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Changes in the affinity of the interaction between T cell Ag receptors  and their ligands  can modulate  selected T cell  effector 
functions.  Since both allergen-specific  Th2  and  Tho  cells  are  present in the peripheral CD4+ T cell pool of atopic  individuals, 
the potential to inhibit cytokine production by  Th2  cells  and  promote Thl-type cytokines from Tho  cells may  contribute  to the 
down-regulation of allergic inflammation. The aim of this  study  was to investigate  the  effects of peptide analogues of a  dominant 
T cell epitope of the  group II allergen  derived from house  dust mite, residues 28 to 40,  on proliferation and  cytokine production 
by human  Th2  and  Tho  cells.  From  both  functional competition and proliferation assays,  using  analogues  substituted with 
alanine or  charged  amino acids, the  influence of different positions in  p28-40 on TCR recognition  and/or MHC class I I  binding 
was determined. For the specific  Tho  cells,  generally  those  analogues  that  lead  to  a  reduction in proliferation also  decreased 
both 11-4  and IFN-y production. However, the p28-40 analogues with alanine residues at positions 34 and 36 altered the 
IFN-y:IL-4 ratio by  selectively  enhancing IFN--/ secretion. In the case of Th2 cells, stimulation with the  peptide analogues 
induced  different  patterns of effector  function.  Selected  analogues were capable of inducing 11-4 production in the absence of 
proliferation, whereas in response to other  peptide  variants of p28-40, both 11-4 production and proliferation were inhibited. 
The Journal of Immunology, 1996,157: 21 60-21  65. 

T he qualitative nature of allergen-specific immune re- 
sponses in sensitized individuals, based on the analysis of 
peripheral T  cells (1-3) and clinical biopsies (4), suggests 

that both Th2 and Tho cells contribute to the functional phenotype 
of the peripheral CD4+ T cell repertoire (5) .  The functional ac- 
tivity of these T cell subsets is characterized by their cytokine 
response profiles, with Th2 cells producing IL-4, IL-5, IL-10, and 
IL-13, and Tho cells synthesizing IL-2,  IFN-y,  and TGF-P in ad- 
dition to Th2  cytokines (6-9). The induction of allergen-specific 
IgE requires the presence of Th2-type cytokines, and it is in part 
the balance between the agonist and antagonist effects of IL-4 and 
IFN-y that regulates IgE synthesis (10). Therefore, the potential to 
inhibit IL-4 production and/or promote IFN-y secretion may con- 
tribute in the long term to the down-regulation of IgE and be of 
clinical benefit to individuals with atopic allergy. 

In the presence of costimulatory signals, recognition of peptide 
fragments of allergen bound to MHC class I1 molecules by TCR is 
required for  the activation of all CD4+ T cell subsets ( I  1, 12). 
However, there  is  evidence indicating that altering the affinity of 
the interactions between TCRs and their cognate ligands can lead 
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to the selective activation of T cell effector functions (13-1 8). This 
is illustrated by the finding that murine Thl cells, when stimulated 
with an altered T cell ligand, failed to produce cytokines or pro- 
liferate, yet retained cytolytic activity and up-regulated their IL-2 
receptors (13). Furthermore, stimulation of murine Th2 cells with 
analogues of  an immunogenic peptide in which a secondary TCR 
contact residue had been altered by conservative amino acid sub- 
stitutions was sufficient to induce IL-4 production and provide B 
cell help, but not clonal expansion (14). Peptide analogues with 
partial agonist activity have been reported that are capable, in the 
present of live APC, of inducing anergy in both Thl and Th2 cells. 
These cells fail to proliferate when restimulated with their natural 
ligand, although in the case of Th2 cells, their ability to produce 
IL-4 is retained (15, 16). Moreover. observations made in vivo in 
mice revealed that structural differences in antigenic peptides or 
class I1 molecules of different MHC haplotypes can influence the 
development of Thl or Th2 responses (17). In particular, it ap- 
peared that high affinity MHC/peptide interactions with  the TCR 
favored the induction of Thl responses, while interactions of low 
affinity resulted in the activation of Th2 cells. In a recent report it 
has been demonstrated that stimulation of T  cells in vitro with 
an  altered  peptide ligand  derived  from the  myelin  proteolipid 
protein induces  Th2  and  Tho  cells, which,  when  adoptively 
transferred to mice, confer protection  from experimental  auto- 
immune  encephalomyelitis (19). 

The  aim of the experiments reported here was to determine 
whether peptide analogues of a major human T cell epitope of the 
group I1 allergen of house dust mite (HDM)' Der p I1 (20), resi- 
dues 28 to 40, with single amino substitutions introduced at each 
position can modulate T cell proliferation and cytokine production 

Abbreviations used in this paper: HDM, house  dust mite; Derp 11, the group II 
allergen of Dermatophagoides pteronyssinus; [3H]dThd, tritiated thymidine. 
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Table I. Amino  acid sequence of wild type and  analogues of 
pZ8-40 

2 8  40 
I I H R G K P F Q L E A V  
A 

A 
A 
E A  
K E A  

K E A  
K E A  

R K A  
K A  

A 
A 

A 
A 

by Der p 11-specific Th2 and Tho cells isolated from an atopic 
individual. 

Materials  and Methods 
Antigens 

The Der p I1 peptides, residues 81 to 96  (VKGQQYDIKYTWNVPK) and 
28 to 40  (IIHRGKPFQLEAV),  and analogues of p28-40 were synthesized 
on  a Multipeptide Synthesis block BT7400 (Cambridge Research Bio- 
chemicals, Northwich, U.K.) using 4-(2’,4’-dimethoxyphenyl F-moc ami- 
nomethy1)phenoxy resins (Novasyn Chemicals  Ltd., Nottingham, U.K.) as 
previously described (21).  Couplings were performed using F-moc side 
chain protected pentafluorophenyl or oxo-benzoteiazine amino acid esters. 
Full-length peptides were cleaved from the resin and deblocked by treat- 
ment with TFA/thioanisole/ethanedithiol (94/5/2.5, v/v/v) for 1 h  and then 
precipitated and washed twice with ether.  The precipitates were dissolved 
in 10% formic acid (v/v) and  freeze-dried  for  48 h. Each peptide produced 
a single peak by reverse phase HPLC. The peptide analogues used in this 
study are listed in Table I. 

/solation  of Der p 11-reactive,  DRB 1 * I  7 0 1 -restricted, cloned 
human  Tho  and Th2  cells 

Cloned T  cells of ACI (Tho) and AC2 (Th2) were isolated from a HDM 
atopic individual (DRBI*0701,  DRBI*I 101; DQ2, DQ7 (3); DPB1*0101/ 
0402) by limiting dilution cloning  from  a  long term T cell line as described 
previously (20). The  T cell clones were maintained in RPMI 1640 medium 
supplemented with 2 mM L-glutamine, 100 IU/ml penicillinlstreptomycin 
(Life  Technologies, Paisley, Scotland),  and 5% inactivated human A+  se- 
rum (National Blood Transfusion Service, Edgware, U.K.) by stimulation 
with the p28-40 peptide at  optimal concentrations and irradiated histo- 
compatible PBMC (5 X 105/ml; 3000 rad) as a  source of APCs together 
with IL-2 (IO%, v/v; Lymphocult T, Biotest Folex. Frankfurt, Germany). In 
all experiments, T  cell  clones were rested for 7 to 8 days after the last 
addition of Ag and APCs. 

T cell  proliferation assays 

Cloned T cells (2 X 104/well) were cultured in flat-bottom 96-well micro- 
titer trays (Nunc, Life Technologies) with native peptide  or analogues of 
p28-40 (3 and 30 wg/ml) in the presence of APCs. Mitomycin C-treated 
murine fibroblasts expressing  HLA-DRBl*I 101 (2 X IO4 cells/well) were 
used for Ag presentation. Cultures were pulsed with tritiated thymidine (1 
@/well; [3H]dThd; Amersham International, Aylesbury, U.K.) after 48  h 
and harvested 8 to 16 h later. Proliferation was determined by 13H]dThd 
incorporation by liquid scintillation spectroscopy. The results are expressed 
as mean counts per minute for triplicate cultures, with an SEM < 20%. 

Cellular  competition assays 

The binding of native p28-40 peptide and analogues to DRBI*I 101 was 
assessed by their capacity to inhibit the proliferation of a  DRBI*I 101- 
restricted T cell clone (AC29) reactive with p85-97 (20). Peptide ana- 
logues of p28-40  (50  pg/ml) together with the peptide p81-96 (5 pg/ml) 
were added to mitomycin C-treated murine fibroblasts expressing 
DRB 1*1101. To these cultures T cells of clone AC29 were added, and 
proliferation was measured by  [’HIdThd incorporation. AC29 cells were 

isolated and expanded as described above. The results are expressed as the 
percentage of inhibition of AC29 proliferation relative to that induced by 
the native p28-40 peptide. 

Measurement of IFN-7 and IL-4 

Supernatants were collected at 48  h  from  T  cells stimulated with peptide or 
cultured in medium alone. Triplicate wells were pooled, and IF’N-7 and 
IL-4 were measured by ELISA kits as described previously (22). 

Results 
Effect of  stimulation  with  p28-40  peptide analogues on Ag 
recognition  by  specific  T cell clones representative of the 
Tho and Th2 functional phenotypes 

The T cell clones AC1 and AC2, both of which are reactive with 
residues 28-40 of Der p I1 and restricted by HLA-DRBI *I 101, 
exhibit the cytokine profiles of Tho and Th2 cells, respectively (20, 
23). Initially, ACl and AC2 T cells were stimulated with peptide 
analogues of p28-40 synthesized with alanine substituted sequen- 
tially at  each position (Table I), and the proliferative responses 
were determined (Fig. 1, A and B) .  The antigenicity of the ana- 
logues with substitutions at positions 31, 32, and 33 was markedly 
reduced compared with that of the native peptide for both T cell 
clones, although minor differences in the pattern of proliferation in 
response to these analogues were observed. For example, the re- 
sponse of AC1 T cells was more susceptible to the alanine sub- 
stitution at position 3 1, whereas A32 had a greater inhibitory effect 
on T cell recognition by AC2 T cells.  The patterns of responsive- 
ness and effector function were not differentially affected by vari- 
ations in the concentrations of peptides (data not shown). The pres- 
ence at alanine  at other positions in p28-40 had minimal or no 
effect on the proIiferative responses of  either of the T cell clones. 

To further examine the relative importance of different residues 
in p28 -40 on T cell recognition, in particular those at positions 3 1, 
32, and 33, peptides with charged amino acids were synthesized 
(24). Arginine (R)  occurs at position 31 in the native peptide, but 
when replaced with either a conservative (K”) or a radical (E3’) 
substitution, a reduction in the proliferative response of both ACl 
(Fig. 1C) and  AC2 (Fig. 1D) was observed. Similarly, both T cell 
clones responded weakly to the peptide analogue in which glycine 
at position 32 had been replaced with lysine (K32). In contrast, 
although AC2 (Fig. 1D) failed to recognize the analogue E3*, the 
response of AC1 was only partially inhibited (Fig. 1C). The con- 
servative substitution of R33  for K3’ induced proliferation similar 
to that of the native peptide, whereas E’3 was only weakly anti- 
genic for both T cell clones. With the exception of E’’, the intro- 
duction of charged residues at positions 30, 34, and 35 markedly 
reduced T cell proliferation. 

The modulatory effect of the analogues on T cell recognition 
may occur  as the result of altering either the binding of the peptide 
to HLA-DRBl*l 101 or the affinity  of the peptide-TCR interaction. 
To test the first of these possibilities, native peptide and analogues 
of p28-40 were investigated for the ability to competitively inhibit 
presentation of  p81-96 to the T cell clone AC29 (Fig. 2). If the 
binding capacity of a D e r p  11 28-40 analogue to DRB1*1101 is 
not affected by the introduced substitution, it would be expected to 
equally inhibit proliferation of AC29 cells to the native 28-40 
peptide. Indeed, this was the case with analogues substituted at 
positions 28, 31, 32, 34, 36, 37, and 40. In contrast, A29, E3’, and 
A3’ were more efficient at inhibiting the proliferation of AC29 
cells, suggesting that they bind with higher affinity to DRB 1 * 1 101 
than the native peptide. However, since A30, R33, and Aj5 were 
less effective than native peptide  at inhibiting AC29 proliferation, 
it is likely that they bind with lower affinity to DRB 1 * 1101. From 
the combined results of proliferation and functional competition 
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FIGURE 1. The proliferative response of Derp II (p28-40)-specific  Tho  and  Th2  cells  to  peptide  analoguesof  p28-40.  T  cells  of  clone AC1 (Tho) 
and AC2 (Th2)  were  stimulated with  p28-40  peptide analogues in the presence of  mitomycin C-treated murine fibroblasts expressing HLA- 
DRBl * l  101 as a source of APCs. Proliferation was determined  by  [3H]dThd  incorporation.  Background responses of  T  cells  cultured  with APCs 
in the absence of  Ag  were  <450  cpm. 

assays, it appears that amino acids at positions 31 and 32 are crit- 
ical for T cell recognition by both AC1 and AC2 T cells. In con- 
trast, due to the different capacities of A33, E3?, and R33 to com- 
petitively inhibit AC29 T cell proliferation, position 33 appears to 
affect T cell recognition as well as binding to MHC class I1 
molecules. 

Effect of p28-40 peptide analogues on cytokine production 
by the T cell clones ACl (Tho) and  AC2 (Th2) 

The  p28-40 analogues were investigated for their ability to mod- 
ulate cytokine production by AC1 (Tho) and AC2 (Th2)  cells. In 
response to stimulation by the p28-40 analogues with alanine at 
positions 28, 31, 32, 33, and 40, the production of IL-4 by ACl 
cells was markedly reduced compared with that elicited by the 
native peptide (Fig. 3A). Stimulation with A29 and A30 also re- 
sulted in diminished levels of IL-4 secretion. Although the ana- 
logues  A3', A32, and A33 markedly down-regulated the prolifera- 
tive response of the Th2  cells (AC2), their inhibitory effects on 
IL-4 secretion were minimal (Fig. 3B), demonstrating that IL-4 
production and proliferation could be dissociated. Background re- 
lease of IL-4 by both ACl and AC2 cells in the absence of peptide 
was < 10 pg/ml. The additional analogues with charged amino acid 
substitutions were also tested for their ability to stimulate IL-4 
production by AC1 and AC2 cells. Compared with the native pep- 
tide glutamic acid or lysine at positions 3 1 ,  32, 34, and 35 as well 
as E'3 reduced the capacity of ACl cells to produce IL-4 by 35% 

40 1 

p28-40 substitutions 

FIGURE 2. Assessment of the binding  of  p28-40  peptide analogues 
to HLA-DRBl* l lO l .  Peptide analogues of  p28-40 (50 p&iml) were 
added  with  the  stimulating  peptide  p81-96 (5 gg/ml) to  mitomycin 
C-treated murine fibroblasts expressing DRBl'1  101  (2 X 1 04/well).  To 
these and  control  cultures  containing  no  p28-40-derived peptides, 
AC29  T  cells (p82-96 specific  and DRBl *I 101 restricted) were  added 
(2 X 104/well),  and  proliferation was determined by [3H]dThd  incor- 
poration. The results are expressed as the percentage of  inhibition  rel- 
ative  to that induced by the  native p28-40 peptide. 
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FIGURE 3. The effects of  peptide analogues on  IL-4  production  by Derp II (p28-40)-specific  Tho  and Th2 cells.  T  cells  of  clone AC1 (Tho)  and 
AC2  (Th2)  were  stimulated with  p28-40 peptide analogues in the presence of  mitomycin C-treated murine fibroblasts expressing HLA-DRBl* l lOl  
as a source of APCs. Supernatants were  collected at 48 h, and  the levels of IL-4 were  determined  by ELISA. 
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FIGURE 4. The effects of peptide analogues on IFN-7 production  by Der p I I  (p28-40)-specific  Tho cells. T  cells  of  clone AC1 (Tho) were 
stimulated with  p28-40  peptide analogues in the presence of  mitomycin C-treated murine fibroblasts expressing HLA-DRB1*1101 as a source of 
APCs. Supernatants were  collected at 48 h, and  the levels of IFN-y were  determined by ELISA. 

or more (Fig. 3C). The analogues E3” and K30 induced IL-4 pro- The ability of p28-40 peptide analogues to stimulate IFN-y 
duction by both T cell clones, although for  Th2 cells, E3’ was the production by Tho cells (ACI) was also investigated. The ana- 
most potent of these two peptides (Fig. 3, C and 0 ) .  Analogues logues A3’, A3’, and A3’ all failed to induce IFN-y production 
with charged  amino acids at positions 31, 32, and 33 reduced IL-4 (Fig. 4A), and similarly, stimulation by peptides with charged res- 
production by AC2  cells, although in the case of R33, IL-4 secre- idues at these positions was also unable to elicit the release of 
tion was diminished by only 33% (Fig. 30) .  IFN-y. Substitutions with alanine at positions 28, 29, 30,  35, 37, 
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38, and 40 induced the same level of IFN-y secretion as the native 
peptide (Fig. 4A). In contrast, A34 and A36 increased IFN-y se- 
cretion compared with native p28-40, with enhancements of five- 
and fourfold, respectively (Fig. 4A). None of the analogues with 
charged residue substitutions was as potent as the native peptide at 
inducing IFN-y secretion (Fig. 4B); however, the IFN-y response 
profile of ACI cells  was similar to that observed for IL-4 in re- 
sponse to stimulation with these analogues. Undetectable levels of 
IFN-y were produced by AC1 cells cultured with APCs in the 
absence of peptide. 

Discussion 
The potential to modulate the qualitative nature of  immune re- 
sponses with structural analogues of antigenic peptides was inves- 
tigated in vitro for T cell responses to a major human T cell epitope 
of the HDM. In atopic disorders it may be possible to achieve 
clinical improvement by decreasing the ratio of Th2 to Thl cyto- 
kines. This change could be accomplished by either a quantitative 
reduction in allergen-specific Th2 responses or the selective in- 
duction of Thl cytokines by allergen-reactive Tho cells, both 
present in the T cell repertoire of atopic individuals (2.5). This 
prompted us to analyze peptide analogues of Der p 11, residues 28 
to 40, for their antigenicity and ability to stimulate cytokine pro- 
duction by DRB 1 * 1 101-restricted T cell clones representative of 
the Tho and Th2 functional phenotypes (20). 

The substitution of single amino acids with alanine at each po- 
sition in p28-40 had similar effects on the pattern of proliferation 
of both Tho-  and Th2-specific cells and markedly reduced the re- 
sponse only when introduced at each of three positions (3 I ,  32,  and 
33). In contrast, analogues containing positively and negatively 
charged amino acid substitutions had consistently negative effects 
on Ag recognition, although this was less pronounced when the 
substituted natural amino acid was of a similar charge. These re- 
sults taken together with the MHC-peptide binding studies suggest 
that the residues at positions 31 and 32 are critical for TCR rec- 
ognition. The capacity of analogues with different amino acid sub- 
stitutions at position 33 to bind with varying affinities to class I1 
MHC implies that this position makes contact with DRBI*llOI. 
However, the residue at this position may also contact TCR, since 
the analogue AZ3 appears to bind to DRB 1*1101 with an affinity 
similar to that of the native peptide, but is less antigenic. These 
conclusions are consistent with earlier findings suggesting that for 
both AC1 and AC2  T  cells, the peptide core  for TCR recognition 
may  be located between residues 28 and 35, whereas sequences 22 
to  28 or 3.5 to  40 may be implicated mainly in binding to HLA-D 
region molecules (20). Results from the functional competition 
assays imply that, in addition to residue 33, those amino acids at 
positions 29, 30, 35, and  38 in p28-40 contribute to peptide bind- 
ing to DRB 1 * 1 101. These residues either directly contact MHC or 
influence the binding capacity of the peptide indirectly by altering 
the conformation of the side chains of adjacent amino acids. For 
peptides bound to HLA-DRBI *I  101, a potential motif has been 
suggested, consisting of three main anchoring positions, an aro- 
matic residue at position 1 followed by a hydrophobic and a pos- 
itively charged amino acid at positions 4 and 6, respectively (26, 
27). Assuming that the aromatic residue H30 in p28-40 corre- 
sponds to the relative position 1, the residues implicated in  MHC 
binding found at positions 4 and 6 would  be K3' and F35. How- 
ever, although the residues at these positions appear to contact 
MHC, their natures would not comply with the proposed binding 
motif for DRB 1 * 1101, and this may account for the ability of Der 
p I1 28-40 to bind to other class I1 molecules, including HLA-DQ 
(20).  MHC class 11-restricted T cell recognition of peptides not 

exhibiting the binding requirements for that particular MHC  class 
I1 specificity have been described (28). 

Rules analogous to those governing MHC  class 11-peptide bind- 
ing also appear to influence the outcome of TCR interactions with 
altered peptide ligands. It has been demonstrated that analogues of 
an antigenic peptide with the primary TCR contact unaltered but 
containing selected substitutions at secondary TCR contact resi- 
dues could act as agonists or partial agonists for specific Th cells 
(13, 14). Furthermore, unrelated peptides with sequence similari- 
ties at these positions were found to  be capable of eliciting similar 
functional activity. Nevertheless, TCR recognition remains a 
uniquely specific phenomenon, since Th cells with different fine 
specificities presented a variable pattern of responsiveness to the 
same ligands (29). 

In addition to the effects of alterations in the structure of the 
p28-40 peptide on Ag recognition, the effects on cytokine pro- 
duction by both Tho cells and Th2 cells were analyzed. Despite the 
similarity in the proliferative responses of both subsets of specific 
Th cells to the p28-40 analogues, the pattern of IL-4 secretion 
varied markedly. In response to the p28-40 analogues, Tho cells 
induced IL-4 production, which generally reflected the pattern of 
clonal expansion, although minor quantitative differences were 
noted. In contrast, stimulation of Th2 cells with selected p28-40 
analogues induced IL-4 secretion in the absence of proliferation. 
Although differences in the fine specificity of the two T cell clones 
may account for this disparity, it cannot be excluded that stimu- 
lation with the altered T cell ligands may have different effects on 
the signaling pathways that induce IL-4 production in both Tho 
and Th2 cells. Stimulation of Tho cells with p28-40 analogues 
containing alanine at position 34 or 36 resulted in a selective en- 
hancement of IFN-y secretion that was independent of IL-4 pro- 
duction and the degree of proliferation. Previous reports have dem- 
onstrated that proliferation and cytokine production in murine Th2 
cells have distinct thresholds of induction and can be selectively 
triggered (16). In particular, IL-4 synthesis appears to be favored 
by signals provided by less potent TCR-ligand interactions, as in 
the case of reduced ligand density (30) or by stimulation with 
peptides of low affinity for  TCR or MHC class I1 (13, 17, 18). 
Furthermore, IL-4 secretion by Th2 cells seems to have less strin- 
gent requirements for coreceptor or accessory molecule-mediated 
costimulation. It has been observed that murine Th2 cells retained 
their capacity to secrete IL-4 when stimulated by specific peptide 
on chemically fixed APCs (16). It appears also that certain anti- 
CD4 Abs that inhibited Ag-dependent proliferation of p28-40- 
specific Th2  cells failed to down-regulate IL-4 secretion (23). 
Moreover, when activated in the absence of costimulatory signals 
from APCs, Tho cells adopted the cytokine profile of Th2  cells, 
implying that the  Th2 phenotype correlates with the induction of 
anergy in Tho cells (31). 

The potential use of altered T cell ligands to modulate the ef- 
fector function of Th2 cells may be  of limited value, since selective 
inhibition of IL-4 production has not been achieved. However, 
when Der p 11-specific Tho cells were stimulated with p28-40 
analogues (A34 and A36), IFN-y production was enhanced fivefold 
compared with that of the native ligand, whereas IL-4 production 
remained unchanged. The importance of regulating the balance 
between Thl- and Th2-derived cytokines was demonstrated in a 
recent clinical study, in which it was reported that successful de- 
sensitization with bee venom was accompanied by alterations in 
the IFN-y:IL-4 ratios (32). Increased expression of mRNA for 
Thl-type cytokines at the site of late phase cutaneous reactions 
was described in successfully treated individuals (4). Therefore, an 
alternative strategy to beneficially intervene in atopic disorders 
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may be by targeting Tho cells in an attempt to alter the IL-4:IFN-y 
ratio in favor of IFN-y. 

References 
I .  O’Hehir, R. E., V. Bal, D. Quint, R. Moqbel, A. B. Kay, E. D. Zanders, and J. R. 

comparison of the response of an atopic and non-atopic individual to Dermato- 
1989. An in vitro model of allergen dependent IgE synthesis by human B cells: 

2. Wierenga, E. A.. M. Snoek, C. de Groot, I. Chrietien, J. D. Bos, H.  M. Jansen, 
phagoides spp. Immunology 66:499. 

and M. L. Kapsenberg. 1990. Evidence for compartmentalization of functional 

3. Panonchi, P., D. Macchia, M.-P. Piccinni, P. Biswas, C. Simonelli, E. Maggi, 
subsets of CD4+ T lymphocytes in atopic patients. J. lmmunol. 144:4651. 

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

4. Varney, V.  A.. Q. A. Hamid, M. Gaga, S .  Ying, A. J. Frew, A. B. Kay, and S .  R. 
cytokine production. Proc.  Natl.  Acad. Sci. USA 88:4538. 

Durham. 1993. Influence of grass pollen immunotherapy on cellular infiltrate and 
cytokine mRNA expression during allergen induced late phase cutaneous re- 
sponses. J. Clin. Invest. 192:644. 

5.  O’Hehir, R. E., R. D. Garman. J. L. Greenstein, and 1. R.  Lamb. 1991. The 

nol. 9.76. 
specificity and regulation of T cell responsiveness to allergen. Annu. Rev. Immu- 

6. Mosmann, T. R., J. H. Schumacher, N. F.  Street,  R. Budd, A. O’Garra, T. A. T. 
Fong, M. W. Bond, K. W. M. Moore, A. Sher, and D.  F. Fiorentino. 1991. 
Diversity of cytokine synthesis and the function of mouse CD4+ T cells. lmmu- 

7.  Street, N. F., J. H. Schumacher. T.  A. T. Fong. H. Bass, D.  F. Fiorentino, J. A. 
no/. Rev. 123:209. 

evidence  from bulk cultures and limiting dilution cloning for precursors of Thl 
Leverah, and T. R. Mosmann. 1990. Heterogeneity of mouse helper T cells: 

and Th2 cells. J. lmmunol. 144:1629. 
8. Punnonen, J., G. Aversa, B. G.  Cocks, A. N. J. McKenzie, S .  Menon, 

G. Zurawaski, R. de W a d  Malefyt, and J. E. de Vries. 1993. Interleukin 13 
induced interleukin 4 dependent IgG4 and IgE  synthesis and CD23 expression by 

9. Romagnani, S .  1994. Lymphokine production by human T cells in disease states. 
human B cells. Proc. Natl. Acad. Sci. USA 90:3730. 

IO. Pene, J. R. F., F. Briere, 1. Chretein, J. Y. Bonnefoy, H. Spits, T. Yokota, N. Arai, 
Annu. Rev.  lmmunol. 12:227. 

K.4. Arai, Banchereau, and J. E. de Vries. 1988. IgE production by normal 
human B lymphocytes is induced by interleukin (1L)-4 and suppressed by inter- 

11. Babbitt, B. P., P. M. Allen, G.  Matsueda, E. Haber, and E. R. Unanue. 1985. 
feron (IFN)-y and -a, and prostaglandin E2. Proc.  Natl.  Acad. Sci. USA 85:6880. 

Binding of immunogenic peptides to  Ia hzstocompatibility molecules. Nurure 
31 7:359. 

12. Mueller. D. L., M. K. Jenkins, and R. H. Schwartz. 1989. Clonal expansion 
versus functional clonal inactivation: a costimulatory signalling pathway deter- 
mines the outcome of T cell antigen receptor occupancy. Annu. Rev,  lmmunol. 
7:445. 

13. Evavold, B. D., J. Sloan-Lancaster. B. L. Hsu, and P.  M. Allen, 1993. Separation 
of T helper 1 clone cytolysis from proliferation and lymphokine production using 

14. Evavold, B. D., and P. M. Allen. 1991. Separation of IL-4 production and pro- 
analog peptides. J. lmmunol. 150:3131. 

liferation by an altered T cell receptor ligand. Science 252:1308. 

15. Sloan-Lancaster. J., B.  D. Evavold, and P. M. Allen. 1993. Induction of T cell 

363: 156. 
anergy by altered T cell receptor ligand on live antigen presented cells. Nature 

16. Sloan-Lancaster. J., B. D. Evavold, and P. M. Allen. 1994. Th2  cell clonal anergy 

17. Pfeiffer, C., J. Stein, S .  Southwood, H. Ketelaar, A. Sette, and K. Bottomley. 
as a consequence of partial activation. J. Exp.  Med. 180:1195. 

1995. Altered peptide ligands can control CD4 T lymphocyte differentiation in 

18. Racioppi. L., F. Ronchese, L.  A. Matis, and R. N. Germain. 1993. Peptide-major 
vivo. J. Exp. Med. 181:1569. 

histocompatibility complex class I1 complexes with mixed agonisdantagonist 
properties provide evidence for ligand related differences in T cell receptor de- 
pendent intracellular signaling. J. Exp. Med. /77:1047. 

19. Nicholson, L. B., J. M. Greer, R. A. Sobel, M. B. Lees, and V. K. Kuchroo. 1995. 
An altered peptide ligand mediates immune deviation and prevents autoimmune 

20. Verhoef, A,, J. A. Higgins. C. J. Thorpe, S .  G. E. Marsh, J. D. Hayball, J. R. 
encephalomyelitis. Immuniry 3:397. 

Lamb, and O’Hehir. 1993. Clonal analysis of the atopic immune response to the 
group 2 allergen of Dermatophagoides spp: identification of HLA-DR and -DQ 

21. Wraith, D. C., B. Bruun, and P. 1. Fairchild. 1992. Cross reactive recognition of 
restricted T cell epitopes. lnt. lmmunol. 51589. 

22. Lamb, J. R., J. A. Higgins, C. Hetzel. J. D. Hayball, R.  A. Lake, and R. E. 
an encephalatogenic epitope. J. Immunol. 149:3765. 

O’Hehir. 1995. The effects of changes at peptide residues contacting MHC class 
I1 or TcR on antigen recognition and human THO cell effector function. lmmu- 

23. Lamb, J. R., A. Faith, J. A. Higgins, A. Verhoef, P. Schneider, H. Yssel, and R. E. 
nology 85:447. 

O’Hehir. 1995. Clonal analysis of CD4 mediated accessory function on the ef- 
fector activity of human CD4+ T cell subsets. Clin. Exp. Allergy 25339. 

24. Kuchroo, V. K., J. M. Greer, D. Kaul, G. Ishioka. A. Franco, A. Sette. R.  Sobel, 
and M. Lees. 1994. A single TCR antagonist peptide inhibits experimental al- 
lergic encephalomyelitis mediated by a diverse T cell repertoire. J. Immunol. 
153:3326. 

25. Hetzel, C., and J. R. Lamb. 1994. CD4’ T cell targeted immunomodulation and 
the therapy of allergic disease. Clin.  lmmunol. Immunopathol. 73:l. 

26. Hammer, J., E. Bono, F. Gallazzi, C. Belinis, Z. Nagy, and F. Sinigaglia. 1994. 
Precise prediction of major histocompatibility class I1 peptide interactions based 

27. Hammer, J., P. Valsasnini, D.  Tolba, J. Higelin, B. Takacs, and F. Sinigaglia. 
on peptide side chain scanning. J. Exp. Med. 180:2353. 

28. Rammensee, H. G.,  T. Friede, and S .  Stevanovie. 1995. MHC ligands and peptide 
1993. Promiscuous and allele-specific HLA-DR binding peptides. Cell 74:197. 

29. Evavold, B.  D., J. Sloan-Lancaster, K. 1. Wilson, J. B. Rothbard, and P. M. Allen. 
motifs: first listing. Immunogenetics 41:178. 

multiple endogenous ligands. lmmunity 2.655. 
1995. Specific T cell recognition of minimally homologous peptides: evidence for 

30. Murray, J. S . ,  C. Pfeiffer, J. Madri. and K. Bottomley. 1992. MHC control of CD4 

mediated responses in mice of distinct MHC genotype. Eur. J. lmmunol. 22:559. 
T cell subset activation. 11. A single peptide induces either humoral or cell- 

31. Gajewski, T. F.,  D. W. Lancki, R. Stack, and F. W. Fitch. 1994. ”Anergy” of Tho 
helper T lymphocytes induces downregulation of Thl characteristics and a tran- 
sition to a Th2-like phenotype. J. Exp. Med. 179:481. 

32. Jutel, M.  P.,  W. J. Pichler, D. Skrbic,  A. Unvyler, C. Dahinden, and U. R. Muller. 
1995. Bee venom immunotherapy results in decrease of IL-4 and IL-5 and in- 
crease of IFN-y secretion in specific allergen-stimulated T cell cultures. J. Im- 
munol. 154:418. 


