0031-3998/01/4903-0417
PEDIATRIC RESEARCH Vol. 49, No. 3, 2001
Copyright © 2001 International Pediatric Research Foundation, Inc. Printed in U.S.A.

Oral Carrageenan Induces Antigen-Dependent
Oral Tolerance: Prevention of Anaphylaxis and
Induction of Lymphocyte Anergy in a Murine
Model of Food Allergy

CHRISTOPHE P. FROSSARD, CONRAD HAUSER, AND PHILIPPE A. EIGENMANN

Department of Pediatrics [C.P.F., P.A.E.] and Allergy Unit [C.P.F., C.H., P.A.E.], Division of
Immunology and Allergy, Department of Medicine, University Hospital of Geneva, Geneva, Switzerland

ABSTRACT

Immunosuppressive effects of carrageenan, a high-moleculpretreated mice proliferated less in presence of BLG or IL-2 than
weight polysaccharide, on antibody and T cell responses hasglls from sensitized control mice. Antigen-specific antibody
been previously demonstrated. However, its effect on anaphyroduction and passive cutaneous anaphylaxis was not sup-
laxis is unknown. Our objectives were to test carrageenapressed by carrageenan and BLG pretreatment. In conclusion,
mediated oral tolerance induction in young mice subsequenttarrageenan administered to young mice in conjunction with low
sensitized to a common cow’s milk antigen. C3H/HeJ mice wedbses of allergen before sensitization efficiently prevents
fed or notA-carrageenan (0.5 g/L) and/or 0.01 mg/mBtlacto- anaphylaxis(Pediatr Res49: 417-422, 2001)
globulin (BLG) for 5 d before oral sensitization with BLG and
cholera toxin. Subsequently, the mice were challenged with BLG
and symptom scores of anaphylaxis were recorded. Mesenteric Abbreviations
lymph node cells, spleen cells, Peyer’s patches cells, intraepith-G, B-lactoglobulin
lial lymphocytes, and lamina propria lymphocytes were isolatedT, cholera toxin
and stimulatedn vitro with BLG, IL-2, or left unstimulated. DMEM, Dulbecco’s modified eagle’s medium
BLG-specific 1gG, 19G, and 1gG,, antibodies were measured.IEL, intraepithelial lymphocytes
Pretreatment with carrageenan and BLG, but not pretreatm&mL, lamina propria lymphocytes
with either carrageenan or BLG alone or omission of pretrea¥dNC, mesenteric lymph node cells
ment, diminished significantly the number of anaphylactic micBCA, passive cutaneous anaphylaxis
after BLG challenge (6.3%ersus53% in mice without pretreat- PPC, Peyer’s patches cells
ment,p = 0.006). Mesenteric lymph nodes and spleen cells fro®C, spleen cells

During infancy, large amounts of potentially harmful food Carrageenan is a high-molecular-weight galactose-based
antigens are ingested in large quantities and, in most infantelysaccharide. When ingested it is found mostly undegraded
oral tolerance is naturally acquired. Animal studies have rixthe gut submucosa (3), where it is taken up and cleared by
vealed that early oral exposure to low amounts of antigen tenthcrophages (4). Although large amounts of oral carrageenan
to promote sensitization, whereas large amounts favor tol@euce colitis (5, 6), small quantities do not appear to be toxic
ance induction (1). In human infants it is accepted, that potefor the gut mucosa (3). Studies in rats have demonstrated an
tial food allergens should be completely avoided during thajuvant effect similar to alum when carrageenan was given
first months of life in infants at risk for allergy. However, thesgvith ovalbumin by systemic route, but abrogation of the PCA
measures are only partially efficient in atopic individuals (2yesponse when given orally (7). Diminished cellular immune
Development of further strategies favoring induction of earlyesponse mediated by carrageenan has also been demonstrated
life antigen-specific tolerance are strongly needed. in other models. Bash and Vago fed rats with carrageenan and
observed a strongly diminished cellular response in spleen cells
and mesenteric lymph nodes cells (8). Rumjanek and Brent
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We postulated that oral administration of carrageenan would Table 1. Anaphylaxis reaction score
prevent sensitization to a common food antigen and induce orgkore
tolerance. This hypothesis was tested in an animal modelof

. . . . . . No reactions Normal activity
immediate-type food allergy in which signs of anaphylaxis 1 Mild reactions Decreased activity
were monitored in response to oral challenge with antigen (10). Random scratching
Mice were treated or not with carrageenan and low doses of Myocloni

Reversibility of symptoms within 5
Moderate reactions Marked decreased reactivity
Continuous scratching

BLG before oral sensitization with BLG. Tolerance induction
was examined by scoring severity of anaphylaxis after antigen

challenge, determination of proliferation of T cells from vari- Abnormal breathing
ous mucosal and nonmucosal compartments, and measuring Reversibility of symptoms within 10
antigen-specific antibody titers. 3 Severe reactions Low reactivity or absence of reactivity

Abnormal breathing
Death, or no reversibility of symptoms

MATERIALS AND METHODS within 15’

Mice. Four- to five-week-old female C3H/HeJ mice were

purchased from IFFA-CREDO (L’Arbesle, France). All mice _ .. . .
were fed cow’s milk protein-free chow, and maintained in SP%acnﬂce' blood was collected by cardiac puncture into EDTA-

conditions. The study has been approved by the institutiorf@rntfén';?ntuabteibggi péa?g:ah\?ﬁasrggflrrf:agzrgrennéz?%ron

review board for animal experiments. A
anima’ expenments samples were kept at 4°C, and subsequently frozen until his-

Oral sensitization to BLG Animals were sensitized at d 0, mine determination by commercial ELISA kit (mmunotech
7, and 14 by gavage after gastric intubation with 10 mg BL arseille, France) y '

(Sigma Chemical Co., Buchs, Switzerland) andCT (List Mesenteric lymph nodes, Peyer’s patches, and spleen cells

Biologic Laboratories, Campbell, CA, USA) in 0.2 M roliferation. MNC and PPC were re-suspended in DMEM
Na,HCO;. The total volume given at each gavage was 0.4 mE;ife Technologies, Basel, Switzerland). SC were additionall
In initial experiments, a control group was fed exclusively 1 gles, ! X y

119 CT following the same schedule incubated for 5 min in Tris-buffered N}&I to remove red

Tolerization with carrageenan and BLGFor 5 d before blood cells. Mononuclear cells (X 10° cells/well) were

. X . o L
each of three cycles of gastric sensitization(§-0, d 2—7, d incubated in complete I_DMEM with 10% fetal calf, penicillin/
. . S streptomycin, L-glutamin, 2-mercaptoethanol, and nonessen-
9-14), mice were given water containingcarrageenan 0.5 tial amino-acids (Life Technologies, Basel, Switzerland). Cul-
g/L (Sigma Chemical Co., Buchs, Switzerland), and BLG 0.0f - . gles, - e
mg/L ad libitum (pretreatment). BLG was added to favort'ure conditions were either alone, in media supplemented with
9 b i 40 U/mL IL-2, or in presence of BLG (0.25 mg/mL, 20

antigen-specific tolerance induction. In control groups, m|ceL/\Ne”) The cells were pulsedrod 5 of culture with 1

were given exclusively either water containing BLG 0.01 ~. 3. o . .
mg/L, or carrageenan 0.5 gAd libitumfor 5 d. To study oral f;%;vglr 1'; Iﬁt;ilgdh:rl\)//;nsl?elge (Amersham, Zarich, Switzer

tolerance acquisition in alr nsitized mi ndar : . - .
quisttio already sensitized mice (seconda Ysolation of intraepithelial lymphocytes and lamina pro-

tolerance), a group of mice received 0.5 giicarrageenan in _ . . .
water containing BLG 0.01 mg/L for a period of 5 d beforf”a lymphocytes.IEL and LPL were isolated as described

antigen challenge. Each condition included four to six mice, S@;' Ine dbgft];rergﬂ]()e\i:ﬁm POJ :ehr’es Srgtilr!égteﬁﬁ'gece"l‘:assugegézon
experiments were repeated at least twice. The proceduresv?@}éesaﬁtered throuah a g Ior?woo? columﬁ followed b ptwo
detailed in Figure 1. 9 y : y

cycles of centrifugation with 67% Percoll to isolate IEL. For

Antigen challenge.On d 28, all mice were challenged by ; ; ; . .
. ; . : LPL isolation, the submucosa was minced and incubated in
intragastric gavage with 10 mg BLG in 0.4 mL 0.2 Iv!collagenase (Sigma Chemical Co., Buchs, Switzerland).

Na,HCO;. Signs were observed and graded using the reactlonCe” surface analysislsolated cell populations were stained

score outllne_d in Table 1. Mlce with s_coresz were con_S|d- f%r flow cytometric analysis with the following fluorochrome-
ered as having anaphylaxis. For ethical reasons, mice willy |\ b dies: anti-CD3, anti-CD4, anti-CD8, anti-TCR
severe reactions (score 3) were immediately killed, otherwiso?/,ﬁ anti-TCR~/S éntia - (,aII obtainea from Pha'rmingen
all mice were killed 30 min after the challenge. FolIowianas’el Switzegiar;d) IELE ’

ELISA for BLG-specific serum antibodySera were ob-

A B tained for determination of BLG-specific IgG, IgGand 19G,
' : levels after antigen challenge. Ten micrograms per milliliter
e ||| e BLG was coated overnight in MaxiSorp™ microtiter plates
[ dweek [ dweek || S wocke | (Nunc, Roskilde, Denmark) followed by incubation of pQ
T T T of mouse serum (at 1:50 vol/vol). Either O/&g/mL goat

oral sensitization oral sensitization oral sensitization

anti-mouse 1gG or rat anti-mouse lgg&, peroxidase-labeled
chatienge antibodies (Southern Biotechnologies, Birmingham, AL,

Figure 1. Schedules for sensitizations with BLG and cholera toxin, tesL[J'S'A') Were_ added and incubated for 2 h. OD was measured
challenges, and feedings of carrageenan and BLG for primary tolerarde490 nm with an automated ELISA plate reader (Molecular
induction @), and secondary tolerance inductid®).( Device Corporation, Menlo Park, CA, U.S.A.). All sera were
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tested in duplicate. Results were expressed as arbitrary units, Table 3. Number of mice from a group pretreated with

with poo'ed sera from immunized mice used as a referend@lfrageenan and BLG before sensitization with BLG (pretl’.eated),

serum. BLG-specific IgG was measured by coating plat@Qd from a group without pretreatment (not pretreated) assigned to
. o . . anaphylaxis scores 0—3 after BLG challenge. Pooled results from

overn!ght at 4°C Wlth 1(_)Lg_/mL goat anti-mouse IgG (South- three independent experiments are shown.

ern Biotechnologies, Birmingham, AL, U.S.A.), followed by

incubation with serum samples (at 1:100) fh at37°C, and

Anaphylaxis score

10 ng/mL biotinylated BLG for 2 h. After adding streptavidin- 0 1 2 3
peroxidase 19G (Southern Biotechnologies) at 1:2000, plates Pretreated 1 4 0 1
were developed with o-Phenylenediamine. Results were ex- Not pretreated 2 5 6 2

pressed as a ratio compared with the specific antibody level im = 0.006 by comparing the number of mice with anaphylaxis sedt@nd
pooled sera from sensitized mice with anaphylaxis at antig¥fe With anaphylaxis score1 in both groups.
challenge.

Statistical analysisValues between groups were analyzed To verify the synergistic effect of carrageenan and BLG for
by the Wilcoxon rank signed test for nonparametric unpairedlerance induction, a group of mice was pretreated exclusively
data. with BLG (0.01 mg/mL) or with carrageenan (0.5 g/L). In

either group, anaphylaxis scores after antigen challenge were
RESULTS similar to mice sensitized with BLG without pretreatment (5/6

Mice sensitized to BLG develop anaphylaxis in response t'c?etehneagrgll:) %Scelvmg BLG, 5/5 in the group receiving carra-

ant|gen chgllenge.Ggstrlc an.tligen challenge elicited aqaphyg We further explored whether tolerance could be induced by
lactic reactions in mice sensitized with CT and BLG. Signs of ; i .
) . . rrageenan plus BLG in already sensitized animals (secondary
anaphylaxis were graded according a standardized score (Table . . : , o
) e . olerance induction). A group of animals was first sensitized to
1). Most mice had anaphylaxis within 10 min of the challeng LG and then given a single feeding of carrageenan (0.5 g/L)
Table 2 summarizes the scores after BLG challenge in a grou 9 g g 9 > 9

of mice sensitized with CT and BLG and in a group given C th BLG (0.01 mg/mL) (prechallenge) before challenge with

. . L LG. This group reacted similarly after antigen challenge
alone (control mice). An anaphylaxis score=® was signif- . : =
. . " : . 50% with anaphylaxis score-2) than the sensitized control
icantly more frequent in sensitized than in control mice. Ana-

o X
phylaxis scores o&2 correlated with elevated plasma histad P (not pretreated) (61.5% with anaphylaxis scorep2y (

mine levels. Moreover, PCA was positive only in miceNS) (Table 4).

sensitized with CT and BLG (not shown). To validate further Carrageenan induces modulation of antigen and IL-2-
m(giuced cell proliferation. Mononuclear cells were isolated

experiments, at least half of the sensitized mice (sensitiz]g; m three lymphoid compartments: the spleen, mesenteric
mice without tolerization procedures) in a same experime|n9 , ' '

. ymph nodes, and Peyer’s patches. MNC of carrageenan and
had to react with a score2.

Carrageenan with low doses of BLG induces primaryBLG pretreated mice (carrageenanBLG) proliferated sig-

tolerance. Using this animal model, we tested the effect O?lflcantly less in media with IL-2 than MNC of naive or

)\-carrageenan 0.5 g/L given with low doses of BLG (O.OEEHS'tIZEd mice (Fig. 29 < 0.05). IL-2-induced proliferation

mg/L) (pretreated) on tolerance induction. Only 1 out 01‘a'[ot§lf MNC of both naive and sensitized mice was high. The

. 0 ) egree of proliferation was not different between these two
T ) oo GHEr Groups. S esuts vereseen n SC.uah s
the sensitized group (not pretreated) 8/15 (53%) had anap (fierences bgtwegn sensVu; ed and pretr eateq mice for gntlgen-
laxis score=2 (p = 0.006). Plasma was assayed for histamin|r¥duced proliferation. IL-2-induced proliferation was slightly

. L . : Righer in PPC from pretreated and sensitized mice than in PPC
In mice pretreated with carrageenan, histamine levels w g

lower (mean histamine valug SEM: 132.7+ 22.8 ng/mL) f6m naive mice. L

. : : . : When cell proliferation in response to BLG was compared
than in mice without pretreatment (mean histamine vatue . . . .

) : - between the different groups of mice, the proliferation pattern
SEM: 322.8= 89.7 ng/mL) but did not reach significanqe= o
0.07) was similar in cells from all three compartments (SC, MNC,

Table 4. Number of mice from a group first sensitized with BLG
and then fed with carrageenan and BLG before challenge
Table 2. Number of mice from a BLG-sensitized group and a (prechallenge), and from a group without pretreatment but
control mice group (receiving only cholera toxin) assigned to  sensitized to BLG (not pretreated) assigned to anaphylaxis scores
anaphylaxis scores 0—3 after BLG challenge. Representative results 0-3 after BLG challenge. Pooled results from three different

from more than three different experiments are shown. experiments are shown.
Anaphylaxis score Anaphylaxis score
0 1 2 3 0 1 2 3
BLG-sensitized mice 2 1 1 6 Prechallenge 6 1 4 3
Control mice 6 0 0 0 Not pretreated 2 3 5 3

p < 0.01 by comparing both groups for the occurrence anaphylaxis scorgp = NS by comparing the number of mice with anaphylaxis scegeand
=2. mice anaphylaxis scorel in both groups.
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Figure 2. Proliferation of cells obtained from lymphoid structures in the gut.  wELp7+ —

Four groups of mice were examined: naive mice, mice sensitized with BLG

and cholera toxingens), and mice sensitized with BLG and cholera toxin anq:igure 3. Flow cytometric analysis of cells isolated from PPC, mesenteric

e e 2L .0 T ™o s (L), and L for O3, D, COBAAY L7 Dt
supplementeﬁ with 1L-2 40 U/mLbj, or in media with 0.25 mg}mlB—Iacto— were obtained from pooled cells from either four_ carrageenan-treated mice
globulin (€). Cells from four mice p’er group were pooléd and each determﬁwhlte columnj; or pooled cells from four naive micolack columnj The

. ' S . ' results shown are representative of at least three experiments. Results are
nation was done in triplicate. p < 0.05; + p = NS.

expressed as the percentage of total cells obtained.

PPC), unlike IL-2-induced proliferation. Antigen-dependeryretreated mice were similar, whereby the proportions of the
proliferation was higher in cells from sensitized mice than fromiifferent subsets varied in function of their origin (MLN, PPC,
naive mice in SC, and MNCp(< 0.05). In contrast, antigen- IEL).
induced cell proliferation was lower in pretreated than sensi- BLG-specific antibodiesSerum obtained after antigen chal-
tized mice but always higher than in naive mice. The diffetenge was assayed for BLG-specific antibodies (Fig. 4). BLG-
ences were significant in SC and MNC but not PPC. specific IgG antibodies were present in both carrageenan pre-
The lymphocyte subset distribution in different lymphoidtreated and sensitized mice. The mean levels of 1gG, kyt
compartments of the gut is not modified by carrageenan or bygG,, antibodies were somewhat higher in pretreated than in
sensitization to BLGPPC, MNC, and IEL isolated from naivesensitized mice but without significant difference. In contrast,
mice, or pretreated mice were stained with lymphocyte surfaspecific 1gG, 1gG and 1gG,, from both groups of mice were
markers (Fig. 3). The number of cells expressing CD3, CDdignificantly higher than from naive mice. Furthermore, PCA
CD8, o4B7 integrin, or a,g B7 integrin in naive mice and scores were similar in both groups of mice.
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[ratio to reference serum] ating the tolerizing effect. Transfer of these subsets into naive
mice may provide information on their function in this model.
Previous studies reported similarly diminished lymphocyte
responsiveness in presence of carrageenan, without a visible
modification, or a toxic effect on intraepithelial lymphocytes or
lymph node T cells (3, 7, 13). To explain low lymphocyte
responsiveness, several authors implicated a role for macro-
phages (8, 14). Morphologic modifications of these cells may
mostly be explained by delayed degradation of the high-
molecular-weight polysaccharides. Thus carrageenan-

IgG1 o : . .
containing macrophages may either present antigen in a way
that favors induction of tolerance or may secrete factors that
may modify the presentation of adjacent antigen presenting

. cells (8).
IgG2a - In contrast to suppressed T cell proliferation in pretreated

mice, we did not see changes in BLG-specific IgG titers or in
PCA response in either group. Our results are in apparent
Figure 4. BLG-specific antibody response (IgG, 1g3gG,,) measured by conflict with those from other groups but may be explained by
ELISA in serum obtained at antigen gavage. Titers obtained in naive mice gffferences in readout and treatment protocols. Cestal.
expressed igray columnscarrageenan-treated mice areunite columnsand indirectly measured the antibody response by PCA in iota-
titers in sensitized mice idark columnsThe results are compared with titers . . .
from a reference serum (sera pooled from sensitized mice with strong anapﬂ?—rrageenan'treated mice. PCA tests Wer_e _negatlye ”? treated
lactic reactions), and expressed as a ratio. Sera from four mice per group v@FfUpPS, suggesting an absence of “reaginic” antibodies (7).
pooled, and each measure was done in duplicate. The results shown Hmwever, no antibody titers were reported in these studies. In
representative of at least three experimepts: NS for statistical analysis of studies reported by Nicklin and Miller, rats were administered
19G, 1gG,, and IgG,, levels between carrageenan treated mice and sensitized ' . .
carrageenan for 90 d, followed by parenteral immunization
with sheep red blood cells, which resulted in abolished antigen-
specific antibody response in the treated groups (3). Split
DISCUSSION tolerance,i.e. tolerance with regard to oneersusa second
- . readout, has been known for years. In our protocol, we were
Carrageenan, administered with low amounts of BLG g . ry P .
. . - able to induce tolerance with regard to anaphylaxis and a
achieve antigen-specific tolerance, could prevent anaphyla?qfated change in lvmohocvte proliferation but not with regard
in mice subsequently sensitized to BLG together with th ge In lympt % P 9
to PCA and antibody titers. It is currently unknown whether

potent mucosal adjuvant CT. Tolerance was induced on . . .
when both carrageenan and antigen were fed together be fé is a hierarchy among the reports regarding the ease of
B erance induction with a given tolerization protocol and/or

sensitization to BLG. Thus, nonspecific immune suppressi . . ) :
due to feeding of carrageenan can be excluded Howev\e(petherdlfferent protocols vary with regard to their strength in

carrageenan was required for tolerance induction because f¥&Yiding the signal(s) for tolerance induction. Whether func-
treatment of mice with BLG alone before sensitization did ndPnally distinct types of antigen-specific antibodies of the
induce oral tolerance. same isotype were generated in the pretreagegussensitized

Besides oral tolerance induction with regard to anaphylaxf8ice; as described earlier (15), remains to be determined. We
pretreatment with carrageenan and BLG before sensitizatifli€ve, however, that a simple shift in Th1/Th2 balance is
was associated with a significantly reduced antigen-inducedflikely to explain our results because neither specific antibod-
cell proliferation in SC and MNC compared with BLG sensil€S 0f the Gisotype indicative of Th1 cell activity nor specific
tization. Interestingly, cells deriving from one of the gut&ntibodies of the Gisotype indicative of Th2 cell activity
associated lymphoid tissue compartments INC) and from  differed significantly between sensitized and tolerized mice.
spleen showed the same pattern. IL-2-induced cell proliferationSeveral authors reported carrageenan-induced colitis in an-
differed in the two gut-associated lymphoid tissties, MNC imals given 1.5 g/L carrageenan or more (5, 16). However, in
and PPC. Compared with cells from sensitized mice, IL-2Ur studies no symptoms, or macroscopic alteration, suggesting
induced proliferation was decreased in MNC but unchangedqglitis were observed in animals given 0.5 g/L carrageenan.
PPC from mice pretreated with carrageenan and BLG. Ti&ese findings may have a favorable implication for therapeu-
surface marker studies, including CD25, did not disclose atig application of carrageenan as tolerance inductor. In fact,
significant change between pretreated and naive mice. Toleigh-molecular-weight polysaccharides are reported to be non-
ance to common antigens in the gut, and breaches in tolerat@dc in moderate amounts, and are largely present in many
leading to diseases results from complex interaction betwef@eds (17). Supplementing the food of young infants with
the different cell population, and is far from being completelfigh-molecular-weight polysaccharides such as carrageenan
understood [reviewed in (12)]. The significance of the changeould represent an easy food ingredient to favor oral tolerance
in lymphocyte proliferation in our experiments is unknown bunduction. Further studies are required to investigate this nu-
has identified SC and MNC as potential candidate cells metfitional intervention strategy for oral tolerance induction.

mice.
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