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In allergy and asthma, the fine balance between the T helper (Th) 1, Th2 and T regulatory
cytokine responses appears to be shifted towards Th2. Here, we report that synthetic lipo-
peptides which contain the typical lipid part of the lipoprotein of gram-negative bacteria
stimulate a distinct regulatory cytokine pattern and inhibit several Th2 cell-related phenom-
ena. The most potent analogue of synthetic lipopeptides, lipopeptide CGP 40774 (LP40)
was not active in MyD88-deficient mice and stimulated Toll-like receptor (TLR)-2, but not
TLR-4. LP40 potentiated the production of IFN-y and IL-10, but not IL-4 and IL-5 by human
T cells. In addition, triggering of TLR-2 by lipopeptides promoted the in vitro differentiation of
naive T cells towards IL-10- and IFN-y-producing T cells and suppressed IL-4 production by
Th2 cells. Accordingly, LP40 inhibited IgE production induced by allergen, anti-IgD antibody,
Nippostrongylus brasiliensis or murine acquired immunodeficiency virus. Furthermore,
ovalbumin-induced lung eosinophilic inflammation was abolished and Schistosoma mansoni
egg-induced granuloma size and eosinophil counts were suppressed in mice by LP40.
These results demonstrate that stimulation of TLR-2 by lipopeptides represents a novel way
for possible treatment of allergy and asthma by regulating the disrupted cytokine balance.
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1 Introduction

Th2 cells and their cytokines, in particular interleukin (IL)-
4, IL-18 and IL-5, are responsible for the production of
IgE and generation of tissue eosinophilia in allergic dis-
eases [1, 2]. Based on the recent knowledge of the path-
ogenesis of allergy and asthma, one mechanism to con-
trol the disease process is to control the over-expression
of Th2 cytokine-secreting cells. Thus, it is expected that
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selective inhibition of Th2 cytokines may control overex-
pression of IgE and eosinophils. IL-12 produced by mac-
rophages, dendritic cells (DC) and B cells is a dominant
factor in the differentiation of Th1 cells from naive T lym-
phocytes [3]. In contrast, the presence of IL-4 during the
initial priming of naive T cells by antigen generates IL-4-
and IL-5-producing Th2 cells while inhibiting Th1 devel-
opment [2]. In addition to cytokines, several other sub-
stances such as histamine may influence the develop-
ment of Th cell subsets [4].

IL-10 acts as a general inhibitor of proliferative and cyto-
kine responses of both Th1 and Th2 cells in vitro and in
vivo [5]. Recently, IL-10-derived regulatory CD4* T cells,
producing IL-10 and suppressing antigen-specific T cell
responses, were identified in human and mice [6, 7]. In
addition, IL-10 plays a key regulatory role in T cell toler-
ance to high dose of antigen exposure (bee sting of
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healthy individuals) and during specific immunotherapy
of allergy [5, 7]. IL-10 thus offers a means of dampening
inflammatory responses altogether, without the risk of
converting one deleterious response (e.g. Th2 response)
to another (e.g. Th1 response).

The Toll-like receptor (TLR) family is a phylogenetically
conserved mediator of innate immunity that is essential
for microbial recognition [8]. So far, ten members have
been reported [9]. TLR-2, TLR-4 and TLR-9 are responsi-
ble for immune responses to peptidoglycan, lipopolysac-
charide (LPS) and unmethylated CpG dinucleotides of
bacterial DNA, respectively [9]. Accumulating evidence
has revealed therapeutic potential of TLR-9-triggering
CpG DNA for cancer, allergy and infectious diseases [10,
11]. The present study demonstrates that stimulation of
the innate immunity by lipopeptides via a TLR-
dependent mechanism induces copious levels of the
anti-inflammatory cytokine IL-10 and the Th1 cytokine
IFN-v, which regulate naive T cell differentiation, IgE and
IgG antibody isotype regulation and lung eosinophilia in
mice, as a novel approach for the treatment of allergy
and asthma.

2 Results

2.1 Triggering of TLR-2 by lipopeptides

Signaling through TLR occurs through the sequential
recruitment of the adapter molecule MyD88 and the ser-
ine/threonine kinase IRAK, and subsequently activates
mitogen-activated protein kinases (MAPK), c-Jun N-
terminal kinase (JNK) and the nuclear factor (NF)-xB [12,
13]. We analyzed whether a synthetic lipopeptide, lipo-
peptide CGP 40774 (LP40), specifically activates NF-xB
via triggering of TLR-2 (Fig. 1A). For this purpose, we
transfected human embryonic kidney (HEK293) cells that
otherwise do not transduce signals by lipopeptides and
LPS via TLR-2 [14]. Wild-type and TLR-2-transfected
HEK293 cells were stimulated with biologically active
synthetic bacterial lipopeptide (sBLP) and inactive
Pam;Cys in comparison to LP40. NF-xB was activated
by LP40 and sBLP as measured using an NF-kB reporter
luciferase assay demonstrating that LP40-mediated sig-
nal transduction is dependent on TLR-2.

We also analyzed activation of JNK1 in purified mono-
cytes. Activation of JNK during signal transduction is
demonstrated by dual phosphorylation of Thr 183 and
Tyr 185 [15]. LP40 induced tyrosine phosphorylation of
46-kD JNK1 similar to LPS in purified monocytes
(Fig. 1B). To further support that LP40 stimulates TLR-2,
we analyzed IL-6 production by MyD88-deleted and
TLR-4-deleted mice spleen cells (Fig. 1C). LP40 stimu-
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Fig. 1. LP40 triggers TLR-2. (A) NF-xB activation triggered
by LP40 and sBLP. Wild-type and TLR-2-transfected
HEK293 cells were stimulated for 6 h with sBLP (1 ug/ml),
Pam3Cys (1 ug/ml), and LP40 (1 uM). NF-&B activation was
measured using an NF-kB reporter plasmid containing the
luciferase gene. Data normalized for transfection efficiency
are expressed as relative luciferase activity, i.e. multiples of
the results obtained in unstimulated wild-type HEK293 cells
(by definition =1). Shown is one representative experiment
out of three. (B) LP40 activates JNK1. Purified human mono-
cytes were stimulated with 100 ng/ml LPS and 1 uM LP40.
JNK1 was immunoprecipitated and Western blots were
stained with anti-phosphotyrosine and anti-JNK1 mAb. Both
LPS and LP40 induced tyrosine phosphorylation of JNK1.
Results are representative of three experiments. (C) LP40
signals through a TLR-2-dependent, MyD88-dependent, but
TLR-4-independent pathway. Spleen cells from TLR-27,
TLR-47-, or MyD88™~ mice and wild-type mice were cultured
with the indicated concentrations of LP40 for 24 h and the
culture supernatants assayed for IL-6 by ELISA. Represen-
tative of three experiments with three mice per group in each
experiment is shown.

lated IL-6 production in TLR-4-deleted spleen cells
dose-dependently without showing any effect in MyD88-
deficient spleen cells. In the case of TLR-2-deficient
mice, there was a marked diminution of LP40-induced
response, although a significant residual response was
observed. Same results were obtained for the induction
of TNF-a (data not shown). Together these data demon-
strate that LP40 signals through TLR-2 and through a
non-TLR-2, MyD88-dependent receptor.
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2.2 Induction of IFN-y, IL-10 and IL-12
production

The immunomodulatory effects of synthetic lipopeptides
were studied in human peripheral blood mononuclear
cells (PBMC) and during naive T cell differentiation to
Th2 and ThO cells (Fig. 2). First, we determined the effect
of LP40 on human antigen-specifically stimulated PBMC
cultures. LP40 substantially enhanced the antigen-
induced production of IL-10, IFN-y and IL-12, but
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Fig. 2. LP40 enhances the production of IFN-vy, IL-10 and IL-
12 but not Th2-type cytokines. (A) PBMC from bee venom-
allergic individuals were stimulated with the antigen (PLA) in
different doses of LP40 and cytokine levels were determined
by ELISA. Results shown are representative of one out of
four experiments. In the absence of LP40, IFN-y production
was 1.4+0.4 ng/ml, IL-4 was 0.3+0.1 ng/ml, IL-5 was
2.2+0.5 ng/ml, IL-10 was 1.8+0.4 ng/ml and IL-12 was
0.3+0.2 pg/ml. (B) Human PBMC were exposed to 1 uM
LP40 in the absence or presence of anti-CD3 stimulation for
6 h. RNA was isolated and subjected to RNase protection
assay. Same results were obtained in two other experi-
ments. (C) IL-12 p35 mRNA was detected after 8 h stimula-
tion of human PBMC with 1 uM LP40, 100 ng/ml LPS and
3uM CpG. (D, E) Purified human cord blood CD45RA*
T cells were differentiated into ThO cells (D) and Th2 cells (E)
in the absence or presence of 1 uM LP40 for 12 days. IC:
isotype control antibody. Intracytoplasmic cytokines were
determined 12 h after anti-CD2/anti-CD3/anti-CD28 mAb
stimulation. One out of four experiments with similar results
is shown; *p<0.001.
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exerted no effect on IL-4 and IL-5 in response to bee
venom allergen phospholipase A, (PLA) (Fig. 2A). Similar
results were obtained in other antigen systems such as
tetanus toxoid and protein-purified derivative of Myco-
bacterium bovis as well as anti-CD3 stimulation (data not
shown). We then analyzed effect of LP40 on cytokine
mRNA of human PBMC. LP40 strongly enhanced IL-10
and IFN-y mRNA and moderately enhanced IL-9 and IL-
15 mRNA expression (Fig. 2B). In addition, LP40 induced
IL-12 p35 mRNA expression in human PBMC similar to
LPS and CpG (Fig. 2C).

Since triggering of TLR-2 by LP40 altered several cyto-
kines that may influence Th cell subset differentiation, we
determined its effect on cytokine modulation during the
differentiation of naive Th cells to ThO cells and Th2 cells.
CD45RA"* cord blood T cells were stimulated with mAb
against CD2, CD3 and CD28. In the presence of IL-2 for
12 days, LP40 induced a unique cytokine profile and
enhanced IL-10 and IFN-y production during in vitro dif-
ferentiation of memory ThoO cells (Fig. 2D). LP40 induced
a profound enhancement in the frequency of IL-10- and
IFN-y-producing T cells in ThO cells. The percentage of
IFN-y-producing cells increased threefold and the per-
centage of IL-10-producing cells increased 41-fold. The
percentage of both IL-10- and IFN-y-producing cells
increased 37-fold. Interestingly, LP40 inhibited the in
vitro differentiation of naive T cells to Th2 cells (Fig. 2E).
IL-4 production was inhibited by 2.4-fold during differen-
tiation to Th2 cells. In contrast, the percentage of IFN-y-
producing cells increased by 2.5-fold in IL-4* IFN-y*
T cells showing a switch from Th2 to ThO cytokine pro-
file.

We also attempted to modulate the cytokine profile of
pure cloned T cells by LP40, which did not show any
direct effect (data not shown). Accordingly, modulation
of T cell cytokine profile by LP40 appears to be indirect
rather than a direct effect on T cells. In summary, trigger-
ing of the innate immune response by lipopeptides effi-
ciently modulates cytokine profile during Th cell differen-
tiation by suppressing IL-4 and abundantly enhancing
IL-10 and IFN-y.

2.3 Inhibition of IgE production

Since LP40 stimulated the production of IL-10, IL-12 and
IFN-v, but not IL-4 and IL-5, the question was posed,
whether IgE production could be regulated. In human
PBMC, the lipopeptide significantly inhibited the
allergen-induced production of bee venom PLA-specific
IgE, while it simultaneously enhanced PLA-specific IgG4
levels (p<0.001; Fig. 3A).
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Fig. 3. LP40 selectively suppresses IgE production. (A)
PBMC from a bee venom-allergic donor were stimulated with
PLA and antigen-specific IgE and IgG4 levels were deter-
mined by ELISA. LP40 (100 nM) completely suppressed IgE,
while enhancing IgG4. (B) Mice were injected s.c. with
N. brasiliensis (700 larvae/mouse). LP40 and CsA were given
i.p. daily except for day 5 and 12, and at day 10 serum sam-
ples were taken and IgE levels were determined by ELISA. At
day 10, LP40 (3 mg/kg) and as control CsA (20 mg/kg) sup-
pressed the IgE production by 88% and 87%, respectively.
Animals treated with vehicle alone produced 30.3 ug/ml of
IgE (100% value). (C) Groups of six mice were injected with
goat anti-mouse IgD antibody (3 mg/mouse) at day 0, and
treated orally with LP40 (10 and 30 mg/kg) at days -1, O
and 2. At day 8, serum samples were taken and total isotype
levels were determined by sandwich ELISA. Animals treated
with vehicle alone produced 67 ug/ml IgE, 28 mg/ml 1gG1
and 345 ug/ml IgG2a (100% values). Bars show the level of
suppression caused by 30 mg/kg LP40. SE of the mean is
given. LP40 (10 mg/kg) suppressed IgE by ~10%, IgG1 by
20%, and enhanced IgG2a by 151% (data not shown). (D)
Mice were treated as in (C) but LP40 was administered i.p.
(0.1 and 1 mg/kg) daily from day O to day 7 except day 6.
Total isotype levels were determined by sandwich ELISA at
day 8. Animals treated with vehicle alone produced 28 ug/ml
IgE, 39 mg/ml IgG1 and 545 ug/ml 1gG2a (100% values).
Bars show the level of suppression caused by 1 mg/kg LP40.
SE of the mean is given. LP40 (0.1 mg/kg) suppressed IgE by
38%, did not effect IgG1 level, and enhanced IgG2a by
172% (data not shown). CsA (20 mg/kg) significantly inhib-
ited IgE, IgG1 and IgG2a as control. (E) Groups of ten female
C57BL/6 mice were injected i.p. with the LP-BM5 viral stock
and treated with 3 mg/ml LP40 i.p. once a week for 5 weeks.
After 11 weeks serum samples were taken and IgE and
IgG2a levels were determined; *p<0.001. Results are repre-
sentative of three (A) and two experiments (B-E).
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The in vivo effects of LP40 on antibody isotype regulation
were intensively analyzed in three mouse models. In Nip-
postrongylus brasiliensis-infected mice [16], LP40 inhib-
ited the extremely high levels of IgE similar to cyclospo-
rin A (CsA) (Fig. 3B). In the goat anti-mouse IgD antibody
model given orally (Fig.3C) or i.p. (Fig.3D), LP40
strongly inhibited IgE (p<<0.001) and partially inhibited
IgG1 (p<0.01), reflecting total and partial IL-4 depen-
dency of these isotypes. In contrast, the IFN-vy-
dependent isotype IgG2a [17] was consistently
enhanced (p<0.001). In comparison to LP40, CsA inhib-
ited all Th cell-dependent isotypes, IgG1, IgG2a and IgE
(p<0.001; Fig.3D). We also examined whether LP40
could selectively inhibit IgE in a chronic virus model. It is
known that, similar to humans, in the murine model of
AIDS (MAIDS), virally-infected mice produce high levels
of IgE, particularly in the later stages of infection [18].
Here, LP40 suppressed serum IgE levels without signifi-
cantly affecting IgG2a levels (Fig. 3E).

2.4 Inhibition of allergen- and schistosoma-
induced lung eosinophilia

The murine lung inflammation model is widely used to
study asthma. Previous studies demonstrated that T cell
or T cell cytokine inhibitors such as CsA, anti-CD4, anti-
IL-4 and anti-IL-5 antibodies can effectively suppress
lung eosinophil infiltration in mice [19]. In response to
ovalbumin (OVA), which was applied three times i.p.
before the antigen rechallenge, as little as 0.03 mg/kg of
LP40 significantly reduced the number of eosinophils in
bronchoalveolar lavage (BAL) fluid (Fig. 4A). Almost
complete inhibition of eosinophil accumulation was
obtained at 3 mg/kg, which was as potent as CsA. LP40
was also found to be orally active (Fig. 4B), albeit much
higher doses were required. Interestingly, a single oral
dose given before the antigen rechallenge inhibited BAL
eosinophil counts by 82% (Fig. 4C).

Th2-type T cells and eosinophils are important players in
immune defense against parasites. Schistosoma man-
soni eggs are known to induce a Th2 response-mediated
eosinophilic granuloma in mice [20]. Treatment of mice
with LP40 significantly decreased granuloma size and
the tissue eosinophilia. Moreover, soluble egg antigen-
induced IL-4 and IL-5 were reduced by 30% and 93%
after LP40 treatment, respectively (Table 1).

3 Discussion

The present study demonstrates that stimulation of the
innate immune response by lipopeptides elicits a unique
Th profile, characterized by abundant levels of IL-10 and
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Fig. 4. Suppression of eosinophilic responses by LP40. (A)
For the induction of lung eosinophilia by antigen, mice were
sensitized with OVA and on day 21 challenged with OVA
intranasally. One day later bronchoalveolar cells were
counted. Various doses of LP40 were administered i.p. daily
starting at day 13 until day 21. For LP40, EDs, was 0.03 mg/
kg. (B) LP40 was given orally three times at days 21, 22
and 23. EDs, for LP40 for oral treatment was ~6 mg/kg. In
the same experiment, EDs, was <0.3 mg/kg when the com-
pound was administered i.p. (data not shown). (C) Condi-
tions were the same as in (B) except that the LP40 (30 mg/
kg) was administered orally, once on day 21, 1 h before anti-
genic challenge. Prednisolone (1 mg/ml) caused 55% inhibi-
tion of lung eosinophilia under the same conditions. Results
are representative of two separate experiments with groups
of eight mice (A-C); *p<0.001.

IFN-y, and inhibits several important features of allergic
inflammation including Th2 cells, IgE production and
eosinophilia in vivo. In chronic allergic diseases a
significant proportion of T cells display the Th2 pheno-
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type, which is defined by the predominant release of IL-
4, IL-5 and IL-13 [2]. Inhibition of Th2 cells or Th2
cytokines, Th2 cytokine receptors and Th2 cytokine
signal transduction may provide a direct way to treat
allergy and asthma. A more general mechanism of Th2
cell inactivation in allergic inflammation can be achieved
by the induction of high levels of IL-10. Microbial
lipoproteins are also potent stimulators of IL-12
production by TLR [14]. Accordingly, LP40 induces a
potent IL-12 and IFN-y response to counter-regulate
Th2-mediated allergic inflammation. Stimulation of the
immune response by synthetic lipopeptides appears to
utilize both of these strategies. As shown in allergen-
induced cytokine responses, LP40 does not inhibit IL-4
and IL-5 production directly. However, during
differentiation of naive T cells to memory T cells, LP40
enhances the number of IL-10- and IFN-y-producing
T cells leading to a distinct cytokine pathway and
thereby inhibiting IL-4-producing T cells.

The induction of high levels of IL-10 by LP40 is consis-
tent with a recent study, which reports that certain TLR-2
ligands induce IL-10 and T regulatory cells [21]. It has
been postulated that signaling through TLR always
induces Th1 responses [22]. However, more recent stud-
ies indicate that signaling through TLR-2 may also
induce Th2 responses [23, 24] or T regulatory responses
[21]. Different forms of lipopeptides may activate DC
subsets to produce different cytokines, and induce dis-
tinct types of adaptive immunity in vivo. For example,
Escherichia coli LPS was shown to induce IL-12 p70 in
the CD8a* DC subset, while Porphyromonas gingivalis
LPS, a TLR-2 ligand, did not [23]. In this context, our
data suggest that LP40 induces a unique cytokine pro-
file, characterized by induction of IL-10, IL-12 and IFN-y.
This unique cytokine profile cannot be characterized as a
typical Th1 or a T regulatory response. Therefore, the
present study highlights the complexity that is inherent in
the cytokine profiles of Th responses, and the futility of
trying to “fit” this complexity into the simple Th1-Th2
paradigm.

Table 1. LP40 suppresses S. mansoni egg-induced granuloma size, eosinophil content and IL-5 production?

Granuloma Eosinophils IL-4 IL-5 IFN-y
size (mMm®x10°%) (U/ml) (ng/ml) (ng/ml)
Control 3.6+0.9 50.0+9.4 6.72 38.99 1.07
LP40 1.9+0.4 6.0+1.3 4.68 2,77 1.55
(% inhibition) (46%) (88%) (30.4%) (93.0%) (0.0%)

4 Mice (n=5) were treated with LP40 at the time of i.v. challenge with S. mansoni eggs. Single-cell suspensions of lung-
associated lymph node cells were stimulated with soluble egg antigen. Cytokines were determined after 72 h. Percent

inhibition by LP40 is given in parenthesis.
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IL-4 and IL-13 are known to induce IgE switch in B cells
[25, 26]. Allergen-specific IgE antibodies mediate type 1
hypersensitivity, whereas specific IgG4 antibodies afford
normal protective immunity to the respective allergen
[27]. Several studies have demonstrated the IgE inhibi-
tory effects of IL-10, IL-12 and IFN-y [7, 28]. In addition,
IFN-y was successfully used to treat hyper-IgE patients
[29]. Consistent with this, the present study demon-
strates that LP40 inhibits IgE in several mice models.

The dramatic effect of a single dose of LP40 to inhibit
lung eosinophilia prior to airway antigen challenge sug-
gests a strong effect on the recruitment phase of this
response. Inhibition of IL-4 may down-regulate vascular
cell adhesion molecule (VCAM)-1 expression on the
endothelium [30] and IL-5 is an important cytokine for
increased eosinophil life span [31]. In addition, IL-10
down-regulates eosinophil function and activity in sev-
eral ways [32, 33] and IL-12 treatment of asthmatic
patients decreases blood and sputum eosinophils [34].

It has been demonstrated that immunostimulatory DNA
sequences containing CpG motifs prevent the develop-
ment of allergic airway responses in murine models of
disease [35]. Recently, it has been demonstrated that
allergen-DNA conjugates can reverse established Th2-
driven allergic airway responses [36]. In experiments with
TLR-27-, TLR-47~ and MyD88~~ mice, we have demon-
strated that LP40 utilizes an MyD88-dependent, TLR-2-
dependent and TLR-4-independent signaling pathway.
However, the significant residual response observed in
TLR-27- mice suggests that an additional receptor is
important for the LP40 signal. Recently, several new
components of the TLR signaling cascade have been
identified. Most pathways involved in the induction of
NF-kB and activator protein (AP)-1 were demonstrated
to be activated by triggering of TLR [37]. The present
study demonstrates that NF-xB is activated specifically
in TLR-2-transfected cells and 46-kDa JNK1 is activated
in human monocytes by LP40. These results are sup-
ported by the finding that a close analog of LP40 was
reported to cause phosphorylation of MAPK in macro-
phages [38]. Similar to our findings, synthetic lipopep-
tides were shown to activate extracellular signal-
regulated kinases (ERK)1/2 and MAPK/ERK kinases
(MEK)1/2 independent from TLR-4 pathway [39]. In addi-
tion, TLR-2 can heterodimerize with either TLR-1 or TLR-
6, and it is possible that the different combinations pro-
mote different responses [40].

The possibility that TLR triggering by bacterial or viral
components may protect against allergic disease is sup-
ported by several epidemiological studies. Positive
tuberculin response predicted a lower incidence of
asthma and atopy and correlated with increased Th1 and
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reduced Th2 cytokines in serum [41]. Currently, there is
convincing evidence suggesting that growing up in a
farm protects against the development of childhood
allergic diseases [42]. Dramatic increase in the frequency
of atopic disorders particularly in the western world has
been linked in part to reduced Thil-type immunity
because of reduced childhood infections [43].

Therapy with cytokines and growth factors represents a
novel approach for the treatment of several diseases.
The present study demonstrates that induction and reg-
ulation of cytokines by low-molecular-weight innate
immunity-triggering molecules could represent a practi-
cal approach in the treatment and prevention of allergic
diseases.

4 Materials and methods

4.1 Chemical synthesis of LP40

We have synthesized several lipopeptides, and after acquir-
ing information on the structural requirements for specific
biological activities, we synthesized the most effective lipo-
protein designated LP40 of 1.2 kDa [44]. Briefly, L-(R)-
cysteine was converted in several steps to N-palmitoyl-
S-[2(R),3-dilauroyloxypropyl]-(r)-cysteine, which was then
coupled to S-glutamic acid-bis-taurine amid resulting in
LP40.

4.2 Lymphocyte cultures and measurement of cytokine
production

PBMC from bee venom-allergic individuals were isolated by
Ficoll (Biochrom, Berlin, Germany) density gradient centrifu-
gation of peripheral venous blood and stimulated by PLA as
described [7]. Cytokines (IL-4 and IL-12 at 24 h, IL-5, IL-10
and IFN-vy at day 5) were determined by sandwich ELISA [7].
IL-12 ELISA was from PharMingen, San Diego, CA (clones
20C2 and C8.6). Purification of T cell subsets was per-
formed by magnet-activated cell sorting (Miltenyi Biotec AG,
Marburg) [31]. Purified cells were stimulated with a mixture
of soluble anti-CD3 and anti-CD28 mAb (PharMingen), both
10 ug/ml, for 72 h. Keyhole limpet hemocyanin (KLH;
Calbiochem)-specific responses in mice were induced as
described [45, 46]. Briefly, regional lymph node cells of
BALB/c mice (10° cells/0.2 ml/microtiter well) were cultured
with the compounds (tested at 0.1-10 uM range) and/or
KLH (3 ug/ml). Spleen cells of TLR-27-, TLR-47-, MyD88"~
and wild-type mice (generous gift of Dr. Shizuo Akira, Osaka,
Japan) were cultured with different doses of LP40.

Cytokines were determined by chemiluminescent immune
assay or by ELISA [47]. For cytokine determination by
RNase protection assay, PBMC were cultured at
4x10° cells/ml in 2-ml wells and stimulated with 1 ug/ml
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anti-CD3 in the presence or absence of 1 uM LP40. After
12 h, cells were lysed with guanidinium thiocyanate solution.
RNA was precipitated and cytokine mRNA levels were ana-
lyzed by RNase protection assay using the Riboquant multi-
probe set (PharMingen). IL-12 p35 mRNA expression was
detected as described [48]. LPS was from Sigma Chemicals
Co. and CpG oligonucleotide (5’-TCGTCGTTTTGTCGTTT-
TGCTGTT-3’) was from Microsynth, Balgach, Switzerland.

4.3 In vitro differentiation of Th2 and ThO cells

Human cord blood CD4* CD45RA" T cells were purified by
negative selection. Purity was more than 90%; less than 1%
CD14* monocyte contamination was observed; main con-
taminating cells were CD16°, CD147, CD19", CD3", CD4",
CD8" cells. Cells were stimulated with anti-CD2 (two mAb,
4B2 and 6G4, each 0.5 mg/ml), anti-CD3 (1 mg/ml), and
anti-CD28 (1 mg/ml) and IL-2 (25 U/ml). For Th2 differentia-
tion, human IL-4 (25 ng/ml) and neutralizing anti-IL-12
(10 wg/ml) were used. ThO cells were grown in the presence
of IL-2 only. LP40 (1 uM) was added to cultures from the
start.

Intracellular staining of cytokines in T cells after priming was
performed by fixing and permeabilizing the cells after stimu-
lation with anti-CD2, anti-CD3, and anti-CD28 mAb mixture
for 12 h. Monensin (2 mM, Sigma) was added during the last
10 h. Cells were fixed and permeabilized with a paraformal-
dehyde and saponin solution (Ortho PermeaFix, Ortho Diag-
nostic Systems, Raritan, NJ). After washing with PBS con-
taining 5% FCS, 1.5% BSA (Sigma) and 0.0055% EDTA
(Fluka Chemie) cells were stained with 0.5 mg/ml FITC- or
PE-labeled anti-IL-4, anti-IL-10 or anti-IFN-y mAb and FITC-
or PE-labeled rat IgG1 and rat IgG2a control antibodies (all
from PharMingen) for 30 min at 4°C. The flow cytometric
analysis was performed with an Epics XL (Coulter, Hialeah,
FL).

4.4 Immunoprecipitation and immunoblotting analysis

Cells were lysed in 0.5% Triton X-100 containing leupeptin,
pepstatin A and aprotinin (each at 10 ug/ml), sodium ortho-
vanadate (100 uM), EDTA (5 mM) and iodoacetamide
(50 mM) (all from Sigma). Lysates were incubated for 45 min
on ice, centrifuged for 10 min and supernatants were col-
lected. Immunoprecipitations were performed in superna-
tants for 2 h at 4°C with anti-JNK1 mAb (Sigma). Sepharose-
protein G was added for 2 h at 4°C (Sigma). Immunoprecipi-
tates were washed with cold lysis buffer, boiled in Laemmli
sample buffer and then subjected to electrophoresis on Tris-
glycine gels (Novex AG, Frankfurt, Germany). Immunoblot-
ting was performed on nitrocellulose membranes (Amers-
ham Life Science, UK) by anti-phosphotyrosine, anti-JNK1
mAb and visualized by chemiluminescence detection sys-
tem (Pharmacia Biotech Limited, UK).
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4.5 TLR-2 transfection and NF-xB reporter assay

HEK293 cells were purchased (ATCC-No. CRL-1573, TIB-
202, CCL-185). HEK293 cells were grown in Dulbecco’s
modified Eagle’s medium, supplemented with 10% low
endotoxin FBS (Hyclone Labs., Inc.) and 1% antibiotica-
antimycotica solution (Life Technologies, Basel, Switzer-
land). The TLR-2 expression plasmid is based on a pFLAG-
CMV-1™ vector (Sigma) and was a kind gift from Dr. C.
Janeway, New Haven, CT. sBLP (Pam3CysSerlLys4) was
purchased from Boehringer Mannheim Biochemica and pre-
pared in endotoxin-free water with 0.05% human albumin.
The biologically inactive Pam3Cys serving as negative con-
trol was obtained from Novabiochem, Switzerland.

HEK293 cells (2x10° per well) were seeded in 6-well plates.
After 24 h the cells were transfected with the TLR-2 expres-
sion plasmid (2 ug plasmid per ml media) by calcium phos-
phate precipitation [49]. For the NF-xB reporter assay
1.25 ug/ml pNF-kB-Luc reporter plasmid (Clontech) and
0.6 ug/ml pCMV-lacZ were added to the transfection mix.
The cells were lysed and luciferase activity was measured
with a tri-carb liquid scintillation analyzer™ (Packard, Meri-
den, CT) using reagents from the luciferase assay system of
Promega Inc. The luciferase activities normalized for trans-
fection efficiency are presented as multiples of the normal-
ized luciferase activity of the untreated wild-type sample,
which served as calibrator.

4.6 Induction of human and mouse IgE responses

PBMC (2.5x10°) from bee venom-allergic subjects were cul-
tured in 5 ml medium in 6-well plates and stimulated with IL-
4, sCD40L, anti-CD2 mAb and the PLA antigen for 12 days
with different doses of LP40 added to culture from the start.
Anti-PLA IgE and anti-PLA 1gG4 were measured in cultures
by ELISA as described [7].

For parasite-induced IgE response, female BALB/c mice
were injected s.c. with the nematode N. brasiliensis as
described [16]. Compounds were given daily, and at day 10,
serum samples were taken and antibody levels were deter-
mined by sandwich ELISA using IgE isotype-specific anti-
bodies [50]. For anti-IlgD-induced IgE response, BALB/c
mice were injected i.p. with purified goat anti-mouse IgD
antibody (produced in house, given 3 mg/animal) as
described [17]. These mice evoked profound IgE (20-80 ug/
ml) and IgG1 (20-30 mg/ml) antibodies, which were shown
to depend on T cell activation and IL-4 production. Antibody
levels were determined by ELISA [50]. For MAIDS-induced
IgE production, female C57BL/6 mice were injected i.p. with
the LP-BM5 viral stock inducing a disease referred to as
MAIDS as previously described [18]. LP40 was given 3 mg/
ml i.p. weekly for 5 weeks. Serum Ig levels were measured
after 11 weeks.

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4.7 Induction of lung eosinophilia

Briefly, groups of male BALB/c mice were sensitized by two
i.p. injections of 10 ug OVA in alum on days O and 14 [46].
Six days after the second sensitization (day 20), mice were
challenged by intranasal administration of 25 ug OVA in
50 ul PBS. At 24 h after the challenge, bronchoalveolar cells
were harvested and differential cell counts were performed
(Baxter, Dudingen, Switzerland).

4.8 Induction of parasite egg-induced granulomas

S. mansoni eggs were isolated from the livers of infected
mice (Biomedical Research Institute, Rockville, MD) and
5,000 eggs/animal were injected i.v. [20]. Unsensitized ani-
mals were sacrificed at day 14 after i.v. egg challenge. For
measurement of granulomas, the left lung was inflated with
Bouin-Hollande fixative. The size and cell composition of the
pulmonary granulomas were determined in Giemsa-stained
histological sections. For cytokine measurements, lung-
associated lymph node cells (3x10° cells/ml) were stimu-
lated with soluble egg antigen. Supernatants were harvested
at 72 h and assayed for cytokine activity by ELISA.

4.9 Statistical interpretation

Results are shown as mean + standard deviation. Paired and
non-paired Student’s t-test was used for statistical analysis.

Acknowledgements: This work was supported by grants
from the Swiss National Foundation: 32.65661.01 and
31.65436.01; National Institutes of Health (NIH): DK
57665-01, Al48638-01; and Center for Disease Control. We
thank D. Feuerlein, M. Grueninger, P. Libsig, W. Pignat, K.
Einsle, I. Wiesenberg (Novartis, Basel) and S. Loeliger (Uni-
versity Children’s Hospital, Zurich) for performing experi-
ments and excellent technical help; W. Breitenstein (Novar-
tis, Basel) for the synthesis of LP40 molecule for this study;
and A. Cheever (NIH, Bethesda) for histological measure-
ments. We are also grateful to Dr. A. Sher (NIH) for valuable
suggestions.

References

1 Kay, A. B., Ying, S., Varney, V., Gaga, M., Durham, S. R., Mog-
bel, R., Wardlaw, A. J. and Hamid, Q. A., Messenger RNA
expression of the cytokine gene cluster interleukin 3 (IL-3), IL-4,
IL-5, and granulocyte/macrophage colony-stimulating factor, in
allergen-induced late-phase cutaneous reactions in atopic sub-
jects. J. Exp. Med. 1991. 173: 775-778.

2 Mosmann, T. R. and Sad, S., The expanding universe of T cell
subsets: Th1, Th2 and more. Immunol. Today 1996. 17: 142-146.

3 Seder, R. A., Gazzinelli, R., Sher, A. and Paul, W. E., Interleu-
kin 12 acts directly on CD4* T cells to enhance priming for inter-
feron gamma production and diminishes interleukin 4 inhibition

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

10

1

—_

12

13

14

15

16

17

18

19

20

Eur. J. Immunol. 2003. 33: 2717-2726

of such priming. Proc. Natl. Acad. Sci. USA 1993. 90:
10188-10192.

Jutel, M., Watanabe, T., Klunker, S., Akdis, M., Thomet, O. A.
R., Malolepszy, J., Zak-Nejmarrk, T., Koga, R., Kobayashi, T.,
Blaser, K. and Akdis, A. C., Histamine regulates T cell and anti-
body responses by differential expression of H1 and H2 recep-
tors. Nature 2001. 413: 420-425.

Akdis, C. A. and Blaser, K., Mechanisms of interleukin-10-
mediated immune suppression. Immunology 2001. 103:
131-136.

Groux, H., O’Garra, A., Bigler, M., Rouleau, M., Antonenko, S.,
De Vries, J. E. and Roncarolo, M. G., ACD4" T cell subset inhib-
its antigen-specific T cell responses and prevents colitis. Nature
1997. 389: 737-742.

Akdis, C. A., Blesken, T., Akdis, M., Wiithrich, B. and Blaser,
K., Role of IL-10 in specific immunotherapy. J. Clin. Invest. 1998.
102: 98-106.

Medzhitov, R. and Janeway, C. A. J., Innate immunity: the vir-
tues of a nonclonal system of recognition. Cell 1997. 91:
295-298.

Takeda, K., Kaisho, T. and Akira, S., Toll-like receptors. Annu.
Rev. Immunol. 2003. 21: 335-376.

Krieg, A. M., Yi, A. K., Schorr, J. and Davis, H., The role of CpG
oligonucleotides in DNA vaccines. Trends Microbiol. 1998. 6:
23-27.

Raz, E., Tighe, H., Sati, Y., Corr, M., Dudler, J. A., Roman, M.,
Swain, S. L., Spiegelberg, H. L. and Carson, D. A., Preferential
induction of Th1 immune response and inhibition of specific IgE
antibody formation by plasmid DNA immunization. Proc. Natl.
Acad. Sci. USA 1996. 93: 5141-5145.

Kawai, T., Adachi, O., Ogawa, T., Takeda, K. and Akira, S.,
Unresponsiveness of MyD88-deficient mice to endotoxin. Immu-
nity 1999. 11: 115-122.

Sluss, H. K., A JNK signal transduction pathway that mediates
morphogenesis and an immune response in Drosophila. Genes
Dev. 1996. 10: 2745-2758.

Brightbill, H. D., Libraty, D. H., Krutzik, S. R., Yang, R. B.,
Belisle, J. T., Bleharski, J. L., Maitland, M., Norgard, M. V.,
Plevy, S. E., Smale, S. T., Brennan, P. J., Bloom, B. R.,
Godowski, P. J. and Modlin, R. L., Host defense mechanisms
triggered by microbial lipoproteins through Toll-like receptors.
Science 1999. 285: 732-736.

Dérijard, B., Hibi, M., Wu, I.-H., Barret, T., Su, B., Deng, T.,
Karin, M. and Davis, R. J., JNK1: A protein kinase stimulated by
UV light and Ha-Ras that binds and phosphorylates the c-Jun
activation domain. Cell 1994. 76: 1025-1037.

Ogilvie, B. M., Reagin-like antibodies in rat infected with nema-
tode parasite Nippostrongylus brasiliensis. Immunology 1967. 12:
113-131.

Finkelman, F. D., T help requirements for the generation of an in
vivo IgE response: a late acting from of T cell help other than IL-4
is required for IgE but not IgG1 production. J. Immunol. 1989.
142: 403-408.

Aziz, D. C., Hanna, Z. and Jolicoeur, P., Severe immunodefi-
ciency disease induced by a defective murine leukaemia virus.
Nature 1989. 338: 505-508.

Coyle, J. A. and Tsuyuki, S., Th2 cells and cytokine networks in
the allergic inflammation of the lung. Mediators Inflamm. 1995. 4:
239-247.

Wynn, T. A,, Eltoum, ., Oswald, I. P., Cheever, A. W. and Sher,
A., Endogenous interleukin 12 (IL-12) regulates granuloma for-



Eur. J. Immunol. 2003. 33: 2717-2726

21

22

23

24

25

26

27

28

29

30

31

32

33

mation induced by eggs of Schistosoma mansoni and exogenous
IL-12 both inhibits and prophylactically immunizes against egg
pathology. J. Exp. Med. 1994. 179: 1551-1561.

Sing, A., Rost, D., Tvardovskaia, N., Roggenkamp, A., Wiede-
mann, A., Kirsching, C. J., Aepfelbacher, M. and Heesemann,
J., Yersinia V-antigen exploits Toll-like receptor 2 and CD14 for
interleukin 10-mediated immunosuppression. J. Exp. Med. 2002.
196: 1009-1012.

Barton, G. M. and Medzhitov, R., Control of adaptive immune
responses by Toll-like receptors. Curr. Opin. Immunol. 2002. 14:
380-383.

Pulendran, B., Kumar, P., Cutler, C. W., Mohamadzaadeh, M.,
Van Dyke, T. and Banchereau, J., Lipopolysaccharides from
distinct pathogens induce different classes of immune responses
in vivo. J. Immunol. 2001. 167: 5067-5076.

Hirschfeld, M., Weis, J. J., Toshchakov, V., Salkowski, C. A.,
Cody, M. J., Ward, D. C., Qureshi, N., Michalek, S. M. and
Vogel, S. N., Signaling by Toll-like receptor 2 and 4 agonists
results in differential gene expression in murine macrophages.
Infect. Immun. 2001. 69: 1477-1482.

Del Prete, G., Maggi, E., Paola, P., Ghretien, ., Tiri, A.,
Macchia, D., Banchereau, J., De Vries, J. and Romagnani, S.,
IL-4 is an essential factor for the IgE synthesis induced in vitro by
human T cell clones and their supernatants. J. Immunol. 1988.
140: 4193-4198.

Punnonen, J., Aversa, G., Cocks, B. G., McKenzie, A. N. J.,
Menon, S., Zurawski, G., De Waal Malefyt, R. and De Vries, J.
E., Interleukin 13 induces interleukin 4 independent IgG4 and IgE
synthesis and CD23 expression by human B cells. Proc. Natl.
Acad. Sci. USA 1993. 90: 3730-3734.

Akdis, C. A. and Blaser, K., Bypassing IgE and targeting T cells
for specific immunotherapy of allergy. Trends Immunol. 2001. 22:
175-178.

Punnonen, J., De Waal Malefyt, R., Van Vlasselaer, P., Gau-
chat, J.-F. and De Vries, J. E., IL-10 and viral IL-10 prevent IL-4-
induced IgE synthesis by inhibiting the accessory cell function of
monocytes. J. Immunol. 1993. 151: 1280-1289.

King, C. L., Gallin, J. I., Malech, H. L., Abramson, S. L. and
Nutman, T. B., Regulation of immunoglobulin production in
hyperimmunoglobulin E recurrent-infection syndrome by inter-
feron gamma. Proc. Natl. Acad. Sci. USA 1989. 86:
10085-10089.

Schleimer, R. P., Sterbinsky, S. A., Kaiser, J., Bickel, C. A.,
Klunk, D. A., Tomioka, K., Newman, W., Luscinskas, F. W.,
Gimbrone, M. A., Jr., Mcintyre, B. W. and Bochner, B. S., IL-4
induces adherence of human eosinophils and basophils but not
neutrophils to endothelium: association with expression of
VCAM-1. J. Immunol. 1992. 148: 1086-1092.

Akdis, M., Simon, H.-U., Weigl, L., Kreyden, O., Blaser, K. and
Akdis, C. A., Skin homing (cutaneous lymphocyte-associated
antigen-positive) CD8" T cells respond to superantigen and con-
tribute to eosinophilia and IgE production in atopic dermatitis. J.
Immunol. 1999. 163: 466-475.

Zuany-Amorim, C., Creminon, C., Nevers, M. C., Nahori, M.-
A., Vergaftig, B. B. and Pretolani, M., Modulation by IL-10 of
antigen-induced IL-5 generation, and CD4* T lymphocyte and
eosinophil infiltration into the mouse peritoneal cavity. J. Immu-
nol. 1996. 157: 377-384.

Hoffmann, K. F.,, Cheever, A. W. and Wynn, T. A., IL-10 and the
dangers of immune polarization: excessive type 1 and type 2
cytokine responses induce distinct forms of lethal immunopa-
thology in murine schistosomiasis. J. Immunol. 2000. 164:
6406-6416.

34

35

36

37

38

39

40

4

iy

42

43

44

45

46

47

48

Anti-allergic effects of lipopeptides 2725

Bryan, S. A., O’Connor, B. J., Matti, S., Leckie, M. J., Kanabar,
V., Khan, J., Warrington, S. J., Renzetti, L., Rames, A., Bock, J.
A., Boyce, M. J., Hansel, T. T., Holgate, S. T. and Barnes, P. J.,
Effects of recombinant human interleukin-12 on eosinophils, air-
way hyper-responsiveness, and the late asthmatic response.
Lancet 2000. 356: 2149-2153.

Broide, D., Schwarze, J., Tighe, H., Gifford, T., Nguyen, M. D.,
Malek, S., Van Uden, J., Martin-Orozco, E., Gelfand, E. W. and
Raz, E., Immunostimulatory DNA sequences inhibit IL-5, eosino-
philic inflammation, and airway hyperresponsiveness. J. Immu-
nol. 1998. 161: 7054-7062.

Santeliz, J. V., Van Nest, G., Traquina, P., Larsen, E. and Wills-
Karp, M., Amb a 1-linked CpG oligonucleotides reverse estab-
lished airway hyperresponsiveness in a murine model of asthma.
J. Allergy Clin. Immunol. 2002. 109: 455-462.

Kritzik, S. R., Sieling, P. A. and Modlin, R. L., The role of Toll-like
receptors in host defense against microbial infection. Curr. Opin.
Immunol. 2001. 13: 104-108.

Dong, Z., Qi, X. and Fidler, I. J., Tyrosine phosphorylation of
mitogen-activated protein kinases is necessary for activation of
murine macrophages by natural and synthetic bacterial products.
J. Exp. Med. 1993. 177: 1071-1077.

Muller, M. A, Pfannes, S. D., Ayoub, M., Hoffmann, P., Bessler,
W. G. and Mittenbuhler, K., Inmunostimulation by the synthetic
lipopeptide P3CSK4: TLR4-independent activation of the ERK1/2
signal transduction pathway in macrophages. Immunology. 2001.
103: 49-60.

Akira, S., Takeda, K. and Kaisho, T., Toll-like receptors: critical
proteins linking innate and acquired immunity. Nat. Immunol.
2001. 2: 675-680.

Shirakawa, T., Enomoto, T., Shimazu, S.-I. and Hopkin, J. M.,
The inverse association between tuberculin responses and
atopic disorder. Science 1997. 275: 77-79.

Braun-Fahrlander, C., Gassner, M., Grize, L., Neu, U., Senn-
hauser, F. H., Varonier, H. S., Vuille, J. C. and Wiithrich, B.,
Prevalence of hay fever and allergic sensitization in farmer’s chil-
dren and their peers living in the same rural community. Clin. Exp.
Allergy 1999. 29: 28-34.

Cookson, W. O. C. M. and Moffatt, M. F.,, Asthma: an epidemic
in the absence of infection? Science. 1997. 275: 41-42.

Baschang, G., Muramylpeptides and lipopeptides: studies
towards immunostimulants. Tetrahedron 1989. 45: 6331-6360.

Alkan, S. S., Antigen-induced proliferation assay for mouse
T lymphocytes. Response to a monovalent antigen. Eur. J. Immu-
nol. 1978. 8: 112-118.

Coyle, A. J., Tsuyuki, S., Bertrand, C., Huang, S., Aguet, M.,
Alkan, S. S. and Anderson, G. P., Mice lacking the IFN-gamma
receptor have impaired ability to resolve a lung eosinophilic
inflammatory response associated with a prolonged capacity of
T cells to exhibit a Th2 cytokine profile. J. Immunol. 1996. 156:
2680-2685.

Alkan, S. S., Akdis, C. A. and Towbin, H., Chemiluminescent
and enzyme-linked immuno assays for sensitive detection of
human IFN-y. J. Immunoassay 1994. 15: 217-238.

De Waal Malefyt, R., Figdor, C. G., Huijbens, R., Mohan Peter-
son, S., Bennett, B., Culpepper, J., Dang, W., Zurawski, G. and
De Vries, J. E., Effects of IL-13 on phenotype, cytokine produc-
tion, and cytotoxic function of human monocytes. Comparison
with IL-4 and modulation by IFN-gamma or IL-10. J. Immunol.
1993. 151: 6370-6381.

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



2726 C. A. Akdis et al.

49 Sambrook, J., Hanahan, D., Rodgers, L. and Gething, M. J.,
Expression of human tissue-type plasminogen activator from
lytic viral vectors and in established cell lines. Mol. Biol. Med.
1986. 3: 459-481.

50 Kolbe, L., Heusser, C. H. and Kailsch, E., Isotype-associated

recognition of allergen epitopes and its modulation by antigen
dose. Immunology 1995. 84: 285-289.

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Immunol. 2003. 33: 2717-2726

Correspondence: Cezmi A. Akdis, Swiss Institute of Allergy
and Asthma Research (SIAF), Obere Strasse 22, CH-7270
Davos, Switzerland

Fax: +41-81-4100840

e-mail: akdisac@siaf.unizh.ch

S. S. Alkan’s present address: Aventis Pharmaceuticals, P.O.
Box 6800, Bridgewater, NJ 08807, USA
e-mail: sefik.alkan@aventis.com



