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Sub-compartmentalization of the gastrointestinal (GI) immune system
determined with microbeads that differ in release properties
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Abstract

Immunization of two specific regions of the murine GI tract of two types of mice with ovalbumin (OVA) encapsulated in microbeads
with two different pH-sensitive coatings allowed a more precise analysis of this compartment of the mucosal immune system. Acute,
chronic and pervasive immunization protocols were utilized in an attempt to stimulate specific types of immunity. Chronic immunization
potentiated antibody isotypes influenced by type 2 T helper cells (Th2). Pervasive immunization of both regions of the GI tract mimicked
chronic immunization, stimulating high levels of OVA-reactive IgE. Acute immunization was best able to potentiate isotypes influenced
by type 1 T helper cells (Th1) and a sequential segregated immunization protocol allowed the targeting of Th1-like memory responses.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Compartmentalization within the immune system allows
complex cellular interactions dependent on antigen concen-
tration, the site(s) of antigen presentation, and the frequency
of exposure to antigens to differentiate between pathogens
and food[1–5]. The mucosa contains a greater number of
mucosal mast cells (MMC) which aid Th2 responses, while
the submucosa contains a greater number of connective tis-
sue mast cells (CTMC) which aid Th1 responses[6–8]. Den-
dritic cells that breach the GI barrier can deliver antigens
to the mesenteric lymph nodes (MLNs) and spleen[9]. The
upper small intestine (SI), the duodenum and jejunum, con-
tains IELs with a greater proliferative capacity and fewer
lymphoid follicles than the lower SI or ileum[1,10]. The
lower SI contains a greater number of lymphoid follicles
than the upper SI as well the Peyer’s patches in most species
[1,11]. These lymphoid structures are the sites where T cells,
B cells, antigen presenting cells, and mast cells cooperate
to induce antibody production[12–14]. They also produce
cytokines that favor IgA production and tolerance: IL 4, IL
10 and TGF-� [14,15].
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Both penetration and/or invasion of the epithelial layer
and protection of antigens from digestion influence immune
responses at the mucosa[16,17]. Ingested biochemicals are
generally poor immunogens because the GI tract rapidly de-
grades antigenic structure in digestion[16]. Peptide antigens
presented directly to the Th2 cells and intraepithelial lym-
phocytes (IELs) of the GI tract induce tolerance and inhibit
IgE production[18–20]. In fact, oral tolerance can be ab-
rogated by simply delivering a sufficient quantity of native
antigen to the mucosa of the SI, that would normally be de-
graded by the stomach[21]. Large antigens, such as heat
killed Salmonella, induce a greater Th2 response with rel-
atively low levels of IgG2a while invasive liveSalmonella
induce Th1 responses measurable by DTH[22,23]. Even
though bacteria-bound LPS will induce IgG2a when admin-
istered systemically, it induces predominantly IgG1 when
delivered perorally (p.o.)[22].

The induction of Th1 responses is desired for the produc-
tion of blocking antibodies in allergy treatments and for im-
munity to some pathogens. Germinal centers (GCs) require
Th1 cytokines as well asbcl-6 gene expression, and are ef-
ficiently induced by T and B cells which have previously
encountered antigen[24–26]. IgE production requires IL 4
and CD40 signaling, but not GCs[18,26–28]. One approach
that might be useful for immune therapy in allergic disease
or vaccination against some pathogens could employ the in-
duction of GCs in the GI tract[29]. Since naive B cells
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are relatively short-lived and most B cells recirculate much
more slowly than T cells, most recirculating lymphocytes
are T cells or antigen-stimulated “memory” B cells[30–32].
Therefore, a sequential segregated immunization protocol
that targets different regions of the GI tract for the induc-
tion of GCs might be useful for inducing Th1 responses by
stimulating relocated memory lymphocytes. Differences in
TGF-� production in specific regions of the GI tract may
also aid in the induction of Th1 responses. While TGF-�
inhibits IgE responses by direct action on B cells as well as
the selection of Th3 cells over Th2 cells, it does not inhibit
activated Th1 cells[15,33,34].

In this study, native OVA antigen was precisely delivered
to the upper SI (duodenum/jejenum) and/or the lower SI
(ileum) of two different types of mice using microbeads
constructed of two different methacrylic copolymers which
dissolve at different pH values. The immunization protocols
employed can be described as acute, chronic, or pervasive.
Acute immunization delivered single doses of antigen to
one site in the SI. Chronic immunization delivered antigen
on multiple days. Pervasive immunization of the SI was
accomplished by utilizing the two different preparations of
microbeads at the same time. Acute immunization proved
to be the most effective method of inducing antibodies
influenced by Th1 cytokines, IgG2a. This was most suc-
cessful in BDF1 mice when memory cells were specifically
targeted at new immunization sites using a sequential seg-
regated immunization protocol. A greater Th1 response,
which avoided high titers of IgE, was induced in BDF1
mice in this manner. Although chronic immunization, six
doses in 12 days, or at times even three times in 3 days, pro-
duced higher levels of OVA-reactive antibodies than single
doses of antigen, it was inferior at producing Th1-skewed
responses. Multiple immunizations of the same region of
the GI tract eventually selected a Th2 response with high
levels of IgE. Furthermore, pervasive immunization of the
GI tract induced high titers of IgE. An analysis of systemic
immune responses alone or after mucosal priming com-
plemented this analysis. Systemic immunization with OVA
demonstrated that this response was isolated from the mu-
cosal immune system. High titers of IgG2a were induced in
this manner. Even IgA was induced separately and indepen-
dently of previous mucosal immunizations. These results
suggest that effective vaccines and treatments for allergies
can be developed for the GI tract which would not interfere
with conventional immunotherapy.

2. Materials and methods

2.1. Antigen preparation and analysis

Highly purified OVA (Grade V, Sigma, St. Louis, MO,
Cat. No. A3014) was encapsulated into microbeads with the
two different methacrylate copolymers, Eudragit L30D and
FS30D by Degussa Rohm Polymers, Darmstadt, Germany

and Glatt Laboratory, Ramsey, NJ, respectively. This tech-
nology has been previously described[22,35,36]. Briefly,
this procedure utilizes a water soluble system with a pH
dependent coating (Eudragit) which protects antigen during
passage though the acidic environment of the stomach. Sol-
uble antigen is spray coated onto a sugar/starch core using
a Wurster bottom spray process. The antigen coated cores
are then enteric coated with an aqueous dispersion of the
pH sensitive methacrylic acid copolymer (Eudragit, Rohm
Polymers). The pH of dissolution of each microbead prepa-
ration was determined by rocking each of them in phosphate
buffered saline (PBS) solutions of different pH values and
then sampling the supernatants at various times, in triplicate.
The protein concentration in each sample was determined
using the Pierce BCA protein assay reagent (Rockville, IL)
and compared to identical samples mechanically disrupted
by grinding to obtain a percentage of protein release.

2.2. Animals and immunizations

Ten to 20 weeks old female BALB/c and BDF1 mice
were obtained from the National Cancer Institute (Bethesda,
MD). These mice were housed in an American Associa-
tion for Laboratory Animal Care-approved quarters under
specific pathogen-free conditions with a defined diet at the
University of Cincinnati College of Medicine. Experimen-
tal groups consisted of six or more mice. Pools of sera were
made from the same number of mice per group. Prior to
oral immunization the mice were fasted for 2 h. The mice
were then anesthetized with isoflurane and 10 or 20 mg
of microbeads were placed in the back of their mouth af-
ter it had been acidified with water. The mice were al-
lowed to swallow the beads with more acidified water, and
then placed back in their cages for 2 h more before allow-
ing them to have food. The microbeads are large enough
(0.75 mm in diameter) to ensure that each dose is adminis-
tered completely. For oral gavage, 0.5 ml of a 1 mg/ml so-
lution of OVA (Grade V, Sigma, St. Louis, MO, Cat. No.
A3014) was administered to anesthetized mice in PBS, pH
7.4. For i.p. injections, three mice were injected with 0.2 ml
of a 250 mg/ml solution of grade II OVA (Sigma, St. Louis,
MO Cat. No. A5253) resuspended in sterile saline by vor-
texing. Sera were obtained by retro-orbital bleeding into
heparin-saline on the following days: day 21 post primary
mucosal immunization, d14 post chronic “primary” immu-
nization, d7 post booster mucosal immunization, and d7 post
i.p. immunizations.

2.3. ELISAs and analysis of sera

ELISA assays were performed as previously described
with some modifications[37]. Briefly, sera were diluted in
microfuge tubes using phosphate buffer containing 0.05%
Tween 20 and 5% gelatin. This was further diluted into
OVA-coated (Grade V, Sigma, St. Louis, MO, Cat. No.
A3014) microtiter plates containing the same diluent. After
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60 min of incubation at 37◦C, the plates were washed five
times and alkaline phosphatase conjugated isotype-specific
antibodies in the same diluent were added. Rabbit (Rb)
anti-mouse(m) IgM, Rb anti-mIgA, Rb anti-mIgG1, Rb
anti-mIgG2a and Rb anti-GAM (specific for mouse IgG,
IgM and IgA) were obtained from Zymed laboratories
(South San Francisco, CA). After 60 min incubation at
37◦C, the plates were washed as above and substrate,
4-nitrophenylphosphate (Boehringer–Mannheim), was
added at a final concentration of 1 mg/ml. After an appropri-
ate period of incubation, 50�l of 1N NaOH was added and
the absorbance was read at 405 nm in a Biorad EIA reader.
All titers were calculated in the following manner. Each
absorbance value is divided by the absorbance of a standard
control serum that was treated in the same manner on each
plate and expressed as the proportion of this control. The
titer was established as the reciprocal of the last dilution
that gave a proportion of the control of 0.2 or greater.

The levels of IgE were determined in a slightly differ-
ent manner. Plates were coated with Rat anti-mouse IgE
(R�MIgE) (Phamingen, Cat. No. 553413). The plates were
then blocked with phosphate buffer containing 0.05% Tween
20 and 5% gelatin. After washing the plates, the samples of
diluted sera were added as above and incubated 60 min at
37◦C. The plates were then washed and biotin-conjugated
OVA was added. After a 60 min incubation period, the plates
were washed again and strepavidin-conjugated horse radish
peroxidase was added (Pharmingen 13047E). The plates
were incubated for another 60 min, washed, and tetramethyl-
benzidine dihydrochloride reagent in 0.05 M phosphate cit-
rate buffer with H2O2 was added (Sigma, St. Louis, MO,
Cat. No. T-3405). The reaction was stopped with 50�l of
2N H2SO4 and the absorbance was read at 450 nm. Titers
were calculated in the same manner as described above for
the other isotypes using a standard control serum. This assay
was shown to be specific for IgE, except when OVA-reactive
IgM was present. IgM sticks non-specifically to the R�MIgE
coated plates; therefore, the level of OVA-reactive IgE could
not be accurately determined near the titer of OVA-reactive
IgM.

Analysis of the data in this manner allowed the sera to
be directly compared to each other. Although the titer of
each isotype of anti-OVA antibody is not directly compa-
rable to the titer of the other isotypes for an exact concen-
tration difference, the relative differences between samples
are directly comparable. This is because of the differences
in avidity and concentration of the various isotypes as well
as differences in the immunoassays for the detection of IgE
and non-IgE isotypes.

2.4. Statistical analyses

Sera analyses were performed in triplicate for each dilu-
tion of each serum or sera pool. Statistical analyses were
performed using a Mann–WhitneyU-test on an IBM com-
patible computer (Anderson Bell).

3. Results and discussion

3.1. Antigen release from Eudragit coated microbeads is
pH-dependent as determined in vitro

To determine the pH at which each microbead preparation
released OVA, the two preparations containing OVA (w/w)
L30D/1% OVA or FS30D/1% OVA were rocked horizontally
at room temperature in PBS solutions of different pH values.
Release of OVA was determined by measuring the amount of
protein released into the supernatants after various periods
of rocking. Fig. 1 demonstrates that protein was released
from L30D microbeads in PBS buffers of pH values of 6.0 or
greater. 100% release of OVA from the L30D/OVA occurred
within 60 min at pH 7.0 and within 90 min at pH 6.5, but was
not released at pH values 5.5 for at least 240 min. Buffers
with a pH value of 8 or greater caused 100% release of
OVA from the FS30D/OVA microbeads within 30 min of
rocking, and nearly 100% release within 90 min at a pH
of 7.5 (Fig. 2). However, pH values<6.5 did not cause
release of the antigen in at least 240 min. The actual pH in
the PBS buffer decreases approximately 0.5 pH units due
to dissolution of the carboxylic acid-containing copolymer.
Therefore, L30D/OVA should deliver antigen to the upper SI
or duodenum/jejunum (pH= 6.4) and FS30D/OVA should
deliver OVA to the lower SI or ileum (pH= 7.4) [11].

3.2. Antigen release in vivo

The specific region of the GI tract in which OVA was
released from each microbead preparation could easily be
determined by establishing the positions and conditions of
the 0.75 mm microbeads in the mouse GI tract at differ-
ent times after p.o. administration. These preparations are
biodegradable and safe for administration of antigens to the
GI tract as has been well described[35,36,38–40]. The dis-
tances of the beads from the stomach at various times after
oral administration are depicted inTable 1. Antigen release
occurred within the first 9 cm of the SI (duodenum/jejenum)
for the L30D/OVA preparation and 23–31 cm (mid to ter-
minal ileum) for the FS30D/OVA preparation. These results
were very reproducible. Beads were never found undissolved
after 0–9 cm from the stomach for L30D/OVA or dissolved
less than 23 cm from the stomach for FS30D/OVA. Further-
more, X-ray photography demonstrated that L30D-coated
microbeads loaded with Barium Sulfate passed unaltered
though the stomach and completely dissolved in the upper
SI (data not shown).

3.3. Sub-compartmentalization of the GI immune system
as determined by oral administration of OVA-containing
microbeads encapsulated with L30D or FS30D

Measurement of serum antibodies reflects the induction
of systemic antibodies as well as mucosal antibodies since
antibody produced at mucosal sites is transported into the
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Fig. 1. Dissolution of L30D/OVA in buffers of different pH. Fifty milligrams of L30D/OVA was rocked in PBS of different pH values. Protein concentration
in the supernatant was determined at the times indicated as described inSection 2. The results are expressed as the mean of triplicate measurements of
the proportion of the protein released compared to an equivalent sample mechanically disrupted.

blood; whereas antibodies secreted at mucosal sites do not
normally reflect serum responses[41,42]. Since immuniza-
tion of the SI with Eudragit-coated microbeads containing
OVA has been shown to induce OVA-specific mucosal IgA
as well as serum antibodies[40], we chose to measure the
anti-OVA antibody response in the sera in this first study of
the sub-compartmentalization of the GI immune system.

Primary immunization with one dose of OVA delivered
to the upper SI with L30D with 1.0 mg OVA encapsulated
within (L30D/1.0 mg OVA) resulted in the production of
anti-OVA serum antibodies (Table 2). This response dif-
fered between different types of mice. BDF1 mice gen-
erated a primary antibody response of the IgG1 isotype,
while BALB/c produced primarily IgM. Secondary immu-
nizations with L30D/1.0 mg OVA produced detectable levels

Fig. 2. Dissolution of FS30D/OVA in buffers of different pH. Fifty milligrams of FS30D/OVA was rocked in PBS of different pH values. Protein
concentration in the supernatant was determined at the times indicated as described inSection 2. The results are expressed as the mean of triplicate
measurements of the proportion of the protein released compared to an equivalent sample mechanically disrupted.

of anti-OVA IgG1 in BALB/c mice and boosted the levels in
BDF1 mice (Table 2). It would seem surprising that BDF1
mice produced anti-OVA antibodies of the IgG1 isotype in
the primary response against one dose of L30D/1.0 mg OVA
and BALB/c did not, because BALB/c mice have a greater
propensity to produce Th2 responses; however, IgG1 pro-
duction requires genes responsible for GC formation as well
as IL 4 [18,25]. BDF1 mice produce greater Th1 responses
which are involved in GC formation[26,43,44].

Anti-OVA IgG2a was not detected in the secondary re-
sponse to L30D/1.0 mg OVA in either type of mice when
OVA was delivered once in each immunization for a to-
tal of two doses. Multiple doses delivered to the upper SI
of BDF1 mice with three daily doses of L30D/1.0 mg OVA
for primary and secondary immunizations did induce IgG2a.
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Table 1
Dissolution of L30D/OVA and FS30D/OVA microbeads in vivo

Coat copolymer Time (min) Position of beads in the GI tracta Condition of the microbeads in the GI tract

L30D 0 – –
30 Stomach White intact beads
45 SI, 2–9 cm from stomach Intact beads or damaged or fragile white beads or yellow chyme bolus
60 SI, 15 cm from stomach No intact beads, yellow chyme bolus
90 – No intact beads

120 – No intact beads

FS30D 0 – White intact beads
30 Stomach White intact beads
60 SI, 18 cm from stomach White intact beads in chyme

120 SI, 23 cm from stomach White intact beads in chyme
240 SI, 31 cm from stomach No intact beads, yellow chyme bolus

a BALB/c mice were fasted for 4 h prior to being given L30D/OVA or FS30D/OVA, p.o. They were then returned to their cages without food. After the
indicated times of incubation, the mice were sacrificed, and their GI tracts dissected to determine the positions and conditions of the microbeads. The results
represent the summary of three separate experiments. The distances to the cecum and rectum are approximately 33 and 43 cm from the murine stomach.

This demonstrates that IgG2a induction is difficult in this
region, but that this can be overcome (Table 2). These re-
sults may reflect the requirement for GCs as well as Th1
cytokines in production of the IgG2a and the small num-
ber of follicles present in the upper SI[1,18,25]. It is much
easier to induce IgG2a in the lower SI where a greater num-
ber of follicles exist as well as DCs that promote Th1 re-
sponses[1,45,46]. In fact, five times less antigen delivered
to the lower SI (FS30D/0.2 mg OVA) versus the upper SI
(L30D/1.0 mg OVA) stimulated the same level of produc-
tion of IgG2a (Table 2). Furthermore, the upper SI appears
to be more biased toward the Th2 phenotype than the lower
SI (Tables 2–4). This is by shown by the production of IgG1
as well as the induction of Th2 memory cells and/or mem-
ory B cells with isotypes induced by Th2 cytokines that
migrate to the lower SI (Table 4). Immunization of BDF1
mice with multiple doses in the primary and secondary im-
mune responses followed by immunization of the lower SI

Table 2
Titers of OVA-specific antibody isotypes in sera pools of BALB/c and BDF1 mice induced by immunization of the two different regions of the GI tract

Mice Copolymer utilized for each immunizationa Titerb

Primary Secondary IgM IgG1 IgG2a IgA IgE

BDF1 Nonec <90 <90 <90 <90 <90
L30D/1.0 mg OVA <90 2,430 <90 <90 <90
L30D/1.0 mg OVA L30D/1.0 mg OVA <90 7,290 <90 270 270
L30D/1.0 mg OVA 3× L30D/1.0 mg OVA 3× 90 >7,290 810 2,430 270
FS30D/0.2 mg OVA – <90 <90 <90 <90 <90
FS30D/0.2 mg OVA FS30D/0.2 mg OVA 90 810 <90 <90 270
FS30D/0.2 mg OVA 3× – <90 810 <90 <90 <90
FS30D/0.2 mg OVA 3× FS30D/0.2 mg OVA 3× <90 7,290 810 810 90

BALB/c Nonec 90 <90 <90 <90 nd
L30D/1.0 mg OVA 270 <90 <90 <90 nd
L30D/1.0 mg OVA L30D/1.0 mg OVA 270 810 <90 <90 nd

a Mice were immunized with 20 mg of the microbeads, L30D/5% OVA (1 mg OVA) or FS30D/1% OVA (0.2 mg OVA) p.o. one time (1×) or three
times over three consecutive days (3×). They received the second immunization 4 weeks later.

b The titer of the pool of sera was determined as the reciprocal of the last dilution with an optical density of≥0.2 of the control immune serum as
described inSection 2. All results represent the means of sera pools analyzed in triplicate,P < 0.05 Mann–WhitneyU-test.

c Methacrylic copolymer beads that do not contain OVA do not induce OVA-specific antibodies.

with FS30D/0.2 mg OVA actually produced lower levels of
IgG2a than immunization of the upper SI with only one dose
per immunization (Table 4). These results are supported by
those obtained by for BALB/c mice. Only one of six BALB/c
mice that were chronically immunized with L30D/0.5 mg
OVA every other day for 2 weeks demonstrated detectable
IgG2a (Table 3). Two of six BALB/c mice that were immu-
nized with L30D/0.5 mg OVA every other day for 2 weeks
did not respond or responded very poorly. Yet eight of eight
BALB/c mice which were immunized with FS30D/0.5 mg
OVA responded well and four of the eight produced IgG2a
(Table 3).

GCs are involved in most types of immune memory and
are required for normal control of commensal bacteria in the
SI [24,29]. Since GC induction requires Th1 cytokines, a
sequential segregated immunization protocol in the SI may
select for Th1 memory responses because memory cells mi-
grate[30–32]. TGF-� may also be involved in the migration
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Table 3
Titers of OVA-specific antibody isotypes in individual BALB/c mice after chronic “primary” immunization of the GI tract

Mouse number Immunizationa Titerb

IgM IgG1 IgG2a IgA

1 Soluble OVA 0.5 mg dosed by gavage every other day for a total of 6
doses

90 810 <90 <90
2 90 7,290 <90 <90
3 90 2,430 <90 <90
4 90 810 <90 <90
5 90 810 <90 <90

1 L30D/OVA 0.5 mg OVA encapsulated with L30D was administered
every other day for a total of 6 doses

90 <90 <90 <90
2 90 90 <90 <90
3 270 7,290 <90 90
4 270 7,290 810 90
5 270 7,290 <90 <90
6 270 2,430 <90 <90

1 FS30D/OVA 0.5 mg OVA encapsulated with FS30D was administered
every other day for a total of 6 doses

270 7,290 <90 <90
2 270 7,290 90 <90
3 270 2,430 <90 <90
4 270 7,290 270 90
5 270 810 <90 90
6 270 7,290 810 90
7 270 2,430 <90 <90
8 270 21,870 90 <90

1 FS30D/OVA 0.5 mg OVA encapsulated with FS30D was administered
on 3 consecutive days

270 2,430 810 90
2 270 810 <90 <90
3 270 2,430 270 90
4 270 2,430 <90 <90
5 270 2,430 270 <90

a Mice were immunized with 10 mg of the microbeads, p.o., every other day for a total of six doses or three times over three consecutive days.
b SeeTable 2legend andSection 2.

of these memory cells to the ileum. TGF-� is chemotactic
for memory T cells and a higher production of TGF-� in
the lower SI would favor chemotaxis to that location[47].
Little TGF-� is produced in the jejenul crypts[48]. In fact,
significant levels of TGF-� are not induced upon feeding of
OVA, unless anti-IL 12 is supplied to inhibit IFN-� induc-
tion [49]. Immunization of the upper SI followed by immu-
nization of the lower SI of BDF1 mice, does induce IgG2a,
as well as high levels of IgG1 (Table 4). This was more ap-
parent when BDF1 mice were given primary and secondary

Table 4
Titers of OVA-specific antibody isotypes in sera pools of BDF1 mice induced by sequential segregated immunization of the two regions of the GI tract

Strain Immunizations protocolsa Titerb

1st 2nd 3rd IgM IgG1 IgG2a IgA IgE

BDF1 L30D, 1 × 1.0 mg FS30D, 1× 0.2 mg – <90 7,290 90 <90 90
FS30D, 1× 0.2 mg L30D, 1× 1.0 mg – 90 2,430 <90 <90 270
L30D, 1 × 1.0 mg FS30D, 1× 0.2 mg FS30D, 3× 0.1 mg 90 >7,290 810 810 810
L30D, 1 × 1.0 mg L30D, 1× 1.0 mg FS30D, 3× 0.1 mg 90 >7,290 810 810 270
L30D, 1 × 1.0 mg L30D, 1× 1.0 mg FS30D, 3× 0.5 mg 270 21,870 2,430 7,290 270c

L30D, 3 × 1.0 mg L30D, 3× 1.0 mg FS30D, 3× 0.5 mg 90 21,870 270 810 270

BALB/c L30D, 1 × 1.0 mg FS30D, 1× 0.2 mg 270 2,430 <90 270 nd

a Mice were immunized with microbeads containing the amounts of OVA indicated p.o., one time (1×) or three times over three consecutive days (3×).
b SeeTable 2legend andSection 2.
c Cannot be accurately measured with OVA-reactive IgM present (seeSection 2).

immunizations with only one dose of L30D/1.0 mg OVA,
and then a tertiary immunization with FS30D/OVA. Animals
immunized with this protocol produced significantly higher
levels of IgG2a, yet low levels of IgE. A higher dose of OVA,
FS30D/0.5 mg OVA, produced even higher levels of IgG2a.
The response of BDF1 mice to a sequential segregated im-
munization protocol is likely the result of the specific stimu-
lation of memory cells that have migrated to the lower SI as
well as the environment of the lower SI of BDF1 mice. The
same sequential segregated immunization protocol yielded
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different results for BALB/c mice. BALB/c did not produce
detectable levels of IgG2a when immunized in this manner.
The migrating memory cells appeared to be a mixture of Th1,
Th2, and/or Th3 cells in BDF1 mice, while only Th2 and/or
Th3 phenotypes were detected in BALB/c mice (Table 4).

The anti-OVA IgA responses of the different regions
of the GI tract differed significantly between the types of
mice. No detectable anti-OVA IgA was produced in the
secondary response of the upper SI of BALB/c mice, while
it was produced in BDF1 mice immunized in this manner
(Table 2). However, anti-OVA IgA was more easily induced
in the lower SI of BALB/c than BDF1 mice. Immunization
of the upper SI with L30D/1.0 mg OVA did prime BDF1
mice for a secondary antibody response 1 month later in
the ileum to FS30D/0.2 mg OVA; however, this secondary
anti-OVA response produced anti-OVA IgG1 and IgG2a, but
not anti-OVA IgA antibodies. Yet this same dosing regime
induced OVA-binding IgA in BALB/c mice, but not IgG2a.
The influence of the genetic differences between these mice
on IgA induction in the ileum can be overcome by increasing
the dose of antigen. BDF1 mice did not produce significant
levels of anti-OVA IgA antibody when given single primary
and secondary doses of FS30D/0.2 mg OVA, but three daily
doses of FS30D/0.2 mg OVA for each immunization did
result in the production of anti-OVA IgA (Table 2).

There are probably several mechanisms responsible for
the differences in IgA induction in the different regions of
the SI. First, differences in the amounts of TGF-� produced
in the upper and lower SI may also be responsible for some
of the differences in IgA induction between the upper and
lower SI. Second, the relative difficulty inducing IgA in the
lower SI of BDF1 mice is likely due to the inhibition of Th3
differentiation by the higher production of Th1 cytokines
by these mice[15,43,44,49]. One possible explanation for
the difference in the responses of these two types of mice
to OVA in the upper SI is that the response of B1 B cells
differs between these mice. IgA is produced by B1 B cells
against commensal bacteria, including membrane proteins
[12]. Although OVA has typically been classified as a B2
antigen, it is a glycoprotein. It is therefore likely an antigen
for B1 B cells[50–53]. B1 B cells stimulated by immuniza-
tion of the upper SI of BDF1 mice with OVA may produce
predominantly IgA, while those of the BALB/c mice IgM.

Table 5
Titers of OVA-specific antibody isotypes in sera pools of BDF1 mice induced by long term immunization of different regions of the GI tract

Immunization methoda Titerb

1st 2nd 3rd 4th 5th IgM IgG1 IgG2a IgA IgE

FS30D, 1× 0.2 mg FS30D, 1× 0.2 mg FS30D, 3× 0.1 mg <90 2,430 270 270 270
FS30D, 3× 0.2 mg FS30D, 3× 0.2 mg FS30D, 1× 0.5 mg 90 21,870 810 810 270
FS30D, 1× 0.2 mg FS30D, 1× 0.2 mg FS30D, 3× 0.1 mg FS30D, 1× 0.5 mg 90 21,870 810 810 270
FS30D, 3× 0.2 mg FS30D, 3× 0.2 mg FS30D, 1× 0.5 mg FS30D, 3× 0.5 mg 90 21,870 810 810 270
FS30D, 1× 0.2 mg FS30D, 1× 0.2 mg FS30D, 3× 0.1 mg FS30D, 1× 0.5 mg FS30D, 3× 0.5 mg 270 21,870 270 810 2,430

a Mice were immunized with the amounts of OVA indicated with microbeads, p.o., one time (1×) or three times over three consecutive days (3×).
b SeeTable 2legend andSection 2.

This would be supported by the differences in the levels of
Th1 cytokines in these mice[43,44,49]. Furthermore, a low
level of TGF� in the upper SI would not likely influence IgA
production by B1 B cells, since TGF-� does not enhance
their production of IgA[54,55].

There is one other mechanism that could also be respon-
sible for the differences in IgA induction between the two
different types of mice. Antigen-reactive IgM or IgA may
aid in the transport of antigen into the PP via Fc�/� re-
ceptors (Fc�/�Rs) [1,56]. Since IgM is induced in the pri-
mary response of BALB/c mice in the upper SI, it may aid
in the uptake of OVA when it is delivered to the lower SI
with FS30D. However, increasing the number of doses in
the primary and secondary immunizations of the upper SI of
BDF1 mice did not increase the level of IgA obtained after
a tertiary immunization of the lower SI with FS30D, even
though higher levels of IgA were induced in the secondary
response to L30D/1.0 mg OVA (Table 4). Furthermore, anti-
gen uptake via the Fc�/�Rs could not be the only mecha-
nism involved in the differences in IgA induction between
these types of mice, because BDF1 mice did produce IgG2a
before they produced IgA upon immunization of the ileum
(Tables 3 and 4).

3.4. Chronic immunization of the SI follicles increases the
Th2-influenced immunoglobulin responses, including IgE

The lower SI of BDF1 mice initially demonstrated greater
Th1 responses than the upper SI; however, repeated dosing
of the lower SI eventually greatly increased the levels of
IgE, as well as IgG1 and IgA (Table 5). This indicates an
eventual shift of OVA-reactive T cells to the Th2 phenotype
in the lower SI, even in BDF1 mice. As a consequence of
the larger number of follicles in the lower SI there are more
GCs induced and this allows for vigorous Th2 and Th3
responses after repeated immunization[14,15]. IgG2a was
probably not detected in BALB/c mice with a sequential
segregated immunization protocol because fewer Th1 cells
are produced in the upper SI and their GCs are quickly
converted to a Th2/Th3 environment[43,44]. Chronic im-
munization of lower SI of BALB/c did induce detectable
levels of IgG2a in a “primary” response, presumably be-
cause a large enough number of GCs were induced in that
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Table 6
Titers of OVA-specific antibody isotypes in sera pools induced by pervasive immunization of the SI of BDF1 mice

Microbead preparations used for immunizationa Titerb

1 2 3 4 IgM IgG1 IgG2a IgA IgE

Mix 90 90 <90 <90 <90
Mix Mix 90 7,290 <90 90 90c

Mix Mix FS30D 90 7,290 <90 270 810
Mix Mix FS30D MIX 90 21,870 810 810 2,430

a Mice were immunized with the microbeads, p.o. one time (1×) or three times over three consecutive days (3×). The following doses were each
given 4 weeks apart. Mix, 20 mg of a 1:1 mix of L30D/5% OVA and FS30D/1% OVA;FS30D1×, 20 mg of FS30D/5% OVA;MIX, 10 mg of a 1:1 mix
of L30D/5% OVA and FS30D/5% OVA.

b SeeTable 2legend andSection 2.
c Cannot be accurately measured with OVA-reactive IgM present (seeSection 2).

manner before that genetic environment, which favors Th2
cytokines, fully converted their OVA-reactive lymphocytes
to a Th2/Th3 response (Table 3).

3.5. Pervasive immunization resembles chronic
immunization of the SI

Pervasive immunization could induce a larger number of
GCs which might increase Th1 responses and IgG2a produc-
tion. L30D/OVA and FS30D/OVA were mixed and used to
simultaneously immunize the upper and lower SI of BDF1
mice (Table 6). Significant levels of IgG2a were induced
by this method; however, multiple pervasive immunizations
also induced very high titers of IgE. The reason for the ex-
acerbation of the IgE response by pervasive immunization
probably involves the same mechanisms that are involved
in the IgE induced by chronic immunization of the lower
SI, together with the bias of the upper SI toward Th2 re-
sponses. Although IgE production requires IL 4 and CD40
stimulation, it does not require GCs[18,25,27]; Therefore,
IgE could be induced in many areas of the SI, not just in
GCs. Memory cells of the Th2 phenotype that migrate from
the upper SI to the lower SI might also allow for greater
IgE induction because less IFN-� may be produced there by
the resident IELs than in the upper SI[57,58]. Furthermore,
since only 20 mg of microbeads can be fed to a mouse at one
time, only half of each normal dose was delivered to each
region. Therefore, the increase in IgE could in part be due to
a decreased dose to each region. However, the presence of

Table 7
Titers of OVA-specific antibody isotypes induced in BDF1 mice after i.p. immunization with OVA in saline or p.o. immunization with pH-sensitive
microbeads

Primary immunizationa Secondary immunization Tertiary immunization Titerb

IgM IgG1 IgG2a IgA IgE

Soluble OVA, 50 mg, i.p. – – 270 270 90 <90 nd
Soluble OVA, 50 mg, i.p. Soluble OVA, 50 mg, i.p. – 270 7,290 810 270 nd
Soluble OVA, 50 mg, i.p. Soluble OVA 50 mg, i.p. Soluble OVA, 50 mg, i.p. 270 7,290 21,870 810 nd
L30D/OVA, 3 × 0.2 mg L30D/OVA, 3× 0.2 mg Soluble OVA, 50 mg, i.p. 810 810 270 <90 nd

a For oral immunization, mice were immunized with the indicated amount of grade II OVA in saline, i.p., or grade V OVA in the pH sensitive
microbeads, p.o., one time (1×) or three times on three consecutive days (3×). The immunizations were given 4 weeks apart.

b SeeTable 2legend andSection 2.

increased levels of IgG2a in this response demonstrates that
a dose high enough to induce GCs was achieved by this dose
(Table 6). Furthermore, IgE is produced even when high
doses of OVA are delivered only to the ileum after priming
both regions (Table 6). Therefore, it is the pervasive im-
munization procedure in the SI that appears to induce high
levels of IgE.

3.6. Compartmentalization of the systemic and the GI
immune responses to OVA

To study communication between the systemic and mu-
cosal immune systems, sera of BDF1 mice which had been
immunized i.p. with soluble OVA only, or following immu-
nization with OVA p.o., were analyzed. Analysis of this data
clearly indicated that a good Th1 response, as determined by
IgG2a levels, was induced with soluble OVA in the primary
response without any adjuvant (Table 7). IgA was induced
in the secondary and tertiary i.p. immunizations. The data
do not suggest a substantial boost of the mucosal immune
response by parenteral immunization (Table 7). Boosting
mice, i.p. that had been previously immunized with OVA
p.o. resulted in drastically reduced levels of anti-OVA IgA
and IgG1 as compared to the p.o. immunizations (Table 7).
Although IgA was induced after secondary immunization
with OVA i.p., and with secondary immunization with
OVA p.o., little IgA was found in mice that had been
immunized twice p.o. with L30D/OVA and then once with
OVA i.p. (Table 7). Whereas a tertiary immunization of a
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similar group of animals with FS30D/OVA induced signif-
icant amounts anti-OVA IgA (Table 4). Therefore, help for
IgA production exists in the mucosa after mucosal immu-
nization, but not the systemic immune system. The two sys-
tems appeared to be completely isolated for IgA responses.
The slight increase in IgM, IgG1, and IgG2a responses as
compared to i.p. injection alone may reflect the presence of
a population of memory cells in the splenic marginal zone
which were generated at the mucosa[59].

The low level of IgG1, as well as the production of
significant amounts of OVA-reactive IgM and IgG2a in re-
sponse to soluble OVA, i.p., also suggests the participation
of B1 B cells of the peritoneum or the “B1 like” MZ B
cells of the spleen in this response[22,50,52,53,59–61].
Although most reports for i.p. injection of soluble OVA
or OVA/alum have described Th2 responses, some reports
have noted significant production of isotypes influenced by
Th1 cytokines[21,22,62–64]. The most likely explanation
for the production of Th1 cytokine dependent isotypes in
this response, as well as the discrepancies in the literature,
is due to differences in antigenic form. The i.p. injections
of OVA consisted of crude egg albumin extract or “grade
II” OVA. Grade II OVA in these i.p. injections is quite ag-
gregated, since a good portion of OVA in solution is aggre-
gated (unpublished observations). Natural anti-carbohydrate
antibody or OVA-binding B1 B cells may then allow
enough complement fixation to cause degranulation of the
CTMCs and the release of IFN-�, even in the absence of
OVA-reactive IgE[7]. It has been shown that the aggrega-
tion of OVA is important for Th1 responses to OVA; how-
ever a role of contaminants cannot be completely ruled out
[63].

The effective compartmentalization of these immune re-
sponses also has significant implications for allergy treat-
ment. It suggests that a combination of an optimal GI tract
immunization may be complemented by systemic immu-
nization therapies, such as subcutaneous immunization ther-
apy (S.I.T.). At the least, it suggests that optimal GI tract
immunization will not negatively affect S.I.T.
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