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Cytokine deviation induced by
intrathymic injection of
staphylococcal enterotoxin B (SEB)

We have previously shown that intrathymic (i.t.) injection of staphylococcal

enterotoxin B (SEB) to mice induces both T cell clonal deletion and IL-2-

dependent anergy. In the present study, we have used a quantitative RT-PCR to

demonstrate that i.t. administration of SEB induced a significant decrease in the

levels of the IL-2 and IFN-gamma mRNAs in total splenocytes, from day 7 to day

28 post-injection. I.t. SEB injection also induced a significant increase in the

levels both of IL-10 and TGF-beta mRNAs on day 7, leading to a significant
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enhance in the IL-10 + TGF-beta/IL-2 + IFN-gamma mRNA ratio on days 7 and 28.

By contrast, IL-10 and TGF-beta mRNAs were unchanged after intraperitoneal

(i.p.) or subcutaneous (s.c.) SEB injections, although both IL-2 and IFN-gamma

mRNA levels were decreased. The cytokine mRNA ratio was enhanced on days 7

and 28 after i.p. injection. Interestingly, a cytokine mRNA ratio of a least 10 in

favour of IL-10 plus TGF-beta mRNAs was correlated with the hyporesponsive

state observed in vitro after i.t. and i.p. injections. Our results clearly

demonstrate that i.t. SEB administration induces a switch from Th1-type to Th2-

type cytokine expression in the spleen. The deviation from IL-2 plus IFN-gamma

towards IL-10 plus TGF-beta expression could be responsible for the

immunoregulatory effect exerted upon SEB-reactive T cells, which is

characterized by an IL-2-dependent, specific anergy in vitro. Moreover, it

highlights the crucial role of the route of SEB injection in the pattern of cytokine

expression.

INTRODUCTION

Several, non-mutually exclusive mechanisms have been proposed to explain the

induction and/or maintenance of specific tolerance to allografts, among which

anergy with (or without) an associated down-regulation of TCR and/or

accessory molecule expression on the donor-reactive cells, and infectious

tolerance are the most relevant in clinical allostransplantation [1-5]. Tolerance

induction appears to be highly dependent upon both the route of administration

(oral, intravenous, intraperitoneal or subcutaneous) and the amount of antigen.

However, intrathymic (i.t.) injection of alloantigens appears to be the most

efficient route for inducing modifications of T cell reactivity [6-8]. To date, the

precise means by which the route of antigen administration controls the nature

and the intensity of the response is not known. Intravenous injection of high

doses of antigen into mice results in the apparent deletion or clonal exhaustion

of the T cells [9]. An unresponsive state has been achieved in animal model

systems by the injection of a superantigen by the i.v. or s.c. routes [10-13]. This

unresponsive state appeared to be generated by T cell clonal anergy, in which an

initial signal through the T cell receptor, in the absence of costimulation, results

in the inability of T cells to produce IL-2, and subsequently to proliferate [14].

However, in other systems there appears to be an initial activation stage before
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T cells become unresponsive, as they express activation markers and undergo

expansion [15-17].

Staphylococcal enterotoxins belong to a family of bacterial proteins denoted as

"superantigen" because of their ability to activate at a high frequency T cells

expressing certain beta chains on the TCR variable region (Vbeta). The

advantage of the specificity of certain TCR Vbeta domains for endogenous or

exogenous superantigens, in order to investigate clonal anergy, has been

reported [18-19]. In a previous study, we demonstrated that i.t. injection of

staphylococcal enterotoxin B (SEB) induced an initial activation and proliferation

of the T cells expressing appropriate Vbeta elements [20]. This early and

transient phase of activation was followed by a state of SEB-specific functional

T cell inactivation (clonal anergy), both at the central and peripheral

compartments. This anergic state was IL-2-dependent, and was more

pronounced and more prolonged after i.t. injection than after i.p. or s.c.

injections.

Recent experiments have also suggested a possible role for regulatory

cytokines in the induction of T cell unresponsiveness [21, 22]. Indeed, during

tolerance induction there would seem to be a phase of immune deviation

towards the Th2 cytokines, IL-4 and IL-10. This deviation may lead to an IL-10-

induced form of anergy or non-responsiveness, and the generation of the

recently characterized Th3/T-regulatory T cell subset, which is thought to

downregulate antigen-presenting cells [23].

It was reported that injection of the superantigen SEA into Vbeta3/V*11 TCR

transgenic mice induced peripheral unresponsiveness in the Vbeta3  T cells and

results in IFN-gamma production by suppressor CD4 CD8  splenocytes in vitro

[24]. SEA stimulation of Vbeta3 transgenic mice was shown to result in high

levels of IL-10 in the serum, which were inversely correlated with the amount of

IL-2 produced upon restimulation [13]. Again, it has been suggested that IL-10

has a direct effect on T cells by inhibiting IL-2 production [15, 16]. However, a

correlative but not a causative role was suggested for IL-10 in the

induction/maintenance of T cell proliferative unresponsiveness in vivo [13].

In addition to IL-10, TGF-beta has been implicated as a regulatory cytokine

produced by the Th3 cells found at sites of chronic antigenic stimulation,

especially at mucosal levels [25, 26]. TGF-beta is therefore thought to
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contribute to the induction of oral tolerance [27]. TGF-beta is known to block cell

cycle progression and may have a direct effect on expression of the IL-2 gene

associated with blockage of the IL-2R* chain [28, 29]. Whatever the system

used, the molecular mechanisms underlying the induced tolerant state were not

clearly delineated and the distinction between anergy and cytokine-mediated

suppression is not fully defined.

To evaluate the immune alterations induced in mouse splenocytes following SEB

injection by the i.t. route compared to s.c. and i.p. routes, in the present study

we have explored the kinetics of the cytokine profile in total splenocytes upon

restimulation in vitro, in parallel with the kinetics of T cell-specific

unresponsiveness. Therefore, we developed a quantitative reverse

transcription-polymerase chain reaction (RT-PCR) including internal standard

construction to quantify mRNAs of the Th1-type cytokines IL-2 and IFN-gamma,

and of the Th2/Th3-type cytokines IL-10 and TGF-beta. This approach provides a

precise and sensitive measurement of mRNA levels. Our results indicate that

SEB injection induces the decreased expression of IL-2 and IFN-gamma mRNAs,

concomitantly with the enhanced expression of IL-10 and TGF-beta mRNAs, but

not of IL-4 mRNA. This switch from a Th1-type to a Th2/Th3-type cytokine

response parallels the anergic state previously reported.

MATERIALS AND METHODS

Mice and SEB injections

C57BL/6 (H-2 , Mls ), 5-6 week-old female mice (IFFA-CREDO, L'Arbresle,

France) were used throughout the study.

I.t. injections were carried out under sodium pentobarbital (Sanofi, France)

anaesthesia. The thymus lobes were exposed by midline incision over the neck,

then injected with 10 mug SEB (Sigma Immunochemical, St Louis, MO, USA) in 10

mul of sterile saline. Intraperitoneal and subcutaneous injections were

performed with 50 mug SEB in 0.3 ml and 0.2 ml, respectively. Control mice were

injected with the same volumes of sterile saline.

Splenocyte culture for mRNA quantification
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The culture medium used throughout the study was RPMI-1640 supplemented

with 2 mM-glutamine (Gibco BRL, France), 10 % foetal calf serum (Boehringer

Mannheim), 2-beta-mercaptoethanol (5 x 10 M), 25 mM Hepes buffer (Gibco

BRL, Cergy-Pontoise, France), 100 U/ml penicillin, and 100 mug/ml streptomycin

(Gibco BRL).

2.5 x 10 spleen cells were cultured in the presence of 10 mug/ml SEB for 24

hours, then harvested using 1 ml denaturing solution (RNAzol, Bioprobe, Paris)

and stored at - 80° C until RNA extraction.

Total RNA extraction

Total RNA was extracted from total splenocytes by homogenisation of 10  cells

in 1 ml of denaturing solution (RNAazol, Bioprobe, Paris) using the phenol-

chloroform extraction technique [30]. Total RNA concentration was determined

by measuring the absorbance at 260 nm. To ensure RNA purity, the ratio of

absorbance at 260 nm/absorbance at 280 nm should be in the range of 1.8-2.

Oligonucleotides used for cDNA amplification

We designed sets of primers (sense and anti-sense) using Oligo-4 software

(Med. Probe, Oslo, Norway) to optimize the annealing temperature and

sequence specificity, and to limit self-complementarity (Tables 1 and 2). The

oligonucleotide primers were synthesized by Genaxis (France).

Quantitative RT-PCR for IL-2 and IFN-gamma using RNA internal standards

mRNAs for IL-2 and IFN-gamma were quantified using a co-RT-PCR, in which an

RNA internal standard was co-reverse transcribed with the RNA samples (I.S.RT-

PCR). Subsequently, the resulting sample and internal standard cDNAs were co-

amplified by PCR. Internal standards for IL-2 and IFN-gamma were constructed

by deletions of 45 and 47 bp sequences, respectively, from the DNA sequences

using the mutagenesis assay previously described [31].

Splenocyte RNAs (2 mug) were reverse transcribed in the presence of a known

amount of internal standard. The introduction of a known amount of internal

standard RNA in the RT assay serves, firstly as an internal control RNA for the RT
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reaction, and secondly to generate a standard curve for quantifying the specific

target of each mRNA from experimental samples [32].

The optimal amount of internal standard mRNA to introduce in the I.S. RT-PCR

had to be determined for each assay. Briefly, various amounts of the internal

standard RNA were added to a constant amount of sample RNA (2 mug) (Figure

1A). The experimental and control RNAs and the corresponding cDNAs compete

for substrate in reverse transcription and PCR, respectively. For each sample,

the amount of the internal standard RNA to be added in the PCR was estimated

by direct visualization of the ethidium bromide-stained PCR products from three

or four different standard RNA concentrations.

Analysis on gel exhibited two distinct amplification products of the expected

size: the first one corresponded to the wild cDNA of the sample, and the second

one to the cDNA of the internal standard (Figure 1B). The optimal amount of IL-2

or IFN-gamma mRNA was calculated within the exponential phase by

extrapolation from the amount of internal standard added to the reaction

mixture (Figure 1C). Results were expressed as the number of specific mRNA

molecules per mug of total extrated RNA.

PCR was carried out in the presence of a trace amount of one P-labeled

5'primer (2-3 x 10 cpm/tube). The mixture was amplified in a PHC3 thermal

cycler (Techne, Cambridge, UK) for 36 and 35 cycles, for IL-2 and IFN-gamma,

respectively, as previously described [32]. We ensured that both quantification

took place in the exponential phase of PCR, and that amplification was similar for

both RT products (i.e., known amounts of internal control and cDNA samples) by

plotting the amount of radioactivity (cpm) against the number of PCR cycles on

sequential samples from 22 to 36 cycles.

Results are expressed as the number of specific mRNA molecules per mug of

total extracted RNA.

Quantitative LightCycler  SYBR Green I RT-PCR for IL-10 and TGF-beta

We have recently adapted the LightCycler  technology (Roche, Boeringer

Mannheim) in order to quantify IL-10 and TGF-beta mRNAs, as described [33].

The results obtained for IL-2 and TGF-beta mRNA quantification by I.S. and

LightCycler  techniques were similar.

32
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Both at the end of each amplification cycle and all along each melting curve

analysis, fluorimetric measures were registered. A single external standard

curve (log concentration versus number of cycles) was obtained from two-fold

dilutions (from 1/2 to 1/32) of a specific standard DNA amplification product.

Results were expressed as arbitrary units (a.u.).

The melting curve analysis allows the detection of undesired, non-specific

products or dimers in the amplification products. For complementary verification

of the length of the PCR product, they were separated by electrophoresis onto a

1.5 % agarose gel.

Cytokine quantification by ELISA

IL-2 and IL-10 levels in splenocyte supernatants were flasted by enzyme-linked

immunosorbent assays, using commercially available kits (Quantitine M mouse

IL-2 and Quantitine M mouse IL-10, R&D Systems). The calibration range was 0 to

1,000 pg/ml. The test were accurate down to 3.0 pg/ml for IL-2 and 4.0 pg/ml for

IL-10.

Statistical analysis

Results were expressed as indicated in each experiment and recorded as the

mean value ± SEM. The non-parametric test was used throughout the study.

Differences with p values lower than 0.05 were considered significant.

RESULTS

In the present study, we have investigated the pattern of cytokine mRNA

expression in total splenocytes after restimulation for 24 hours with 10 mug/ml

of SEB in vitro. Groups of 6 mice were injected with SEB by the i.t. (10 mug), i.p.

(50 mug) or s.c. (50 mug) routes, since these doses of SEB were previously

shown to be the most efficient for inducing immunological alterations according

to the route of administration [20].

The specific mRNA levels were quantified on total splenocytes using the RT-PCR

with internal standard (I.S. RT-PCR) for the IL-2 and IFN-gamma, and the

LightCycler  technique for IL-10 and TGF-beta. None of the cytokine mRNAsTM
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investigated in the present study were detectable in the thymocyte extracts by

either RT-PCR techniques.

mRNA levels in total splenocytes

In all cases, the 28S RNA levels in total splenocyte from control and SEB-treated

mice were similar, confirming that similar amounts of RNA were introduced

(Figure 2). Again, the beta-actin mRNA levels were not significantly different in

extracts from control and SEB-treated mice, whatever the route of injection (in

the range of 20.5 to 45.7 a.u.), indicating that SEB-injection did not alter the

overall expression of mRNAs in splenocytes.

Quantitative determination of IL-2 and IFN-gamma mRNAs

IL-2 and IFN-gamma mRNAs were quantified on total splenocyte samples from 6

SEB-treated and 6 saline-injected control mice on days 2, 7, and 28 after SEB

injection.

The mean amounts of IL-2 mRNA in control mice were not significantly different

on the three days of experiments (2, 7, and 28) after i.t., i.p. and s.c. treatments,

and ranged from 12 x 10  to 18 x 10 molecules/mug of RNA (Figure 3). The mean

amounts of IFN-gamma mRNA in control mice were not significantly different on

days 2, 7, and 28 after i.t. and i.p. treatments, and ranged from 79.1 x 10  to 193.2 x

10 molecules/mug of RNA. Unexpectedly, the mean amount of IFN-gamma

mRNA progressively increased from day 2 until day 28 following s.c. injection of

saline (control mice), from 45.6 ± 12.8 x 10 to 193.3 ± 37.8 x 10  molecules/mug of

RNA (p < 0.05).

Figure 3 shows that following i.t. injection, the number of IL-2 mRNA molecules

decreased 8-fold at days 7 and 28 in SEB-treated mice (3.5 ± 1.1 x 10 versus 27.7

± 3.3 x 10  molecules/mug of RNA in control mice, p < 0.001 on day 7; 3.1 ± 1.2 x 10

versus 13.9 ± 2.1 x 10  molecules/mug of RNA in control mice, p < 0.001 on day

28). In parallel, the number of IFN-gamma mRNA molecules was dramatically

decreased from day 2 (11.0 ± 2.1 x 10 versus 193.2 ± 17.4 x 10 molecules/mug of

RNA in control mice, p < 0.01) until day 28 (3.8 ± 1.5 x 10  molecules/mug of RNA

versus 142 ± 37.2 x 10 in control mice, p < 0.01).
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Following i.p. injection of SEB, the number of IL-2 mRNA molecules was

significantly decreased from day 2 (2.7-fold, p < 0.01 versus control mice) until

day 28 (4.5-fold, p < 0.001) (Figure 3). In parallel, the amounts of IFN-gamma

mRNA in splenocytes from SEB-treated mice were significantly decreased from

day 2 (8.9-fold, p < 0.001) until day 28 (17.7-fold, p < 0.01).

Figure 3 also shows that following s.c. injection of SEB, the amount of IL-2 mRNA

was decreased by 3.4-nimes only at day 7) 3.7 ± 1.1 x 10  molecules/mug of RNA in

seb-treated mice versus 12.4 ± 2 x 10  in control mice, p < 0.01), then returned to

control level on day 28. By contrast, the amount of IFN-gamma mRNA was

significantly decreased at days 7 (4.6-fold, p < 0.01) and 28 (13.3-fold, p < 0.001).

In conclusion, SEB injection resulted in a significant, early decrease in the

amount of IL-2 mRNA at day 2 only in the case of the i.p. route, as summarized in

Figure 5. At day 7, this decrease was dramatic for the three routes of injection,

although significantly more pronounced after i.t. and i.p. than s.c. injections (p <

0.05 on days 7 and 28). Lastly, on day 28, the level of IL-2 mRNA had returned to

the level observed on day 2 only after s.c. injection of SEB. In parallel, a

significant decrease in IFN-gamma mRNA occured as soon as day 2 following i.t.

or i.p. injections of SEB, then remained similar for the three routes of injection

until day 28.

Quantitative determination of TGF-beta and IL-10 mRNAs

TGF-beta and IL-10 mRNAs were quantified in total splenocytes from SEB-

injected mice on days 2, 7, and 28 post-SEB injection.

The levels of IL-10 mRNA in control mice were similar on the three days of

experiment after i.t. injection of saline (Figure 4). Unexpectedly, the levels

reached in control mice were significantly higher at days 7 and 28 following i.p. or

s.c. injection than at day 2 (p < 0.05). By contrast, the levels of TGF-beta mRNA

were similar in all control groups and ranged from 20.2 to 38.5 arbitrary units.

After i.t. injection of SEB, the levels both of IL-10 and of TGF-beta mRNAs were

significantly increased on days 2 (15.7 a.u. versus 3.6 a.u. in control mice, p <

0.001, for IL-10; 56.6 a.u. versus 25.6 a.u. in control mice, p < 0.01, for TGF-beta),

and 7 (21.7 a.u versus 12.3 a.u. in control mice, p < 0.001 for IL-10; 22.3 a.u. versus

5
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64.8 a.u. in control mice, p < 0.001, for TGF-beta), then returned to the

corresponding control levels on day 28 (Figure 4).

After i.p. injection of SEB, the level of IL-10 mRNA was significantly decreased on

day 2 (5.1 a.u. versus 14.5 a.u. in control mice, (p < 0.001), whereas the level of

TGF-beta mRNA significantly increased (94.3 a.u. in SEB-treated mice versus

34.9 a.u. in control mice (p < 0.01).

After s.c. injection, the levels of IL-10 mRNA in SEB-treated mice were similar to

the corresponding control group throughout the experiment (Figure 4).

Unexpectedly, the level of TGF-beta mRNA was significantly decreased on day 7

in SEB-treated mice (15.1 a.u. versus 32.2 a.u. in control mice, p < 0.01).

To summarize, only the i.t. route for SEB injection resulted in any significant

increase in the amounts both of IL-10 and TGF-beta mRNAs, as early as day 2 and

until day 7. This increase was significantly more pronounced after i.t. that i.p. or

s.c. injections at day 2, and was still significantly higher at day 7 (Figure 5). I.p.

injection of SEB resulted in an early but transient (day 2) increase in the level of

TGF-beta mRNA, but a decrease in the level of IL-10 mRNA. By contrast, s.c.

injection of SEB induced a significant decrease in TGF-beta mRNA levels at day 7.

IL-2 and IL-10 protein expression

IL-2 and IL-10 cytokines released by total splenocytes from SEB-treated and

control mice (3 mice per group) were assayed by ELISA on the culture

supernatants after restimulation for 24 hours with 10 mug/ml of SEB in vitro.

IL-2 release in supernatants was signicantly decreased from day 2 to day 28,

whatever the route of SEB injection (p < 0.01 versus the corresponding control

group), although to a greater extent at day 28 (Figure 6). Concomitantly, the IL-

10 concentrations were significantly increased (p < 0.01 versus control group).

However, the IL-10 release was significantly more increased after i.t. than i.p.

injection (p < 0.01 at days 2, 7, and 28) or s.c. injection (p < 0.05 at day 2, and p <

0.01 both at days 7 and 28).

Cytokine pattern and anergy induced in splenocytes following SEB-injection

of mice
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To explore the possible parallelism between the pattern of cytokine mRNA

expression in total splenocytes, and the SEB-specific unresponsive state that

we previously observed in vitro following SEB injection of mice [20], we

calculated the ratio of mRNA levels of the Th2/Th3-type cytokines IL-10 and TGF-

beta to the mRNA levels of the Th1-type cytokines IL-2 and IFN-gamma.

Figure 7 (top right) shows that 7 days following i.t. or i.p., but not s.c. injection of

SEB, the proliferative response of splenocytes to 10 mug of SEB in vitro was

significantly decreased (p < 0.001 versus pre-treatment group).

At day 28 after SEB injection (Figure 7 bottom right), the unresponsiveness

induced by i.t. injection of SEB was still significant (p < 0.01), whereas a

rebounding, significant hyper-responsiveness was observed after i.p. injection

(p < 0.01). Lastly, the proliferative response was not altered after s.c. injection of

SEB.

Figure 7 (left) clearly shows that the cytokine mRNA ratio at day 7 was

significantly enhanced both after i.t. (mean ratio = 12.6) and after i.p. (mean

ratio = 10.2) injections of SEB, and significantly higher that after s.c. injection

(mean ratio = 2.4, p < 0.01 for i.t. and i.p. routes versus s.c. route). The former

elevated ratios were both correlated with functional unresponsiveness.

It is very interesting to note that on day 28, the mean mRNA ratio calculated from

i.t. injected mice remained at a similar level (mean ratio = 9.2), and was

correlated with a lasting state of anergy. By contrast, after i.p. injection, the

mean ratio had returned to a low level (mean ratio = 3.5), and was correlated

with the loss of the unresponsive state, although both IL-2 and IFN-gamma

mRNA levels were still dramatically decreased, as earlier reported in Figure 3. The

steady, low mRNA cytokine ratio calculated after s.c. injection of SEB paralleled

the absence of hypo- or hyper-response to SEB observed in the proliferative

assay in vitro.

From these results, we can assume that only an IL-10 + TGF-beta mRNA/IL-2 +

IFN-gamma mRNA ratio higher than 4, and may be around 10, is correlated with

SEB-specific unresponsiveness.

DISCUSSION
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We have previously shown that SEB injection into mice induced an SEB-specific,

IL-2-dependent unresponsive state in total splenocytes restimulated with SEB

in vitro [20]. The aim of the present study was to investigate the pattern of

cytokine expression induced by SEB injection. Indeed, the balance between the

Th1-type cytokines IL-2 and IFN-gamma, and the Th2/Th3 cytokines TGF-beta

and IL-10 may play a major role in the induction of T cell unresponsiveness. We

focused on mRNA levels in total splenocytes, since we could not detect mRNA

for these cytokines in thymocytes using our techniques.

The properties of tolerized cells have not yet been well characterised due to the

difficulty of recovering adequate numbers of these cells. In one case, Vbeta TCR

transgenic mice given an injection of Mls-incompatible spleen cells showed that

clonal anergy played a role in the tolerance process [34]. By contrast, other

investigators using a similar Mls incompatibility in a non-transgenic model

concluded that anergy induction does not play a role in this system [11]. To study

the cytokine balance after i.t. injection of antigen, which appears to be the most

efficient route for inducing alterations of T cell reactivity [6-8], we injected a

superantigen as a model of amplified T cell activation in mice. Since in vitro

models have clearly established an association between repressed IL-2 mRNA

expression and a non-responsive state [35], we explored the mRNA levels of

cytokines induced in total splenocytes obtained on days 2, 7, and 28 following

SEB injection after in vitro restimulation for 24 hours with SEB. This sensitive

method for investigating cytokine expression avoids prolonged in vitro culture,

which can introduce artefacts, as well as general, new cytokine-producing cells.

It is also a suitable compromise for quantification both of mRNA and of proteins

for the four cytokines tested.

Our results confirm that SEB injection induces a significant decrease in IL-2

mRNA on day 7, whatever the route of injection, which is in agreement with other

reports [36]. This decrease was still evident 4 weeks after i.t. and i.p. injections,

and was significantly more substantial after i.t. and i.p. than s.c. injections,

although the dose of SEB injected by the i.t. route was 5 times lower than for the

i.p. or s.c. routes. In parallel, we also showed a dramatic reduction in IFN-gamma

mRNA levels in contrast with normal IFN-gamma expression reported by the

same authors. This reduction was early, and durable whatever the route of SEB

injection, although it was delayed after s.c. injection.
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Several studies have indicated that regulatory cytokines may contribute to the

overall tolerant state in vivo [21]. A role for TGF-beta in the maintenance of the

tolerant state has been shown in a number of animal models. Mice rendered

tolerant by oral ingestion of antigen develop CD8  regulatory T cells that

express varying amounts of TGF-beta, IL-10, and IL-4 [37]. A role for TGF-beta in

the negative regulation of the immune response, possibly by actively

suppressing or immune deviating reactive T cells has been reported [27]. In

recent studies, CD4  [15] and CD8  [16] T cells rendered tolerant in vivo by

chronic antigenic stimulation were shown to express the cytokine IL-10 after

restimulation in vitro. The involvement of IL-10 tolerance has also been

demonstrated in a superantigen model involving multiple injections of SEA into a

Vbeta transgenic mouse [13], with an inverse correlation between the amounts

of IL-2 and IL-10 elicited.

Our results confirm that SEB-induced anergy is not IL-2-dependent, nor related

to IL-10 release, since the decrease in IL-2 expression and/or the increase in IL-10

expression did not parallel anergy. It can be postulated that the decrease in IL-2

expression is a pre-requisite for, but is not sufficient to lead to an anergic state,

and that IL-10 plays a role in the prolongation of the anergic state. It seems likely

that other cytokines play a role in the induction and in the maintenance of

anergy, especially TGF-beta. In our model, only after i.t. injection a significant,

early increase in TGF-beta mRNA level was observed and still evident on day 7,

and paralleled the increase in IL-10 mRNA levels. Taken together, these results

clearly show that the effect of SEB injection upon Th1-like cytokines (decrease)

does persist at the time when the effect of Th2-like cytokines expression

(increase) has disappeared.

These data pose an intriguing question as to the nature of the relationship

between the suppression and the anergy: were they in fact separate

components of the tolerance? It has been suggested that the immune response

(T cell anergy versus activation) following alloantigen administration is closely

related to the balance between the Th2 and Th1 cytokines rather than the

increase in the former or the decrease in the latter cytokines. In many cases it

has been reported than the induction of peripheral tolerance to alloantigen is

accompanied by a decrease in the production of cytokines such as IL-2 and IFN-

gamma, yet an increased production of cytokines such as IL-10 and IL-4 [38].

Although the Th1/Th2 paradigm has proven a potent conceptual framework for

the operational classification of T cells, studies have raised doubts about its

+

+ +
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validity in the induction of allograft acceptance and peripheral transplantation

tolerance. To further investigate the role of cytokine balance in anergy, it has

been postulated that the Th2/Th1 cytokine ratio may be useful for looking at

skewing of T cell cytokine profiles. Taking into account the critical cytokines

reported in the induction of allograft acceptance, we have studied the ratio of IL-

4 mRNA plus TGF-beta mRNA to IL-2 plus IFN-gamma mRNA, as the balance

between Th2/Th3-type and Th1-type cytokines. In our model, we have

demonstrated a close relationship between hypo-responsiveness in vitro

(functional anergy) and an increase in the Th2/Th1 ratio. The inhibition of the

proliferative response on day 28 was only observed after i.t. SEB injection, which

correlates with a mean Th2/Th1 ratio of at least 10. The profoundness of the

unresponsiveness seen at day 7 after i.t. injection is clearly related to the

combination of an IL-2-dependent anergy and a suppression mediated by IL-10

and TGF-beta. This is in agreement with Groux et al. who have shown that

stimulation of human naive T cells in the presence of IL-10 can facilitate the

induction of an anergic-like state [39]. Although IL-2 and IL-10 appeared to be

critical, the expression of IL-10, and probably of TGF-beta, may prove to be more

valuable than the failure of IL-2 expression, to achieve tolerance.

In our model, to clearly identify the relationship between the increase of both IL-

10 and of TGF-beta production, and the anergic state of SEB-reactive T cells, the

abrogation of the induction of specific unresponsiveness to SEB should be

investigated by in vivo injection of neutralizing antibody specific to IL-10 or TGF-

beta.

Whereas IL-10 mRNA levels were correlated with the cytokine release as

determined by ELISA, a decrease in IL-2 release was concomitant with an

unchanged IL-2 mRNA expression on day 2. We can postulate that this

discrepancy is related to IL-2 consumption.

Comparison of the different routes of administration of SEB clearly shows that

the i.t. route was the most efficient for inducing alterations of T cell reactivity,

which may be accounted for by differences in SEB distribution as previously

demonstrated. Indeed, we have previously shown that SEB migrates from the

central to the peripheral compartment after i.t. injection [20], suggesting that

i.t. SEB injection may lead to a combination of central and peripheral alterations

of the cytokine balance, although we were not able to quantify the cytokine

mRNAs in the thymocyte extracts. It has been suggested that recent thymic
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emigrants, but not mature T cells, were able to develop into functional T

regulatory cells in the presence of peripheral alloantigen [40]. Therefore, we can

not exclude an effect of recently emigrant thymic regulatory T cells on

peripheral cytokine expression. Indeed, evidence has recently emerged that

during tolerance induction there is a phase of immune deviation towards Th2

cytokines and generation of a Th3/ T-regulatory T cell subset [41].

CONCLUSION

Our results clearly show that intrathymic injection of SEB induces an increase in

the mRNA expression of the Th2-type cytokines IL-10 and TGF-beta, which

parallels a decrease in the expression of the Th1-type cytokines IL-2 and IFN-

gamma. Our data suggest that a T regulatory T cell subset was generated upon

SEB stimulation in vivo. Moreover, the intrathymic route was the most efficient

for inducing a long-lasting immunodeviation towards the Th2-type cytokines.

We postulate that an elevated Th2/Th1 cytokine ratio combined with a decrease

in IL-2 mRNA is critical in the maintenance of the anergic state. Therefore, the

modulation of the Th2/Th1 cytokine balance may be a way of regulating the

tolerance/activation balance.
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Figure 1

Illustration of RT-PCR using an internal standard for IL-

2 mRNA quantification.

(A) Determination of a suitable amount of internal

standard to add in the RT-PCR from the equal intensity of

internal standard and sample cDNA bands (0.5 pg, as

indicated).

(B) RT-PCR.

Figures
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At various times, aliquots were taken off and loaded on to

2.5% agarose electrophoresis gel.

(C) Amplification curve obtained by plotting the number

of cycles against cpm (logarithm scale).

Figure 2

28S RNA (left panels) and beta-actin mRNA (right

panels) expression in total splenocytes from mice

injected with SEB by the intrathymic (i.t.),

intraperitoneal (i.p.), and subcutaneous (s.c.) routes,
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on days 2, 7, and 28 after injection, using the

LightCycler  technique.

Splenocytes were restimulated for 24 hours with 10 µg/ml

of SEB in vitro. Results are expressed as arbitrary units

and reported as the mean value ± SEM. n = 6 mice/group.

Figure 3

IL-2 (left-panels) and IFN-gamma (right panels) mRNA

expression in total splenocytes from saline (control) or

SEB-injected mice on days 2, 7, and 28 by the

intrayhymic (i.t.), intraperitoneal (i.p.), and

subcutaneous (s.c.) routes: splenocytes were

TM
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restimulated for 24 hours with 10 mug/ml of SEB in

vitro.

Results are expressed as the number of specific mRNA

molecules x 10  per µg of total cell RNA, ± SEM.

* p < 0.05, ** p < 0.01 and *** p < 0.001 versus controls. N =

6 mice/group.

Figure 4

IL-10 (left panels) and TGF-beta (right panels) mRNA

expression in splenocytes from saline (control) or SEB-

injected mice on days 2, 7, and 28 by the intrathymic

- 5
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(i.t.), intraperitoneal (i.p.), and subcutaneous (s.c.)

routes.

Splenocytes were restimulated for 24 hours with 10 µg/ml

of SEB in vitro. Results are expressed as arbitrary units

and reported as the mean value, ± SEM.

** p < 0.01 and *** p < 0.001 versus controls. n = 5

mice/group.

Figure 5

Expression of IL-2, IFN-gamma, IL-10, and TGF-beta

mRNAs in total splenocytes on days 2, 7, and 28 after
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i.t., i.p., and s.c. SEB-injection. Splenocytes were

restimulated for 24 hours with 10 mug/ml of SEB in

vitro.

Results are expressed as the ratio of mRNA expression in

SEB-treated to mRNA expression in control mice. Results

are reported as the mean value ± SEM.

* p < 0.05, ** p < 0.01, and *** p < 0.001. n = 5 mice/group.

Figure 6

IL-2 and IL-10 release in culture supernatants of total

splenocytes from mice injected with SEB by the i.t.,

i.p., and s.c. routes, determined by ELISA.
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Splenocytes were obtained on days 2, 7, and 28 post-

injection, then cultured for 24 hours with 10 µg/ml of SEB.

Control mice were injected with saline. Results are

expressed in ng/ml.

* p < 0.05, ** p < 0.01, and *** p < 0.001 n = 3 mice/group.

Figure 7

Correlation between the cytokine balance in total

splenocytes and the proliferative response in vitro.

Left: Ratio of TGF-beta plus IL-10 to IL-2 plus IFN-gamma

cytokine mRNAs (IL-10 + TGF-beta mRNAs/IL-2 + IFN-

gamma mRNAs) in splenocytes from mice injected with

SEB on days 7 (top) and 28 (bottom) after injection by i.t.

(closed circles), i.p. (open circles), and s.c. (open

squares) routes. Splenocytes were restimulated for 24
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hours with 10 µg/ml of SEB in vitro. Each point represents

one mouse. N = 5 mice/group. The mean value is

indicated for each lot.

Right: In vitro proliferative response to 10 µg/ml of SEB of

total splenocytes from SEB-treated mice on days 7 (top)

and 28 (bottom) after i.t., i.p. or s.c. SEB injections.

Results are expressed as the percentage of the

proliferative response (in cpm) of SEB-treated mice from

the proliferative response (in cpm) of control mice. The

mean value with the SEM are reported.

* p < 0.05, ** p < 0.01, and *** p < 0.001 versus untreated

mice.
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