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Abstract 

 

How the immune system maintains peripheral tolerance under inflammatory conditions is 

poorly understood.  Here we assessed the fate of gastritogenic T cells following inflammatory 

activation in vivo.  Self-reactive T cells (A23 T cells) specific for the gastric H
+
/K

+
 ATPase  

subunit (HK) were transferred into immunosufficient recipient mice and immunised at a site 

distant to the stomach with adjuvant containing the cognate HK peptide antigen.  Activation 

of A23 T cells by immunisation did not impact on either immune tolerance or protection from 

gastric autoimmunity in wild-type BALB/c mice. However, increased presentation of 

endogenously derived HKepitopes by dendritic cells (DCs) in the gastric lymph node of IE-

H
+
/K

+
 transgenic mice (IE) reduces A23 T-cell tolerance to gastric antigens after 

inflammatory activation, with subsequent development of gastritis. While HK-specific A23 

T cells from immunised wild-type mice were poorly responsive to in vitro antigen specific 

activation, A23 T cells from immunised IE transgenic mice were readily re-activated, 

indicating loss of T-cell anergy.  These findings show that DCs of gastric lymph nodes can 

maintain tolerance of pathogenic T cells following inflammatory stimulation and that the 

density of endogenous antigen presented to self-reactive T cells is critical in the balance 

between tolerance and autoimmunity. 
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To investigate the efficiency of peripheral tolerance under inflammatory conditions we have assessed the 
fate of gastritogenic T cells following inflammatory activation in vivo. The study show that DCs of gastric 
lymph nodes can maintain tolerance of pathogenic T cells following inflammatory stimulation and that 

the density of endogenous antigen presented to self-reactive T cells is critical in the balance between 
tolerance and autoimmunity. 
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Introduction 

 

Negative selection in the thymus is an incomplete process [1, 2] and it is critical that 

mature self-reactive T cells which have seeded the periphery can be tolerized to prevent the 

clinical symptoms of autoimmunity [3-6].  Mechanisms of peripheral immune tolerance 

include, deletion, anergy and suppression [7, 8] and dendritic cells (DCs) in lymphoid tissues 

are required for these processes [9].  Under steady state conditions, it is well established that 

phenotypically immature DC, which express low levels of MHC class II and costimulatory 

molecules, promote tolerance rather than supporting full T-cell activation [10].   

 

The maturation of dendritic cells following exposure to microbial products or endogenous 

inflammatory mediators is essential to the induction of an immune response[11, 12].  It has 

been widely speculated that inflammatory stimuli may perturb tolerance and promote self-

reactive responses and autoimmunity [13-15].  Most studies exploring the impact of 

inflammatory mediators on responses of self-reactive T cells have used TCR transgenic T 

cells and mice expressing neo self-antigens.  In some cases the exposure of TLR ligands 

resulted in peripheral T cell activation and loss of tolerance [16-18], whereas in other studies 

TLR ligands failed to significantly alter the tolerogenic phenotype of the responding self-

reactive T cell[19, 20].  The biological relevance of using neo self-antigens in these studies is 

questionable, as they may not recapitulate the antigen processing pathways used by 

endogenous self-antigens that are known to initiate autoimmune disease.  Moreover, most 

studies have examined MHC class I/CD8
+ 

T cell systems.  The factors and conditions that 

modulate peripheral tolerance/regulation of CD4
+
 T cells under inflammatory conditions have 

not been well defined.  
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Autoimmune gastritis is a well characterised organ-specific autoimmune disease which 

results in the destruction of acid-secreting parietal cells in the stomach mucosa by self-

reactive CD4
+
 T cells recognising epitopes derived from the gastric H

+
/K

+
 ATPase proton 

pump [21].  Previous studies have established that under basal conditions, peripheral 

tolerance to gastric H
+
/K

+
 ATPase is maintained by several mechanisms including clonal 

deletion, ignorance and suppression by regulatory T cells.  The gastric H
+
/K

+
 ATPase 

consists of two subunits, the catalytic -subunit and the heavily glycosylated -subunit [22], 

and CD4
+
 T cell responses have been identified for both subunits [23-25].  Our earlier studies 

showed that the thymus does not contribute significantly to the tolerance of the gastric H
+
/K

+
 

ATPase, rather tolerance to the gastric self-antigen is predominantly established by 

mechanisms mediated by antigen presenting cells in the periphery [26].  The H
+
/K

+
-ATPase 

is presented exclusively by DCs of the local draining lymph node of the stomach, the 

paragastric lymph node [27].  The presentation of the gastric H
+
/K

+
-ATPase in the paragastric 

lymph nodes has been shown to lead to clonal deletion  of pathogenic H/K-specific T cells 

[26, 27].  In addition our recent studies have identified migratory DC from the paragastric 

lymph node as the only subset of DCs responsible for presenting gastric H
+
/K

+
-ATPase 

eptiopes [28].  In the steady state these migratory DC have a semi-mature phenotype and are 

resistant to further activation by inflammatory signals and, furthermore, remain tolerogenic 

under systemic inflammation [28].   

 

An important question yet to be answered is how inflammatory responses affect the 

survival and activation of gastritogenic T cells.  Continued immunisation of wild-type 

BALB/c mice with purified gastric H
+
/K

+
 ATPase protein induces autoimmune gastritis [29] 

and suggests that gastritogenic T cells readily become activated following the recognition of 

self-antigen presented under inflammatory conditions. However, cessation of immunisation 
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reverses disease and reinstates tolerance [29]. The tolerance mechanisms subverted in this 

study were not investigated. It has been suggested that inflammatory responses may increase 

the release of H
+
/K

+
 ATPase antigen into the draining lymph node, increasing the density of 

epitope presentation to gastritogenic T cells [30].   

 

To further appreciate a possible nexus between inflammation and the induction of 

autoimmunity [14] it is important to determine the fate of self-reactive T cells following 

activation by inflammatory stimuli.  Here we have investigated tolerance to gastric H
+
/K

+
-

ATPase following inflammatory stimulation. The fate of gastritogenic T cells activated under 

inflammatory conditions at a site immunologically distant from the stomach was assessed to 

determine the capacity of the healthy stomach environment to maintenance immune tolerance 

under these conditions.  From these studies we show that endogenous antigen presentation in 

the paragastric lymph nodes maintains tolerance to gastric antigens by inducing T cell 

unresponsiveness of the activated gastritogenic T cells.  In addition our findings demonstrate 

that the density of endogenous antigen presented to self-reactive T cells in the stomach 

environment is a critical factor in determining the balance between tolerance and immunity.  

Our findings are relevant to the clinical application of tolerogenic dendritic cells to treat 

autoimmune diseases. 
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Results 

 

Self-reactive A23 T cells do not persist under inflammatory conditions 

To compare the behaviour of self-reactive CD4
+
 T cells under tolerogenic and 

inflammatory conditions a cell transfer model was employed where a monoclonal population 

of gastric specific T cells were transferred into immunocompetent, wild-type mice.  

Inflammation was induced by administering self-antigen with Freund’s complete adjuvant at 

a site distant from the stomach in which the endogenous antigen is presented.  For gastric 

specific CD4
+
 T cells we used A23 T cells for the following reasons.   A23 TCR transgenic T 

cells recognise epitopes derived from the  subunit of the H
+
/K

+
 ATPase (HK), which is the 

antigen targeted by T cells that cause autoimmune gastritis [24, 31], and H/K epitopes are 

presented by migratory DCs in the local draining lymph node of the stomach [28].  A23 cells 

from A23-TCR.HK
-/-

 double transgenic mice were used as a source of naïve self-reactive 

CD4
+
 T cells.  Inflammation was induced by immunising recipient mice with Freund’s 

complete adjuvant emulsified with the HKpeptide specifically recognised by A23 T cells, 

namely amino acids 630-641 (HK630-641).  Fig. 1A outlines the immunisation strategy and 

experimental analysis used in this study. 

 

Initially, the proliferation of A23 T cells following immunisation was assessed in vivo. 

CFSE-labelled Thy1.1
+/+

.A23 T cells were transferred into Thy1.2
+/+

 recipients and on the 

same day recipients were immunised subcutaneously in the inguinal region of the abdomen 

with either Freund’s complete adjuvant (adjuvant) alone or 10 g of HK630-641 peptide 

emulsified in adjuvant. A group of mice were also mock immunised with 50 L of PBS 

following T cell transfer.  After 4 days, A23 T cell proliferation in the paragastric and 

inguinal lymph nodes was assessed as these lymph nodes drain the stomach tissue and 
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immunisation site respectively.  A23 T cells were identified by the Thy1 marker.  As 

expected extensive proliferation was observed in the paragastric lymph node with greater 

than 80% of detected A23 T cells having undergone more than one cell division.  In the 

paragastric lymph node proliferative responses were similar between peptide immunised and 

adjuvant alone treated wild-type mice (Fig. 1B), indicating that immunisation with HK630-641 

peptide at a site distant to the stomach had no apparent effect on A23 T cell proliferation 

within the paragastric lymph node. 

 

In the inguinal lymph node, dividing A23 T cells were detected in adjuvant immunised 

mice (Fig. 1B), or PBS treated mice (not shown). Notably, many of these dividing T cells 

were CFSE
lo

, likely representing A23 T cells which have divided in the paragastric lymph 

node and recirculated to the inguinal lymph node, as previously observed [26].  Proliferation 

was not detected in the inguinal lymph node of PBS or adjuvant treated HK
-/-

 recipients (not 

shown), confirming that endogenous gastric antigen accounted for the dividing A23 cells 

detected in the inguinal lymph nodes of adjuvant-alone immunised mice.  Subcutaneous 

immunisation of wild-type mice with 10 g of HK630-641 increased the number of dividing 

A23 T cells in the inguinal lymph node to 81% (Fig 1B). Furthermore, A23 T cells were 

observed in earlier stages of division, indicating localised proliferation (Fig 1B).  Therefore, 

immunisation with HK peptide stimulates self-reactive T cells in the draining inguinal 

lymph node.   

 

Previously we showed that transferred A23 T cells are rapidly eliminated in vivo 

following activation by the endogenous gastric antigen [26].  To explore whether A23 T cells 

persist in immunised mice, 2 x 10
6
 naïve A23 T cells were transferred into wild-type mice, 

immunised and after eight weeks the paragastric and inguinal lymph nodes were analysed for 
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the presence of A23 T cells.  Very few A23 T cells were detected after 8 weeks in non-

immunised recipients or adjuvant-treated mice, consistent with previous findings [26, 28]. In 

contrast, the number of A23 T cells recovered from the PgLN of immunised BALB/c mice 

showed a significant increase compared to recipients treated with adjuvant alone (Fig. 1C).  

However, there was no increase in the number of A23 T cells recovered from the inguinal 

lymph nodes following immunisation (Fig. 1D), indicating  that peptide immunisation 

resulted in increased survival of A23 T cells within the local gastric environment.  To 

determine if immunisation could promote gastric autoimmunity, the stomach pathology of 

mice were also analysed at 8 weeks.  No overt signs of gastritis were detected in any of the 

stomachs analysed with only mild mononuclear cell infiltrates observed in the submucosa 

(score of 1-2) of stomachs from all groups (Fig. 1E).   Re-challenging immunised mice with a 

second immunisation with peptide antigen at 7 weeks did not alter the number for A23 T cells 

detected nor the development of gastritis in these mice (not shown).   Therefore, 

immunisation with cognate antigen is not sufficient to promote gastric autoimmunity in wild-

type recipients transferred with A23 T cells. 

 

Enhanced presentation of HK derived epitopes in IE mice 

The finding that A23 T cells activated by immunisation with adjuvant do not survive and 

induce autoimmunity, suggests that endogenous presentation of the gastric antigen by 

migratory DC in the paragastric lymph node can tolerize, not only naïve A23 T cells [26, 28] 

but also antigen-stimulated A23 T cells circulating from the inguinal lymph node. A factor 

which may determine subsequent survival of these activated T cells is the level of 

endogenous antigen presented by the tolerizing antigen presenting cells (APC).  A23 T cell 

survival and pathogenicity might be enhanced if the availability of endogenous HK antigens 

were increased.  To explore the effect of increasing the availability of endogenous antigen on 
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A23 T cell pathogenicity, a transgenic mouse line known as IEβ was used as a recipient.  IEβ 

transgenic mice express the β subunit of the H
+
/K

+
 ATPase under the control of the MHC 

class II promoter
 
[32].  Many different cell types, including B cells and dendritic cells have 

been shown to express mRNA for the HK[23, 33].  However, expression of the β subunit of 

the H
+
/K

+
 ATPase is critical for the ability of the  subunit to exit the ER and be transported 

to the cell surface, a pathway necessary for the presentation of HK derived epitopes by 

MHC class II molecules.  Thus, IEβ mice should exhibit an increase in the presentation of 

HK derived antigens and indeed this is the case in the thymus [1]. However the presentation 

of HK antigens in the periphery of IEβ transgenic mice has not been assessed.   

 

To determine whether IEβ transgenic mice have elevated levels of HK presentation in the 

paragastric lymph node, we used lacZ inducible H/K-specific hydriboma cells, obtained by 

fusing A23 T cells with BWZ 3.6 T cell hybridomas, to quantitatively analyse the 

presentation of HK derived epitopes [28].  TCR stimulation of the A23.LacZ hybridoma T 

cells results in the expression of the -galactosidase gene, and the presence of -galactosidase 

is readily detected by the conversion of the chromogenic substrate to a blue product.  Cell 

suspensions containing DCs were prepared from the paragastric and mesenteric lymph nodes 

of wild-type and IE mice, co-cultured with 5 x 10
4
 A23 LacZ hybridoma T cells overnight 

and the number of -galactosidase-expressing cells evaluated by the presence of the blue 

chromogenic product.  Significantly 3 fold more blue A23 hybridoma T cells were detected 

in co-culture with paragastric lymph node cells from IE mice compared with paragastric 

lymph node cells from wild-type mice (Fig. 2A).  Hybridoma A23 T cells were not activated 

by APC from the mesenteric lymph node cell preparation. To increase the sensitivity of the 

assay, CD11c
+
 DC from cells mesenteric lymph node were enriched and examined for their 

ability to activate A23 hybridoma T cells.  The DC enriched population from mesenteric 
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lymph nodes also did not activate LacZ A23 T cell (Fig. 2A).  Thus, APC from paragastric 

lymph nodes of IE transgenic mice have a greater capacity to stimulate A23 hybridoma T 

cells than APC from wild-type mice.  

 

The above experiments using the A23 hybridoma T cells showed no presentation of H/K by 

the APC from non-gastric lymphoid tissue.  To further examine the antigen presenting 

capacity of APC from non-gastric tissues of IE mice, we compared the ability of APC from 

spleen of wild-type BALB/c and IE mice to activate naïve A23 T cells in vitro over a range 

of peptide antigen concentrations.  We found no difference in the level of activation of A23 T 

cells over the antigen dose response (Fig. S1A).  We also analysed the capacity of the APC 

from IE mice to activate T cells of an unrelated antigen.   Ovalbumin-specific DO11 T cells 

responded in an identical manner using APC from either IE or wild-type BALB/c mice to 

ovalbumin peptide (Fig. S1B). These data indicate that the APC from IE mice are 

functionally very similar to APC from BALB/c mice.    

 

The increased stimulatory capacity of IE derived paragastric lymph node cells is most 

likely due to elevated levels of HK presentation.  However, given that the IE transgene is 

driven by the MHC class II promoter, the expression of MHC class II and associated 

costimulatory molecules CD80/86 and CD40 may be increased in IE mice. To examine this 

possibility, the expression levels of MHC class II and costimulatory molecules by various 

APCs were assessed.  DCs were enriched from the spleen and mesenteric lymph nodes of 

wild-type and IE transgenic mice as described in methods.  The very small paragastric 

lymph nodes in wild-type and IE mice precluded detailed analyses for the paragastric lymph 

nodes, however, as the IEtransgene is expressed through the periphery any influence of the 
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transgene on the expression levels of MHC class II and co-stimulatory molecules should be 

readily detected in other lymphoid organs.  Migratory and resident dendritic cells and B cells 

were identified based on MHC class II and CD11c expression as shown in Fig. 2B.  MHC 

class II and costimulatory molecule expression was then analysed.  There was no difference 

in the surface expression of MHC class II molecules by IE derived CD11c
+
 resident or 

migratory dendritic cells, compared with wild-type dendritic cells (Fig. 2B,C).  B cell 

expression of MHC class II molecules was also comparable between IEβ and wild-type mice 

(Fig 2B,C).  Similarly, there was no difference in the expression of costimulatory molecules; 

CD40 and CD86, between APCs from IEβ transgenic mice and wild-type mice (Fig. 2B). 

Similar results were observed for DC-enriched populations from the spleen (data not shown). 

Therefore, enhanced stimulation of A23 hybridoma T cells paragastric lymph node cells of 

IE transgenic mice is unlikely to be due to increased expression of MHC class II or 

costimulatory molecules by APCs.  

 

Another possibility is that enhanced presentation of HK antigens by IE derived lymph 

node cells is due to an increase in number of CD11c
+
 dendritic cells in the paragastric lymph 

node of IE mice. Therefore we assessed the frequency of dendritic cell subsets within the 

lymph node of IE mice compared to wild-type lymph nodes.  Paragastric lymph nodes from 

five mice were pooled and cell suspensions prepared and stained with anti-MHC class II 

(anti-I-A/I-E) and anti-CD11c antibodies to identify resident and migratory dendritic cell 

populations. Migratory dendritic cells have been shown to exclusively present H
+
/K

+
 ATPase 

derived antigens to T cells in the paragastric lymph node under physiological conditions [27, 

28]. Analysis of migratory (CD11c
int

MHCII
hi

) and resident (CD11c
hi

MHC
int

) dendritic cells 

revealed that the percentage of migratory DC in paragastric lymph nodes was similar between 

IE transgenic and wild-type mice (not shown).  Dendritic cells from mesenteric lymph nodes 
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were also assessed. As this lymphoid tissue contains many more cells than the paragastric 

lymph node, mice were assessed individually.  The frequency of both resident and migratory 

dendritic in mesenteric lymph node was similar between IE transgenic and wild-type mice 

(Fig. 2D). Therefore, taken together the increased presentation of HK derived epitopes in 

paragastric lymph nodes of IE mice is most likely due to an increase in density of 

presentation of H/K epitopes by DCs.  

 

IE mice are more susceptible to immunisation induced autoimmune gastritis 

The finding that IEtransgenic mice present elevated levels of HK derived epitopes 

compared with wild-type mice allowed us to investigate the effect of an increased dose of 

self-antigen presentation within the stomach environment on the survival and pathogenicity 

of A23 T cells.  To explore this issue, 2 x 10
6
 A23 T cells were transferred into IE and wild-

type recipients which were then immunised with adjuvant alone or 10 g HK630-641 

emulsified in adjuvant, or mock immunised with PBS. After 8 weeks, the number of 

surviving A23 T cells was determined and the development of gastric pathology assessed.  

A23 T cell numbers were increased by 5 fold in the paragastric lymph node of PBS and 

adjuvant treated IE transgenic mice compared with wild-type recipients treated in the same 

manner (Fig. 3A).  Immunisation with HK630-641 peptide increased the number of A23 T 

cells in the paragastric lymph node of IEβ mice by 4 fold compared with peptide immunised 

wild-type recipients (Fig. 3A).  In this experiment there was also a small and significant 

increase in the number of A23 T cells detected in HK630-641 immunised wild-type recipients 

compared with adjuvant alone. 
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In the inguinal lymph node, immunisation with HK630-641 peptide also increased the 

number of A23 T cells detected in IE mice after 8 weeks by 6 fold compared with 

administration of adjuvant alone.  In contrast, peptide immunisation did not significantly 

increase A23 T cell numbers in the majority of wild-type recipients (Fig 3 B).  Collectively, 

these data suggest that increasing the presentation of endogenous H
+
/K

+
 ATPase antigen in 

the paragastric lymph node significantly enhances the survival of A23 T cells after 

immunisation in the presence of adjuvant.  

 

A23 T cell pathogenicity was also determined by analysing histological sections of 

stomachs from IE transgenic and wild-type recipients for signs of gastritis.  Gastritis 

severity was quantitated using the criteria outlined in the materials and methods.  Strikingly, 

50% of IE transgenic recipients immunised with HK630-641 peptide developed autoimmune 

gastritis with a disease severity greater than 3 (Fig 3C). Gastritis scores of 3 to 6 represent 

significant mucosal infiltration by mononuclear cells and progressive worsening of 

zymogenic cell depletion followed by parietal cell loss at score 5, with significant mucosal 

hypertrophy observed at score 6.  On the other hand, only 1 of 11 wild-type mice immunised 

with HK630-641 peptide developed any sign of gastric pathology beyond mild mononuclear 

cell infiltrates in the submucosa of the stomach (score 2) (Fig. 3C).  Furthermore, 

IEtransgenic recipients that were treated with PBS or with adjuvant alone also did not 

develop any signs of gastritis.  Importantly, disease induced by immunisation in 

IErecipients was dependent on the transfer of A23 T cells as immunisation of IE 

transgenic mice without the transfer of A23 T cells did not result in gastric pathology (Fig. 

3C). Therefore, under conditions where endogenous gastric antigen presentation is increased, 

a single immunisation with peptide antigen at a distant site can induce A23 T cell mediated 

chronic autoimmune gastritis. 
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Characterisation of A23 T-cell responses in immunised IE recipients 

The finding that immunised IE transgenic mice developed autoimmune gastritis 

indicated that the tolerance mechanisms of A23 T cells were subverted in the IE transgenic 

mice by inflammatory stimuli associated with immunisation.  To determine that status of A23 

T cells within the gastric lymph node following immunisation of IE transgenic mice, CFSE 

labelled A23 T cells were transferred into IE transgenic and wild-type mice followed by 

immunisation with adjuvant alone or HK630-641 peptide emulsified in adjuvant.  Examination 

of the CFSE profile 4 days after immunisation revealed more A23 T cells from paragastric 

lymph nodes of immunised IE mice had undergone 6 or more divisions compared with A23 

T cells in wild-type mice or from adjuvant only treated IEmice (Fig. 4A).  Quantitation of 

A23 T cells having undergone at least 1 cell division showed a significant increase in the 

number of A23 T cells from peptide immunised IEβ mice compared with either adjuvant 

treated IEmice or peptide immunised wild type mice (Fig. 4B).  In contrast, in the inguinal 

lymph node there was no difference in A23 T cell proliferation between IE transgenic and 

wild-type recipients, indicating similar proliferation kinetics in the inguinal lymph node 

following immunisation with HK630-641 peptide (Fig. 4A, C).  In the absence of 

immunisation, only CFSE
lo

 A23 T cells were detected in the inguinal lymph nodes, likely 

representing A23 T cells which have divided in the paragastric lymph node and recirculated 

to the inguinal lymph node, and indicating that there was no proliferation of naïve A23 T 

cells in the inguinal lymph nodes of IEβ mice without immunisation.   Collectively these 

findings show that peptide antigen immunisation of IE transgenic mice at a site distant to the 

stomach results in more extensive proliferation of A23 T cells in the paragastric lymph node 

compared with wild-type mice.  
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The difference in the proliferation of A23 T cells from the paragastric lymph nodes of 

immunised wild-type and IE mice indicates that anergy may play an important role in 

tolerance of A23 T cells in wild-type mice.  Anergic T cells are unresponsive to TCR 

stimulation and do not proliferate when restimulated [34].  Therefore, we next examined the 

anergic status of A23 T cells from immunised mice by examining their capacity to be re-

stimulated with antigen in vitro.  A23 T cells (2 x 10
6
) were transferred into IE, wild-type 

and HK
-/-

 recipients followed by immunisation as previously described in Fig 1.  HK
-/- 

recipients were included to assess the contribution of endogenous antigen to the induction of 

T cell unresponsiveness.  After 7 days in vivo the paragastric lymph node was removed, 

single cell suspensions prepared and cells labelled with CFSE and restimulated in vitro with 

10 g/mL HK630-641 peptide for 4 days.  A23 T cells from the paragastric lymph node of 

adjuvant treated IE transgenic and wild-type mice proliferated poorly following 

restimulation compared with A23 T cells recovered from HK
-/-

 mice (Fig. 5A,B).  The 

difference in these responses confirms that endogenous antigen presented in the gastric lymph 

node by migratory DC [28] is promoting unresponsiveness of the A23 T cells.  Immunisation 

of recipients with 10 g/mL HK630-641 peptide resulted in enhanced proliferation of A23 T 

cells upon restimulation in vitro compared with the unimmunised counterparts, suggesting 

reduced anergy induction (Fig. 5A).  In particular, A23 T cells from peptide immunised 

IEtransgenic mice were more responsive compared with A23 T cells from peptide 

immunised wild-type mice ((Fig. 5A, B). Collectively the data indicates that endogenous 

antigen promotes anergy of A23 T cells in the gastric mucosa of control treated IE and wild-

type mice. And in contrast, peptide immunisation of IE mice showed a lower level of A23 T 

cell anergy induction by endogenous antigen in the paragastric lymph node compared with 

wild-type mice.   
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Discussion 

 

In this study we demonstrate that gastritogenic T cells activated under inflammatory 

conditions can be subsequently tolerized at a site distant from the immunisation site by the 

presentation of the endogenous gastric antigen. We have used A23 T cells as a source of 

gastritogenic T cells as these CD4
+
 T cells are known be to be highly pathogenic under 

certain conditions such as lymphopenia whereas in healthy wild-type mice they are tolerized 

by clonal deletion following activation by H/K-presenting tolerogenic DCs within the 

paragastric lymph node [24, 26, 28, 31].  Immunisation of wildtype mice, adoptively 

transferred with gastritogenic A23 T cells, failed to induce autoimmune gastritis, despite 

proliferation of A23 T cells in the paragastric lymph node (tolerization site) and the inguinal 

lymph node (immunisation site).  A23 T cells from these mice were only partially responsive 

to in vitro re-stimulation, suggesting a role for anergy in tolerization of activated 

gastritogenic T cells. The level of unresponsiveness of the transferred A23 T cells was further 

reduced in IEβ transgenic mice which present higher levels of endogenous H
+
/K

+
 ATPase 

antigen in the paragastric lymph node.  IEβ transgenic mice adoptively transferred with A23 

T cells subsequently develop autoimmune gastritis following immunisation. Therefore, we 

suggest that anergy is a key mechanism by which activated gastritogenic T cells can be 

tolerized, even after inflammatory activation, and the efficiency of anergy is dependent on the 

level of endogenous self-antigen presentation by DCs. 

  

Immunisation of wild-type mice with gastric H/K peptide did not readily induce 

autoimmune gastritis. Of the 20 wild-type mice immunised with 10 µg of HKα630-641 peptide 

throughout this study, only 1 developed any significant pathology (histology score of 3 or 

more), an incidence of 5%.  The only DC which present the gastric H
+
/K

+
-ATPase eptiopes 
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are the migratory DC of the local draining lymph node of the stomach, the paragastric lymph 

node [28].  These DC are tolerogenic [26, 27] , have a semi-mature phenotype and are 

resistant to further activation [28].   The presentation of the gastric H
+
/K

+
-ATPase in the 

paragastric lymph nodes has been shown to lead to clonal deletion of pathogenic H/K-

specific T cells.  As immunisation of wild-type mice does not induce autoimmune gastritis, 

and that tolerance/anergy is maintained in the paragastric LN following immunisation at a 

distant site, we can conclude that activated T cells can be tolerized by the DC of the 

paragastric LN.  Unimmunised IE mice do not spontaneously develop autoimmune gastritis 

nor develop disease after transfer of 2x 10
6
 A23 T cells, hence under non-inflammatory 

conditions the DC of the paragastric LN, presenting elevated levels of H/K, are also able to 

effectively tolerize these gastritogenic T cells.   On the other hand, 50% of immunised IEβ 

transgenic mice developed gastritis, highlighting an important role for immunising antigen in 

the induction of autoimmune gastritis in this model.  

 

Tolerance to the gastric H
+
/K

+
 ATPase has been extensively investigated. Peripheral deletion 

of H/K-specific CD4+ T cells and suppression by  regulatory T (Treg) cells are thought to 

be the predominant tolerance mechanisms which maintain gastric tolerance [26, 35].  

Deletion of highly pathogenic gastritogenic T cells has been demonstrated in “parking 

experiments” where the pathogenicity of gastritogenic T cells could be significantly reduced 

after exposure to endogenous antigen in vivo [26].  Furthermore, Treg cells could more 

effectively suppress the activity of the remaining “less pathogenic” gastritogenic T cells in 

lymphopenic hosts that recognise gastric antigens with low-affinity or low abundance [26, 

36]. However, all of these studies employed models of partial or complete lymphopenia to 

assess the pathogenicity of gastritogenic T cells.  Anergy can be circumvented by 
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lymphopenic conditions due to TCR independent homeostatic proliferation of self-reactive T 

cells [37] thus the contribution of anergy to the prevention of autoimmune gastritis may have 

been overlooked.  Our study implicates anergy as an important mechanism for tolerizing 

gastritogenic T cells against the gastric H
+
/K

+
 ATPase. Unresponsiveness or anergy of the 

A23 T cells may also represent an intermediate state prior to clonal deletion [8].  Conditions 

which promote anergy [38, 39] also favour pTreg-cell induction [40, 41].  However, as very 

few A23 T cells were detected in wild type mice by >20 days after transfer it was very 

difficult to compare pTreg induction. 

 

Endogenous antigen presentation appears to be a critical factor in the balance between 

tolerance and immunity in response to immunising antigen.  IEβ transgenic mice, which we 

showed present endogenous H
+
/K

+
 ATPase antigen at an increased density in the paragastric 

lymph node compared with wild-type mice, succumb to autoimmune gastritis following 

immunisation. The increased presentation of HK by the paragastric DCs from IEβ 

transgenic mice is probably due to a combination of the exogenous uptake of parietal cell 

membranes bearing the H
+
/K

+
 ATPase antigen by migratory DC coupled with the transgenic 

expression of H/K-subunit to facilitiate exit of the H/K from the ER transport of the 

MHCII loading compartment [23, 33].   A reduction in A23 T cell anergy in immunised IEβ 

transgenic mice compared to wild-type mice was also associated with an increase in the 

number of A23 T cells detected in lymph nodes 8 weeks after immunisation.  Based on these 

findings we propose the following scenario:  Naïve A23 T cells become activated by the 

immunising antigen in the inguinal lymph node and these activated A23 T cells then migrate 

to the paragastric lymph node and encounter tolerogenic DC presenting the endogenous 

H/K.  Interaction with the tolerogenic DC induces anergy in wildtype mice (Fig. 6A) but not 

in IEβ transgenic mice where there is a higher level of endogenous presentation of H/K  
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(Fig. 6B).  Activated A23 T cells in IEβ transgenic mice following immunisation would then 

migrate into the gastric mucosa and initiate chronic autoimmune gastritis whereas an 

insufficient number of activated A23 T cells would persist in wild-type mice to cause disease.  

Although we have not formally shown that the migratory DC are the DC subset responsible 

for enhanced stimulation of A23 T cells in the paragastric lymph nodes of IEβ transgenic 

mice, we think it is unlikely resident DC contribute given that resident DC from non-gastric 

lymph nodes are unable to stimulate A23 hybridoma T cells.  

 

It is worth noting that the gastric H/K ATPase will not be active in non-gastric cells even if 

both  and  subunits are expressed.  The activity of the H/K ATPase as a proton pump 

requires the co-ordinated action of a K channel [42], and the K channel co-ordinated with the 

gastric H/K ATPase, namely KCNQ1/KCNE2, has a very restricted tissue distribution and 

has not been detected in immune cells [43].  Hence in the absence of this K channel the 

ATPase  heterodimer is functionally inactive and the APC in IEβ mice would not have a 

perturbation in ion exchange.    

 

The results presented here clearly indicate that even small changes in the level of antigen 

presented in vivo can have major consequences on the maintenance of tolerance.  An increase 

in the endogenous HKα epitope density is associated with a reduced ability of activated 

gastritogenic T cells to be tolerized in the paragastric lymph node rendering recipient mice 

susceptible to immunisation induced autoimmune gastritis.  Further work is required to 

formally show that that the reversal of T cell anergy in IE mice is indeed a direct 

consequence of elevated gastric antigen presentation.   Nonetheless, these findings have 

implications for tolerogenic DC therapies [40, 44] as the effectiveness of tolerogenic DCs in 

establishing tolerance is likely to be affected by the level of antigen presented.  
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Materials and methods 

Animals 

BALB/c mice were obtained from the Bio21 animal facility. H
+
/K

+
 ATPase  subunit-

deficient mice (HK
 -/-

) have been described previously [45] as have IE-H
+
/K

+
  subunit 

mice (IE) [32].
 
 A23.HK

 -/-
 mice were generated by crossing HK

 -/-
 mice with A23 TCR 

transgenic mice [31].
 
 Congenic Thy1.1 (CD90.1) mice were obtained from the Bio21 animal 

facility and intercrossed with A23.HK
 -/-

 mice to generate A23.HK
 -/-

.Thy1.1
+/+

 mice. All 

animals were housed under conventional clean conditions at the Bio21 animal facility, 

Parkville, Victoria, Australia. All experiments were performed with approval of the 

University of Melbourne Ethics Committee. 

 

CD4
+
 T-cell isolation 

Naïve A23 T cells were obtained by pooling cervical, axillary, brachial, inguinal, mesenteric, 

pancreatic and paragastric lymph nodes from A23.Thy1.1
+/+

.HK
 -/-

 mice. Single cell 

suspensions were prepared by passing lymph nodes through a nylon wire mesh.  Single cell 

suspensions were enriched for CD4 T cells by incubating cells with anti-B220 and anti-CD8 

antibodies. The cells were washed and incubated with magnetic beads (Dynal) at 4 beads/cell.  

B cells and CD8 T cells were depleted using magnetic separation. The resultant CD4 

enriched suspension was obtained to a purity of >70%. 

 

Adoptive transfers and immunisations 
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Mice were intravenously administered 2 x 10
6
 naïve A23.Thy1.1

+
CD4

+
 T cells followed by 

immunisation on the same day. Mice were immunised with a subcutaneous injection of 50 µL 

of Freund’s complete Adjuvant (adjuvant) or 50 µL of PBS as controls on the ventral iliac 

region of the abdomen. Test mice were immunised with 10 µg HK630-641 peptide antigen in 

50 µL of adjuvant. 

 

LacZ presentation assay 

A23-LacZ T cell hybridoma cells (5 x 10
4
) were co-cultured overnight in 96 well flat bottom 

plates with 1 x 10
5
 unfractionated antigen presenting cells or 4 x 10

5
 CD11c

+
 enriched 

antigen presenting cells in 200 µL complete DMEM supplemented with 50 µM HAT at 37 
o
C 

in a humidified 10% CO2 atmosphere. The next day, the cells were washed with 200 µL of 

sterile PBS and fixed in 100 µL of fixative solution (1% paraformaldehyde and 0.2% 

gluteraldehyde in PBS) for 5 min at 4 
o
C. The cells were then washed with 200 µL 1 x PBS 

supplemented with 2 mM MgCl2. The fixed cells were incubated for 8-12 h with 50 µL of X-

gal solution (5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6], 2 mM MgCl2 and 1 mg/mL X-gal in 1 

x PBS) at 37 
o
C.  The number of blue cells was then counted using a light microscope. 

 

 

CFSE labelling 

Single cell suspensions of unfractionated lymph node cells or CD4
+
 T cell enriched 

suspensions were resuspended in pre-warmed PBS/0.1%BSA/2 mM EDTA at 5 x 10
6
 

cells/mL.  CFSE (5 mM) was added immediately to the cell suspension while simultaneously 

vortexing, giving a final concentration of 5 µM CFSE and incubated at 37 
o
C for 10 min with 

gentle mixing every minute. The CFSE was quenched by washing the cells twice with 50 mL 
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of complete RPMI. Labelled cells were counted and resuspended in PBS for in vivo 

administration or complete RPMI for in vitro proliferation assays. 

 

 

 

Assessment of severity of autoimmune gastritis  

Stomachs from sacrificed recipient mice were cut along the lesser curvature, washed with 

PBS and fixed in 10% formalin/phosphate buffer (v/v) solution for at least at 24 h. Tissues 

were processed in an automated Hypercentre II (Shandon, USA) and embedded in paraffin 

wax. Wax blocks were cooled to -20 
o
C and 4 µm sections were cut using a microtome (Leica 

Microsystems, Wetzlar, Germany). Sections were mounted onto frosted end microscope 

slides for haematoxylin and eosin staining and baked at 55 
o
C for a minimum of 2 h. Gastric 

autoimmunity was scored on a scale of 0-6 according to the extent of mononuclear cell 

infiltration and the destruction of parietal and zymogenic cells in the gastric mucosa 

described in [26].  Briefly: Score 0 describes normal stomach mucosa with no inflammation. 

Score 1 shows mild mononuclear cell infiltration into the submucosa of the stomach. Score 2 

displays similar mononuclear cell infiltration in addition to focal aggregates. Score 3 shows 

mononuclear cell infiltration, focal aggregates and depletion of zymogenic cells. Score 4 

displays complete loss of zymogenic cells and low level mucosal hyperplasia. Score 5 shows 

depletion of parietal cells in addition to loss of zymogenic cells, increased hyperplasia and 

accumulation of immature mucous rich cells. Score 6 displays extensive loss of parietal cells, 

pronounced hyperplasia where the tissue is dominated by immature mucous rich cells. 

 

 



 

 

 
This article is protected by copyright. All rights reserved. 

 

24 

Flow cytometry 

Cells of interest were labelled with appropriate antibody cocktails for 20 min at 4
o
C. 

Transferred A23.Thy1.1
+
CD4

+
 T cells were identified by staining single cell suspensions of 

lymph nodes with  anti-Thy1.1 (clone OX-7), anti-CD4Ab (GK1.5). Antigen presenting cells 

were identified by staining cell suspensions from digested lymph nodes with anti-MHC II I-

A/I-E (clone 2G9) and anti-CD11c (clone HL3). Antigen presenting cell phenotype was 

analysed using anti-CD86 (clone B7.2) and anti-CD40 (clone 3/23). All antibodies were 

purchased from BD Biosciences except anti-CD86 which was purchased from eBioscience. 

After incubation the cells were washed and resuspended at 1 x10
6
 cells/mL PBS/0.1% BSA/ 

2 mM EDTA and analysed using a FACSort flow cytometer (BD Biosciences, San Diego) or 

Cyan (Beckman Coulter) flow cytometer. Viable lymphocytes were gated according to 

forward and side scatter profiles. Analysis was performed using Summit or CellQuest 

software. 

 

DC isolation 

Cell suspensions containing dendritic cells were prepared by digesting lymphoid tissue in 3 

mL digestion buffer (0.1% collagenase II, 0.1% DNAse I in RPMI supplemented with 3% 

FCS) per organ for 20 min at room temperature. The reaction was stopped with 300 µL of 0.1 

M EDTA. Cell suspensions were then washed with 7 mL of RPMI supplemented with 3% 

FCS (3% RPMI) followed by a second wash with 10 mL 3% RPMI and resuspended in 1-3 

mL of 3% RPMI. 

 

To enrich for dendritic cells, 1-3 mL of cell suspension was carefully layered over 3 mL of 

Nycodenz (ρ =1.076 g/mL for spleen samples and ρ = 1.064 g/mL for lymph nodes). FCS (1 

mL) was layered over the top of the sample which was then centrifuged at 1700 g for 15 min 
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at 4
o
C with the acceleration set to 8 and the break set to 1. The top layer containing dendritic 

cells was collected and washed to remove residual Nycodenz by the addition of 10 mL 3% 

RPMI followed by centrifugation.  

 

CD11c
+
 enriched cells were prepared by incubating dendritic cell enriched suspensions with 

anti-CD11c antibodies. The cells were washed and incubated with anti-PE antibody coated 

magnetic beads (Miltenyi) at 4 beads/cell. The samples were then positively selected using 

AutoMACS (Miltenyi) for CD11c
+
 cells to a purity of >85%. 

 

Anergy assessment 

BALB/c, IEβ and HKα
-/-

 mice were administered 2 x 10
6
 naive A23.Thy1.1

+
CD4

+
 T cells 

intravenously and subcutaneously immunised with 50 µL adjuvant or 10 µg HKα630-641 

peptide antigen in adjuvant. After 7 days, mice were sacrificed by CO2 asphyxiation, the 

PgLN removed and single cell suspensions prepared by passing the lymph node through a 

nylon mesh. Unfractionated PgLN cells were CFSE labelled and resuspended in 1 mL 

complete RPMI and co-cultured with 5 x 10
5
 irradiated splenocytes in complete RPMI. A23 

responder T cells were stimulated in the presence of 10 µg/mL HKα630-641 peptide and 

incubated at 37 
o
C in a humidified incubator with 10 % CO2 for 4 days. The cells were 

harvested and analysed by flow cytometry for CFSE dilution. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5.0. Comparison of two groups was 

performed using a two-tailed Mann-Whitney U test. P values >0.05 were considered not 

significant. 
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 Figure legends 

 

Figure 1.  Survival and pathogenicity of A23 T cells transferred into immunised 

BALB/c mice.  

A) Schematic of experimental procedure for the immunisation of recipient mice. Naïve 

Thy1.1
+/+

 CD4
+
 T cells (either unlabelled or CSFE labelled) were intravenously transferred 

into Thy1.2
+/+

 recipient mice. On the same day, recipients were immunised subcutaneously 

with immunogen. Control mice were treated with PBS or adjuvant alone. Test mice were 

immunised with adjuvant containing HKα630-641 peptide. Recipients were then analysed at day 

4, 7 and 8 weeks after transfer to assess (B-D) A23 T-cell proliferation, anergy and survival 

by flow cytometry and (E) pathogenicity. B) Gating strategy for the identification of 

transferred A23 T cells (upper panel). The box indicates transferred A23.Thy1.1
+
 cells. Also 

shown are representative histograms (lower panels) of CSFE dilution of A23 T cells from 

paragastric lymph node (PgLN) and inguinal lymph node (IgLN) of wild-type mice 

immunised with adjuvant alone (unfilled) or HKα630-641 peptide in adjuvant (solid grey).  (C, 

D) Number of A23.Thy1.1
+
 T cells detected in the PgLN (C) and IgLN (D) after 8 weeks. E) 

Quantitation of gastritis severity in recipient mice 8 weeks after transfer and immunisation. 

Histological analysis of H&E stained stomach sections were scored for gastritis severity 

according to the guidelines
 
[26] by an independent researcher. Horizontal bars indicate the 

mean. Data shown is pooled from three independent experiments with at least 4 mice per 

group per experiment. Each circle represents a single mouse. Statistical significance was 

determined using Mann Whitney U test, NS = not significant. 
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Figure 2.  Analysis of HKα subunit presentation and phenotypic analysis of antigen 

presenting cells from IEβ and BALB/c mice.  

A) Presentation of HKα subunit epitopes to A23.LacZ hybridoma T cells.  A23.LacZ 

hybridoma T cells were co-cultured overnight with unfractionated cells from digested 

paragastric (PgLN), mesenteric (MLN) lymph nodes or CD11c enriched MLN from IE mice 

(squares) or BALB/c mice (circles).  Cells were analysed for -galactosidase activity. Blue 

cells were counted using a light microscope. Each data point is the average value of a sample 

from a single mouse analysed in triplicate. Statistical significance was determined using a 

two-tailed Mann-Whitney U test where * = P value <0.05. Horizontal bars indicate the mean. 

Data is pooled from three independent experiments. B) Expression of MHC II, CD86 and 

CD40 by different antigen presenting cell subsets in IEβ (red line) and BALB/c (grey trace) 

mice was determined by flow cytometry. MLNs were digested to release dendritic cells and 

subjected to density centrifugation to enrich for antigen presenting cells. Gating strategy for 

the identification of resident DCs, migratory DCs and B cells.  C) Quantitation of MHC II 

mean fluorescence intensity (MFI) on the surface of antigen presenting cell subsets of IE 

(squares) and BALB/c mice (circles). D) Percentage of resident and migratory dendritic cells 

within MLN of IE (squares) and BALB/c mice (circles).  For C and D each circle/square 

represents an individual mouse.  Horizontal bars indicate the mean.  Data shown in A (PgLN) 

and D is pooled from two independent experiments with at least 3 mice per experiment. 
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Figure 3.  Comparison of A23 T-cell survival and gastritis induction in immunised 

IEβ and BALB/c recipients.  

BALB/c and IEβ mice were treated as described in Figure 1A and analysed 8 weeks after 

transfer for  (A,B) number of A23.Thy1.1
+
 T cells by flow cytometry and (C) gastritis 

severity. A) Number of A23.Thy1.1
+
 T cells detected in the paragastric lymph node (PgLN) 

of IEβ recipients (squares) and BALB/c recipients (circles). B) Number of A23.Thy1.1
+
 T 

cells detected in the inguinal lymph node (IgLN). C) Quantitation of gastritis severity. 

Histological analysis of H&E stained stomach sections were scored for gastritis severity 

according to the guidelines
 
[26]  by an independent researcher. Statistical significance was 

determined using a two-tailed Mann-Whitney U test where ** = P value <0.01, * = P value 

<0.05. NS (not significant) = P value >0.05. Horizontal bars indicate the mean. Data is 

pooled from three independent experiments with at least 3 mice per group per experiment 

where each dot represents an individual mouse.  
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Figure 4. Proliferation of A23 T cells in vivo.  

BALB/c and IEβ mice were treated as described in Figure 1A and analysed 8 weeks after 

transfer. After 4 days the paragastric (PgLN) and inguinal lymph nodes (IgLN) were analysed 

for CFSE dilution by flow cytometry. A) Gating strategy for A23 T-cell identification. 

Representative histograms of CFSE dilution by A23 T cells in the PgLN and IgLN of IEβ 

transgenic (red line) and BALB/c recipients (grey fill). B) Number of A23 T cells that have 

undergone more than one cell division in the PgLN and IgLN, as indicated, of IEβ transgenic 

(squares) or BALB/c mice (circles). The data are pooled from three independent experiments 

with at last 3 mice per group per experiment. Each circle/square represents a single mouse. 

Horizontal bars indicate the mean. Statistical significance was determined using a Mann 

Whitney U test where ** = P value <0.01, * = P value <0.05. 
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Figure 5.  Analysis of A23 T-cell anergy in vivo.  

Anergy was assessed by transferring A23.Thy1.1
+
 T cells into IEβ transgenic (squares), 

BALB/c (circles) and HKα
-/-

 mice (triangles).  Recipients were immunised with HKα630-641 

peptide emulsified in adjuvant or adjuvant alone.  After 7 days, the PgLN was harvested. 

Unfractionated cell suspensions were prepared, labelled with CFSE and restimulated in vitro 

with HKα630-641. A) Gating strategy for identification of transferred A23 T cells. Histograms 

show representative CFSE dilution from all groups.  Numbers in the plot indicate the 

percentage A23 T cells in the divided peaks. B) Quantitation of CFSE dilution among A23 T 

cells transferred into immunised recipients. Statistical significance between groups was 

determined using a two-tailed Mann-Whitney U test. A one sample t test used to determine 

whether group means significantly differed from 66 (mean value of naïve A23 T cell 

responsiveness, as indicated by the dashed line) where *** = P value <0.001, ** = P value 

<0.01, * = P value <0.05. Each dot represents a single mouse. Data is pooled from three 

independent experiments with at least 3 mice per group in each experiment. Horizontal bars 

indicate the mean. 
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Figure 6. Model of A23 T-cell tolerance following immunisation with autoantigen.  

A) In BALB/c mice, naive (pink) A23 T cells encounter HKα630-641 peptide antigen presented 

by immunogenic DCs in the inguinal lymph node (IgLN) and become activated (shown in 

green). These cells migrate to the paragastric lymph node (PgLN) and encounter HKα subunit 

derived epitopes presented by tolerogenic DCs where most become unresponsive (shown in 

blue), preventing the development of autoimmune gastritis in BALB/c mice following 

immunisation. B) In IEβ transgenic mice, transferred A23 T cells also become activated in 

the inguinal lymph node upon recognition of HKα peptide antigen presented by immunogenic 

DCs. However, recirculating activated A23 T cells encountering increased levels of HKα 

presentation in the paragastric lymph node of IE mice remain responsive.  These activated 

A23 T cells migrate to the stomach and cause autoimmune gastritis. 
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