Modulation of Th2 Responses by Peptide Analogues in a
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Allergen-specific CD4" Th2 cells play an important role in the immunological processes of allergic asthma. Previously we have
shown that, by using the immunodominant epitope OVA,5 339 peptide immunotherapy in a murine model of OVA induced
allergic asthma, stimulated OVA-specific Th2 cells, and deteriorated airway hyperresponsiveness and eosinophilia. In the present
study, we defined four modulatory peptide analogues of OVAy;_53owith comparable MHC class Il binding affinity. These peptide
analogues were used for immunotherapy by s.c. injection in OVA-sensitized mice before OVA challenge. Compared with vehicle-
treated mice, treatment with the Th2-skewing wild-type peptide and a Th2-skewing partial agonistic peptide (335N-A) dramat-
ically increased airway eosinophilia upon OVA challenge. In contrast, treatment with a Th1l-skewing peptide analogue (336E-A)
resulted in a significant decrease in airway eosinophilia and OVA-specific IL-4 and IL-5 production. Our data show for the first
time that a Thl-skewing peptide analogue of a dominant allergen epitope can modulate allergen-specific Th2 effector cells in an
allergic response in vivo. Furthermore, these data suggest that the use of Thl-skewing peptides instead of wild-type peptide may
improve peptide immunotherapy and may contribute to the development of a successful and safe immunotherapy for allergic
patients. The Journal of Immunology,2000, 164: 580-588.

cific CD4" Th2 cells play a key role in allergic asthma. derived T cell epitopes. It has been shown in a murine model that

Th2-associated cytokines such as IL-4, IL-5, IL-9, and s.c. pretreatment with Fel | peptide can prevent immediate hy-
IL-13 are known to be involved in the development of allergen-persensitivity and airway hyperresponsiveness (14). Moreover, in
specific Th2 cells (1), IgE production (2, 3), airway eosinophilia the first clinical immunotherapy studies using peptides of immu-
(4, 5), and airway hyperresponsiveness (6, 7). Consequently, th@odominant T cell epitopes of the major bee and cat allergens,
inhibition or modulation of allergen-specific Th2 cells and their amelioration of airway symptoms in humans (15, 16), which co-
cytokines has become an attractive target for novel therapeutimcided with a reduced Th2 cytokine production in vitro, has been
intervention strategies in allergy. described (15, 17). However, el peptide therapy provoked side

Previously it has been shown that allergen immunotherapy, bffects in 65% of the patients directly after injection with peptide
s.c. administration of increasing doses of allergen, can inhibit clin{16). Recently, we showed in an experimental model of allergic
ical symptoms and allergen-specific Th2 cytokine production uporasthma that s.c. treatment of OVA-sensitized mice with the im-
challenge with the allergen (8—10). Although this classic form of munodominant OVA,,_ss¢epitope deteriorated both airway func-
immunotherapy is beneficial for treatment of rhinitis and insecttion and airway inflammation upon exposure to OVA (18). These
venom allergy, it is less effective in allergic asthma (11). Further-findings indicate that immunotherapy using allergen-derived pep-
more, it has been reported that s.c. administration of allergens catides, after allergen sensitization had already occurred, has the po-
induce severe systemic reactions, due to cross-linking of allergertential to activate allergen-specific Th2 cells, leading to an unfa-
specific IgE on mast cells (12, 13). To prevent this cross-linking ofvorable enhanced Th2 cell response upon challenge with the
IgE during immunotherapy, interest has focused on immunotherallergen.
An alternative and safer approach for peptide immunotherapy
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N owadays, there is convincing evidence that allergen-speapy using small synthetic peptides of immunodominant allergen-
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modulatory peptide analogues is still poor, the use of Th1-skewingrator (Dynal) Cells obtained after depletion were shown to »80%
or anergy-inducing peptide analogues for immunotherapy in allerOVAszs_sssspecific T cells as demonstrated by FACS anaIyS|sousmg the
gic diseases has a great potential. Besides the prevention of croga2notype-specific Ab KJ1.26 (31). Viability of the cells was95%. T

. . . . cells were cultured in Iscove’s medium supplemented with 10% FCS, 2 nM
linking of IgE on mast cells, peptide therapy with Th1l-skewing or L-glutamine, 100 IU penicillin, 10gg/ml streptomycin, and 50M 2-ME

anergy-inducing peptides could also prevent the induction of adfiscove’st).
verse side effects which can occur after WT peptide therapy.

In this paper, we have defined peptide analogues of an allerge
derived immunodominant epitope that modified allergen-specificTo investigate the primary response of T cells toward the different peptides,

Th2 cells in vitro as well as a Th2-dominated allergic response int X 10° freshly isolated DO11.10 T cells were cultured with>210°

. . - ) : ; irradiated BALB/c splenocytes (APC; 3000 rad) and a dose range of pep-
vivo. We used a murine model of allergic asthma in which sensi tide (0.01-10ug/ml) in 96-well plates. After 24, 48, 72, and 120 h super-

tization_ Of_BALB/C mice with OVA before_OVA_(_:haIIenge '® natant was collected for cytokine analysis. At the same time points prolif-
sulted in airway hyperresponsiveness, eosinophilia, OVA-specifi@ration was determined in parallel cultures by pulsing the cells for another
IgE, and production of Th2 cytokines upon OVA restimulation in 16 h with [H]thymidine. Cells were harvested on fiberglass filters, and

vitro (23, 24). The immunodominant epitope of OVA, OYA_ [*H]thymidine incorporation was determined by liquid scintillation

. . . . spectroscopy.
339, is recognized by a population of OVA-specific Th2 cells, ™1, study the capacity of the peptides to skew naive cells toward Th1 or

which produces large amounts of IL-5 upon stimulation with Th2 cells, 4x 10f freshly isolated DO11.10 T cells were cultured with 10
OVA .5 130iN Vitro and which plays an important role in the-de pg/ml peptide (WT or analogue) in the presence of 40° APC in a total
velopment of airway symptoms in vivo (18). volume of 2 ml. After overnight culture, cells were washed, dead cells were
removed by Ficoll gradient (Lympholyte-M, Cedarlane Laboratories,

Our present data show that peptide immunotherapy with aTthornby, Ontario, Canada), and the remaining cells were cultured in

skewing peptide analogue inhibited allergen-specific Th2 reqgcove’st for either 5 or 7 days. Cells were restimulated in 96-well plates
sponses and airway inflammation, whereas a Th2-skewing peptid@ x 10° T cells + 2 X 10° APC/well) with a dose range (0.01-1@/ml)
analogue, like the WT peptide, aggravated the ongoing allergi®f WT peptide. Cytokine production and proliferation were determined
immune response. after 24, 48, and 72 h of culture.
To determine the modulatory effects of the peptide analogues on dif-

. ferentiated T cells, Th2 cells were generated. DO11.10 T cells were cul-
Materials and Methods tured at 4x 10° per well with 4 x 10° APC and 1ug/ml WT peptide in
Peptides a total volume of 2 ml. After 7 days cells were washed, and dead cells were

) ) removed by Ficoll gradient. Cells were restimulated with APC and WT
OVAj3z3_330WT peptide (ISQAVHAAHAEINEAGR) was obtained from  peptide under the same conditions used for the initial stimulation. After the
Isogen Bioscience (Maarn, The Netherlands). Peptide analogues ahird cycle of stimulation, T cells displayed a Th2 phenotype (high IL-4,
OVA;,;5_szeWere synthesized as single alanine substitutions of allnona -5, and intermediate IFNy production). Subsequently, these Th2 cells
lanines. As control, peptide HAg_;35(HNTNGVTAASSHE) was used.  were restimulated in 96-well plates & 10° T cells + 2 X 10° APC/well)
Peptide analogues and control peptides were synthesized by automaij@ith a dose range (0.01-3y/ml) of WT peptide or peptide analogue, and
multiple peptide synthesis (25). For use in the MHC-peptide binding assaygytokine production was determined after 48 and 72 h of culture.
marker peptide HA,s_;3gwas biotinylated during synthesis. Peptides were

analyzed, purified via reversed-phase HPLC, and checked by fast atoi@ytokine analysis
bombardment mass spectrometry.

r(10_\ctivation of DO11.10 T cells

IL-2 production was measured using the IL-2-dependent CTLL2 clone
Animals (32). Atotal of 1x 10* CTLL2 cells were cultured with 100l supernatant
collected from the DO11.10 T cell cultures. After 24 h of culture, cells
Animal care and use were performed in accordance with the guidelines ofvere pulsed for 16 h with®H]thymidine, and proliferation was deter
the Dutch Committee of Animal Experiments. Specified pathogen-freemined. Levels of IL-4, IL-5, IL-10, and IFNy in DO11.10 culture super-
male BALB/c mice (6—8 wk old) were obtained from the Central Animal natants were determined by capture ELISA (PharMingen, San Diego, CA)
Laboratory (Utrecht, The Netherlands) and were housed in macrolon cagess described by the manufacturer. The detection limits of the ELISAs were
and provided with OVA-free food and water ad libitum. OYA_;34TCR 16 pg/ml for IL-4 and IL-5, and 100 pg/ml for IL-10 and IFp-
transgenic DO11.10 (26) mice were a gift from Prof. L. Adorini (Roche
Milano Ricerche, Milan, Italy) Flow cytometric analysis of T cell activation

MHC class Il binding assay For flow cytometric analysis of T cell activation, 10° freshly isolated
DO11.10 T cells were cultured in the presence ofk210° irradiated
MHC class Il binding assays were performed as described before (27)BALB/c splenocytes (APC) and 1, 5, or 1@/ml peptide in 96-well plates.
Briefly, murine MHC class Il I-A molecules were purified from A20 hy  After 24 h incubation, cells were collected and incubated with PBS buffer
bridoma cell lysates through affinity chromatography using the MKD6 Ab containing 5% rat serum and 1:500 diluted supernatant of 24G2 hybridoma
(28). Purified MHC molecules were dissolved in PBS containing 0.1%cells (FcyRIl/II). Subsequently, cells were stained with annexin-V-
azide and 1%m-B-octyl glucopyranoside (Sigma, St. Louis, MO). A total FITC, Abs against Thy1.2-PE (clone 30-H12; 1:200), CD69-FITC (clone
of 3 uM purified MHC class Il I-A' molecules were incubated with 200 H1.2F3; 1:200), CD80-FITC (clone 1G10; 1:100), CD86-FITC (clone
nM of biotinylated HA ,¢_;3gand a dose range of competitor peptide (WT GL1; 1:100), or the relevant isotype controls (PharMingen). Dead cells
or analogue; 0.5-25@.M) at pH 5 for 48 h at room temperature in the were excluded using propidium iodide. Cells were analyzed on a FACS
presence of a protease inhibitor mix (final concentration 8 PMSF, scan apparatus using Cell Quest (Becton Dickinson, San Jose, CA).
0.33 uM N-a-p-tosyli-lysine chloromethyl ketone, 0.3mM L-p-to- . . .
sylamina-2-phenylethyl chloromethy! ketone, A N-ethyl maleimide, ~ Preparation of peptide-liposomes
2.6 uM ethylene diamine-tetra-acetic acid, 13/ 1.10 phenanthroline,
and 0.73uM pepstatin A). Samples were analyzed by SDS-PAGE under
nonreducing conditions and blotted onto nitrocellulose (Hybond-ECL, Am-
ersham, Bucks, U.K.). Biotinylated peptide was visualized through enhance
chemiluminescence (Western blot ECL kit, Amersham), ang \@lues for
the binding of biotinylated HA;_;s5for each peptide were determined.

Liposomes were prepared as described by 't Hart et al. (33) with minor
modifications. Briefly, phospholipids and cholesterol (egg-yolk phosphati-
yl choline (EPC): egg-yolk phospatidyl glycerol (EPG): cholesterol
0:1:4 molar ratio) were dissolved in a mixture of chloroform and rzedh
(3:1 v/v) in a round-bottom flask. The solvent was removed through rotary
evaporation at 40-50°C under reduced pressure for 1-2 h. Lipid fims were
Cells and culture medium subsequently flushed with nitrogen for at least 20 min. The lipids were hy-
drated with a small volume of the peptide solution (25 mg/ml in PBS) by vig-
OVA;,5_s3sspecific DO11.10 T cells were obtained by negative selection.orously shaking at room temperature (initial phospholipid concentrations were
DO011.10 splenocytes were incubated Idh with Dynabeads (Dynal, Oslo, >100 mM). Glass beads were added for optimal dispersion of the lipid film.
Norway) coupled to Abs to MHC class Il I'A(MK-D6; Ref. 28), B220 Subsequently, the dispersions were diluted with small aliquots of PBS. The
(RA3-6B2; Ref. 29), and RRI/III (24G2; Ref. 30) at 4°C. Negative external phase was removed via three rounds of ultracentrifugation (28,000
selection was performed by two passes over a magnetic particle conceig-for 30 min at room temperature). Final liposome pellets were dispersed in
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Table I. Proliferation and cytokine production by freshly isolated DO11.10 T cells after culture with
OVAs,5 330peptide analogués

Proliferation (< 10°%) IL-2 (U/ml) IFN-vy (pg/ml) IL-4 (pg/ml) IL-5 (pg/ml)
Medium 1.6+ 0.8 <0.01 ND ND ND
WT 1289+ 179 27.9£ 57 680+ 81 219+ 38 673+ 68
323I1-A 134.6*+ 21.9 28.2+ 6.4 669+ 73 208+ 40 676+ 89
324S-A 128.2+ 20.3 258+ 55 652+ 74 215+ 38 679+ 65
325Q-A 127.9+ 184 27.6+ 4.0 586+ 126 217+ 33 661+ 126
327V-A 126.3*+ 18.3 28.0+ 4.8 663+ 78 211+ 31 705+ 103
328H-A 21.4+ 4.2 1.4+ 0.7* 157+ 43* ND* ND*
331H-A 1.8+ 0.7 <0.01* ND* ND* ND*
333E-A 1.8+ 0.7 <0.01* ND* ND* ND*
3341-A 123.0*+ 22.0 28.6+ 4.8 700 69 218+ 28 695+ 83
335N-A 21.7+ 8.3 5.0+ 1.6* 186+ 35* 88 £ 12* 235+ 41*
336E-A 201.8+ 19.8 48.6+ 5.2* 1093+ 93* 217+ 48 664+ 47
338G-A 123.1+ 14.1 27.6+ 4.8 687+ 62 213+ 46 684+ 124
339R-A 127.6+ 17.0 28.9+ 51 669+ 69 219+ 39 693+ 95

2 Freshly isolated DO11.10 T cells were cultured with WT peptide or peptide analogued/il for proliferation; 1ug/ml
for cytokine production) and irradiated BALB/c splenocytes (APC). After 72 h of culture, proliferation was determined by
pulsing the cells withJH]thymidine for another 16 h. At the same time point, the cytokines in the supernatant were determined
in parallel cultures. IFNy, IL-4, and IL-5 were detected by ELISA, and IL-2 was detected by the IL-2-dependent CTLL2 line
as described iMaterials and MethodsResults are represented as mearSEM of four independent experiments. ND, not

detectable.

#, p < 0.05 compared with stimulation with WT peptide (Dunnett).

PBS. By preparing the liposomes in this way, high-encapsulation efficiencieResults

of the peptides could be achieved (routinely, 40

via HPLC analysis).

Disease induction and treatment protocol

—50% encapsulation as assayell e ction of T cell modulatory OVA, ssepeptide analogues

Twelve peptide analogues were synthesized based on single ala-

nine substitutions of all nonalanine residues in peptide @\¥%As3o
Active sensitization was performed without adjuvant by 7 i.p. injections of (WT peptide). First, peptide analogues were tested for their ability

10 ng OVA (grade V, Sigma) in 0.5 ml saline on alternate days (23). ., : ; : . Lo .
Peptide treatment was performed 14 days after the last sensitization by s.tc0 induce proliferation and cytokine production in freshly isolated

injection of 150wl liposomes containing 30Q.g of peptide. Starting six DO11.10 T cells. Peptide analogues 323I-A, 324S-A, 325Q-A,
days after liposome administration, mice were exposed to OVA (2 mg/ml)327V-A, 334l-A, 338G-A, and 339R-A induced T cell prolifera-

or saline aerosol challenge for 5 min on 8 consecutive days. Aerosols wergqypn comparable to that of WT peptide (Table I). Peptides 331H-A
performed in a Plexiglas exposure chamber coupled to a Jet nebulizer (Pari

IS-2 Jet nebulizer, Pari Respiratory Equipment, Richmond, VA, particleand 333E'A did not induce proliferation (Table I), ';fmd h.igher con-
size 2-3 microns) driven by compressed air at a flow rate of 6 L/min.centrations (up to 50Q.g/ml) could not restore proliferation (data
Aerosols were given in groups of a maximum of six animals. not shown). Peptides 328H-A and 335N-A induced proliferation,
but were 20-50 times less potent than WT peptide. In contrast,

peptide 336E-A had a superagonistic effect and was significantly
Serum samples were taken 24 h after the last challenge, and OVA-specifi A in ; ; ;
1gG1, IgG2a, and IgE were determined by ELISA as described before (18|"florle potent than WT peptide in inducing proliferation (Table ).
34). The detection limits of the ELISA were 0.005 U/ for IgG1, 0.05  Similar results were found for IL-2, IFNs IL-4, and IL-5 pro- -
U/ml for 1IgG2a, and 0.5 U/ml for IgE. duction (Table I). Peptide analogues that induced proliferation

comparable to that of WT peptide also induced comparable levels
of IL-2, IFN-v, IL-4, and IL-5 (Table I). Corresponding with the
lAftef b'é’?.d CO'_leCtiong%Cannll"é}_was plafced inthe ;faCheal,_ and |Un9$&/\leﬂack of proliferation, cytokine production was undetectable after
avaged five times witl 1m aliquots of pyrogen-free saline warmed to_;; : : : _ _ : _
37°C. The lavage cells were washed with cold PBS, and the cells weré?'m“'at'or? with peptides 331H A_’ and 333E-A. The partial ago
resuspended in 1501 cold PBS. A Burker-Tuk chamber was used to Nistic peptide 328H-A could only induce detectable levels of IL-2
count the total number of BAL cells. For differential BAL cell counts, and IFN-<y, which were significantly reduced compared with levels
cytospin preparations were made and stained with Diff-Quick (Merz & gfter WT peptide incubation, whereas partial agonistic peptide
Dade, Duingen, Switzerland). Per cytospin, 400 cells were counted and335N Aind d sianificantly red d levels of IL-2. IENAL-4
differentiated into mononuclear cells, lymphocytes, neutrophils, and eosin* ) uce S.g cantly reduce e_ e_s 0 T FAAL-4,
ophils by standard morphology. and IL-5. Interestingly, the superagonistic peptide 336E-A was
more potent than the WT peptide for inducing IL-2 and IFFNaut
both IL-4 and IL-5 levels were comparable with those from WT
Twenty-four hours after the last aerosol, lung-draining LN were collected,peptide stimulation. This indicates that the 336E-A peptide was not
and single cell suspensions were made. Cells @ cells/well in 96-well 4y more potent in activating DO11.10 T cells, but also induced
plates) were cultured in Iscovefsin the presence of OVA (1@g/ml), hift in th i fil lif . d kine d
medium, or control Ag hen egg lysozyme (Sigma;d@ml). As a positive a shift in t _e cyto _'ne p_ro e. Pro_' eration and cytokine ‘_"Ita aré
control, cells were cultured with immobilized CD3 Am@D3; clone  shown for incubation with respectively, 0.1 andul)/ml peptide.
17A2, 50 png/ml; Ref. 24). After 120 h of culture, supernatants were col- The characteristics of the peptides did not change in the entire dose
lected for cytokine analysis. range (0.01-1Qug/ml) tested (data not shown). Based on these
data, peptide analogues that induced changes in T cell proliferation
Unless stated otherwise, data are expressed as m&#iV and evaluated and _CytOkme productlon compared with results achieved with WT
using two-way ANOVA and then a Dunnett test for comparison betweenPeptide (peptides analogues 328H-A, 331H-A, 333E-A, 335N-A,
two groups. Ap value <0.05 was considered statistically significant. and 336E-A) were selected for further study.

Determination of OVA-specific Igs

Analysis of bronchoalveolar lavage (BAL) cells

Cytokine analysis of lung-draining lymph node (LN) cells

Statistics
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Table 1. Relative affinity of OVAy; z30and OVAL; s3gpeptide
analogues for MHC class Il I-Abinding A

(5]
=}
S

med | WT {331HA i333E-A i335N-A [336E-A
; 5 : *k

[N)
=
S
L

Peptide Abbreviation 16 (uM)

ISQAVHAAHAEINEAGR WT 1-3
ISQAVAAAHAEINEAGR 328H-A 180-246
ISQAVHAAAAEINEAGR 331H-A 1-2
ISQAVHAAHAAINEAGR 333E-A 3-5 :
ISQAVHAAHAEIAEAGR 335N-A 1-3 ol : = i i i
ISQAVHAAHAEINAAGR 336E-A 1-4 °528 °52R° °52R °F2%” °Z22 °g2e

1004

Proliferation (CPMx10 )

aThe relative peptide-MHC binding affinities were determined in a MHC class II OVA323-339 pg/ml
I-A9 peptide-binding assay on isolated detergent-solubilizefl talecules. Purified 100
MHC class Il I-A% molecules (3uM) were incubated with 200 nM biotinylated B

med | WT 1331HA i333E-A (335N-A [336E-A
HA,6_13gpeptide and a dose range of WT peptide or peptide analogues. Peptide ; : : hkk
binding was analyzed after 48 h, as described/aterials and Methodsand G, ;
values were determined for each peptide (concentration of competitor peptitie (
resulting in 50% inhibition of the binding of biotinylated HAs_, sgpeptide to MHC
class II).

75 *

To determine whether the observed modulatory effects on T cell
activation were due to altered MHC binding affinity of the peptide i ; ; . i
analogues rather than altered TCR interaction, the selected peptide °522 °52% 5% °52® °52® 7o
analogues 328H-A, 331H-A, 333E-A, 335N-A, and 336E-A were OVA323-339 pg/ml
tested for relative MHC class Il I-Abinding affinity. All peptide  FIGURE 2. Effect of peptide analogue preincubation on proliferation
analogues, except peptide 328H-A, had a similar MHC bindingand IL-2 production by DO11.10 T cells upon WT peptide restimulation.
affinity to that of WT peptide (IGy < 1-5uM; Table Il). Because  Freshly isolated DO11.10 T cells were preincubated witu@0nl peptide
328H-A had a strongly decreased affinity for MHC class I, the (WT or analogues) in the presence of APC, expanded, and after 5 days
final panel of peptide analogues for further study consisted of Wrestimulated with various concentrations of WT peptide and ARro-

Proliferation (CPMx10 ™)

peptide, 331H-A, 333E-A, 335N-A, and 336E-A. liferation of DO11.10 T cells to WT peptide after preincubation with WT
or peptide analogues. Proliferation was assayed by determifjthy-

Flow cytometric analysis of peptide analogue-induced T cell midine incorporation and expressed as cpm. Responses to immobilized

activation aCD3 were>40.0 cpm in all conditions (data not show#).Correspond-

o . ing IL-2 production of DO11.10 T cells upon restimulation with WT pep-
To study T cell activation, freshly isolated DO11.10 T cells wereige, |L-2 production was assayed using the IL-2-dependent cell line

cultured overnight with 1Qug/ml peptide (WT or analogue) and CTLL2. CTLL2 cells were cultured with 10Ql supernatant for 24 h.
Proliferation was determined by*H]thymidine incorporation and ex
pressed as cpm. Data are represented as meaiEM of four independent

0 86 . . ) : .
CDe9 cn8 cD experiments#, p < 0.05 compared with medium preincubation (Dunnett).

wWT

K LI Vo APC. T cells were stained with anti-Thy1.2-PE and analyzed for

R CD69, CD80, CD86, and annexin-V expression using
FITC-labeled mAbs.

Compared with a nonrelated control peptide (Fig. 1, dotted-line
histograms), incubation with WT peptide resulted in a strong ex-
pression of CD69 on T cells. Furthermore, up-regulation of B7.2
(CD86) was seen, whereas B7.1 (CD80) levels remained low.
Analysis of the two peptide analogues that did not induce prolif-
eration or cytokine production (Table I) showed that incubation
with peptide 331H-A induced an up-regulation of CD69, but B7.1
and B7.2 expression remained low, whereas incubation with pep-
tide 333E-A did not result in any up-regulation of CD69, B7.1, or

B7.2 (Fig. 1). Incubation with the partial agonistic peptide 335N-A
and the superagonistic peptide 336E-A led to up-regulation of
CD69 and B7.2 comparable to that found after incubation with WT
peptide. Similar results were obtained after incubation with 1 or 5
ng/ml peptide. Furthermore, none of the tested peptides induced
apoptosis as measured by annexin-V/propidium iodide double
FIGURE 1. Flow cytometric analysis of freshly isolated DO11.10 T staining (data not shown).
cells after stimulation with WT peptide or peptide analogues. DO11.10 T
cells were cultured overnight with peptide (1@/ml) and APC. FACS  Analysis of the ability of peptide analogues to skew naive cells
analysis was performed using a double staining for Thy1.2-PE and CD6%oward Th1l or Th2 phenotypes
CD80, or CD86-FITC. Dott_ed line histogrgms_ represent incubation withln subsequent experiments, we tested the ability of the peptide
the nonrelated control peptide H#s_,35 Solid line histograms represent o
incubation with WT peptide or peptide analogue. Background staining ofanalogues to skew freshly isolated DO11.10 T cells toward a Th1l
isotype controls was comparable to unstained cells (data not shown). THal Th2 phenotype. T cells were preincubated withuigIml pep-
results of a representative experiment are shown. Results were reproductidle (WT or analogue) and APC, expanded, and subsequently re-
in five independent experiments. stimulated with WT peptide. T cells preincubated with medium,
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duction by DO11.10 T cells upon WT peptide restimulation. Freshly iSO'FIGURE 4. Modulatory effects of peptide analogues on polarized Th2

lated DOll._lO T cells were preincubated with Ag/ml peptide (WT OF  cells. DO11.10 T cells were cultured for three cycles with WT peptide.
analogues) in the presence of APC, expanded, and after 5 days resumulatgg,&er the third cycle, T cells displayed a Th2 phenotype (high IL-4 and

with 1 pg/ml WT peptide and APC. IFN; IL-4, IL-5, and IL-10 produc- | & o intermediate IFNy). The DO11.10 Th2 cells were then cultured
tion was determined in supernatants after 72 h of culture by ELISA. The .. ¢ pg/ml peptide (WT or analogue) and APC. IFNAL-4, IL-5, and

results are represented as meaSEM of three independent experiments. IL-10 in the supernatant were determined by ELISA after a 72-h culture

* p < 0.05 compared with preincubation with medium (Dunnet). period. The results are represented as mea®EM of three independent
experiments#, p < 0.05 compared with stimulation with WT peptide

(D tt).O, WT; +, 331H-A; <, 333E-A; [, 335N-A; V, 336E-A
331H-A, or 333E-A showed a comparable dose-dependent pl’OlIfE unnett)

eration (Fig. ) and IL-2 production (Fig. B) upon restimulation
with WT peptide. Preincubation of T cells with WT peptide, third cycle, T cells displayed a Th2 phenotype (high IL-4 and IL-5,
335N-A, or 336E-A significantly augmented the proliferation and and intermediate IFNs production). Restimulation of such Th2
IL-2 production induced by the WT peptide upon restimulation. cells with WT peptide resulted in production of high levels of IL-4
Whereas WT peptide and 336E-A preincubation led to a compaand IL-5, and intermediate levels of IFi{Fig. 4). Restimulation
rable 50- to 100-fold increased response upon WT peptide restimwwith peptide analogues 331H-A and 333E-A did not result in any
lation, peptide 335N-A preincubation resulted in=4000-fold in-  detectable cytokine production. Interestingly, partial agonistic pep-
creased response upon WT stimulation (FigAZnd B). tide 335N-A induced high levels of IL-4 and IL-5 (comparable to
After preincubation with the different peptide analogues,levels found after WT peptide stimulation), but failed to induce
marked differences in IFNs IL-4, IL-5, and IL-10 production  IFN-y production. In contrast, superagonistic peptide 336E-A did
were observed upon restimulation with WT peptide. Cells thatnot induce IL-4 and only induced small amounts of IL-5, whereas
were preincubated with medium, 331H-A, or 333E-A showed alFN-vy production was significantly increased (Fig. 4). These data
cytokine profile upon WT peptide restimulation similar to that show that the WT peptide and the partial agonistic peptide 335N-A
found in freshly isolated DO11.10 T cells (intermediate levels offavor a further skewing toward a Th2 cytokine profile, whereas
IFN-y and IL-5 and low levels of IL-4; Fig. 3). Preincubation with superagonistic peptide 336E-A can modulate already polarized
both WT peptide and partial agonistic peptide 335N-A profoundly Th2 cells toward a Th1 profile. Data are shown for cell lines ob-
increased the production of Th2-associated cytokines IL-4 (10tained after three restimulations withuf/ml peptide, but the char-
fold) and IL-5 (3-fold), whereas IFN+production was only dou- acteristics were essentially the same for cell lines that were ob-
bled (Fig. 3). Interestingly, preincubation with the superagonistictained after restimulations with 5 or 1g/ml (data not shown).
peptide 336E-A resulted in a Thl-like cytokine profile. Upon WT ) ) o o ] )
peptide restimulation, both IL-4 and IL-5 production were low and Evaluation of peptide administration in vivo by incorporation of
comparable to levels produced by naive cells, whereasyfxp-  Peptide in liposomes

duction was significantly increased. Data are shown for restimuTo study the effect of peptide administration in a Th2-mediated
lation with 1 ug/ml WT peptide, but the characteristics were es- disease process, we used a murine model of allergic asthma. Be-
sentially the same for the entire dose range (0.1xa0nl) tested  cause it was expected that, compared with protein, the half lives of
(data not shown). peptides were rather low, we compared three different peptide ad-
ministration protocols.

Previously we showed that two s.c. administrations of 50
WT peptide (with a 3-day interval) in OVA-sensitized mice led to
Next we studied the effects of the peptide analogues on polarized significant increase in airway hyperresponsiveness and eosino-
Th2 cells. Th2 cells were generated by culturing DO11.10 T cellsphilia upon challenge with OVA (18). Now we compared this
with WT peptide and APC for three stimulation cycles. After the former immunotherapy protocol with a single high dose (3@)

Analysis of the ability of peptide analogues to modulate a Th2
response
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= E lenged mice after peptide analogue therapy. Mice were sensitized with
x OVA, and 2 wk later they were s.c. treated with peptide liposomes (con-

FIGURE 5. Total numbers of eosinophils in the BAL of OVA-chal- taining 300ug peptide, WT or analogue). Six days later, mice were chal-
lenged by OVA aerosol, and the absolute number of eosinophils was de-

Ienggq micg after different WT peptide treatment strategigs. Mice W.eretermined 24 h after the last aerosol, as describédaterials and Methods
sensitized with OVA, and 2 wk later they were s.c. treated with WT peptldeData are expressed as meanSEM (1 = 8 mice/group).+, p < 0.05

(1 X 300 g, 2 X 150 ug, or 1 X 300 ug incorporated in liposomes). In : e ) ]
the case of the X 150 ug treatment, injections were given with a 3-day compared with vehicle-treated, OVA-challenged mice (Dunnett).

interval. Six days after the last s.c. administration, mice were challenged
with OVA aerosol and the absolute numbers of eosinophils were deter- . . .
mined 24 h after the last aerosol, as describeMterials and Methods ~ Sinophilia, OVA-specific Igs, and OVA-specific T cell responses
Data are expressed as meanSEM (0 = 5 mice/group).#, p < 0.05  Were measured.
compared with empty-liposome treated mice (Dunnett). To analyze inflammatory cells in the BAL fluid, BAL was per-
formed 24 h after the last aerosol. In all treatment groups, OVA
challenge induced a significant increase of total numbers of cells
of WT peptide, or one dose of liposomes containing 3@0WT  compared with the saline-challenged groups (Table IIl). The in-
peptide, which can act as a depot. Six days after the treatmengrease in total number of cells was largely due to the increase of
mice were challenged with OVA, and infiltration of eosinophils in eosinophils, because no significant changes in neutrophils or
the airways was determined by BAL. Comparison of the differentmononuclear cells were found (Table Ill). As shown previously,
treatment protocols showed clearly that2150 ug WT peptide  WT peptide treatment resulted in a significant increase in eosino-
augmented infiltration of eosinophils more than a single high dosghils in OVA-challenged mice compared with those induced after
of 300 ug (Fig. 5). However, a single dose of 3p@ WT peptide  vehicle treatment (Table llI; Fig. 6). Treatment with the Th2-skew-
incorporated in liposomes showed the strongest aggravation of aiing partial agonistic peptide 335N-A also resulted in a significant
way inflammation (Fig. 5). Although treatment with the WT pep- increase in eosinophil infiltration (Table III; Fig. 6). Interestingly,
tide induced a nondesirable aggravation of the disease, the lipareatment with the Thl-skewing superagonistic peptide 336E-A
some-peptide formula appeared to be the most efficient method fded to a significant reduction of eosinophil infiltration compared
peptide administration. Therefore, we selected the liposome-pepwith vehicle-treated mice (Table Ill; Fig. 6). Treatment with
tide formula for immunotherapy. 331H-A or 333N-A had no effect on eosinophil infiltration in
OVA-challenged mice.

To study the effects of the peptide analogue treatment on Ab
To determine the effect of the peptide analogues in vivo, we inproduction, we determined levels of OVA-specific IgG1, 19G2a,
corporated the peptide analogues in liposomes and administerexhd IgE 24 h after the last OVA or saline challenge. Sensitization
the liposomes s.c. in OVA-sensitized mice. Six days after treatwith OVA and then saline challenge resulted in clearly detectable
ment, mice were challenged with OVA or saline, and airway eo-levels of OVA-specific IgG1 and IgE, whereas OVA-specific

Evaluation of peptide analogue immunotherapy in vivo

Table Ill. Total numbers of mononuclear cells, neutrophils, and eosinophils in the BAE fluid
Liposome Total nr Cells Mononuclear Neutrophils Eosinophils
Contents Challenge (X 10°) Cells (X 10°) (X 163 (X 10°)
Vehicle Saline 2.68- 0.55 2.68+ 0.55 0 0
Vehicle OVA 6.86*+ 0.60* 3.63% 0.36 0.23+ 0.19 3.23+ 0.24*

WT Saline 2.93+ 0.15 2.93+ 0.15 0 0
WT OVA 10.31+ 0.87* 3.55+£0.18 0.85+ 0.85 6.76+ 0.69%
331H-A Saline 2.99+ 0.78 2.99+ 0.78 0 0
331H-A OVA 6.45* 0.84* 2.74+ 0.42 0.81+ 0.44 3.71+ 0.42*
333E-A Saline 2.60- 0.61 2.60+ 0.61 0 0
333E-A OVA 6.51+ 0.49* 2.98+ 0.16 0 3.53+ 0.33*
335N-A Saline 3.50+ 0.17 3.50+ 0.17 0 0
335N-A OVA 8.80* 1.24* 2.93% 0.50 0.31+ 0.16 5.87+ 0.74*
336E-A Saline 2.47 0.93 2.47+ 0.93 0 0
336E-A OVA 5.69+ 0.65* 4.00* 0.51 0 1.69+ 0.14*

2 Total numbers of various cell types in BAL fluid recovered 24 h after the last OVA or saline challenge in OVA-sensitized
mice treated with different peptide analogues. Data are expressed asinf®BM. n = 8/group.
* p < 0.05 compared with corresponding saline-challenged mice.
#,p < 0.05 compared with vehicle-treated, OVA-challenged mice (Dunnet).
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Table IV. Levels of OVA-specific Igs in serim 1500 2000
IL-4
Liposome OVA-Specific OVA-IgG1  OVA-Specific 1500
Contents  Challenge IgE (EU/mI) (EU/mI) 1gG2a (EU/mI) _ 1000 _
Vehicle  Saline 215+ 53 331101 21.1*+79 %, ?E,, 1000 |t
Vehicle OVA 937+ 259* 963+ 191* 59.3* 115 =3 7 2 '
500 ZE §
wT Saline 256+ 49  334=98  23.2+6.2 e 500N
wT OVA  837+90% 732+90* 615+9.2 -
. = N
331H-A  Salne 19979 243+ 71 250+ 13.1 o NIV 0
331H-A  OVA 993+ 172* 999+ 172* 61.5* 254 o CD3 OVA a CD3 OVA
333E-A  Saline 257 48 261+ 97 12.3+ 9.9 3000
333E-A  OVA 733+ 191* 733+ 121* 56.0+ 12.3 2000
335N-A  Saline 238+ 33 258+ 66 30.1+ 12.0 1500
335N-A  OVA 723+ 142* 623+ 142* 55.8+16.1 i 2000
336E-A  Saline 20k 52 210+ 103 10.7£8.3 % 1000l %7
336E-A OVA 849+ 138** 648 + 130* 55.7* 22.1 =% S
aSerum levels of OVA-specific IgG1, 1gG2a, and IgE in experimental units/ml 500 1000+
(EU/mI), as determined by ELISA 24 h after the last OVA or saline challenge in 1
OVA-sensitized mice treated with different peptide analogues. Values are expressed
as meant SEM.n = 8/group. 0 0
* p<0.05 d with di line-chall d animals (D tt). - -
p compared with corresponding saline-challenged animals (Dunnett) «.CD3 OVA
I \Veh 331H-A == 335N-A
lgG2a was hardly detectable (Table 1V). The production of OVA- YWT 333E-A 336E-A

specific IgG1 and IgE in these mice indicated that already duringFIGURE 7. OVA-specific cytokine production in vitro by lung-draining
the sensitization period OVA-specific Th2 cells and B cells wereLN cells after peptide analogue therapy. LN cells derived from OVA-
induced. OVA challenge of sensitized mice induced a significanichallenged mice were cultured withtCD3, or OVA (10ug/ml) for 120 h.
rise of OVA-specific IgG1 and IgE in all treatment groups (Table FN-v, IL-4, IL-5, and IL-10 production in the supernatants was deter-
IV) compared with corresponding saline-challenged groups. OVA-Mined by ELISA. Data are expressed as mea8EM (n = 6 mice/group).
specific IgG2a was slightly, but not significantly, increased afterOn® representative experiment of three is showrp < 0.05 compared
OVA challenge compared with the results of saline challenge.WIth vehicle-treated, OVA-challenged mice (Dunnet).
None of the peptides used for immunotherapy did affect the levels
of OVA-specific IgG1, 19gG2a, or IgE (Table IV).

To analyze the cytokine production in lung-draining LN cells
after peptide analogue treatmgthiese LN were isolated 24 h after

with that of the OVA,5_330WT peptide. Using OVA,5_s35Spe-
cific DO11.10 T cells, we showed that the agonistic WT peptide
the last OVA or saline challenge, and OVA-specific cytokine pro_Was a strong inducer of Th2 cytokines and favored skewing toward

' a Th2 phenotype. Peptide analogue 331H-A appeared to be a par-

duction was determined. Lung-draining LN cell cultures from sa-_. L . Y
line-chall d mi h d Ki duct OVAtIal agonist, inducing T cell activation as measured by CD69 up-
Ine-challenged mice showed no cytokine production upon regulation, whereas no proliferation, cytokine production, or an-

restimulation in vitro, although high responses were found after - . . .
stimulation with immobilizecdxCD3 (data not shown). In contrast, ergy was induced in the DO11.10 T cells. Stimulation of DO11.10

. T cells with peptide 333E-A did not induce any T cell activation.
LN cell cultures from OVA-chaIIenggd mice showed .SUbSt?m'alAlso, more conserved substitutions (like 333E-D) failed to induce
levels of IL-4, IL-5, and IL-10 after in vitro OVA restimulation o . - .
. . . ) T cell activation (data not shown), suggesting that position 333E is
(Fig. 7). Compared with vehicle treatment, treatment with WTa rimary TCR contact residue in which no substitutions are tol-
peptide, 331H-A, 333E-A, and 335N-A did not affect OVA-spe- & P ary

cific IL-4, IL-5, or IL-10 production. Remarkably, treatment with erated. Peptide analogue 335N-A was a partial agonist, inducing

the Thi-skewing peptide 336E-A resulted in a Significant reoluC_cytoklnes similar to those induced by WT peptide (albeit at lower

. . . levels). Comparable with the WT peptide, 335N-A also skewed
tion of IL-4 and IL-5, but not of IL-10 production (Fig. 7). Inter- . )
estingly, in none of the groups was IFNproduction detectable toward & Th2 phenotype. In contrast, peptide analogue 336E-A

after in vitro restimulation with OVA, buttCD3 induced similar was a superagomst and strongly p_romoted skewing toward a Thl
- phenotype. More importantly, peptide analogue 336E-A even in-
levels of IFN-y in all groups.

duced a Th1 cytokine profile in an already polarized Th2 popula-
tion, leading to an enhanced IFNproduction and an almost com-
plete absence of IL-4 and IL-5 production. Although there is a
In this study we defined and used peptide analogues o€lear shift toward a Thl profile in this Th2-skewed population, we
OVA,,5_330t0 interfere in an experimental model of allergic cannot dissect whether the changes in cytokine pattern resulted
asthma. We showed that immunotherapy using a Th2-skewindrom an inhibition of IL-4 and IL-5 in fully polarized Th2 cells, or
peptide analogue deteriorated the disease, whereas a Th1l-skefitem an increased IFN- production by and proliferation of less
ing peptide analogue ameliorated the disease process. polarized cells.

For the definition of modulatory peptide analogues we used dif- How peptide analogues induce T cell modulatory effects is still
ferent in vitro assays. Based on changes in proliferation, cytokingoorly understood (35, 36). It has been reported that changes in the
production, or Th1/2 skewing capacities, four modulatory peptideMHC class 1l binding affinity of peptide analogues may lead to
analogues were selected for in vivo studies. Importantly, the MHCaltered T cell activation. Several studies have suggested that pep-
class Il binding affinity of these peptide analogues was comparabléde analogues with low affinity for MHC induce IL-4 production

Discussion
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and Th2 development, whereas peptide analogues with high affircell responses, our data show that T cell responses were modu-
ity promote Th1l development (35, 36). However, our data showlated. Treatment with Th2-skewing peptides enhanced the Th2-
that this is no general rule because the partial agonistic peptidassociated allergic response, whereas a Thl-skewing peptide ana-
328H-A, which has decreased MHC binding affinity comparedlogue inhibited OVA-specific Th2 cells in vivo. Because the Th1-
with the WT peptide, induced Thl (IL-2 and IF; but not Th2  skewing peptide 336E-A had the capacity to inhibit IL-4 and IL-5
cytokines (Table 1). Alternatively, modification of TCR contact production in polarized Th2 cells in vitro, the observed reduction
residues within the peptide has been suggested to affect the dissof OVA-specific Th2 cytokines in vivo after treatment with this
ciation of the TCR from the peptide MHC complex and, conse-peptide analogue may be due to a peptide-induced-ThR1 cy-
quently, to change the early biochemical events leading to T celtokine shift in OVA-specific Th2 cells in vivo. We and others have
activation (37, 38). In vitro studies have indicated that weak TCR-shown that treatment with the Thl-associated cytokine 1FAbé&-
mediated signaling preferentially induces Th2 differentiation, orfore and during challenge significantly reduced airway hyperre-
anergy, whereas strong TCR-mediated signaling induces Th1l responsiveness and eosinophil infiltration in murine asthma models
sponses (20, 39). To distinguish between modulatory effects due t@#4, 45). These findings suggest that IFays an important role
changes in MHC binding affinity and altered TCR affinity, we se- in the down-regulation of a Th2-mediated allergic response. How-
lected only peptide analogues with MHC binding affinity compa- ever, although peptide 336E-A induced high levels of Hrhx
rable with WT peptide. Our findings suggest that peptide anavitro, after peptide therapy, no IFN-production by lung-draining
logues 331H-A and 333E-A have a very low affinity, 335N-A has LN cells or IFN-y-induced IgG2a could be detected. Alternatively,
an intermediate affinity, and 336E-A a high affinity for the itis possible that the reduction of Th2 cytokines in vivo was due
OVA ;,5_s3sSpecific DO11.10 TCR. to the induction of anergy or activation-induced cell death. It has

Previously it has been reported that position 331H in therecently been reported that anergy followed by activation-induced
OVA.,,5_aagpeptide is an important TCR contact residue for'+-A  cell death can be induced in effector T cells by stimulation with
restricted T cell recognition (40). Our data indicate, besides thénigh doses of Ag and by antigenic stimulation that is prolonged
331H TCR contact residue, the presence of at least three othdreyond an optimal time (46). Increasing the affinity of the MHC
TCR contact residues at positions 333E, 335N, and 336E. Repeptide complex for the TCR may result in overstimulation of
cently, Scott et al. (41) showed, after crystallization of MHC classthese Th2 cells and eventually may lead to anergy or apoptosis. A
Il 1-A @ with OVA 5,5 23, that residues 323-333 were involved in third possibility could be the induction of a regulatory T cell pop-
MHC binding and that residue 331H protruded toward the TCR.ulation, consisting of either a novel T cell subset or the modulated
Although 323-333 is probably the most preferable peptide corerh2 cells. Previously it has been shown that IL-10 is a very pow-
sequence for MHC binding, they suggested that®lean bind  erful regulatory cytokine (47) and that successful immunotherapy
OVA;,5_336iN two alternative alignments due to the minimal side- in humans is associated with increased production of IL-10 by
chain requirements for peptide binding by f141). In these two  allergen-specific T cells (48). Although our data do not show an
alternative alignments involving residues 325-335 and 328-338ncrease in OVA-specific IL-10 production, it is possible that the
residues 333E and 336E protrude from the MHC toward the TCRaltered IL-4/IL-10 and IL-5/IL-10 ratios after Thl peptide ana-
like 331H in the crystallized alignment (41). This may explain why logue therapy positively contributed to the reduction of the aller-
modifications of residues 335 and 336 which, according to thegen-specific Th2 response.
most abundantly present alignment, are not involved in MHC or In summary, we have shown that a Thl-skewing peptide ana-
TCR binding can have such a clear effect on T cell activation.logue of a dominant allergen epitope can modulate an allergen-
Although we cannot exclude that the two other described alignspecific polarized Th2 response in vitro. More importantly, we
ments are important for recognition of OMAs ;3 by the  demonstrated for the first time that an in vitro-defined Thl-skew-
DO11.10 TCR, our data suggest that alignment 328—-338, contairing peptide analogue can modulate an ongoing allergen-specific
ing all four TCR contact residues as defined in this study, would belh2 response in vivo, thereby inhibiting airway inflammation. Fur-
the most favorable conformation recognized by the DO11.10 TCRthermore, the efficacy of peptide immunotherapy was clearly cor-

To study the possibilities of peptide analogue therapy in therelated with Th1- or Th2-skewing characteristics of the therapeutic
experimental asthma model, we treated mice s.c. with peptide arpeptide as defined in vitro. These findings indicate that the design
alogues after OVA sensitization. Subsequently, mice were chalef Thl-skewing peptide analogues, instead of using WT peptides,
lenged with OVA. Our data show that treatment with peptide an-may improve peptide immunotherapy and may contribute to the
alogues that were very poor T cell activators (331H-A anddevelopment of successful and safe allergen-specific immunother-
333E-A) had no effect on airway eosinophilia and cytokine pro-apy for allergic patients.
duction. In contrast, administration of the Th2-skewing WT pep-
tide and the Th2-skewing partial agonistic 335N-A peptide dra-A
matically increased airway eosinophilia upon OVA challenge,
indicating that the Th2 response in the lungs was augmentedVe tha_nk Drs. R. van der Zee, A. Noordzij,_ and M._ Grosfeld for synthesis
Treatment with the Th1-skewing 336E-A peptide resulted in a sig-Of p_ep_t|des, M. vf';m der Cammen‘fqr_technlcal assistance, and J Faber for
nificant decrease in eosinophilia and OVA-specific IL-4 and IL-5 statistical anaIyS|s: Prqf. L. Adorini is acknowledged for the gift of the

. o DO11.10 transgenic mice.

production by the lung-draining LN cells.

In all experimental groups, OVA-specific IgE was significantly
increased after OVA challenge compared with the results of salin&k€ferences
challenge, but was not affected by peptide therapy, indicating thati. swain, s. L., A. D. Weinberg, M. English, and G. Huston. 1990. IL-4 directs the
there is no clear correlation between serum levels of OVA-specific  development of Th2-like helper effectors. Immunol. 145:3796.
IgE and the degree of ainway inffammation. These findings corre-> DYLPIES, &, & Vagol ? Paoi | Chveten &, i, O cchie, ) Benclercan
spond with our previous study (18) and the studies by Korsgren et  synthesis induced in vitro by human T cell clones and their supernakaim-
al. (42) and Mehlhop et al. (43), who demonstrated that airway munol. 140:4193. _ _ _ o
. . . . . 3. Zurawski, G., and J. E. de Vries. 1994. Interleukin 13, an interleukin 4-like
inflammation can even occur in B cell-deficient and IgE-knockout

. ) - cytokine that acts on monocytes and B cells, but not on T detisiunol. Today
mice. Although peptide analogue therapy did not clearly affect B 15:19.
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