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Abstract

The enhancement of protective mucosal responses to infectious agents sought by vaccinologists, and the desired suppression of immu
responses to autoantigens, allergens and food antigens induced by mucosal exposure to relevant antigens, may seem paradoxical. Howe
such outcomes are not mutually exclusive because of a hierarchy in the quality of immune responses: mucosal immunity manifested by th
appearance of secretory antibodies and systemic tolerance manifested by diminished cell-mediated responses may be induced concomitan
We have demonstrated that the ingestion, or nasal application, of a neo-antigen—keyhole limpet hemocyanin (KLH)-primes human volunteer
for subsequent humoral mucosal and systemic responses induced by systemic immunization but suppresses cell-mediated responses (T
proliferation and delayed-type hypersensitivity). Furthermore, extended ingestion of selected food antigens diminished, but did not totally
suppress, cell-mediated immunity and levels of serum antibodies while salivary antibodies were easily detectable. Most importantly, the
humoral and cellular immune responses induced by systemic immunization with KLH could not be suppressed by subsequent extende
ingestion of large doses of the same antigen. Thus, ongoing systemic responses are refractory to the induction of mucosal tolerance in humal
This finding is of considerable importance for the development of and sequence of immunization with mucosally administered vaccines.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Vaccines; Tolerance; IgA

1. Introduction tion, and hypersensitivity to the exploitation of this funda-
mental principle. Although limited in its clinical success,
The induction of preventive and protective immune the phenomenon of mucosal tolerance is an essential fea-
responses to mucosal infectious agents, and to inert foodture and critical functional component, which efficiently pre-
antigens and environmental allergens that would limit their vents over-stimulation of the entire immune system by the
absorption is the most emphasized functional aspect of common environmental antigens represented by food and
the mucosal immune system. Yet, recently revived inter- the indigenous bacterial microbiota. The goals of enhance-
est in oral or nasal (mucosal) tolerance, i.e., the induction ment of protective mucosal responses to infectious agents
of systemic unresponsiveness to antigens applied first bysought by vaccinologists on the one hand, and the suppres-
the mucosal route, has directed the attention of immunol- sion of systemicimmune responses to autoantigens and trans-
ogists working in the fields of autoimmunity, transplanta- plantation antigens on the other hand, may seem paradoxi-
cal. Yet, such outcomes are not mutually exclusive due to
_— the compartmentalization of immune responses induced by
* Corre_sponding author. Tel.: +1 205 934 2225; fax: +1 2_05 934 3894.  mucosal immunization. Antigen feeding can concomitantly
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fundamental objectives of the mucosal immune system is 3. The immune response to long-term antigen feeding
containment of the vast onslaught of environmental anti-
gens without compromised integrity of mucosal barriers and  To prevent the over-stimulation of the entire immune sys-
prevention of over-stimulation of the systemic compartment tem, the dominant response to daily ingested massive doses
which are achieved by concerted interactions of lymphoid of food-derived antigens must be tolerance. Indeed, serolog-
and non-lymphoid cells, epithelial cells in particular, and ical studies in children and adults revealed that humoral re-
their respective products as a mucosal internet of commu-sponses to BSA andglactalbumin decrease with aff}. Re-
nication. cently, we evaluated the magnitude and quality of humoral
and cellular responses to BGG, OVA, and soybean protein
(SBP) in adult normal human volunteers as a surrogate for
prolonged antigen feedir[@]. Humoral and T cell prolifer-
2. Does mucosal tolerance exist in humans? ation responses to these antigens were measurable but low,
consistent with immune tolerance. There were limited corre-
Induction of immune response and mucosal tolerance by |ations between responses in the systemic and mucosal com-
mucosally administered antigens depends on many variablepartments, and in general the responses to one dietary antigen
factors including the species, genetic background, and age ofcould not predict the response to another. T cell proliferation
the animal, dose, form (soluble versus particulate, and live to dietary antigens was increased significantly by the addi-
versus inactivated), and the route and sequence of antigen adtion of recombinant human interleukin-2 (rhulL-2). Periph-
ministration[1]. Moreover, the use of adjuvants may accentu- eral blood mononuclear cells stimulated with BGG or OVA
ate either immunity or tolerangg]. Understandably, almost  expressed IL-2R chain but not IL-2 mRNA, consistent with
all experiments Concerning the induction of mucosal toler- T cell anergy. Incubation with exogenous IL-2 alone did not
ance have been performed in rodents such as mice and ratgestore T cell proliferation to BGG or OVA. In some indi-
using classical tolerogens such as ovalbumin (OVA), bovine viduals, T cell proliferation to an unrelated vaccine antigen
serum albumin (BSA) or bovine gamma-globulin (BGG), as was suppressed by the addition of BGG or OVA, but could
well as antigens that are relevant in animal models of autoim- pe reversed with low doses of rhulL-2. We concluded that,
mune diseases. In the latter case, extensive experiments peiin humans, anergy is the major mechanism of tolerance to
formed in animals convincingly demonstrate that oral or nasal chronic antigen feeding, and we proposed that such anergic,
exposure to antigens such as myelin basic protein (MBP) or antigen-specific T cells actively contribute to maintenance
collagen Type Il with adjuvants (e.g., cholera toxin B sub- of homeostasis in the intestine in the face of massive antigen
unit [CTB]) induces a state of unresponsiveness in the sys-challenge. The comparative levelsyof antigen-specific/mg
temic compartment upon subsequent systemicimmunization.of total) of anti-OVA, BGG, and SBP in sera and secretions
In animal models of experimental allergic encephalomyeli- indicated that salivary IgA levels were substantially higher
tis and arthritis, mucosal exposure to these antigens preventshan in serum; this finding is consistent with local mucosal
the development of the diseafig?]. Because of the obvi-  synthesis rather than circulatory origin. Further analyses of
ous danger in overextending and extrapolating data based orserum and mucosal antibodies of major isotypes have re-
animal models to humans, several more recent studies havesealed that the mucosal and systemic humoral responses are
addressed the induction of mucosal tolerance in humans. TnQ']ot regu|ated in para||e| but d|sp|ay a considerable degree of
above-mentioned classic tolerogens were notused due to premutual independen¢é,8]_ Important forvaccine app"ca’[ion
existing exposure to such antigens in ingested food; instead,is the fact that despite the ingestion of large quantities of for-
a neo-antigen—keyhole limpet hemocyanin (KLH) was given ejgn proteins such as BGG, an average daily consumption in
by the oral or nasal routg-5]. Surprisingly, extended in-  American diet is 0.5 §9] (this translates to-180 g/year and
gestion or nasal administration primed the humoral arm of ~5kg/30 years) mucosal IgA responses specific for ingested
the systemic as well as mucosal compartments so that subantigens remain high with no apparent signs of tolerdéke
sequent systemic immunization with KLH induced signif- |n fact, high levels of mucosal antibodies to environmental

icantly higher serum and mucosal antibodies and circulat- antigens were observed even in individuals in their late eight-
ing anti-KLH-secreting B cells in the KLH-fed group than jes[10].

in controls. In contrast, T cell-mediated responses, defined

as in vitro antigen-driven proliferation and delayed-type hy-

persensitivity, were both suppressed. Thus, the tolerogenic4, The route and sequence of mucosal versus

effect of mucosally administered antigen was manifested ex- Systemic priming and boosting play essential roles in

clusively by suppressed T cell responses (primarily Th1) with the induction of immunity versus tolerance

a boosting effect on humoral, particularly mucosal, responses

(SO'Ca”ed Sp“t tOIerance). These results have been fU”y con- In animal models of autoimmune diseases such as experi_
firmedand extended inarecentstudy by Kraus €6alThus,  mental allergic encephalomyelitis, collagen Type ll-induced
mucosal tolerance can be induced in humans by ingestion ofarthritis, and autoimmune diabetes mellitus, initial mucosal
previously unencountered antigen. exposure to the autoantigen prevents the development of dis-
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ease otherwise induced by systemic immunization with the ternal secretions, and systemic T cell hyporesponsiveness as
relevant antigen in adjuvarii,2,11,12] Because of these a consequence of mucosal exposure to antiff#8isappear
data, it was incorrectly assumed that feeding of the corre- to share a common regulatory pathway. The regulatory cy-
sponding antigen to patients with an existing disease (multi- tokines, TG and IL-10, produced by mucosal T cells and
ple sclerosis and rheumatoid arthritis) would result in the im- epithelial cells play an essential role in the switching and ter-
provement or at least arrest in the progression of the diseaseminal differentiation of B cells into IgA-producing cells and,
Studies performed in animdls3] and humangl0,11,14,15] at the same time serve as central T cell-derived mediators
have demonstrated the futility of this approach: animals first of systemic unresponsiveneld®]. This cytokine-mediated
systemically sensitized to the hapten could not be tolerized pathway of B cell differentiation to the production of mucosal
by subsequent antigen feeding and patients with delayed-typegA with its non-inflammatory propertig0] and suppres-
hypersensitivity reactions could not be treated by ingestion sion of potentially deleterious systemic responses represents
of the conjugated haptghl—13] In the same vein, adouble- one of the most physiologically important aspects of the im-
blind multi-center study of the treatment of patients with mul- mune system.

tiple sclerosis or rheumatoid arthritis by long-term ingestion
of bovine MBP or cartilage collagen Type Il, respectively, did
not result in disease improvemgm6]. Finally, Moldoveanu

et al.[17] clearly demonstrated that volunteers first systemi-
cally immunized with KLH were not tolerized by subsequent ) o ) .

| t . fi f th ti KLH). Th [1] Mowat A, Weiner H. Oral tolerance—physiological basis and clinical
ong- erm, Ingestion o € same antigen ( ) us, sys- applications. In: Ogra PL, Mestecky J, Lamm ME, Strober W, Bi-
temically induced B and T cell responses are not suppressed  enenstock J, McGhee JR, editors. Mucosal Immunology. San Diego:
by subsequent delivery of the relevant antigen alone to the  Academic Press; 1999. p. 587-618.

mucosa. This finding is of basic importance for mucosally- [2] Czerkinsky C, Anjuere F, McGhee JR, George-Chandy A, Holmgren
delivered vaccines: pre-existing systemic immunity induced 9 Kieny M-P, et al. Mucosal immunity and tolerance: relevance to
by natural infection or systemic immunization is likely to vaccine development. Immunol Rev 1999;170:197-222.

y . . y . y, [3] Husby S, Mestecky J, Moldoveanu Z, Holland S, Elson CO. Oral
effectively prevent the induction of tolerance by mucosal im- tolerance in humans T cell but not B cell tolerance after antigen
munization. feeding. J Immunol 1994;152:4663—70.

[4] Waldo FB, van den Wall Bake AWL, Mestecky J, Husby S. Suppres-
sion of the immune response by nasal immunization. Clin Immunol
5. Concluding remarks Immunopathol 1994;72:30-4.
: 9 [5] Kraus TA, Toy L, Chan L, Childs J, Cheisetz A, Meyer L. Oral
] . ] tolerance failure in Crohn’s disease and ulcerative colitis patients.
Mucosal tolerance is an inseparable and essential feature  Ann NY Acad Sci 2004;1029:in press.
of the entire immune system: it prevents the over-stimulation [6] Rothberg R, Farr R. Anti-bovine serum albumin and antactoglob-
with a multitude of antigens encountered in everyday life ulin in serum of children and adults. Pediatrics 1965;35:571-87.
by th | t H it is hiahl likelv that [7] Zivny JH, Vu HL, Moldoveanu Z, Russell MW, Mestecky J, Elson

y the mucosal rou e_s' owevgr, Itis .Ig y unii e,y a CO. Mechanisms of immune tolerance to food antigens in humans.
orally, nasally, or vaginally applied vaccines would induce Clin Immunol 2001:101:158-68.
mucosal humoral tolerance rather than a protective immune [8] Russell M, Mestecky J, Julian B, Galla J. IgA-associated renal
response. As demonstrated in several studies performedinhu-  diseases: antibodies to environmental antigens in sera and deposi-
mans and in animals, extended mucosal exposure to antigens tion of immunoglobulins and antigens in glomeruli. J Clin Immunol
induces decreased systemic responsiveness of Thl-mediate 1986:6:74-86.

Y ’ p . qg] Kulczycki AJ, Nash GS, Bertovich MJ, Burack HD, MacDermott RP.
pathway bU.t actually primes for SUbseqL.Jem humoralimmune Bovine milk 1gG, but not serum IgG, inhibits pokeweed mitogen-
responses in both mucosal and systemic compartments. Con-  induced antibody secretion by human peripheral blood mononuclear
sidering the fact that all vaccines used in human medicine cells. J Clin Immunol 1987;7:37-45.

(irrespective of the route of administration) exhibit their pro- [10] Russell MW, Prince SJ, Ligthart GJ, Radl J, Mestecky J. Serum
tective effect through the induction of antigen-specific anti- and salivary IgAL, 1gA2, IgG and IgM antibodies to bacterial anti-

. 9 . 9 p gens in aged, edentulous, and normal adults. Protides Biol Fluids
bodies rather than cytotoxic T lymphocytes (CTL), the fear of 1989:36:223-8.
inducing tolerance with vaccines is unwarranted. However, [11] Sun JB, Rask C, Olsson T, Holmgren J, Czerkinsky C. Treatment
the effect of extended exposure of mucosal surfaces to inac-  of experimental autoimmune encephalomyelitis by feeding myelin
tivated viruses or killed bacteria on subsequent induction of basic protein conjugated to cholera toxin B subunit. Proc Natl Acad
CTLinth | emi . ts by i it Sci USA 1996;93:7196-201.

in _e mUCOSE_sl orsys _emIC_Compar ments Dy live atien- 12] Yoshino S, Quattrocchi E, Weiner HL. Suppression of antigen-

Uated.mmroorgamsms or mfegtlpns h_as not been. e_Valuate induced arthritis in Lewis rats by oral administration of Type Il
experimentally. Nevertheless, it is obvious that existing cel- collagen. Arthritis Rheum 1995;38:1092-6.
lular and humoral systemic responses are refractory to the[13] Chase MW. Inhibition of experimental drug allergy by prior feeding

potential tolerogenic effect of mucosally administered anti- __ ©f the sensitizing agent. Proc Soc Exp Biol Med 1946,61:257-9.
gens [14] Stevens FA. Council on pharmacy and chemistry. Report of the coun-

. . . . . cil: status of poison ivy extracts. J Am Med Assoc 1945;127:912-21.
The parallel induction of mucosal immunity, manifested [15] kiingman AM. Poison ivy Rhu3 dermatiis. Arch Dermatol

by the appearance of antigen-specific IgA antibodies in ex- 1958;77:149-80.
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