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Altered peptide ligands (APL) can modify T cell effector function by their diversity in binding to the TCR or MHC class
II-presenting molecules. The capacity to inhibit Th2 cytokine production by allergen-specific T cells would contribute to combating
allergic inflammation. The presence of APL generated by Ala-substitutions in a synthetic dodeca-peptide spanning an immuno-
dominant epitope of bee venom phospholipase A2 (PLA) was investigated in human T cells. Four of five substituted peptides
reduced proliferation, IL-4, and IFN- g production by cloned PLA-specific Th0 cells proportionately. However, one APL, PLA-
F82A, inhibited IL-4 but had no effect on IFN-g production. This uncoupling of IL-4 from IFN- g production was also observed
on immunogenic restimulation of the cloned T cells pre-exposed to the APL/APCs. It appeared to result from lower affinity of
binding to MHC class II by the APL compared with the native peptide. The APL also inhibited IL-4 production by polyclonal T
cells. In consequence of the change in cytokine secretion, the production of IgG4 in vitro increased by PLA-F82A stimulation,
compared with the native peptide. Exposure of the cloned T cells to either the APL or the native peptide, in the absence of
professional APC, induced anergy such that proliferation and production of IL-4, IL-5, and IL-13 was abrogated on immunogenic
rechallenge. Defective T cell activation appeared to result from alterations in transmembrane signaling through the TCR, spe-
cifically to lack of tyrosine phosphorylation of the tyrosine kinase, ZAP-70. The Journal of Immunology,1999, 162: 1836–1842.

T he secretion of the Th2 cytokines IL-4, IL-5, and IL-13 in
affected sites such as skin and lung induces an allergic re-
sponse (reviewed in Ref. 1). An isotype switch to IgE is

dependent on IL-4 or IL-13 (reviewed in Ref. 2), whereas IL-5 pro-
motes the growth and survival of eosinophils (3). Both Th0 and Th2
cells secrete these cytokines, and it is probable that both subsets are
implicated as contributing to allergic reactivity (reviewed in Ref. 4).

There has been considerable interest in immunotherapeutic inter-
vention designed to inhibit Th2 cytokine production by allergen-spe-
cific T cells (5–7). Recently, immunotherapy using synthetic peptides,
spanning dominant epitopes of the major cat and bee-sting allergenic
proteins, Fel d 1 and bee venom phospholipase A2 (PLA),3 has proved
successful in ameliorating allergic symptoms (8, 9). Peptides derived
from PLA abrogated specific cytokine production in peripheral T cells
from the majority of patients (9). We and others have previously
shown that pre-exposure of cloned allergen-specific Th2 cells to na-
tive peptide, in the absence of professional APC, results in nonre-
sponsiveness to subsequent immunogenic challenge, including abro-
gation of IL-4 and IL-13 production (10, 11). Reduced IL-4 and IL-13
production was correlated with altered transmembrane signaling
through the TCR, specifically, ablation of p56lck and ZAP-70 tyrosine
phosphorylation (10).

The interaction of CD41 T cells with optimally presented pep-
tide/MHC complex leads to T cell proliferation and cytokine pro-
duction (reviewed in Ref. 12). However, varying the affinity of
ligand for the TCR can alter the profile of cytokine production (13,
14). Certain amino acid substitutions in the native peptide at TCR
contact residues, termed altered peptide ligands (APL) (reviewed
in Ref. 15), can modify cytokine patterns of both human (16, 17)
and murine T cells (18, 19). It has been shown that APL may
function as partial agonists, delivering an altered signal to cells,
often resulting in anergy (20, 21). Furthermore, peptides substi-
tuted at MHC class II-contact residues can divert both human (22)
and murine (23, 24) Th2 to Th1 responses. An APL of myelin
basic protein, modified at a MHC class II binding residue, reversed
the induction of autoimmune disease by the native peptide by al-
tering cytokine patterns of encephalitogenic T cells (25).

Therefore, we examined whether APL could alter Th2 cytokine
patterns and/or induce anergy in cloned PLA-specific Th0 cells.
Furthermore, the immunological effect of changes in specific T cell
cytokine secretion on the isotype production by B cells and the
possible mechanism of anergy induction were studied. Compared
with native peptide, the ratio of IL-4:IFN-g was significantly re-
duced and the IgG4 production increased when cloned PLA-spe-
cific Th0 cells were challenged immunogenically with an APL that
had a lower affinity for MHC class II. Pre-exposure of Th0 cells to
either native peptide or APL-induced anergy, resulting in abroga-
tion of IL-4, IL-5, and IL-13 secretion on immunogenic restimu-
lation. The anergic response was correlated with altered signaling
through the TCR, namely lack of phosphorylation of ZAP-70.

Materials and Methods
Ags and reagents

rPLA was prepared as described (26). The synthetic peptides correspond-
ing to PLA81–92 (YFVGKMYFNLID) and Ala-substituted PLA81–92 pep-
tides were synthesised by Genosys Biotechnologies (Cambridge, U.K.).
rIL-2 was kindly provided by Sandoz (Basel, Switzerland). mAbs to
ZAP-70 (IgG2a) and phosphotyrosine (ptyr) (RC20) were purchased from
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Upstate Biotechnology (Lake Placid, New York) and Transduction Labo-
ratories (Lexington, KY), respectively. Anti-CD3 mAb was produced by
clone CRL 8001 obtained from American Type Culture Collection (Man-
assas, VA) and purified by affinity chromatography. mAb to CD3 (OKT3)
was kindly donated by Dr. C. Heusser (Novartis, Basel, Switzerland). Anti-
CD28 (mAb 15E8) and anti-CD2 (mAbs 4B2 and 6G4) were obtained from
the Red Cross Blood Transfusion Service (Amsterdam, The Netherlands).
Purified rabbit anti-mouse Ig was obtained from Dako (Zug, Switzerland).
Biotin-N-hydroxysuccinimide-ester (nhs-d-Biotin) and FITC-avidin were
obtained from Calbiochem (La Jolla, Ca) and Sigma (Buchs, Switzerland),
respectively.

Cells

The T cell clone, BuT1.2A2, derived from a hyperimmunized healthy in-
dividual and specific for PLA, has been reported (27). BuT1.2A2 recog-
nizes an epitope spanned by the amino acid sequence, PLA81–92(27), and
its cytokine profile, secreting both IL-4 and IFN-g (28), indicates a Th0
functional phenotype. The clone is restricted by HLA-DP (27). The cloned
T cells were resuspended in complete medium, consisting of RPMI 1640,
supplemented with 1 mM sodium pyruvate, 1% MEM nonessential amino
acids and vitamins, 2 mML-glutamine, 100 U/ml penicillin, 100mg/ml
streptomycin (all from Life Technologies, Basel, Switzerland) and 10%
heat-inactivated FCS (Sera-Lab, Crawley Down, Sussex, U.K.). PBMC
were isolated by Ficoll (Biochrom, Berlin, Germany) density gradient cen-
trifugation of peripheral venous blood. Cells were washed and resuspended
in complete medium as above.

Induction of anergy in Th0 cells

Cloned T cells (1–23 106/ml) were incubated for 16 h in the presence of
PLA81–92or PLA-F82A (70mM) in 24- or 48-well culture plates (Costar,
Cambridge, MA). The cells were then washed and incubated for a further
48 h before restimulation with PLA81–91 in the presence of autologous,
irradiated (5000 rad), EBV-transformed B cells (BuB1; APC) (27). Cloned
T cells were also incubated with PLA81–92or PLA-F82A in the presence of
APC (1–23 106/ml) for 5 days and then restimulated with PLA81–92/APC,
and proliferation and cytokine production measured.

Proliferation assays

For Ag-specific proliferation, cloned T cells (13 105/ml) were stimulated
with PLA, antigenic peptide, or APL, in the presence of APC (13 105/ml),
in 200 ml medium in 96-well round-bottom tissue culture plates (Becton
Dickinson, Lincoln Park, NJ) in triplicate wells. Proliferation was deter-
mined after 48 h by pulsing for a further 16 h with [methyl-3H]thymidine
([3H]TdR) (DuPont/NEN, Boston, MA) (1mCi/well, 37 kBq).

Production of IgG4 in vitro

T cell-depleted PBMC (0.53 105) were reconstituted with 0.53 105 T cell
clone BuT 1.2A2, in 96-well flat-bottom plates (Costar). Cells were stim-
ulated with increasing doses of native peptide or APL in the presence of 5
ng/ml of IL-4 (Novartis) at 37°C in a 5% CO2 atmosphere (7, 9). IgG4 was
determined in supernatants after 12 days of incubation. All experiments
were performed in triplicates.

Cytokine and IgG4 measurements

BuT1.2A2 (2 3 105/ml) was stimulated with varying concentrations of
PLA or peptides in the presence of autologous EBV-transformed B cells
(2 3 105/ml), and supernatants were harvested after 24 h. Cloned T cells
(1 3 106/ml) were incubated with PLA81–92or PLA-F82A (70mM), also
in the absence of APC and supernatants-harvested. PBMC were incubated
with peptides or a combination of mAbs to CD3 (CRL8001, 0.5mg/ml),
CD2 (0.5mg/ml), and CD28 (1mg/ml), and supernatants were harvested
after 5 days. The solid phase ELISAs for IL-4, IL-5, IL-13, and IFN-g have
been described before (8, 28, 29). IL-10 was measured using a combination
of mAb JES3-9D7 and biotinylated JES3-12G8 (mAbs and IL-10 standard
were from PharMingen, San Diego, CA). The sensitivity of the IL-10
ELISA was5 50 pg/ml. IL-2 activity was detected by [3H]TdR uptake by
the CTLL-2 line (30).

IgG4 was measured in duplicates by sandwich ELISA as described (7,
9). The assays reached a sensitivity of 0.6 ng/ml of IgG4 World Health
Organization 67-97 reference standard.

Affinity measurements by competition assay

The binding affinity of native peptide and APL were determined as previ-
ously described (31). PLA81–92 was biotinylated and then purified by
HPLC using a Nucleosol C18 column (pore size 250 Ao, 250 3 2 mm)

(Mochereq-Nagel, Oensingen, Switzerland). Fractions were eluted with an
acetonitrile gradient at a flow rate of 0.2 ml/min and lyophilized. Binding
of biotinylated PLA81–92 (25 mg/ml) to BuB1 cells in the presence or ab-
sence of varying concentrations of competitor peptides for 5 h at37°C was
detected by addition of avidin-FITC (10mg/ml). Single color fluorescence
was performed as described (29).

Immunoprecipitations

The method was as described (10), with some modifications. BuT1.2A2
was rested in complete medium without growth factors for 4 days and in
2% FCS containing medium for 24 h before experiments. T cells were
exposed to PLA81–92or PLA-F82A (70mM) for 16 h and then washed and
incubated for a further 48 h. Cloned T cells (33 106) were then stimulated
with anti-CD3 (OKT3, 10mg/ml), cross-linked to plastic (Falcon 2051,
Becton Dickinson), and mAb to CD28 (1mg/ml) for 15 min. T cells were
lysed in 0.5% Triton X-100 containing leupeptin and aprotinin (each 10
mg/ml), sodium orthovanadate (1 mM), EDTA (5 mM), and iodoacetamide
(5 mM) (all from Sigma). Postnuclear lysates were precleared for 2 h each
with Pansorbin (Calbiochem-Novabiochem, San Diego, CA; 10% (v/v)
solution of fixedStaphylococcus aureusCowan I, prewashed three times
with PBS) and BSA-bound Sepharose-Protein A (Pharmacia, Uppsala,
Sweden). Precipitations were performed overnight at 4°C with mAb to
ZAP-70, and complexes captured with rabbit anti-mouse Ig bound to Pro-
tein G-Sepharose 4B (Pharmacia). Precipitates were washed with cold lysis
buffer and boiled in Laemmli sample buffer before electrophoresis.

Immunoblotting

Immunoprecipitates were electrophoresed on 8–16% SDS-PAGE gels
(Novex\, San Diego, CA). Proteins were transferred to nitrocellulose blots
and blocked with 2% BSA or 3% nonfat milk powder in 0.01 M Tris-
buffered saline/0.1 M sodium chloride/0.1% Tween 20. Blots were then
probed with mAb to ptyr linked to horse radish peroxidase, stripped and
then probed with mAb to ZAP-70, followed by horse radish peroxidase-
linked anti-mouse Ig (Transduction Laboratories). Blots were detected by
the enhanced chemiluminescence system (Amersham, Little Chalfont,
U.K.). Densitometry was performed using a table top scanner (UVP,
OmniLab, Switzerland).

Results
The APL, PLAF82A, decreases IL-4:IFN-g ratio by inhibiting
IL-4 production

Peptide analogues with Ala-substitutions at each position of
PLA81–92were tested for their effects on proliferation by the T cell
clone, BuT1.2A2, in the presence of professional APC. The re-
duction in the proliferative response of the clone to several sub-
stitutions, at positions 82, 83 85, 87, and 90 indicated that these
peptides functioned either as weak or partial agonists (Fig. 1).
Substitutions at positions 84, 86, 88, and 89 rendered the clone
nonresponsive in the proliferation assay, whereas substitutions at
the N- and C-terminal residues had no effect. Partial agonists have
been shown to modify cytokine production by allergen-specific T
cells (15) and therefore, cytokine production in response to the

FIGURE 1. Proliferative responses of BuT1.2A2 to PLA81–92and Ala-
substituted peptides. BuT1.2A2 (13 105/ml) was stimulated with peptides
(3 mM) in the presence of autologous EBV (13 105/ml).
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altered peptides was investigated. Peptides that induced no prolif-
erative response were not included as these appear to induce either
no cytokines or in some cases IL-4 alone (17, 32). The pattern of
IL-4 and IFN-g production in response to APL, in general, corre-
sponded to the proliferation data (data not shown). However, for
one substitution, F82A, the proportional reduction in IL-4 was
greater than that in IFN-g secretion, and therefore, the IL-4:IFN-g
ratios were decreased compared with PLA81–92. Dose-response
curves revealed that the IL-4:IFN-g ratio increased over the con-
centration range for both PLA81–92and PLA-F82A (Fig. 2,A and
B). At the lowest concentration (0.03mM), the IL-4:IFN-g ratios
were 1.3 and 0.7 for the native peptide and APL, respectively. At
a higher concentration [3mM], the IL-4:IFN-g ratios were 1.8 and
1.1, respectively. The reduction in IL-4:IFN-g ratio by the APL
compared with PLA81–92 was however, observed over the whole
concentration range. Proliferative responses to PLA-F82A also
showed significant reductions compared with PLA81–92(Fig. 2C),
indicating that the APL was a partial rather than a weak agonist.

Cytokine production by PBMC from a bee-sting allergic subject
was also investigated. Stimulation of PBMC with mAb to CD3/
CD2/CD28 induced production of both IL-4 and IFN-g (Fig. 3).
PLA81–92but not PLA-F82A induced IL-4 secretion. In contrast,
the two peptides stimulated secretion of equivalent levels of IFN-g
by polyclonal T cells. Secretion of IL-4 by PBMC from three other
allergic donors in response to either peptide was not detectable.
Both the native peptide and PLA-F82A induced cytokine produc-
tion by BuT1.2A2 in the absence as well as the presence of APC
(Table I). High levels of IL-10, IL-13, and IL-5 were detected,
although it is important to note that the concentration of T cells
was 5-fold greater than in the presence of APC. Although both

peptides induced similar levels of IFN-g secretion, production of
IL-4 in response to the APL was only 23% of the response to
PLA81–92. BuT1.2A2 did not produce any IL-2 in response to
peptides.

APL stimulation by PLA-F82A increases IgG4 production in
vitro

The immunological relevance of the changes in cytokine profile of
peptide-specific T cells by the APL, PLA-F82A, was investigated
on isotype production in T cell-depleted autologous PBMC sub-
stituted with the PLA81–92-specific T cell clone BuT1.2A2. It is
known that changes in IL-4:IFN-g ratio directly correlate with pro-
duction of IgE:IgG4 ratio (7, 28, 33). Indeed, the Th2 cytokine-
suppressing APL substantially increased the IgG4 production by B
cells, compared with the original PLA81–92peptide and an irrele-
vant control peptide from a major PLA epitope in vitro. This is
demonstrated in Fig. 4.

The APL, PLA-F82A, has a lower binding affinity for HLA-DP
than the native peptide

The reduction in IL-4 production by BuT1.2A2 in response to the
APL, PLA-F82A, indicated an altered form of TCR triggering,
compared with PLA81–92. This alteration could result from varia-
tion in the binding affinity to either the MHC class II molecule or
to the TCR. Therefore, we conducted binding experiments on the
autologous EBV-transformed B cell line to investigate this. The T
cell clone, BuT1.2A2, is restricted by HLA-DP (27), and.90% of
EBV cells expressed HLA-DP (data not shown). The biotinylated
PLA81–92bound to 40% of the B cells and the same peptide, used
as a competitor at a ratio of 8:1, reduced the number of cells bound
by 45% (Fig. 5) and decreased mean fluorescence values from 0.9
to 0.5. In contrast, F82A at the same competitor ratio was unable
to reduce cell binding by.8% and mean fluorescence values were
decreased from 0.9 to 0.8.

FIGURE 2. Proliferative and cytokine responses of BuT1.2A2 to APL.
BuT1.2A2 (23 105/ml) was stimulated with increasing concentrations of
PLA81–92(A) or PLA-F82A (B), in the presence of autologous EBV cells
(2 3 105/ml), and cytokine production measured.C, Proliferative response
of BuT1.2A2 (13 105/ml) to PLA81–92and PLA-F82A in the presence of
equivalent numbers of autologous EBV cells.

FIGURE 3. Cytokine production by PBMC from an allergic donor in
response to PLA81–92 and PLA-F82A. PBMC (13 106/ml) were stimu-
lated with peptides (2.5 and 25mg/ml) and mAbs to CD3/CD2/CD28
(mAb) and cytokine production measured after 5 days. “Un” represents
unstimulated PBMC.
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Induction of anergy by the APL, PLA-F82A, in Th0 cells

We have previously noted that exposure to native peptide in the
absence of professional APC induced anergy in cloned PLA-spe-
cific Th2 cells (10). The production of IL-4 and IL-13, but not
IL-5, was abrogated in response to immunogenic challenge. When
BuT1.2A2 was exposed to either PLA81–92or PLA-F82A and re-
stimulated in the presence of native peptide and APC, levels of all
cytokines measured, IL-4, IL-5, IL-10, IL-13, and IFN-g, were
reduced compared with untreated T cells (Fig. 6). The APL and
native peptide were almost equally effective in inducing anergy in
the clone. There were considerable differences in the degree of
inhibition for each cytokine. Whereas the production of IL-4 was
decreased by 85% and 72% by preincubation with the native pep-
tide or APL, respectively, IFN-g secretion was only reduced by
25% and 26%, respectively. As PLA-F82A had specifically inhib-
ited IL-4 production in the presence of APC (Fig. 2), BuT1.2A2
was immunogenically restimulated to determine whether anergy
could be established in the presence of APC (Fig. 7). Pre-exposure
to PLA81–92 in the presence of APC had no effect on cytokine
production and only a marginal effect on proliferation. In contrast,
pre-exposure to PLA-F82A inhibited IL-4 production by 55% on
restimulation. This effect was specific as production of IFN-g and
proliferative response were unaffected.

Abrogated tyrosine phosphorylation of ZAP-70 in anergic Th0
cells

We have previously noted abrogatedlck and ZAP-70 tyrosine
phosphorylation in anergic Th2 cells (10), suggesting an alteration
in signaling through the TCR. When BuT1.2A2 was exposed to
PLA81-92 or PLA-F82A in the absence of APC, there was no ev-
idence of ZAP-70 tyrosine phosphorylation up to 60 h after expo-

sure (Fig. 8 and data not shown), a result similar to that previously
observed with Th2 cells. To provide a full activating signal, con-
trol and anergic Th0 cells were restimulated with a combination of
mAbs to both CD3 and CD28. Cells were left for 2 days after
exposure to peptides before restimulation to relate the time-course
for signal transduction directly to cytokine release. Cloned normal
Th0 cells responded to anti-CD3/CD28 stimulation with a strong
increase in tyrosine phosphorylation of ZAP-70. Tyrosine-phos-
phorylated bands, in the 55- to 60-kDa range, were also detected
(10). In contrast, in Th0 cells pretreated with either PLA81–92 or
PLA-F82A, there was no increase in ZAP-70 tyrosine phosphor-
ylation and no associated bands observed.

Discussion
We have examined the capacity of an APL, derived from
PLA81–92, to alter cytokine patterns in cloned allergen-specific Th0
cells. The APL, PLA-F82A, reduced IL-4 production but induced
similar levels of IFN-g production in comparison with the native
peptide. A decreased IL-4:IFN-g ratio in human allergen-specific
Th0 cells, responding to APL, has been described previously (17,
22), but as a result of increased IFN-g rather than decreased IL-4
production. Nevertheless, the functional phenotype of polarized
human Th2 cells can be skewed, leading to reduction in IL-4 pro-
duction (34). This indicates plasticity in the regulation of IL-4
secretion that may allow manipulation by a variety of immuno-
therapeutic means.

Table I. Cytokine production by TH0 cells in response to the native peptide PLA81–92 and the APL, PLA-
F82A, in the absence of APC

Stimulus IL-2 IL-4 IL-5 IL-10 IL-13 IFN-g

None 0.075 (0.01)b UDc 1.29 (0.19) 1.82 (0.95) 1.95 (0.02) 0.07 (0.02)
PLA81–92

a 0.055 (0) 2.77 (1.1) 24.02 (0.71) 22.35 (6.2) 22.80 (0.05) 1.87 (0.09)
PLA-F82A UD 0.63 (0.02) 16.31 (0.92) 19.93 (3.1) 13.12 (1.07) 1.77 (0.06)

a BuT1.2A2 (13 106/ml) were stimulated with PLA81–92or PLA-F82A (70mM) in the absence of APC and supernatants
were harvested after 24 h.

b Mean cytokine ng/ml (1 SD)
c UD, undetectable

FIGURE 4. Increased production of IgG4 by the APL, PLA-F82A. T
cell-depleted PBMC, substituted with the T cell clone BuT1.2A2 from the
same donor, were stimulated with the APL, the original T cell peptide
PLA81–92or a peptide containing an irrelevant T cell epitope of PLA. The
cultures were stimulated with different peptide concentrations for 12 days
in the presence of IL-4 (7, 28). Compared with PLA81–92, the APL in-
creased the IgG4 synthesis in this system.

FIGURE 5. Competitive binding of PLA81–92and PLA-F82A to BuB1
cells. Binding of biotinylated PLA81–92(25 mg/ml) to BuB1 (33 105): (A)
in the presence and absence of PLA81–92(200mg/ml) and (B) in the pres-
ence and absence of PLA-F82A (200mg/ml). The top line represents bind-
ing of biotinylated peptide in the absence of competitor. The shaded area
represents binding of FITC-avidin control.

1839The Journal of Immunology



Diminution of IL-4 production by the APL was observed in the
absence as well as presence of APC, indicating that the result was
not due to an inhibitory factor produced by APC, but derived from
altered binding of the APL to the TCR or the MHC class II mol-
ecule. Binding studies indicated that the Phe to Ala substitution at
residue 82 reduced the affinity of the peptide for the MHC class II
molecule. The clone, BuT1.2A2, is restricted by HLA-DP (27),
and no motifs specific for DP have as yet been described. How-
ever, the known crystal structures for DR1 and I-Ek binding pep-
tides indicate the presence of a critical anchor residue at the N-
terminal position P1 (35, 36). The Phe at position 82 may represent
this residue in PLA81–92, and by analogy with DR1, this large
aromatic residue may be required to fit the corresponding pocket
contributed by the HLA-DP molecule.

Previous studies have indicated that APL binding with lower
affinity to I-A molecules may skew both naive and cloned murine
T cells toward higher levels of IL-4 production (23, 24). However,
this has not been found in studies of peptides binding to HLA-DP
or -DQ molecules (37, 38). The evidence that IL-4 but not IFN-g
production by polyclonal T cells could also be reduced by PLA-
F82A indicated that this was not a property unique to one T cell
repertoire.

We have previously reported that increasing the concentration
of allergen, and thus increasing the signal strength, increased the
IL-4:IFN-g ratio for the responses of several PLA-specific T cell
clones (28). This could also be inferred by the observation that low
concentrations of an APL preferentially induced IFN-g, whereas
10-fold higher concentrations induced both IFN-g and IL-4 pro-
duction (19). The specific signals generated by different ligand/

TCR interactions and their associated costimulatory signals, in par-
ticular through CD28 (39, 40), may primarily determine T cell
cytokine responses. These signals are modulated by changes in
affinity but not necessarily with only one outcome.

Exposure of BuT1.2A2 to PLA81–92 or PLA-F82A, in the ab-
sence of APC, rendered the clone functionally inactive on immu-
nogenic restimulation. Production of all Th2 cytokines measured

FIGURE 6. Induction of T cell anergy by PLA81–92 and PLA-F82A.
BuT1.2A2 (13 106/ml) was untreated (MED) or exposed to PLA81–92or
PLA-F82A (60 mM) for 16 h, washed, and incubated for a further 48 h.
Cells were then restimulated with PLA81–92 in the presence of autologous
EBV. Cytokine production was measured after 24 h.

FIGURE 7. Induction of T cell anergy in the presence of APC.
BuT1.2A2 (1 3 106/ml) was pretreated by exposure to APC alone, or
exposed to PLA81–92or PLA-F82A (60mM) for 5 days in the presence of
APC (1 3 106/ml). T cells were then restimulated with PLA81–92[3 mM]
in the presence of APC. Supernatants were harvested after 24 h, and pro-
liferation was measured after 48 h culture.

FIGURE 8. Abrogation of ZAP-70 tyrosine phosphorylation in anergic
Th0 cells. BuT1.2A2 (23 106/ml) was untreated (MED) or exposed to
PLA81–92or F82A (60mM) for 16 h, washed, and incubated for a further
48 h. Cells were then restimulated with a combination of cross-linked mAb
to CD3 (10mg/ml) and soluble mAb to CD28 (1mg/ml) for 15 min and
lysed. Lysates were precleared, then immunoprecipitated with mAb to
ZAP-70, and immune complexes were recovered, then resolved on 8–16%
SDS gradient gels, immunoblotted with mAb to ptyr, and the densitometry
was performed. Blots were then stripped and reblotted with mAb to
ZAP-70.

1840 UNCOUPLING OF IL-4 FROM IFN-g PRODUCTION IN Th0 CELLS BY AN APL



was abrogated and that of IL-4 ablated. We have previously re-
ported that IL-4 production by cloned PLA-specific Th2 cells
could also be ablated (10). This indicates that absence of costimu-
latory signals may alter patterns of Th2 cytokine production by
polarised as well as differentiating T cells (reviewed in Ref. 41).
Specific inhibition of IL-4 production was observed after exposure
to the partial agonist, PLA-F82A, in the presence of APC. Loss of
proliferative capacity after exposure to a partial agonist in the pres-
ence of APC has been reported (21), but this is the first evidence
in human T cells that an APL can partially uncouple IL-4 from
IFN-g production on immunogenic restimulation.

The effect of exposure of BuT1.2A2 to PLA81–92or PLA-F82A
in the absence of professional APC was to induce both IFN-g and
Th2 cytokine production. However, secretion of IL-2 was absent.
Visually, the cells appeared highly activated, forming large clus-
ters 6–8 h after stimulation (data not shown), indicating presen-
tation of the peptide between the T cells. The induction of anergy
may be due to lack of IL-2 that has also been observed in murine
models of anergy (41, 42). High levels of IL-10 were secreted on
exposure to the peptides that in the absence of IL-2 may also have
contributed to the anergic phenotype (43, 44).

We have previously observed that abrogation of IL-4 and IL-13
production by anergic PLA-specific Th2 cells correlated with al-
terations in transmembrane signaling through the TCR (11). The
induction of anergy in cloned PLA-specific Th0 cells was associ-
ated with similar changes. Cloned T cells, exposed to either
PLA81–92or the APL, PLA-F82A, did not phosphorylate ZAP-70
on restimulation with mAb to CD3/CD28. Activation of ZAP-70 is
dependent on the CD4-associated tyrosine kinase, p56lck (45) that
has also been shown to regulate the costimulatory receptor, CD28
(46). CD28 was expressed at similar levels on both normal and
anergic Th0 cells (data not shown). Therefore, altered signaling
through both the TCR and CD28 may contribute to anergic re-
sponses of cloned PLA-specific T cells. Although the capacity of
PLA-F82A and PLA81–92to induce anergy in Th0 cells was equiv-
alent, it was significant that IL-4 production could be reduced by
the APL in comparison with the native peptide. This may be of
advantage when considering peptide immunotherapy in allergic
patients. Some patients developed postinjection symptoms after
treatment with Fel d 1 peptides (8), and this may be due to medi-
ator release after Th2 cytokine production. Recently, we have used
a mixture of three major T cell epitope-containing peptides for
specific immunotherapy of bee-sting allergic patients (9). Accord-
ingly, it was interesting to see that the APL-induced change in
cytokine composition with suppressed IL-4, substantially in-
creased IgG4 in stimulated cell cultures containing the specific T
cell clone. IgE could not be generated in measurable amounts in
this system because the respective individual was not allergic. This
is in accordance with the previous finding that the production of
specific IgG4 by memory B cells depends on IFN-g, the cytokine
that suppresses IgE, and that the ratio of specific IgE:IgG4 in vitro
directly correlates with IL-4:IFN-g ratio (33, 47).

In conclusion, an APL of a dominant T cell epitope of the major
bee venom allergen has been shown to reduce IL-4 production by
cloned allergen-specific Th0 cells and to induce anergy in the cells
such, that IL-4, IL-5, and IL-13 production were abrogated on
immunogenic restimulation. The responses of anergic T cells were
correlated with alterations in transmembrane signaling through the
TCR, as demonstrated by ablated ZAP-70 tyrosine phosphoryla-
tion. Uncoupling of IL-4 from IFN-g production changed the iso-
type production in favour of IgG4. These results indicate that the
application of APL, mutated at sensitive sites, altering the secret-
ed-T cell cytokine pattern, may improve the efficacy in specific

immunotherapy, either alone, in combination with native peptide
or as a component of a recombinant protein.

References
1. Romagnani, S. 1994. Lymphokine production by human T cells in disease states.

Annu. Rev. Immunol. 12:227.
2. Zurawski, G., and J. E. de Vries. 1994. Interleukin 13, an interleukin 4-like

cytokine that acts on monocytes and B cells, but not on T cells.Immunol. Today
15:19.

3. Walker, C., J. C. Virchow, P. L. B. Bruijnzeel, and K. Blaser. 1991. T cell subsets
and their soluble products regulate eosinophilia in allergic and nonallergic
asthma.J. Immunol. 146:1829.

4. Hoyne, G. F., Kristensen, N. M., Yssel Y., and Lamb J. R. 1995. Peptide mod-
ulation of allergen-specific immune responses.Curr. Opin. Immunol. 7:757.

5. Jutel, M., W. J. Pichler, D. Skrbic, A. Urwyler, C. Dahinden, and U. R. Mu¨ller.
1995. Bee venom immunotherapy results in decrease of IL-4 and IL-5 and in-
crease of IFN-g secretion in specific allergen stimulated T cell cultures.J. Im-
munol. 154:4187.

6. Secrist, H., C. J. Chelen, Y. Wen, J. D. Marshall, and D. T. Umetsu. 1993.
Allergen immunotherapy decreases IL-4 production in CD4 cells from allergic
individuals.J. Exp. Med. 178:2123.

7. Akdis, C. A., M. Akdis, T. Blesken, D. Wymann, S. S. Alkan, U. Muller, and
K. Blaser. 1996. Epitope-specific T cell tolerance to phospholipase A2 in bee
venom immunotherapy and recovery by IL-2 and IL-15 in vitro.J. Clin. Invest.
98:1676.

8. Norman, P. S., J. L. Ohmann, A. A. Long, P. S. Creticos, M. A. Gefter,
Z. Shaked, R. A. Wood, P. A. Eggleston, K. B. Hafner, L. M. Lichtenstein,
N. H. Jones, and C. F. Nocodemus. 1996. Treatment of cat allergy with T cell
reactive peptides.Am. J. Respir. Crit. Care Med. 154:1623.

9. Muller, U., C. A. Akdis, M. Fricker, M. Akdis, T. Blesken, F. Bettens, and
K. Blaser. 1998. Successful immunotherapy with T cell peptides of bee venom
phospholipase A2 induces specific T cell anergy in patients allergic to bee venom.
J. Allergy Clin. Immunol. 101:747.

10. Faith A., C. A. Akdis, M. Akdis, H.-U. Simon, and K. Blaser. 1997. Defective
TCR stimulation in anergised Type 2 T helper cells correlates with abrogated
p56lck and ZAP-70 tyrosine kinase activities.J. Immunol. 159:53.

11. Fasler, S., G. Aversa, A. Terr, K. Thestrup-Pedersen, J. E. de Vries, and H. Yssel.
1995. Peptide-induced anergy in allergen-specific human Th2 cells results in lack
of cytokine production and B cell help for IgE synthesis.J. Immunol. 155:4199.

12. Mueller, D. L., M. K. Jenkins, and R. H. Schwartz. 1989. Clonal expansion
versus functional clonal inactivation.Annu. Rev. Immunol. 7:445.

13. Carballido, J. M., A. Faith, N. Carballido-Perrig, and K. Blaser. 1997. The in-
tensity of T cell receptor engagement determines the cytokine pattern of human
allergen-specific T helper cells.Eur. J. Immunol. 27:515.

14. Secrist, H., R. H. DeKruyff, and D. T. Umetsu. 1995. Interleukin-4 production by
CD41 T cells from allergic individuals is modulated by antigen concentration and
antigen-presenting cell type.J. Exp. Med. 181:1081.

15. Sloan-Lancaster, J., and P. M. Allen. 1996. Altered peptide ligand-induced partial
T cell activation:molecular mechanisms and role in T cell biology.Annu. Rev.
Immunol. 14:1.

16. Windhagen, A., C. Scholz, P. Ho¨lsberg, H. Fukaura, A. Sette, and D. A. Hafler.
1995. Modulation of cytokine pattern of human autoreactive T cell clones by a
single amino acid substitution of their peptide ligand.Immunity 2:373.

17. Tsitoura, D. C., A. Verhoef, C. M. Gelder, R. E. O’Hehir, and J. R. Lamb. 1996.
Altered T cell ligands derived from a major house dust mite allergen enhance
IFN-g but not IL-4 production by human CD41 T cells.J. Immunol. 157:2160.

18. Evavold. B. D., J. Sloan-Lancaster, B. L. Hsui, and P. M. Allen. 1991. Separation
of Th1 clone cytolysis from proliferation and lymphokine production using an-
alog peptides.J. Immunol. 150:3131.

19. Tao, X., C. Grant, S. Constant, and K. Bottomly. 1997. Induction of IL-4 pro-
ducing CD41 T cells by antigenic peptides altered for TCR binding.J. Immunol.
158:4237.

20. Sloane-Lancaster, J., B. D. Evavold, and P. M. Allen. 1994. Th2 cell clonal
anergy as a consequence of partial activation.J. Exp. Med. 180:1195.

21. Tsitoura D. C., W. Holter, A. Cerwenka, C. M. Gelder, and J. R. Lamb. 1996.
Induction of anergy in human T helper O cells by stimulation with altered T cell
antigen receptor ligands.J. Immunol. 156:2801.

22. Matsuoka, T., H. Kohrogi, M. Ando, Y. Nishimura, and S. Matsushita. 1996.
Altered TCR ligands affect antigen-presenting cell responses.J. Immunol. 157:
4837.

23. Pfeiffer C., J. Stein, S. Southwood, H. Ketelaar, A. Sette, and K. Bottomly. 1995.
Altered peptide ligands can control T lymphocyte differentiation in vivo.J. Exp.
Med. 181:1569.

24. Kumar, V., V. Bhardwaj, L. Soares, J. Alexander, A. Sette, and E. Sercarz. 1995.
Major histocompatibility complex binding affinity of an antigenic determinant is
crucial for the differential secretion of IL-4/5 or IFN-g by T cells.Proc. Natl.
Acad. Sci. USA 92:9510.

25. Brocke, S., K. Gijbels, M. Allegretta, I. Ferber, C. Piercey, T. Blankenstein,
R. Martin, U. Utz, N. Karin, D. Mitchell et al. 1996. Treatment of experimental
encephalomyelitis with a peptide analogue of myelin basic protein.Nature 379:
343.

26. Dudler, T., Wei-Qiao Chen, Susheng Wang, T. Schneider, R. R. Annand,
R. O. Dempcy, R. Crameri, M. Gmachl, M. Suter, and M. H. Gelb. 1992. High
level expression inEscherichia coliand rapid purification of enzymatically active
honey bee venom phospholipase A2. Biochim. Biophys. Acta 1165:201.

1841The Journal of Immunology



27. Carballido, J. M., N. Carballido-Perrig, M. K. Ka¨gi, R. H. Meloen, B. Wu¨thrich,
C. H. Heusser, and K. Blaser. 1993. T cell epitope specificity in human allergic
and non-allergic individuals to bee venom phospholipase A2. J. Immunol. 150:
3582.

28. Carballido, J. M., N. Carballido-Perrig, G. Terres, C. H. Heusser, and K. Blaser.
1992. Bee venom phospholipase A2-specific T cell clones from human allergic
and non-allergic individuals: cytokine patterns change in response to the antigen
concentration.Eur. J. Immunol. 22:1357.

29. Santamaria Babi, L. F., L. F. Picker, M. T. Perez Soler, K. Drzimalla, P. Flohr,
K. Blaser, and C. Hauser. 1995. Circulating allergen-reactive T cells from pa-
tients with atopic dermatitis and allergic contact dermatitis express the skin-
selective homing receptor, the cutaneous lymphocyte-associated antigen.J. Exp.
Med. 181:1935.

30. Gillis, S., M. M. Ferm, W. Ou, and K. A. Smith. 1978. T cell growth factor:
parameters of production and a quantitative microassay for activity.J. Immunol.
120:2027.

31. Busch, R., and J. B. Rothbard. 1990. Detection of peptide-MHC class II com-
plexes on the surface of intact cells.J. Immunol. Methods 134:1.

32. Evavold, B. D., and P. M. Allen. 1991. Separation of IL-4 production from Th
cell proliferation by an altered T cell receptor ligand.Science 252:1308.

33. Carballido, J. M., N. Carballido-Perrig, A. Oberli-Schra¨mmli, C. H. Heusser, and
K. Blaser. 1994. Regulation of IgE and IgG4 responses by allergen-specific T cell
clones to bee venom phospholipase A2 in vitro. J. Allergy Clin. Immunol. 93:758.

34. Sornasse, T., P. V. Larenas, K. A. Davis, J. E. de Vries, and H. Yssel. 1996.
Differentiation and stability of T helper 1 and 2 cells derived from naive human
neonatal CD41 T cells, analyzed at the single cell level.J. Exp. Med. 184:473.

35. Stern, L. J., J. H. Brown, T. S. Jardetzky, J. C. Gorga, R. G. Urban,
J. L. Strominger, and D. C. Wiley. 1994. Crystal structure of the human class II
MHC protein HLA-DR1 complexed with an influenza virus peptide.Nature 368:
215.

36. Fremont, D. H., W. A. Hendrickson, P. Marrack, and J. Kappler. 1996. Structures
of an MHC class II molecule with covalently bound single peptides.Science
272:1001.

37. Vergelli, M., B. Hemmer, U. Utz, A. Vogt, M. Kalbus, L. Tranquill, P. Conlon,
N. Ling, L. Steinman, H. F. McFarland, and R. Martin. 1996. Differential acti-

vation of human autoreactive T cell clones by altered peptide ligands derived
from myelin basic protein peptide (87–99).Eur. J. Immunol. 26:2624.

38. Lamb, J. R., J. A. Higgins, C. Hetzel, J. D. Hayball, R. A. Lake, and R. E.
O’Hehir. 1995. The effects of changes at peptide residues contacting MHC class
II T cell receptor on antigen recognition and human Th0 effector function.Im-
munology 85:447.

39. Viola, A., and A. Lanzavecchia. 1996. T cell activation determined by TCR
number and tuneable thresholds.Science 273:104.

40. King, C. L., J. Xianli, C. H. June, R. Abe, and K. P. Lee. 1996. CD28-deficient
mice generate an impaired Th2 response toSchistosoma mansoniinfection.Eur.
J. Immunol. 26:2448.

41. Gause, W. C., M. J. Halvorson, P. Lu, R. Greenwald, P. Linsley, J. F. Urban, and
F. D. Finkelman. 1997. The function of costimulatory molecules and the devel-
opment of IL-4 producing T cells.Immunol. Today 18:115.

42. De Silva, D. R., K. B. Urdahl, and M. K. Jenkins. 1991. Clonal anergy is induced
in vitro by T cell receptor occupancy in the absence of proliferation.J. Immunol.
147:3261.

43. Groux, H., A. O’Garra, M. Bigler, M. Rouleau, S. Antonenko, J. E. de Vries, and
M. G. Roncarolo. 1997. A CD41 T cell subset inhibits antigen-specific T cell
responses and prevents colitis.Nature 389:737.

44. Akdis, C. A., T. Blesken, M. Akdis, B. Wu¨thrich, and K. Blaser. 1998. The role
of IL-10 in specific immunotherapy.J. Clin. Invest. 102:98.

45. Ninan, A., M. C. Miceli, J. R. Parnes, and A. Veillette. 1991. Enhancement of
T-cell responsiveness by the lymphocyte-specific tyrosine protein kinase p56lck.
Nature 350:62.

46. Raab, M., S. D. Heyeck, Y.-C. Cai, L. J. Berg, and C. E. Rudd. 1995. p56lck and
p59fyn regulate CD28 recruitment of phosphotidylinositol 3 kinase, growth factor
receptor bound grb-2 and T cell specific protein tyrosine kinase ITK: implications
for co-stimulation.Proc. Natl. Acad. Sci. USA 92:8891.

47. Akdis, C. A., T. Blesken, M. Akdis, S. S. Alkan, B. Wu¨thrich, C. H. Heusser, and
K. Blaser. 1997. Induction and differential regulation of bee venom phospho-
lipase A2-specific human IgE and IgG4 antibodies in vitro requires allergen-
specific and non-specific activation of T and B cells.J. Allergy Clin. Immunol.
99:345.

1842 UNCOUPLING OF IL-4 FROM IFN-g PRODUCTION IN Th0 CELLS BY AN APL


