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Indirect effects of oral tolerance inhibit granuloma formation

Indirect effects of oral tolerance to
ovalbumin interfere with the immune
responses triggered by Schistosoma
mansoni eggs
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Abstract

The objective of the present study was to investigate whether the

injection of a tolerated protein (indirect effects) affects the formation

of granulomas around Schistosoma mansoni eggs trapped in the lungs

after intravenous (iv) injection into normal (noninfected) C57BL/6

mice (6 animals per group). To induce oral tolerance to chicken egg

ovalbumin a 1/5 dilution of egg white in water was offered ad libitum

in a drinking bottle for 3 days. Control mice received water. After 7

days, control and experimental animals were injected iv with 2,000

S. mansoni eggs through a tail vein. In some mice of both groups the

iv injection of eggs was immediately followed by intraperitoneal (ip)

immunization with 10 µg of dinitrophenylated conjugates of ovalbu-

min (DNP-Ova) emulsified in complete Freund’s adjuvant (CFA) or

only CFA; 18 days later, mice were bled and killed by ether inhalation.

The lungs were fixed in formalin and embedded in paraffin. Serial

sections of 5 µm were stained with Giemsa, Gomori’s silver reticulin

and Sirius red (pH 10.2). Granuloma diameters were measured in

histological sections previously stained with Gomori’s reticulin. Anti-

DNP and anti-soluble egg antigen (SEA) antibodies were analyzed by

ELISA. In mice orally tolerant to ovalbumin the concomitant ip

injection of DNP-Ova resulted in significantly lower anti-SEA anti-

bodies (ELISA*: 1395 ± 352 in non-tolerant and 462 ± 146 in tolerant

mice) and affected granuloma formation around eggs, significantly

decreasing granuloma size (area: 22,260 ± 2478 to 12,993 ± 3242

µm2). Active mechanisms triggered by injection of tolerated antigen

(ovalbumin) reduce granuloma formation.
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The immune response to parasite eggs in

host tissues significantly affects the disease

resulting from infection with Schistosoma

mansoni. Granulomatous lesions lead to fi-

brosis, which in turn can produce severe

circulatory impairment of the affected or-

gans (1). Granulomas enclosing eggs arise

through a process dependent on sensitized

CD4+ T lymphocytes (2), and the granulo-

mas forming around newly deposited eggs,

which are larger during the early acute phase

of infection, become smaller during the

late chronic phase of the disease (3). This

regression in pathology has been attributed

to modulation due to immunoregulatory

events affecting T cell responses to egg anti-

gens, which also declines during this period

(4,5).

Oral tolerance, a major example of im-

munoregulation, is defined as a reduction in

specific immune responsiveness after im-

munization with an antigen previously ad-

ministered by the oral route (6). Oral toler-

ance, which has direct effects on the specific

responsiveness to the tolerated proteins, has

also indirect effects on responsiveness to

other, unrelated immunogens injected con-

comitantly with the tolerated proteins (7-9).

The indirect effects of antigen re-exposure

in orally tolerant mice block severe chronic

inflammatory reactions of immunological

origin, such as autoimmune reactions and

graft-versus-host reactions (10,11).

Viable eggs from S. mansoni injected

intravenously (iv) may be trapped in the

small arteries of the lung. Subsequent im-

mune responses to immunogenic products

secreted by the eggs (soluble egg antigens,

SEA) result in the formation of pulmonary

granulomas. The present experiments were

undertaken to determine whether the injec-

tion of chicken egg ovalbumin (Ova) into

mice previously rendered orally tolerant to

egg white proteins would affect the develop-

ment of granulomas around S. mansoni eggs

trapped in the lungs after iv injection. The

results showed that indeed a significant re-

duction in granuloma formation occurs.

Eight-week-old C57BL/6 mice were used

(6 animals per group). To induce oral toler-

ance an egg white solution (1/5 dilution in

water) was offered ad libitum in a drinking

bottle for 3 consecutive days as the only

source of liquid. Control mice received wa-

ter. After 7 days, control and experimental

animals were injected iv with 2,000 eggs

from S. mansoni through a tail vein. In some

mice of both groups the iv injection of eggs

was immediately followed by intraperito-

neal (ip) immunization with 10 µg of dinitro-

phenylated conjugates of Ova (DNP-Ova)

emulsified in complete Freund’s adjuvant

(CFA) or only CFA. DNP-Ova conjugates

were prepared by coupling with dinitrophen-

yl sulfonate as described by Ovary and

Benacerraf (12).

Eighteen days after iv injection of eggs

the mice were anesthetized by ether inhala-

tion, bled and immediately sacrificed by in-

halation of an ether overdose. The serum

was collected and frozen for later analysis of

antibodies. The lungs were removed, fixed

in Carson’s modified Millonig’s phosphate-

buffered formalin (13), pH 7.4, and embed-

ded in paraffin. Serial sections of 5 µm were

stained by the following methods for bright

field microscopy: hematoxylin and eosin and

Lennert’s Giemsa for cellular characteriza-

tion, and Gomori’s silver reticulin for identi-

fication of collagen-containing reticular fi-

bers. For confocal laser scanning micros-

copy the sections were stained with Sirius

red (pH 10.2) for identification of eosino-

phils and phosphomolybdic acid-picrosirius

red for collagen, and analyzed by the reflect-

ed mode using a 543 nm laser (LSM 410,

Zeiss, Oberkochen, Germany).

The diameters of pulmonary granulomas

were measured in histological sections pre-

viously stained with Gomori’s reticulin us-

ing the LSM 410 software. Only sections of

granulomas with central egg(s) were consid-

ered.

Antibodies were assayed by standard
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ELISA procedures using high absorption

plates (Nunc, Roskilde, Denmark) incubated

overnight at 4ºC with 2 µg DNP-BSA or

SEA per well. Absorbance at 492 nm was

read in an ELISA reader (model 450 Micro-

plate Reader, Bio-Rad Laboratories, Her-

cules, CA, USA). For each sample of serum,

the absorbances of the eight serial dilutions

were added and multiplied by 1000 and these

coded values were called ELISA* (ELISA

scores), as done in previous studies by our

group (14,15). These ELISA scores were

used for statistical analysis using the un-

paired t-test.

To confirm the establishment of oral tol-

erance the anti-DNP antibody response was

measured 18 days after ip immunization with

DNP-Ova in CFA and, in agreement with

many previously published reports, the anti-

DNP antibody responses were significantly

lower in mice orally pretreated with an egg

white solution for 3 consecutive days before

parenteral immunizations when compared

to those not orally pretreated (data not

shown).

The anti-SEA responses are shown in

Figure 1A. The iv injection of eggs in control

mice without additional immunization re-

sulted in high titers of anti-SEA antibodies.

In non-tolerant mice, the concomitant ip

injection of DNP-Ova did not interfere

with this antibody response to SEA. In con-

trast, in mice rendered orally tolerant to Ova,

the concomitant ip injection of DNP-Ova

resulted in significantly lower anti-SEA an-

tibody production. Curiously, injection of

CFA alone in mice orally pretreated with

Ova triggered a lower response to SEA, but

this reduction was not statistically signifi-

cant.

The indirect effects of DNP-Ova injec-

tion into Ova-tolerant mice also affected

granuloma formation around eggs. As shown

in Figure 1B, there was a significant reduc-

tion in granuloma size (area) in Ova-tolerant

mice immunized ip with DNP-Ova concomi-

tantly with iv injection of S. mansoni eggs, as

compared to a control group only injected

with eggs.

As described in the literature, the granu-

loma around S. mansoni eggs has a defined

maturational stage followed by a stage of

involution and from a morphological point

of view these stages may be classified as pre-

granulomatous and granulomatous stages

(16). The pre-granulomatous, exudative stage

is characterized by accumulation of eosino-

phils and monocytes around the egg. The

granulomatous stages can be divided into

three phases: exudative-productive, produc-

tive and involutional.

In the present experiments, differences

in the frequency of occurrence of the distinct

phases in the various experimental groups

were apparent. The more prominent granu-

lomas emerged in non-tolerant mice con-

comitantly injected with DNP-Ova, which

Figure 1. Effect of immunization
with DNP-Ova plus CFA in Ova-
tolerant and non-tolerant mice
on anti-SEA antibodies (A) and
granuloma area (B). All mice
were injected iv with Schistoso-
ma mansoni eggs. Concomitant
ip immunizations as described
in the text were applied to non-
tolerant control (open bars) and
Ova-tolerant (hatched bars)
mice. See text for definition of
ELISA*. DNP-Ova = dinitrophe-
nylated ovalbumin, SEA =
soluble egg antigen, CFA =
complete Freund’s adjuvant.
*P<0.05 compared to control (ip
saline) mice (unpaired t-test).
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were exudative-productive granulomas. Also,

mice in this group displayed exudative-pro-

ductive granulomas with three layers: a cel-

lular periovular layer with a small number of

macrophages, an intermedial layer with con-

centric collagen fibers, and an external layer

with collagen fibers arranged in a mesh in-

cluding also monocytes and eosinophils (Fig-

ure 2A,B).

On the other hand, the highest propor-

tions of small granulomas were found in

orally tolerant mice injected with DNP-Ova.

In this group there was a predominance of

intravascular eggs with an initial periovular

reaction containing monocytes, eosinophils

and collagen fibers derived from the vascu-

lar wall (Figure 2C).

Despite the differences in granuloma

areas, all groups presented a similar cellular

composition with a predominance of macro-

phages and eosinophils. Eosinophils were

present even in the smaller granulomas of

the orally Ova-tolerant mice (Figure 2D).

The results outlined above show another

example of the indirect effects of oral toler-

ance interfering with a chronic inflamma-

tory reaction.

Specific immunological tolerance, pre-

viously identified as non-responsiveness and

sometimes attributed to deletion (17) or an-

ergy (18) of responsive clones, can be shown

to be an active process, which has been

attributed to the activity of subpopulations

of CD4+ T lymphocytes bearing the CD25

marker (6,19). In the experiments described

here the active mechanisms triggered by

injection of tolerated antigen affects indi-

rectly granuloma formation. It has been sug-

gested that the indirect effects of tolerated

antigen injection are nonspecific and result

from “innocent bystander suppression” by

inhibitory cytokines specifically released in

response to the tolerated protein (10,20).

There is evidence, however, that this may

not be the case (14). For example, indirect

effects do not require the simultaneous in-

jection of the two proteins but, when the

injections are separated in time, the tolerated

protein has to be injected first. Indirect ef-

fects do not block secondary responses to

unrelated proteins if the primary immuniza-

tion is made in the absence of the tolerated

protein. We suggest that indirect effects may

be better understood in terms of systemic

models (8,14).

We speculate that injection of tolerated

antigens has systemic immunological effects

and the observed changes in chronic inflam-

matory reaction may be due to alterations

in leukocyte migration to inflammatory sites.

To determine whether this is the case we

are currently evaluating the expression of

adhesion molecules on leukocytes and en-

dothelial cells after injection of tolerated

antigen.

Figure 2. Granulomas from non-tolerant (A, B) and Ova-tolerant (C, D) mice injected ip with
DNP-Ova concomitantly with iv injection of eggs. The sections were stained with Gomori’s
reticulin for identification of collagen-containing reticular fibers (A, C) or Sirius red (pH 10.2)
for identification of eosinophils in red (B, D). Original magnifications are 400X (A, B), 1000X
(C) and 500X (D).
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