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Oral administration of allergens, foreign proteins, or cell-
bound antigens may induce systemic suppression of subse-
quent humoral and cell-mediated immune responses (“oral
tolerance”). The induction of specific immune tolerance
provides a potential strategy fgr treatment of T-cell-
dependent immune diseases. Therefore, in depth studies into
preconditions for optimal and persistent tolerance induction
are mandatory. Here we report on such studies in a guinea pig
model using the non - cross-reactive contact allergens nickel
and chromium. Feeding per os of nickel sulfate or potassium
dichromate did not trigger systemic Tppyy-effector functions.
Instead, short feeding periods led to a dosc-dzpendent, and
metal-specific, suppression of subsequently induced allergic
contact hypersensitivity. Administration of the allergens

onto the oral mucosa was most effective in the induction of
immune tolerance. When first sensitizing attempts were de-
layed until 1 year after feeding, the degree of unresponsive-
ness was reduced. In contrast, with cutaneous contacts start-
ing shortly after the feeding period, tolerance was fully stable
and undiminished for at least 2 years. Thus, in orally treated
guinea pigs cutaneous contacts provide boosting tolerogenic
signals, supporting the view that oral tolerance does not re-
sult from clonal deletion but from active antigen-specific
immunosuppression. Indeed, unresponsiveness to cutaneous
immunization could be transferred by lymphoid cells from

fed guinea pigs in a metal-specific way. J Invest Dermatol
99:608—-616, 1992

pecific down-regulation of undesired T-cell immune func-
tions would be of great importance in the combat against
allograft rejection, autoimmune, and allergic diseases.
Currently, the majority of clinical approaches for treat-
ment of these diseases is with broadly immunosuppressive
drugs that leave the patients vulnerable to opportunistic infections.
A potential strategy to prevent T-cell -dependent immune diseases
is the induction of a condition of selective inability to mount sys-
temic immune responses to an antigen. A promising way to induce
such specific immunologic tolerance is by intragastric administra-
tion ogthc antigen. The phenomenon of “oral tolerance” was first
demonstrated for the (T-cell-dependent) humoral immune re-
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Abbreviations:

ACH: allergic contact hypersensitivity
CMI: cell-mediated immunity
DMSO: dimethyl sulfoxide

DTH: delayed-type hypersensitivity

FCA: Freund’s complete adjuvant containing Mycobacterium butyri-
cum

IgA: immunoglobulin A
SEM: standard error of the mean

sponse to ovalbumin [1] and later also for cellular immune responses
(delayed-type hypersensitivity, DTH) to the haptenic chemical
dinitrochlorobenzene [2]. Since then, it has been shown that sys-
temic humoral responses and systemic cell-mediated immunity
(CMI) responses can be suppressed after gavage in immunologically
naive animals with various T-dependent antigens, such as soluble
protein antigens (reviewed in [3,4]), contact sensitizing agents [5-
7, red blood cell -bound antigens (reviewed in [8 - 10]) and inacti-
vated bacteria or viruses [11,12]. Interestingly, it appeared to be very
difficult to interfere with secretory immunoglobulin (IgA) re-
sponses, which have been ascribed a role in inhibiting intestinal
uptake of intact antigen [13-15].

The digestive tract is daily exposed to a great variety of dietary
antigens and therefore has to meet conflicting requirements. On
one hand, effective immune responses are to be mounted against
potential pathogens/allergens. On the other hand, these immune
responses should not cause undue damage to the alimentary tract. It
has therefore been hypothesized that the phenomenon of oral toler-
ance, together with an unimpaired mucosal IgA response, may rep-
resent an important pathway to prevent enteropathies [3,4,16). Be-
cause only recently the potential therapeutic power of oral tolerance
induction has begun to be appreciated, the mechanism(s) underly-
ing oral tolerance are still poorly understood [17]. Antigen-specific
suppressor T cells [3,18], antigen-antibody complexes [19], anti-
idiotypic antibodies [20], as well as soluble suppressor factors [21]
have all been suggested to play a role in oral tolerance. Oral toler-
ance may affect the humoral or cellular immune response, with the
other being normal or enhanced (“split tolerance”) [22-25]. The
intimate relationships between cell-mediated immune effector func-
tions and humoral immune responses adds to the complexity of the
issue [3].

Recently we developed a guinea pig allergic contact hypersensi-
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! 1. Antigen specificity of oral tolerance. Groups of guinea pigs were fed with 30 mg NiSO, or 30 mg K,Cr,O; in apple sauce \:vcekly for 6 weeks.
PR to both nickel and chromium was attempted 2 weeks after the feeding period. Three weeks after sensitization the guinea pigs were challenged
chsmzatlozl to reveal eventual development of nickel (left) and chromium (right) hypersensitivity. Data are expressed as mean intensity of erythema + SEM
°P lCumncou'nla igs per group at 48 h after challenge. Dotted bars, animals immunized with FCA only; black bars, animals sensitized to both nickel and
O}fl Se;:i?ng?zatchfd bars, animals fed with NiSO, and sensitized to both metals; open bars, animals fed with K;Cr,O; and sensitized to both metals. *p < 0.001 as
chro 5

itive control group.
compared to positive ¢ group

o (ACH) model for concomitant nicke! a}ld chromium sensiti-
. -?n [26]. Nickel and chromium are clinically relevant T-cell
zfltelrgens that are thought to modify major histocompatibility com-

lex-bound peptides resulting in metal-specific T-cell activation

27]. Although nickel and chromium are Floscly located w1th1.n Fhe

eriodic table of the elements, both animal (26,28] and clinical

29,30] studies excluded the existence of crossreactivities. Simulta-
neous use of both metal allergens, thereforc;, allows for detallqd
spcciﬁcity studies in further developing qptllnal oral tol_erogemc
procedures. Moreovet, because no systemic humoral antibody re-
sponses are generated in nickel or chromium hypersensitivity ([28],
Scheper, unpublished data), oral tolerance induction procedures can
be evaluated strictly in terms of CMI suppression. An advantage of
guinea pig ACH mode:ls, as compa.rcd to mouse models, is t_hat
cutaneous sensitization 1s highly persistent, thus closely res.emblmg
the situation in humans [31]. The present study was designed to
explore several featu;es of oral tolerapce induction, including d_ose,
frequency, timing, and alle}'gen routing. Moreover, meta'l specific-
ity, transfer of tolerance Wlth 1yn.1phoc'ytcs, apd.the persistence (?f
orally induced tolerance, in relationship to timing of tolerogenic
and sensitizing procedures, were studied.

MATERIALS AND METHODS

Animals Female albino guinea pigs of the outbred Dunkin Hart-
ley strain (Harlan/TNO, Zeist, The thhcrlands) were used, pnless
mentioned otherwise. In some experiments femal.e outb;cd Himala-
yan strain (Harlan/TNO) or inbred strain 13 guinea pigs from_ our
own breeding stock (Klinisch Dierexperime.nteel Laboratorlurp,
Vrije Universiteit, Amsterdam) were used. Animals were housed in
standard macrolon cages, with free access to water and pt'zlleted
food. At the beginning of each experiment, after acclimatization for
1-2 weeks, the age of the animals was 6 -8 weeks unless mentioned
otherwise.

Oral Administration of Nickel and Chromium Groups.of
guinea pigs (consisting of five to eight animals each) were fed with
different amounts of the metal salts nickel sulfate (NiSO,4* 6H,0,
Merck, Darmstadt, Germany) or potassium dichromate (K,Cr,O,,
Merck) in apple sauce. The apple-sauce mixtures were prepared
shortly before administration. Each time, 1 ml of a mixture was
given by means of a blunt needle. Because the taste of the metal salts
was camouflaged by the apple sauce, animals were cooperative in
swallowing the putative tolerogenic mixtures. Guinea pigs were fed

for periods from 1 to 6 weeks. In some experiments induction of
unresponsiveness was performed by intragastric feeding or by appli-
cation onto the oral mucosa. Intragastric and mucosal (oral cavity)
administrations were performed under light anesthesia with, respec-
tively, 0.5 and 1 ul/g body weight of a 4:3 mixture of Aescoket
(Aesculaap Boxtel, The Netherlands) and Rompun (Bayer, Lever-
kusen, Germany) by intramuscular injection. For intragastric feed-
ing the metal salts were dissolved in apple sauce and administered by
a plastic tube. For “oro-mucosal” application metal salts were dis-
solved in distilled water and used for preparation of a mucosal oint-
ment, Unguentum Hypromelosum (10% distilled water). Nickel or
chromium salt-containing ointments were applicated to the oral
mucosa with a small spatula. After 1 h the ointment was removed by
means of the spatula and rinsing with warm water.

Concomitant Induction of Nickel and Chromium Contact
Hypersensitivity The development of a nickel and chromium
double-sensitization model in the guinea pig is described elsewhere
[26]. Briefly, the animals received four intradermal injections with 2
mg K,Cr,0; per ml of a 1:1 mixture of saline and Freund’s com-
plete adjuvant containing Mycobacterium butyricum (FCA; Difco Lab-
oratories, Detroit, MI). They received 2 X 0.1 ml into the clipped
thigh site of the dorsal skin, and 2 X 0.05 ml into the pinnae of the
ears. In addition, two injections with 0.1 ml FCA emulsion (with-
out metal salt) were given into the clipped shoulder site of the dorsal
skin. After 24 h, 4 X 0.05 ml of 3 mg NiSO,/ml saline were in-
jected into the four adjuvant sites on the dorsal skin. Thus, the
animals received total doses of 0.6 mg K,Cr,0-, 0.6 mg NiSO,, and
0.5 ml FCA emulsion into six injection sites. Control animals re-
ceived emulsified FCA only.

Skin Tests Skin tests were performed and evaluated as described
elsewhere [26]. Briefly, animals were challenged on clipped and
freshly depilated dorsal midflank skin sites. The depilatory cream
used (Biodermal) was obtained from Dr. H. Schreuder’s Laboratory
(Baarn, The Netherlands). One week after oral administration pro-
cedures animals were routinely skin tested by intradermal injection
of 25 ug NiSO, in 0.1 ml saline, and 25 ug K,Cr,0; in 0.1 ml
saline. This test would reveal a possible sensitizing effect of the oral
administration. Sensitizing attempts were made from 1 week later
onwards. Two weeks after any sensitizing attempts animals were
re-challenged intradermally to reveal eventual development of
nickel and chromium hypersensitivity. Routinely, guinea pigs re-
ceived epicutaneous skin tests on contralateral flanks 1 week after
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Figure 2. Dose dependency of oral tolerance shown by varying the dose per feed. Groups of guinea pigs were fed weekly for 3 weeks wth 1, 3, 10, or 30 mg
NiSO, or K,Cr,0, in apple sauce. Sensitization to both nickel and chromium was attempted 2 weeks after the feeding period. Three weeks after sensitization
the guinea pigs were challenged epicutaneously to reveal eventual development of nickel (left) and chromium (right) hypersensitivity. Data are expressed as
mean intensity of erythema (SEM) of six to seven guinea pigs per group at 48 h after challenge. Dotted bars, animals immunized with FCA only; hatched bars,
animals fed with NiSO, and sensitized to both metals; open bars, animals fed with K,Cr,O; and sensitized to both metals. *p < 0.01, **p < 0.005, as compared

to positive control group (animals fed with the other metal).

intracutaneous skin testing. Twenty microliters of 10% NiSO, and
of 0.5% K,Cr,0, in 40% dimethyl sulfoxide (DMSO; Merck,
Darmstadt, Germany) in distilled water were applied onto dorsal
flank skin on a circular area (diameter of 1 inch) and dried with an
electric hair drier. Skin reactions were evaluated at 24, 48, and 72 h.
The intensity of erythema was scored according to the following
scheme: equivocal or no reaction = 0; pink, spots =0.5; red,
confluent = 1.0; intense red, swollen = 2.0. Scores given to individ-
ual animals represented the mean of at least two independent ob-
servers. For intradermal reactions also the diameter of erythema was
recorded. In Results, 48-h reactions from the final epicutaneous skin
test are shown, unless only the intradermal skin test was performed.
For the intradermal test, 48-h skin reactions are expressed as a prod-
uct score of diameter and intensity of erythema.

Transfer of Orally Induced Tolerance for Nickel or Chromi-
um One week after finishing a tolerizing feeding procedure, cer-
vical, paratracheal, and mesenteric lymph nodes and spleens were
isolated in medium (RPMI 1640 containing 25 mM Hepes buffer
with L-glutamine, Gibco, Paisley, Scotland, UK) with 2% fetal calf
serum, minced with scissors, and squeezed through a nylon gauze
filter to give single cell suspensions. Pooled lymphoid cells were
washed, counted, and suspended in the desired volume of phos-
Fhatc—buffcred saline. Recipient guinea pigs received donor equiva-
ents of cells (4 X 108) in 2 ml of phospﬁatc-buffcrcd saline into an
ear vein and were immunized with both nickel and chromium
within 16 h. Intradermal and epicutaneous challenges were per-
formed 14 and 21 d later, respectively.

Statistical Analysis The results are expressed as the arythmetic
mean & SEM of values per group (at least five animals). Compari-
sons between groups were made using the non-parametric Wil-
coxon test. The level of significance was set at p < 0.05.

RESULTS

Oral Administration of Nickel Sulphate or Potassium Bi-
chromate Specifically Suppress Subsequent Development of
ACH To induce oral tolerance, groups of guinea pigs were fed
once a week for 6 weeks with 30 mg of either nicicl sulfate or

potassium bichromate, whereas control groups received vehicle
(apple sauce) only. Intradermal skin tests performed 1 week after the
last feeding showed that feeding never induced any detectable de-
gree of sensitization (data not shown). Subsequently, it was at-
tempted to sensitize both metal-fed groups and a control group to
both nickel and chromium. All groups, including a control grou
sensitized with adjuvant only, were again skin tested 2 and 3 weeks
later. Both intradermal and epicutaneous skin tests showed that
feeding of either of the metal salts resulted in immunologically
specific unresponsiveness. Nickel-sulfate feeding had induced
strong unresponsiveness (95% suppression) to subsequent nickel
sensitization, whereas the bichromate fed animals were completely
refractory to chromium sensitization (106% suppression). Chro-
mium sensitization was not affected in nickel-fed guinea pigs and
vice versa (Fig 1). Tolerance induction by feeding was obtained in
outbred Duncan Hartley and outbred Himalayan guinea pigs, as
well as in inbred strain 13 guinea pigs. No differences in (fosc-re-
sponse relationships or degree of unresponsiveness to subsequent
cutaneous sensitization were observed (data not shown).

Dose Dependence of Oral Tolerance Induction Next, dose
dependence of oral tolerance induction was studied for both metal
salts. First we varied the dose per feed at a fixed period of weekly
feedings. In these experiments, groups of guinea pigs received
weekly doses of nickel sulfate or bichromate from 30 mg down to 1
mg for a total period of 3 wecks. Again, feeding with the highest
oral doses for potassium dichromate led to strong tolerance (93%
suppression) in all animals (Fig 2, right) whereas for nickel sulfate
the degree of tolerance was slightly lower (78% suppression; Fig 2,
left). As expected, with lower doses of the metals a dose-dependent
reduction in the degree of tolerance was observed. Dose dependency
of oral tolerance induction was also demonstrated by varying the
period of weekly feedings, at fixed weekly oral doses. By extending
the ﬁcriod of weekly feeding, stronger immune tolerance to nickel
or chromium ACH could be obtained (Fig 3).

Frequency Dependence of Oral Tolerance Induction We
then investigated the frequency dependence of oral tolerance induc-
tion, that is, whether, given a total dose and time span, the number
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3. Dose dependence of oral tolerance shown by varying the number of weekly feedings. Groups of guinea pigs were fed weekly for 1, 2, or 3 weeks

with fixed doses of NiSO, (30 mg) or K,Cr,O, (10 mg) in apple sauce. Sensitization to both nickel and chromium was attempted 2 weeks after the feeding
eriod. Three weeks after sensitization the guinea pigs were challenged epicutaneously to reveal eventual development of nickel (left) and chromium (right)

hypersens
immunize

itivity. Data are expressed as mean intensity of erythema (XSEM) of six to seven guinea pigs per group at 48 h after challenge. Dotted bars, animals
d with FCA only; hatched bars, animals fed with NiSO, and sensitized to both metals; open bars, animals fed with K,Cr,0; and sensitized to both

metals. *p < 0.005, **p <0.001, as compared to positive control group (animals fed with the other metal salt).

of feeds would affect the degree of unresponsiveness. Therefore,
groups of guinea pigs were fed with a total dose of 30 or 90 mg of
~ickel sulfate or potassium bichromate. The 30-mg dose was ad-
ministered once (28 d before sensitization), in doses of 10 mg
weekly for 3 weeks (28, 21, and 14 d before sensitization, respec-
tively), or in doses of 3.3 mg three times weekly for 3 weeks. The

or in doses of 10 mg three times weekly for 3 weeks. A single feed of
90 mg was not included to avoid unacceptable toxicity (Fig 4). The
results of this experiment indicate that, rather than a high frequency
of feeding, higher oral doses per feed induce strongest tolerance.
The data also confirm that ACH for chromium is more readily
suppressed (strong tolerance even after a single feed of 30 mg) than
for nickel. In other experiments with both nickel and chromium we

90-mg dose was administered in doses of 30 mg weekly for 3 weeks
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: P > X L L O
3x 10mg &\\\\\\\\W * 3x 10mg * X
1x 30mg ;\\\\\\\\\\\\\\\\\\\\\\\N 1x 30mg m
3x 30mg &(\\\\\\W 3x 30mg j.|

Figure 4. Frequency dependence of oral tolerance induction. Groups of guinea pigs were fed with fixed total doses (30 or 90 mg) of NiSO, or K,Cr,0,
divided over 1, 3, or 9 feedings given in a 3-week time span. Sensitization to both nickel and chromium was attempted 2 weeks after the feeding period. Three
weeks after sensitization the guinea pigs were challenged epicutaneously to reveal eventual development of nickel (left) and chromium (right) hypersensitivity.
Data are expressed as mean intensity of erythema (£SEM) of six to seven guinea pigs per group at 48 h after challenge. Dotted bars, animals immunized with
FCA only; Eatched bars, animals fed with NiSO, and sensitized to both metals; open bars, animals fed with K,Cr,O, and sensitized to both metals. *p < 0.05,

**p <0.01.
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Figure 5. Age dependence of oral tolerance induction. Groups of guinea pigs with age 23 weeks (weanlings), approximatcly 8 weeks (young ani.mals;
routinely used in previous experiments), and 16 - 20 wecks (adults) were fed weekly for 3 weeks with either 75 mg/kg NiSO, (15, 30, and 60 mg, respectively)
or 25 mg/kg K,Cr,0, (5, 10, and 20 mg, respectively). Sensitization to both nickel and chromium was attempted 2 wecks after the f.eedmg period. Three
weeks after sensitization the guinea pigs were challenged epicutaneously to reveal eventual development of nickel (left) and chromium (right) hypersensitivity.
Data are expressed as mean intensity of erythema (SEM) of six to eight guinea pigs per group at 48 h after challenge. Dotted bars, young animals immunized
with FCA only; hatched bars, animals fed with NiSO, and subsequently sensitized to both metals; open bars, animals fed with K,Cr,0, and subsequently

sensitized to both metals. *p < 0.05.

observed that the degree of specific immune tolerance was slightly
lower when the single feed was administered at 14 d, instead of 28 d,
before sensitization (data not shown).

Age Dependence of Oral Tolerance Induction 'We then stud-
ied oral tolerance induction in relation to age. For this purpose,
suboptimal regimens for oral tolerance induction were selected:
30 mg nickel sulfate (75 mg/kg) or 10 mg potassium dichromate
(25 mg/kg) at weekly intervals for 3 weeks. Three age groups were
used: young animals (approximately 8 weeks of age), as had been
used routinely in previous experiments, weanling (2-3 weeks of
age), and adult (approximately 16-20 weeks of age) guinea pigs.
Cutaneous immunizing attempts were made 4 weeks after the start
of feeding. Both intradermal and epicutaneous skin tests revealed
that the youngest (weanling) groups had not yet developed the
degree of ACH observed in the older groups (Fig 5). This resulted in
a slightly lower percentage suppression in the weanling chromium
group after oral tolerance induction (55% versus 80%; not signifi-
cant). Nevertheless, strong tolerance induction could be achieved in
all age groups, although adult guinea pigs were significantly less
susceptible to nickel tolerization (40% versus 78%; p < 0.05).

Tolerance Induction via Different Sections of the Alimen-
tary Tract To study whether the oral mucosa plays a crucial role
in tolerance induction we administered metal salts directly onto the
oral mucosa as compared to intragastric administration. For compar-
ison, groups tolerized by feeding per os were included. Suboptimal
doses of 15 mg nickel sulfate or 10 mg potassium dichromate were
used, at weekly intervals for 3 weeks. Intradermal skin tests per-
formed 1 week after these treatments confirmed that none of the
experimental groups exhibited any degree of sensitization. Subse-
quently, cutaneous immunization was attempted and resulting hy-
persensitivity reactions are shown in Fig 6. Intragastric administra-
tion induced a slightly lower degree of tolerance for both allergens,
as compared to oral administration by feeding. In contrast, applica-
tions of the metal salts on the oral mucosa for only 1 hour at weekly

intervals for three weeks resulted in strong unresponsiveness (for
nickel, p < 0.02, as compared to feeding per os).

Transfer of Orally Induced Immune Tolerance by Lymph-
oid Cells We next questioned whether orally induced tolerance
in this guinea pig model is due to active suppression and, therefore,
might be transferred with lymphoid cells. Groups of donor inbred
strain 13 guinea pigs were tolerized by feeding 30 mg NiSO, or
30 mg K,Cr,0, weekly for 6 weeks. For each allergen donor equiv-
alents of pooled cervical, paratracheal, and mesenteric lymph node
cells and spleen cells were injected intravenously into naive recipi-
ents (4 X 10° cells per recipient). Sixteen hours later all recipients
were immunized to both allergens, and nickel and chromium hy-
persensitivities were assayed 2 (intradermal skin tests) and 3 weeks
(epicutaneous skin tests) later. The results from these tests show that
development of ACH to both nickel and chromium were partially
prevented (Fig 7; for nickel p < 0.05 and for chromium p < 0.02).
Because recipients of lymphoid cells from nickel-tolerant donors
were used as positive controls for chromium sensitization, and vice
versa, the (partial) immunotolerance was metal specific.

Persistence of Unresponsiveness Figure 8 shows that feeding
with 30 mg NiSO, or 30 mg K,Cr,O, at weekly intervals for 6
weeks, followed by an attempt to sensitize (2 weeks after the period
of feeding), induced a long-lasting state of specific unresponsive-
ness. Tolerance could not be broken by a repeated attempt to sensi-
tize (25 weeks after the first attempt). Repeated intradermal and
epicutaneous challenges up to 2 years after the initial oral feedings
sﬁowed the persistent nature of orally induced tolerance. In con-
trast, when the first sensitizing attempt was made as late as 60 weeks
after oral tolerogenic treatment, both the intradermal skin tests (2
weeks after sensitization; Fig 9) and the epicutanous skin tests re-
vealed that considerably less resistence to sensitization had persisted

in these animals in the absence of sensitizing attempts early (2
weeks) after oral treatment.
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: 6. Tolerance induction via different sections of the alimentary tract. Groups of guinea pigs received 15 mg NiSO, or 10 mg K,Cr,O; either onto the
Figure 0. intragastrically, or by feeding per os, weekly for 3 weeks. For intragastric administrations and for feedings per os apple sauce was used as solvent.
orl l-mlcosal, administrations the salts were solved in an ointment (Unguentum Hypromelosum, 10% aqua dest.) that was applicated onto the oral mucosa of
For mucpsad animals. After one hour the ointment was removed. Sensitization to both nickel and chromium was attempted 2 weeks after the oral
ancth§SlZiion eriod. Three weeks after sensitization the guinea pigs were challenged epicutancously to reveal eventual development of nickel (left) and
administra (ri h}:) hypersensitivity. Data are expressed as mean intensity of erythema (:SEM) of 5 -8 guinea pigs per group at 48 hafter challenge. Dotted bars,
Ch.romllu'l:qunizcd with FCA only; hatched bars, animals orally treated with NiSO, and sensitized to both metals; open bars, animals orally treated with
;(m(r;acs): and sensitized to both metals. *p < 0.02 as compared to feeding per os.

2 2

DISCUSSION

Certain routes of antigen contact favor tqle;ance_ induction with one
of the more classic routes being oral admlms.tratlon [3]. Because oral
tolerance studies generally focus onsuppression of subsequent paren-
teral immunization, Potegtlal dcvelopmeng of efchtor T-cel! func-
tion after oral administration has only r.eccwed a little attention. In
the present study all animals were routinely sk_m tested befo;e any
sensitizing attempts were made. One first important point to
emerge from these stud}cs, thcrefor(_:,_ls. that no smgl.e animal ever
developed detectable skin hypersensitivity to cither nickel or chro-
mium after any of the oral feeding p}'otocols te§tcd. Thus, increasing
the allergen dose, frequency, or period of feeding, intragastric feed-
ing, or application onto the oral mucosa, for either of the metal
allergens, never induced effector T-c_ell funct'lon. Thesc findings
favor the view that oral contacts w1th putative antigens do not
induce CMI [13,16,32]. Major exceptions to this r.ule may, ho_w-
ever, be created by the use gf T-independent antigens [33], live
infectious agents, or allogeneic cells [13,34—??6], or the incorpora-
tion of strong adjuvants such as Chole-ra toxin or Iscoms [37,38].
With nickel and chromium the lack of induction of effector T-cell
function after oral administration cannot simply be due to a low
degree of allergenicity, because increased skin sensitivity to both
metal allergens could be readily detected in naive guinea pigs after
justone epicutaneous skin test.* Lack of detectable contact hypersen-
sitivity could, therefore, theoretically result from three remaining
possibilities. First, upon oral feeding the metal allergens would fail
to be absorbed through the gastrointestinal mucosal cells and not
come into contact with immune competent cells. This is apparently
not the case, because feeding these metal allergens to previously
sensitized animals induces profound, albeit transient, desensitiza-
tion.* Moreover, in the mucosal tissues lining the gastrointestinal
tract all cellular elements required for induction of cellular immune

* van Hoogstraten IMW, von Blomberg BME, Boden D, Kraal G,
Scheper RJ: Non-sensitizing epicutaneous skin contacts prevent subsequent
induction of immune tolerance (unpublished).

responses are present [39]. The alternative possibilities are that
metal allergens reaching the circulation from the alimentary tract
inactivate and/or eliminate precursor —effector T cells (“clonal de-
letion™), or induce active suppression (“immune tolerance”). Evi-
dence for the latter mechanism was obtained here by extended time-
course studies, the finding that a state of tolerance is not broken, but
rather strenghtened by regularly sensitizing signals, and by lymph-
oid transfer studies.

In preliminary studies we noticed that feeding of pelleted food
containing nickel and chromium could partly prevent subsequent
sensitization to nickel or chromium [40]. Subsequently, oral toler-
ance to chromium was found to be more effectively induced with
hexavalent than with trivalent chromium or with metal powder
[41]. Using a recently developed guinea pig model for the induction
of strong and reproducible ACH not only to chromium but also to
nickel [26], we were able to study several features of orally induced
T-cell tolerance in detail. From the results it is clear that nickel and
chromium are excellent allergens to confirm the specificity of oral
tolerance. Furthermore, in a dose-dependent way, complete unre-
sponsiveness for systemic ACH/DTH could be achieved by con-
trolled feeding of nickel or chromium salts during a limited period
of time. At a given total dose, oral tolerance was stronger when the
dose per feed was higher, indicating that it should be possible to
achieve complete tolerance with a single high oral antigen dose.
Indeed, for chromium almost complete tolerance was achieved by a
single oral administration of 30 mg chromium salt (Fig 4). For
nickel, however, this dose still was insufficient for the induction of
full tolerance, whereas higher doses caused undue toxicity. Impor-
tantly, however, complete tolerance could also be achieved, even for
nickel, by extending the period of (weekly) feedings with subopti-
mal tolerogenic doses (Fig 3). It has been well established that re-
peated skin contacts with contact sensitizing agents can augment
the degree of ACH. The present data show that tolerogenic signals
provide an essentially similar camulative effect on the degree of im-
mune tolerance. The clinical relevance of this notion was recently
demonstrated by the finding that orthodontic-brace treatment can
have a significant tolerogenic effect [42]. Although dental devices
may release only low amounts of nickel, the frequency of nickel
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Figure 7. Adoptive transfer of oral tolerance. Recipients were injected intravenously with 4 X 10° cells from donors that had been fed weekly with either
30 mg NiSO, or 30 mg K,Cr,O, for 6 weeks. Feeding had been stopped 1 week before transfer. Cell pools were derived from spleen and cervical, paratracheal,
and mesenteric lymph nodes. Sensitization to both nickel and chromium was attempted 16 h after transfer. Three weeks after sensitization the guinea pigs were
challenged epicutancously to reveal eventual development of nickel (left) and chromium ( right) hypersensitivity. Data are expressed as mean intensity of
erythema (SEM) of five guinea pigs per group at 48 h after challenge. Dotted bars, animals immunized with FCA only; hatched bars, recipients injected with
cells from donors fed with NiSO,, and subsequently sensitized to both metals: open bars, recipients injected with cells from donors fed with K,Cr,0, and

subsequently sensitized to both metals. *p < 0.05, **p < 0.02 as compared to transfer of cells from animals fed with the other metal salt.

allergy was significantly reduced in patients who had received orth-
odontic treatment at an early age, prior to possible sensitization.
Long-lasting persistence of orally induced tolerance has been
noted for protein antigens in a mouse model [24]. The clinical
relevance of such data is, however, questionable because the thresh-
old for triggering suppressor cell functions in this species appears to
be very low. This view is exemplified by data from contact sensiti-
zation studies showing that with higher doses of allergens applied
onto the skin, mice readily develop allergen-specific suppressor cells
[43). Similar bell-shaped dose-response curves are not observed in
the guinea pig, a species that is now known not to belong to the
rodent genus [44]. Moreover, the rapid waning of ACH in mice,
even with optimally sensitizing doses of allergens, is also thought to
result from the development of immunoregulatory suppressor cells
[43,45-47]. In contrast, ACH is very persistent in guinea pigs, like
in humans [31,48]. Despite the paucity of immunologic reagents in
the guinea pig, also immunohistologic features stress the relevance
of guinea pig models for clinical ACH [31,49]. It was important,
therefore, to note that in guinea pigs immune tolerance to nickel
and chromium could still be detected 1 year after a short period of

Ni skin tests
101
ga-
6 -
4
2 -
0+
-2 L 1 1 1 L, | T 1 1 T Ll T 1
124 15 25 30 60 100
1 attempt 2attempt to sensitize

feeding (Fig 9). Equally important was the finding that oral toler-
ance could be boosted by skin contacts with the allergens, known to
activate effector T-cell function in immunologically naive animals
(Fig 8). If the state of tolerance would result from clonal deletion,
such skin contacts would conceivably have no effect, or possibly
contribute to the regeneration of allergen-specific effector T cells.

The presence of allergen-specific, afferently acting suppressor
cells in orally tolerized animals was confirmed in lymphoid-transfer
experiments. In mice and rats oral tolerance is thought to be me-
diated by suppressor T cells (Ts) [3,7,10,12], presumably of the
CD8+ phenotype [18,50]. Still, however, remarkably little is
known about the immunoregulatory events that lead to the activa-
tion of such suppressor cells and the role of the microenvironment
in this process. Reportedly, Ts could be generated in Peyer’s
patches, viaa T suppressor-inducer cell, and subsequently migrate to
mesenteric lymph nodes and the spleen [13,51-53]. The finding
that allergen entry through oronasal and/or pharyngeal mucosae
also induces tolerance argues, however, strongly against a crucial
role for Peyer’s patches [54]. Indeed, it was found that rats depleted
from Peyer’s patches by surgery were fully susceptible to the induc-
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Figure 8. Persistence of immunosuppression; repeated challenges/attempts to sensitize. One group of guinea pigs was fed with 30 mg NiSO, (®) and another
group with 30 mg K,Cr,O; (0) weekly for 6 weeks. A first attempt to sensitize was made with both nickel and chromium at 2 weeks after the feeding period.
Half a year later a second attempt to sensitize was made with nickel in the nickel-fed group and with chromium in the chromium-fed group. Intradermal
challenges were performed repeatedly to monitor the development of nickel (left) and chromium (right) hypersensitivity. Data are expressed as mean product

sco;e of diameter and intensity of erythema (:SEM) of six guinea pigs per group corrected for the reactivity in control groups immunized with FCA only, at 48
h after challenge.
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Persistence of immunosuppression; delayed attempt to sensitize. Two groups of guinea pigs were fed with 30 mg NiSO, (®) and two other groups

with 30 mg K,Cr,0; (O) weekly for 6 wcgk.s. Two weeks after the feeding period sensitization to both metals was atte{nptcd i.n one of the nickel-fed and in one
of the chromium-fed groups. In the remaining groups the sensitizing attempt was performed 60 weeks after the fccc;lmg period. The groups were challenged
intradermally 2 weeks after the sensitizing attempt to reveal eventual @evclo.pment of nickel (left) and chromlux.n ( rtght). Data are cxpr.cssed as mean .product
score of diameter and intensity of erythema (SEM) of seven to ten guinea pigs per group corrected for the reactivity in control groups immunized with FCA

only, at 48 h after challenge.

tion of oral tolerance [55]. Evidence is accumulating now tl_lat oral
tolerance induction may result from several factors acting in con-
cert, notably a predpmmance of CD8-'I- T cells w1t'hm the mucosal
cpithclia [56,57], dlStlant ways of antigen processing [58,59], and
patterns of local cytokine rclc.asq [60]. Here we conﬁrmc'd that
Peyer’s patches are not necessarily involved in oral tolerance induc-
tion, because a brief and.tlmely applxcat{on of nickel or chromium
salts to the oral mucosa 1ndu§cd strong immune Folcrance. '

Interestingly, when studying ovalbumm-spcaﬁc cell-mediated
immunity and T-dependent IgE production in rats, Holt and col-
leagues also noted that the first part of the alimentary tract plays a
major role in oral tolerance induction. It was shown that -aftcr sub-
lingual administration up to -ten-fold lower dos'ages of antigen were
required for tolerance induction as compared to intragastric adminis-
tration [61]. When comparing oral and intragastric administration
in the present study, nickel or chromium salts were brought into
contact with the mucosa of the oral cavity only for a short period of
time, and care was taken thati no allergen was swallowed. Our re-
sults support, therefore, the view that the oronasal and/or pharyn-
geal mucosae are particular targets for the preferential 1nduct10n_of
immunologic tolerance [61]. Notably, this may also have contrib-
uted to the remarkable tolerogenic effect of orthodontic treatment
observed in our recent epidemiologic study [42].

In conclusion, it is shown that specific immune tolerance can be
induced by timely oral contacts with metal allergens, and that full
unresponsiveness is not broken, but rather strengthened, by re-
peated skin contacts with the allergens. Without any further oral
contacts full tolerance could be maintained for at least 2 years. Be-
cause very low doses of allergens, if administered for longer time

eriods, can induce tolerance, clinical applications of these princi-
ples in high risk groups would seem feasible. With the frequc;ncxes
of nickel allergy still on the rise, experiments are currently designed
to evaluate, in a prospective way, whether consumption of food
items with high nickel contents at an early age may reduce the
subsequent development of subsequent nickel allergies. Further im-
munotherapies in clinical allergies and autoimmune diseases s'hould
also take advantage of the particular tolerogenicity of sublingual
antigen (allergen, peptide) applications.
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