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ABSTRACT  

Type 1 diabetes (T1D) results from autoimmune destruction of insulin-producing pancreatic 

β cells. Therapies need to incorporate strategies to overcome the genetic defects that impair 

induction or maintenance of peripheral T-cell tolerance and contribute to disease 
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development. We tested whether the enforced expression of an islet autoantigen in antigen-

presenting cells (APC) counteracted peripheral T-cell tolerance defects in autoimmune-prone 

NOD mice. We observed that insulin-specific CD8
+
 T cells transferred to mice in which 

proinsulin was transgenically expressed in APCs underwent several rounds of division and 

the majority were deleted. Residual insulin-specific CD8
+
 T cells were rendered unresponsive 

and this was associated with TCR downregulation, loss of tetramer binding and expression of 

a range of co-inhibitory molecules. Notably, accumulation and effector differentiation of 

insulin-specific CD8
+
 T cells in pancreatic lymph nodes was prominent in non-transgenic 

recipients but blocked by transgenic proinsulin expression. This shift from T-cell priming to 

T-cell tolerance exemplifies the tolerogenic capacity of autoantigen expression by APC and 

the capacity to overcome genetic tolerance defects. 

 

Therapies are required to overcome the T-cell responses that underlie type 1 diabetes.  Transgenic 

expression of proinsulin in antigen-presenting cells induces tolerance in naïve insulin-specific CD8+ T 

cells through mechanisms that TCR downregulation and, potentially, expression of co-inhibitory 

molecules. In contrast in non-Tg mice insulin-specific CD8+ T cells appeared to undergo effector 

differentiation in pancreatic lymph nodes.  
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INTRODUCTION 

Type 1 diabetes (T1D) is a progressive inflammatory disease where pancreatic β cell-specific 

T cells participate in immune-mediated β cell destruction. Immune responses to insulin are 

critical in evolution of the autoimmune T-cell response in mice and humans [1] and in the 

NOD mouse (pro)insulin is likely the primary target responsible for disease initiation [2]. 

CD8
+
 T cells directly contribute to β-cell killing [3] and appear to play a crucial role in 

disease initiation, possibly by promoting antigen release from damaged β cells.  

β cell-specific T cells are recruited into effector and memory populations because, at one or 

more levels, immune tolerance fails. Invariably, some self-specific T cells escape central 

tolerance induction making peripheral tolerance mechanisms crucial for prevention of 

autoimmunity. Alterations in immune cell function in NOD mice have been associated with 

insulin-dependent diabetes (Idd) risk allele effects [4-8] and similar effects are reported in 

humans with or at risk of T1D [5, 9]. Several defects that adversely impact thymic negative 

selection are present in NOD mice [10, 11] and these could potentially affect peripheral 

tolerance induction. Development of antigen-presenting cell (APC), such as DC and B cells is 

also altered in NOD mice and humans [12-15] potentially contributing to impaired T-cell 

deletion [7]. Additionally, regulatory T (Treg) cell function is compromised [16, 17], through 

quantitative and qualitative changes [18-21] and decreased activation by APC [22, 23]. The 

effect of genetic alterations in pathways controlling peripheral tolerance induction on 

therapeutic approaches aimed at reinstating peripheral T-cell tolerance, however, remains 

undefined.  

Targeting antigen expression to dendritic cells (DC) or other APC in adoptive transfer or 

inducible experimental models is robustly tolerogenic and induces peripheral tolerance in 

naïve and memory antigen-specific CD8
+
 T cells [24-26] and has therapeutic potential. Most 
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studies, however, have focused on foreign or model antigens and high-affinity T cells [24, 26, 

27]. Here we used adoptive transfer of CD8
+
 T cells expressing a physiologically-relevant 

intermediate affinity TCR recognizing insulin B15-23 [28] to compare the outcome of 

activation in response to (pro)insulin expressed physiologically or transgenically. In response 

to physiologically-expressed (pro)insulin, insulin-specific CD8
+
 T cells preferentially 

accumulated in pLN and developed characteristics of effector CD8
+
 T cells consistent with a 

propensity for tolerance defects and development of autoimmunity.  In contrast, when 

proinsulin expression was enforced in APC, insulin-specific CD8
+
 T cells were abortively 

activated and proliferation was followed by deletion of most cells. Residual undeleted 

insulin-specific CD8
+
 were rendered unresponsive and this was associated with TCR-

downregulation and expression of a range of co-inhibitory molecules typical of ‘exhausted’ T 

cells. Accumulation of insulin-specific T cells in pLN was substantially inhibited. 

RESULTS 

G9 T cells respond to PI transgene-derived determinants 

Insulin-specific G9 CD8
+
 T cells develop, undergo thymic selection and are maintained in the 

periphery of mice naturally expressing cognate antigen [28] which could influence their 

activation state. Therefore, G9 T cells were examined for signs of antigen-induced activation. 

G9 T cells (CD8
+
Vβ6

+
) and the analogous CD8

+
Vβ6

+
 T-cell population from wild-type NOD 

mice showed similar TCR Vβ6 staining (Supporting Information Fig. 1A,B) and specific 

staining with K
d
-insB15-23 tetramer (Supporting Information Fig 1C,D). Based on CD44, 

CD62L (Supporting Information Fig. 1E) and CD69 (not shown) there was no indication of 

increased accumulation of activated or post-activated CD8
+
 T cells in G9 mice. G9 T cells 

exhibited a typical naïve phenotype and were therefore deemed suitable for studies requiring 

naïve T cells.  
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To determine the location, extent and specificity of G9 T-cell activation by endogenous or 

transgenically-expressed (pro)insulin, CFSE-labelled G9 T cells were transferred to B16 mice 

which lack the G9 T-cell determinant, non-Tg NOD/ShiLtJ (non-Tg) and proinsulin-Tg (PI-

Tg) recipients. Three days after transfer and as expected, G9 T cells showed little evidence of 

division in B16 recipients (Fig. 1A, gating shown in Supporting Information Fig. 2A). 

Similar results were found for spleen and skin-draining lymph nodes (sdLN) of non-Tg NOD 

recipients, but in pLN approximately 20% of G9 T cells (Fig. 1A) showed evidence of 

division (p<0.001 compared to NOD spl, NOD sdLN). Proliferation was limited, with G9 T 

cells having undergone only one or two divisions (Fig. 1A). In contrast, in spleen, sdLN and 

pLN of PI-Tg recipients almost all G9 T cells had divided several times (Fig. 1A). 

Quantitative comparison confirmed division was much more extensive in PI-Tg than non-Tg 

recipients (Fig. 1B). The data demonstrate functional presentation of transgene-derived T-cell 

determinants in PI-Tg mice.  

APC-expressed proinsulin deletes G9 T cells 

We next analysed the population kinetics of G9 T cells after transfer. In non-Tg recipients, 

G9 T cells were distributed throughout all lymphoid tissues examined (spleen, sdLN and 

pLN) within 1 to 2 days of transfer and formed stable populations that did not significantly 

change in number over the time-points analysed (Fig. 1C, gating shown in Supporting 

Information Fig. 2B). In non-Tg recipients, the total number of G9 in each lymphoid site 

examined reflected total lymphoid organ cellularity (Fig. 1C). In PI-Tg recipients, the 

population of G9 T cells in spleen expanded rapidly between 1 and 2 days after transfer 

(8.5±4.2x10
3 

vs 28.6±6.7x10
3
 [mean±SD], p<0.05, Fig. 1C), exceeding the number in non-

Tg recipients at day 2 (12.6±7.1x10
3
). The number of G9 T cells then declined significantly 

to very low levels (e.g. 2.3±1.5x10
3
 at day 7, d2>d3 p<0.01; d2&d3>d5&d7 p<0.01). 

Similarly, in sdLN, G9 T cells accumulated transiently, peaking in number (2.5±0.5x10
3
) 3 
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days after transfer (d3>d1, p<0.01) and then declining to low levels (e.g 1.4±1.0x10
3
 at day 7, 

d3> d5&d7 p<0.01). In sdLN, G9 T cells were most numerous in non-Tg recipients (Fig. 1C) 

despite the substantial proliferation in this site in PI-Tg recipients (Fig. 1A). Few G9 T cells 

accumulated in pLN of PI-Tg recipients (Fig. 1C) and, overall, G9 T cells were substantially 

more numerous in pLN of non-Tg recipients (p<0.01 at d1,3,5,7). To compare accumulation 

of G9 independently of total cellularity, their frequency as a proportion of the total CD8
+
 T 

cell pool in each lymphoid site was also calculated. This revealed that G9 T cells selectively 

accumulated in pLN (e.g. 0.4±0.1% of total CD8
+
 at day 3) compared to the spleen and sdLN 

of non-Tg recipients (e.g. 0.2±0.1% or 0.2±0.1% of total CD8+ at day 3 respectively, p<0.01; 

d3,5,7) (Supporting Information Fig. 3). In PI-Tg recipients, G9 accumulation relative to 

the total CD8
+
 pool reflected their absolute number and there was no enrichment of G9 T 

cells in pLN of PI-Tg recipients (Supporting Information Fig. 3). Therefore, transgenic 

expression of proinsulin limited accumulation of G9 T cells in pLN that was otherwise 

prominent in non-Tg wild-type NOD recipients.  

Transgenic proinsulin induces G9 T-cell unresponsiveness 

Population kinetics indicated that G9 T cells were largely deleted in PI-Tg recipients but a 

small residual population remained. The residual G9 T cells were likely rendered 

unresponsive, but to formally test this non-Tg and PI-Tg recipients of G9 T cells were 

immunised or not with insB15-23/polyI:C 7 days after transfer and the response of G9 T cells 

analysed. Immunisation led to a significant expansion of the G9 T-cell population in the 

spleen of non-Tg recipients, whereas in PI-Tg recipients the G9 T-cell population was small 

and no expansion was detected (Fig. 2A). This indicated G9 T cells were ‘inactivated’ and 

had lost the capacity to proliferate in response to immunogenic challenge in PI-Tg mice. To 

determine whether inactivation extended to effector cytokine production, the ability to 

produce IFN-γ was tested. ELISpot assays revealed that cells producing IFN-γ in response to 
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insB15-23 restimulation were present in spleens of non-Tg recipients of G9 cells, but not no-

transfer control mice (Fig. 2B). Immunisation in this setting did not lead to an overall 

increase in the frequency of IFN-γ-producing insB15-23-responsive cells in non-Tg recipients 

(11.0±8.7 v 9.8±2.7 unimm. vs imm.) suggesting these cells may have already been antigen-

activated by encounter with physiologically-expressed (pro)insulin. Significantly, few insB15-

23-responsive, IFN-γ-producing cells were detected in PI-Tg recipients regardless of 

immunisation (0.7±1.4 vs 1.0±2.2, unimm. vs imm.). Overall, the frequency did not differ 

from no-transfer controls indicating that those few residual G9 T cells in PI-Tg recipients had 

been rendered incapable of producing this important effector cytokine. 

Transgenic proinsulin down modulates G9 TCR expression  

In settings where antigen is widely expressed, cognate TCR down-regulation occurs as a 

component of T-cell inactivation [29, 30]. Contraction of the G9 population in PI-Tg 

recipients along with their lack of responsiveness indicated deletion and inactivation was 

occurring, so we determined whether TCR downregulation contributed. For these studies, 

TCR Vβ6 expression by G9 T cells was normalised to that of recipient CD8
+
Vβ6

+
 T cells. 

Overall, there was a slight trend to reduced expression of TCR Vβ6 expression by G9 T cells 

in spleen and sdLN of non-Tg recipients (Fig 3A,B), but this was significant only in spleen at 

day 7 (1.04±0.05 vs 0.74±0.25, d3 vs d7, p<0.05). In pLN of non-Tg recipients, no such trend 

was observed and, notably, G9 TCR Vβ6 expression was higher than in spleen and sdLN 

(0.95±0.12 vs 0.74±0.25, 0.84±0.12 respectively, p<0.001) 7 days after transfer. In PI-Tg 

recipients, TCR Vβ6 expression was significantly reduced in spleen, sdLN and pLN at all 

time points compared to non-Tg recipients (p<0.001 except spleen day 2 and pLN day 1 

where p<0.05). Therefore the outcome of antigen presentation to G9 T cells in non-Tg pLN 

differs not only to that in spleen and sdLN of non-Tg mice but also pLN and other lymphoid 

tissues of PI-Tg mice.  
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As TCR downregulation could inhibit the capacity of G9 T cells to bind cognate antigen we 

probed antigen recognition using K
d
-insB15-23 tetramer. Prior to transfer, almost all 

CD8
+
Vβ6

+
 G9 T cells bound K

d
-insB15-23 tetramer mostly at uniformly high levels 

(Supporting Information Fig. 1). Three days after transfer, the majority of G9 T cells in 

non-Tg recipients bound high levels of K
d
-insB15-23 tetramer (Fig. 4A,B) whereas far fewer 

G9 T cells in PI-Tg recipients bound K
d
-insB15-23 tetramer at similarly high levels (Fig. 

4A,B). Overall, this was reflected in a reduced MFI which correlated with reduced TCR Vβ6 

expression (Fig. 4C). Accordingly, lymphoid organs of PI-Tg recipients contained 

considerably fewer K
d
-insB15-23 tetramer

hi
 cells (Fig. 4D). In non-Tg recipients where G9 T 

cells were enriched within CD8
+
 T cells of pLN compared to other lymphoid tissues (Fig. 1, 

Supporting Information Fig 3) and TCR expression was higher (Fig. 3B), G9 T cells 

stained more intensely with K
d
-insB15-23 tetramer in pLN (MFI: 3456±266) than sdLN (MFI: 

2543±247; p<0.01) and spleen (MFI: 2607±255; p<0.05) (Fig. 4C). No such stratification 

was observed in PI-Tg recipients (Fig. 4C). TCR downregulation and loss of tetramer 

binding in PI-Tg recipients is not merely a consequence of antigen sensing per se because 

antigen recognition also occurs in pLN of non-Tg recipients, so must therefore reflect the 

unique nature of (pro)insulin presentation in PI-Tg mice. Indeed, this suggests that activation 

of G9 T cells by physiologically-expressed (pro)insulin in non-Tg, wild-type NOD and 

transgenically-expressed (pro)insulin in PI-Tg mice leads to distinct functional consequences 

for G9 T cells .  

Effector differentiation of G9 T cells in non-Tg NOD mice 

We investigated the nature of G9 T cells that accumulated in pLN of non-Tg recipients. The 

early activation marker CD69 showed that G9 T cells were activated in the pLN but not 

spleen or sdLN of non-Tg recipients (Fig. 5A) consistent with CFSE dilution (Fig. 1) and 

CD69 expression was sustained for at least 7 days (e.g 31.4±13.7% vs 4.9±1.3%, 5.7±2.3% 
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pLN vs spl, sdLN at day 7, p<0.01 or greater relative to spleen, sdLN). In PI-Tg recipients, a 

high proportion of G9 T cells initially expressed CD69 in all sites examined but this 

diminished such that by 7 days after transfer the proportion was significantly reduced (p<0.05 

compared to d1,2, 3 for spleen, sdLN) (Fig. 5A). Analysis of CD44 expression showed that 

post-activated CD44
hi

 G9 accumulated to the greatest extent in PI-Tg mice but also in pLN of 

non-Tg recipients (Supporting Information Fig. 4). CD62L
lo

 ‘effector’ phenotype cells 

were prevalent within the CD44
hi

 population in the pLN of non-Tg recipients (Fig. 5B) but 

not in PI-Tg recipients where they waned with time (Fig. 5B). Numerically, G9 

CD44
hi

CD62L
lo

 effector T cells were highly abundant in pLN of non-Tg recipients compared 

to PI-Tg recipients and were significantly overrepresented compared to spleen (Fig. 5C, 

0.60±0.05 x10
3
 vs 0.10±0.04 x10

3
, p<0.001). Similarly, analysis of CD127 which typifies 

memory T cells and their precursors and KLRG1 that typifies terminally-differentiated 

effector T cells revealed that terminal effector differentiation of G9 T cells was apparent in 

pLN of non-Tg recipients (Fig. 5D). This was further reflected by the reduced proportion of 

CD127
+
KLRG1

-
 memory-phenotype G9 T cells in pLN of non-Tg recipients (Fig 5D). No 

differences in these cell subsets in spleen between non-Tg and PI-Tg recipients were apparent 

indicating a localised effect. These detailed analyses reveal effector differentiation of G9 T 

cells in pLN of non-Tg recipients, but not in this or other sites of PI-Tg counterparts where 

tolerance appears to predominate. 

Expression of co-inhibitory receptors by G9 T cells in PI-Tg NOD mice  

Expression of co-inhibitory receptors is a useful means to define the functional properties of 

T cells, and here, might provide useful insights into the mechanisms of unresponsiveness.  

The co-inhibitory molecule PD-1, a key indicator of antigen sensing, and in some instances, 

T-cell exhaustion, was highly expressed on a substantial proportion of G9 T cells in spleen, 

pLN (Fig. 6A, Supporting Information Fig. 5) and sdLN (Supporting Information Fig 5) 
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of PI-Tg recipients. Other key indicators of ‘exhaustion’ CD160, LAG3 (Fig 6B,C, 

Supporting Information Fig. 5) and to a lesser extent CD244 (Supporting Information 

Fig. 5) were all co-expressed by PD-1
+
 G9 T cells in PI-Tg recipients, but Tim-3 was not (not 

shown). These markers were largely absent from G9 T cells in spleen of non-Tg recipients. 

Notably, in pLN of non-Tg recipients a moderate portion (26.9±6.8%) of G9 T cells 

expressed elevated levels of PD-1 (Fig. 6A,D, Supporting Information Fig. 5), consistent 

with antigen-sensing and activation of G9 T cells in this site. Interestingly, in pLN, CD160, 

LAG3 and CD244 were not significantly increased relative to spleen for G9 in non-Tg 

recipients indicating that expression of CD160, LAG3 and CD244 was apparently not linked 

with that of PD-1 and suggesting that although sensing antigen, these cells were not 

‘exhausted’.  CD5, which is a reliable reporter of antigen-sensing [31], was elevated on most 

PD-1
+
 G9 T cells in PI-Tg recipients (Fig. 6G, Supporting Information Fig. 5). Some G9 T 

cells in pLN of non-Tg recipients co-expressed PD-1 and high levels of CD5 (Fig. 6H, 

Supporting Information Fig. 5), although remarkably, most showed high levels of CD5 

expression equivalent to G9 T cells in PI-Tg recipients (Fig. 6I, Supporting Information 

Fig. 5) but without the high levels of PD-1 observed in PI-Tg recipients (Fig. 6 D,H, 

Supporting Information Fig. 5). Overall, G9 T cells in pLN of non-Tg recipients appear to 

have sensed antigen, divided weakly and undergone an activation process that leads to 

effector differentiation with little co-inhibitory molecule expression. In contrast in PI-Tg 

mice, this process is blocked. 

DISCUSSION 

Insulin is an important β cell autoantigen and is a target of immune responses early in 

development of T1D in humans. Insulin or its prohormonal precursor proinsulin has been 

implicated as the initial target of anti-β cell T-cell responses in NOD mice. Understanding 

how T-cell responses to this critical antigen unfold in autoimmune diabetes-prone mice and 
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how insulin-specific T-cell tolerance might be promoted, in order to prevent disease initiation 

is crucial to development of effective preventative therapies. Here we show that enforced 

expression of proinsulin, targeted to MHC class II
+
 APC leads to effective tolerance 

induction in insulin-specific CD8
+
 T cells which is unimpeded by diabetes-promoting 

tolerance defects in NOD mice. 

Much of the understanding of peripheral T-cell tolerance is formulated from models 

employing highly-immunogenic neoantigens in conjunction with high-affinity TCR Tg T 

cells. TCR/ligand affinity influences the outcome of T-cell activation through, for example, 

T-cell/DC interaction times and effector versus memory differentiation programs, T-cell 

polarisation and differential regulation of cell death pathways. However, less is known of 

whether low or intermediate affinity T cells are as susceptible to peripheral tolerance 

induction as those with high affinity TCR and whether affinity influences the mechanisms of 

tolerance induction. Some evidence suggests that high affinity TCR signals might lead to 

‘anergy’ rather than deletion [32]. The G9 T cells used here express an intermediate affinity 

TCR recognizing K
d
/insB15-23 taken from a CD8

+
 T cell cloned from the islet infiltrate of 

young prediabetic mice [28]. Our data demonstrate low/intermediate affinity CD8
+
 T cells 

specific for an endogenous islet antigen are highly susceptible to peripheral tolerance 

induction when cognate antigen is expressed by APC. Furthermore, the kinetics of tolerance 

induction and the apparent mechanisms (deletion/TCR downregulation) appear remarkably 

similar to that observed where TCR affinity is ~10
4
-fold higher [29]. In both these cases, 

cognate antigen was expressed under an MHC class II promoter. Under these conditions, 

antigen is expressed in a diverse range of APC and at high abundance which appears to 

underlie the potent tolerogenicity [29] and suggests that ‘antigen dose’ rather than affinity 

could be crucial for determining the outcome of tolerance. Indeed other studies using G9 T 

cells indicate that responses of insulin-specific CTL in wild-type NOD mice are modulated 



 

 

 
This article is protected by copyright. All rights reserved. 

12 
 

by the level of endogenous proinsulin expressed in these mice [33]. Our data indicate that 

enforcing expression of higher levels of proinsulin, here targeted to APC, which presumably 

allows maximal tolerogenic effectiveness and ablates the functional proinsulin-reactive T-cell 

repertoire. Whether targeting expression to APC is crucial or whether other approaches such 

as plasmid vaccines might be equally effective is yet to be determined. These studies show 

that naïve insulin-specific CD8
+
 T cells are highly susceptible to tolerance induction.  While 

this models an intervention that might be applied before the onset of pre-diabetes, the clinical 

challenge is understanding if responses can be controlled once T-cell priming has occurred, 

i.e. in memory T cells. This is a question we are actively pursuing.  

After adoptive transfer, extensive proliferation of G9 T cells was elicited by APC-expressed 

proinsulin that was followed by deletion. G9 T cells acquired a range of phenotypic 

characteristics associated with peripheral tolerance including almost uniform expression of 

high levels of CD5, down-regulation of TCR and up-regulation of a range of co-inhibitory 

molecules including PD-1, CD160, LAG-3 and CD244. Notably also, while transiently 

expressing CD69, G9 T cells reverted mostly to a CD69
lo

 phenotype and converted from a 

naïve to central memory phenotype. We interpret that this reflects the widespread expression 

and presentation of transgenic proinsulin. In the absence of signals such as co-stimulation, 

IL-12 or type I IFN that are required for upregulation of anti-apoptotic molecules or to 

prevent TCR downregulation in CD8
+
 effector differentiation during pathogen-associated 

responses, this leads to tolerance induction. In wild-type, non-Tg NOD mice, CD69 

expression, upregulation of CD5, which is a reliable reporter of cognate TCR ligation [31], 

and CD44 upregulation all indicated antigen-sensing by a substantial proportion of G9 T cells 

in pLN but not other sites. Despite this, only a small proportion of G9 had proliferated, 

mostly only 1-2 divisions within 3 days of transfer. Overtly, this is consistent with a much 

lower level of insB15-23 presentation than in PI-Tg recipients. Interestingly, despite minimal 
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proliferation, antigen sensing led to acquisition of phenotypic characteristics by G9 T cells 

that were consistent with activation and effector differentiation, but without substantial 

upregulation of co-inhibitory molecules or an apparent increase in avidity based on increased 

tetramer binding. Whether this is a trait of NOD CD8
+
 T cells or a consequence of low-

affinity antigen recognition of low levels of antigen is as yet undetermined. It is interesting, 

however, to speculate that under these conditions, where low levels of antigen determinants 

are presented, local innate inflammation or endogenous danger-associated molecular patterns 

(DAMPs) are effective in promoting the CD8
+
 effector differentiation we observed. Whether 

the rapid and extensive proliferation promoted by transgenic proinsulin is an essential 

prerequisite for peripheral tolerance is unclear, but is a widely-reported precursor to 

peripheral tolerance induction in vivo. The outcomes do, however, suggest that presentation 

of transgenically-expressed proinsulin might overcome local DAMPs or other signals that 

would otherwise promote effector differentiation when low levels of cognate antigen 

determinants are presented in pLN.   

Expression of proinsulin by hematopoietic or other cells is an important modulator of insulin-

specific T-cell responses. Transgenic expression of proinsulin prevents diabetes development 

in NOD mice [34, 35] through preventing the initial T-cell priming events that lead to 

determinant spreading and the recruitment of additional pathogenic antigen specificities [36]. 

For this preventative effect, timing is crucial and expression of proinsulin throughout 

gestation and until weaning is effective  [37].  In a more physiological setting, normal 

expression of proinsulin regulates the responsiveness of insulin-specific CD8
+
 T cells. 

Deficiency in proinsulin1 or proinsulin2 leads to an increased frequency of insulin B15-23-

reactive CD8
+
 T cells and deficiency in both promotes CTL activity of insulin-specific CD8

+
 

T cells [33, 38]. These effects may be mediated by central and or peripheral effects, but a 

substantial component appears to be mediated peripherally [33]. In this setting where a low 
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level of proinsulin is expressed, most likely in lymph node stromal cells or peripheral AIRE-

expressing cells, the inhibitory effect appears greatest for higher avidity cells [33]. Whether a 

difference exists in the effects of enforced proinsulin expression on CD8
+
 and CD4

+
 T cells 

remains unclear.  However, in other settings some induction of Treg cells occurs when 

antigen-specific CD4
+
 T cells are present [39], although if deletion is highly effective[40] 

development/expansion of Treg cells is limited. Here, where proinsulin expression was 

enforced within MHC class II+ APC, T-cell exhaustion appeared to play a key role in 

maintaining the unresponsive state of those G9 T cells that persisted after initial antigen 

encounter when the majority of cells are deleted. From this it might be predicted that 

administration of anti-PD-1 antibodies would reverse unresponsiveness as reported in a 

similar setting by others [41]. However, in a similar model of tolerance induction by enforced 

antigen expression, PD-1 blockade more effectively promoted development of effector 

function during tolerance induction than reversal of unresponsiveness [42]. Extending this, it 

remains unclear whether precipitation of T1D by PD-1/PD-L1 blockade in humans [43] 

results either from reversal of tolerance or from promotion of effector function in 

spontaneously-activated islet-specific T cells, but this warrants clarification.  

Genetic alterations reported to impair induction and maintenance of tolerance in NOD mice 

might impact on induction of peripheral tolerance through several pathways. Whether these 

pathways contribute to the propensity for G9 effector differentiation in pLN of non-Tg 

recipients would require additional analyses employing a range of congenic strains to identify 

the contributions of individual Idd loci. That G9 T cells were effectively tolerised when 

proinsulin was expressed in APC indicates that genetically-determined impairments that 

might limit peripheral tolerance induction are overcome when this approach is used. This is 

consistent with previous observations that peripheral tolerance induction by APC- or DC-

targeted antigen in non-autoimmune strains of mice is not perturbed by the absence of 
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important immunoregulatory cells populations such as regulatory T cells [44] or NKT cells 

(unpublished). As the effectiveness of peripheral tolerance induction by APC-directed 

antigen expression is determined by the frequency of antigen-expressing APC [29] whether 

genetic alterations in NOD alter the sensitivity to peripheral tolerance might be revealed by 

studying the frequency of antigen-expression APC required for tolerance induction. Our 

unpublished preliminary data, however, suggest that the sensitivity is similar for NOD and 

non-autoimmune-prone mice.  

Overall, an important observation here is that insulin-specific CD8
+
 T cells are responsive to 

peripheral tolerance induction when antigen is over-expressed despite the demonstrated 

tolerance defects that are present in NOD mice. This demonstrates that not all forms of T-cell 

tolerance induction are negatively impacted by the genetic defect present in NOD mice and 

has important implications for the successful development of immunotherapeutic approaches 

to T1D and other T cell-mediated autoimmune diseases. 

MATERIALS AND METHODS 

Mice 

G9C8 (G9) insulin B15-23-specific TCR (Vα18, Vβ6) transgenic mice, mice expressing mouse 

proinsulin II under the control of an MHC class II (I-Eα
k
) promoter and NOD.CD45.2 

congenic mice have all been described [28, 34, 45]. B16 mice lack both insulin 1 and insulin 

2 but express mutated (B16A) preproinsulin [2]. NOD/ShiLtJArc (CD45.1
+
) mice were 

purchased from the Animal Resources Facility (Perth, WA). Proinsulin transgenic (PI-Tg) 

and NOD/ShiLtJArc (non-Tg) mice were crossed to NOD.CD45.2 mice to obtain 

CD45.1
+
/CD45.2

+
 offspring. Young (6-8 week-old) male mice were studied to minimise the 

effects of islet inflammation. Mice were bred and/or housed under specific pathogen-free 

conditions at the PAH Biological Resources Facility (Brisbane, Australia), TRI Biological 

Resources Facility (Brisbane, Australia) or PACE Facility (Brisbane, Australia). Experiments 
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were approved by The University of Queensland Animal Ethics Committee (Projects 

164/12,144/15). 

Adoptive transfers 

An overview of the adoptive transfers is shown in (Supporting InformationFig 6).  For 

adoptive transfer of naïve G9 T cells, single cell suspensions were prepared from pooled 

axillary, brachial, inguinal and mesenteric lymph nodes (LN). In some experiments CD8β
+
 

G9 T cells were purified from pooled LN cells by high-speed cell sorting. G9 T cells (5x10
6
 

LN, approximating 2x10
6
 CD8

+
Vβ6

+
 T cells or 2 x 10

6
 CD8β

+
T cells) were injected i.v. 

(lateral tail vein). In some experiments LN cells were labelled with carboxyfluorescein 

diacetate succinimidyl ester (CFSE) as described [24] prior to transfer.  

Flow cytometry, in vivo and in vitro assays 

Antibodies were purchased from BioLegend (San Diego, CA, USA), eBioscience (San 

Diego, CA, USA) or produced and conjugated in-house (antibodies used are listed in 

Supporting Information Table 1). PE-conjugated tetramers loaded with the insB15-23(23V) 

with high affinity for H2-K
d
 [46] or listeriolysin (LLO)91-99 were sourced from the NIH 

Tetramer Facility. Spleens, skin-draining LN (sdLN; pooled axillary, brachial, inguinal) and 

pancreatic LN (pLN) were harvested, disrupted by pressing through cell strainers (Falcon) 

and erythrocytes lysed with hypotonic NH4Cl/Tris buffer (spleens only). Tetramer staining 

was as described [47].  G9 T cells were typically defined as CD45.1
+
CD45.2

-
CD8

+
Vβ6

+
 

cells, although when B16 recipients were used, G9 were defined as CFSE
+
CD8

+
Vβ6

+
 cells. 

Cytomety was performed using  FACSCanto, LSRII (BD Biosciences) or Gallios (Beckman 

Coulter) cytometers and analyzed with FACSDiva (BD Biosciences), Kaluza (Beckman 

Coulter) or FlowJo (TreeStar Inc) software. To enumerate cell number, cytometric bead-

based counting assays were performed as described [45].  To test antigen-responsiveness 

some mice were immunised i.p. with insB15-23/poly IC (50µg/100µg).  ELISpot assays were 
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performed as described previously [24] using insB15-23 (10µg/ml) stimulation. Data are 

presented as Δ spot forming cells (Δ SFC: # spots with stimulation - # spots in no stimulation 

control). 

Statistical Analysis 

Comparison of means was performed using Student t-test and multiple groups were compared 

using one-way ANOVA followed by Tukey post-test (GraphPad Prism). 

ACKNOWLEDGMENTS 

Studies were supported by funding from JDRF (32-2008-250, RJS), NHMRC (GNT1043315, 

RJS), MRC (G0901155, FSW).  RJS was recipient of an ARC Future Fellowship 

(FT110100372). EEH-W was a recipient of a JDRF Career Development Award (2-2013-34).  

PLSR was a recipient of an Australian Postgraduate Award.  RJS is guarantor for this article.  

We thank Professor Leonard Harrison (WEHI) for providing mice. The authors gratefully 

acknowledge the NIH Tetramer Core Facility (contract HHSN272201300006C) for provision 

of (MHC I) tetramers.   

CONFLICT OF INTEREST 

The authors declare no financial or commercial conflicts of interest. 

REFERENCES 

1 Nakayama, M., Insulin as a key autoantigen in the development of type 1 diabetes. Diabetes 
Metab Res Rev 2011. 27: 773-777. 

2 Nakayama, M., Abiru, N., Moriyama, H., Babaya, N., Liu, E., Miao, D., Yu, L.et al, Prime role 
for an insulin epitope in the development of type 1 diabetes in NOD mice. Nature 2005. 435: 
220-223. 

3 Tsai, S., Shameli, A. and Santamaria, P., CD8+ T cells in type 1 diabetes. Adv Immunol 2008. 
100: 79-124. 

4 Yamanouchi, J., Rainbow, D., Serra, P., Howlett, S., Hunter, K., Garner, V. E., Gonzalez-
Munoz, A.et al, Interleukin-2 gene variation impairs regulatory T cell function and causes 
autoimmunity. Nat Genet 2007. 39: 329-337. 

5 Ueda, H., Howson, J. M., Esposito, L., Heward, J., Snook, H., Chamberlain, G., Rainbow, D. 
B.et al, Association of the T-cell regulatory gene CTLA4 with susceptibility to autoimmune 
disease. Nature 2003. 423: 506-511. 



 

 

 
This article is protected by copyright. All rights reserved. 

18 
 

6 Martinez, X., Kreuwel, H. T., Redmond, W. L., Trenney, R., Hunter, K., Rosen, H., 
Sarvetnick, N.et al, CD8+ T cell tolerance in nonobese diabetic mice is restored by insulin-
dependent diabetes resistance alleles. J Immunol 2005. 175: 1677-1685. 

7 Hamilton-Williams, E. E., Martinez, X., Clark, J., Howlett, S., Hunter, K. M., Rainbow, D. B., 
Wen, L.et al, Expression of diabetes-associated genes by dendritic cells and CD4 T cells 
drives the loss of tolerance in nonobese diabetic mice. J Immunol 2009. 183: 1533-1541. 

8 Fraser, H. I., Howlett, S., Clark, J., Rainbow, D. B., Stanford, S. M., Wu, D. J., Hsieh, Y. W.et 
al, Ptpn22 and Cd2 Variations Are Associated with Altered Protein Expression and 
Susceptibility to Type 1 Diabetes in Nonobese Diabetic Mice. J Immunol 2015. 195: 4841-
4852. 

9 Long, S. A., Cerosaletti, K., Bollyky, P. L., Tatum, M., Shilling, H., Zhang, S., Zhang, Z. Y.et al, 
Defects in IL-2R signaling contribute to diminished maintenance of FOXP3 expression in 
CD4(+)CD25(+) regulatory T-cells of type 1 diabetic subjects. Diabetes 2010. 59: 407-415. 

10 Liston, A., Lesage, S., Gray, D. H., O'Reilly, L. A., Strasser, A., Fahrer, A. M., Boyd, R. L.et al, 
Generalized resistance to thymic deletion in the NOD mouse; a polygenic trait characterized 
by defective induction of Bim. Immunity 2004. 21: 817-830. 

11 Zucchelli, S., Holler, P., Yamagata, T., Roy, M., Benoist, C. and Mathis, D., Defective central 
tolerance induction in NOD mice: genomics and genetics. Immunity 2005. 22: 385-396. 

12 Serreze, D. V., Gaedeke, J. W. and Leiter, E. H., Hematopoietic stem-cell defects underlying 
abnormal macrophage development and maturation in NOD/Lt mice: Defective regulation of 
cytokine receptors and protein kinase C. Proc Nat Acad Sci USA 1993. 90: 9625-9629. 

13 Steptoe, R. J., Ritchie, J. M. and Harrison, L. C., Increased generation of dendritic cells from 
myeloid progenitors in autoimmune-prone non-obese diabetic mice. J Immunol 2002. 168: 
5032-5041. 

14 Silveira, P. A., Chapman, H. D., Stolp, J., Johnson, E., Cox, S. L., Hunter, K., Wicker, L. S.et al, 
Genes within the Idd5 and Idd9/11 diabetes susceptibility loci affect the pathogenic activity 
of B cells in nonobese diabetic mice. J Immunol 2006. 177: 7033-7041. 

15 Chen, X., Makala, L. H., Jin, Y., Hopkins, D., Muir, A., Garge, N., Podolsky, R. H.et al, Type 1 
diabetes patients have significantly lower frequency of plasmacytoid dendritic cells in the 
peripheral blood. Clin Immunol 2008. 129: 413-418. 

16 Zhang, Y., Bandala-Sanchez, E. and Harrison, L. C., Revisiting regulatory T cells in type 1 
diabetes. Curr Opin Endocrinol Diabetes Obes 2012. 19: 271-278. 

17 Ferraro, A., Socci, C., Stabilini, A., Valle, A., Monti, P., Piemonti, L., Nano, R.et al, Expansion 
of Th17 cells and functional defects in T regulatory cells are key features of the pancreatic 
lymph nodes in patients with type 1 diabetes. Diabetes 2011. 60: 2903-2913. 

18 Gregori, S., Giarratana, N., Smiroldo, S. and Adorini, L., Dynamics of pathogenic and 
suppressor T cells in autoimmune diabetes development. J I 2003. 171: 4040-4047. 

19 You, S., Belghith, M., Cobbold, S., Alyanakian, M. A., Gouarin, C., Barriot, S., Garcia, C.et al, 
Autoimmune diabetes onset results from qualitative rather than quantitative age-dependent 
changes in pathogenic T-cells. Diabetes 2005. 54: 1415-1422. 

20 Lawson, J. M., Tremble, J., Dayan, C., Beyan, H., Leslie, R. D. G., Peakman, M. and Tree, T. I. 
M., Increased resistance to CD4+CD25hi regulatory T cell-mediated suppression in patients 
with type 1 diabetes. Clin Exp Immunol 2008. 154: 353-359. 

21 Schneider, A., Rieck, M., Sanda, S., Pihoker, C., Greenbaum, C. and Buckner, J. H., The 
effector T cells of diabetic subjects are resistant to regulation via CD4+ FOXP3+ regulatory T 
cells. J Immunol 2008. 181: 7350-7355. 

22 Alard, P., Manirarora, J. N., Parnell, S. A., Hudkins, J. L., Clark, S. L. and Kosiewicz, M. M., 
Deficiency in NOD antigen-presenting cell function may be responsible for suboptimal 
CD4+CD25+ T-cell-mediated regulation and type 1 diabetes development in NOD mice. 
Diabetes 2006. 55: 2098-2105. 



 

 

 
This article is protected by copyright. All rights reserved. 

19 
 

23 Jin, Y., Chen, X., Podolsky, R., Hopkins, D., Makala, L. H., Muir, A. and She, J. X., APC 
dysfunction is correlated with defective suppression of T cell proliferation in human type 1 
diabetes. Clin Immunol 2009. 130: 272-279. 

24 Steptoe, R. J., Ritchie, J. M., Wilson, N. S., Villadangos, J. A., Lew, A. M. and Harrison, L. C., 
Cognate CD4+ help elicited by resting dendritic cells does not impair the induction of 
peripheral tolerance in CD8+ T cells. JI 2007. 178: 2094–2103. 

25 Kenna, T. J., Thomas, R. and Steptoe, R. J., Steady-state dendritic cells expressing cognate 
antigen terminate memory CD8+ T-cell responses. Blood 2008. 111: 2091-2100. 

26 Probst, H. C., Lagnel, J., Kollias, G. and van den Broek, M., Inducible transgenic mice reveal 
resting dendritic cells as potent inducers of CD8+ T cell tolerance. Immunity 2003. 18: 713-
720. 

27 Dudziak, D., Kamphorst, A. O., Heidkamp, G. F., Buchholz, V. R., Trumpfheller, C., 
Yamazaki, S., Cheong, C.et al, Differential antigen processing by dendritic cell subsets in 
vivo. Science 2007. 315: 107-111. 

28 Wong, F. S., Siew, L., Scott, G., Thomas, I. J., Chapman, S., Viret, C. and Wen, L., Activation 
of insulin-reactive CD8 T-cells for development of autoimmune diabetes. Diabetes 2009. 58: 
1156-1164. 

29 Kenna, T. J., Waldie, T., McNally, A., Thomson, M., Yagita, H., Thomas, R. and Steptoe, R. J., 
Targeting antigen to diverse APCs inactivates memory CD8+ T cells without eliciting tissue-
destructive effector function. Journal of Immunology 2010. 184: 598-606. 

30 Mamalaki, C., Murdjeva, M., Tolaini, M., Norton, T., Chandler, P., Townsend, A., Simpson, 
E.et al, Tolerance in TCR/cognate antigen double-transgenic mice mediated by incomplete 
thymic deletion and peripheral receptor downregulation. Dev Immunol 1996. 4: 299-315. 

31 Mandl, J. N., Monteiro, J. P., Vrisekoop, N. and Germain, R. N., T cell-positive selection uses 
self-ligand binding strength to optimize repertoire recognition of foreign antigens. Immunity 
2013. 38: 263-274. 

32 Smith, T. R., Verdeil, G., Marquardt, K. and Sherman, L. A., Contribution of TCR signaling 
strength to CD8+ T cell peripheral tolerance mechanisms. J Immunol 2014. 193: 3409-3416. 

33 Thayer, T. C., Pearson, J. A., De Leenheer, E., Hanna, S. J., Boldison, J., Davies, J., Tsui, A.et 
al, Peripheral Proinsulin Expression Controls Low Avidity Proinsulin-Reactive CD8 T-Cells in 
Type 1 Diabetes. Diabetes 2016. 65: 3429-3439. 

34 French, M. B., Allison, J., Cram, D. S., Thomas, H. E., Dempsey-Collier, M., Silva, A., 
Georgiou, H. M.et al, Transgenic expression of mouse proinsulin II prevents diabetes in 
nonobese diabetic mice. Diabetes 1997. 46: 34-39. 

35 Steptoe, R. J., Ritchie, J. M. and Harrison, L. C., Transfer of hematopoietic stem cells 
encoding autoantigen prevents autoimmune diabetes. JCI 2003. 111: 1357-1363. 

36 Krishnamurthy, B., Dudek, N. L., McKenzie, M. D., Purcell, A. W., Brooks, A. G., Gellert, S., 
Colman, P. G.et al, Responses against islet antigens in NOD mice are prevented by tolerance 
to proinsulin but not IGRP. J Clin Invest 2006. 116: 3258-3265. 

37 Jhala, G., Chee, J., Trivedi, P. M., Selck, C., Gurzov, E. N., Graham, K. L., Thomas, H. E.et al, 
Perinatal tolerance to proinsulin is sufficient to prevent autoimmune diabetes. JCI Insight 
2016. 1: e86065. 

38 Pearson, J. A., Thayer, T. C., McLaren, J. E., Ladell, K., De Leenheer, E., Phillips, A., Davies, 
J.et al, Proinsulin Expression Shapes the TCR Repertoire but Fails to Control the 
Development of Low-Avidity Insulin-Reactive CD8+ T Cells. Diabetes 2016. 65: 1679-1689. 

39 Nasa, Z., Chung, J. Y., Chan, J., Toh, B. H. and Alderuccio, F., Nonmyeloablative conditioning 
generates autoantigen-encoding bone marrow that prevents and cures an experimental 
autoimmune disease. Am J Transplant 2012. 12: 2062-2071. 



 

 

 
This article is protected by copyright. All rights reserved. 

20 
 

40 Pilat, N., Mahr, B., Unger, L., Hock, K., Schwarz, C., Farkas, A. M., Baranyi, U.et al, 
Incomplete clonal deletion as prerequisite for tissue-specific minor antigen tolerization. JCI 
Insight 2016. 1: e85911. 

41 Hosseini, H., Oh, D. Y., Chan, S. T., Chen, X. T., Nasa, Z., Yagita, H., Alderuccio, F.et al, Non-
myeloablative transplantation of bone marrow expressing self-antigen establishes peripheral 
tolerance and completely prevents autoimmunity in mice. Gene therapy 2011. 

42 Blake, S. J. P., Ching, A. L. H., Kenna, T. J., Galea, R., Large, J., Yagita, H. and Steptoe, R. J., 
Blockade of PD-1/PD-L1 promotes adoptive T-cell immunotherapy in a tolerogenic 
environment. PLoS ONE 2015. 10: e0119483. 

43 Hughes, J., Vudattu, N., Sznol, M., Gettinger, S., Kluger, H., Lupsa, B. and Herold, K. C., 
Precipitation of autoimmune diabetes with anti-PD-1 immunotherapy. Diabetes Care 2015. 
38: e55-57. 

44 McNally, A., McNally, M., Galea, R., Thomas, R. and Steptoe, R. J., Immunogenic, but not 
steady-state, antigen presentation permits regulatory T-cells to control CD8+ T-cell effector 
differentiation by IL-2 modulation. PLOSOne 2014. 9: e85455. 

45 Steptoe, R. J., Stankovic, S., Lopaticki, S., Jones, L. K., Harrison, L. C. and Morahan, G., 
Persistence of recipient lymphocytes in NOD mice after irradiation and bone marrow 
transplantation. J Autoimmun 2004. 22: 131-138. 

46 Wong, F. S., Moustakas, A. K., Wen, L., Papadopoulos, G. K. and Janeway, C. A., Jr., Analysis 
of structure and function relationships of an autoantigenic peptide of insulin bound to H-
2K(d) that stimulates CD8 T cells in insulin-dependent diabetes mellitus. Proc Natl Acad Sci U 
S A 2002. 99: 5551-5556. 

47 Hamilton-Williams, E. E., Wong, S. B., Martinez, X., Rainbow, D. B., Hunter, K. M., Wicker, 
L. S. and Sherman, L. A., Idd9.2 and Idd9.3 protective alleles function in CD4+ T-cells and 
nonlymphoid cells to prevent expansion of pathogenic islet-specific CD8+ T-cells. Diabetes 
2010. 59: 1478-1486. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
This article is protected by copyright. All rights reserved. 

21 
 

 

FIGURE LEGENDS 

Figure 1. Naive G9C8 T cells are deleted in proinsulin-transgenic recipients.  

A,B) CFSE-labelled G9 LN cells were transferred to B16A, NOD or PI-Tg recipients and 

three days later CFSE dilution in CFSE-labelled CD8
+
 T cells recovered from skin-draining 

LN (sdLN), pancreatic LN (pLN) or spleen was determined using flow cytometry. 

Representative histograms (A) show the percent divided for that sample along with mean ± 

SD proportion divided. Proliferation index is shown in (B).  C) G9 T cells were transferred to 

congenically-distinct (CD45.1
+
/CD45.2

+
) NOD or PI-Tg recipients and as indicated G9 T 

cells (CD45.1
+
/CD45.2

-
CD8

+
/Vβ6

+
) enumerated. Data are representative of at least six 

individual mice from 2 experiments with 3 recipient mice per group per experiment (A), 

individual mice pooled from four independent experiments with 1-2 recipient mice per group 

per experiment (B) or pooled (C) from at least two independent experiments per timepoint 

with 2 recipient mice per group per experiment and show mean ±SD (n=4-8/group at each 

time point). ANOVA with Tukey’s post-test, p<0.05 considered significant. 
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Figure 2. G9 T cells are rendered unresponsive in proinsulin-transgenic recipients.  

(A,B) G9 LN cells (CD45.1
+
) were transferred to congenically-distinct (CD45.1

+
/CD45.2

+
) 

NOD or PI-Tg recipients and seven days later recipients were immunised or not with insB15-

23/poly I:C. Five days later G9 T cells (CD45.1
+
/CD45.2

-
/CD8

+
/Vβ6

+
) were enumerated in 

spleen (A) and insB15-23-responsive IFN-γ-producing cells assayed by ELISpot (B). Data 

show individual mice and mean ±SD (n=2-3 mice for untransferred controls, n=6 for 

unimmunised non-Tg, n=5 for unimmunised PI-Tg, n=7 for immunised non-Tg & PI-Tg, 

pooled from 2-3 independent experiments with 1-3 recipient mice per group per experiment). 

ANOVA with Tukey’s post-test, p<0.05 considered significant. 
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Figure 3. TCR expression on G9 T cells is reduced in proinsulin-transgenic recipients.  

A,B) G9 T cells were transferred to non-Tg or PI-Tg recipients and seven days later (A) or at 

the indicated times (B) TCR Vβ6 expression was determined on G9 T cells (CD45.1+CD8+ 

Vβ6+) recovered from spleen, sdLN or PLN as indicated by flow cytometry and normalised 

relative to that of host CD8
+
 Vβ6 T cells. Data are representative of 2-3 experiments with 2-3 

mice per group per experiment FACS plots (A) or mean ± SD pooled from 2 or 3 

independent experiments per timepoint with 2-3 recipient mice per group per experiment 

(n=4-9/group at each time point) (B). ANOVA with Tukey’s post-test, p<0.05 was 

considered significant. 
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Figure 4. Tetramer binding by G9 T cells is reduced in proinsulin-Tg recipients.  

A-D) Three days after transfer, G9 T cell (CD45.1
+
/CD45.2

-
CD8

+
/Vβ6

+
) Vβ6 expression and 

K
d
-insB15-23 binding was determined by flow cytometry. (A) K

d
-insB15-23-binding by G9 T 

cells (solid lines) or host PI-Tg CD8
+
 Vβ6

+
 T cells. Dotted line denotes the cut-off used to 

define K
d
-insB15-23

hi
 T cells (A). The proportion and total number of K

d
-insB15-23

hi
 G9 cells 

was calculated (B,D) and Vβ6 expression and K
d
-insB15-23-binding plotted (C). Data are 

representative (A) or show individual mice pooled from 2 experiments, with 3 mice per group 

per experiment (n=6 for all groups) (B-D). Bars show mean ± SD.  ANOVA with Tukey’s 

post-test or students t-test, p<0.05 was considered significant. 
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Figure 5. G9 T cells undergo effector differentiation in pLN of non-transgenic 

recipients.  

(A,B) G9 LN cells (CD45.1
+
) were transferred to congenically-distinct (CD45.1

+
/CD45.2

+
) 

non-Tg or PI-Tg recipients. As shown, the proportion of CD69
+
 (A) and CD44

hi
/CD62L

hi/lo
 

G9 T cells was determined. CD62L
lo

 cells as a proportion of CD44
hi

 G9 T cells (B) or total 

number of CD44
hi

/CD62L
hi/lo 

cells at day 7 were plotted. (C). Five days after transfer 

expression of markers defining memory and effector populations was determined (D). Data 

are mean ± SD (n=4-6) pooled from 2 or 3 more experiments (A-C) or 2 experiments (n=5-6) 

with 2-3 mice per group per experiment (D). ANOVA with Tukey’s post-test or students t-

test, p<0.05 was considered significant. *:p<0.05 
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Figure 6. G9 T cells in PI-Tg recipients express elevated levels of co-inhibitory 

molecules.  

(A-I) G9 LN cells were transferred to congenically-distinct (CD45.1
+
/CD45.2

+
) non-Tg or 

PI-Tg recipients and 5 days later G9 T cells (CD45.1
+
/CD45.2

-
/CD8

+
/Vβ6

+
) were analysed 

by flow cytometry. Data are show individual mice pooled from 2 experiments with 3 mice 

per group per experiment (n=6/group). Bars show mean ± SD. ANOVA with Tukey’s post-

test, p<0.05 was considered significant. 
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