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Summary

Background Allergen-specific T helper 2 (Th2) cells play an important role in the pathogenesis
of atopic disorders. To date, no model system exists in humans that would allow the
monitoring of a developing de novo Th2 immune response in vivo.
Objective The aim of the experiment was to establish an immunization protocol inducing a de
novo Th2 response in humans using Keyhole Limpet Hemocyanin (KLH) as neo-antigen.
Methods The double-blind placebo-controlled, parallel-group study was conducted in two
groups of subjects (16 healthy volunteers and 16 patients with allergic rhinitis). Subjects
received three i.m. injections of 100 mg KLH adsorbed to aluminium hydroxide or matching
placebo (alum alone) in intervals of 2 weeks. On day 43, KLH alone (10 mg) was given intra-
dermally (i.d.) to all subjects to assess immediate and late-phase skin responses.
Results The immunization protocol was well tolerated, highly specific and efficient. Antigen-
specific production of Th2-cytokines (mainly IL-5 and IL-13) by PBMCs suggested a Th2
pattern, as did the presence of KLH-specific IgG4 in sera. Intra-dermal KLH challenge induced
an immediate-type of response predominantly in atopic subjects followed by a late-phase skin
reaction. The latter was accompanied by the presence of IgE1 cells, eosinophils and a strong
up-regulation of IL-4 and IL-13 along with the absence of Th1 transcripts in biopsies taken
from the site of antigen challenge. IL-17 and IL-22 transcripts were detected only in healthy
subjects skin following KLH challenge, while IL-1b and IL-33 expression did not differ
between the healthy and the atopics.
Conclusions The immunization protocol resulted in the elicitation of a local and peripheral
Th2 immune response in both healthy and atopic individuals. This may permit the
investigation and monitoring of novel immunomodulatory strategies aiming to interfere with
Th2 responses in man. The relevance of lack of Th17 cells in atopic skin in this model remains
to be determined.
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Introduction

Upon exposure to allergens, atopic individuals are prone
to develop a T helper 2 (Th2) dominated immune response
which mediates chronic inflammation of mucosal and
skin surfaces and is associated with the induction of
allergen-specific IgE [1–3]. Interfering with such patholo-
gical Th2 responses, ideally at the level of T cell priming,
might be an effective way to reduce allergen-induced
tissue inflammation.

To study the impact of potential immunomodulators on
the process of T cell priming, a model in humans allowing
the investigation of a developing Th2 response to a neo-
antigen would be required. Keyhole Limpet Hemocyanin
(KLH), a copper-containing protein isolated from the
mollusc Megathura crenulata, is widely used as a carrier
for peptides or other antigens in antibody production due
to its immunostimulatory properties [4, 5]. KLH has been
approved in a few countries for the treatment of super-
ficial bladder carcinoma. Its safety and efficacy has been
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established in randomized trials [6, 7]. Experimentally,
KLH has been safely administered to humans as a neo-
antigen in numerous studies. Up to 1 mg has been injected
as a single dose [8–10], and 100 mg KLH has been used in
multiple dose studies [11, 12]. Although the induction of
KLH-specific IgM and IgG has been demonstrated, Th2
responses have not been investigated in these studies. One
component to influence the type of a developing immune
response is the adjuvant. Aluminium-based adjuvants,
such as aluminium hydroxide or phosphate, are widely
used in vaccines such as diphtheria, tetanus and pertussis,
and their safety in humans has been established [13]. In
mice, these adjuvants are known to stimulate Th2-type
responses [14, 15]. Aluminium hydroxide alone leads to
the priming of B-cells and the accumulation of IL-4
– producing GR11 cells in spleens of mice [16]. Immuni-
zation of mice with KLH adsorbed to aluminium hydro-
xide (KLH/alum) has been shown to induce a robust Th2
response, as assessed by antigen-specific IL-4 production
of T cells in vitro, low IFN-g production and by the
presence of KLH-specific IgG1 (the homologue of human
IgG4) and IgE in serum [17–24].

To address the question whether KLH adsorbed to alum
would induce a Th2-type of de novo immune response in
humans, we conducted a vaccination study in healthy
volunteers and atopic subjects and monitored the develop-
ing immune response in sera, peripheral blood cells and
skin biopsies following intra-dermal (i.d.) injection of KLH.

Methods

Study participants

The study population of this double-blind placebo-con-
trolled parallel-group trial consisted of 32 patients, that is
16 healthy volunteers and 16 patients with allergic
rhinitis, all male or female Caucasians between 18 and 45
years of age. Basic demographics were not different
between atopic and healthy subjects. Patients were
defined as atopics by having a personal history of allergic
rhinitis, demonstrating an enhanced skin prick reaction
(46 mm erythema) to at least one allergen in a standard
prick test and an elevated total IgE (4100 kU/L) in serum
at the time of the study, but having no active disease
requiring medical intervention. All subjects gave
informed consent and the study was approved by the
ethics committee of the Medical University of Vienna (no.
380/2005). For the analysis of the cytokine response to
tetanus toxoid (TT), blood from 10 healthy volunteers
previously immunized with a TT vaccine was used.

Study design and late-phase skin reaction

Subjects received a single 0.5 mL isotonic i.m. injection of
100 mg KLH (IMMUCOTHELs; Biosyn Arzneimittel GmbH,

Fellbach, Germany) adsorbed to aluminium hydroxide
(aqueous aluminium hydroxide suspension) or matching
placebo (alum alone) at day 1 (baseline), day 15 and day
29. On day 43, KLH alone (10 mg) and a saline control was
given i.d. to all subjects to assess immediate and late-
phase skin responses. A punch skin biopsy from the
injection site was taken on day 45 (48 h post i.d. injection)
from all subjects.

Anti Keyhole Limpet Hemocyanin antibody enzyme-linked
immunosorbent assay

Assays were established and conducted by Charles River
Laboratories, Preclinical Services, Montreal, Canada. KLH
was diluted to 2.5 mg/mL in 0.05 M carbonate buffer, pH
9.6. Plates were coated with 100 mL KLH solution over-
night at 4 1C, and blocked with BlockerTM Casein (Pierce,
Rockford, IL, USA). After addition of 100 mL serum sam-
ples from study subjects, detection was performed with
the following antibodies: goat anti-human IgM-HRP
(Bethyl Laboratories Inc., Montgomery, TX, USA), mouse
anti-human IgG1-HRP (Alpha Diagnostic International,
San Antonio, TX, USA) or mouse anti-human IgG4-HRP
(Alpha Diagnostic International). A rat anti-KLH IgG2a
antibody (Biolegend, San Diego, CA, USA) or a rat
IgM antibody cross-reacting with KLH (#14-4341;
eBioscience, San Diego, CA, USA) were used to generate
a standard curve for the quantification of human KLH-
specific IgG or IgM antibodies.

In the absence of an anti-KLH-specific IgE antibody, a
multistep sandwich ELISA was established by using rat
anti-KLH IgG2a and rabbit anti-KLH IgG (Bethyl) anti-
bodies. To generate a standard curve, goat anti-rabbit IgG
antibodies were coated followed by increasing concentra-
tions of rabbit anti-KLH IgG. KLH (5 mg/mL) was added,
and wells were incubated with rat anti-KLH IgG2a. Finally,
a goat anti-rat IgG-HRP antibody served as the detection
antibody. Human serum samples were analysed for IgE-
specific anti-KLH antibodies using the same principle with
the exception that instead of coating plates with a goat
anti-rabbit IgG antibody, a goat anti-human IgE (KPL,
Gaithersburg, MD, USA) was used. Wells were then in-
cubated with the serum from study subjects followed by
the addition of KLH, and detection was performed as
above. The detection limit of this assay was in the range
of 4–10 ng/mL.

Isolation of peripheral blood mononuclear cells

Blood was drawn at each visit before the subsequent KLH
injections on days 1, 15, 29 and 43, and at a final visit on
day 57. Peripheral blood mononuclear cells (PBMCs) were
isolated from heparinized blood samples by Ficoll Paque
Plus (Amersham Biosciences, Uppsala, Sweden) density
gradient centrifugation.
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In vitro stimulation of cells, proliferation assay and
cytokine measurements

1�105 cells were cultured in 200 mL RPMI 1640/10% FCS
at 37 1C in 96-well round bottom plates and stimulated
with either 1 mg/mL KLH, 100 ng/mL anti-CD3 antibody
(SPV-T3b), 0.2 mg TT (Calbiochem, Merck KGaA, Darm-
stadt, Germany) or left unstimulated. Cells were cultured
for 5 days and pulsed overnight with 1 mCi/well 3H-
thymidine. For cytokine measurements, supernatants
were taken after culturing cells for 40 h, and 50 mL were
subjected to a multiplex luminex method (Upstate
Beadlyte Human Multi-Cytokine kit; Millipore, Billerica,
MA, USA) using beadmates coated with antibodies to
human IL-4, IL-5, IL-10, IL-13 and IFN-g.

Reverse transcription polymerase chain reaction in skin
biopsy specimens

Skin biopsies were homogenized in 1.2 mL Trizol reagent
(Invitrogen, Carlsbad, CA, USA) using a rotor-stator
homogenizer. RNA was purified with the Qiagen RNeasy
kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s protocol and was reverse-transcribed using the
High Capacity cDNA archive kit (Applied Biosystems,
Foster City, CA, USA). Quantitative PCR was performed
with a cDNA concentration of 20 ng/well on either
the ABI PRISMs 7700 or 7900HT Sequence Detection
System (Applied Biosystems) using Assay on Demand
reagents (Hs00187842_m1 for Beta-2 microglobulin,
Hs00929862_m1 for IL-4, Hs00174143_m1 for IFN-g,
Hs01073447_m1 for IL-12p35, Hs01011518_m1 for IL-
12p40, Hs99999038_m1 for IL-13, Hs00174383_m1 for
IL-17, Hs01574154_m1 for IL-22, Hs00413259_m1 for IL-
23p19, Hs01555410_m1 for IL-1 beta, Hs00369211_m1
for IL-33; Applied Biosystems) and the TaqMans Univer-
sal PCR Master Mix (Applied Biosystems). PCR conditions
were 50 1C for 2 min followed by 95 1C for 10 min, and 40
cycles with 15 s at 95 1C and 1 min at 60 1C. Fold differ-
ence of transcripts from KLH-immunized vs. alum-immu-
nized patients was calculated using the formula 2�DDCT ,
where CT is the threshold cycle, DCT is the difference in
threshold cycles for the target and reference gene (Beta-2
microglobulin) and DDCT is the difference in DCT between
samples from KLH and alum-immunized individuals.

Detection of immunoglobulin E positive cells and
eosinophils in skin biopsies

Frozen sections (5 mm) were acetone-fixed and blocked
with 2% BSA/PBS. A mouse anti-human IgE (clone
B3102E8; Southern Biotech, Birmingham, AL, USA) and a
mouse anti-human eosinophil major basic protein anti-
body (clone BMK13; Millipore) were used for the detection
of IgE1 cells and eosinophils, respectively. Positive cells

were visualized with the Elite Vecta Stain mouse ABC Kit
(Vector Laboratories, Burlingame, CA, USA).

Statistical analysis

The Cpm values of proliferation assays are shown as
mean�SEM (standard error of mean), one- and two-
way ANOVA were used to assess differences between KLH-
stimulated and unstimulated cells. For comparison of
individual time-points with one another, a paired t-test
was applied. For statistical analysis of cytokine and gene
expression levels, the Mann–Whitney U-test was used to
compare different groups. GraphPad Prism Software, Ver-
sion 4.0 (GraphPad Software Inc., San Diego, CA, USA)
was used for all applications. P-values of o0.05 were
considered as statistically significant, P-values of higher
significance (o0.01) were indicated separately.

Results

In order to establish an immunization protocol to generate
a de novo Th2-immune response in humans, 100 mg KLH
adsorbed to aluminium hydroxide (KLH/alum) was
injected i.m. three times at 14-day intervals into eight
healthy volunteers and eight atopic subjects. Aluminium
hydroxide (alum) alone served as a placebo control in
cohorts of additional eight healthy and eight atopic
subjects. The immunization regimen was well tolerated
and did not cause any disease flare in atopic individuals.
No adverse events were recorded during the study.

Keyhole Limpet Hemocyanin specific T cell response

KLH-mediated proliferation of PBMCs was measured
in vitro. Blood was drawn before immunization (baseline),
and at days 15, 29, 43 and 57 before subsequent injec-
tions. PBMCs were stimulated with either KLH, soluble
anti-CD3 antibody (positive control), or left unstimulated
(negative control). In both healthy and atopic subjects’
PBMCs, a significant KLH-specific proliferative response
was already detectable 2 weeks after the first immunization
and further increased after subsequent immunizations with
KLH (Fig. 1). In contrast, PBMCs from subjects immunized
with aluminium hydroxide failed to proliferate to KLH. As
expected, anti-CD3-mediated proliferation as well as pro-
liferation of non-stimulated cells did not change signifi-
cantly between the different time-points, and no
differences between KLH-immunized and alum-immu-
nized subjects were observed.

Keyhole Limpet Hemocyanin specific B-cell response

To investigate the development of KLH-specific immuno-
globulins, sera were isolated before immunization on day
1 and before subsequent KLH injections on days 15, 29, 43
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and 57. Small amounts of KLH-specific IgM were detected
already after one immunization (Fig. 2). These levels
increased after two injections (day 29) and persisted until
study completion. No differences in KLH-specific IgM
levels could be found between healthy and atopic sub-
jects. Similarly, KLH-specific IgG1 and, to a lesser extent,
also IgG4 levels were detectable already after one immu-
nization and increased following subsequent KLH injec-
tions. There were no significant differences in serum levels
of these IgG sub-classes between the healthy and the
atopic group, although the mean KLH-specific IgG4 on
day 57 was about eightfold higher in the serum of atopic
subjects compared with healthy ones. This difference,
however, was not significant, as just two of the eight
atopic subjects accounted for this difference. Further, no
KLH-specific IgE was detectable and individual levels of
total IgE did not change over the course of the study in
any of the subjects tested (data not shown). KLH-specific
immunoglobulins were absent in the sera of alum-immu-
nized patients.

Cytokine secretion profile of in vitro stimulated Peripheral
blood mononuclear cells is indicative of a T helper 2
skewed reaction

The specific Th1/Th2 pattern of the developing KLH
response was determined upon in vitro stimulation of
PBMCs with KLH. As shown in Fig. 3a, KLH-specific
cytokines were detectable after the second immunization
on day 29 and showed a trend for further increase after the

third and fourth KLH injections. Cytokine production was
highly specific as subjects immunized with alum alone did
not show any detectable KLH-specific cytokine response
(data not shown). KLH-specific IL-5 was detectable in 3/8
healthy and 4/8 atopic subjects immunized with KLH.
PBMCs from all but one KLH-immunized subject pro-
duced KLH-specific IL-13 and IL-10 was detectable in 6/8
healthy and 4/8 atopic subjects. IFN-g production was
induced by KLH in cells from most KLH-immunized
subjects (6/8 healthy and 5/8 atopic subjects). These levels
were just above the detection limit. KLH-specific IL-4 was
detectable in three KLH-immunized subjects (one healthy
volunteer, two atopic patients; data not shown). In con-
trast, polyclonal stimulation of cells with anti-CD3 anti-
body as a positive control resulted in detectable IL-4
production in all KLH- as well as alum-immunized sub-
jects, while non-stimulated cells serving as a negative
control failed to produce any of the cytokines tested
for (data not shown). This data suggests that the KLH
immunization protocol induced a cytokine response with
detectable or even high levels of the Th2 cytokines IL-13,
IL-5 and IL-10 but very little IFN-g. While KLH stimula-
tion almost failed to induce a strong IFN-g response, the
same cells produced IFN-g, but little IL-13 when stimu-
lated with an anti-CD3 antibody (Fig. 3b). Furthermore,
when PBMC from a different cohort of healthy subjects
with a history of TT vaccination were stimulated with TT
they produced IFN-g, but little IL-13 resulting in an IFN-g/
IL-13 production ratio of 33 in contrast to 0.18 following
KLH stimulation. This result is consistent with previous
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Fig. 1. Keyhole Limpet Hemocyanin (KLH) induced proliferation of peripheral blood mononuclear cells (PBMCs) is highly specific. Proliferative
responses of PBMCs isolated at the indicated time-points from KLH-immunized healthy volunteers and atopics vs. alum-immunized (placebo) respective
controls. PBMCs were stimulated in vitro with either KLH or anti-CD3 antibody, or left unstimulated. Mean values�SEM are shown of n = 8 per cohort.
Two-way ANOVA revealed a significant difference between KLH-stimulated and unstimulated cells from KLH-immunized patients (P = 0.0006 for healthy
and 0.0001 for atopic individuals), while no significant difference was detected for cells from alum-immunized control patients. One-way ANOVA showed
a significant (Po0.0001) variation over time for KLH-stimulated cells of KLH-immunized patients. �: Significant difference from baseline value (day 0,
1: significant difference from unstimulated negative control samples (paired t-test, Po0.05), n.s.: not significant.
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reports demonstrating a strong Th1 component upon TT
activation [25, 26]. Thus, KLH-induced cytokine responses
show a Th2 pattern, in contrast to anti-CD3 or TT stimula-
tion.

Keyhole Limpet Hemocyanin induces a late-phase skin
reaction peaking 24 h past challenge

Next, we tested immediate and delayed skin reactions to
application of KLH (i.d.). Therefore, 10 mg of KLH alone
were injected into the skin of all subjects on day 43. Seven
out of eight KLH-immunized atopic patients and 5/8
healthy volunteers that had been vaccinated with KLH
showed a flare reaction after 15–30 min, with the mean
diameter being significantly larger in atopic (�2.5 cm)
compared with healthy subjects (�1 cm; Fig. 4a). No
immediate skin reaction to KLH was visible in any of the
alum-immunized volunteers (data not shown). Induration
was strongest 24 h after KLH application in most (6/8
healthy and 6/8 atopic) subjects and had disappeared in
25% of all subjects after 48 h (Fig. 4b). This pattern
suggests a Th2-type late-phase skin response rather than
a classical Delayed Type Hypersensitivity (DTH), in which

the peak induration occurs at 48–72 h [27–29]. Eosinophils
were detected in biopsies taken 48h after KLH injection in
KLH-immunized but not in alum-immunized atopic as well
as healthy individuals (Fig. 4c). Similarly, IgE1 cells were
detected in biopsies only from KLH-immunized healthy
individuals (Fig. 4d) indicating a de novo IgE response.
Atopic patients immunized with KLH also showed IgE1

cells but, in contrast to healthy volunteers, there were
already some positive cells in alum-treated patients, in-
dicative of a pre-sensitization in these individuals (Fig. 4d).

To further characterize the type of the immune reaction
in situ, transcript levels of various cytokines were deter-
mined in the skin (Figs 4e and f). Cytokine transcript
changes were calculated as fold-increase between KLH-
immunized/KLH-challenged and alum-immunized/KLH-
challenged subjects. IL-4 levels were 9- or 14-fold
increased and IL-13 levels even 18- and 14-fold elevated
in the skin of healthy and atopic subjects, respectively.
Levels of IL-33, a cytokine, which promotes a Th2
response at least in mice [30] were very low and not
different between healthy and atopic subjects skin. IFN-g
mRNA showed only a 5- and 3.5-fold up-regulation
in healthy and atopic subjects, respectively. IL-12p35,
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Fig. 2. Immunization with Keyhole Limpet Hemocyanin (KLH) induces strong production of antigen-specific antibodies. Serum isolated from KLH-
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IL-12p40 and IL-23p19 levels were almost not or only
minimally up-regulated. As Th17 cells have been de-
scribed to be involved in skin inflammation, in psoriasis
[31] as well as in acute lesions of atopic dermatitis [32],
expressions of IL-17 and IL-22 transcripts were deter-
mined. Both IL-17 and IL-22 showed a significant and
strong up-regulation in healthy individuals, but almost no
response in atopic subjects. These data suggest that KLH
immunization induced a Th2-skewed skin response asso-
ciated with a Th17 response in healthy volunteers. IL-1b, a
growth factor for Th17 cells in humans [33] was expressed
at low levels and not found to be different between atopics
and healthy skin.

Discussion

This study describes for the first time a safe and highly
specific immunization protocol to generate a de novo Th2-
skewed immune response in man. Multiple i.m. injections
of KLH adsorbed to alum (KLH/alum) induced KLH-
specific serum IgG4, high IL-13 production by KLH-
activated PBMCs, and a strong IL-4 and IL-13 response in
KLH-induced late-phase skin responses. No such KLH-
specific immune responses were detected in subjects
immunized with alum alone.

In previous trials where KLH was used to immunize
human subjects, antigen-specific IgG and IgM production
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Fig. 4. Assessment of skin responses to Keyhole Limpet Hemocyanin (KLH). (a) Diameter of immediate flare assessed 15–30 min after i.d. KLH injection.
Each dot represents one patient, mean is indicated with line. 1: Po0.05 (Mann–Whitney U-test). (b) Late-phase skin response (diameter of the
induration) assessed 24 and 48 h after i.d. KLH injection. (c) Eosinophils and (d) IgE1 cells in cryosections from biopsies taken 48 h after challenge.
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as well as KLH-specific T cell proliferation was reported,
but most groups did not further discriminate between IgG
isotypes [8, 9, 11, 12, 34]. Boelens et al. [8] detected KLH-
specific IgG1–3, but no IgG4 after a 500 mg single dose.
We detected this isotype already in some patients after one
KLH immunization and in all subjects after three KLH
injections. In contrast to Boelens et al., we used KLH
adsorbed to alum that might explain the induction of
IgG4. As IgG4 production, like IgE, is thought to be
induced by the Th2 cytokines, IL-4 and IL-13 [35–37],
the presence of KLH-specific IgG4 (besides antigen-speci-
fic IgG1) indicates that our protocol induced a Th2
component. While KLH-specific IgE in sera from KLH/
alum-immunized subjects was undetectable with our
assay, large numbers of IgE1 cells were found in skin
biopsies after antigen challenge. This makes it likely that
KLH-specific IgE levels in sera were too low to be
detectable, but high enough at the site of challenge to
induce an immediate-type skin response. The immuno-
globulin pattern (high IgG4, low IgE) is therefore reminis-
cent of the ones reported among animal handlers and
beekeepers responding to high-dose exposure to the
respective allergens, rat urine and bee venom, and also to
the immune response in children exposed to cat allergen
[38–40], where high levels of allergen-specific IgG4, but
no IgE, have been detected. Concordantly, intra-pulmonar
administration of KLH (single 500 mg administration) to
allergic asthma patients did not induce any KLH-specific
IgE, but KLH-specific IgG4 [41]. In contrast to humans,
mouse KLH-specific IgE, besides antigen-specific IgG1
(the mouse homologue of human IgG4), was detectable
when KLH adsorbed to aluminium hydroxide was used as
a neo-antigen to study Th1/Th2 immune responses [17,
18, 21, 23, 42]. Kolbe et al. [18] have shown that the
amount of KLH used for immunization has a strong
influence on IgE levels, as high amounts of antigen lead
to low production of IgE and vice versa. Such a dose-
dependent KLH-specific IgE response was also found in
the nasal lavage of atopics after nasal exposure to KLH in
conjunction with adjuvant diesel exhaust particles. While
low (10 mg) doses lead to KLH-specific IgE production in
all subjects, only 57% of individuals were positive for
KLH-specific IgE after medium dosage (1000 mg), and only
11% after receiving a very high (100 000 mg) KLH dose
[43]. Thus, the possibility remains that the amount of KLH
used in our study was too high to induce a strong IgE
production detectable in serum. Lower concentrations of
i.m. injected KLH/alum in follow-up studies may therefore
establish an even stronger Th2 response in man.

The fact that KLH-specific IgE could not be detected in
sera might mirror the finding that IL-4 production was
found in PBMCs from only 3/16 KLH/alum-immunized
subjects. However, all donors showed an IL-4 response
following a polyclonal, anti-CD3 stimulus, demonstrating
that cells were in general capable of producing IL-4, but

the protocol was sub-optimal in inducing high levels of
peripheral antigen-specific IL-4, likely for the reasons
discussed above. KLH-specific IL-13 production was high
in PBMC in all but one subject, and IL-4 and IL-13
transcripts were highly up-regulated at the site of antigen
challenge. This reflects a strong local and moderate
peripheral Th2 response. The high local levels of IL-4 and
IL-13 might be sufficient to induce a local IgE response.
As Th1 cytokine transcripts were not up-regulated in the
skin following antigen challenge, these data suggest that
the protocol induced a robust local Th2 response. This
conclusion is further supported by the observation that
the local clinical response follows the pattern of a Th2-
driven late-phase skin reaction rather than a typical DTH
reaction [27, 29, 44, 45]. While this reaction exhibits its
peak between 6 and 24 h, a classical, Th1-mediated DTH
shows the strongest reaction at 48–72 h post induction
[28, 46]. Furthermore, the demonstration of a large
eosinophilic infiltrate in skin biopsies supports the con-
clusion of a local Th2 response.

Currently, it is unclear what promoted the Th2 response in
our protocol. KLH’s immunostimulatory property has been
mainly linked to the carbohydrate moieties [4], but not much
is known about the mode of action of KLH as an inducer of a
Th2 response. IL-33, a cytokine that may promote Th2
responses, was expressed at very low levels in the skin and
seems therefore unlikely to be a major inducer of a strong
local Th2 response. It remains to be clarified whether KLH
acts directly on DCs/APCs which then in turn induce the
differentiation of Th2 cells, or whether it acts indirectly, for
example via Thymic Stromal Lymphopoietin (TSLP), which
then activates DCs to induce a Th2 response [47].

Interestingly, transcripts of IL-17 and IL-22 were highly
elevated in the skin following antigen challenge in
healthy, but not atopic subjects. The significance of this
finding is currently unknown. To the best of our knowl-
edge, such a pattern has not been described yet. While IL-
22 as a Th17 cytokine is involved in skin inflammation in
mice [48] and is, along with IL-17, highly up-regulated in
psoriasis skin [31], there is little known about its contribu-
tion to antigen-induced late-phase responses in atopics. IL-
17 was identified in acute lesions of atopic dermatitis [32],
but was found to be severely impaired in patients with
Hyper-IgE-Syndrome [49]. IL-1b, required for the differ-
entiation of human Th17 cells, was expressed at low levels
in the skin and was not different between healthy and
atopic subjects. Thus, the reason for the lack of Th17 cells in
atopic subject’s skin remains currently unknown.

In summary, a protocol to induce a strong local
and moderate peripheral, antigen-specific de novo Th2
response to KLH/alum in humans has been presented. This
approach might be of particular interest to study a devel-
oping Th2 response in humans and to investigate novel
immunomodulatory regimens aiming to interfere with the
development of a Th2 response.
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