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During early neonatal life, important changes occur in the gut. The intestine is challenged by
both milk and a microbial flora. Later on, at weaning, the diet of mice changes from milk to
pelleted food leading to changes in microbial contents. This period seems essential for a com-
plete development of the mucosal immune system. We investigated the development of both
intraepithelial (IEL) and lamina propria lymphocytes (LPL), from day 5, and every 5 days, up
to day 30 after birth. IEL and LPL were isolated from the small intestine and the phenotype
was assessed by FACS analyses, using antibodies for detection of T-cell markers CD3,
TCRaf, TCRyS, CD4, CD8«, CD8B, CD5, CD18, CD54, and CD49d. Our data show a clear
increase in the number of LPL just before weaning, while the number of IEL increased after
day 15. A more mature pattern of membrane antigen expression of both IEL and LPL was ob-
" served at weaning. The adhesion molecules CD18, CD54, and CD49d, essential for cellular
communication of lymphocytes, showed an expression peak at weaning. In conclusion, the
mouse mucosal immune system develops during the first 3 weeks of neonatal life leading to
the formation of a more mature immune system at weaning,.
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INTRODUCTION

The gastrointestinal tract is one of the major sites of
immunological challenge. Although a protective im-
mune response against invading pathogenic microor-
ganisms is essential, the systemic immune response to
foreign dietary antigens must be suppressed. Therefore,
in the intestine, perhaps more than in any other organ,
immune reactivity must be tightly regulated. The ques-
tion as to how the mucosal immune system categorizes
antigens and selects a particular response is central to

*Corresponding author.

121

this process but remains largely unanswered (Strobel,
1990; Trejdosiewicz, 1993; Stokes et al., 1994).

The mucosal immune system mainly consists of two
compartments with their own lymphocyte population
separated by a basal membrane, the epithelium contain-
ing the intraepithelial lymphocytes (IEL) and the lamina
propria containing the lamina propria lymphocytes
(LPL). LPL are phenotypically and functionally similar
to peripheral lymphocytes (Guy-Grand et al., 1991). Pey-
er’s patches lymphocytes are considered as peripheral
lymphocytes. Characterization of IEL has revealed a phe-
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notypic and functional heterogeneity that is further ob-
served only in the thymus (Poussier and Julius, 1994b).
Several lines of evidence have led to the conclusion
that T-cell lymphopoiesis occurs within the intestinal
epithelium, a tissue that shares the same endodermic
origin as the thymus (Ferguson and Parrott, 1972; Ban-
deiraet al., 1991; Rocha et al., 1991, 1994; Mosley and
Klein, 1992; Poussier and Julius, 1994b). These data
are in accordance with data that showed that, in mice,
mRNA for Recombination Activating Gene 1 (RAG1)
was present in CD3~ IEL, suggesting that rearrange-
ment of the gene to produce a functional TCR occurs in
the intestine (Guy-Grand et al., 1992). Recently, RAG1
and RAG2 gene expression was also detected in the
human intestine (Lynch et al., 1995).

Intestinal maturation seems partly regulated by internal
triggers (Ferguson and Parrott, 1972; Diamond, 1986;
Bandeira et al., 1990; Mosley and Klein, 1992), but
complete maturation of the intestinal immune system
seems to occur only after the intestine is challenged
postnatally with both microbial and nutritional antigens
(Bandeira et al., 1990). Maturation at weaning is also
characterized by biochemical and morphological
changes in the small intestine adapting the intestine to
changes in the diet from milk to pelleted food (Henning
and Kretchmer, 1973).

Detailed data on the mucosal immune system in mice
have only been reported at the age of 1, 3, and 28 days
(de Geus and Rozing, 1992) and in adult mice (Ferguson
and Parrott, 1972; Guy-Grand et al., 1991; Goodman and
Lefrancois, 1989). In the present study, we aimed at de-
scribing the mouse mucosal immune system ontogenesis
by analyzing in detail the gut lymphocytes populations
from day 5 onwards, and every 5 days, up to day 30.

RESULTS
Development of IEL

The number of IEL and CD3* IEL in the small intestine
at the ages studied are shown in Fig. 1. On day 5, low
numbers (2.6 X 10°) of IEL were isolated per small in-
testine of which only 17.5% were CD3* (see also Fig.
2). From day 5, the number of IEL increased, paralleled
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FIGURE 1 Total number and number of CD3* IEL (A) and LPL (B)
recovered per small intestine increased during maturation. Data are
given as mean + SEM of six experiments.

by a significant (p < 0.01) increase in the percentage of
CD3" cells on day 15. Levels of 90% CD3* cells were
reached on day 25 and stabilized thereafter. Before
weaning (day 20), the intensity of the CD3 expression
was low, however, from day 25, a large CD3%eh and a

. small CD3!* population was detected (Fig. 3).

Next we studied the TCR gene usage during develop-
ment. The data on TCR expression revealed that both
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FIGURE 2 Phenotypic characterization of IEL during development.
Data are given as percentage of total number of IEL recovered. At
each time point, the mean + SEM of six experiments is given.
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FIGURE 3 FACS analyses show an increase in intensity of CD3
expression on IEL (A, B, C, D) and LPL (E, F, G, H) during matu-
ration of the mucosal immune system. The x axis gives the relative
fluorescence intensity and the y axis the number of cells. Similar
results were obtained in six experiments.

number and percentage of TCRY8* thymic-indepen-
dent IEL were very low shortly after birth (Fig. 2). The
percentage TCRY3* cells increased from day 10 on-
wards to 50% on day 20. From day 15, also the TCRaf3
expression increased, reaching 50% on day 25.

In adult mice, the CD8 phenotype is characteristic of
IEL. CD8 can consist of the thymus-independent act
homodimeric or the af heterodimeric thymus-depen-

dent form. The number of CD8a.* IEL increased rapid-
ly from day 15 to reach adult levels on day 25. Double
staining with CD8p revealed that on day 15, most of
the CD8 cells consisted of a CD8af phenotype, and
that on day 30, the thymic-independent CD8aat cells
were more prominent (Fig. 2).

A minority of the IEL carried the thymus-dependent
CD4 phenotype. The percentage of CD4% cells in-
creased from 11% on day 20 to 30% on day 30 (Fig. 2).
To further analyze the thymus-dependent population of
IEL, we assessed CD5 membrane expression (Fig. 2).
CD5 expression data revealed that the number of CD5 ™"
cells was very low (<7%) until day 20, and thereafter
the percentage CD5™ cells started to increase to reach
30% on day 25.

Development of LPL

The population of LPL during the neonatal period was
studied, simultaneously, in the same animals. On day 5,
the number of LPL (5.8 X 10%) was higher than the
number of IEL (Fig. 1), but the percentage of CD3 was
similarly low (12%, Fig. 4). The percentage of CD3*
LPL increased rapidly from day 5 to reach 90% on day
30. Similar to the intensity of CD3 expression in IEL,
the intensity of the LPL. CD3 expression increased with
aging (Fig. 3).

Assessment of the TCR-type usage by LPL revealed
an almost exclusive TCRoB expression, similar to that of
peripheral T cells (Fig. 4). No detectable TCRYS expres-
sion was found in the lamina propria on the fifth postna-
tal day. A low percentage (10-15%) of TCRY3 was de-
tected from day 10. In contrast to low TCRYS expression,
usage of TCRaB increased rapidly to 60% on day 30.

In adult animals, the ratio of CD8 suppressor/cy-
totoxic to CD4-helper phenotype in the LPL population
is similar to that of the peripheral T-cell population,
being approximately 1:1 (Stokes et al., 1994). The per-
centage of CD8* LPL increased from day 5 rapidly to
reach levels of 50% on day 25. Double staining for
CD8a and CD8p revealed that the majority of the LPL
expressed the thymus-dependent CD80af} heterodimeric
form (Fig. 4). The percentage of CD4* LPL reached
levels of 40% on day 10 (Fig. 4). CDS expression on



124 TER STEEGE, BUURMAN AND FORGET

% TCRB*
% TCRB*

5 10 15 20 25 30
age in days

age in days

100
80
60
40
20

% TCR&*
% CD4*

5 10 15 20 25 30
age In days

5 10 15 20 25 30
age in days

% CD8*
% CD5*

5 10 15 20 25 30
2ge in days

age in days

cosa [ cpss

FIGURE 4 Phenotypic characterization of LPL during development.
Data are given as percentage of total number of LPL recovered. At
each time point, the mean + SEM of six experiments is given.

LPL showed an increase from day 20 to 54% CD5*
LPL on day 30 (Fig. 4).

Adhesion Molecule Expression of Mucosal
Lymphocytes

Adhesion molecules play an important role in cellular
communication and migration of lymphocytes and their
microenvironment. In this perspective, we studied the
kinetics of the expression of the adhesion molecules
CD18, CD54, and CD49d during early neonatal life.
The data on CD18 expression by IEL showed that 25%
of the IEL express this adhesion molecule up to day 25,
when the expression increased to 51% with a subse-
quent decrease to 35% on day 30 (Fig. 5). CD54" TEL
were detected before weaning (20%) and increased to
40% after weaning. The homing receptor for the Pey-
er’s patches, CD49d, was expressed on 20% of the IEL
and increased to 40% on day 25.

The microenvironment and the origin of LPL differs
substantially from IEL; it was therefore expected that
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FIGURE 5 Adhesion molecule expression by (A) IEL and (B) LPL
during development. Data are given as percentage of total IEL and
LPL recovered. At each time point, the mean + SEM of six experi-
ments is given.

the cellular expression of adhesion molecules would
differ from that of IEL. CD18 expression on the LPL
increased from day 5. A peak of 68% CD18* LPL was
found at the age of 20 days, which subsequently de-
creased to 44% on day 30. Similarly, the percentage of
CD54* LPL increased from day 5 to reach 61% on day
20 followed by a decrease to approximately 45% on
day 30. The fraction of CD49d* LPL was 16% on day
5 and increased to 67% at the age of 25 days. A de-
crease to 52% was found at the age of 30 days (Fig. 5).
From day 15, the level of expression for all the adhe-
sion molecules was in general higher on the LPL popu-
lation when compared to IEL.

DISCUSSION
The data presented show that the murine intestine con-

tains very low numbers of IEL and LPL shortly after
birth. Similarly to the results in mice, the number of in-
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testinal lymphocytes in young rats and pigs (5 days)
were found to be 10% of that in adult animals (Lyscom
and Brueton, 1983; Rothkétter et al., 1994). De Geus
and Rozing (1992) reported a major increase in number
of CD3" IEL and LPL between day 1 and 28. We show
that the major increase in LPL takes place before wean-
ing (between day 10 and 15) in contrast to the increase
in IEL numbers, which takes place after day 15.

Another characteristic of mucosal lymphocytes in
young mice is that both the number and the intensity of
membrane antigen expression are very low. Conse-
quently, during development, differentiation was char-
acterized by both an increase in the number and inten-
sity of membrane antigen expression.

In mature mice, both TCRap and TCRYS expressing
IEL are present. Although the extent of TCRaf and
TCRYd expression is known to be strain-dependent
(Poussier and Julius, 1994a), the presence of a large
fraction of TCRYS* cells, as detected in our experi-
ments, is characteristic of murine IEL (Guy-Grand et
al., 1991). On day 5, a very small percentage of CD3" ,
TCRaoB* , and TCRYS was detected, which increased
in parallel with the increase in number of IEL. Interest-
ingly, the increase in the percentage of TCRYS™ IEL
was detected on day 15 before the increase in TCRaf*
IEL, which occurred at weaning (day 20). Our findings
fits the hypothesis that TCRaf} IEL, in contrast to
TCRY, need antigen stimulation for their development
in the intestinal epithelium because these cells seem to
be stimulated by the change in diet occurring at wean-
ing (Bandeira et al., 1990; De Geus et al., 1990; Macha-
do et al., 1994; Rothkotter et al., 1994).

Next to the increase in the percentage of CD8" IEL,
which started on day 20, weaning also affected CD8
expression. Whereas the thymus-dependent CD8af3
form was more prominently expressed before weaning,
the thymus-independent CD8c.a form increased rapid-
ly at weaning, suggesting that luminal antigen stimula-
tion favor the development of the thymus-independent
CD8aa form.

CD4 and CD5 expression increased somewhat later
than CDS, in line with the observations of Lyscom and
Brueton (1983) in rat. From day 25, the total percent-
age of CD8* and CD4" exceeded the percentage of
CD3" IEL, indicating the presence of double-positive

(CD8* CD4* ) IEL. Mosley et al. (1990) reported that
approximately 50% of the CD4* IEL simultaneously
expressed CD8. Both CD4 and CDS5 are characteristic
of thymus-dependent IEL. Their expression pattern
was rather similar to that of TCRaff* IEL.

The LPL population is known to be phenotypically
and functionally different from IEL. LPL are thymus-
dependent and are easily stimulated via the T-cell re-
ceptor (TCR) in contrast to IEL (Guy-Grand et al.,
1991; Poussier et al., 1992; Poussier and Julius, 1994a).
TCR expression of LPL revealed a low expression
(10%) of TCRYS and a high expression of the o TCR
in 30-day-old mice. This TCR phenotype is character-
istic of peripheral lymphocytes (Stokes et al., 1994a).

Adult CD4 expression was already reached on day
10. CD8af and CDS LPL were also present at this
age but the increase to adult levels was found at
weaning. In 30-day-old mice, the LPL. CD8 suppres-
sor/cytotoxic and CD4 helper expression is about 1:1,
which is characteristic for peripheral T cells (Stokes
et al., 1994).

Migration of lymphocytes to the intestine, mediated
by adhesion molecules, plays an essential role in the
development of the intestinal immune system
(Duijvestijn and Hamann, 1989; Holzmann et al.,
1989). From this perspective, we investigated the de-
velopment of the expression of the adhesion molecules
CD18, CD54, and CD49d during neonatal life.

The expression of the B, integrin CD18 was low on
murine IEL, peaking on day 25. In contrast to IEL, we
found a much higher expression on murine LLPL, similar
to what has been reported in humans (Jarry et al., 1990;
Smart et al., 1991). CD54 expression on IEL. was about
20% and increased around weaning in parallel with an
increase in the number of IEL, probably indicating IEL
activation. CD54 on LPL also showed an expression
peak around weaning, albeit earlier than for IEL.

As expected, only a small proportion of the IEL ex-
pressed the 04B7 integrin CD49d, homing receptor for
the Peyer’s patches (Holzmann et al., 1989, Boll et al.,
1995), indicating that a small population of IEL mi-
grated from the periphery. CD49d expression on LPL
increased rapidly around weaning, suggesting an in-
crease of LPL homing to the Peyer’s patches. Boll and
Reimann (1995) reported similar levels of CD49d
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(LPAM) expression in adult mice and Trejdosiewicz
(1992) in humans.

In conclusion, our data show that not only the pheno-
type of IEL and LPL are different, but also the kinetics
of changes in phenotype during development are differ-
ent. LPL are present in the intestine early after birth
and are almost completely differentiated before wean-
ing in contrast to IEL, which develop completely after
weaning (day 20). The peak in expression of adhesion
molecules around weaning indicate an important role
during the development of the mucosal immune system
especially in the lamina propria because adhesion mol-
ecule expression was higher for LPL than for IEL.

MATERIAL AND METHODS
Reagents and Antibodies

EDTA, dithiothreitol (DTT), collagenase (Type IV),
and bovine serum albumin (BSA) were obtained from
Sigma (St. Louis, MO). Medium consisted of
RPMI1640 (Gibco BRL, Paisley, UK) supplemented
with 10% heat-inactivated fetal calf serum (Hyclone,
Logan, UT), 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 200 mM glutamine (Gibco BRL), and 0.1
mg/ml DNAse (Sigma). Percoll was obtained from
Pharmacia (Uppsala, Sweden), biotin-X-NHS from
Calbiochem (La Jolla, CA), and streptavidin phycoery-
thrin (RPE) from Caltag (SO San Francisco, CA).
Antibodies were obtained from hybridoma lines
GK1.5 (rat anti-mouse CD4, IgG2b) (Dialynas et al.
1983), 53-6.72 (rat anti-mouse CD8a., IgG2a) (Ledbet-
ter and Herzenberg, 1979), YN1/1.74 (rat anti-mouse
CD54 (ICAM), 1gG2a) (Takei, 1985), R1-2 (rat anti-
mouse CD49d (a4p7, LPAM), IgG2b) (Holzmann et
al., 1989), 2E6 (hamster anti-mouse CD18, IgG) (Met-
lay et al., 1990), H57-597 (hamster anti-mouse TcRp,
IgG) (Kubo et al., 1989) all from the ATCC (Rockville,
MD). Hybridoma cell line 145-2C11 (hamster anti-
mouse CD3, IgG) (Oberdan et al., 1987) was a gift of
Dr. Bluestone (National Cancer Institute, Bethesda,
MD). Hybridoma GL3 (hamster anti-mouse TcRy,
IgG) (Goodman and Lefrancois, 1989) was kindly pro-
vided by Dr. L. Lefrancois (UNCONN Health Center,
Farmington, CT). Anti-mouse CD8B (Yb 156.7.7,

IgG2b) (Qin et al.,, 1989) and CD5 (YTS 121.5.2,
IgG2b) (Cobbold et al., 1984) antibodies were a gift of
Dr. S. P. Cobbold (Department of Pathology, Oxford,
UK). Monoclonal antibodies (mabs) were purified
from culture supernatant by affinity chromatography.
All antibodies were conjugated with biotin.

Animals

Swiss mice were obtained from Charles River Breeding
Laboratories (Heidelberg, FRG). They were main-
tained on a standard laboratory diet and were allowed
free access to water. Guidelines of the Committee for
Care and Use of Laboratory Animals from the Univer-
sity of Limburg were followed throughout. Litters were
reduced to 10 pups per lactating mother, with free ac-
cess to the nipples. The mice were weaned on day 20.
From day 15, they started to eat food pellets.

Isolation of Intestinal Lymphocytes

IEL and LPL were isolated using a modification of the
method of Van der Heijden and Stok (1987). In short,
the small bowel was immediately removed from the
stomach to the appendix. The intestine was flushed with
PBS (4°C) to remove fecal content and trimmed of fat,
mesentery, and Peyer’s patches. Subsequently, the intes-
tine was cut longitudinally, washed twice with PBS sup-
plemented with 50 mM glucose, and cut in pieces of
0.5-1.0 cm. IEL were isolated by incubation of the
pieces of intestine in an EDTA/DTT solution for 15 min
after which the supernatant was removed and the pieces
were incubated in medium for 30 min at 37°C. Next, the
cell suspensions obtained were passed over a 50 pm
nylon gauze, centrifuged (5 min, 370 g), and resuspend-
ed in medium. The pieces of the intestine remaining on
the nylon gauze were used for isolation of LPL by incu-
bation in 20 ml medium supplemented with 7,000 units
collagenase in a shaking waterbath at 37°C for 30 min.
This procedure was repeated once after the supernatant
with the freed cells was removed. Next, the cell suspen-
sions obtained were passed over a 50-um gauze, pellet-
ed, and resuspended in medium. A further purification
of the lymphocytes (both IEL and LPL) was obtained
by density gradient centrifugation of the obtained ep-
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ithelial and lamina propria cell fractions, using a dis-
continuous percoll gradient. The viability was always
over 90% as assessed by trypan blue exclusion. Cells
were kept at 4°C until further processing.

FACS Analysis

For FACS analysis of young animals (<day 20), in-
testines of three mice were pooled to obtain sufficient
numbers of lymphocytes for FACS staining. Cells (10°
in 0.1 ml) were washed with PBS containing 0.1%
BSA and azide and incubated with mab at the appro-
priate dilution (1-10 pg/ml) in PBS containing 0.1%
BSA and azide for 1 hr at 4°C. Subsequently, the cells
were washed three times with cold PBS containing
0.1% BSA and azide (4°C) and incubated with strepta-
vidin-phycoerythrin for 1 hr (4°C). After this incuba-
tion, the cells were washed three times and analyzed
using a FACSsort equiped with the LYSES II program
(Becton and Dickinson, Sunnyvale, CA). Cells were
gated out using forward versus side scatter to exclude
aggregates, dead cells, or debris. Fluorescence intensi-
ty was expressed as mean channel number.
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