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Oral antigen uptake can induce systemic immune responses ranging from tolerance to

immunity. However, the underlying mechanisms are poorly understood, especially in

humans. Here, keyhole limpet hemocyanin (KLH), a neoantigen which has been used in

earlier studies of oral tolerance, was fed in a repeated low-dose and a single high-dose

protocol to healthy volunteers. KLH-specific CD41 T-cell proliferation and cytokine

production, as well as KLH-specific serum Ab and the effects of oral KLH on a subsequent

parenterally induced systemic immune response, were analyzed. Repeated low-dose oral KLH

alone induced antigen-specific CD41 T cells positive predominantly for the gut-homing

receptor integrin b7 and the cytokines IL-2 and TNF-a; some CD41 T cells also produced IL-4.

Oral feeding of KLH accelerated a subsequent parenterally induced systemic CD41 T-cell

response. The cytokine pattern of KLH-specific CD41 T cells shifted toward more IL-4- and

IL-10- and less IFN-c-, IL-2- and TNF-a-producing cells. The parenterally induced systemic

KLH-specific B-cell response was accelerated and amplified by oral KLH. The impact of single

high-dose oral KLH on antigen-specific immune responses was less pronounced compared

with repeated low-dose oral KLH. These findings suggest that oral antigen can effectively

modulate subsequently induced systemic antigen-specific immune responses. Immunomo-

dulation by oral antigen may offer new therapeutic strategies for Th type1-mediated

inflammatory diseases and for the development of vaccination strategies.
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Introduction

The immunological consequences of oral antigen uptake are

highly variable and include the induction of secretory IgA

responses, systemic immunity and even systemic tolerance

[1, 2]. Pathogens recognized by mucosal antigen presenting

cells as ‘‘danger signals’’ (e.g. by Toll-like receptors) lead to

inflammatory conditions and favor the development of cellular

and humoral immune responses [3]. On the contrary, soluble,

nonadherent antigens fed to mice usually suppress systemic
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cellular and/or humoral immune responses, a phenomenon

known as oral tolerance [1, 4–7]. Systemic tolerance in these

models may result from a variety of effects including clonal

anergy, clonal deletion and active regulation [2]. Understanding

the mechanisms leading to such diverse outcomes after mucosal

antigen uptake is not only important for mucosal vaccination

[3, 7], but may also offer new options for immunomodulation

or the treatment of autoimmune diseases [8–10]. Unfortunately,

responses to oral antigen differ significantly between species

[8, 11], and human studies are rare.

Similar to mouse models, systemic immune responses can be

induced in humans by oral uptake of pathogens which invade the

mucosa, e.g. Salmonella typhi Ty21a [12, 13], or of toxins which

can bind to mucosal epithelial cells and compromise the mucosal

barrier, e.g. cholera toxin [14, 15].

The induction of human oral tolerance has been described

[16–18] after feeding keyhole limpet hemocyanin (KLH), a

neoantigen which is safe to use in humans. Compared with

rodent studies, the antigen doses used were much lower and

effects observed were not as uniform: reduced delayed-type

hypersensitivity (DTH) [17, 18] and antigen-specific proliferation

of PBMC [16–18] have been reported after feeding KLH, although

KLH-specific B-cell responses were unaffected [16] or even

amplified [17, 18].

Functional Th-cell subsets are believed to determine the type

of immune responses, but have not been examined after oral

antigen challenge in humans. The frequencies of human antigen-

specific Th cells or even T-regulatory cells responding to a specific

antigen are usually low, ranging from 1:1000 to 1:1 000 000

[19]. We used antigen-reactive CD154 expression which allows

the detection of antigen-specific CD41 T-effector cells after short

time in vitro stimulation [20] to analyze antigen-specific effector

Th cells after oral feeding of KLH. Markers for antigen-specific

tolerized or regulatory T cells are not available, but oral tolerance

induction should be evident by comparison of antigen-specific

Th-cell responses after parenteral immunization in volunteers

with and without prior oral KLH.

In this report, we demonstrate a novel effect of oral immu-

nomodulation in humans: we show that oral KLH can induce a

systemic antigen-specific Th-cell response with a bias toward a Th

type 2 cytokine pattern. Furthermore, oral KLH primes a subse-

quent systemic immune response induced by parenteral immu-

nization, shifts the cytokine pattern of KLH-specific cells toward a

Th type 2 and amplifies KLH-specific B-cell responses.

Results

Oral KLH induces systemic KLH-specific CD41 T-cell
responses

Healthy volunteers ingested 5 mg KLH in acid-resistant capsules

from day 1 to day 10 (repeated low-dose oral group, oralRLD) or a

single dose of 50 mg KLH at day 1 (single high-dose oral group,

oralSHD, Fig. 1A). KLH-specific CD41 T cells were identified by

the expression of CD154 after short-term in vitro stimulation with

KLH in combination with the costimulatory Ab anti-CD28 [20].

Prior to oral antigen administration, the frequencies of

CD1541CD41 T cells did not differ after stimulation with KLH

and anti-CD28 or stimulation with anti-CD28 alone; at day 21,

i.e. 11 days after the last oral antigen dose, the frequencies of

CD1541CD41 T cells were higher after stimulation with KLH and

anti-CD28 than after stimulation with anti-CD28 alone suggest-

ing induction of KLH-specific CD41 T cells by oral KLH (Fig. 1B).

Compared with day 0, the frequencies of CD1541CD41 T cells

were increased at day 21 in the oralRLD group (Fig. 1A). In fact,

six of the eight subjects in the oralRLD group, but only one of the

seven subjects in the oralSHD group, showed an at least threefold

increase of CD1541CD41 T cells at day 21 compared with day 0

and were therefore considered as responders (Fig. 1A).

Next, we analyzed the expression of cytokines and homing

receptors within the KLH-specific CD41 T-cell population at day

21, e.g. prior to the first parenteral immunization (Fig. 1C). In the

oralRLD group, antigen-specific CD41 T cells produced predomi-

nantly IL-2 and TNF-a. Interestingly, the proportion of IL-4-

producing cells was significantly higher compared with IFN-g-

producing cells. IL-101 cells were rare. Antigen-specific CD1541

CD41 T cells mainly expressed the gut-homing receptor integrin

b7 and not the skin-homing receptor cutaneous lymphocyte

antigen (CLA). Compared with the oralRLD group, KLH-specific

CD41 T cells in the one responder of the oralSHD group also rarely

expressed IL-10 or CLA, but showed lower frequencies of IL-4,

IL-2, TNF-a and integrin b7 expression, although IFN-g-produ-

cing cells were common (Fig. 1C).

It has been shown that the frequency of antigen-specific

Th cells in peripheral blood is low, even after immunization

[19–21]. We therefore confirmed a KLH-specific increase in

CD1541CD41 T cells expressing the cytokines investigated or

integrin b7 at day 21 in the oralRLD group by comparison with

control cultures restimulated with anti-CD28 alone (Supporting

Information Fig. 1B).

Oral low-dose KLH accelerates the specific CD41 T-cell
response to subsequent parenteral immunization

Following oral KLH administration, the subjects of the oralRLD

and oralSHD groups were immunized parenterally (subcuta-

neously and intradermally) with KLH to induce a

systemic immune response. The control subjects were only

parenterally immunized. A similar DTH reaction was observed

in both the oral groups and the control group after parenteral

immunization. Compared with controls, CD41 T-cell proliferation

in the oralRLD and oralSHD group was significantly increased

following parenteral immunizations at days 21 and 28 (Fig. 2A

and B).

In the control group, KLH-specific CD41 T cells appeared

at day 32, i.e. 4 days after the second immunization and

reached a maximal frequency at day 35. Similar kinetics were

seen for all subpopulations of KLH-specific CD41 T cells, except
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Figure 1. Oral KLH induces KLH-specific systemic CD41 T-cell responses. PBMC were isolated before and after repeated low-dose (oralRLD) or single
high-dose (oralSHD) oral KLH, stimulated in vitro with KLH and anti-CD28 or anti-CD28 alone, and analyzed by flow cytometry. CD1541CD41 cells
were considered KLH specific. Parenteral immunization was done in the upper arm with 0.5 mg KLH intradermally and 0.5 mg KLH s.c.
(A) Percentages of KLH-specific CD41 T cells at days 0, 11 and 21 after repeated oral KLH low dose (oralRLD, n 5 8, left) and single oral KLH high dose
(oralSHD, n 5 7, right). (��po0.01, Wilcoxon matched pairs test). (B) Comparison of the frequencies of CD1541CD41 T cells after stimulation with KLH
and anti-CD28 or anti-CD28 alone at days 0, 21 and 32 in the oralRLD, oralSHD and control group (��po0.01, �po0.05, Wilcoxon matched pairs test).
(C) Expression of cytokines and homing receptors within the KLH-specific CD41 T-cell population at day 21 for the responding individuals (six
oralRLD and one oralSHD) with an at least threefold increase of KLH-specific CD41 T cells compared with day 0. Individual data and medians are
indicated.
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for IL-10 expressing cells, which were not detected at all

(Fig. 2).

A faster CD41 T-cell response after parenteral immunization

was observed in the oralRLD group (Fig. 2A). As noted above,

orally primed antigen-specific CD41 T cells were already detect-

able at day 21, prior to the first parenteral immunization

(Fig. 1A). In contrast to the control group, the frequency of KLH-

specific CD41 T cells in the oralRLD group increased already after

the first parenteral immunization, and reached a maximum 4

days after the second parenteral immunization at day 32

(Fig. 2A). Again, similar kinetics were seen for all subpopulations

of KLH-specific CD41 T cells except for IL-10-producers, which

were detected only at day 32.

Although CD41 T-cell proliferation at days 21 and 28 was

increased compared with controls in the oralSHD like

in the oralRLD group, a single oral dose of 50 mg KLH did not

induce an antigen-specific CD41 T-cell response up to day 21

(Fig. 1A) and did not significantly affect KLH-specific CD41

T-cell kinetics (Fig. 2B). In comparison to the control group,

the proportion of KLH-specific CLA1CD41 T cells (d32-39)

as well as the proportion of IFN-g-producing CD41 T cells (d39)

were lower in the oralSHD group only at later time points

(Fig. 2B).

Oral KLH shifts functional subpopulations of specific
CD41 T cells induced by parenteral immunization

To investigate qualitative alterations of the parenterally induced

systemic immune response by earlier oral KLH, we compared the

cytokine pattern and homing receptor expression of KLH-specific

CD41 cells of the oralRLD, oralSHD and control group 4 days after

the second parenteral immunization (d32, Fig. 3). At this time

point, the frequencies of CD1541CD41 T cells were similar in all

groups and could be confirmed as KLH-specific by comparison

with control cultures restimulated with anti-CD28 alone (Fig. 1B;

Figure 2. Effects of oral KLH on KLH-specific CD41 T-cell responses induced by subsequent parenteral immunization. PBMC from the (A) oralRLD

group (n 5 8) and (B) oralSHD (n 5 7) group were isolated at days 0, 11, 21, 28, 32, 35 and 39 and analyzed by flow cytometry for CD41 T-cell
proliferation and for the expression of cytokines and homing receptors in comparison to controls (n 5 6). Shown are the percentages of KLH-
specific CD1541 cells, the percentages of cells expressing the indicated cytokines and homing receptors together with CD154, as well as the
percentage of proliferated cells within the CD41 T-cell population (�po0.05, ��po0.01, ���po0.001, Mann–Whitney test).
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for subpopulations of CD1541CD41 T cells, see Supporting

Information Fig. 1C).

Compared with parenteral immunization only, repeated oral

low-dose KLH shifted the proportion of cytokine producers within

the KLH-specific CD41 T cells toward more IL4+ and IL10+ and

toward less IFN-g1, IL-21 and TNF-a1 cells (Fig. 3). In the

oralSHD group, the proportion of KLH-specific CD41 T cells

producing specific cytokines was generally intermediate between

the proportions seen in the oralRLD and control group. Only IL-4-

producing KLH-specific CD41 T cells were significantly less

frequent in the oralSHD compared with the oralRLD group (Fig. 3).

The frequency of KLH-specific CD41 T cells positive for the skin-

homing marker CLA was similarly reduced in the oralRLD and

oralSHD group compared with controls. KLH-specific CD41 T cells

positive for integrin b7 did not differ between the groups.

Oral KLH amplifies KLH-specific B-cell responses
induced by subsequent parenteral immunization

To investigate effects of oral KLH on KLH-specific B-cell

responses, we compared KLH-specific serum Ab in the oralRLD

group and control group (Fig. 4). Prior to the first KLH

administration, whether oral or parenteral, we did not detect

KLH-specific IgA and only minute amounts of KLH-reactive IgG

(o41 AU/mL) (AU, arbitrary units) and IgM (o35 AU/mL)

(Fig. 4A); KLH-specific IgE was not detected at all (data not

shown). In the control group, KLH-specific IgA, IgG and IgM

increased significantly after the second parenteral immunization

(day 32) with maximal values at days 35 and 39. Oral KLH alone

did not induce KLH-specific serum Ab (Fig. 4A, days 11 and 21).

However, KLH-specific IgA and IgM increased earlier, i.e. after

the first parenteral immunization (day 28), in the oralRLD group

compared with the control group (Fig. 4A). In addition to faster

kinetics of IgA and IgM, the oralRLD group showed higher KLH-

specific IgG and IgM serum Ab levels in the observed period

compared with controls (Fig. 4A). KLH-specific B-cell responses

were mostly unaltered by a single high dose of oral KLH (data not

shown).

As shown above, low-dose oral KLH prior to parenteral

immunization shifted the cytokine pattern of KLH-specific CD41

T cells toward a Th type 2 response. Since the Ig subclass IgG4

seems to be associated with Th2 responses in humans [22, 23],

we analyzed IgG subclasses of KLH-specific Ab. KLH-specific

IgG1, IgG3 and IgG4 serum Ab appeared earlier and

reached higher levels in the oralRLD group compared with the

control group (Fig. 4A). Furthermore, the IgG4/IgG3 ratio was

significantly higher in the oralRLD group compared with

parenteral control group at day 39 (Fig. 4B) although values

within groups varied considerably. KLH-specific IgG2 was

detectable only in four of the eight subjects of the oralRLD group

(Fig. 4A).

Discussion

Oral uptake of antigens can lead to outcomes such diverse as

systemic tolerance [16–18] and immunity [12–15] in humans.

However, little is known about the underlying mechanisms and

the function of Th cells induced by oral antigen. In this study,

low-dose oral KLH induced an antigen-specific systemic CD41

T-cell response with a shift toward a Th type 2 cytokine pattern.

In a subsequent systemic immune response induced by parenteral

immunization, low-dose oral KLH amplified B-cell responses and,

most strikingly, shifted the cytokine pattern of KLH-specific CD41

T cells from a Th type 1 toward a Th type 2, suggesting a novel

effect of oral immunomodulation.

The frequencies of KLH-specific CD41 T cells as identified by

the expression of CD154 after short-term in vitro stimulation

[20, 24] were low but similar to the frequencies of antigen-

Figure 3. Oral KLH results in a shift of functional subpopulations of KLH-specific Th cells induced by subsequent parenteral immunization. PBMC
were isolated at day 32 (4 days after the second parenteral immunization) and the expression of cytokines and homing receptors within the KLH-
specific CD1541CD41 T-cell population in the oralRLD (n 5 8), oralSHD (n 5 7) and control group (n 5 6) was analyzed by flow cytometry. Individual
data and medians are indicated (�po0.05, ��po0.01, Mann–Whitney test).
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specific Th cells observed in humans after vaccination [20, 21].

Furthermore, the CD41 T-cell responses observed were clearly

KLH specific as demonstrated by comparison with preimmune

cultures or cultures stimulated by anti-CD28 alone.

It has been shown in mice that activation of T cells by DC

imprints their tissue-specific homing potential. Accordingly,

activation by DC from peripheral LN induces T cells with skin-

selective homing potential [25–27]. On the contrary, T cells with

gut-homing potential are induced by DC from Peyer’s patches or

MLN [25–29]. The selective capacity of murine intestinal DC to

generate integrin a4b71CCR91 gut-homing T cells involves reti-

noic acid [30] and seems to be restricted to the specialized subset

of CD1031MLN DC originating from the small intestinal lamina

propria [31]. Similar mechanisms could explain the predominant

expression of the skin-homing receptor CLA and the gut-homing

receptor integrin b7 on KLH-specific Th cells after parenteral and

oral immunization, respectively, in our study and earlier human

reports [13, 32–36].

Outcomes of oral uptake are antigen-dependent, e.g. bacterial

toxins such as cholera toxins can be used as mucosal adjuvans

[37, 38] to avoid tolerance induction, whereas cholera toxin B

subunit lacking its toxic A fraction was found to augment

tolerogenic effects [39]. In contrast to most food proteins, KLH is

a very large protein with an established use as adjuvans [40] and,

possibly, specific immunological effects after oral uptake. KLH is,

however, the only neoantigen with a history of clinical and

experimental administration in humans, and an earlier human

study found no differences in T- and B-cell responses after feed-

ing KLH or ovalbumin [41].

Outcomes of oral antigen are also dose dependent: in mice, a

single high dose (40.5 mg/g body weight) of oral antigen

suppresses most immune responses by direct T-cell inactivation

[42], whereas multiple low doses (o0.1 mg/g body weight) of

oral antigen favor the generation of regulatory cells [5, 43]. Oral

antigen doses in our and other human studies [16, 17], however,

have been one to two orders of magnitude lower, and parenteral

immunization doses varied from 0.01 to 1 mg of KLH. In our

study, repeated feeding with a low dose of KLH accelerated the

Th-cell response after parenteral immunization, whereas earlier

studies reported reduced DTH [17] and/or reduced proliferation

of PBMC stimulated with KLH [16, 17], following KLH feeding in

human volunteers. These studies used higher oral and lower

parenteral KLH doses compared with our study which confirms a

dose-dependent effect of oral KLH. Interestingly, low-dose oral

KLH utilized in this study induced measurable systemic T-cell

responses not seen in the earlier studies and effectively modu-

lated systemic immune responses induced by parenteral KLH.

Induction of functional CD41 T cells is also supported by KLH-

specific B-cell responses which, in parallel to an earlier occurrence of

KLH-specific Th cells, appeared faster and, as reported by others

Figure 4. Oral KLH amplifies KLH-specific B-cell responses induced by subsequent parenteral immunization. Sera from subjects of the oralRLD

(n 5 8) and control group (n 5 6) were collected at days 0, 11, 21, 28, 32, 35 and 39 and analyzed for KLH-specific Ab as described in Materials and
methods. (A) Kinetics of KLH-specific Ab responses. The amounts of KLH-specific Ab are denoted as arbitrary units (AU), because no specific anti-
KLH control Ab are available. (B) Ratios of IgG subclasses IgG4/IgG1 and IgG4/IgG3 at day 39 (�po0.05, ��po0.01, ���po0.001, Mann–Whitney test).

Eur. J. Immunol. 2010. 40: 3128–3137 Immunomodulation 3133

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



[17], were even amplified after oral KLH. Th cells play a pivotal role

in the development of antigen-specific B-cell responses against

protein antigens [44, 45] and thus are probably required in the

selection, expansion and differentiation of KLH-specific B cells.

Parenterally induced systemic immune responses were not

merely amplified after oral KLH. The most striking effect of oral

KLH was a shift in the cytokine pattern of KLH-specific CD41

T cells from a Th type 1 toward a Th type 2, with more IL-4- and

less IFN-g-producing cells. A similar shift has been found in mice

after intraperitoneal immunization with KLH, which reduced

IFN-g and increased IL-4-secreting cells induced by subsequent

parenteral immunization not only for KLH, but also for the

unrelated antigen guinea pig myelin [46]. KLH-specific IL-10-

producing cells were only induced after oral priming with KLH

and may represent Th cells, supporting the differentiation of

B cells [47, 48]. Alternatively, these could be self-controlled Th1

cells, recently identified by the coexpression of IFN-g and IL-10,

which are believed to limit inflammatory responses [49–52].

It has been proposed that the special environment in mucosal

tissues favors the induction of tolerance, the production of IgA Ab

and also Th type 2 responses [2, 3]. Mucosal DC may be involved

in the induction of Th type 2 responses, because it has been

shown in vitro that murine Peyer’s patches [53] and MLN DC [54]

induce the differentiation of Th type 2 cells. Th type 2 responses

have also been found after priming with low doses of antigen by

nonmucosal routes in mice [55] and it could be speculated that

compared with parenteral immunization lower amounts of anti-

gen were available to the immune system after oral feeding in our

study. However, we observed no priming of Th type 2 responses

by parenteral low-dose KLH in our control, although the doses

used were even lower than those in murine models. Therefore,

we think that the priming of Th type 2 responses in our study is a

specific effect of oral KLH.

Our protocol did not induce classical oral tolerance defined as

specific suppression of cellular and/or humoral immune responses

to an antigen by prior oral administration of the same antigen [1].

The decrease in CLA1 and IFN-g-producing CD41 T cells in the

oralSHD group could reflect tolerance of e.g. skin homing Th type 1

cells, and the reduction of Th type 1 cells in our study would be

compatible with the induction of tolerized or regulatory T cells by

oral KLH. Specific markers for antigen-specific regulatory T cells are

not available so far, and the frequency of KLH-specific Th cells is

very low; therefore, the identification by e.g. FOXP3 in combination

with CD25 [56] is not sensitive enough for the quantification of

regulatory T cells induced or expanded by our protocol. However,

oral KLH even primed CD41 T-cell proliferation and did not alter

DTH reactions, providing evidence rather against the induction of

regulatory T cells. If regulatory activity is involved in the shift

toward Th type 2 cytokines, it should be abrogated by high-dose IL-

2 or CTLA-4 blockade [2]. Because our blood samples were limited,

this could not be assessed within the study reported here.

Alternatively, the observed cytokine shift toward a Th type 2

response after parenteral immunization might be mediated by pre-

existing KLH-specific Th type 2 cells possibly primed in the MLN

after oral KLH administration. MLN can act as crossover point

between mucosal and systemic immune systems, and therefore

antigen-specific Th type 2 cells may migrate from MLN into

peripheral LN [2]. Following subsequent parenteral immunization,

antigen would be presented by DC not only to naı̈ve T cells in

peripheral LN [52], but also to pre-existing KLH-specific Th type 2

cells generated via the oral route. In this scenario, by rapid

secretion of IL-4 these orally primed Th type 2 cells could induce

Th type 2 cell differentiation in KLH-reactive naı̈ve T cells [57].

To our knowledge, these are the first data to demonstrate that

an oral antigen can modulate a subsequent systemic immune

response in humans toward Th type 2 cytokine production and

amplified B-cell responses. If oral antigen could likewise modu-

late established Th type 1 responses, then such a shift toward a

Th type 2 response would allow the treatment of autoimmune

and inflammatory diseases caused by antigen-specific pathogenic

Th type 1 cells. The predominant Th type 2 response associated

with high-titer serum Ab after oral priming could improve

humoral immunization strategies.

Materials and methods

KLH

Clinical grade KLH (Immucothels) was obtained from Biosyn

(Fellbach, Germany). The production of acid-resistant capsules

for oral administration was performed under GMP conditions by

Rentschler Pharma (Laupheim, Germany).

Subjects and study design

A total of 21 healthy volunteers were recruited for the study. The

repeated low-dose oral group (oralRLD, three males, five females;

mean age 33 years, range 23–49) ingested 5 mg KLH in acid-

resistant capsules from day 1 to day 10 (Fig. 1). The single high-

dose oral group (oralSHD, four males, three females; mean age 38

years, range 27–53) ingested 50 mg KLH in acid-resistant capsules

on day 1. All subjects were parenterally immunized in the upper

arm with 0.5 mg KLH intradermally and 0.5 mg KLH subcutaneously

on day 21 and day 28. In total, 50 mL of heparinized blood samples

were taken as indicated in the respective time schedule of all figures.

The parenteral control group (controls, three males, three females;

mean age 28 years, range 26–30) was immunized only parenterally

on days 21 and 28 as described. Blood samples were taken at

regular intervals as shown in the figures. The study was approved by

the local ethics committee and informed written consent was

obtained from all the participants.

Cell isolation and stimulation

PBMC were obtained after density gradient centrifugation.

Antigen-specific CD41 T cells were identified through short-term
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stimulation as described by Frentsch et al. [20]. Briefly, PBMC

were stimulated with 200mg/mL KLH and 1mg/mL anti-CD28

(L293, BD Biosciences, Heidelberg, Germany) for 8 h in RPMI

(PAA, Cölbe, Germany) supplemented with 10% fetal calf serum

(Linaris, Wertheim, Germany), 4 mM glutamine, 100 U/mL

penicillin and 100 mg/mL streptomycin (all from PAA) at a

concentration of 2� 106 cells/mL. Staphylococcus enterotoxin B

(7 mg/mL, Sigma-Aldrich, Taufkirchen, Germany) served as

positive control. Negative controls contained culture medium

and the costimulatory mAb anti-CD28. Brefeldin A (10 mg/mL,

Sigma-Aldrich) was added for the last 4 h. At the end of

incubation, EDTA (2 mM) was added for 15 min at room

temperature. Cells were fixed in 2% formaldehyde in PBS for

20 min and washed in PBS/0.5%BSA/0.1%NaN3.

Cell staining and flow cytometry

Cells were permeabilized in FACS Permeabilization Solution 2

(BD Biosciences) and stained for flow cytometry in PBS/

0.5%BSA/0.1%NaN3 containing 0.1% Beriglobin (ZLB Behring,

Hattersheim, Germany). The following mAb were used: anti-CD4

(SK3), anti-CD25 (2A3), anti-CD154 (TRAP1), anti-IFN-g (B27),

anti-IL-4 (MP4-25D2), anti-TNF-a (MAb11), anti-IL-10 (JES3-

19F1), anti-IL-2 (MQ1-17H12), anti-CLA (HECA-452) and anti-

integrin b7 (FIB504), all from BD Biosciences; anti-CD19

(HIB19), anti-CD14 (61D3) and anti-CD62P (AK-4), all from

eBioscience (San Diego, CA, USA). Cells were analyzed on a

FACSCalibur (BD Biosciences). In total, 100 000 CD41 T cells

were acquired. Data were analyzed with the FlowJo software

(Tree Star, Ashland, OR, USA). KLH-specific Th cells were

quantified as proportion of CD1541CD41 cells after stimulation

with anti-CD28 and KLH corrected for the proportion of CD1541

CD41 cells after stimulation with anti-CD28 alone (Supporting

Information Fig. 1). According to the earlier studies [20, 24] a

threefold increase above background was selected as cut-off point.

For proliferation analysis, the CellTraceTM CFSE Cell Prolif-

eration kit (Invitrogen, Karlsruhe, Germany) was used according

to the manufacturer’s instructions. Briefly, 4�106 cells/mL were

stained with 5 mM CFSE for 10 min at 371C and analyzed by flow

cytometry as described above. In all groups analyzed, the

proportion of proliferated CD4 T cell after stimulation with anti-

CD28 alone was always below 3%.

Measurement of KLH-specific serum Ab

Flat-bottom polystyrene microtiter plates (Immunolon 2HB, VWR

International, Darmstadt, Germany) were coated with KLH (10mg/

mL, Sigma-Aldrich) in PBS at 41C overnight. After washing with

PBS/0.05% Tween-20, plates were blocked with 1% BSA in PBS for

1 h at room temperature. Serial threefold dilutions of sera were

prepared in supplemented RPMI and incubated for 2 h at 371C.

Biotinylated anti-IgA (G20-359), anti-IgM (G20-127), anti-IgG1

(G17-1), anti-IgG2 (G18-21), anti-IgG4 (JDC-14) and anti-IgE (G7-

26), all from BD Biosciences; anti-IgG (HP6017) and anti-IgG3

(HP6050), both from Sigma-Aldrich, were diluted in 1% BSA in PBS

added for 2 h at room temperature. Plates were incubated with

Streptavidin-horseradish peroxidase (Dianova, Hamburg, Germany)

for 30 min, developed with 3,30,5,50-Tetramethylbenzidine (Sigma-

Aldrich) and stopped with an equal volume of 1 N H2SO4. The

absorbance was determined at 450 nm on a microplate reader

(Tecan, Crailsheim, Germany). A reference serum containing high-

titer sera from immunized subjects was defined to contain 1000 AU

of KLH-specific IgA, IgG and IgM. The amounts of IgG subclasses

within the reference serum were determined using the total IgG

standard curve.

Statistical analysis

Nonparametric statistical tests were applied. The Mann–Whitney

test and the Wilcoxon matched pairs test were used to analyze the

differences between unpaired and paired data, respectively.

Statistical analyses of subpopulations were performed if KLH-

specific CD41 T cells were present. p-Values o0.05 were

considered significant. Selected data are presented as box plots

which show medians, 25th and 75th percentiles, and minimum

and maximum values.

Acknowledgements: The authors thank Alexander Scheffold and

Andreas Radbruch for helpful comments and Martina Seipel for

excellent technical assistance. This work was supported by the

Deutsche Forschungsgemeinschaft grant SFB633.

Conflict of interest: The authors declare no financial or

commercial conflict of interest.

References

1 Faria, A. M. and Weiner, H. L., Oral tolerance. Immunol. Rev. 2005. 206:

232–259.

2 Mowat, A. M., Anatomical basis of tolerance and immunity to intestinal

antigens. Nat. Rev. Immunol. 2003. 3: 331–341.

3 Holmgren, J. and Czerkinsky, C., Mucosal immunity and vaccines. Nat.

Med. 2005. 11: S45–S53.

4 Ke, Y. and Kapp, J. A., Oral antigen inhibits priming of CD81CTL, CD41

T cells, and antibody responses while activating CD81suppressor T cells.

J. Immunol. 1996. 156: 916–921.

5 Mowat, A. M., Strobel, S., Drummond, H. E. and Ferguson, A., Immunolo-

gical responses to fed protein antigens in mice. I. Reversal of oral tolerance

to ovalbumin by cyclophosphamide. Immunology 1982. 45: 105–113.

6 Ngan, J. and Kind, L. S., Suppressor T cells for IgE and IgG in Peyer’s

patches of mice made tolerant by the oral administration of ovalbumin.

J. Immunol. 1978. 120: 861–865.

7 Neutra, M. R. and Kozlowski, P. A., Mucosal vaccines: the promise and the

challenge. Nat. Rev. Immunol. 2006. 6: 148–158.

Eur. J. Immunol. 2010. 40: 3128–3137 Immunomodulation 3135

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



8 Harrison, L. C. and Hafler, D. A., Antigen-specific therapy for auto-

immune disease. Curr. Opin. Immunol. 2000. 12: 704–711.

9 Mayer, L. and Shao, L., Therapeutic potential of oral tolerance. Nat. Rev.

Immunol. 2004. 4: 407–419.

10 Miller, S. D., Turley, D. M. and Podojil, J. R., Antigen-specific tolerance

strategies for the prevention and treatment of autoimmune disease. Nat.

Rev. Immunol. 2007. 7: 665–677.

11 MacDonald, T. T. and Monteleone, G., IL-12 and Th1 immune responses

in human Peyer’s patches. Trends Immunol. 2001. 22: 244–247.

12 Kantele, A., Hakkinen, M., Moldoveanu, Z., Lu, A., Savilahti, E.,

Alvarez, R. D., Michalek, S. and Mestecky, J., Differences in immune

responses induced by oral and rectal immunizations with Salmonella

typhi Ty21a: evidence for compartmentalization within the common

mucosal immune system in humans. Infect. Immun. 1998. 66:

5630–5635.

13 Lundin, B. S., Johansson, C. and Svennerholm, A. M., Oral immunization

with a Salmonella enterica serovar typhi vaccine induces specific circulat-

ing mucosa-homing CD4(1) and CD8(1) T cells in humans. Infect. Immun.

2002. 70: 5622–5627.

14 Rudin, A., Johansson, E. L., Bergquist, C. and Holmgren, J., Differential

kinetics and distribution of antibodies in serum and nasal and vaginal

secretions after nasal and oral vaccination of humans. Infect. Immun.

1998. 66: 3390–3396.

15 Quiding, M., Nordstrom, I., Kilander, A., Andersson, G., Hanson, L. A.,

Holmgren, J. and Czerkinsky, C., Intestinal immune responses in

humans. Oral cholera vaccination induces strong intestinal antibody

responses and interferon-gamma production and evokes local immuno-

logical memory. J. Clin. Invest. 1991. 88: 143–148.

16 Kraus, T. A., Toy, L., Chan, L., Childs, J. and Mayer, L., Failure to induce

oral tolerance to a soluble protein in patients with inflammatory bowel

disease. Gastroenterology 2004. 126: 1771–1778.

17 Husby, S., Mestecky, J., Moldoveanu, Z., Holland, S. and Elson, C. O., Oral

tolerance in humans. T cell but not B cell tolerance after antigen feeding.

J. Immunol. 1994. 152: 4663–4670.

18 Mestecky, J., Russell, M. W. and Elson, C. O., Perspectives on mucosal

vaccines: is mucosal tolerance a barrier? J. Immunol. 2007. 179: 5633–5638.

19 Bieganowska, K. D., Ausubel, L. J., Modabber, Y., Slovik, E., Messersmith,

W. and Hafler, D. A., Direct ex vivo analysis of activated, Fas-sensitive

autoreactive T cells in human autoimmune disease. J. Exp. Med. 1997. 185:

1585–1594.

20 Frentsch, M., Arbach, O., Kirchhoff, D., Moewes, B., Worm, M., Rothe, M.,

Scheffold, A. and Thiel, A., Direct access to CD41T cells specific for

defined antigens according to CD154 expression. Nat. Med. 2005. 11:

1118–1124.

21 Stubbe, M., Vanderheyde, N., Goldman, M. and Marchant, A., Antigen-

specific central memory CD41T lymphocytes produce multiple cytokines

and proliferate in vivo in humans. J. Immunol. 2006. 177: 8185–8190.

22 Kracker, S. and Radbruch, A., Immunoglobulin class switching: in vitro

induction and analysis. Methods Mol. Biol. 2004. 271: 149–159.

23 Gascan, H., Gauchat, J. F., Aversa, G., Van Vlasselaer, P. and de Vries, J. E.,

Anti-CD40 monoclonal antibodies or CD41T cell clones and IL-4 induce

IgG4 and IgE switching in purified human B cells via different signaling

pathways. J. Immunol. 1991. 147: 8–13.

24 Meier, S., Stark, R., Frentsch, M. and Thiel, A., The influence of different

stimulation conditions on the assessment of antigen-induced CD154

expression on CD41T cells. Cytometry A 2008. 73: 1035–1042.

25 Dudda, J. C., Lembo, A., Bachtanian, E., Huehn, J., Siewert, C., Hamann,

A., Kremmer, E. et al., Dendritic cells govern induction and reprogram-

ming of polarized tissue-selective homing receptor patterns of T cells:

important roles for soluble factors and tissue microenvironments. Eur. J.

Immunol. 2005. 35: 1056–1065.

26 Dudda, J. C., Simon, J. C. and Martin, S., Dendritic cell immunization

route determines CD81T cell trafficking to inflamed skin: role for tissue

microenvironment and dendritic cells in establishment of T cell-homing

subsets. J. Immunol. 2004. 172: 857–863.

27 Mora, J. R., Cheng, G., Picarella, D., Briskin, M., Buchanan, N. and von

Andrian, U. H., Reciprocal and dynamic control of CD8 T cell homing by

dendritic cells from skin- and gut-associated lymphoid tissues. J. Exp.

Med. 2005. 201: 303–316.

28 Mora, J. R., Bono, M. R., Manjunath, N., Weninger, W., Cavanagh, L. L.,

Rosemblatt, M. and Von Andrian, U. H., Selective imprinting of gut-

homing T cells by Peyer’s patch dendritic cells. Nature 2003. 424: 88–93.

29 Johansson-Lindbom, B., Svensson, M., Wurbel, M. A., Malissen, B.,

Marquez, G. and Agace, W., Selective generation of gut tropic T cells in

gut-associated lymphoid tissue (GALT): requirement for GALT dendritic

cells and adjuvant. J. Exp. Med. 2003. 198: 963–969.

30 Iwata, M., Hirakiyama, A., Eshima, Y., Kagechika, H., Kato, C. and Song,

S. Y., Retinoic acid imprints gut-homing specificity on T cells. Immunity

2004. 21: 527–538.

31 Johansson-Lindbom, B., Svensson, M., Pabst, O., Palmqvist, C., Marquez,

G., Forster, R. and Agace, W. W., Functional specialization of gut CD1031

dendritic cells in the regulation of tissue-selective T cell homing. J. Exp.

Med. 2005. 202: 1063–1073.

32 Gonzalez, J. C., Kwok, W. W., Wald, A., McClurkan, C. L., Huang, J. and

Koelle, D. M., Expression of cutaneous lymphocyte-associated

antigen and E-selectin ligand by circulating human memory CD41

T lymphocytes specific for herpes simplex virus type 2. J. Infect. Dis.

2005. 191: 243–254.

33 Kantele, A., Savilahti, E., Tiimonen, H., Iikkanen, K., Autio, S. and

Kantele, J. M., Cutaneous lymphocyte antigen expression on human

effector B cells depends on the site and on the nature of antigen

encounter. Eur. J. Immunol. 2003. 33: 3275–3283.

34 Koelle, D. M., Liu, Z., McClurkan, C. M., Topp, M. S., Riddell, S. R., Pamer,

E. G., Johnson, A. et al., Expression of cutaneous lymphocyte-associated

antigen by CD8(1) T cells specific for a skin-tropic virus. J. Clin. Invest.

2002. 110: 537–548.

35 Kantele, A., Zivny, J., Hakkinen, M., Elson, C. O. and Mestecky, J.,

Differential homing commitments of antigen-specific T cells after

oral or parenteral immunization in humans. J. Immunol. 1999. 162:

5173–5177.

36 Krieg, C., Maier, R. and Meyerhans, A., Gut-homing (alpha(4)beta(7)(1))

Th1 memory responses after inactivated poliovirus immunization

in poliovirus orally pre-immunized donors. J. Gen. Virol. 2004. 85:

1571–1579.

37 Bergerot, I., Ploix, C., Petersen, J., Moulin, V., Rask, C., Fabien, N.,

Lindblad, M. et al., A cholera toxoid-insulin conjugate as an oral vaccine

against spontaneous autoimmune diabetes. Proc. Natl. Acad. Sci. USA 1997.

94: 4610–4614.

38 Sun, J. B., Rask, C., Olsson, T., Holmgren, J. and Czerkinsky, C., Treatment

of experimental autoimmune encephalomyelitis by feeding myelin basic

protein conjugated to cholera toxin B subunit. Proc. Natl. Acad. Sci. USA

1996. 93: 7196–7201.

39 de Haan, L. and Hirst, T. R., Cholera toxin and related enterotoxins:

a cell biological and immunological perspective. J. Nat. Toxins 2000. 9:

281–297.

40 Harris, J. R. and Markl, J., Keyhole limpet hemocyanin (KLH): a biomedical

review. Micron 1999. 30: 597–623.

Eur. J. Immunol. 2010. 40: 3128–3137Kerstin Kapp et al.3136

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



41 Moldoveanu, Z., Oliver, F., Mestecky, J. and Elson, C. O., Oral tolerance in

humans: failure to suppress an existing immune response by oral antigen

administration. Ann. NY Acad. Sci. 2004. 1029: 299–309.

42 Garside, P., Steel, M., Worthey, E. A., Satoskar, A., Alexander, J.,

Bluethmann, H., Liew, F. Y. and Mowat, A. M., T helper 2 cells are subject

to high dose oral tolerance and are not essential for its induction.

J. Immunol. 1995. 154: 5649–5655.

43 Friedman, A. and Weiner, H. L., Induction of anergy or active suppression

following oral tolerance is determined by antigen dosage. Proc. Natl. Acad.

Sci. USA 1994. 91: 6688–6692.

44 McHeyzer-Williams, L. J., Malherbe, L. P. and McHeyzer-Williams, M. G.,

Checkpoints in memory B-cell evolution. Immunol. Rev. 2006. 211: 255–268.

45 Manz, R. A., Hauser, A. E., Hiepe, F. and Radbruch, A., Maintenance of

serum antibody levels. Annu. Rev. Immunol. 2005. 23: 367–386.

46 Falcone, M. and Bloom, B. R., A T helper cell 2 (Th2) immune response

against non-self antigens modifies the cytokine profile of autoimmune

T cells and protects against experimental allergic encephalomyelitis.

J. Exp. Med. 1997. 185: 901–907.

47 Moore, K. W., de Waal Malefyt, R., Coffman, R. L. and O’Garra, A.,

Interleukin-10 and the interleukin-10 receptor. Annu. Rev. Immunol. 2001.

19: 683–765.

48 Rousset, F., Garcia, E., Defrance, T., Peronne, C., Vezzio, N., Hsu, D. H.,

Kastelein, R. et al., Interleukin 10 is a potent growth and differentiation

factor for activated human B lymphocytes. Proc. Natl. Acad. Sci. USA 1992.

89: 1890–1893.

49 Jankovic, D., Kullberg, M. C., Feng, C. G., Goldszmid, R. S., Collazo, C. M.,

Wilson, M., Wynn, T. A. et al., Conventional T–bet(1)Foxp3(-) Th1 cells are

the major source of host-protective regulatory IL-10 during intracellular

protozoan infection. J. Exp. Med. 2007. 204: 273–283.

50 Anderson, C. F., Oukka, M., Kuchroo, V. J. and Sacks, D., CD4(1)CD25

(-)Foxp3(-) Th1 cells are the source of IL-10-mediated immune suppres-

sion in chronic cutaneous leishmaniasis. J. Exp. Med. 2007. 204: 285–297.

51 Trinchieri, G., Interleukin-10 production by effector T cells: Th1 cells

show self control. J. Exp. Med. 2007. 204: 239–243.

52 Itano, A. A. and Jenkins, M. K., Antigen presentation to naive CD4 T cells

in the lymph node. Nat. Immunol. 2003. 4: 733–739.

53 Iwasaki, A. and Kelsall, B. L., Freshly isolated Peyer’s patch, but not

spleen, dendritic cells produce interleukin 10 and induce the differentia-

tion of T helper type 2 cells. J. Exp. Med. 1999. 190: 229–239.

54 Alpan, O., Rudomen, G. and Matzinger, P., The role of dendritic cells,

B cells, and M cells in gut-oriented immune responses. J. Immunol. 2001.

166: 4843–4852.

55 Guery, J. C., Galbiati, F., Smiroldo, S. and Adorini, L., Selective develop-

ment of T helper (Th)2 cells induced by continuous administration of low

dose soluble proteins to normal and beta(2)-microglobulin-deficient

BALB/c mice. J. Exp. Med. 1996. 183: 485–497.

56 Roncador, G., Brown, P. J., Maestre, L., Hue, S., Martinez-Torrecuadrada,

J. L., Ling, K. L., Pratap, S. et al., Analysis of FOXP3 protein expression

in human CD41CD251regulatory T cells at the single-cell level. Eur.

J. Immunol. 2005. 35: 1681–1691.

57 Lohning, M., Richter, A. and Radbruch, A., Cytokine memory of T helper

lymphocytes. Adv. Immunol. 2002. 80: 115–181.

Abbreviations: AU: arbitrary units � CLA: cutaneous lymphocyte

antigen � DTH: delayed-type hypersensitivity � KLH: keyhole limpet

hemocyanin � RLD: repeated low dose � SHD: single high dose

Full correspondence: Dr. Reiner Ullrich, Charité – Campus Benjamin
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