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Abstract

The reasons why some proteins induce a particular type of T helper (Th) response are of fundamental importance but only partially
understood. In the present study, amphipatic sequence motifs were identified in N- and C-terminal doaiicobécter pylori(Hp)
catalase, which are linked to the induction of Thl or Th2 immune responses, respectively. Alignment of these motifs with other proteins
known to induce either Thl or Th2 responses has lead to the identification of Thl and Th2 consensus motifs, termed modulotopes. Their
immunomodulatory potential was demonstrated by immunisation experiments using recombinant proteins comprising the C-terminal domain
of catalase fused with one or several modulotopes and by co-immunisations of C- or N-terminal catalase domains with peptides containing
these motifs. In addition to these in vivo data, in vitro assays using Limulus extracts suggested that modulotopes might interfere with responses
triggered by danger signals such as LPS. Th1l and Th2 modulotopes are characterised by a specific hydrophobic/hydrophilic pattern, which
might be the structural determinant for their activity. Our data suggest that Th1 and/or Th2 motifs may generally exist on proteins, thus offering
the possibility of a rational modulation of the immune response.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction is not fully understood. We hypothesised that proteins con-
tain intrinsic properties able to participate in the induction of

CD4+ T lymphocytes can polarize toward T helper 1 one or the other type of immune response. These properties

(Th1) or Th2 cells, which are preferentially involved in cell- were assumed to be linked to structural motifs, which might

mediated immunity or antibody production, respectively. Var- possibly be reflected in the protein sequence.

ious factors have been linked to the orientation of the T helper ~ We addressed this question uskiglicobacter pylor{Hp)

responsél], including the existence of a “third signal” act- catalase, a vaccine candidate inducing in mice a protective

ing in addition to TCR stimulation and T cell co-stimulation balanced Th respon$#0].

[2]. Several reports have shown that some protein antigens

specifically trigger either a Thl or Th2 biased immune re-

sponse[3—9]. The molecular mechanism of this behaviour 2 Materials and methods

2.1. Mice and immunization
Abbreviations: HpHelicobacter pylori Nter, recombinant N-terminal

domain ofH. pylori catalase; Cter, C-terminal domaintéf pylori catalase; . .
ITC, isothermal fitration calorimetry Outbred OF1 andinbred C57BL/6 or BALB/c female mice

* Corresponding author. Tel.: +33 4 37 37 38 75; fax: +33 4 37 37 36 39, 6—8-weeks-old were purchased from IFFA Credo-Charles
E-mail addressbruno.guy@aventis.com (B. Guy). River (France). They were housed according to European

0165-2478/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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guidelines. Protocols were approved by Aventis Pasteur In-
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This resulted in the fusion of the N3 and N4 motif to the

ternal Ethic Committee. Cages were covered with Isocaps, N-terminus of Cter.

mice were given filtered water and irradiated food and auto-

claved material was used.

2.3.1.3. N1234-Cter fusiomdA synthetic DNA fragment

Mice were immunised on days 0 and 21 by subcutaneouscorresponding to the fused [N1][N2][N3][N4] motifs

(SC) route (20Gul under the skin of the left part of the lumbar
region). Five micrograms of antigen (alone or in combination

was generated with synthetic oligonucleotides and cloned
betweenNhel andBanH1 sites pET28c containing the se-

with various doses of peptides) were administered in presencequence of Cter in a similar fashion as reported above, giving

of 200n.g of DC Chol adjuvant (Targeted Genetics, Seattle)
[15].

2.2. Measurement of cytokines-secreting spleen cells by
ELISPOT and serum antibodies by ELISA

ELISPOT and ELISA were performed according to stan-
dard protocols as previously descriljé@.

2.3. Generation of recombinant antigens
2.3.1. Cloning procedures

Full-lengthHp catalase had previously been cloned and
expressed irE. coli from H. pylori X43-2AN [11]. For the

other constructs, DNA fragments obtained by PCR or syn-

the following fragment fused to the N-terminus of Cter: [VN-
KDVKQTTAFGAPVWDDN][LLQSTWFLEKLAA[RFW-
VKFHFHTMQGVKHLTNEEAAEVRKYDPDSNQ][PEE-
DAKKYRFHPFDVTKIWYLQ]. None of N1-N4 do-
mains contains amino acids involved in enzymatic activity
[12].

2.3.2. Protein expression, purification and
characterisation

Cultures of transforme#. coli BL2I\DE3 were carried
out at 37C under standard conditions. Bacteria were har-
vested 4 h after induction with IPTG. Cells were lysed by
sonication, and after solubilization with urea from the pel-
let; proteins were purified by affinity on a Hi-trap chelat-
ing sepharose column, (AmershamBiosciences) using stan-

thetic genes were cloned into the pET28c vector (Novagen) dard protocols. After elution, proteins were dialyzed against
to add a hexa-histidine tag to the N-terminal end of the inserts 0.5M arginine/UrealM/PBS (Nter) or 0.5M arginine/PBS (all

allowing the purification of the recombinant protein by affin-

other antigens), filtrated and stored at 2—4 mg/mi @0°C.

ity chromatography on Ni-agarose columns. Positive clones The identity of the proteins was checked by SDS-PAGE and

were selected after transformatiortofcoliXL1blue (Strata-
gene) E. coliBL21IN\DE3 (Novagen) were transformed with

western-blots using anti His-Tag and anti-catalase antibod-
ies. Purity was estimated to be ranging from 85 to 90% by a

purified plasmids and protein expression was induced afterdensitometric analysis of Coomassie Blue stained SDS gels.
the addition of IPTG. All constructs were verified by DNA  The residual LPS content was found to be similar for all
sequencing of both strands of the insert and flanking regions.recombinant antigens used in this study and were in a range

2.3.1.1. N- and C-terminal domains of Hp catala3ée
DNA fragments corresponding to the N-terminal domain
(Nter, amino acids ¥NK—-DTH?343) and C-terminal domain
(Cter, amino acids ¥2FH-KKK5%) of H. pylori catalase
were amplified by PCR from a plasmid containing the full-

between 0.0125 and 0.05 endotoxin units (EAd)of protein.
Protein concentration was determined using the MicroBCA
kit (Pierce).

2.4. Synthetic peptides

length catalase sequence. PCR fragments were cloned into Synthetic peptides shown Fig. 4b were purchased from

BanmH1 and Xhol sites of pET28c. DNA sequencing of

the plasmid containing Nter resulted in the detection of a

Neosystem (Strasbourg) and were of immunograde quality.

frameshift error giving rise to a premature stop codon after 2.5. Determination of endotoxin activity by the Limulus

amino acid 343, which resulted in a truncation of the last
17 amino acids of the selected Nter domain. In view of this
relatively small deletion it was decided to use this protein

test

Endotoxin activity of LPS- or Cter-peptide mixtures was

for experimentation. One can notice that premature trunca- determined by a quantitative assay using a test kit from Cam-

tion generated aH. pylori Nter domain lacking the tyrosine

brex in the Quality Control Department of Aventis Pasteur.

residue corresponding to Tyr 370 in human catalase, involved Detection threshold was 0.5 EU/mI of solution. Assays were

in the catalytic sitg12]. Cter domain lacks critical His, Asn,
Ser and Tyr residues similarly involved in enzymatic activity.

2.3.1.2. N4-Cter and N3-Cter fusion proteirishe DNA
fragments corresponding to the N3-(HTMQGVKHLTNE-
EAAEVRKYDPDS) and the N4 motifs (PEEDAKKYRFH-
PFDVTKIWYLQ) of Hp catalase were cloned inkthel and

BanH1 sites of pET28c containing the sequence of Cter.

done in duplicates, and differences between duplicates did
not exceed 10%. LPS was frobn coli 026:B6 (ref. L2654
Sigma, St. Louis, USA).

2.6. Circular dichroism

Measurements were made at°ZDusing a Jasco J-810
spectropolarimeter (Tokyo, Japan) using cuvettes with a path-
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length of 0.1 mm. Peptides analysed were at concentrationsrable 1
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between 1.4 and 2 mg/ml. Reference spectra, obtained with!mmune responses induced by full-length and trunckteglylori catalase

samples containing all components except the peptide, were
recorded and subtracted from the peptide spectra. Estimates

Immunizing antigen

Catalase Cter
of the helical fraction of the peptide were calculated using < , , ,
. Stimulating/coating antigen
the value of f]opsat 222 nm and the formula: percent hetix H. pylori catalase
(61355 — 161250 — ([O1fafi — [61250) x 100% as described Cytokines IL5 3 40
in Taylor and Kaisef13]. IFNy 23 <1
IL5/IFNy (%) 13 4000
2.7. Statistical analysis Antibodies IgG1 8000 4000
IgG2a 6000 250
Differences between groups were estimated using the 1gG1/1gG2a 133 16
Cochran test (variance check) and ANOVA. Multiple com-  Human catalase
parisons were done using Bonferroni test. Cytokines IL5 <1 <1
IFN~y <1 <1
IL5/IFNy (%) - _
. : Antibodies 1gG1 300 <1
3. Results and discussion 1gG2a 125 a
IgG1/IgG2a 24 -

3.1 Initial experiments Outbred OF1 mice were immunised twice with.§ of antigen in presence of

200u.g of DC Chol adjuvant. Cytokine responses were measured by Elispots
A high degree of sequence similarity (70%) exists be- (presented as spots per million cells) and antibody responses by ELISA
tween the N-terminal domain dfi. pylori catalase (Nter) (presented as ELISA titers). For cytokines, spleen cells were stimulated with
and human catalase whereas the C-terminal domai. of yvholgl—!.pyloripatal_ase or human catalase; median cytokingvaluesobtained
. . L . in individual mice (five per group) are presented, substracting mean values
pylo” catalase (Cter) shares little Slm'la”ty with the human obtained in control wells. Antibody responses were measured on pooled sera
enzyme. Initial eXperimentS were therefore performed US- from the same mice against the same two antigens.
ing recombinant Cter domain to minimise the induction of
cross-reacting antibodies. It is to be noted that all immu- were found to stabilize the native conformation of antigens
nizations performed in this work were in presence of the [10].
lipidic adjuvant DC Chol, which was shown in the past to As shown inTable 1 immunisation with Cter did not in-
increase the level of immune responses without introducing duce any antibody response against human catalase, which
a Thl or Th2 bia$14,15]. Furthermore, DC Chol micelles was accompanied by a dramatic shift towards a Th2 re-

N-ter stimul ation C-ter stimulation
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Fig. 1. Cytokine responses induced by full-length catalase, its N-terminal domain (Nter) and its C-terminal domain (Cter). Graphs are repoédeitati
independent experiments. OF1 mice were immunised witf 6f the corresponding antigen as described in Se&idwo weeks after the boost, spleen cells
were stimulated by Nter (left graph) or Cter (right graph), andyFIXIL5 measured by Elispot. The horizontal line corresponds to 5 sp6te&ll8, which is
the maximal value reproducibly obtained in non-stimulated cells. Bars correspond to median values.
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sponse against bacterial catalase as judged by IL5/kid (@  Nter (Hp-specific motifs)
IgG1/IgG2a ratios. In contrast, immunisation with recombi-
nant Nter induced a Th1l response, whereas full-lefgh AAEVREYDPD N3
catalase induced very low and balanced IL5AFNsponses EEDAKKYRFH N4(1)
(Fig. 1). This low cytokine response observed with full-length QEAEKYKA HSP70r(1)
catalase, as seen Fig. 1 and Table 1from two different LDAEKYKA HSP70h
experiments, is not due to absent immunogenicity, as full- LDLDK¥KN HSP60
length Hp catalase induced in several experiments signifi- SERPREZEN RSV-F
Recombinant anigens purifed and solubiised rom cel pel- T L
; hp . ©@|Ep O pexz K ¥ &R |O
lets lacked catalytic activity (not shown), which excludes the
possibility that differences in Th responses were linked to
differences in enzymatic activities. In addition, interactions  (b) Cter
between DC Chol adjuvant and the different antigens used
here were similar (not shown), excluding a link between Mpwar¥aglp Cla)
different immune responses and different antigen/adjuvant AE RS R G2 oy
. . QPGDY¥YYRSLP C3 )
interactions. =
PVGEIYKRTW p24-1 HIV1 (1)
3.2. Identification of Th1 or Th2 consensus sequences ¥DRFEETL B2 HIV .
LERLYRSG ES-62
Since human catalase, in contrasHp catalase, did not ;f; E % % %;PE g ; 2,"::3‘::"“ m
trigger any specific cytokine response against this antigen in YKAFYKST HSP 96
mice (Table 1), Hp-specific sequence motifs were assumed —
to be present in the N-terminal half of the bacterial cata- OQIIO0O0II|0 “Th2” motif
lase, which are involved in the induction of IFNFour short Ol oexe © ¥ xr I|O
fragments (N1, N2, N3 and N4) were identified in tHe
sequence which had a very low degree of sequence similar-
ity with the human enzyme and which, thus, can be consid- © _
ered to be specific for thelp protein. Two fragments, N3 b % T2 59 “Th1” motif
and N4, shared a common amino acid pattern, characterised = 01 1j0 “Th2” motif

by two central charged amino acids flanked by hydrophobic
res!dueslflg. 2). Slm.llar m_OtIfS were found to be present In ment of the two Th1 motifs identified iHp catalase (N3 and N4) with sim-
antigens known to trigger mﬂammatory responéég.(Za) ilar motifs present in proteins reported to trigger inflammatory responses
[6-9]. It has, however, to be noted that some authors at- such as HSP 70 (rat, NCBI 4930026; human AF134726.1), RSV-F protein
tributed this inflammatory response to LPS contamination, (NP 056683) and human HSP60 (AAA36022). The Thl consensus motif
and it was suggested that the activity of minute amounts of is boxed with O being hydrophobic residues (PALMIVFWY) and | being
LPS could be increased in the presence of some antigens (folg“"“nly hydrophilic/charged residue (GTSQNDEKR). The second line in the
. . . 0x shows in particular consensus residues identified at positions 2 and 47

a review see ref8]). Sequence alignment of these proteins ¢ ine motit. This motif lies in the only helix in the 3D structure of HSP70
with Nter allowed the identification of a Th1 consensus motif peptide-binding domain and is located on a helix/loop junction in the 3D
(Fig. 2a). model ofH. pylori catalase. In some HSP70 sequences, K residue preced-

We then hypothesized that sequence motifs responsibleind Y is Q (human, CAA36061) or R (mouse, P17979). (b) Alignment of

R ; ; : the three Th2 motifs identified iHp catalase (C1-C3) with similar motifs
for pro Th2 orientation are present in the Cter. Three short present in proteins known to induce Th2 responses such as ES 62 (NCBI

sequence motifs were identified within Cter (denominated ,..ocs AAC28365), ovalbumin (23020H)p AlpA (CAB 69511), HSP96

C1 to C3,Fig. 20) which all contain a core of 2 hydropho- (NPO 35761), HIV p24 (12084543). The Th2 consensus motif is boxed

bic amino acids (tyrosines, Y) flanked by charged residues. with O being hydrophobic residues (PALMIVFWY) and | being mainly

Other antigens previously described as “pro-Th2" by other hzdrophilic/c?argljed residue (GTS%NDE_SR)t._f'_I'hde stecon? |ine3in5thedb<éx f
. H SNOWS In particular consensus residues iaentitied at positions s, o an (o)

authors (ESGB]’ gp9§[16]) or mpur Iaboratory (AlpA[lO], . the motif.p(l) indicates motifs that are present in pro’t)eins with known 3D

HIV p24 and ovalbumin, unpublished) were found to contain  g,cryre (ovalbumin NCBI 230201, p24 NCBI 120845438, catalase,

one or several of these motifs. Sequence alignments of thesg17)). in all cases the motif forms a shatthelix. (c) Comparison of Thi

proteins with Cter lead to the definition of a Th2 consensus and Th2 consensus motifs. lllustrated is the conversion of a Th1 motif into a

motif (Fig. 2b) Preferred residues in Th1 and Th2 motifs are Th2 motif ar)d vice versa by inverting the sequence of the central two pairs

presented, but it can be anticipated that residues with similar " mino acids.

charge properties (like phenylalanine (F) instead of Y) could

be present too. We are aware that the pro-Thl or pro-Th2 be-

haviour of the considered antigens might be linked to other

causes.

Fig. 2. Identification of specific motifs and design of experiments. (a) Align-
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3.3. Structure of the motifs 3.4. Invivo activity of motifs in outbred mice

We then investigated whether the activity of the mo- Our initial observations (2.1) might indicate that the mo-
tifs, which we termed modulotopes, was reflected in their tifs are linked to specific induction of Th1l or Th2 responses
structure. The inspection of 3D structures of proteins bear- and different experiments were designed to verify this hy-
ing Th2 or Thl modulotopes shows that they are surface- pothesis. Firstly, recombinant fusion proteins of Cter with
exposed, thus able to interact with other structures. Th2 N3, N4 or N1-N4 were generated. Secondly, 15-16 mer
modulotopes such as C2-3 domain were found to form a peptides (denominated by the extenspmp derived from
a-helix, whereas Th1l modulotopes were present on a helix- proteins comprising the identified motifs were synthesised,
turn junction, which was equally the case for N3 and N4 in order to co-administer them with several antigens and
in the 3D structure oHp catalas€17] (seeFig. 3a). In- to address their ability to act ivans. The Thl consensus
terestingly, the modulotope in HSP70 lies within the only motif can be converted into a Th2 one by permutation of
a-helix of the peptide-binding domaifiL8]. Helix-wheel the central two pairs of amino acidBig. 2c). Control pep-
projections of Th2-helices show that they are amphipatic, tides (marked by *) containing this change have been syn-
containing highly charged and hydrophobic faces ( 3b). thesised for co-administration experiments. A summary of
The action of the modulotopes might be initiated by recog- antigens and peptides used is giverFig. 4a and b. A de-
nition of this hydrophobicity/charge pattern. Such pattern- tailed description of the Cter fusion proteins with Nter mo-
based interaction has been observed for peptides such asfs is given in Sectior2. Purified proteins were analysed
cathelicidin LPS-binding peptidg49] or VIP/PACAP neu- for LPS content which was similar for all protein samples
ropeptideg20], involved in the modulation of Th responses. (0.0125-0.05 EY{g). Experiments were performed in out-
In contrast to the Th2 motif, the helix-wheel projection bred OF1 mice.
of the Thl motif Eig. 3c) shows no clear division into
a hydrophobic and hydrophilic face and a more alternat- 3.4.1. Cter fused with Nter motifs N3, N4 and N1234
ing distribution of charged and hydrophobic residues is ob-  Experiments in OF1 mice with motifs N1234 fused to
served. Nevertheless, both types of “Th1” and “Th2” helixes Cter showed that this fusion construct did not induce an
are mainly composed of charged or hydrophobic residues,IL5 response Kig. 5a, left panel) resulting in a dramatic
which gives rise to two different types of amphipatic struc- difference in IL5/IFNy ratios, which is in agreement with
tural arrangements. These arrangements are proposed to athe proposed pro-Thl potential of the fused sequences. In
count for the different effects observed in vivo (see be- the same time, the overall specific IgG response induced by
low). this recombinant antigen was of similar magnitude than the

Fig. 3. Three-dimensional structure and helical wheel projection of Th2 and Th1 motifs. (a) Ribbon presentation of 3D stidetio@hafcter pyloricatalase

[17] and localisation of N3, N4 (red) and C2-3 (green) fragments. (b) Helical wheel projections of several sequences containing Th2 motifs. Basic charged
residues are in black, hydrophobic residues in white. The view down the helical axis from the amino terminus is shown. (c) Comparison of whees projecti
containing Th2 and Th1 motifs.
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Fig. 3. (Continued.

one induced by Cter alone (although low and heterogeneous3.4.2. Cter co-administered with peptides containing

see below), indicating that it still retained similar immuno- motifs N3 and N4 (Th1-peptides)

genicity. Cter fused with individual N3 or N4 motifs showed We tested the ability of peptides to act tirans, when
that only the addition of the N4 motif induced a compara- co-injected with CterFig. Sb shows that g of N4pepin

ble undetectable IL5 response while fusion of the N3 mo- combination with 5ug of Cter reversed the Th-balance, while
tif did not induce significant changebki¢. 5a, right panel). the co-administration of control peptide N#&p(Th2) had
One might conclude that the effect seen with the fusion con- effect in this respect. This underlines the critical importance
struct Cter/N1234 is mostly due to the effect of N4. The ma- of the six amino acid cores of both consensus motifs. These
jor difference between the sequence of the N4 motif (“ac- experiments confirmed the Thl potential of the N4 motif, as
tive”) and the N3 motif (“inactive”) is the presence of ei- shown above with the Cter-N4 fusion construct.g€f co-
ther an acidic or basic residue following the core tyrosines injected with Cter did not change immune responses, which
(Fig. 2a). furthermore confirmed above results using the Cter-N3 fu-
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] i Human Cat

Cter Hp

Nter Hp

Cter/N1234

Cter/N3

Cter/N4

Cter + Ndpep

Cter + N4*pep

Cter + RSVpep

Cter + HSP pep

H B H |+ [0 Nter + C2/3pep
- . .:. | + Nter + C2/3* pep
- . .:. | + Nter + p24 2/3 pep
(a) - . .:. | + E Nter + N3* pep
dsdyy tapgdyyrslp C2-3pep
X X .............. X..--..Y...--....--.‘ )
dsydtygqpgydryslp C2-3*pep
ltneeaaevrkydpds N3pep
X X
ltneeaaervykdpds N3*pep
vmpeedakkyr £fhpfd N4pep
X X
vmpeedkaykrfhptfd N4*pep
ermvgeaekykaedek HSP 70pep
vklikgeldkyknavt RSV Fpep
(b) pkepfrdyvdrfyktlraeqgar p242-3pep

Fig. 4. Constructions and peptides. (a) Recombinant antigens and antigen/peptide combinations used in animal experiments. From the top:tbuhesinotto
catalase; Cter Hp, C-terminal domain of Hp catalase; Nter Hp, N-terminal domain of Hp catalase; Cter/N1234, fusion protein of Cter with seghidnces N1-
(see Sectior?); Cter/N3 and Cter/N4, fusion protein of Cter with sequence N3 and N4 (see Sé&jtitve rest, co-injection of antigens Cter and Nter with

the peptides indicated (peptide sequences afégirdb). The Th1l motifs of Nter are boxed in black and the Th2 motifs in Cter are in white. The Nter regions
homologous to human catalase are in grey. (b) Sequences of synthetic peptides used for experiments. The asterisks indicates peptides innehgehdhe seq
the central two pairs of amino acids has been inverted (as indicakdd.iéc leading to the conversion of a Th1 motif (underlined) into a Th2 one (underlined,
dotted line) and vice versa.
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Fig. 5. Cytokine and antibody responses induced by the different catalase-derived antigens in outbred OF1 mice. Graphs are representatyeeatievd ind
experiments. (a) Left graph: cytokine responses induced by Cter/N1234 compared to Cter. Spleen cells were stimulated with Cter (or Nterggifiognto si
response over background, not shown). Right graph: cytokine responses induced by Cter/N3 and Cter/N4 compared to Cter. Spleen cells wendthtimulated
Cter or Nter (giving no significant response over background, not shown). The horizontal line corresponds to $smts/ithich is the maximal value
reproducibly obtained in non-stimulated cells. Bars correspond to median values. (b) Left graph: cytokine responses induced by Cter in pifésemte of d
peptides. Mice were immunised withug of Cter in presence of jog of N3pep N4pepor N4*peppeptides. Two weeks after the boost, spleen cells were
stimulated by Cter (or Nter, giving no significant response over background, not shown), andrlfElS measured by Elispot. The horizontal line corresponds

to 5 spots/10 cells, which is the maximal value reproducibly obtained in non-stimulated cells. Bars correspond to median values. Differences were significant:
IFNy: C<C+N4,a=0.05; C+N4<C+N4, a=0.05; IL5:C>C+N4,0=0.08; C+N4>C+N4, «=0.12. Right graph: Individual cytokine ratios. (c)
Cytokine and antibody ratios measured in mice immunized with Nter. Left graph: individual cytokine ratios induced after immunizatiqrgvaittiNer in

presence of g of C2-Jpep C2-3*pep N3* or p242-Pep Two weeks after the boost, spleen cells were stimulated by Nter (or Cter, giving no significant
response over background, not shown), andhleN L5 measured by Elispot. Bars correspond to median values. Right graph: individual ratios of anti-Nter
antibody isotypes. Mice were immunised with Nter as described above, and 2 weeks after the boost, IgG1 and IgG2a specific responses were measured by El
against Nter (or Cter, giving no significant response over background, not shown). Bars correspond to median values. (d) Individual IgG1 ariddd%2a ant
levels in the same mice ashig. 5c. Mice were immunised with Nter as described above, and 2 weeks after the boost, IgG1 and IgG2a specific responses were
measured by Elisa against Nter (or Cter, giving no significant response over background, not shown). Bars correspond to median values.
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Fig. 5. (Continued.

sion construct. N4 and Nigpwere not strongly immuno-  3pep N3*pepand p242-Bep favour high IgG1 responses,
genicinourassays, since they induced no significantresponsehus increasing IgG1/IgG2a ratios, while immunisation with
against Nter, which contains these motifs. In order to estab- Th1 motifs decreased this ratio. In this respect, itis to be noted
lish whether the observed immunomodulation was specific that mice immunized with Nter in presence of C 298p(Th1

for Hp catalase or whether it is a general phenomenon, ex- motif) presented a dichotomic response, half of the animals
periments were performed using peptides derived from otherhaving still high IgG1 values while the other half had dramat-
antigens, such as Th1l motif-containing peptides from RSV ically depressed values. Nevertheless, mice presenting high
and HSP70Kig. 4b). Co-administration of Cter with R)ép IgG1 levels had also high IgG2a levels, generating moderate
increased the IFlevel as seen with Ngepwhile the effect 1gG1/1gG2a ratiosKig. &c, right panel).

of HSPpepwas less dramatic (not shown). Cter appeared to be a weak immunogen at the antibody
level in OF1 mice: responses were very heterogeneous, and
3.4.3. Nter co-administered with Th2-peptides only a minority of mice presented significant Igl and IgG2a

The ability of Th2-peptides (Bg) to modulate responses ~ "€SPonses (one third to one halfaccording to the experiments).
induced by Nter (Th1-antigen) was also tested. As shown in HOWever, results obtained from seven independent series of
Fig. 5, left panel, C2-Bepco-injected with Nter increased ~ €XPeriments, using some 300 mice, showed that high 1gG1
the IL5/IFNy ratio, while co-administration of control pep-  "€SPonders (titers >100,000) were mostly seen in “Th2” con-
tide C2-3'pep(Th1) decreased this ratio. This s in agreement ditions, i.e. in presence of active doses of peptides such as
with their proposed Th1 or Th2 potential. Other Th2 mo- N4*Pepor N3*pep acting then like as co-adjuvants for this
tifs such as control N3jepor p242-pepalso increased the ~ '€SPONse. Under these conditions, 50/197 mice showed high
IL5/IFN ratio, confirming the ability of peptides contain- 9G11iters as compared to 9/118 mice when equivalent doses
ing the Th2 consensus pattern to modulate Th1 responses®’ N4peppeptide were co-administered. For instance, 19G1
As for Th1 sequences, CP8pwas not strongly immuno-  Ut€rsupto several millions were observed in presence.gf 5

genic, since no significant response was induced against Ctef\4"Pepwhile in the same experiment, maximum IgG1 levels
containing this motif (not shown). were found to be 10-100 times lower in presence obépt

As similar reduction was also seen for the IgG1/IgG2a ratios

) (not shown).
3.4.4. Antibody responses

Antibody responses have also been assessed inimmunised
animals. Mice were immunised with N-ter alone or in pres- 3.4.5. Dose response
ence of different peptides. Individual IgG1 and IgG2a re-  When experiments were repeated using a 5-fold higher
sponses were measured and their respective ratios were calPeptide concentration (3&g) an abolition or partial reversion
culated. Data presented as IgG1/IgG2a ratid&idgn 5, right of the effect on cytokine secretion or antibody production as
panel, were indicative of Th2/Th1 profiles similar to those Seen with the ug dose was notedréble 3. This demon-
observed irFig. 5c, left panel, based on IL5/IFNlevels. As strates the importance of the peptide dose in the modulation
shown |nF|g 5, not On|y ratios but also absolute |gG_’]_ and of the Th balance, as reportEd preViOUSly for MHC-restricted
IgG2a levels in the same mice indicate that Th2 motifs (C 2- peptide§21-23] proteins[24] or LPS[25].
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Table 2
Dose effect of peptides in OF1 mice

Median value of individual ratios IL5/1FN (%) 19G1/1gG2a
Nter 77 5

Nter + C2-3ep(5p0) 22 14.6

Nter + C2-3ep(25n9) 4 6.4 £=0.09)
Nter +p24 2-pep(5 Q) 38 9.6

Nter + p24 2-pep(25n.9) 18 6.7 £=0.09)
Nter + N3*pep(5 j.0) 14 11.6

Nter + N3*pep(25un9) 0 2 =0.09)
Cter 300 -
Cter+N4ep(51.9) 5 -

Cter + Ndep(25p.9) 105 p=0.05) -

Mice were immunised with antigens in presence of 5 op.g®f peptides.
Median values of individual IL5/IFN and 1gG1/IgG2a ratios are shown.
The determination of antibody isotype ratios was not possible after immu-
nisations with Cter due to an insufficient number of responding mice.

3.4.6. Experiments in inbred mice

Animal experiments using C57BL/6 and BALB/c mice
confirmed the opposite activities of N4-type 1 and N4*-
type 2 motifs on Cter. However, the active “Th1” or “Th2”
doses were different in inbred mice compared to OF1 mice.
In C57BL/6 mice for instanceFig. 6), 1ug of N4 co-
administered with Cter induced a Thl bias, whereag 5
showed an opposite effect (for IL5 at one given dose, N4 ver-
sus N4*p=0.0347; for IFNy: N4 versus N4*p=0.0145). In
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These results showed that, in addition to peptide dose and
antigen nature, the background of the mouse strain used also
influences the observed effect.

3.5. In vitro activity of the motifs

To elucidate whether peptides may interfere with “dan-
ger signals” such as LPS, we have evaluated the ability of
the peptides to specifically interfere with the action of LPS
in a Limulus assay. Firstly, increasing doses ofpdgand
N4*pepwere shown to modulate the activity of a fixed very
smallamount oE. coliLPS (Fig. 7a). Low to medium peptide
doses decreased LPS activity to undetectable levels whereas
higher concentrations resulted in an increase. High doses of
N4pephad a slightly higher capacity to increase LPS activity
than N4*ep but the observed effects were modest.

Assays were then carried out without addition of LPS but
in presence of Cter shown to contain minor LPS contamina-
tions. In the absence of any added peptide no activity was
detected under the conditions of the asd&ay. 7b shows
that peptides Ndepand N4*pepat high doses dramatically
enhance LPS activity, which was especially pronounced for
N4pep In contrast to Ngep low doses of N4pepalso en-
hanced LPS activity. The peptide-induced effects in presence
of Cter were qualitatively similar but quantitatively supe-
rior to those obtained with low doses of purified LPS alone.
This might be explained by an underestimation of the Cter
LPS activity due to down regulation by C2-3 motifs (sim-

OF1 mice, similar opposing effects were observed at higherilar to N4*) present in this antigen, contributing to its Th2

doses, namely 5 and 25 respectively. Differences similar to
those observed in C57BL/6 at 1 angl§ doses were also ob-
served In BALB/c (not shown). At the antibody level, IgG2a

profile.
Finally, the experiments reportedhig. 7a were repeated
using a 10 times higher LPS concentratidiig( 7c) and a

was not measured in C57BL/6 mice as this strain does notsimilar V-shaped dose-response curve was obtained. Low

produce this isotype. However, N4 afify co-administered

doses of both peptides gradually decreased LPS activity, but

with Cter decreased as expected the number of high IgG1 re-in contrast to experiments using low LPS doses, high doses

sponders (0/16 mice versus 6/16 mice for experiments with-

out N4), in agreement with a Thl effect of N4 at this dose.
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Fig. 6. Cytokine responses (left panel) and cytokine ratios (right panel) induced in C57BL/6 by Cter in presence ofud @fdN8 and N4*. Two weeks
after the boost, spleen cells were stimulated by Cter and/ IBiNL5 were measured by Elispot. Left panel, the horizontal line corresponds to 5 spots/106 cells,
which is the maximal value reproducibly obtained in non-stimulated cells. Bars correspond to median values.
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Fig. 7. Peptide-induced modulation of LPS activity in a Limulus assay. LPS activity as a function of peptide concentration is shown. Peptideirsolution
absence of LPS were shown to be free of endotoxin activity (below detection level, <0.5 Ul/ml). Grey line: LPS activity in absence of peptideimeDotted |
threshold detection level. Analyses were made in duplicates; the variation between the two measurements was less than 10%. (a) Peptide-latdaned modu
of the activity of small amounts of LPS. All analyses were carried out in the presence of 1 ng/ml LPS (Sigma). (b) Modulation of LPS activity in the absenc
of added LPS, but in presence of the antigen Cter. Solutions analysed contajogidCter (final) and the indicated peptide concentration, but no additional
LPS. (c) Repetition of the experiment shown in 6a using a fixed LPS concentration of 10 ng/ml.
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Fig. 8. “Oscillation” model proposed for the observed Th1 and Th2 responses in the presence and absence of modulotopes. (a) General modefall he horizon
line corresponds to a ThO response. A same Thl or Th2 antigen could have different initial positions, as presented. This would depend on a renge of facto
such as the mouse strain, presence of co-stimulation by adjuvants or danger signals such as LPS, sex and housing conditions of animals @netiding diff
types of microflora). (b) Model applied to the Th2 antigen Cter in OF1 mice, referring to experiments using Cter in the absence and presencedaftifferent

of N4 and N4%ep as well as the Cter/N4 fusion protein (data are taken ffagn 5). The initial position of the Cter preparation used in this experiment is
indicated, and parameters determining it are considered constant in this mouse strain. The fused Cter/N4 construct was positioned at a {¢)0Mpadtion.

applied to the Th2 antigen Cter in C57BL/6 mice, referring to experiments using Cter in the absence and presence of different doses of plpédaltil4*

are taken froniig. 6). The initial position of the Cter preparation used in this experiment is indicated, and parameters determining it are considered constant in
this mouse strain. (d) Model applied to the Thl antigen Nter in OF1 mice, referring to experiments using Nter in the absence and presence obd#fefent do

C 2-3 and C 2-3pep(data are taken frorRig. 5). The initial position of the Nter preparation used in this experiment is indicated, and parameters determining

it are considered constant in this mouse strain.

Table 3
Far UV circular dichroism spectroscopy of peptides
PBS 30% TFE 5mM DPC
a-helix (%) Xincrease/PBS a-helix (%) Xincrease/PBS a-helix (%) Xincrease/PBS
N4pep 10 1 28 28 11 11
RSVFep 8 1 30 37 11 14
HSP7(®ep 3 1 11 37 3 1
N4*pep 14 1 39 27 52 37
p242-3pep 31 1 91 29 70 22

Peptides were analysed in PBS, 2,2,2-trifluoroethanol (TFE) or dodecylphosphocholine (DPC) micells. TFE and DPC are compounds known te stabilise th
secondary structure for which a sequence has propensity. The increatelical content as compared to PBS is indicated. The spectraéNKI4*pep
RSVpepand p24epin PBS have a minima between 205 and 207 nm indicating that these peptides are not present in a random coil conformation, and a
content of around 10 %-helix has been calculated for Wdpand RS\pep 15% for N4*pepand around 30 % for p2ep HSV7Pepwas shown to be almost
unstructured.
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tests were shownto be free of endotoxin activity (below detec- enhancing/modulating its effect, or if other mechanisms are
tion level, <0.5 Ul/ml), indicating that the increased activity involved.
observed was not caused by the presence of LPS in peptide For instance, Seong and Matzing@8] have recently
solutions. Our experiments demonstrate that, similar to their brought forward the hypothesis in which an interaction of
Th modulatory activity in vivo, Npep or N4*pep can act hydrophobic ligandshiyppo3 with receptors such as TLR4
as activators or inhibitors of LPS activity, which in analogy is proposed to stimulate the immune response. According to
to in vivo experiments was found to depend on the amount the authors, all hydrophobic compounds are potentially to be
of peptide added. Jurgens et[@6] observed a very similar  considered abyppos The authors suggest thiaypposex-
dose-dependent effect with haemoglobin, which decreased orist on proteins and present some examples of this being of
increased LPS activity as function of protein concentration. physiological relevance. Our data are consistent with this hy-

However, ITC binding experiments (data not shown) pothesis and the Th1l and Th2 modulotopes described in this
demonstrated that Ndép and N4*pepbind to LPS with a article can be regarded to some extent as protein-associated
relatively lowKp of around 30QuM. This implies that both hypposThisis valid for the Th2 motif, which has been shown
ligands are not associated at physiological concentrations. Ato be present on helices having a hydrophobic side, whereas
similar affinity has been measured using control peptides in- the Th1 motif can be considered as an alternative, specific ar-
dicating that binding was non-specific, which was confirmed rangement of hydrophobic and charged amino acids. Finally,
by the non-saturable nature of interaction as seen by ITC. modulotopes could also act by molecular mimicry through
Therefore, it seems more likely that the observed enhance-binding to a more specific undefined receptor.
ment of LPS activity is due to an indirect LPS-peptide inter- All'in all, both Th motifs could bind differentially to the
action. Peptide and LPS may for instance interact with a com- same receptor, or, alternatively, to different receptors, thus
mon ligand (receptor). Some Limulus LPS binding proteins inducing different responses. As shown above the type of re-
have binding motifs similar to those found in higher eukary- sponse differs also on the dose of peptide motif administered.
otes, which are potential targets for such interacti@1. Similarly, it has been shown that different doses of LPS in-
We are aware that the Limulus assay represents the consecuduce either Thl or Th2 responses through stimulation of the
tive action of many proteins which all have to be considered same TLR4 receptd®5,29] On the other hand, it has also
as potential targets for the action of the peptides tested. Itbeen shown that different types of LPS can interact with the
then might be possible that the motifs exert their modulatory same TLR4-dependent pathway, resulting in antagonistic ef-
function through an enhancement of the biological effects of fects[30]. We show that modulotopes present a similar dose-
minute (sometimes undetectable) amounts of LPS or otherand motif-dependant behaviour in vivo and in vitro, which
lipidic bio-active molecules, which has been proposed by can be regarded as additional support for a mechanism based
Wallin et al.[8]. This would explain the controversial activ-  on indirect or direct interactions with TLR4-dependant path-
ity of HSPs (bearing potential Thl or Th2 motifs) through ways.
TLR4, which was attributed by some authors to LPS con-
tamination[8]. 3.6. Model

Alternatively or in addition, the structure of the motifs
may play a direct role in the observed immune modulation  In this respect, we tried to explain with a model the oppo-
through receptors not present in the Limulus assay. To ad-site immune responses induced by different doses of the same
dress this, preliminary experiments have been carried out onpeptide, or by the same dose of peptide in different mouse
human monocytes and monocyte-derived dendritic cells, in strains. In other models with other ligands/receptors, it has
presence of N4 versus N4*, or C 2-3 versus C 2-3* peptides. been demonstrated that low or high doses of one given pep-
The levels of IL10, IL12 p40 and IL12 p70 cytokines have tide triggered Th2 responses whereas medium doses induced
been measured 6 and 48 h after stimulation with increasing Thl responses, generating a “bell-shaped” response curve
doses of peptides in presence of suboptimal doses of LPS (123]. Our experiments can be explained using similar curves.
to 10 ng/ml). In some donors 2 to10-fold variation was In this “oscillation” model Fig. 8a) the initial position of an
observed in IL10 levels in presence of “Th2” versus “Th1l” antigen, defined as Thl or Th2 based on its cytokine profile,
peptides. On the other hand, IL12 p40 or p70 levels changedwould depend on factors such as its nature and dose, pres-
similarly after stimulation with different doses of N4 ver- ence of immunomodulatory motifs and co-stimulatory (dan-
sus N4* and C 2-3* versus C 2p8p However, this effect  ger) signals (such as LPS or adjuvant presence for instance),
was dependant on the donor, and could not be observed inrmouse/human genotype, hormonal/sexual influences or other
other donors. This high inter-donor variation requires addi- undefined environmental factors. This initial position would
tional work in more subjects to optimize the conditions of the be displaced by co-administration of modulotopes, and the
assay and investigate the potential role of other co-factorsmagnitude and direction of displacement would depend on
or cells before conclusions can be established from such athe dose and nature of modulotopes, all other parameters be-
model. In addition, performing animal experiments with to- ing considered fixed. It is anticipated that a too low dose of
tally LPS-free antigens will help defining if modulotope ef- added modulotope would not induce any variation from the
fects are strictly dependant on LPS-contamination, by simply initial antigen position, and that, on the other hand, no more
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< absorbance of DC Chol in the far uv region, the determina-
é — tion of the secondary structure by cd is impossible. There is
t ) no realistic alternative to the use of cd spectrospcopy for the
Eﬂ determination of the secondary structure content.

-
> 3.8. Conclusion

»

2185 200 220 240 260 In conclusion, our data suggest, beyond the particular case

Wavelength (nm) of H. pylori catalase, the existence of intrinsic properties of

proteins that may participate to the modulation of immune
Fig. 9. Far UV circular dichroism spectra of peptides. Shown are the spectra responses. These properties are reflected in short sequence
of peptide Nepin PBS (-—-) and in presence of 30 % TFE (—) and of  mgtifs, which we termed modulotopes. We have reported on
peptide p242-Bepin PBS (---) and 30 % TFE (----). particular Th1 and Th2 consensus motifs, which does not
exclude that other motifs with similar activities exist. The
variation would be observed beyond a certain position above presence of surface-exposed amphipatic motifs/patterns is a
a certain dose of modulotope. According to this model, ex- general phenomenon in proteins, and it is proposed that such
periments using preparations of the same antigen differing in pattern regulate qualitative immune responses by interfer-
some unidentified factor might then result in different “initial ing with signal pathways triggered by danger signals such
positions” Fig. 8a). As a consequence, co-administration of as LPS. This is consistent with the hypothesis of Seong and
the same dose of one given modulotope would sometimes in-Matzinger[28], as both motifs described in our paper can
duce opposite effects. This may offer an explanation why un- be considered as particular protein-associdgapos(Th2
der different experimental conditions or preparations a samemotifs) or may constitute an alternative specific arrangement
antigen can present a different Th behaviour. The amplitude of hydrophobic with charged amino acid residues. (Th1). In
of variation in the response to one modulotope would also addition, the data presented here offer the possibility of a
depend on the individual genotype (or mouse strain) as ob-rational immunomodulation by orienting responses towards
served in our experiments and presenteliq 8b versus c. the desired type.
Actually, this model can be used to fit the data obtained from
our in vivo studies in OF1 micd-{g. 8o and d) orin C57BL/6
mice (Fig. &) and is equally valid to explain the in vitro mod- ~ Acknowledgements
ulation of LPS activity in the Limulus assay. For instance, it
may explain the heterogeneous “dichotomic” response ob- We would like to acknowledge Emanuelle Trannoy and
served in OF1 mice upon administration of C 2p8pwith Nicolas Burdin for helpful discussions and critical reading

Nter (Fig. 5c and d), resulting in an intermediary Th position. of the manuscript, Jean Haensler and Laurent Revet for pro-
viding DC Chol adjuvant, and Harry Kleanthous (Acambis,

3.7. Structure of the peptides MA, USA) for providing full lengthHp catalase.

Peptides have also been analysed by far UV circular
dichroism Fig. 9andTable 3 to evaluate whether they pre-
served thei_n-helical structure. F_’eptid(_a_s a_re relatively_ little [1] Jankovic D, Liu Z, Gause WC. Thil- and Th2-cell commitment dur-
structured in PBS and a dynamic equilibrium may exist be- ing infectious disease: asymmetry in divergent pathways. Trends Im-
tween peptides in a helical and random conformation. The munol 2001;22:450-7.
peptides, however, maintain a clear propensity to adopt a he- [2] Kalinski P, Hilkens CM, Wierenga EA, Kapsenberg ML. T-cell prim-
lical conformation as shown by an around 3-fold increase in "9 by type-1 and type-2 polarized dendritic cells: the concept of a

. . . . . third signal. Immunol Today 1999;20:561-7.
helicity in the presence of trifluoroethanol. This might in- (3] Whelan M, Harnett MM, Houston KM, Patel V, Harnett W, Rigley
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