
Peptide-Induced Anergy in Allergen-Specific Human Th2 Cells 
Results in Lack of Cytokine Production and B Celt fletp for 
IgE Synthesis 

Reversal by IL-2, not by IL-4  or IL-13 

Stephan Fader,'* Cregorio Aversa,'*  Abba  Terr,*  Kristian  Thestrup-Pedersen,' 
Jan E. de Vries, and Hans Ysse12* 

The induction of anergy in T cells is believed to be the result of triggering of the TCR in the absence of adequate costimulation 
mediated through the interaction of CD28 and its ligands, CD80 and CD86.  Here, we demonstrate that stimulation of human 
group I allergen in Dermatophagoidespteronyss~nusextract (Der p 1)-specific CD4+  Th2-IikeT cell clones with Der p 1-derived 
peptides in the absence of professional APC results in a state of nonresponsiveness.  The induction of anergy occurred despite 
the expression of high levels of CD28,  CD80, and CD86 on the surface of the T cell clones  and  was not prevented by the addition 
of anti-CD28 mAb.  The  anergic, Der p 1 -specific,  Th2 cells failed to  mobilize calcium from intracellular stores, to proliferate, 
and to produce IL-2,  IL-4, IL-13, GM-CSF, and TNF-a following optimal  stimulation with  Der p 1 -derived peptide and  autologous 
APC. However, they mobilized  intracellular calcium following stimulation with Ca2+-ionophore and produced all  of the above 
cytokines, including IFN-y, when stimulated with  phorbol ester and Caz+ ionophore. These results indicate  that the anergic T 
cell clones  are capable of responding to signals circumventing the TCR/CD3 complex activation pathway. In contrast to T cell 
clones optimally activated with peptide and APC, anergic T cells failed to induce lgG4 and IgE synthesis when cocultured with 
B cells,  even in the presence of exogenous IL-4 or IL-13. Anergic T cells expressed normal levels of CD4OL,  suggesting that  their 
inability  to help in Ig production by B cells is due to conditions other than a lack of expression of this molecule.  Finally, 
exogenous IL-2 restored the helper function of anergic Th2 T cells for IgE production by B cells, which was greatly enhanced 
by the addition  of IL-4  or 11-1 3.  These data suggest that  induction  of anergy in allergen-specific Th2 T cells by allergen-derived 
peptides may play an important  role in the successful desensitization of allergic patients. The Journal of Immunology,  1995, 
155: 4199-4206. 

M ost human T cell clones specific for various allergens 
generated from peripheral blood or skin biopsies of 
atopic patients have been shown to belong to the Th2- 

like subset (1-4). Cocultivation of activated Th2 T cell clones with 
purified B cells results in IgE production, which is partially 
blocked by neutralizing anti-IL-4 mAb, indicating that IL-4 pro- 
duction by these T cell clones plays a major role in the induction 
of IgE synthesis in vitro (5-7). 

Studies using mouse models have indicated that IL-4 is also 
responsible for IgE production in vivo. Administration of neutral- 
izing anti-IL-4 mAb to mice blocked the production of IgE in vivo 
as  a result of infection with Nippostrongylus braziliensis (8), 
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whereas mice in which the IL-4 gene was disrupted failed to pro- 
duce IgE following infection with parasites (8,9). Also in humans, 
there is strong, albeit indirect, evidence that allergen-specific IL- 
4-producing T cells play a critical role in the induction and main- 
tenance of IgE synthesis in vivo (10, 11). 

Recently, it was reported that another T cell-derived cytokine, 
IL-13, also induces naive human B cells to switch to IgE-produc- 
ing cells, independently of IL-4 (12). Although the relative con- 
tributions of 1L-4  and IL-13 to the induction of human IgE  syn- 
thesis in vivo remain to be determined, it is likely that prevention 
or inhibition of IL-4 and IL-13 production by allergen-specific 
CD4+ T cell clones may provide an efficient  way to block aller- 
gen-induced IgE synthesis and IgE-mediated allergic diseases. 

Early studies using human and mouse T cell clones showed that 
interaction of the TCR with Ag in the absence of costimulation did 
not result in  activation of the cells, but rather led to a state of 
nonresponsiveness or anergy during which the cells no longer pro- 
liferate or produce IL-2 following stimulation with Ag and APC 
(13, 14). In murine Tho and Thl clones, these costimulatory sig- 
nals, which are required for optimal activation and IL-2 produc- 
tion, have been shown to be partially mediated via the interaction 
of CD28 with CD80 (reviewed in Ref. 15) and possibly with CD86 
(16, 17). Murine Th2 cells, on the other hand, produce IL-4, which 
acts  as an autocrine growth factor, in the absence of costimulatory 
signals. However, they require costimulation via APC to induce 
responsiveness to IL-4 (18). Therefore, it has been suggested that 
CD28 also acts as  a costimulatory signal for Th2 cells, most likely 
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by inducing the endogenous production of IL-1 which, in  an au- 
tocrine manner, induces responsiveness to IL-4. Although all three 
murine Th subsets can be tolerized in vitro (14, 19-21), it  Seems 
that Th2 cells are less susceptible to tolerance induction (14, 19). 
The resistance of mouse Th2 clones to tolerance induction was 
found in one study to be associated with the presence of IL-4 (22). 
Recently, however, it has been shown that murine Th2 cells too 
can be rendered anergic by incubation with altered peptides (21). 

In the present study, we determined whether human Der p I-spe- 
cific4 Th2 T cell clones could be rendered'functionally nonrespon- 
sive to subsequent antigenic stimulation. It is shown that T cell 
clones incubated for 16 h with peptides representing two different 
T cell activation-inducing epitopes OR Der p 1 become unrespon- 
sive to further stimulation via the TCRICD3 complex. These an- 
ergic Th2 clones failed to produce cytokines and to proliferate in 
response to stimulation by Der p 1 and APC. In addition, they 
failed to provide B cell help for the synthesis of IgM, IgG, and IgE, 
even in the presence of exogenous IL-4 or IL-13, whereas the €3 
cell helper function of these Th2 cells was restored by the addition 
of IL-2. 

Materials and Methods 
T cell clones and reagents 

The T cell clones NP-12 and NP-44, which are specific for the Tyry4- 
Arg'"' epitope of Der p 1, the major allergen in house dust and restricted 
HLA-DR1101. have been described previously (3). The Der p  I-specific T 
cell clone AR-142, which is reactive with the Der p 1-derived peptide 
Ala'71-Gly'82 in the context of HLA-DR1501, was generated from the 
PBMC of  an atopic patient (S. Fasler, H. Yassel, unpublished observa- 
tions). All Der p 1-specific T cell clones have a Th2-like cytokine produc- 
tion profile, as characterized by the high levels of IL-4 and IL-5 and low 
levels of IFN-y production following Ag-specific activation. Optimal T cell 
proliferation was observed at concentrations of 1 Fg/ml for each peptide 
and T cell clone at  an EBV-LCLm cell ratio of  2:1. T cell clones (2 X 10' 
cellsiml) were cultured in 24-well Linbro plates (Flow Laboratories, 
McLean, VA) by stimulation every 2 wk  with a feeder cell mixture con- 
sisting of irradiated (4000 rad) allogeneic PBMC (IO* cellsiml), irradiated 
(5000 rad) autologous EBV-LCL (10' cellshnl), and purified PHA (0.1 
pglml; Wellcome Diagnostics, Dartford, UK), as described previously 
(22). Three or four days after each restimulation with feeder cells, the 
cultures were further expanded in culture medium containing 20 Uiml 
rIL-2 (a kind gift from Dr. G. Zurawski, DNAX Research Institute). All 
cloned T cell lines and the EBV-LCL NPR and ATR, used as autologous 
APC for the NP and AR T cell clones, respectively, were free of myco- 
plasma and were cultured in a modification of Iscove's medium, described 
by Yssel et ai. (23), supplemented with 1% human serum (Gemini, Cala- 
basas, CA). All experiments were conducted in this culture medium unless 
indicated otherwise. HLA-matched monocytes (generously provided by 
Drs. C. Figdor and R. Huybens, Netherlands Cancer Institute, Amsterdam, 
The Netherlands) were isolated from the peripheral blood of healthy donors 
by centrifugal elutriation, as described previously (24). Monocyte prepa- 
rations were 195% pure, as judged by nonspecific esterase staining and 
immunofluorometric analysis. Recombinant Der p 1 was produced in Esch- 
erichia coli, after expression of genomic DNA encoding Der p I (kindly 
provided by Dr. W. Thomas, Princess Margaret Hospital, Perth, Australia), 
as a glutathione transferase fusion protein in a pGEX-2T expression vector, 
followed by purification of the E. coli homogenate by affinity chromatog- 
raphy on glutathione-Sepharose 4B (Pharmacia, Uppsala, Sweden) and 
treatment of the beads with thrombin, as previously described (3). Der p 1 
peptides, representing minimal T cell activation-inducing epitopes, were 
synthesized on an Advanced Chemtech 350 Synthesizer (Louisville, KY) 
using 9-fluorenylmethyloxycarbonyI-chemistry, according to the manufac- 
turer's instructions. The peptides were characterized by laser desorption 
mass spectrometry and peptide sequencing or quantitative amino acid anal- 
ysis and had a purity of about 90%. 

Abbreviations used in this  paper:  Der  p 1, group I allergen in Dermatopha- 
goides pteronyssinus extracts; EBV-LCL, EBV-transformed lymphoblastoid B cell 
lines; CD40L, CD40 ligand; [Ca2+J,, intracellular free calcium. 

Induction  of anergy 

One million T cell clones were incubated with different concentrations of 
specific  synthetic peptides in the absence of APC in 24-well Linbro plates 
in a final volume of 1 ml. T cell clones, used as a negative control, were 
incubated for the same period of time with culture medium or the nonrel- 
evant peptide Ser4'-Serh7. In experiments in  which optimally activated T 
cells were used, 10' T cell clones were stimulated with 2 X 105 purified 
HLA-matched monocytesiml or IO6  autologous EBV-LCL that had  been 
pulsed for 24 h with 1 Fg/ml of specific Der p 1 or specific peptide. After 
16 h of incubation, the cells were washed, and supernatants were collected 
for cytokine analysis. After two additional washes with culture medium, 
the cells were used in various assays. 

mAb, immunofluorescence,  and flow cytometry 

Methods of immunofluorescence staining, flow cytometry, and data anal- 
ysis were described by Lanier and Recktenwald (25). Flow cytometry was 
performed using a FACScan (Becton Dickinson Co., San Jose, CA). The 
mAb used in this study were anti-CD2, anti-CD3q anti-CD4, and anti- 
CD25 mAb (Becton Dickinson); antiLCD80 mAb L307, anti-CD86 mAb 
IT.2 (16), and anti-CD25  mAb  L293 (26) (kind gifts from Drs. L. Lanier, 
DNAX, and M. Azuma, Dental University, Tokyo, Japan); and anti-CD40L 
mAb L U 8  (a kind gift from Dr. J.  Banchereau, Schering-Plough Research 
Laboratories, Dardilly, France). 

Proliferation assay 

Cellular proliferation in response to Ag-specific stimulation of the T cells 
was measured using an  ['HITdR assay, as previously described (27). In 
brief, 10' T cells were mixed with 2 X lo4 irradiated HLA-matched mono- 
cytes or 2 X 10' autologous EBV-LCL, which had  been pulsed overnight 
with native Ag or with synthetic peptide (1 wg/ml),  in a flat bottom 96-well 
tissue culture plate (Flow) in a total volume of 200 ~ l .  After 72 h of 
incubation at 3 7 T ,  1 pCi (37 kBq) of [3H]TdR (Amersham International, 
Arlington Heights, IL) was added to each well. Four hours later, the cells 
were harvested onto glass fiber strips, and  the amount of incorporated 
['HITdR was measured by liquid scintillation counting. The results are 
expressed as the mean of triplicate cultures 2 the SD. 

Cytokine  production assays 

One million T cell clones per ml were cocultured with 2 X loh autologous 
Ag-pulsed EBV-LCL or with the combination of  the phorbol ester TPA (1 
ng/ml) and the ea2+ ionophore A23157 (500 ng/ml; Calbiochem, La Jolla, 
CA) in 24-well Linbro tissue culture plates. After 48  h of activation, su- 
pernatants were harvested, spun at 250 X g to remove any remaining cells, 
aliquoted, and stored at -80°C before testing. Cytokine levels in the su- 
pernatants of activated T cells were determined by ELISA, using cytokine- 
specific Ab for human IL-4 (28), IFN-y (2Y), TNF-a (30), IL-13 (31), and 
GM-CSF (30), as previously described (30). The sensitivity of all assays 
was about 50 pglml. 

B cell isolation  and B-T cell cocultures for lg isotype 
production 

Highly purified B lymphocytes (>9Y% CD20') were isolated from normal 
spleens, obtained from patients undergoing splenectomy due to trauma, by 
negative FACS sorting, as previously described (32). Ten thousand anergic 
or activated T cell clones were cocultured with IO4 highly purified spleen 
B cells in the presence or the absence of exogenous cytokines in 96-welI 
round-bottom plates (Flow) in Yssel's medium supplemented with 10% 
FCS and 10 mglml ultrapure transferrin (Pierce Chemical Co., Rockford, 
NY) in a final volume of 200 *I. Fourteen days later, the supernatants from 
triplicate cultures were harvested, pooled, and analyzed for Ig isotype con- 
tent  by ELISA, as described previously (5). The sensitivities of the ELISA, 
determined with a calibrated standard from Behring (Marburg, Germany), 
was 0.2 ng/ml. 

Determination of intracellular free calcium levels 

The concentration of [Ca*+], was measured according to  the calihrdtion 
method of Chused et al. (33). as described previously (34). 

Results 
Characterization of Der p  I-specific T helper clones 

The three T cell clones used in this study produced high levels of 
IL-4, IL-5, IL-IO, and IL-13 and low levels of 1L-2 and IFN-y 
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Table I. Cytokine production  profile  of the Der p 1-specific Th2 
T  cell clones 

Cytokine  Production" 
(nglmlj 

T  Cell  Clone  Stimulation 11-4 IL-5 IL-13 IFN--y 

NP-12  Tyr(94)-Arg(l04) 25.8 10.7  4.4 
TPNA23187 

1.4 
30.0 13.4 4.1 >50 

NP-44  Tyr(94)-Arg(104)  >50  >50 3.7 C0.05 
TPNA23187  >50  >50 5.0 25.5 

AR-142  Ala(l71)-Gly(182) 28.5 10.6 4.0 0.8 
TPNA23187 35.6  15.5 3.9 0.8 

One  million T cell clones/ml were stimulated with 1 pglml peptide  in the 
presence of 2 X lo6 autologous EBV-LCL. Cytokine  production was measured 
after 48  h  of  incubation  by  cytokine-specific ELISA. 

B Cells  only 
B + aCD40 
B + aCD40 + NP44 s/n 

+ Anti-IL-4 
+ Anti-IL-1  3 
+ Anti-IL-4 + anti-IL-13 

B + aCD40 + IL-4 
B + aCD40 + IL-4 + NP44 s/n 

B + aCD40 + IL-13 + NP44 s/n 
B + d D 4 0  + IL-13 

(0.2 
<0.2 

40 -+ 3 
3 - t O  

13 ? 1 
5+1 

2 0 0  5 22 
368 t 16 

4 2 0  
92 i: 4 

<1 
<1 

56 t 26 
<1 

6 + 1  
<l  

76 ? 22 
245 ? 41 

4 t 2  
75 ? 2 

tured in the presence of the antiLCD40 mAb 89 (1  pglmlj,  10% culture-super- 
2.5 X lo4 highly purified (>99%) CD20' FACS-sorted B cells were CUI- 

natant (s/nj from T cell  clone NP-44, stimulated for 16 h with peptide  Tyr'j- 
Arg"'4 (1 pglml) and  irradiated autologous monocytes, and  cytokines  (100 phi) 
or  neutralizing  mAbs  (10  pglml), as indicated. The cultures were performed  in 
six replicates. Fourteen days later, supernatants from each of t h e  replicates were 
harvested, pooled,  and assayed for Ig isotype content by ELISA. The values are 
expressed as the mean and standard deviation  of  triplicate ELISA measurements 
and  from four independent experiments. 

following activation with their specific antigenic peptides, pre- 
sented by autologous EBV-LCL, indicating that these allergen- 
specific T cell clones belong to the Th2-like subset (Table I). Ad- 
dition of culture supernatants of these T cell clones, activated with 
peptide and APC for 24 h, to highly purified B  cells that were 
costimulated with anti-CD40 mAb resulted in the induction of high 
levels of IgE and IgG4. The synthesis of these Ig isotypes induced 
in this culture system was partially blocked by the addition of a 
neutralizing anti-IL-13 mAb, whereas the presence of a neutraliz- 
ing anti-IL-4 mAb almost completely inhibited IgE and IgG4 pro- 
duction by the B  cells (Table 11). The combination of  the two mAb 
was  as effective as the anti-IL-4 mAb alone, indicating that endo- 
genous  IL-4 production by these Der p 1-specific T cell clones is 
the main cytokine driving IgE production in this culture system. 

Induction of nonresponsiveness in Der p I-specific 
T cell clones 

Incubation of the three Der p 1-specific T cell clones for 16 h with 
the relevant Der p 1-derived peptides at a concentration of 50 
p d m l  in the absence of professional APC resulted in a  state of 
anergy or nonresponsiveness. The  anergic T cell clones failed to 
proliferate in response to stimulation with optimal (1 p d m l  or 
higher) concentrations of Der p 1 or specific Der p 1-derived pep- 
tide, presented by autologous EBV-LCL. In contrast, the same T 
cell clones that had been preincubated with the irrelevant Der p 
1-derived control peptide Ser45-Serh7 responded normally to sub- 

Table 111.  lnduction  of anergy in Der p 1-specific Th2  clones 

Stimulation with AglAPC" Stimulation with rlL-2 

Preincubation 
ipgW 

Preincubation 
(pdml) 

0 1 50 0 50 

T Cell Clone I3H1TdR Incorporation  (cpm X IO-')  
~ ~ 

NP-12 21 . l  13.3 3.3 3.1 21 .o 
NP-44 38.2 15.5 2.7 44.3 58.2 
AR-142 25.3 12.4 1.8 4.7 8.3 

a T cell clones were  preincubated for 16  h with their specific peptide (see 
Table I), washed, cultured for 3 days in  medium  without  growth factors. Two X 
lo4  T cells were subsequently stimulated with 1 pglml of  Der  p 1, presented on 
4 X l o 4  autologous EBV-LCL or with 100 U/ml rIL-2 and [3HlTdR was measured 
after 72 h. 

sequent Ag-specific activation (Table 111). Significant reductions in 
proliferative responses were observed when the Th2 cells had 
been preincubated with peptide concentrations as low as 1 pgiml, 
whereas the cells generally became completely nonresponsive af- 
ter preincubation with peptides at a concentration of 50 pdrnl. All 
anergic T cell clones proliferated strongly in response to exoge- 
nous rIL-2 (100 Ufml) to levels generally higher than those of the 
nonanergic control cells, indicating that the anergic cells were vi- 
able and  had not lost their capacity to proliferate in response to 
signals circumventing TCR triggering. 

Cytokine production  by anergic T cell clones 

Next, we analyzed the cytokine production profile of anergic Der 
p 1-specific T cell clones. It is important to note that stimulation of 
resting T cell clones with antigenic peptide alone resulted in the 
production of  high levels of IL-4, IL-5, IL-13, GM-CSF, and 
TNF-a, as well as low levels of IFN-y (Data not shown), indicat- 
ing that during anergy induction the cells went through a state of 
activation. To rule out the possibility of measuring ongoing cyto- 
kine production, anergic cells were kept in culture medium for 3 
days before restimulation. Preincubation of T cell clones NP-12, 
AR-142 (Table IV), and NP-44 (not shown) with increasing con- 
centrations of specific peptide before restimulation with peptide 
and autologous EBV-LCL resulted in a dose-dependent reduction 
of the production of all cytokines. In particular, the production of 
IFN-y, IL-4, and TNF-a was strongly inhibited following prein- 
cubation of these cells with specific peptide, whereas the produc- 
tion  of IL-13 and GM-CSF, notably in T cell clone AR-142, was 
less affected. 

Although nonresponsive to Ag-specific stimulation, activation 
of the anergic Th2 clones NP-12, AR-142 (Table IV), and NP-44 
(not shown) by TPA and Ca2' ionophore resulted in the produc- 
tion of IL-4, IL-13, GM-CSF, TNF-a, and IFN-y. These results 
again indicate that anergic Th2 clones are able to respond to ac- 
tivation signals that circumvent TCR triggering. 

Phenotype of anergic T cell clones 

The expression of various surface molecules on the anergic Der p 
1-specific T cell clones  was analyzed by flow cytometry. The ex- 
pression of CD25 (not shown) was enhanced on the anergic T cell 
clones, which was consistent with the observation that these cells 
proliferated in response' to exogenous rIL-2. Furthermore, no dif- 
ferences in CD2, CD4, CD28, CD80, and CD86 expression were 
observed between the anergic T cell clones and their nonanergic 
counterparts (not shown). Anergic NP-44 cells expressed CD40L 
at levels comparable to those expressed by NP-44 cells stimulated 
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Table  IV.  Reduced  cytokine  production by  Der p I-specific T cell clones after preincubation  with  specific  peptides' 

Cytokine Production (ng/ml) After Restimulation with 

T Cell Pre-lncubatlon 
Clone Pdm I 

NP l2  0 
1 

10 
50 

AR142 0 
1 

10 
50 

Ag/APC 

IFN-.I IL-4 IL-13  CM-CSF  TNF-w 

1.4 30.1 4.4 8.9 2.8 
0.3  0.8 1 .b 2.4 0.2 
0.2 0.1 1.5 2.1 0.2 
0.2 <0.1 0.9 1.4 0.3 
2.6 1 5 0  6.1 9.0 9.4 
0.5 14.8 4.6 7.2 
0.4 

1.1 
5.7 4.0 7.6 1 .o 

0.5 0.3 4.2 6.2 1 .o 

TPNA23187 

IFN-y IL-4 IL-13 CM-CSF TNF-a 

>50 30.2 4.1 8.5 >50 
>50 12.0 3.5 9.1 10.3 
>50 11.3 4.9 9.1 20.2 
>50 3.0 4.6 10.2 17.1 
22.7 49.0 3.9 7.7 15.0 
20.6 33.0 4.7 8.2 15.8 
>50 11.5 4.0 8.7 13.7 
2 5 0  11.0 4.5 8.9 13.6 

APC.  The cells were then washed, incubated for three  days in medium, and restimulated with the same peptide and autologous APC  (APC/T cell ratio, 2 : l )  or with 
" T  cell clones NP-12 and AR-142 were preincubated for 16 h  with the indicated concentrations of T ~ r ~ ~ - A r g " ~  or Ala'7'-Cly'"2, respectively, in the absence of 

TPA (1 ng/ml) and A23187 (500 ng/ml). The cytokine production was  measured on 10' T cells after 48 h by cytokine specific ELISA. 

Relative Log fluorescence activity 

FIGURE 1. Expression of  CD40L  on a Der p 1-specific T cell clone, 
following  induction of nonresponsiveness. NP-44 T cells, stimulated 
for 16 h with 1 pg/rnl of the  synthetic  peptide T ~ r ~ ~ - A r g ' " ~  in the 
presence of  autologous EBV-LCL ( A )  or  stimulated with  50 pg/ml 
T~r '~ -A rg ' ' ~  ( B )  were stained with  the  anti-CD40L  mAb  LL48  (striped 
histograms) and  analyzed by flow cytometry. Ag/APC-stimulated cells 
or anergic cells, incubated  for  an  additional 6 h with TPA (1 ng/ml) and 
A23187  (500 ng/ml), were stained with LL48 (black histograms) or 
control  mAb  (open histograms). The x- and y-axes represent fluores- 
cence  (4-decade  log scale) and  relative  cell number, respectively. 

with peptide in the presence of autologous APC (Fig. 1). In addi- 
tion, incubation of anergic and peptide/APC-stimulated T cell 
clones with TPA and the Ca2+ ionophore A23187  for an additional 
6 h increased CD40L expression to similar levels, indicating that 
anergic T cells have no intrinsic defects in the up-regulation of this 
costimulatory molecule. 

Incubation of the T cell clones with increasing concentrations of 
their specific peptides in the absence of APC resulted in a  dose- 
dependent down-regulation of the TCR/CD3 complex. The expres- 
sion of CD3 on T cell clone NP-44 was reduced about 10-fold after 
16 h of preincubation with 50 pg/ml of TyrY4-Arglu4 compared 
with its expression on untreated NP-44 cells (Fig. 2). Similarly, 
expression of TCR Vp8 and Vp13 on T cell clones  NP-12 and 
NP-44, respectively, was strongly down-regulated under these 
conditions (data not shown). However, stimulation of NP-44 cells 
with 1 pg/ml of T ~ r " ~ - A r g ' ( ' ~  in the presence of autologous EBV- 
LCL, which induces optimal proliferative responses, also resulted 
in a down-regulation of the TCRiCD3 complex. The average de- 
creases in TCRICD3 complex expression, compared with that of 
resting T cell clones were 6.4 2 3.5- and 5.3 2 3.2-fold for anergic 
and peptide/APC-stimulated NP-44 cells, respectively. The  TCR/ 
CD3 expression on peptide/APC-stimulated T cell clones was re- 
stored to normal levels generally after 24 to 48 h. On the other 
hand, the period of reduced TCR/CD3 expression varied among 

Relative Log fluorescence activity 

FIGURE 2. Expression of TCWCD3 complex  on a Der p 1-specific T 
cell  clone  following  induction of nonresponsiveness. T cell  clone  NP- 
44, incubated  for 16 h in medium  alone  (striped histograms), rendered 
anergic with  50 pg/ml of  Tyrg4-Arglo4  (black histogram), or  activated 
with 1 kg/ml  of  the synthetic peptide Tyrg4-Arg'04 in the presence of 
HLA-matched  monocytes (gray histogram), was analyzed by flow  cy- 
tometry  for  CD36 expression using  the FITC-conjugated anti-CD3 mAb 
Leu-4a. In  addition,  cells  were stained with FITC-conjugated control 
mAb  (open histograms). The x- and y-axes represent fluorescence (4- 
decade log scale) and relative  cell number, respectively. 

the anergic T cell clones. The expression of TCR/CD3 on the 
anergic T cell clones NP-44 and AR-142  was reduced for up to 2 
wk, which was the maximal period that these T cell clones could 
be maintained in culture in the absence of feeder cells, whereas 
anergic NP-12 cells re-expressed normal levels of the TCWCD3 
complex after 48 h. 

Down-regulation of the TCR/CD3 complex is not  associated 
with nonresponsiveness 

Triggering of T cells through the TCR results in a rapid increase in 
[Ca2+Ii levels. To determine whether the decreased proliferative 
responses and cytokine production observed in the anergic T cell 
clones were due to impaired signaling through the TCR/CD3 com- 
plex or to its reduced expression, levels of [Caz+Ii were measured 
after different modes of activation. Stimulation of resting NP-44 
cells with autologous EBV-LCL that had been pulsed with Tyry4- 

for 24 h resulted in a rise of [Ca2+li to levels that were 
maximal after 2.5  min of incubation (Fig. 3A). Similarly, stimu- 
lation of NP-44 cells with cross-linked anti-CD3 mAb induced 
[CaZtli fluxes in these cells. In contrast, anergic NP-44 cells did 
not show a significant increase in levels of [Ca2*Ii following stim- 
ulation with peptide-pulsed APC or cross-linked anti-CD3 mAb. 
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FIGURE 3. Mobilization of intracellular  calcium by a Der p  l-spe- 
cific T cell clone following  induction of nonresponsiveness. Levels of 
[Ca"], in control NP-44 cells ( A )  and  NP-44  cells  rendered  anergic 
( 6 )  following  incubation with 50 pgml of peptide Tyrq4-Arg"" were 
determined  after  stimulation  with equal amounts of the autologous 
EBV-LCL NPR (U), with NPR cells  pulsed  with  Tyrg4-ArgIo4  for 24 h 
(m), with 10 pdml of the antiLCD3  mAb  SPV-T3b (01, or  with 500 
n g m l  of the calcium ionophore A231 87 (0). NP-44 cells  and EBV-LCL 
were  centrifuged for 2.5 min to  initiate contact, and  [Ca"],  measure- 
ments  were  started  at the time  point  indicated by the arrow. 

Activation of resting and anergic NP-44 cells with the Ca2+ iono- 
phore A23187 resulted in the induction of comparable [Ca2+Ii 
levels (Fig. 3B). These results indicate that signal transduction 
pathways downstream of TCR activation were perturbed in the 
anergic  NP-44 cells, whereas  signaling pathways that circumvent 
triggering of the TCR/CD3 complex were intact. The nonrespon- 
siveness of these anergic cells to Ag/APC stimulation was not 
associated with down-regulation of the TCR/CD3 expression, 
since  anergic NP-12 cells that could not be induced to mobilize 
[Ca2+Ji expressed the TCR/CD3 complex at almost normal levels 
after 3 days of culture (Fig. 4A). Moreover, despite differences in 
TCR/CD3  complex expression on the anergic Th2 clones (Fig. 
4B), their proliferative responses were equally impaired upon 
stimulation with specific peptide and AFT. 

Anergic Th2 clones fail to provide help to B cells  for lgE and 
lgG4  synthesis:  restoration by IL-2 

Following the observation that anergic Th2 cells expressed detect- 
able levels of CD40L, we tested whether these cells could help B 
cells with Ig synthesis. As shown in Table V, anergic T cell clones 
failed to induce the synthesis of IgE and lgG4 when cocultured 
with highly purified B  cells, even in the presence of exogenous 
rIL-4 or rIL-13. Surprisingly, in this culture system, peptide/APC- 
activated T cell  clones were also unable to induce the synthesis of 
IgE and IgG4 by B cells, although the addition of rIL-4 or rIL-13 
resulted in the production of significant levels of these isotypes. 
The  lack of induction of IgE and IgG4 synthesis by activated 
NP-44 and AR-142 cells in the absence of exogenous cytokines is 
probably due to the transient production of IL-4 during T cell 
activation, which was removed when the T  cells  were washed be- 
fore coculture with B cells. Indeed, addition of culture superna- 
tants of peptideiAPC-activated NP-44 cells, obtained 16 h after 
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l o o L  75 

ktivated Anergic  Activated 

NP-44 NP-12 
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1 
Activated  Anergic  Activated  Anergic  Activated Anerglc 

AR-142 NP-44 NP-12 

FIGURE 4. CD3  expression  and  proliferative  responses of  Der p 
1-specific T cell clones following  induction of nonresponsiveness. T 
cell clones AR-142,  NP-44, and  NP-12  were  incubated  for 16 h with 
autologous EBV-LCL pulsed  with  peptides Ala'7'-Gly'82 or Tyrg4- 
Arglo4,  respectively  (Activated), with the same  peptides in the absence 
of APC (Anergic), or  with  medium alone (Resting). The cells  were  then 
washed, and on days 1 (O),  3 ), and 6 (M), the expression of CD3 
was  analyzed by flow cytometry  using the anti-CD~E mAb  Leu-4a ( A ) ,  
or  the T cell clones were restimulated with their specific  peptides in 
the presence of autologous EBV-LCL and the proliferation  was  mea- 
sured 3 days  later by 13HlTdR incorporation ( 6 ) .  Results are  expressed 
as the percent  inhibition of the values of resting  cells. N.T.,  not tested. 

activation, resulted in the induction of high levels of both isotypes 
in the T-B cell coculture system (Table V). These results show that 
CD4OL expression on anergic T cell clones, at levels comparable 
to those on their peptide/APC-stimulated counterparts, seems to be 
insufficient for B cell activation, Ig switching, and Ig production 
and suggest that additional stimuli are required for productive T-B 
cell interaction. 

Since exogenous rIL-2 was found to induce proliferation of an- 
ergic Th2 T cell clones  (as  shown in Table III), we investigated the 
capacity of rIL-2 to restore the impaired helper activity of these 
cells. Addition of rlL-2 to cultures of B cells and anergic NP-44 or 
AR-142 cells, respectively, resulted in the synthesis of significant 
levels of IgE and IgG4 (Table V), which were strongly enhanced 
when combinations of exogenous rlL-2 and rIL-4 and, to a lesser 
extent, rIL-2  and rIL-13 were added  to  the  cultures.  Moreover, levels 
of IgG4  and IgE production  induced by costimulation  of B cells by 
anergic T cells in  the  presence of both  rIL-2  and rlL-4 or rlL-2 and 
rIL-13 were much  higher  than  those  induced  by  the  peptide/APC- 
activated T cell clones under  the same conditions. These data indicate 
that rIL2, but  not  rIL-4 or IL-13,  can restore the  helper  activity of 
anergic T cell clones and  that I L 4  as well as IL-13 synergize with 
1L-2  in this  culture  system in the  induction of  IgE. 
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Table V. Restoration ot helper T cell  function  of anergic T cell clones by 11.2 

lg (ng/ml).'  Ig  (nghnl) 

T  Cell  Clone NP-44 Culture  Conditions I!+ lgC4 T Cell  Clone AR-142 Culture  Conditions W lgC4 

6 cells" <0.2 2 + 0  6 cells 
B + NP44 (peptide/APC-activated) <0.2 2 - t 2  B + AR142 (peptide/APC-activated) <0.2 2 2 2  

<0.2 Z i O  

47 * 7 9 t l  + IL-4 35 2 5 
5 5 1  

23 + 5 

6 t 1  37 t 13 
8 + 3  18 + 2 

+ IL-2 13 + 1  476 t 62 

9 t 0  50 t 13 + IL-13 + IL-2  55 + 5 388 + 32 
86 t 5 193 t 9 
<0.2 3 2 2  B + AR142 (anergic) <0.2 CO.2 
1 t o  3 t 0  + IL-4 <0.2 
<0.2 

c0.2  
1 2 0  + IL-13 <O.2 <0.2 

15 t 3 73 2 9 + IL-2 18 t 0 41 2 4  

26 + 1 623 t 112 + IL-13 + IL-2  51 2 5  107 t 8 

+ IL-4' 
+ IL-13 
+ IL-2 
+ IL-4 + IL-2 
+ IL-13 + IL-2 
+ Supernatantd 

B + NP44 (anergic) 

3 + 1  + IL-13 

52 ? 10 185 t 42 + IL-4 + IL-2 74 2 4 331 2 38 

+ IL-4 
+ IC-13 
+ IL-2 
+ IL-4 + IL-2  107 t 17  149 t 8  391 ? 71 + IL-4 + IL-2 
+ IL-13 + IL-2 

.' Ig isotype content was nleasured in supernatants at day 14 of culture  by ELISA. The values are expressed as the mean and standard deviation  of  triplicate ELISA 

" l o 4  highly  purified (>99% CD20f)  FACS-sorted B cells  were  co-cultured  wlth  Der  p  I-specific T cell clones NP-44 (A) or AR-142 (61 T  cells which had h e n  

r IL-3 (100 U/ml). 11-13 ( I00 Uiml), IL-2 (I00 U/ml). 
"Culture supernatant (10%) obtained  from NP-44 cells, stimulated  overnight with the  peptide  Tyr"4"Arg'"4 I n  the presence of autologous  monocytes. 

72s 2 78 

measurements and are from  three  independent  experiments. 

stimulated with Ag  (activated) or rendered nonresponsive, (anergic), as described in Materials and Methods. 

Discussion 
Induction of T cell effector function generally requires two sets of 
signals: TCR ligation by antigenic peptide-MHC complexes and 
noncognate costimulatory signals, mediated mainly by interactions 
between CD28 on T  cells  (35) and their ligands CDSO (36) and 
CD86 (16) expressed on APC. Synergy between the two signals 
has been postulated at both the transcriptional and the post-tran- 
scriptional level. Indeed, engagement of  the TCR in the absence of 
CD28-mediated signals leads to a nonresponsive state in T  cells  as 
a result of rapid degradation of IL-2 transcripts and lack of IL-2 
production (reviewed in Ref. 37). 

Human T cell clones, due to the constitutive expression of MHC 
class I I  molecules, can present peptide Ag to the TCR of the ap- 
propriate specificity, resulting in either activation or nonrespon- 
siveness (13, 38). It is demonstrated here that incubation of Der p 
1-specific Th2  clones with Der p I-derived peptides in the absence 
of professional APC induced a state of anergy during which the 
cells no longer proliferated in response to restimulation with spe- 
cific Ag. In addition, the anergic T cell clones failed to produce 
cytokines or to help with lgG4 and IgE synthesis by B cells, a 
situation that could be reversed by the addition of exogenous IL-2, 
but  not  1L-4 or IL-13. 

Most human T cell clones express functional CD80 (39,40) and 
CD86 (16) (H. Yssel, unpublished observations) molecules on 
their surface that are able to trigger CD28-mediated signal trans- 
duction events in these cells. It is clear from our study that human 
T cell clones become anergic following incubation with relevant 
peptides, regardless of the presence of CD28, CD80, or CD86 on 
their surface. Addition of a rnAb directed at CD28 could not pre- 
vent the induction of anergy (data not shown). These results sug- 
gest that despite the expression of functional CD80 and CD86 on 
their surface, T cell clones are not capable of providing the co- 
stimulatory signal(s) necessary for T cell activation. 

In all Th2 T cell clones used  in our study, the induction of 
nonresponsiveness was accompanied by a 10- to 20-fold decreased 
expression of the TCRICD3 complex. Down-regulation of the 
TCR/CD3 complex in vitro has  been documented previously on 
human T cell clones that had been rendered unresponsive by stim- 
ulation with influenza virus peptide (41). Furthermore, in a trans- 
genic mouse model, stimulation of autoreactive T cells with au- 

toantigen resulted in a dose-dependent down-regulation of the 
TCR (42). The latter study suggested that tolerance at the single 
cell level may be the result of multiple interactions of the TCRI 
CD3 complex with  Ag, with each interaction resulting in a more 
profound state of anergy, and furthermore indicated that down- 
regulation of the TCR could be a mechanism by which peripheral 
tolerance can occur in vivo. 

Based on our results, however, down-regulation of the TCR 
does not seem to be a hallmark of anergic T cells per se, since this 
phenomenon was also observed to the same extent in T cell clones 
that were optimally stimulated with Der p 1 and APC (Fig. 1). 
More importantly, however, decreased expression of the TCRi 
CD3 complex alone cannot account for the inability of  the anergic 
T cells to respond to specific Ag, since the down-regulation of the 
TCR/CD3 complex on anergic as well as peptide/APC-stimulated 
T cell clones was only partial. In  addition, TCR/CD3 expression 
by one of the T cell clones returned to normal levels aftcr culturing 
the cells for an additional 3 days, while these cells were still un- 
responsive to Ag-specific stimulation. Finally, stimulation of an- 
ergic Th2 cells with Der p 1 or with immobilized anti-CD3 mAb 
did not result in  the mobilization of [Cazf], regardless of  the ex- 
pression of  the TCR/CD3 complex. In contrast, elevated [Ca"], 
levels were readily demonstrated after activation with TPA and 
calcium ionophore. This mode of activation, which circumvents 
TCR triggering, also resulted in normal levels of cytokine produc- 
tion by the anergic Th2 cells. Comparable results have been de- 
scribed by LaSalle et al., who showed that anergic myelin basic 
protein-specific T cell clones could proliferate and express cyto- 
kine mRNA following stimulation with phorbol ester and ionomy- 
cin (43). Taken together, our results indicate that the lack of re- 
sponsiveness of anergic cells  is likely to be due to impaired 
signaling downstream of the TCRICD3 complex, rather than to a 
reduced number of TCR molecules on the cell surface. Moreover, 
the signaling defect in anergized cells seems to occur before pro- 
tein kinase C activation and [Ca'+li release. A recent study by 
Sloan-Lancaster et al. (44) provided evidence for the latter idea by 
showing that anergy induced in mouse T cell clones was associated 
with altered phosphorylation of the TCRICD3 complex <-chain 
and subsequent lack of association of the tyrosine kinase Zap70 
with this complex. 
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The  degree  of  anergy  induced in the Th2  clones  was  found to be 
dependent on the amount of added  peptide.  Stimulation of  the cells 
with increasing  concentrations of peptide resulted in a dose-de- 
pendent  inhibition of the  production of all cytokines as well  as the 
proliferative responses. However,  we did not observe a differential 
effect  on  the  various  cytokines  produced by these  cells  even  at the 
highest concentration of peptide used. These  data are in Contrast 
with a  recent report  showing that induction of anergy in murine T 
cells in vitro resulted in a strongly  decreased  capacity to produce 
IL-2, but not of IL-4  and  IL-5  (45).  Likewise, it was reported  that 
murine  Th2 T cell clones, rendered anergic by incubation with 
altered  peptides, no longer proliferated in an Ag-specific  manner, 
but were still able to produce IL-4 (21), whereas  human T cells 
obtained  from  SCID-hu  mice that were rendered anergic  following 
in vivo  administration of Staphylococcus enterotoxin B failed to 
produce  IL-2  and  TNF-a, but were still able to produce  IFN-y, 
GM-CSF, and  IL-IO (46). The reason  for  the discrepancy  between 
the different experimental  systems is not clear, but  the  latter results 
suggest that  different types of T cell unresponsiveness may be 
achieved  depending  on the stimulation of the  cells.  The  failure of 
anergic T cell to proliferate  has been shown to be associated  with 
the  absence of IL-2 mRNA  transcription,  resulting in a lack of IL-2 
production (47; reviewed in Ref. 37). 

Switching of B cells to IgE  production  requires the presence of 
IL-4 o r  IL-13 (5 ,  12), as well as a T-B cell contact-mediated  signal 
that is largely dependent on the productive interaction of CD40 
with the  CD40L,  which is transiently expressed on activated T 
cells (48-50). Although  anergic T cell clones  expressed  CD40L to 
the same  extent as AgiAPC-stimulated  control cells,  they were 
unable  to  provide B  cell  help in the induction of IgE  synthesis, 
even in the presence of exogenous  IL-4 or IL-13.  Previous  studies 
have  demonstrated that levels  of CD4OL expression  on  activated 
murine T cell clones  did not correlate with  their  ability to induce 
B cell  proliferation (51). This  finding led to the  proposal that pro- 
ductive  T-B  cell  interactions  are  dependent on either  post-transla- 
tional modification  of CD40L or association of CD40L with other 
surface  molecules. It seems,  therefore, that optimally  activated  Th2 
clones may express  additional  adhesion  and/or  costimulatory  mol- 
ecules that are necessary for productive  T-B cell  interactions, 
whereas  these  putative  molecule(s)  are likely to be  down-regulated 
on the anergic T cell clones. 

The  anergic T cells  expressed  functional CD25 and  were highly 
responsive to the growth-promoting eKects of exogenous  rlL-2, 
which is in agreement with results  obtained in most murine  and 
human anergy  models  described to date  (21,  43, 52, 53). Impor- 
tantly,  the results of this study  demonstrate  that the  addition of 
1L-2, but not that  of 1L-4 and  IL-13, not only reversed  the T cell 
unresponsiveness, but also restored  the capacity of anergic T cells 
to help  with the production of Ig by B cells.  Furthermore, addition 
of rIL-2 to the cultures  induced low levels of IL-4, IL-5, and  IL-13 
production  (data not shown),  which  together with  the  restored T 
cell  helper activity probably  account for the capacity of rlL-2 to 
induce  low  levels of IgE  synthesis in the absence of exogenous 
IL-4 or IL-13. 

At present, there is little  information available  about the  ability 
of peptides  to  tolerize allergen-specific Th2 cell responses in vivo. 
In a recent study (54), i t  was shown that S.C. immunization of  mice 
with two immunodominant  peptides of the major cat allergen, Fel d 1,  
induced tolerance of the responding T cells, which failed to proliferate 
in response to a  subsequent  challenge with the intact recombinant Fel 
d 1. The lack of responsiveness in these animals was accompanied by 
a reduced production of 1L-2, IL-4, and IFN-y. 

Based on the present  information, it is  tempting to speculate that 
induction of nonresponsiveness in allergen-specific  Th2 cells, re- 

sulting in down-regulation or prevention of the IgE-inducing  cy- 
tokines  IL-4  and  IL-13  as  well as in the  failure to provide B cell 
help, may  contribute  to  successful  immunotherapy in allergic pa- 
tients.  Functional inactivation  of  allergen-specific Th2  cells by al- 
lergen-derived peptides may,  therefore, provide a way to modulate 
immune  responses  associated with atopy. It should  be noted, how- 
ever, that  the  initial induction  phase of T cell nonresponsiveness by 
allergen-derived  peptides  results in substantial  production of IL-4, 
IL-5, and IL-13, which has  to be taken into account  when  peptide 
vaccination is considered  for the treatment of allergy. 

Acknowledgments 
The authors thank Bruce  Bennett,  Jean  Chang, and Patty  Larenas for expert 
technical  assistance, and JoAnn  Katheiser for secretarial  help. 

References 
1. Wiercnga, E. A,, M.  Snoek, C. de Groot. 1. Chrktien, J. I). Bos,  H. M. Jansen, and 

M.  Kapsenbcrg. 1990. Evidence  for  compartmentalization of functional  subsets 
of CD4 '  T lymphocytes in atopic  patients. J .  Immund. 144:465/. 

2. Parrunchi, P.. D.  Macchla, M:P. Piccini, P. Biswas, C. Simonelli, E. Maggi, 

5pecific  T-cell  clones  established  form  atopic  donors  show a different  profile  of 
M. Ricci,  A.  Ansari,  and S. Romagnani. 1991. Allergen-  and  bacterial  antigen- 

cytokine  production. Pmc. N U / .  Acud. Sci. USA 88:1538. 
3. Yssel. €I., K. E. Johnson,  P. V. Schneider,  J.  Wideman, A. Terr,  R.  Kastelein,  and 

J. E. de  Vries. 1992. T  cell  activation  inducing  epitopes of the  house dust mite 
allergen Der 11 1. Induction of a restricted  cytokine  production  profile of Der p 
I-specific T cell clones upon anligen-specific  activation. J. l m m ~ n o l .  lIX.7.?X. 

4. Sager, N., A. Feldmann, G .  Schilling, P. Kreitsch,  and C. Neumann. 1092. House 
dust-mite-specific T cell In the  skin  of  subjects  with  atopic  dermatitis:  frequency 
and lymphokine  profile in the allergen  patch  test. J .  A/ler,qJ C'liu. Immunol. XY: 
801. 

5. PBnc, J., F. Roussct, F. Briere, 1. ChrCtien, J. Y. Bonnefoy, H. Spits. T. Yokola. 
N.  Arai, K.-I. Ardi, J. Banchercau,  and J .  E. De Vries. I Y X X .  IgE production by 
normal  human  lymphocytes is induced by interleukin (IL)-4 and wppresed  by 
interferon (IFN)-y and -a, and  prnstaglandin E2. Pro . .  Nut/. Amd. Sci. USA 
XS:6KXO 

6. Vercelli. D., H.  H. Jabara, K. A u i ,  and R. S. Geha. IYX'I. Induction  of  human IgE 
synthesis  requires  interleukin 4 and T/B cell  interactions  involving the T  cell 
receptorlCD3  complex  and  MHC class I I  antigens. J. &p. Med. 16Y:12Y.5. 

7.  Gascan, H.. J.-F.  Gauchat,  M.-G.  Roncaroh,  H.  Yssel, H.  Spits,  and  J. E. de 
Vries. 1991. Human  B  cell  clones  can  be  induced t o  prolifcrate  and t n  switch l o  

T  cell  clones. J .  Eip. M P ~ .  173,717. 
IgE and lgG4 synthesis by interleukin 4 and  a  signal  provided by activated CD4+ 

X. Coffman, R. L., B. W.  Scymour. D. A. Lebman.  D. D. Hiraki, J. A. Christiansen. 
8 .  Shrdder, H. M.  Cherwinski,  H. F. Savelkoul, F. D.  Finkelman, M. W. Bond. 

differentiation and isotypc  regulation. I W I I I I U I I ~ .  Rov. 102:S. 
and T. R. Mosman. 19XX. The role of helper  T  cell  products in mouse  B  cell 

Y. Muller,  W.,  K.  Kajewsky,  and R. Kuhn. 1Y93. Interleukin-4-deficient  mice. Re! 
h m m ~ o l .  144:6.17. 

IYXH. Human  recombinant  interleukin  4  induces Fc cpsilon  R2JCD23  on nnrmiil 
human  monocytca. J .  E l p .  M P ~ .  167:1406. 

I I. Rousset, F.. J. Robert,  M.  Andary,  J. P. Bonnin,  G.  Souillet, 1. Chriticn, F. Briere. 
J. Pene, and I. E de Vries. I Y Y I .  S h i h  in interlcukin-4  and  interferon-y  pro- 
duction by 'r cells of patients  with  elevated  serum IgE levels  and  the  modulatory 
effects of these  lymphokines o n  spontaneour IgE synthesis. J. Allrrg? Clbl. / M -  
lnu~lo l .  X7:SR. 

12. Punnoncn, J., Ci. Aversa, B. G. Cocks.  A.  N. J .  McKcnrie, S. Menon, 
G .  Zurawski,  R.  de Waal Malefyt.  and J. E. de  Vries. lYY3. Interleukin-I3  in- 
duces  intcrleukin-4  dependent IgC4 and IgE synthesis  and  CD23  expression by 
human B cclls. Pro(.. Nt~tl .  Ar.xrd. Sci. USA YU:37.30. 

13. Lamb. J. R., B. J. Skidmore.  N.  Green, J. M. Chiller,  and  M.  Fcldmann.  19x3. 

thctic  peptides of influenza  hacmagglutinin. J. E.tp M P ~ .  /57:/434. 
Induction of tolerance in influenza  virus  immune  T  lymphocyte  clones  with syn- 

14. Jenkins. M. K.,  and  R. H. Schwartz. lYX7. Antigen  prescntatinn by chemically- 
modified  splenocytes  induces  antigemspecific  T ccll unresponsiveness in vitro 
and in vivo. J.  E.%/) Mrd 167:102. 

15. Muellcr,  D.  L.,  M.  K.  Jenkins,  and R. 11. Schwartz. IYHY.  Clonal  expansion 
vcrsus  functional  clonal  inactivation: a costimulatory  signalling  pathway  deter- 
mines  the  outcome of T  cell  antigen  receptor  occupancy. A~mu.  Rev. / m m m o l .  
7:415. 

16. Azuma. M., D. Ito. H. Yagila, K. Okumura,  J.  Phillips.  L. 1,. Lanier, and 

366:76. 
C. Somoza. lY93. B70 antigen is a \econd  ligand  tor CTLA-4 and CDZX. N u r u r ~  

17. Freeman, G .  J., I. G. Gribben,  V.  A.  Boussiotis, I. W. Ng, V.  A.  Restivo,  Jr.,  L.  A. 
Lombard, G. S. Gray, and L. M. Nadler. IY93. Cloning of B7-2: A CTIA-4 

IX. McArthur.  J. G., and  D. H. Raulet. 1993. CD2X-mediated  costimulation of T 
counter-receptor  that  costimulates  human  T  cell  proliferation. SCIPIIW 262:909. 

helper  type 2 cells  mediated by induction ot re\ponsivencss t o  interleukin  4. 

1 0 .  Vcrcelli,  D., H. H. Jabara. 8 .  W. Lee,  N.  Wnodland,  R. S .  Geha,  and D. Y. Izung. 

.I. E.g,. M d  178: 1645. 



4206 PEPTIDE-INDUCED  ANERGY IN ALLERGEN-SPECIFIC Th2 CELLS 

19. Gilbert, K. M., K. D. Hoang, and W. 0. Weigle. 1990. Thl and Th2 clones differ 
in their response to a tolerogenic signal. J. Immunol. 144:2063. 

20. Sloan-Lancaster. J., B. D. Evavold, and P. M. Allen. 1993. Induction of T-cell 
anergy by altered T-cell-receptor ligand on live antigen-presenting cells [see 

21. Sloan-Lancaster, J. ,  B.  D. Evavold, and P. Allen. 1994. Th2 cell clonal anergy as 
comments]. Nature 363:156. 

22. Spits, H.,  H. Yssel, C.  Terhorst, and J .  E. de Vries. 1982. Establishment of human 
a consequence of partial activation. J. Exp. Med. 180:1195. 

T lymphocyte clones highly cytotoxic for an EBV-transformed B cell line in 

J. Immunol. 128:95. 
serum-free medum: isolation of clones that differ in phenotype and specificity. 

23. Yssel, H., J. E. de Vries, M. Koken, W. Van Blitterswijk, and H. Spits. 1984. 
Serum free medum for the generation and propagation of functional cytotoxic and 
helper T  cell clones. J.  Immunol. Methods 72:219. 

24. Figdor, C. G., W. S. Bont, I. Touw, D. Roos, E. E. Roosnek, and J. E. de Vries. 

trifugation elutriation. Blood 60.46. 
1982. Isolation of functionally different human monocytes by counterflow cen- 

25. Lanier, L. L.,  and D. J. Recktenwald. 1991. Multicolor immunofluorscence and 

26. Azuma, M., M. Cayabyab, D. Buck, J.  H. Phillips, and L. L. Lanier. 1992.  ln- 
flow cytometry. Methods  (companion to Methods  Enzymol.) 2:192. 

volvement of CD28 in major histocompatibility complex-unrestricted cytotoxic- 
ity mediated by a human NK leukemia cell line. J. Immunol. 149:1115. 

27. Yssel, H., J. E. De Vries, J. Borst, and  H. Spits. 1987. Distribution and functional 
analysis of a 120- to 130-kDa T-cell surface antigen. Cell. Immunol. 105:161. 

28. Chretien, I., A. Van Kimmenade, M. Pearce, J. Banchereau, and J. S. Abrams. 
1989. Development of polyclonal and monoclonal antibodies for immunoassay 

29. Favre, C., J. Wijdenes, H. Cahrillat, 0. Djossou, J. Banchereau, and J. E. de 
and neutralization of human interleukin-4. J. lmmunol.  Methods 117:67. 

Vries. 1989. Epitope mapping of recombinant human gamma interferon using 
monoclonal antibodies. Mol. Immunol. 26.17. 

30. Abrams, J. S. 1994. Immunoenzymatric assay of mouse and human cytokines 
using NIP-labeled anti-cytokine antibodies. J.  E. Coligan, A.  M. Kruisbeck, D. H. 
Marguilies, E. M. Shevach, and W. Stroker, eds. In Currenf  Protocols in Immu- 
nology. John Wiley and Sons, New York, p. 6.20.1. 

31. de Waal Malefyt, R., J. S. Abrams, S. Mohan-Peterson, B. F. Bennett, J. S. Silver, 
P. V. Schneider, J.  E. de Vries, and H. Yssel. 1995. Differential regulation of IL-4 
and 1L-13 expression by human T cell clones and EBV-transformed B cells. Int. 
Immunol. I n  press. 

32. Aversa, G.,  J. Punnonen, and J.  E. de Vries. 1993. The 26-kD transmembrane 
form of tumor necrosis factor alpha on activated CD4+  T  cell  clones provides a 

33. Chused, T. M., H. A. Wilson, D. Greenblatt, Y. Ishida, L. J. Edison, R.  Y. Tsien, 
costimulatory signal for human B cell activation. J. Exp.  Med. 177:1757. 

phocyte cytosolic free calcium response to anti-IgM and anti-IgD. Cytometn. 
and  F. D. Finkelman. 1987. Flow cytometric analysis of murine splenic  B lym- 

34. Yssel, H., R. De Waal Malefyt, M. Duc Dodon, D. Blanchard, L. Gazzolo, 
8:396. 

J. de Vries, and H. Spits.  1989. Human T cell leukemiailymphoma virus type 1 
infection of a CD4+ proliferative/cytotoxic T cell clone progresses in at least two 

J.  lmmunol. 142.2279. 
distinct phases based on  changes in function and phenotype of the infected cells. 

35. Linsley, P. S., W. Brady, L. Grosmaire, A. Aruffo, N. K. Damle, and J. A. 
Ledbetter. 1991. Binding of the B cell activation antigen B7 to CD28 costimu- 
lates T cell proliferation and interleukin 2 mRNA accumulation. J .  E-rp. Med. 
173.721. 

36. Freeman, G. I., A. S. Freedman, J .  M.  Segil, G. Lee, J. F. Whitman, and L.  M. 
Nadler. 1989. B7, a new member of the Ig superfamily with unique expression on 
activated and neoplastic B  cells. 1. Immunoi. 143:2714. 

37. Schwartz, R.  H. 1990. A cell culture model for T lymphocyte clonal anergy. 
Science 248-256:1349. 

38. Lanzavecchia, A. 1990. Receptor-mediated antigen uptake and its effect on an- 
tigen presentation to class 11-restricted T lymphocytes. Annu. Rev. Immunol. 
8: 773. 

39. Azuma, M., H. Yssel, J. H. Phillips, H. Spits, and L.  L. Lanier. 1993. Functional 

40. Sansom, D. M.,  and N. D. Hall. 1993. B7/BB1, the ligand for CD28 in expressed 
expression of B7iBB1 on activated T lymphocytes. J. Exp. Med. 177:845. 

41. Zanders, E. D., J.  R. Lamb, M. Feldmann, N. Green, and P.  C. Beverley. 1983. 
on repeatedly activated human T  cells in vitro. Eur. J .  Immunal. 231295. 

Tolerance of T-cell clones is associated with membrane antigen changes. Nature 
303525. 

42. Ferber, I., G. Schonrich, J. Schenkel, A. L. Mellor, G .  J. Hammerling, and 
B. Arnold. 1994. Levels of peripheral T cell tolerance induced by different doses 
of tolerogen. Science 263.674. 

43. La Salle, J. M.,  P. I. Tolentino, G .  J .  Freeman, L. M. Nadler, and D. A. Hafler. 

of autoantigen. J. Exp. Med. 176:17?. 
1992. Early signaling defects in human T  cells anergized by T cell presentation 

44. Sloan-Lancaster, J.. A. S. Shaw, J. B. Rothbard, and  P. Allen. 1994. Partial T cell 
signalling: altered phospho-g and lack of Zap-70 recruitment in APL-induced T 

45. Gajewski, T. F., D. W. Lancki, R. Stack, and F. W. Fitch. 1994. “Anergy” of 
cell anergy. Cell 79:913. 

THO helper T lymphocytes induces downregulation of THl characteristics and a 
transition to a TH2-like phenotype. J. Exp.  Med. 179.481. 

46. Schols, D., D. Jones, and M.-G. Roncarolo. 1995. Unique cytokine production 
profile of anergic human T  cells in SCID-hu mice following staphylococcal en- 

47. Schall, T. J., R. E. O’Hehir, D. V. Goeddel, and J. R. Lamb. 1992. Uncoupling 
terotoxin B administration. J. Immunol. 154:3204. 

of cytokine mRNA expression and protein secretion during the induction phase 
of T cell anergy. J .  Immunol. 148:381. 

48. Hollenbaugh, D.,  L. S. Grosmaire, C.  D.  Kullas,  N. J. Chalupny, S. Braesch- 
Andersen, R. J. Nwlle, 1. Stamenkovic, J. A. Ledbetter,  and  A. Aruffo. 1992. The 
human T cell antigen gp39, a member of  the TNF gene family, is a ligand for the 

activity. EMBO J. 1114313. 
CD40 receptor: expression of a soluble form  of gp39 with B cell costimulatory 

49. Spriggs, M. K., R. J. Armitage, L. Strockbine, B. M. Macduff, T. A. Sato, C. R. 
Malizewski, and  W. C. Fanslow. 1992. Recombinant human CD40 ligand stim- 
ulates B cell proliferation and immunoglobulin E secretion. J.  Exp. Med. 176: 
1543. 

50. Cocks, B. G . ,  R. de Waal Malefyt, J.-P. Galizri, J .  E. de Vries, and G. Aversa. 

by the CD40 ligand. Int. Immunoi. 5:65?. 
1993. IL-13 induces proliferation and differentiation of human B  cells activated 

51. Castle, B. E., K. Kishimoto, C. Stearns, M. L. Brown, and M. R. Kehry. 1993. 
Regulation of expression of the ligand for CD40 on T helper lymphocytes. 
J. lmmunol. 151.1 777. 

52. Essery, G., M. Feldman, and J .  R. Lamb. 1988. Interleukin-2 can prevent and 
reverse antigen-induced unresponsiveness in cloned T lymphocytes. ImmunoloRy 
64:413. 

53. Tan, P., C. Anasetti, J. A. Hansen, J. Melrose, M. Brunvand, J. Bradshaw, J. A. 
Ledbetter, and P. S. Linsley. 1993. Induction of alloantigen-specific hyporespon- 
siveness in human T lymphocytes by blocking interaction of CD28 with its nat- 
ural ligand B7iBB1. J. Exp. Med. 177:165. 

54. Briner, T. J., M. C. Kuo, K. M. Keating, B. L. Rogers, and J .  L. Greenstein. 1993. 
Peripheral T-cell tolerance induced in naive and primed mice by subcutaneous 
injection of peptides from the major cat allergen Fel d 1. Proc.  Natl.  Acad. Sci. 
USA 90:7608. 


