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 INTRODUCTION 
 Since the discovery that subsets of CD4     +      T cells prevent 

autoimmune disease development, 1  immunosuppression by 

CD4     +      regulatory T cells (Tregs) has been identified as a critical 

mechanism controlling self-reactivity. A number of Treg sub-

sets have been described, including thymically derived  “ natural ”  

Treg 2  and a variety of peripherally induced subsets. 3,4  Although 

originally characterized by expression of CD25, 1  natural Tregs 

are more specifically identified by expression of Forkhead 

box P3 (Foxp3). 5,6  Foxp3 is uniquely expressed by murine  �  �  

T-cell receptor (TCR)-expressing CD4     +      T cells with suppres-

sive activity, 7  and confers suppressive activity to CD4     +     CD25     −      

T cells. 6  Transforming growth factor- �  1  (TGF- �  1 ) induces 

 de novo  Foxp3 expression in human 8,9  and murine CD4     +     CD25     −      

T cells  in vitro . 10  Tregs can be generated during infection with 

many pathogens, potentially limiting immunopathology. 11  The 

mechanisms by which Treg responses are stimulated by patho-

gens are not clear, and harnessing these, particularly at mucosal 

sites, is an attractive treatment option for a variety of immuno-

pathologies. 

 Treatment with pathogens has inherent dangers, and the 

identification of specific pathogen-derived factors responsible 

for inducing mucosal Treg responses is advantageous. One 

such molecule that has this effect when applied mucosally is 

the  Escherichia coli  heat-labile enterotoxin B subunit (EtxB), a 

non-toxic derivative of the  E. coli  heat-labile enterotoxin (Etx), 

the cause of travelers ’  diarrhea and a close relative of cholera 

toxin (Ctx). In the non-obese diabetic mouse model of type 1 

diabetes (T1D), intranasal (i.n.) administration of EtxB alone 

prevented diabetes development. 12  Similarly, intragastric or 

i.n. administration of EtxB was sufficient to prevent collagen-

induced arthritis (CIA) development. 13  EtxB-induced protec-

tion was not associated with a T H 2 shift, determined by type 

II collagen (CII)-specific T-cell cytokine production and IgG 

isotype profiles. Furthermore, protection from CIA and T1D 

development was transferable with splenic CD4     +      T cells, sug-

gesting modulation of Tregs. 

 Etx is a heterooligomeric complex composed of an enzymatic 

A subunit and five identical B subunits. 14  The B subunit medi-

ates cellular entry via binding to G M1  ganglioside, which is ubi-

quitously expressed by all somatic cells, whereas the A subunit 

is responsible for toxicity. 15,16  Recombinant EtxB retains many 

of the properties of the Etx and is a potent immunomodulator in 

its own right, with a variety of effects on cells  in vitro , including 
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polyclonal B-cell activation, 17  induction of CD8     +      T-cell apop-

tosis, 18  inhibition of CD4     +      T cell proliferation, 19  and modula-

tion of monocyte function. 20  These functions are dependent on 

receptor binding as EtxB(G33D), a mutant containing a single 

amino acid substitution that disrupts receptor binding, was 

unable to mediate these effects. 

 In order to determine the mechanism by which EtxB modu-

lates Tregs at mucosal sites, a variety of parameters, including 

the distribution of EtxB following i.n. treatment, the effect of 

EtxB treatment on cytokine expression, and the effect of EtxB 

treatment on Foxp3 expression, have been investigated  in vivo . 

The effect of EtxB on Foxp3 expression within antigen-specific 

CD4     +      T cells and how blocking antibodies against immunoreg-

ulatory cytokines affect the outcome of EtxB treatment was also 

investigated.   

 RESULTS  
 Distribution of EtxB following i.n. administration 
 Mucosal administration of EtxB modulates T-cell responses to 

unrelated antigens; 12,13  however, the site where this occurs is 

unknown. In initial experiments, the distribution of EtxB and 

the non-receptor binding mutant, EtxB(G33D), following i.n. 

delivery on four consecutive days was determined using immu-

nohistochemistry. Nasal-associated lymphoid tissue (NALT), 

cervical lymph nodes (CLNs), and spleen were removed on days 

1 and 4 following treatment, paraffin-embedded, and stained 

for EtxB or EtxB(G33D) using a cross-reactive polyclonal anti-

cholera toxin antibody. EtxB was detected in the NALT, CLNs, 

and spleen after EtxB treatment ( Figure 1 ). EtxB was primarily 

found in the epithelial layer of the NALT; however, discrete cells 

were also observed within the NALT. EtxB     +      cells were scattered 

throughout the CLNs, and were mainly located adjacent to white 

pulp areas of the spleen. The area of positive staining in each 

sample was calculated and expressed as a percentage of the total 

area. As would be expected, most EtxB was found in the NALT, 

the site closest to administration, which contained 6-fold and 

40-fold more staining than in the CLNs and spleen, respectively. 

In the NALT (including epithelial cell layer) and CLN, levels 

of EtxB staining were maximal on day 1 and remained above 

background levels on day 4. In contrast, the level of EtxB stain-

ing in the spleen on day 1 returned to background levels by 

day 4. No EtxB(G33D) was found in any of the tissues tested, 

highlighting the critical role of receptor binding in the uptake 

and trafficking process. 

 In order to determine which cells bound EtxB, mice were 

treated i.n. with Alexa 647 (Invitrogen, Paisley, UK)-labeled 

EtxB on four consecutive days, and the phenotypes of Alexa 

647-labeled EtxB     +      cells in the CLN and spleen analyzed by flow 

cytometry. Unlabeled EtxB-treated mice were used as controls. 

A small population of Alexa 647     +      cells were detectable in the 

CLNs and spleen ( Figure 2a ). Very few Alexa 647     +      cells were 

observed within the CD4     +      and B220     +      cell populations of 

  Figure 1             Distribution of  Escherichia coli  heat-labile enterotoxin B subunit (EtxB) and EtxB(G33D) following intranasal (i.n.) administration. Mice were 
treated with EtxB or EtxB (G33D) on four consecutive days. On days 1 and 4 post-treatment, nasal-associated lymphoid tissue (NALT), cervical lymph 
nodes (CLNs), and spleen were removed and embedded in paraffin wax. Sections were then stained for EtxB / EtxB(G33D) (shown as brown staining) 
and counterstained with hematoxylin (blue staining). Tissue sections shown are representative of day 1 post-treatment. The positive stained area in 
each section from EtxB-treated (white bars) or EtxB(G33D)-treated (black bars) mice was calculated by measuring the stained area (including the NALT 
epithelium) and expressing this as a percentage of the total area ( n     =    3). Untreated mice were used as controls. Significant differences with the untreated 
control were determined using a one-way analysis of variance (ANOVA) with Tukey ’ s  post hoc  test. Error bars represent s.e.m.,  *  P     <    0.05,  *  *  P     <    0.01.  
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     Figure 2             Phenotype of  Escherichia coli  heat-labile enterotoxin B subunit (EtxB)-positive cells in lymphoid tissues and peripheral blood. Mice were 
treated with Alexa 647-labeled EtxB on four consecutive days. On day 1 post-treatment, cervical lymph nodes (CLNs) and spleen were removed and 
enzymatically digested. The resultant cell suspensions were stained with a panel of antibodies specific for lineage markers and analyzed by flow cytometry. 
( a ) Representative plots of Alexa 647-labeled EtxB     +      and lineage marker     +      cells from the CLNs and spleen of mice treated with labeled or unlabeled EtxB. 
( b ) The frequency of Alexa 647-labeled EtxB     +      cells within each cell subset was then determined ( n     =    3). Peripheral blood was also removed at various time 
points following Alexa 647-labeled EtxB treatment and the peripheral blood mononuclear cells (PBMCs) isolated, and analyzed by flow cytometry for the 
( c ) presence of Alexa 647-labeled EtxB     +      cells ( n     =    6) and ( d ) stained with a panel of antibodies specific for lineage markers ( n     =    6). Error bars represent s.e.m.  
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the CLNs ( Figure 2b ), whereas 1.4 ± 0.3 %  of the CD11b     +      and 

1.7 ± 0.5 %  of the CD11c     +      cell populations were Alexa 647     +     . The 

spleen contained lower proportions of Alexa 647     +      cells, with the 

highest proportions in CD11b     +      and CD4     +      cells; however, these 

were still lower than in the CLNs. 

 The presence of EtxB in non-mucosal sites could reflect trans-

port of free EtxB or the migration of cells that acquired it at 

the delivery site. Free EtxB was undetectable in serum using a 

highly sensitive enzyme-linked immunosorbent assay (data not 

shown). Therefore, the presence of EtxB on peripheral blood 

mononuclear cells was investigated. Following treatment with 

labeled EtxB, Alexa 647     +      cells were observed in the blood at all 

time points studied ( Figure 2c ), with the predominant popula-

tion being CD11b     +      ( Figure 2d ).   

 The effect of EtxB on immunoregulatory cytokine expression 
 Both interleukin-10 (IL-10) and TGF- �  1  have roles in modulat-

ing the number of Tregs. 10,21,22  As EtxB was found in the NALT, 

CLNs, and spleen, expression of IL-10 and TGF- �  1  mRNAs in 

these lymphoid organs was investigated following treatment. 

mRNAs were isolated from pooled NALT, CLNs, and spleens of 

EtxB-treated mice on days 1 and 6 following treatment, and the 

relative expression levels of IL-10 and TGF- �  1  mRNAs deter-

mined by PCR ( Figure 3a and b    ). EtxB treatment increased 

the level of IL-10 mRNA in the NALT, CLNs, and spleen, and 

induced a transient increase in TGF- �  1  mRNA in the same 

tissues. Densitometric analysis of the relative expression lev-

els revealed that the increase in IL-10 mRNA was significant 

on day 1 post-treatment in all three organs tested, and that the 

increase in TGF- �  1  mRNA was significant on days 1 and 6 in 

the NALT and day 1 in the CLNs ( Figure 3b ). The mean of two 

independent samples also suggested that TGF- �  1  mRNA was 

also increased in spleen. 

 Confirmation of the ability of EtxB to stimulate regulatory 

cytokine production came from studies of NALT, CLN, and 

spleen tissue sections from EtxB- and EtxB(G33D)-treated mice. 

EtxB treatment clearly upregulated IL-10 and TGF- �  1  expression 

in the NALT, particularly in the epithelium ( Figure 4a and b    ). 

An increase was also noted in the CLNs and spleen. Image analy-

sis revealed that the NALT had much higher positive stained 

area than the CLNs (3-fold and 12-fold higher for IL-10 and 

TGF- �  1 , respectively) or spleen (6-fold and 40-fold higher for 

IL-10 and TGF- �  1 , respectively) because of its proximity to the 

site of administration. In the NALT and the overlying epithelium, 

this increase in IL-10 and TGF- �  1  was significant on day 1 post-

treatment. Unlike in the NALT, IL-10 expression in the CLNs and 

spleen increased on day 1 and continued to increase by day 4, at 

which point it reached significance. TGF- �  1  expression was also 

increased in the CLNs on days 1 and 4, whereas in the spleen, 

a significant increase was only observed on day 1, paralleling 

expression in the NALT. EtxB(G33D) did not induce an increase 

in IL-10 or TGF- �  1  expression in any tissue tested. The presence 

of regulatory cytokines  per se  does not indicate that the environ-

ment is one that would stimulate Treg cell induction, and thus the 

expression of interferon- �  was also investigated by immunohisto-

chemistry. No concomitant increase in interferon- �  was observed 

after EtxB treatment ( Supplementary Figure S1  online). 

 In order to identify which cell types expressed IL-10 and 

TGF- �  1  following EtxB treatment, subsets of cells from the CLNs 

of untreated and EtxB-treated mice were purified using magnetic-

activated cell sorting prior to mRNA isolation. No increase in 

IL-10 or TGF- �  1  mRNA expression was observed in CD4     +      or 

B220     +      cell populations of the CLNs; however, a clear increase in 

IL-10 and TGF- �  1  mRNA expression was observed within the CD11b     +      

cell population ( Figure 5a ). Densitometric analysis confirmed that 

the increase was significant for both cytokines ( Figure 5b ).   

   Figure 3             The effect of intranasal (i.n.)  Escherichia coli  heat-labile enterotoxin B subunit (EtxB) treatment on interleukin-10 (IL-10) and transforming 
growth factor- �  1  (TGF- �  1 ) mRNA expression in local and distant lymphoid organs. Mice were treated with EtxB on four consecutive days. mRNA was 
extracted from pooled nasal-associated lymphoid tissue (NALT; 10 mice), cervical lymph nodes (CLNs; 4 mice), and spleen (3 mice) removed on days 
1 and 6 post-treatment. The expression of IL-10 and TGF- �  1  mRNA was analyzed by reverse transcriptase-PCR (RT-PCR), with expression of HPRT 
mRNA as a control. Untreated mice (U) were included for comparison. ( a ) Representative PCR gel images of IL-10 and TGF- β 1 mRNA expression. 
( b ) PCR gel images were subjected to densitometry analysis and the relative expression levels calculated by comparison with HPRT expression 
( n     >    3 for all experiments except those marked with  #  indicating the mean of two independent experiments). Significant differences with the untreated 
control were determined using Student ’ s  t-test . Error bars represent s.e.m.,  *  P     <    0.05,  *  *  P     <    0.01.  
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 EtxB treatment creates a regulatory environment associated 
with Treg cell induction 
 In order to test directly whether EtxB administration was 

associated with increased numbers of Treg cells, a number of 

putative Treg markers were assessed. Initial flow cytometric 

studies failed to identify a difference in the proportion of 

CD4     +      T cells expressing CD25 or glucocorticoid-induced 

TNFR-related protein following EtxB treatment (data not 

shown). As neither of these fully encompasses the whole 

Treg population, expression of Foxp3 mRNA was also 

investigated in NALT, CLNs, and spleen from EtxB-treated and 

untreated mice ( Figure 6a ). Densitometric analysis revealed 

  Figure 4             The effect of intranasal (i.n.)  Escherichia coli  heat-labile enterotoxin B subunit (EtxB) treatment on interleukin-10 (IL-10) and transforming 
growth factor- �  1  (TGF- �  1 ) protein expression in local and distant lymphoid organs. Nasal-associated lymphoid tissue (NALT), cervical lymph nodes 
(CLNs), and spleen were removed from EtxB and EtxB (G33D)-treated mice on days 1 and 4 post-treatment and embedded in paraffin wax. Sections 
of each tissue were stained for ( a ) IL-10 or ( b ) TGF- �  1  (brown staining) and counterstained with hematoxylin (blue staining). Tissue sections shown are 
representative of day 1 post-treatment. The positive stained area in each section was calculated by measuring the stained area (including the NALT 
epithelium) and expressing this as a percentage of the total area ( n     =    3). Untreated mice were used as controls. Significant differences with the untreated 
control were determined using a one-way analysis of variance (ANOVA) with Tukey ’ s  post hoc  test. Error bars represent s.e.m.,  *  P     <    0.05,  *  *  P     <    0.01.  
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that EtxB treatment induced a significant increase in Foxp3 

mRNA expression in the CLNs and spleen on day one post-

treatment ( Figure 6b ). The mean of two independent samples 

indicated that an increase was also observed within NALT. A 

significant increase was also observed in the spleen up to 25 days 

post-treatment ( Supplementary Figure S2  online). Foxp3 mRNA 

expression was then investigated in FACS (fluorescence-activated 

cell sorting)-sorted splenic CD4     +     CD25     +      and CD4     +     CD25     −      pop-

ulations following EtxB treatment ( Figure 6c ). Densitometric 

analysis of two independent samples showed no difference in 

Foxp3 mRNA expression in the CD4     +     CD25     +      T-cell population, 

whereas an increase was observed in the CD4     +     CD25     −      T-cell 

   Figure 5             Expression of interleukin-10 (IL-10) and transforming growth factor- �  1  (TGF- �  1 ) in purified subsets from the cervical lymph nodes (CLNs) 
of  Escherichia coli  heat-labile enterotoxin B subunit (EtxB)-treated mice. Mice were treated with EtxB on four consecutive days. Pooled CLNs from 
four mice were removed on day 1 post-treatment and CD4     +     , B220     +     , and CD11b     +      cell subsets purified by magnetic-activated cell sorting (MACS). 
mRNA was extracted from each subset and the expression of IL-10 and TGF- �  1  mRNA was analyzed by reverse transcriptase-PCR (RT-PCR), with 
expression of HPRT mRNA as a control (E). Untreated mice (U) were included for comparison. ( a ) Representative PCR gel images of IL-10 and 
TGF- β 1 mRNA expression. ( b ) PCR gels were subjected to densitometry analysis and the relative expression levels calculated by comparison with 
HPRT expression (B220 and CD4,  n     =    3; CD11b,  n     =    4). Significant differences with the untreated control were determined using Student ’ s  t-test . 
Error bars represent s.e.m.,  *  P     <    0.05.  

    Figure 6             The effect of intranasal (i.n.)  Escherichia coli  heat-labile enterotoxin B subunit (EtxB) treatment on Forkhead box P3 (Foxp3) mRNA 
expression in local and distant lymphoid organs. ( a ) Mice were treated with EtxB for four consecutive days. mRNA was extracted from pooled 
nasal-associated lymphoid tissue (NALT; 10 mice), cervical lymph nodes (CLNs; 4 mice), and spleen (3 mice) removed on days 1 and 6 post-treatment. 
Expression of Foxp3 mRNA was analyzed by reverse transcriptase-PCR (RT-PCR), with expression of HPRT mRNA as a control. Untreated mice (U) 
were included for comparison. Representative results are shown in  a . ( b ) PCR gel images were subjected to densitometry analysis and the relative 
expression levels calculated by comparison with HPRT expression ( n     >    3 for all experiments except those marked with  #  indicating the mean of two 
independent experiments). ( c ) Foxp3 mRNA expression was also analyzed in fluorescence-activated cell sorting (FACS)-sorted splenic CD4     +     CD25     +      
and CD4     +     CD25     −      T cells. ( d ) The mean of two independent experiments. Significant differences with the untreated control were determined using 
Student ’ s  t-test . Error bars represent s.e.m.,  *  P     <    0.05,  *  *  *  P     <    0.001.  
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population, suggesting that this increase was responsible for the 

increase seen in the whole CD4     +      T-cell population. 

 Increased expression of Foxp3 mRNA could result from 

increased CD4     +     Foxp3     +      T cells or increased expression 

of Foxp3 within Foxp3     +      cells. In order to clarify this, the 

proportion of Foxp3     +      cells in the CLNs and spleen follow-

ing phosphate-buffered saline (PBS) or EtxB treatment was 

determined by flow cytometry ( Figure 7a ). EtxB treatment 

induced a slight increase in the proportion of Foxp3-express-

ing CD4     +      T cells in both the CLNs and spleen ( Figure 7b ), 

which, although subtle, was highly reproducible. As was 

found with Foxp3 mRNA, the increased proportion of 

Foxp3-expressing CD4     +      T cells was mainly located in the 

CD25     −      fraction, where significant increases were observed 

in both tissues.   

 Antigen specificity of the increase in Foxp3-expressing 
CD4     +      T cells 
 In inflammatory disease models modulated by EtxB, it has been 

given in the context of an inflammatory response to self-antigen, 

such as CII / complete Freund ’ s adjuvant (CFA) challenge in CIA 

and on-going spontaneous islet inflammation in the non-obese 

diabetic mice. 12,13  In defining the mechanism of action, it was 

important to determine whether EtxB treatment was associated 

with the induction of Tregs specific for antigen to which the 

animal was actively responding at that time. In order to do so, 

ovalbumin (OVA) was administered in CFA, replicating the 

process of CIA induction, but in a system where antigen-specific 

CD4     +      T cells from DO11.10 mice, which express a TCR specific 

for OVA peptide, could be studied as a result of having adop-

tively transferred into the recipients. Briefly, splenic DO11.10 

CD4     +      T cells were transferred into BALB / c mice followed by i.n. 

treatment with EtxB or PBS on four consecutive days and OVA /

 CFA challenge on day 1 post-treatment. On day 6, splenocytes 

were removed, stained for CD4, Foxp3, and the DO11.10 TCR 

(KJ1-26), and analyzed by flow cytometry. As expected, OVA /

 CFA challenge induced an overall increase in the proportion of 

the spleen cells that were KJ1.26     +      (data not shown). Importantly, 

EtxB induced a significant increase in the proportion of the 

endogenous CD4     +      T cells that express Foxp3 in both unchal-

lenged and OVA-challenged mice ( Figure 8a ). In the OVA-

specific population, no increase was observed in the absence of 

OVA challenge ( Figure 8b ), and the proportion of Foxp3     +      cells 

was equivalent to pre-transfer levels. However, in mice challenged 

with OVA / CFA and given EtxB, a significant increase in the 

proportion of Foxp3     +     CD4     +      T cells was observed. A similar signi-

ficant increase in the proportion of OVA-specific Foxp3     +     CD4     +      

T cells was observed in the CLNs (data not shown).   

 Effect of IL-10R and TGF- �  blockade on the EtxB-induced 
increase in the proportion of Foxp3-expressing 
OVA-peptide-specific CD4     +      T cells 
 As EtxB induced both IL-10 and TGF- �  1  cytokines that have the 

capacity to modulate Treg numbers, 10,21,22  they may be involved 

in increasing the proportion of Foxp3     +     CD4     +      T cells. In order 

to establish their role, the effect of blocking the IL-10 receptor 

(IL-10R) or TGF- �   in vivo  in the context of EtxB treatment was 

investigated. DO11.10 CD4     +      T cells were adoptively transferred 

into BALB / c mice prior to i.n. treatment with EtxB or PBS on 

four consecutive days. On the third day of treatment, 0.5   mg 

of anti-IL-10R or anti-TGF- � , or an equivalent concentration 

of control IgG, was administered intraperitoneally. On day 1 

post-treatment, mice were challenged with OVA / CFA. On day 

6 post-treatment, splenocytes were removed and analyzed by 

flow cytometry for the presence of CD4, the DO11.10 TCR, 

and Foxp3. EtxB treatment induced a significant increase in the 

proportion of Foxp3     +      OVA-specific CD4     +      T cells following nor-

mal rat ( Figure 9a ) or mouse ( Figure 9b ) IgG administration. 

However, following administration of anti-IL-10R ( Figure 9a ) 
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   Figure 7             The effect of intranasal (i.n.)  Escherichia coli  heat-labile 
enterotoxin B subunit (EtxB) treatment on the proportion of Forkhead box 
P3 (Foxp3)-expressing CD4     +      T cells. Mice were treated with phosphate-
buffered saline (PBS; white bars) or EtxB (hatched bars) on four 
consecutive days. On day 6 post-treatment, cervical lymph nodes (CLNs) 
and spleen were removed, stained for CD4, CD25, and Foxp3, and 
analyzed by flow cytometry. ( a ) Representative fluorescence-activated 
cell sorting (FACS) plots from EtxB and PBS treated mice. From this the 
proportion of ( b ) CD4     +      and ( c ) CD4     +     CD25     −      T cells that express Foxp3 
was determined ( n     =    6). Results are representative of three separate 
experiments. Significant differences were determined using Student ’ s 
 t-test . Error bars represent s.e.m.,  *  P     <    0.05.  
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or anti-TGF- �  ( Figure 9b ), no difference in the proportions of 

Foxp3     +      OVA-specific CD4     +      T cells was observed in the spleen 

of PBS and EtxB-treated mice. Anti-IL-10R and anti-TGF- �  also 

blocked the increase in Foxp3 in the endogenous CD4     +      T-cell 

population (data not shown). Interestingly, both anti-IL-10R 

and anti-TGF- �  treatment did cause a slight increase in over-

all numbers of KJ1-26     +     CD4     +     Foxp3     +      cells in control animals; 

however, this appeared to be related to antigen stimulation as it 

was not observed in the endogenous CD4     +      T-cell population 

(data not shown).    

 DISCUSSION 
 EtxB has an extremely high affinity for its principle recep-

tor, ganglioside G M1 , 23  and although it would be expected to 

bind epithelial cells, the fact that it enters the body and was 

detected in blood and lymphoid tissues was unexpected. EtxB 

clearly bound the nasal epithelium, conforming with a previous 

study showing intestinal epithelial localization following oral 

delivery. 24  In this study, EtxB was shown to traffic beyond the 

epithelial layer, being detectable as far as in the spleen. EtxB 

transcytoses across polarized epithelium and can be detected 

basolaterally, 24,25  potentially the mechanism by which it enters 

the body. EtxB may also have reached the lung in significant 

quantities, potentially serving as an additional entry point. The 

receptor dependency of binding and uptake of EtxB was evident 

from the lack of EtxB(G33D) staining and is in keeping with the 

failure of the mutant to modulate immune responses and protect 

from CIA and T1D development. 12,13  

 The location of EtxB in lymphoid tissues correlated with the 

location of IL-10 and TGF- �  1 , suggesting that their upregula-

tion may be a direct consequence of EtxB-mediated signaling, 

particularly in the NALT, where all were in the epithelial layer, 

and temporally correlated with each other. The possibility that 

modulation of epithelial cytokine production has a key part in the 

ability of EtxB to establish an immune environment favoring Treg 

responses is intriguing. It is unclear whether recently activated 

T cells enter the NALT and become exposed to this environment; 

however, it remains likely that this environment would influence 

   Figure 8             The effect of intranasal (i.n.)  Escherichia coli  heat-labile enterotoxin B subunit (EtxB) treatment on the proportion of Forkhead box P3 
(Foxp3)-expressing ovalbumin (OVA)-specific CD4     +      T cells. DO11.10 CD4     +      T cells (KJ1-26     +     ) were adoptively transferred into BALB / c prior to i.n. 
treatment with phosphate-buffered saline (PBS; white bars) or EtxB (hatched bars) on four consecutive days. Following EtxB treatment, mice were 
either left unchallenged or challenged with OVA / complete Freund ’ s adjuvant (CFA) on day 1 post-treatment. On day 6, the spleen was removed, 
stained for CD4, CD25, DO11.10 T-cell receptor (TCR; KJ1-26), and Foxp3, and analyzed by flow cytometry. From this the proportion of the 
( a ) endogenous (KJ1-26     −     ) CD4     +      and ( b ) OVA-specific (KJ1-26     +     ) CD4     +      T-cell populations that express Foxp3 was calculated ( n     =    6). Representative 
fluorescence-activated cell sorting (FACS) plots of individual mice are shown in the upper panel. Significant differences were determined using 
Student ’ s  t-test . Error bars represent s.e.m.,  *  P     <    0.05,  *  *  P     <    0.01.  
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the response to antigens co-delivered with EtxB, consistent with 

its ability to promote mucosal antibody responses. 26  

 EtxB induces IL-10 secretion from human monocytes  in vitro,  20  

and in accordance with this, increased IL-10 and TGF- �  1  were 

found in CD11b     +      cells of the CLNs. More IL-10     +      than EtxB     +      

cells were observed, and although it is possible that degradation of 

EtxB limits the numbers of cells upon which staining is observed, 

this may suggest that a proportion of the increase results from 

an indirect effect of EtxB. The uptake of EtxB-induced apoptotic 

CD8     +      T cells 18  could also stimulate IL-10 and TGF- �  1  expres-

sion. 27  Although we have consistently failed to show a reduction 

in the proportion of CD8     +      or CD4     +      T cells in the CLNs or spleen 

following EtxB treatment (data not shown), it remains possible 

that some cell death, either locally or at low levels, could contrib-

ute to the increased IL-10 and TGF- �  1  expression. 

 The increased proportion of Foxp3-expressing CD4     +      T cells 

found after EtxB treatment are likely to be responsible for its abil-

ity to prevent autoimmune disease development in a manner that 

is transferable with CD4     +      T cells. The strong association between 

expression of Foxp3 and regulatory function in the mouse 

makes it highly likely that these changes are associated with the 

generation of enhanced regulation. Although in other systems, 

increases in Foxp3 expression have been shown to be transitory 

in nature, 28  the EtxB-induced changes are stable. Additionally, 

mucosal administration of CtxB-antigen conjugates that have 

a similar effect to that of EtxB administration also induce an 
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     Figure 9             The effect of blocking antibodies against interleukin-10 (IL-10) and transforming growth factor- �  (TGF- � ) on the  Escherichia coli  heat-labile 
enterotoxin B subunit (EtxB)-induced increase in proportion of Forkhead box P3 (Foxp3)-expressing ovalbumin (OVA)-specific CD4     +      T cells. DO11.10 
CD4     +      T cells (KJ1-26     +     ) were adoptively transferred in BALB / c mice prior to intranasal (i.n.) treatment with either phosphate-buffered saline (PBS; 
white bars) or EtxB (filled bars) on four consecutive days. On the third day of EtxB or PBS treatment, 0.5   mg of ( a ) anti-IL-10R or ( b ) anti-TGF- �  was 
administered intraperitoneally. Control mice were given an equivalent amount of normal mouse or rat IgG. On day 1 post-treatment, mice were challenged 
with OVA / complete Freund ’ s adjuvant (CFA). On day 6, the spleen was removed, stained for CD4, DO11.10 T-cell receptor (TCR; KJ1-26), and Foxp3, 
and analyzed by flow cytometry. From this the proportion of the OVA-peptide specific (KJ1-26     +     ) CD4     +      T-cell population that express Foxp3 was calculated 
( n     =    5). Representative fluorescence-activated cell sorting (FACS) plots of individual mice are shown in the upper panel. Results are representative of two 
separate experiments. Significant differences were determined using Student ’ s  t-test . Error bars represent s.e.m.,  *  P     <    0.05,  *  *  P     <    0.01.  
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increase in Foxp3-expressing CD4     +      T cells, 29,30  supporting the 

notion that these cells are responsible for the effects of EtxB in 

CIA and T1D. The increase we observed was predominantly in 

the CD25     −      fraction. Our previous studies have shown that removal 

of either the CD25     +      or CD25     −      fraction from splenic CD4     +      T cells 

before adoptive transfer from EtxB-treated mice partially abrogated 

their ability to suppress the development of CIA, arguing a role for 

both populations. Adoptive transfer of CD4     +     CD25     −      T cells was 

not as effective as the reciprocal CD25     +      fraction, 13  likely because 

of the lower frequency of Foxp3     +      cells. The CD4     +     CD25     +      T-cell 

fraction also showed enhanced regulatory activity  in vitro  following 

 in vivo  EtxB treatment, 13  suggesting that this population may be 

the most important for protection, and the observed increase 

in the CD25     −      fraction may be a by-product of this expansion. 

Furthermore, it is conceivable that expression of CD25 may alter 

within the longer time frames used in the published adoptive trans-

fer experiments. Ideally, one would wish to sort an EtxB-induced 

population; however, although increases in the Treg markers Foxp3, 

CD38, surface TGF- �  1 , and CTLA-4 were observed after EtxB treat-

ment (data not shown), naive mice also contain sizable populations 

of cells expressing these markers, making isolation problematic. 

The increase in the proportion of Foxp3-expressing CD4     +      T 

cells could have occurred via two mechanisms:  de novo  induc-

tion of Foxp3 expression in CD4     +     Foxp3     −      T cells or expansion of 

CD4     +     Foxp3     +      T cells. Intranasal administration of EtxB and OVA 

has been shown to induce the proliferation of OVA-peptide-specific 

CD4     +      T cells in the CLNs; however, the CD4     +     CD25     +      subset was 

shown not to proliferate. 31  This would suggest that EtxB treatment 

induces  de novo  induction of Foxp3 expression in CD4     +      T cells, 

supported by the fact that the increase was predominantly in the 

CD25     −      subset. 

 Importantly, EtxB treatment induced an increase in the pro-

portion of Foxp3-expressing OVA-specific CD4     +      T cells in the 

spleens of OVA / CFA-challenged animals. We hypothesize that 

it is this shift in the balance of Treg vs. effector T cells that biases 

the immune system toward regulation rather than pathogenic 

responses. The lower levels of Foxp3     +      cells in OVA / CFA-chal-

lenged mice compared with unchallenged mice probably reflects 

preferential expansion of effector cells under both conditions, 

not all of which is prevented by EtxB treatment. Blocking of 

IL-10R or TGF- �  1  abrogated the ability of EtxB to induce 

an increase in the proportion of Foxp3-expressing OVA-spe-

cific CD4     +      T cells. Blocking TGF- �  1  also abrogated increased 

Foxp3     +      OVA-specific CD4     +      T cells induced following oral 

administration of a CtxB-OVA conjugate. 30  A general increase 

in the proportion of OVA-specific CD4     +      T cells was observed 

following administration of either antibody; however, this was 

an antigen-driven process and was not observed in the endo-

genous CD4     +      T-cell population, implying that it may have been 

related to increased activation and IL-2 in the absence of regula-

tion. Other studies using these antibodies have also observed 

an increase in Foxp3-expressing cells of a similar magnitude. 30  

Additionally, an increase was also noted in mice treated with 

normal mouse IgG, the reason for which was undetermined; 

however, this did not affect the ability of EtxB to induce an 

increase in Foxp3-expressing cells. Both of these cytokines have 

been shown to be involved in either the expansion or induc-

tion of Tregs. TGF- �  1  induces  de novo  expression of Foxp3 in 

CD4     +     CD25     −      T cells  in vitro  and  in vivo.  10  Systemic overexpres-

sion of IL-10 increases the proportion of CD4     +     CD25     +      T cells 

in a dose-dependent fashion. 22  A direct effect of IL-10 on Tregs 

has not been demonstrated; however, its ability to downregulate 

proinflammatory responses 32  and reverse the downregulation 

of TGF- � RII expression on activated T cells 33  may have altered 

the activity of TGF- �  1 . Although CD11b     +      cells were shown to 

be a source of these cytokines  in vivo , co-culture experiments 

using isolated CD11b     +      cells from EtxB-treated mice, or EtxB 

treatment of isolated CD11b     +      cells from naive animals and T 

cells, failed to replicate the increases in Foxp3-expressing cells 

observed  in vivo  (data not shown), suggesting that other aspects 

of the unique environment created in lymphoid tissues follow-

ing EtxB treatment are also important. Further characterization 

of the  in vivo  effects of EtxB on this population in future may 

provide clues as to the processes involved. 

 Many insights into the mechanism by which EtxB exerts its 

effects  in vivo  have been gained in this study. By modulating local 

and systemic tissues, biasing them toward an immunoregulatory 

environment through the combined actions of IL-10 and TGF- �  1 , 

EtxB effectively induced antigen-specific Tregs, previously shown 

to be able to protect against autoimmune disease. The question still 

remains as to where EtxB-induced modulation of T-cell differentia-

tion into Foxp3-expressing Tregs occurs. The dependence of this 

increase on IL-10 and TGF- �  1  would suggest that it occurred in 

the tissues local to EtxB treatment or in the spleen and not at the 

site of activation, the draining lymph node of the OVA / CFA chal-

lenge (the inguinal lymph node in these studies). Although some 

changes in IL-10 and TGF- �  1  were observed in the inguinal lymph 

node following treatment (data not shown), these were much less 

pronounced than in other tissues and were not assessed following 

immunization with OVA / CFA, the addition of which would have 

presumably overwhelmingly biased the tissue toward an inflamma-

tory phenotype. As minimal quantities of OVA are likely to reach 

the lymphoid tissues beyond the local draining lymph node, it seems 

likely that following activation, OVA-peptide-specific CD4     +      T cells 

leave lymph nodes associated with the inflammatory site and enter 

the modulated regulatory cytokine-biased environments created by 

EtxB elsewhere in the body, where their subsequent differentiation 

is affected. The fact that EtxB is immunogenic may aid this process, 

as lymphoid tissues affected by EtxB would become sites of activa-

tion and are likely to attract recently activated cells. 

 This model of EtxB action helps explain why mucosal treat-

ment with EtxB protects from distinct autoimmune diseases that 

differ in their site of pathology. EtxB treatment was sufficient 

to prevent CIA development, both prophylactically and during 

disease progression. 13  In both cases, activated CII-specific CD4     +      

T cells could have migrated from the draining lymph nodes at 

the joints to EtxB-modulated tissues, where their differentiation 

would become altered. This is supported by the fact that CII-spe-

cific CD4     +      T-cell interferon- �  production but not proliferation 

was inhibited by EtxB treatment, suggesting that differentiation 

but not activation was altered by EtxB treatment. 13  In T1D, EtxB 

treatment alone was only effective at preventing disease devel-
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opment at an age when inflammation of the islets was already 

established, 12  again implicating that activation occurs at the site 

of disease and that modulation only happens once these cells have 

become activated and have migrated to EtxB-modulated tissues. 

 Determining the mechanisms by which pathogens, and their 

products, induce Treg at mucosal sites is important for under-

standing disease pathogenesis. To what extent the pathway 

shown here for EtxB occurs in the normal pathogenic process 

of enteropathogenic  E. coli  infection is undetermined. Following 

dissociation of EtxA and EtxB within epithelial cells, EtxB is 

detectable on the basolateral membrane, 24  meaning that free 

EtxB may be released and possibly able to mediate these effects. 

Treg responses may benefit the pathogen; however, the host may 

also benefit by reducing immunopathology. Additionally, the 

acute induction of regulatory cytokines may themselves limit 

innate reactivity and consequent damage to the integrity of the 

mucosal surface. Interestingly, Etx and EtxB are known to induce 

IgA production; 34  this may also be linked to the effects seen here 

as it is also a TGF- �  1 -mediated process. 

 The generation or expansion of Tregs with defined antigen spe-

cificities is currently an attractive therapeutic goal, and the fact 

that EtxB promotes the generation of Tregs that are specific for 

antigens that are driving inflammatory immune responses else-

where in the body makes it of particular interest. Such a mecha-

nism of action permits the modulation of disease-associated 

pathogenic responses in the absence of modulation of responses 

to antigens that are not actively triggering T-cell activation at the 

time of treatment. Importantly, EtxB is effective when the cognate 

antigen is administered in the presence of strong inflammatory 

stimuli, as treatment of human autoimmune disease would be in 

the context of on-going inflammation, and inducing tolerance 

during this may be problematic for other treatments.   

 METHODS     
  Reagents and antibodies   .   Recombinant EtxB and EtxB(G33D) were 
purified as previously reported. 20  The lipopolysaccharide content was 
routinely     <    30 endotoxin units (EU) per mg. EtxB was labelled using an 
Alexa Flour 647 protein labeling kit (Invitrogen) as per the manufactur-
er ’ s instructions. 

 Antibodies used for immunohistochemistry were anti-cholera toxin 
(polyclonal; Sigma, Poole, UK), anti-IL-10 (JES5-2AS; Invitrogen), 
and anti-TGF- � 1 (polyclonal; Santa Cruz Biotechnology, Santa Cruz, 
CA). Purified rat IgG1 (A110-1; BD Biosciences, Oxford, UK) and 
rabbit normal IgG (Santa Cruz Biotechnology) were used as isotype 
controls. Antibodies used for flow cytometry were anti-mouse CD16 /
 CD32 (2.4G2), fluorescein isothiocyanate-conjugated anti-mouse 
CD4 (H129.19), phycoerythrin-conjugated anti-mouse CD25 (PC61), 
CD11b (M1 / 70), CD11c (HL3), B220 (RA3-6B2), and CD8a (53-6.7) 
(all from BD Biosciences), allophycocyanin-conjugated anti-mouse 
Foxp3 (FJK-16s) (eBioscience, San Diego, CA), and Tricolor-conjugated 
anti-DO11.10 TCR (KJ1-26) (Invitrogen). Anti-interferon- �  (XmG1.2), 
blocking anti-IL-10R (1B1.2), 35  and anti-pan TGF- �  (1D11) 36  were puri-
fied from supernatants using a Protein G column and Aktaprime (GE 
Healthcare, Buckinghamshire, UK). Normal rat and mouse IgG (both 
from Invitrogen) were dialyzed in sterile PBS for 48   h.   

  Experimental animals   .   Male DBA / 1 and female BALB / c and DO11.10 
mice (bred at University of Bristol) were housed under barrier-main-
tained conditions and cared for in accordance with the Animals (Scientific 
Procedure) Act 1986 of the United Kingdom. Intranasal administration 

of 20    � l of 1   mg   ml  – 1  EtxB, EtxB(G33D), Alexa 647-labeled EtxB, or PBS 
took place under anesthetic on four consecutive days. Antigenic chal-
lenges were performed on day 1 post-treatment by a single subcutaneous 
base of tail injection of OVA (Sigma) (in PBS) in an equal volume of 
CFA (Sigma). Adoptive transfer of DO11.10 CD4     +      T cells (5 × 10 6 ) was 
achieved by intravenous injection in the tail vein. Blocking antibodies 
were injected intraperitoneally on the third day of treatment.   

  Cell preparation, enrichment, and purification   .   Single-cell suspensions 
were prepared from CLNs and spleen by standard mechanical disruption 
or collagenase digestion where stated. Red blood cells were removed by 
standard ammonium chloride lysis. NALT cells were prepared using a 
previously described method. 37  For mRNA extraction and phenotyp-
ing of Alexa 647     +      cells, samples from separate mice were pooled before 
preparation of mRNA / single-cell suspensions. Peripheral blood was 
obtained by cardiac puncture and peripheral blood mononuclear cells 
isolated using Histopaque 1083 (Sigma). 

 CD4     +     , B220     +     , and CD11b     +      cells were purified using magnetic-acti-
vated cell sorting CD4     +     , B220     +     , and CD11b     +      microbeads (Miltenyi 
Biotech, Bisley, UK) according to the manufacturer ’ s instructions and 
were     >    95 %  pure. CD4     +     CD25     +      and CD4     +     CD25     −      T subsets were sorted 
using a FACSVantage (BD Biosciences) and were     >    98 %  pure. Nylon 
wool-enriched splenic lymphocytes were routinely     >    65 %  CD4     +     .   

  Immunohistochemistry and analysis   .   CLNs and spleen samples were 
fixed and embedded in low-temperature wax as previously described. 38  
NALT were formalin fixed and decalcified in Kristensen ’ s decalcification 
solution (20 %  formic acid (v / v) (VWR), 0.63    M  formic acid (sodium salt) 
(Sigma)) for 7 days at 4    ° C prior to embedding. Immunohistochemical 
staining using the aforementioned antibodies was performed on 6    � m 
sections as previously described. 38,39  

 A quantitative analysis of each tissue was performed to estimate the 
area of positive staining using KS300 AxioVision from Zeiss (Image 
Associates, Bicester, UK). For CLNs and spleen, the total area and the 
area of positive staining was measured in three fields of view (FoV) per 
section ( × 3 sections, 9 FoV total), from which the mean percentage posi-
tive stained area was calculated. For NALT, one FoV was analyzed per 
section ( × 6 sections, 6 FoV total).   

  Flow cytometry   .   Fc receptors were blocked with anti-CD16 / 32, 
followed by incubation with appropriate combinations of antibodies for 
30   min at 4    ° C. Intracellular Foxp3 staining was achieved using a Foxp3 
staining kit (eBioscience) as per the manufacturer ’ s instructions. At least 
1 × 10 5  (Foxp3 expression) or 1 × 10 6  (phenotyping of Alexa 647     +      cells; 
detection of KJ1-26     +      cells) events were collected for each sample using a 
FACSCalibur flow cytometer (BD Biosciences) and were analyzed using 
WinMDI 2.8 (J. Trotter, Scripps Research Institute).   

  Reverse transcriptase-PCR   .   Total RNA was extracted using Tri-reagent 
(Sigma) according to the manufacturer ’ s instructions. First-strand com-
plementary DNA was synthesized using superscript complementary DNA 
synthesis system (Invitrogen). Reverse transcriptase-PCR was performed 
using primers specific for murine IL-10, 40  TGF- � , 41  Foxp3, 6  and HPRT 6  
(Invitrogen) as previously described using a Peltier thermal cycler (MJ 
Research, Waltham, MA) and 1.5   U BioTaq DNA polymerase (Bioline, 
London, UK). Densitometry was performed on gel images using ImageJ 
(US National Institutes of Health, Bethesda, MD).   

  Statistical analysis   .   Statistical analyses were performed using Graphpad 
Prism 4 (Graphpad Software, San Diego, CA). Results are expressed as 
mean ± s.e.m. A one-way ANOVA with Tukey ’ s multiple comparisons  post 
hoc  test was performed on immunohistochemical data. Other data were 
analyzed using Student ’ s  t-test.  Significant differences shown in figures 
refer to differences with the untreated control.        

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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