
Systemic effects of oral tolerance on inflammation: mobilization of
lymphocytes and bone marrow eosinopoiesis

Introduction

Mucosal lymphoid tissues are the largest component of

the immune system spread over an area of hundreds of

square metres, which is in constant contact with an

immense variety of antigenic materials. Most of the

body’s lymphocytes are found in the mucosal associated

lymphoid tissues. In fact, 80–90% of all immunoglobulin-

producing B lymphocytes in the mouse are located in the

gut epithelial lining.1 Small amounts of partially degraded

or intact proteins regularly penetrate the circulation and

antibodies to dietary antigen are a common finding in
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and Cláudia R. Carvalho1

Departamentos de 1Morfologia e de 2Bioquı́mi-

ca e Imunologia, ICB-Universidade Federal de

Minas Gerais, Belo Horizonte, MG, Brazil and
3Centro de Pesquisas René Rachou, FIOCRUZ,
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Summary

Oral tolerance is a T-cell mediated phenomenon defined by inhibition of

immune responsiveness to a protein previously contacted by the oral

route. Oral tolerance may prevent autoimmune and allergic diseases that

involve the recruitment and/or activation of different cell types including

mast cells, neutrophils, eosinophils, monocytes and lymphocytes. The

mechanisms by which oral tolerance avoids these immunological disorders

are still controversial. Herein we used a murine model of ovalbumin

(OVA)-induced peritonitis to investigate the effect of oral tolerance on

allergic inflammation. Frequency of leucocyte subpopulations was evalu-

ated by global and differential cell counts in peritoneal lavage fluid, per-

ipheral blood, and bone marrow. Changes on lymphocyte subsets and

adhesion molecules expression by these cells were analysed by flow cyto-

metry. As compared with OVA-immune mice, intraperitoneal challenge of

tolerant animals with OVA resulted in a significantly milder peritonitis,

mostly affecting neutrophils and eosinophils; a concomitant reduction in

total white blood cell counts was also observed, mainly because of lower

neutrophil and eosinophil counts. Eosinophils, but not neutrophils, were

also reduced in the bone-marrow of OVA-challenged tolerant mice. No

changes occurred in total peritoneal lymphocyte counts in OVA-tolerant

mice, however, there was a significant decrease in CD3+ CD8+ T cells and

an increase in B cells (CD45R+) in these animals as compared to immune

OVA-challenged animals. Altered expression of CD18 and CD54, respect-

ively, in blood and peritoneal lymphocytes was also noted. These results

suggest that, in addition to local specific effects, oral tolerance has sys-

temic effects on the mobilization of leucocytes and bone-marrow eosino-

poiesis.
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normal individuals.2 However, the progressive quality of

clonal expansion from antigen-specific lymphocytes is

absent in animals that have been previously exposed to

antigen by mucosal routes and then immunized by paren-

teral routes. This is the relevant point: whereas animals

primed by parenteral routes increase specific antibody

titres at each additional injection of antigen, the titres of

antibodies formed after ingestion of proteins remain

remarkably stable in spite of repeated injections of anti-

gen.3 Significantly, the most frequent consequence of the

ingestion of proteins is the development of oral tolerance.

Oral tolerance is a T-cell mediated phenomenon

defined by refractoriness to subsequent parenteral

immunization with proteins first contacted by the oral

route. Several factors affect the induction and mainten-

ance of oral tolerance, including age, animal strain and

species, immunological status of the animal, as well as

adjuvants, dose and nature of the antigen used.4 Oral tol-

erant animals form less specific antibodies, and display

weak delayed-type hypersensitivity (DTH) reactions

in vivo and lymphocyte proliferation in the presence of

the cognate antigen in vitro.5 Oral tolerance prevents the

development of some experimental autoimmune dis-

eases,6,7 allergies8,9 and experimental asthma.10 However,

few advances have been achieved in treating diseases

already ongoing by oral administration of antigens and a

search for adjuvants that potentiate tolerance is

required.11 Autoimmune and allergic diseases have

become increasingly common and we are far from under-

standing the mechanisms that trigger and maintain them.

Dietary changes, probiotics and modifications of the

intestinal flora may be correlated with the incidence of

allergies.12

Allergic inflammation involves the recruitment and/or

activation of different cell types including mast cells,

neutrophils, eosinophils, monocytes and lymphocytes.13

The cytological patterns of inflammatory infiltrates

depend on the profiles of secretion of different inflam-

matory mediators and growth factors. Eosinophils are

thought to play a central role in asthma where they con-

tribute to tissue damage by secretion of their products

on bronchial epithelium which include a wide array of

cytokines.14 Eosinophils in asthmatic airways and other

localized tissue are derived from circulating progenitors

recruited by local inflammatory signals or from bone-

marrow cells released after allergen exposure. Oral

tolerance was able to prevent airway infiltration by eos-

inophils15–18 and bone-marrow eosinophilia10 by mecha-

nisms that are still controversial, at times associated15,18

or not17 with increased transforming growth factor-b
and interleukin (IL)-10.

Although atopic diseases such as asthma, allergic rhini-

tis and dermatitis have been conceived as occurring in

specific local tissues, the systemic nature of allergy has

also been considered.19 Oral tolerance may possibly have

systemic effects upon the differentiation and/or migration

of non-adaptive inflammatory cells triggered by antigen

exposure. Herein, we used a model of ovalbumin (OVA)-

induced peritonitis20 to evaluate whether oral tolerance

interferes with leucocyte production, mobilization and/or

migration to inflammatory sites. Global and differential

cell counts in peritoneal lavage fluid (PLF), peripheral

blood, and bone marrow (BM) were made. We also

checked for differences in lymphocyte subtypes and

expression of adhesion molecules.

Our results indicate that oral tolerance, besides its

immunological specific and local effects, also blocks the

global increase in leucocyte numbers triggered by immun-

ization and inhibits the mobilization of some cell types

from the bone marrow and their migration to inflamma-

tory sites. Changes in the expression of molecules engaged

on cell migration (CD18 and CD54) were observed on

lymphocytes from OVA-tolerant versus OVA-immunized

mice.

Materials and methods

Experimental animals

Female 8-week-old (C57BL/6 · DBA/2 J)F1, or B6D2F1

mice, bred and maintained in our animal breeding unit

according to the rules established by the ethical commit-

tee, were used. Experimental groups contained six mice.

Three groups were compared, as described below:

(1) immune saline-challenged; (2) immune OVA-chal-

lenged; and (3) tolerant OVA-challenged.

Antigen and antibodies used

The antigen used was OVA (grade V, Sigma, St. Louis,

MO). The antibody for enzyme-linked immunosorbent

assay (ELISA) was goat anti-mouse immunoglobulin

(IgM + IgG + IgA, H + L) horseradish peroxidase (HRP)-

labelled (Southern Biotechnology Associates, Birmingham,

AL). Antibodies for flow cytometry were: rat IgG2b anti-

mouse CD3 R-phycoerythrin (PE; Sigma); rat IgG2a anti-

mouse CD4 fluoroscein isothiocyanate (FITC; Sigma); rat

IgG2a anti-mouse CD8 FITC (Sigma); rat IgG2a anti-

mouse CD45R R-PE (Sigma); hamster IgG anti-mouse

CD54 FITC (Pharmingen, San Diego, CA); rat IgG2a

anti-mouse CD18 FITC (Caltag, Burlingame CA) or cor-

responding isotype-matched controls.

Feeding regimens for oral tolerance induction

Oral tolerance to OVA was induced by enforcing mice to

drink, ad libitum, a 1/5 solution of hen egg white in

drinking water for 3 consecutive days. The egg white

solution was prepared in our laboratory from commer-

cially available eggs. Daily estimated average consumption
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was 20 mg OVA/mouse and this resulted in significant

levels of tolerance. Bottles were changed every day to

avoid contamination. Control groups received filtered tap

water.

Parenteral immunizations and antigen-induced
peritonitis

Mice were actively sensitized by two subcutaneous (s.c.)

injections of 0�2 ml of a suspension containing 100 lg of

OVA and 1�6 mg of Al(OH)3 given 7 days apart. One

week thereafter peritonitis was induced by the intraperiti-

neal (i.p.) injection of 1 lg of OVA (0�2 ml of a sterile

solution containing 5 lg/ml OVA in saline). Control ani-

mals sensitized s.c. with OVA received i.p. the same vol-

ume of sterile saline.

Peripheral blood counts

At 6, 24 and 48 hr after antigen challenge, mice were bled

under ether anaesthesia from the axillary plexus and

blood was collected without anticoagulant for antibody

assays and smears, or with ethylenediaminetetra-acetic

acid for global leucocyte counts. Total white blood cell

counts were obtained in an automatic counter (Beckman

Instruments, Inc.). peripheral blood smears were stained

with May–Grünwald–Giemsa and differential white blood

cell count determined under oil immersion (·1000). At

least 200 cells were counted and results were expressed as

the number of leucocytes, neutrophils or eosinophils per

millilitre of blood. For cytometry analysis blood cells

were collected in heparin 24 hr after OVA challenge, and

samples of 25 ll were plated and incubated with the anti-

body or isotype control at appropriated dilution for 1 hr.

Then, red blood cells were lysed using FACSTM lysing

solution (Becton Dickinson, San Jose, CA). After lysis

cells were washed twice in phosphate-buffered saline

(PBS) containing 3% fetal calf serum (FCS) and 0�1%

sodium azide. Stained cells were resuspended in PBS con-

taining 3% FCS and 0�1% sodium azide. Cell samples

were analysed on a FACScan Flow Cytometer (Becton

Dickinson, Mountain View, CA). For each sample 10 000

events were collected and analysis were performed using

CellQuest. FACS analysis was performed by gating the

lymphocyte population on the basis of relative size (for-

ward light scatter) and granularity (side angle scatter).

Results were expressed as the percentage of each lympho-

cyte population.

Peritoneal lavage fluid (PLF)

After bleeding, animals were killed by cervical displace-

ment, the peritoneal cavity was opened and washed

with 3 ml of Hanks’ balanced salt solution (HBSS) con-

taining heparin (10 U/ml); approximately 90% of the

initial volume was recovered and in cases when hae-

morrhages were detected in the peritoneal cavity, the

animals were discarded. Total cell count present in the

PLF was determined in a haemocytometer. Differential

cell counts were performed after cytocentrifugation and

staining with May–Grünwald–Giemsa under oil immer-

sion (·1000). At least 400 cells were counted and

results were expressed as the number of cells per milli-

litre of PLF. For cytometry analysis cells were collected

24 hr after OVA challenge, washed twice in PBS con-

taining 3% FCS and 0�1% sodium azide and subse-

quently stained, according to the standard method.

Stained cells were resuspended in PBS containing 3%

FCS and 0�1% sodium azide. Cell samples were ana-

lysed on a FACScan Flow Cytometer in the same way

as those from peripheral blood.

Bone marrow (BM)

Bone marrow cells were obtained by flushing the femur

with 5 ml of HBSS containing heparin (50 U/ml). The

cell suspensions were gently homogenized to break large

clumps, centrifuged and resuspended in HBSS for final

volume of 1 ml. Total cell count present in the BM cell

suspensions was evaluated microscopically by haemo-

cytometer. Differential cell counts were performed after

cytocentrifugation and staining with May–Grünwald–

Giemsa under oil immersion (·1000). At least 400 cells

were counted and results were expressed as the number

of cells per millilitre of BM cell suspension.

Antibody assay

Anti-OVA antibody titres were determined by standard

ELISA using an automatic ELISA reader (Bio-Rad, Her-

cules, CA). In short, plates (Nunc, Roskilde, Denmark)

were coated overnight with 2 lg of OVA in 100 ll/well

of sodium carbonate buffer, pH 9�6, at 4�. Plates were

washed with PBS containing 0�05% Tween-20 and

blocked for 1 hr at room temperature (RT) with PBS

containing 0�25% casein. The plates were incubated for

1 hr at RT with six dilutions of mouse serum samples

starting at 1/100 in PBS-casein. Plates were washed

again, six times, and incubated with goat anti-mouse

immunoglobulin–HRP for 1 hr at 37�. Then the plates

were washed six times, and incubated in the dark with

H2O2 in the presence of orthophenylenediamine (OPD,

Sigma) in sodium citrate buffer, pH 5�0 for 20 min.

The reaction was stopped by the addition of 20 ll of

2 N H2SO4. Colour development was measured at OD

492 nm. ELISA scores were computed by running sums

of optical densities between 1 : 100 and 1 : 3200 of

serum dilutions in individual mice, as indicated in the

figure legends. Each score is shown as mean ± SEM of

groups of six animals.
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Statistical analysis

Statistical analyses were performed using StatView or

Sigma Statistical software and the statistical significance

was determined using Umpaired t-test (for cytometry

data) and Student–Newman–Keuls comparison test.

P-values of 0�05 or less were considered significant. The

results are expressed as the mean ± SEM.

Results

Oral tolerance blocks granulocyte accumulation
in the peritoneal cavity

To induce oral tolerance to OVA, B6D2F1 mice were

enforced to drink an egg white solution for 3 days; control

mice drank tap water. Seven and 14 days after the oral

treatment all mice received primary and secondary s.c.

immunizations with 100 lg of OVA in Al(OH)3 and 7 days

thereafter were i.p. challenged with a small dose (1 lg) of

soluble sterile OVA. An additional control group not toler-

ant to OVA was s.c. immunized as the others, but i.p. chal-

lenged with sterile saline. All mice were tested for anti-OVA

antibodies in the serum. In parallel experiments PLF were

collected for immunophenotypic analysis by flow cytome-

try 24 hr after i.p. challenge and differential cell counts

after cytocentrifugation and staining with May–Grünwald–

Giemsa at 6, 24 and 48 hr after i.p. challenge.

Mice that drank OVA became tolerant and formed less

anti-OVA antibodies; the immune and immune-control

groups had similar anti-OVA titres 24 hr after i.p. injec-

tion of, respectively, OVA or saline (Fig. 2a). Representa-

tive dot-plot distribution of leucocytes by size (forward

light scatter) versus granularity (side angle scatter) are

illustrated on Fig. 1(a–c). OVA-challenge in immune mice

led to peritonitis, characterized by increased frequency of

granulocytes (Fig. 1b). This inflammatory reaction was

blocked in tolerant OVA-challenged mice (Fig. 1c), in

which the reaction resembled that of the injection of i.p.

saline in OVA-immune mice (Fig. 1a).

In other experiments, using the same experimental pro-

tocol, we made global and differential cell counts at 6, 24

and 48 hr after i.p. OVA challenge. Again the anti-OVA

antibodies were blocked in mice that previously drank

OVA, characterizing the state of oral tolerance induction

(Fig. 2a). There was a marked global increase in leucocyte

counts in the PLF of immune mice, already installed 6 hr

after OVA challenge, which persisted unchanged after 24

and 48 hr (Fig. 2b). Differential cell counts showed signifi-

cant increases in neutrophils (Fig. 2c) and eosinophils

(Fig. 2d) 6 hr after i.p. challenge with OVA, which were

both blocked in oral-tolerant mice. At 24 hr after i.p. OVA

challenge the numbers of neutrophils had dropped in

immune mice but, conversely, the number eosinophils sig-

nificantly increased and persisted high up to 48 hr. The fre-

quency of neutrophils and eosinophils was significantly

reduced in OVA-tolerant mice. There was also an increase

in lymphocyte counts in PLF at 24 hr after i.p. OVA
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Figure 2. Oral tolerance blocks neutrophil, eosinophil and macro-

phage’s accumulation in the peritoneal cavity. Serum Anti-OVA

antibodies (a), and total (b) or differential (c-f) leucocyte counts

(·105/ml) in the peritoneal lavage fluid from sensitized mice killed 6,

24 or 48 hr after i.p. challenge. Solid bars: s.c. immunized and i.p.

saline challenged; open bars: s.c. immunized and i.p. OVA chal-

lenged; hatched bars: previously tolerized to OVA, s.c. immunized

and i.p. OVA challenged. Mean ± SEM. �P < 0�05 and *P < 0�05

compared, respectively, with saline- or OVA-challenged mice.
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challenge, which was not blocked by oral tolerance

(Fig. 2e). Macrophages were slightly higher in immune

than in tolerant OVA-challenged mice at 48 hr (Fig. 2f).

No differences were found in mast cell numbers between

the three groups (results not shown).

Although no differences were apparent in total lympho-

cyte numbers in the PLF from immune and tolerant mice

24 hr after OVA-challenge (Fig. 2e), we analysed if there

were any difference in CD3+ CD4+ cells, CD3+ CD8+ cells

and CD45R+ cells, which encompass the majority of lym-

phocyte subtypes. Phenotypic analysis by flow cytometry

showed a significant reduction in the percentage of

CD3+ CD8+ and an increase in CD45R+ lymphocytes in

oral tolerant mice (Fig. 3).

Oral tolerance blocks neutrophilia and eosinophilia

To evaluate whether oral tolerance affects the production

and/or mobilization of leucocytes we enumerated cells in

peripheral blood and BM from OVA-immunized and

OVA-tolerant mice at 6, 24 and 48 hr after i.p. OVA-

challenge (Fig. 4).

After i.p. OVA-challenge, OVA-immunized mice

showed a global increase in leucocyte numbers in the

peripheral blood (Fig. 4a), which was also evident by

differential cell count analysis (Fig. 4b–e). OVA oral tol-

erance blocked the increase of neutrophils, eosinophils

and monocytes, but did not affect the lymphocyte

counts.

Differential counts of BM cells allowed the analysis of

mature neutrophils and eosinophils, based on major mor-

phological features, such as cytoplasmatic and nuclear

characteristics. On both groups of immune mice, chal-

lenged either with OVA or saline, the eosinophil numbers

(Fig. 4f) were similar, and higher than mean values found

in normal mice (Table 1). Thus, after s.c. immunization,

independently of the i.p. challenge with OVA, there was

an increase in BM eosinophil numbers. Marrow eosino-

philia was blocked in orally tolerant mice, as revealed by

the significantly lower counts in tolerant, OVA-challenged

mice (Fig. 4f). No difference was detected either on total

nucleated cells or on neutrophils counts in BM from all

groups (results not shown).
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Altered distribution of lymphocytes in tolerant mice

Although total lymphocyte numbers did not vary in PLF

(Fig. 2) and in peripheral blood (Fig. 4) of tolerant mice

we noted a lower proportion of CD3+ CD8+ lymphocytes

and a higher proportion of CD45R+ lymphocytes in the

PLF from tolerant OVA-challenged mice (Fig. 3). We fur-

ther analysed the lymphocyte phenotypes in the periph-

eral blood 24 hr after OVA challenge and found a higher

proportion of CD3+ CD8+ lymphocytes and a lower pro-

portion of CD45R+ lymphocytes in tolerant OVA-chal-

lenged mice compared with immune OVA-challenged

mice (Fig. 5).

Next, we analysed the expression of CD54 and CD18

molecules in lymphocytes because altered expression of

these adhesion molecules may differentially contribute to

migration of lymphocytes to inflammatory sites. We com-

pared the mean fluorescence intensity of CD18 and CD54

in B lymphocytes (CD45R+) and non-B lymphocytes

(CD45R–) in the PLF and in peripheral blood of tolerant

and not-tolerant mice (Table 2). After challenge with

OVA the expression of CD54 on both CD45R+ and

CD45R– lymphocytes is significantly lower in the PLF

from immune mice but not significantly altered in toler-

ant mice. On the other hand the expression of CD18 in

CD45R+ lymphocytes is significantly lower in the periph-

eral blood from tolerant mice.

Discussion

Oral tolerance is quite efficient in blocking DTH reac-

tions, IgG1 and IgE antibody formation and in preventing

inflammatory immune reactions in allergy and in other

models of autoimmune diseases (reviewed in 4, 21 and

22). In the present study, as predicted, it prevents OVA-

induced peritonitis. Although very effective in blocking

the initiation of immunological events in naı̈ve animals,

feeding with the antigen tends to enhance, rather than

inhibit, immune reactions in previously immunized

mice.23 In a murine model of asthma, oral antigen

administration after antigen priming has limited thera-

peutic effects.16,17 The hope is that understanding the

mechanisms that underlie oral tolerance, may improve its

use in immunotherapy.11

Proposed mechanisms to explain oral tolerance include

dominant, active suppression by regulatory T cells, clo-

nal anergy/deletion of lymphocytes, immune deviation

(T helper 1 (Th1), Th2 and Th3) and inhibition by anti-

idiotypic antibodies.22 Which of these mechanisms inhibit

inflammatory reactions in tolerant organisms, is not well

understood.

Table 1. Total and differential cell counts (mean ± SE) from naı̈ve

B6D2F1 female mice, at the same age of those used in the experi-

ments

Cell type Cell count

PLF1 Total leucocyte 20�77 ± 2�42

Neutrophils ND4

Eosinophils 0�17 ± 0�07

Lymphocytes 1�65 ± 0�08

Macrophages 16�71 ± 1�02

Mast cells 1�73 ± 0�16

PB2 Total leucocyte 46�08 ± 1�08

Neutrophils 3�99 ± 0�36

Eosinophils 0�96 ± 0�09

Lymphocytes 40�25 ± 1�22

Monocytes 0�92 ± 0�21

BM3 Total nucleated cells 10�33 ± 0�23

Neutrophils 5�29 ± 0�11

Eosinophils 0�53 ± 0�02

1Peritoneal lavage fluid (·105/ml).
2Peripheral blood (·105/ml).
3Bone marrow (·106/ml).
4Not detected.
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Blood cells gated on lymphocytes were analysed for the expression of

CD3/CD4, CD3/CD8 or CD45R. Solid, open and hatched bars, and

statistical significance *, as in Fig. 2.
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It is usually not considered that parenteral re-exposure

to a tolerated antigen triggers inhibitory phenomena that

may, for example, block the initiation of immune

responses to a second unrelated antigen. This phenom-

enon is known as bystander suppression,24 but we prefer

to call it ‘indirect effects’ of oral tolerance25 because the

tolerated and the second antigens do not need to be pre-

sent at the same place, nor at the same time for the phe-

nomenon to occur.26 We noticed previously that, in

OVA-tolerant mice, an i.p. injection of OVA concomitant

with an intravenous (i.v.) injection of Shistosoma mansoni

eggs, inhibits granuloma formation around the eggs.27

The fewer and smaller granuloma found in these OVA-

tolerant mice had fewer eosinophils, macrophages and

lymphocytes. In addition, OVA-tolerant mice exposed to

i.p. OVA concomitantly with i.v. injection of eggs from

S. mansoni have less expression of CD54 around granulo-

mas (results not published). The exposure to the tolerated

antigen might have global effects and inhibit leucocyte

formation and/or migration into inflammatory sites.26,27

Thus, the study of oral tolerance and the indirect effects

of parenteral exposure to tolerated antigens may produce

insights into the relationship of innate and adaptive

immunity. To extend our study on this hypothesis we

used the present model of antigen-induced peritonitis.

The present results indicate that oral tolerance to OVA

interferes with several stages of the inflammatory process,

such as the differentiation, release and/or migration of

cells (neutrophils, eosinophils and monocytes) involved in

innate mechanisms of inflammation. In orally tolerant

mice, the global increase in leucocytes was weaker and

the influx into the peritoneum was less intense (Figs 1, 2

and 4). Tolerance hindered the intensity of migration of

cells into the peritoneum, but not its kinetics. Both in

immune and tolerant mice, the migration of neutrophils

was high at 6 hr and plunged at 24 hr, whereas that of

eosinophils was moderate at 6 hr, raised at 24 hr and was

maintained at 48 hr (Fig. 2). On the other hand, an

increase in peritoneal lymphocyte numbers, only signifi-

cant at 24 hr, occurred both in immune and orally toler-

ant mice, although there were less CD3+ CD8+ and more

CD45R+ lymphocytes in the peritoneum of tolerant mice

(Figs 2 and 3). We also noticed a marked decrease in eos-

inophils in the bone marrow of tolerant mice (Fig. 4).

Considering that the bone marrow actively participates in

the release and migration of cells to local sites of inflam-

mation we can predict that oral tolerance may actively

interfere with these changes in bone marrow. Whether or

not this is important in inflammatory diseases has not

been considered, but it may turn out to be an important

systemic mechanism.19

Symptoms of allergic inflammatory reactions vary

according to the cell types attracted to the inflammatory

site.13 The selectivity of leucocyte recruitment results from

a combination of factors, including the pattern of cyto-

kines released from local cells, the repertoire of adhesion

molecules on leucocytes, as well as the pattern of adhe-

sion molecules and chemoattractants expressed on vascu-

lar endothelium. Much attention has been given to the

mechanism of eosinophil recruitment into the airways of

asthmatics because of the potential damage they may

cause to bronchial mucosa.14 However, other cell types

are also involved in the maintenance of the inflammatory

reaction and lymphocytes are especially important in

chronic inflammatory diseases. It has been proposed that

CD4+ T cells are required to activate eosinophil degranu-

lation in a manner that is antigen dependent.28 These

authors propose that this process would be conceptually

similar to the role of IgE in mediating the discharge of

mast cell contents.

In immune BALB/c mice allergen re-exposure by nasal

or peritoneal routes triggers the release of eosinophils

from bone marrow and their migration to inflamed

sites.20,29 Also in BALB/c mice significantly increased

numbers of bone marrow eosinophils were found in sen-

sitized animals exposed to allergen, relative to unchal-

Table 2. Adhesion molecules (CD18 and CD54) expressed by lymphocytes from peritoneal lavage fluid (PLF) and peripheral blood 24 hr after

i.p. challenge

CD18 (MFI1) CD54 (MFI1)

CD45R+ CD45R– CD45R+ CD45R–

PLF Im sal i.p. 10�10 ± 0�51 24�54 ± 0�82 8�01 ± 0�37 11�30 ± 0�19

Im OVA i.p. 8�91 ± 0�30 23�52 ± 1�54 6�80 ± 0�27� 9�95 ± 0�27�
Tol OVA i.p. 10�24 ± 1�07 22�89 ± 2�26 7�98 ± 0�46 10�13 ± 0�31

Peripheral Im sal i.p. 7�69 ± 0�16 15�53 ± 0�28 2�34 ± 0�05 7�01 ± 0�18

blood Im OVA i.p. 7�86 ± 0�18 15�30 ± 0�26 2�36 ± 0�14 6�72 ± 0�40

Tol OVA i.p. 7�27 ± 0�10* 14�62 ± 0�29 2�20 ± 0�05 6�45 ± 0�16

1Mean fluorescence intensity (mean ± SE); �P < 0�05 compared with im sal i.p. group, *P < 0�05 compared with im OVA i.p. group.

Im sal i.p.: s.c. immunized and i.p. saline challenged; Im OVA ip: s.c. immunized and i.p. OVA challenged; Tol OVA ip: previously tolerized to

OVA, s.c. immunized and i.p. OVA challenged.
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lenged, sensitized controls.29 However, we found that sen-

sitized B6D2F1 mice have similar numbers of bone mar-

row eosinophils irrespective of challenge (Fig. 4). This

may be the result of strain differences as C57B1/6 mice

also have this same behaviour (Gapar-Elsas, personal

communication). So, mice with C57Bl/6 background, as

opposed to BALB/c mice, may present persistent bone

marrow eosinophilia after sensitization.

T-cell derived cytokines such as IL-5, IL-3 and granulo-

cyte–macrophage colony-stimulating factor have been

shown to stimulate eosinophilopoiesis in vitro, but IL-5 is

specifically involved in eosinophil growth and matur-

ation.29–31 On the other hand, eotaxin, a CC chemokine,

stimulates the migration of eosinophils from bone mar-

row into tissue.32

Many studies have shown that oral tolerance blocked

airway eosinophilic inflammation in different mouse

strains, such as BALB/c, BP2, CBA/Ca10,15–18 bone marrow

eosinophilia and the increase in IL-5 in C57Bl/6 mice.10

Blocking the generation of IL-5 by oral tolerance can play

a decisive role in mediating the decrease of bone marrow

production of eosinophils. However it is not clear how

oral tolerance inhibits tissue eosinophilia. It may be

trough blocking IL-5 production. However, although

anti-IL5 antibodies block blood eosinophilia after allergen

challenge, it does not alter significantly bronchial hyper-

responsiveness or the late asthmatic response in atopic

asthmatics33 and also this treatment only partially depletes

eosinophil numbers in asthmatic airway.34

Zuani-Amorim et al.20 have shown that IL-5 release in

mice PLF emerged 6 hr after OVA challenge, and pre-

ceded the rise in T-cell numbers, which was noted at

24 hr. These authors claim that the early (6 hr) recruit-

ment of eosinophils to the peritoneum is T-cell depend-

ent and possibly caused by the activation of resident T

cells. So, the inhibition of eosinophil recruitment in toler-

ant mice may be caused by a change in the profiles of

mediators secreted by these resident T lymphocytes.

Alternatively, or in addition, oral tolerance might affect

cell types other than T lymphocytes, such as mast cells,

which may be involved in the early OVA-induced IL-5

production.35 The effect of oral tolerance in mast cell

may be indirect, by inhibition of antibody production.

Despite the attention given recently to T-cell derived

cytokines, immune complexes continue to be important

mediators of inflammatory reactions by interaction with

Fc-receptors on leucocytes and activation of complement

cascades. In allergic inflammatory reactions mast cells and

macrophages play an important role, through their ability

to respond to the aggregation of receptors in their sur-

face, such as FccR, FceRI and FceRII receptors, by IgG1

or IgE molecules bridged by antigen. As we have shown

(Fig. 1c and Fig. 2a), oral tolerance inhibits antibody

responses and these are additional mechanisms through

which oral tolerance may reduce allergic inflammation.

Herein, we show that oral tolerance to OVA signifi-

cantly interferes with changes in some cell types, but not

in others. Thus, it inhibited the OVA-triggered increase

in neutrophils, eosinophils and macrophages in peritoneal

lavage fluid (PLF) and in peripheral blood (peripheral

blood), but failed to block a concomitant increase in total

lymphocytes; in the bone marrow, it blocked eosinophilia

but left the number of neutrophils unchanged (not

shown).

The robustness of neutrophil production in the bone

marrow is possibly related to their high turnover rates in

normal conditions; their high rate of production may be

an impediment to regulation of their involvement in

inflammatory reactions by interference with the bone

marrow. On the other hand, inhibition of neutrophil

release from bone marrow and their migration to the

peritoneal cavity of orally tolerant mice may be achieved

by blocking the secretion of pro-inflammatory mediators

from activated mast cells, lymphocytes and macrophages.

Cytokines, such as IL-1, IL-6 and tumour necrosis factor-

a, which are primarily produced by macrophages, play

multiple roles in inflammation, including activation of

vascular endothelium, with enhanced expression of leuco-

cyte adhesion molecules and induction of chemokine

synthesis. Oral tolerance blocks production of pro-inflam-

matory cytokines.36

Oral tolerance is a T-cell dependent phenomenon and

although total lymphocyte numbers did not vary in PLF

(Fig. 2) and in peripheral blood (Fig. 4) of tolerant mice

we noted a lower proportion of CD3+ CD8+ lymphocytes

and a higher proportion of CD45R+ lymphocytes in the

PLF from tolerant OVA-challenged mice (Fig. 3). Interest-

ingly, we have found that lymphocyte counts in the periph-

eral blood (Fig. 5) were opposed to those found in PLF

(Fig. 3), i.e. a higher proportion of CD3+ CD8+ lympho-

cytes and a lower proportion of CD45R+ lymphocytes in

tolerant OVA-challenged mice compared with immune

OVA-challenged mice (Fig. 5). This may reflect differences

in cell migration to inflammatory sites, i.e, if a smaller

amount of CD3+ CD8+ migrate to the peritoneal cavity it

remains in a higher proportion in the peripheral blood. On

the contrary, if a greater number of CD45R+ migrate to the

peritoneal cavity they will be proportionately lower in the

peripheral blood. Cell migration depends on the expression

of adhesion molecules that may be altered by activation.

However we did not find correlation between the mean

fluorescence intensity of CD54 on CD45R+ lymphocytes

from tolerant and not tolerant mice and their differential

migration. In addition, contrary to our expectation, the

mean fluorescence intensity of CD18 in CD45R+ lympho-

cytes is significantly lower in the peripheral blood from tol-

erant mice. Maybe the difference between the distribution

of lymphocytes in tolerant and not tolerant mice can be

better understood after analyses of adhesion molecules

expressed by endothelial cells.
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