 2008 Blood Cos+ T 
cell esponses aga nst myel n dete m nants n mult pie scle os s and hea.llhy n· 
d v duals Eur. J. brltllunol. 38 1889- 1899 

51 Danke, N A. J Yang, C G eenbaum, and W W Kwok 2005 Compa at ve 
study of GAD65-specific CD4 ... T cells n healthy and type I d abet c sub ects 
J. Autoimmun. 25 30">--311 

52 Veldman, C M, K L Gebha d, W Ute. R Wassmuth, J G otz nge , 
E Schultz, and M He tl 2004 T cell ecogn t on of de.~mogle n 3 pept de.~ n 
patent$ w th pemph gus vulga s and healthy nd v duals J. lmmwrol. 172 
3883- 3892 



A.) 12 

10 

.!!1 8 
Qi 
u 

(!) 6 
(.) -0 4 -c 
Q) 

~ 2 
Q) 
a. 

0 
N "! ~ '<"": ro C') (X) ..-> ro ro ..-

> > ro 
> 

DR4/non-TcR DR4/164ab DR4/4.13ab 

B.) 12 

10 

.!!1 8 
~ 
(!) 6 
(.) - 4 0 -c 
Q) 

~ 2 
Q) 
a. 

0 
'<t" N 1l N (X) 0 ..... .0 ..... .0 ..-
.0 > > > .0 
> ...; > .0 

(X) 0 

~ ~ 
> 

> 

DR4/non-T cR DR4/164ab DR4/4.13ab 

Mouse I Vb T cR 

Sl. TcR Valpha (A) and Vbeta (B) expression on CD4 gated T cells in 

DR4 non-TcR tg, DR4/ 164ab, and DR4/ 4.13ab mice. Data are from mice 
between t he ages of 8-12 weeks 



Supplemental Figure 52 

900 
800 •IFN-g 

700 o IL-10 
=' 600 DTGF-8 
E - 500 0) 
Cl. 

400 
300 
200 
100 

0 
Cntrl CD3 

Stimulation 

Figure S2. 4.13 TcR transgenic mice secrete IFN-g and IL-10, but not TGF-b1 

upon stimulation. Purified CD4+ cells from DR4/4.13 mice were stimulatied 
with an it-CD3/CD28 at 2.0/0.2 ug/ml. Supernatants were taken at 72 hours 
and assayed for cytokines. Limit of detection for TGF-b1 was 60 pg/ml 
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