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Background
Mucosal immunization is an important goal of vaccine development to 

protect against pathogens that use mucosa as portals of entry. The use of 
non-replicating antigens requires the addition of adjuvants and cholera-like 
enterotoxins, cholera toxin (CT) from Vibrio cholerae and the heat-labile 
enterotoxin (LT) from toxinogenic strains of E. coli have been proposed as they 
are potent mucosal adjuvants of immunization eliciting mucosal and systemic 
responses against unrelated co-administered antigens in experimental models 
[1-4].

Both toxins comprise a single A subunit responsible for the ADP-
ribosyl transferase activity and five identical B subunits accountable for cell 
binding [5, 6]. The A subunit consists of two chains, A1 and A2, joined by 

Abstract
Previously study showed that LT-R192G, a less toxic mutant of the 
thermolabile enterotoxin of E. coli (LT), decreased murine regulatory 
CD4+CD25+Foxp3+ T cells in vitro. To go further, we tested other 
molecules of the cholera toxin family, i.e. native LT, the cholera toxin 
(CT), and their B subunits devoid of enzymatic activity, LTB and CTB. 
Cells from mesenteric lymph nodes of BALB/c mice were incubated 
with these molecules, and CD4+CD25+Foxp3+ T cells were analyzed by 
cytometry after two days of culture. All molecules, except CTB, decreased 
CD4+CD25+Foxp3+ T cells. T cell apoptosis has already been reported 
with these molecules, preferential effect on CD8+ T cells. So, we analyzed 
CD3+CD8+ and CD4+CD25+/- T cell apoptosis in the presence of LT, 
LT-R192G, LTB, CT and CTB in our in vitro model to detect possible 
preferential apoptosis of Tregs. Unexpectedly, CTB did not affect CD8+ 
and CD4+ T cells. Whereas LT, LT-R192G and LTB induced rapid 
apoptosis of CD8+ T cells with a decrease in CD3 expression, CT induced 
less rapid apoptosis with no decrease in CD3 expression. We observed CD4 
T cell apoptosis but did not find any preferential apoptosis of CD4+CD25+ 
T cells (containing Foxp3+ T cells) compared with CD4+CD25- T cells. 
In conclusion, the enzymatic activity seems to play a significant role in 
apoptosis induction by CT, as CTB has no effect. In contrast, receptor 
binding may be essential in the observed effects for LT. Moreover, these 
results show the complexity and heterogeneity in the impact of these 
molecules.
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a proteolytically sensitive peptide (Arg192), subtended by a 
disulfide loop [7]. To overcome the enterotoxicity and use 
them as an adjuvant in humans, non-toxic mutants of the A 
subunit that retain adjuvant properties have been developed 
[8] and, in some cases, tested in clinical trials [9-11]. Among
them, LT-R192G is an attenuated mutant of LT, containing a
single amino acid substitution altering the site of proteolytic
cleavage within the disulfide subtended region joining A1
and A2 [12, 13].

The B subunit of these toxins is devoid of toxicity and thus 
could also be used as adjuvants in humans. The B subunit of 
LT (LTB) is an efficient adjuvant when used by the intranasal 
route with co-administered antigen [14-16]. The adjuvant 
activity of the B subunit of CT (CTB) remains confusing. 
Although some studies have reported that CTB can enhance 
immune responses to co-administered antigens by the 
intranasal route of immunization [5, 8, 17-20], CTB, on the 
other hand, can promote tolerance to heterologous antigens, 
and its use has been proposed as a strategy to prevent auto-
immune and allergic diseases [21].

Although extensively studied, the mechanisms of action 
of these toxins and mutants are very complex and not fully 
understood. This comes from the observations that these 
toxins have been tested in many models and conditions; 
they have different actions depending on the route of 
immunization, the dose, the animal strain and whether they 
are studied in vitro or vivo. Moreover, Th17 CD4 T cells have 
recently been implicated in their adjuvanticity, making their 
mechanism of action even more complex [22-25]. 

In previous studies, we have looked at the impact of LT-
R192G on B and T cell responses against a co-administered 
antigen, rotavirus (RV) virus-like particles (2/6-VLP), after 
intranasal (IN) and intrarectal (IR) immunization of BALB/c 
mice [26-28]. We showed that LT-R192G induced a strong 
VLP-2/6 specific B cell response after a single immunisation. 
A substantial proportion of these cells expressed CD5 and 
were considered B1-a cells [26, 27]. Unexpectedly, we found 
that a second immunization in the same conditions did not 
increase the frequency of specific B cells, whereas a secondary 
systemic and mucosal antibody response was observed [28].

We hypothesized that the massive B cell expansion 
observed when the adjuvant was used for immunization 
was probably regulated during the second contact. Such 
modulation may be essential to avoid potential deleterious 
autoreactivity of CD5+ expressing B-1a cells and T cell-
mediated inflammation. To explain this result, we looked at 
the regulatory T cell response induced after IR immunization 
with VLP-2/6 and LT-R192G. Our study showed that LT-
R192G induced VLP-2/6 specific CD4+CD25+ helper T 
cells, and VLP-2/6 specific CD4+CD25+Foxp3+ regulatory 
T cells [28]. These regulatory T cells might be generated to 

control both effector B and T cells. The other unexpected 
result was the decrease of natural regulatory T cells from 
non-immunized mice after in vitro contact with LT-R192G. 
During the first contact with LT-R192G and antigen, this 
decrease in natural regulatory T cells could participate in the 
adjuvant effect [29]. This effect on natural Tregs has never 
been reported. However, it has already been reported that 
these toxins and their B subunits induce the death of both 
CD8+ and CD4+ T cells by a mechanism of apoptosis, with a 
preferential death of CD8+ T cells, although there are several 
contradictory studies [14, 30, 31]. 

The death of regulatory T cells also is probably caused 
by the same mechanism, and this death could be preferential 
among the CD4+ T cells. Several research groups have studied 
the effect of enterotoxins and their B subunits on T cells and 
the induction of apoptosis in these cells. Tamayo et al. [32-34] 
have looked at the effect of LT in vivo after systemic (footpad) 
and mucosal administrations (oral and intranasal). Their 
studies highlight differences between immunization routes, 
in vivo and in vitro contact, the status of differentiation and 
the subtype of T cells, and different apoptotic mechanisms. 
LT induces death of immature T and B cell progenitors, with 
preferential apoptosis of CD4+CD8+ thymocytes in vivo 
by systemic and oral administration, whereas in vitro, CD4-
CD8+ thymocytes are more sensitive. By the intranasal route, 
the phenomenon was not observed. Moreover, the enzymatic 
activity of LT was necessary. Apoptosis occurs through the 
stimulation of endogenous glucocorticoids with intrinsic 
caspase-dependent elimination of immature lymphocytes and 
with intrinsic and extrinsic caspase-dependent elimination of 
mature peripheral lymphocytes, CD8+ T cells being the most 
susceptible to apoptosis in vitro.

The effect of LTB on mature T cells has also been studied 
but only in vitro. A research group [14, 35, 36] has reported 
the selective apoptosis of resting and antigen-activated CD8+ 
T cells from MLN. Another group [37] found that LTB can 
induce apoptosis of resting and antigen-activated CD8 and 
CD4 T cells from the spleen and mesenteric lymph nodes. 
Cholera toxin and its B subunit have also been reported to 
induce apoptosis of T cells. [38] found that in vivo, CT, 
given orally, causes a marked depletion of intestinal CD8+ 
intraepithelial lymphocytes. Previously, these authors 
showed that in vitro, both CT and CTB could inhibit the 
proliferative response of polyclonal activated T cells from 
the spleen. [39] looked more precisely at the effect of CT and 
recombinant CTB on CD4+ T cells and reported that CT, but 
not rCTB, induced apoptosis of anti-CD3 activated CD4+ T 
cells from PP. Wang et al. [40] found that rCTB only induces 
apoptosis of activated CD4+ and CD8+ T cells at doses 
above one µg/ml. In contrast, CTB directly stimulated KLH-
primed CD4+ and CD8+ T cells below this concentration 
[41]. Found that recombinant CT induced only apoptosis 
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of resting and activated CD8+ T cells from the spleen [42] 
reported that CT did not affect resting T cells, whereas CTB 
induced the preferential apoptosis of resting CD8+T cells. 
This preferential effect of CTB on resting CD8+ T cells was 
confirmed by [43] with recombinant CTB.

Overall, all toxins could induce apoptosis of T cells, 
although some studies are contradictory. This is due to 
different experimental methods, mouse strains, source and 
dose of toxins and organs used. More precisely, if we look 
at the effect of these molecules on resting T cells in vitro, 
LT and rLTB induce apoptosis of both CD4+ and CD8+ T 
cells, with a preference for CD8+ T cells and CT and rCTB 
induce apoptosis of resting T cells, with a preference for 
CD8+ T cells. In this work, we assessed the effects of these 
different molecules on T cells in our in vitro model. Precisely, 
(i) we looked at the effect of LT, LTB, CT and CTB on
CD4+CD25+Foxp3+ to check whether they have the same
effect as LT-R192G; (ii) we looked at the effect of cholera-
like enterotoxins on CD8+ and CD4+ T cells in our in vitro
animal model; (iii) we studied the induction of apoptosis of
CD3+CD8+ and CD4+CD25+/- T cells by the toxins and
their B subunits.

Materials and Methods
Mice

Pathogen-free, adult female BALB/c mice (6-8 weeks 
of age) were obtained from Iffa-Credo (L’Arbresle, France). 
Study protocols were approved by the local institutional 
animal care committee.

Cholera-like enterotoxins
The enterotoxins tested in this study were LT-R192G, 

the cholera toxin (CT) and its B subunits, CTB. CT, CTB 
and LTB were purchased from Sigma-Aldrich (France). CTB 
is purified from Vibrio cholerae and contains ≤0,5% of A 
subunit, according to the manufacturer’s information. LTB is 
recombinant and expressed in Pichia pastoris.

Sample collection and preparation of cells
Mice were killed, and the lymphoid tissues, mesenteric 

lymph nodes (MLN) and spleen were removed. Single-cell 
suspensions were prepared by mechanical dissociation, 
filtered on 40-µm-pore nylon meshes and washed with an 
incomplete medium (RPMI-1640 supplemented with 0.3% 
glucose, 100U penicillin per mL, and 100µg streptomycin per 
mL). The cells were resuspended at 4x106/mL in a complete 
medium (incomplete medium plus 10% heat-inactivated 
FCS, 2 mM L-glutamine, and 1 mM sodium pyruvate) for in 
vitro contact with the toxins.

In vitro contact with the toxins
Cells (4x105 cells/well) were cultured in 96-well plates 

in the presence of LT-R192G, CT, CTB (5µg/mL) or 
RPMI medium only, then incubated at 37°C with 5% CO2 
and harvested on day 2 for flow cytometry analysis of 
CD4+CD25+Foxp3+ T cells or harvested at 2, 4, 12, 24 
and 36 hours for flow cytometry analysis of apoptosis of 
CD4+CD25+/- T cells and CD3+CD8+/- T cells.

Flow cytometry analysis
a. Analysis of CD4+CD25+Foxp3+ T cells and
CD4+CD25+Foxp3- T cells

CD4+CD25+Foxp3+ T cells and CD4+CD25+Foxp3- 
T cells were quantified using the Mouse Regulatory T cell 
Staining kit #2 (w/APC Foxp3 FJK-16s, FITC CD4, PE 
CD25; eBioscience, San Diego, USA). Briefly, pellets 
containing 4x105 cells in 100 µL PBS 1% BSA 0.1% sodium 
azide were incubated with a mixture of FITC-labelled anti-
CD4 and PE-labelled anti-CD25 for 30 min in the dark at 
4°C. The cells were washed and resuspended in 1 mL of 
freshly prepared fixation/permeabilization working solution 
and then incubated at 4°C for 30 min in the dark. The cells 
were washed with permeabilization buffer and then labelled 
with APC-labelled anti-Foxp3 for 30 min in the dark. After 
incubation, the cells were washed, resuspended in a buffer 
containing PBS 1% BSA 0.1% sodium azide, and analysed 
by flow cytometry. Approximately 5x104 cells were acquired. 
Lymphocytes were first identified by their light-scatter 
profile, and T cell subsets were then identified by CD4 
expression. CD25+Foxp3+ and CD25+Foxp3- T cells were 
identified by binding CD25 and Foxp3 within CD4+ T cells. 
The mean fluorescence intensity (MFI) for PE and APC were 
analyzed to detect variations in CD25 and Foxp3 expression, 
respectively.

b.  Analysis of CD4+CD25+/- T cells and CD4+CD8+/- 
T cells apoptosis

Cells were incubated for 15 min in PBS 5% BSA, washed 
with PBS 1% BSA and then incubated with a mixture of APC-
labelled anti-CD4 and PE-labelled anti-CD25 (eBioscience) 
or APC-labelled anti-CD3 and PE-labelled anti-CD8 (BD 
Biosciences), for 30 min in the dark at 4°C. After one 
washing with cold PBS, 100 µL of 1X Annexin buffer (BD 
Biosciences), 5 µL of FITC-Annexin V (BD Biosciences) 
and 5 µL of 7-AAD (BD Biosciences) were added to the cell 
pellet. After 10-15 min at room temperature, each tube was 
completed with 300 µL of 1X Annexin buffer and the staining 
was immediately analysed by flow cytometry.

Statistical methods
For CD4+CD25+, Foxp3- and Foxp3+, T cell analysis, 

comparison of cell frequency, CD25 and Foxp3 MFI between 
stimulated and non-stimulated wells was done using the 
Wilcoxon paired non-parametric signed-rank test. P-values 
less than 0.05 were considered statistically significant.
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Results
We have shown previously that LT-R192G decreased 

CD4+CD25+Foxp3+ T cells after in vitro contact with 
various tissues and organs (e.g. MLN, spleen) [44]. To go 
further, we first wished to check whether other cholera-like 
enterotoxins (LT, LTB, CT and CTB) had the same effect on 
this subpopulation of T cells. Secondly, in our in vitro model, 
we checked whether the toxins and their subunits induce the 
preferential apoptosis of CD8+ T cells, as previously reported. 
Third, we studied the induction of apoptosis in CD4+CD25+ 
T cells.

LT-R192G, LT, LTB and CT, but not CTB, decreased 
CD4+CD25+Foxp3+ T cells in vitro

As shown in Figure 1, there was a decrease in the 
percentage of CD4+CD25+Foxp3+ T cells after two days of 
cell contact with LT, LT-R192G, LTB, and CT (p <0.01). 
LT, LT-R192G and CT (p< 0.01), but not LTB, decreased the 
expression of CD25. No decrease in cell frequency and MFI 
was seen with CTB. LT-R192G, CT and CTB did not affect 
CD4+CD25+Foxp3- T cells, whereas LTB and LT increased 
the frequency of these cells (p< 0.05).

Figure 1: In vitro effect of LT, LT-R192G, LTB, CT and CTB on murine mesenteric lymph nodes (MLN) CD4+CD25+Foxp3+/- T cells 
after in vitro contact. Cells from MLN (4 × 105 cells/well) were cultured in the presence of the cholera-like enterotoxin or their B subunit 
(5μ/mL) for two days. Percentage of CD4+CD25+Foxp3− and CD4+CD25+Foxp3+ T cells and both CD25 and Foxp3 MFI were analyzed 
by flow cytometry. Lymphocytes were first identified in a dotplot from light-scatter, and T cell subsets were then identified by expression of 
CD4. CD25+Foxp3+ and CD25+Foxp3− T cells were then identified by binding of anti-CD25 and anti-Foxp3 antibodies within CD4+ T cells. 
The histograms show the percentage of increase or decrease for each parameter compared to the control well (medium only). P-values were 
calculated using the Wilcoxon paired non-parametric signedrank test.* Data points statistically different between stimulated and medium wells 
(n=7-9).

: statistical analysis could not been performed as n<6.
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LT-R192G, LT and CT, to a lesser degree LTB, but 
not CTB, induce the death  (apoptosis) of cells from 
spleen and mesenteric lymph nodes in vitro

As CTB does not have any effect on CD4+CD25+Foxp3+ 
nor on CD4+CD25+Foxp3- T cells, we wanted to revisit the 
effect of the toxins and their subunits on T lymphocytes in 
our model. Indeed, it has been previously reported that CTB 
induced the preferential apoptosis of CD8+ T cells[42, 43]. 
Firstly, we analyzed the effect of the toxins and their subunits 
on the totality of spleen and mesenteric lymph nodes (MLN) 
cells (Figure 2) and secondly, we studied the induction of 
apoptosis (Figure 3).

If we first analyze MLN cells from the control well, by 
cytometry, based on FSC/SSC, there are two populations, 
R1 and R2 (Figure 2). Staining with Annexin-V and 7-AAD 
demonstrated that the population in R1 contained mainly 

viable cells (Annexin-V-/7-AAD-) (Figure 3), 95.40% of 
the cells after 12 hours of culture. In R2, most cells were 
dead (Annexin-V+/7-AAD+) (data not shown). Over time 
(from 12 to 36 hours of culture), the percentage of viable 
cells decreased as expected, cells being not activated by any 
stimulus (from 55.10% at 12h to 22.83% at 36h) (Figure 2). 
Then, we focused on cells in the R1 region to study the effect 
of the toxins and their B subunits on MLN and spleen cells. 

LT-R192G, LT and CT induced a substantial decrease of 
MLN cells compared with the control, between 2 and 3 fold, 
depending on the toxin (Figure 2) at 12h, this difference being 
between 4 and 5 fold at 36h. LTB had a lower effect, whereas 
CTB had little effect. In terms of apoptosis induction, it is 
clear that LT-R192G, LT and CT induced apoptosis of cells 
from MLN as an increase of cells in early and late apoptosis 
can be seen from 12 to 36 hours compared with the control 
(Figure 3). This induction of apoptosis was less obvious 

Figure 2: In vitro effect of LT, LT-R192G, LTB, CT and CTB on murine  MLN cells. Cells from MLN (4 × 105 cells/well) were cultured in the 
presence of the cholera- like enterotoxin or their B subunit (5μg/mL) for 12, 24 and 36 hours. MLN cells were analyzed by cytometry, based 
on FSC/SSC. Two populations can be seen, with different size and granularity, labeled R1 and R2.
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in cells from the spleen, although, at 36 hours, cells in late 
apoptosis increased with the 3 toxins compared with the 
control (Data not shown). As expected, LTB induced weak 
apoptosis in MLN (Figure 3) and spleen (data not shown). 
With CTB, at 36 hours, a very weak increase of cells in late 
apoptosis was observed in MLN (Figure 3) and the spleen 
compared with the control (data not shown). 

We then looked at the cells that underwent apoptosis, 
particularly CD8+ and CD4+ T cells, as they have been 
reported to be the main target of these toxins [31, 45]. LT-

R192G, LT, LTB and CT, but not CTB, induce the preferential 
apoptosis of spleen CD8+ T cells in vitro. As expected, 
LT-R192G, LT, LTB and CT induced preferential death of 
CD8+ T cells, as seen in Figure 4, as soon as 12 hours for 
LT-R192G, LT and LTB, and at 24 hours for CT. Moreover, 
this death was associated with a decrease in CD8 expression. 
On the opposite of to, LT, its mutant and B subunit also 
decreased the expression of CD3 on CD8+ T cells, as seen 
with the increase of the percentage of CD3-CD8+ T cells. 
The death was due to the induction of apoptosis, as seen in 
Table 1.

Figure 3: Apoptosis study of murine MLN cells after in vitro contact with LT, LTR192G, LTB, CT and CTB. Cells from MLN (4 × 105 cells/
well) were cultured in the presence of the cholera- like enterotoxin or their B subunit (5μg/mL) for 12, 24 and 36 hours. MLN cells were stained 
with Annexin-V and 7-AAD and analyzed by flow cytometry. Population labeled R1 (See figure 2) was targeted.
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We also analyzed the ratio of CD4+ T cells/CD3-CD8- 
cells and noticed that LTB, opposite the three toxins, did 
not decrease CD3-CD8- cells (Figure 4). When we stained 
cells with anti-CD4 and anti-CD25 antibodies, we observed 
only LTB increased CD4-CD25+ T cells compared with the 
control (data not shown). This observation could explain 
the previous one, i.e. LTB activates cells in the CD3-CD8-
population (due to CD25 expression), and then these cells 
could proliferate. These cells could be B cells, as previously 
reported [45]. By our previous observations, i.e. CTB did not 

induce the death of spleen cells, no variation in the % of CD3-
CD8-, CD3+CD8+ and CD3+CD8- T cells was observed 
with CTB compared with the control (Figure 4).

LT-R192G, LT, LTB and CT do not induce preferential 
apoptosis of CD4+CD25+ T cells compared with CD4+CD25- 
T cells in vitro. To precise the mechanism by which the toxins 
and LTB decrease CD4+CD25+Foxp3+ T cells, we then 
looked at the induction of apoptosis of CD4+CD25+ T cells 
(among CD4+CD25+ T cells, there are CD4+CD25+Foxp3+ 

Figure 4: In vitro effect of LT, LT-R192G, LTB, CT and CTB on murine MLN CD8+ and CD4+ T cells. Cells from spleen (4 × 105 cells/well) 
were cultured in the presence of the cholera-like enterotoxin or their B subunit (5μg/mL) for 12 and 24 hours. Cells were then stained with 
anti- CD3 and anti-CD8 and analyzed by flow cytometry. Population labeled R1 (See figure 2) was targeted.
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T cells) in comparison with CD4+CD25- T cells. Preferential 
apoptosis of CD4+CD25+ T cells, as for CD8+ T cells, could 
explain our previous data [28]. 

As already noticed and reported previously [28, 46], 
CD4+CD25+ T cells are more sensitive to cell death in 
vitro, and after 24 hours of culture, 11,93% of cells are dead 

Table 1: Apoptosis study of spleen CD3+CD8+ T cells after in 
vitro incubation with LT, LT- R192G, LTB, CT and CTB. Cells 
from spleen (4 × 105 cells/well) were cultured in the presence of 
the cholera-like enterotoxin or their B subunit (5μg/mL) for 12 and 
24 hours. Cells were then stained with anti-CD3, anti-CD8, 7-AAD 
and Annexin-V and analyzed by flow cytometry. The table shows 
the kinetics of early (Annexin-V+7-AAD–) and late (Annexin-V+7-
AAD+) necrosis/apoptotic cells.

Table 2: Apoptosis study of MLN CD4+CD25+ T cells after in 
vitro incubation with LT, LT- R192G, LTB, CT and CTB. Cells 
from MLN (4 × 105 cells/well) were cultured in the presence of the 
cholera-like enterotoxin or their B subunit (5μg/mL) for 12 and 24 
hours. Cells were then stained with anti-CD4, anti-CD25, 7-AAD 
and Annexin-V and analyzed by flow cytometry. The table shows 
the kinetics of early (Annexin-V+7-AAD–) and late (Annexin-V+7-
AAD+) necrosis/apoptotic cells.

compared with only 2,39% of CD4+CD25- T cells (Tables 
2 and 3). In the presence of the toxins and the LTB, there 
was an increase of early apoptosis for CD4+CD25+ T cells, 
compared with the control, as soon as 12h, and CT had the 
most prominent effect. The same observation can be done for 
CD4+CD25- T cells but with a more pronounced effect at 
24h. CTB did not induce apoptosis in CD4+CD25- T cells, 
as expected. Although we could notice an increase in early 
apoptosis in CD4+CD25+ T cells at 12h, this effect was not 
seen at 24h, and on the contrary, there was less early and late 
apoptosis when compared with the control. 

Discussion
We have shown previously that LT-R192G decreased 

CD4+CD25+Foxp3+ T cells after in vitro contact with 
various tissues and organs (e.g. MLN, spleen) [28]. As 
this effect has never been reported, we wanted to check 
whether other cholera-like enterotoxins had the same effect. 
We tested native LT and its B subunit, LTB, and CT and 
its B subunit, CTB. All molecules except CTB decreased 
CD4+CD25+Foxp3+ T cells after two days of in vitro 
contact. Moreover, a decrease in CD25 expression was found 
with LT and CT but not with LTB. On the opposite, CTB did 
not have any effect. From this experiment, differences could 
be highlighted between the molecules. It seems that for LT, 
the ADP-ribosyl transferase activity is not necessary for the 
induction of Tregs decrease but this activity, even reduced 
(i.e. LT-R192G), modulates CD25 expression. In the case of 
CT, this activity is compulsory to induce a Treg decrease. 
Their different binding affinities could explain the difference 
between CTB and LTB. 

Indeed, LTB, in addition to binding to the ganglioside 
GM1, binds to asialoGM1, lactosylceramide and some 
galactoproteins. Because of these differences and the 
precise mechanism by which the toxins and LTB decrease 
CD4+CD25+Foxp3+ T cells, we decided to revisit the global 
effect of cholera-like enterotoxins on T lymphocytes in our 
in vitro model. Globally, previous studies have reported the 
preferential apoptosis of CD8+ T cells after in vitro contact 
with LT, LTB and CTB, but not with CT. However, several 
studies are contradictory [14, 31, 36]. One explanation could 
be the dose of toxin. Indeed, we have previously shown a dose 
effect with LT-R192G [28]. Moreover, it has been reported 
that CTB from Vibrio cholerae and recombinant CTB can 
induce CD8+ and CD4+ T cells apoptosis [42, 43]; however, 
in our in vitro model and using CTB from Vibrio cholerae, 
we did not find any decrease of CD4+CD25+Foxp3+ T cells. 
There are two possibilities: 1. CTB induces apoptosis of T 
lymphocytes (CD8 and CD4) but saves up natural regulatory 
T cells 2. It does not induce in our in vitro model apoptosis 
of T lymphocytes. So, we decided to revisit the effect of the 
toxins and their subunits on T lymphocytes in our in vitro 
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model. We first looked at the global impact of the molecules 
on cells from the spleen and mesenteric lymph nodes (MLN). 
LT, LT-R192G and CT depleted viable spleen and ML cells, 
LTB to a lesser degree, and CTB did not have any effect. This 
depletion was due to the induction of apoptosis in MLN. In the 
spleen, the induction of apoptosis was less pronounced, as we 
did not observe an increase in early apoptosis. In contrast, at 
24 and 36h, there was more late apoptosis with the molecules 
compared with the control (data not shown). The sensitivity 
of the cells could be different from one organ to another. 

When we looked more precisely at the targeted cellular 
populations, we found that LT, LT-R192G, LTB and to a 
lesser extent CT induced preferential apoptosis of resting 
CD8+ T cells. However, CD4+ T cells also come to die after 
contact with these molecules. Our data agree with previous 
studies reporting the preferential apoptosis of resting CD8+ 
T cells with LT and LTB [32, 37]. CT also induces CD8+ 
T cell apoptosis but was delayed compared with LT and 
LTB. This is in disagreement with previous studies [42]. In 
addition, LT, LT-R192G and LTB decreased CD3 expression 
on CD8+ T cells, contrary to CT. This result has never been 
reported. Moreover, we noticed some differences between 
LT/LT-R192G and LTB regarding the ratio of CD4+ T cells/
CD3-CD8- T cells and the activation of CD4- cells, seen 
with the induction of CD25 expression (data not shown). 
These differences could be explained by the fact that LTB 
can activate B cells, as previously reported by Williams et 
al. [47], and not LT. This is an essential difference between 
the whole toxin and the B subunit and can explain that LTB 
conserves adjuvant properties. 

Counter to [42] and [43]; we did not find any effect of 
CTB on T cells, although we used non-recombinant CTB. 
This absence of effect led us to control whether the CTB we 
used induced antibodies against VLP-2/6 when both were co-
administered intrarectally in BALB/c mice, i.e. had adjuvant 
properties as previously reported [17, 18, 48, 49]. CTB, as 
LT-R192G and CT, induced antibodies against VLP-2/6 [28]. 
This result underlines a significant difference between CTB 
and LTB, which could partly be explained by the difference 
in their binding properties [8]. However, like LTB, CTB can 
activate B cells, probably by a different mechanism, as we 
did not observe any induction of CD25 expression on CD4- T 
Cells [50]. These new results highlight differences between 
CT and LT, their subunits, and their mechanism of action. 
Moreover, these results question again the role played by the 
A subunit, i.e. the toxicity, in the adjuvant effect of LT and 
CT. It is clear that CT and LT use different mechanisms when 
they interact with T cells.

We then looked at the subpopulations of CD4+ T 
cells using CD25 to study any preferential apoptosis of 
CD4+CD25+ T cells among CD4+ T cells and to explain the 

decrease of CD4+CD25+Foxp3+ T cells seen previously, 
after in vitro contact with LT-R192G, LT, LTB and CT. 
In culture, CD4+CD25+ T cells were more sensitive than 
other T cells (CD8+ and CD4+CD25-T cells) and died more 
quickly. This is seen in the control wells' early and late 
apoptosis levels. This observation was previously noticed 
[44] and reported elsewhere [46]. When we then analyzed
the effect of LT, LT-R192G, LTB and CT, all four increased
early apoptosis compared with the control as soon as 12h for
CD4+CD25+ T cells, mainly from 24 hours for CD4+CD25-
T cells. Regarding CTB, we concluded that it does not induce
apoptosis of any CD4+ T cells. Conversely, CTB seems to
increase the survival of CD4+CD25+ T cells, although we
cannot be affirmative. There are, of course, limits to the method
we have used. We analyzed CD4+CD25+ T cells. However,
only a part of these cells are Foxp3+. We did not study the
induction of apoptosis using a purified subpopulation of T
cells. Finally, the staining of CD4+CD25+Foxp3+ T cells
requires fixation and permeabilization of cells.

Conclusion
This study confirms that both toxins, LT and CT, and LT-

R192G, a less toxic mutant of LT and LTB, induce the death 
of both CD4+ and CD8+ T cells in vitro. Unexpectedly, CTB 
had no effect. Whereas LT, LT-R192G and LTB induced rapid 
apoptosis of CD8+ T cells with a decrease in CD3 expression, 
CT induced less rapid apoptosis with no decrease in CD3 
expression. On the other hand, they induced the depletion of 
CD4+CD25+Foxp3+ T cells. However, using the method, we 
could not show preferential apoptosis of these cells among 
the CD4+ T cells. While toxicity plays a significant role in 
CT, receptor binding may be essential in the observed effects 
of LT.

Finally, the results show the complexity and heterogeneity 
in the effects of these different molecules.
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