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We examined the appearance of intestinal intraepithelial lym-
phocytes (IEL) during the first 12 wk of life to gain insight into
postnatal factors that contribute to the differences found between
IEL in the large and small intestines of adult mice. Intestinal T
cells were very infrequent at birth, but increased in number in the
large and small intestine during the first 4 wk of life and then
stabilized. The small intestinal epithelium at 2 wk of age con-
tained mostly T cell receptor (TCR) ab1, CD21 T cells, unlike
IEL in adult mice, which were composed of nearly equal pro-
portions of CD22, TCR ab1 and TCR gd1 cells. Between 2
and 3 wk of age, TCR gd1, CD22 IEL increased greatly in the
small intestine, whereas TCR ab1 cells expressing CD2 de-
creased. By contrast, IEL in the large intestine at 2 and 3 wk of
age were mostly TCR ab1, CD21 T cells similar to large
intestinal IEL in adult mice. And finally, the expression of CD69
increased earlier and to higher levels on TCR ab1 and TCR
gd1 IEL in the small intestine than in the large intestine. Our

results demonstrate that IEL in the large and small intestine are
phenotypically similar during suckling and that differences be-
tween these populations are established after weaning. Further-
more, the earlier accumulation of IEL with an activated adult IEL
phenotype in the small intestine suggests that these T cells
mature or expand in the gut and contribute to the maturation of
immune function during postnatal life in mice. (Pediatr Res 49:
543–551, 2001)

Abbreviations:
IEL, intraepithelial lymphocytes
LPL, lamina propria lymphocytes
LI-IEL, large intestinal intraepithelial lymphocytes
PE, phycoerythrin
SI-IEL, small intestinal intraepithelial lymphocytes
TCR, T cell receptor

The mucosal immune system of the intestine consists of
lymphocytes located in anatomically distinct, but functionally
related regions comprising the largest immune effector site in
the body. Lymphocytes located within the intestinal epithelium
are almost exclusively T cells, called IEL (1). SI-IEL are
mostly CD81, CD42 T cells (60–70%), which express a TCR
composed of g and d chains (TCR gd; 40–50%) or a and b
chains (TCR ab; 50–60%) (1–3). This is unlike T cells found
in peripheral blood and nonmucosal lymphoid organs, which
are mostly TCR ab1 cells that express either CD4 or CD8 in
nearly equal proportions. Furthermore, most SI-IEL in mice
express a unique form of CD8, the CD8aa homodimer,
whereas the majority of CD81 T cells in the lymph node and

spleen express the CD8ab heterodimer (1, 4, 5). Other T cell
surface proteins distinguish IEL from peripheral T cells. The
majority of IEL isolated de novo express the activation antigen,
CD69, and a unique mucosal integrin, aEb7, whereas the
majority of resting T cells in the periphery lack these proteins
(6–8). Furthermore, most SI-IEL do not express the lymph
node homing receptor, CD62L, or the costimulatory ligand,
CD2, proteins that are expressed by a majority of T cells found
in lymph node and spleen (6, 7, 9). Taken together, these data
demonstrate that IEL are distinct from T cells found in non-
mucosal sites.

Intestinal mucosal T cells share some common features,
although there are important regional differences between IEL
in the small and large intestine and between IEL and T cells
found in the lamina propria underlying the epithelium (6,
10–13). The most notable difference between SI-IEL and
LI-IEL is the increased proportion of TCR gd1, CD8aa1 T
cells found among SI-IEL (40–50%) (6, 11, 12). Although
TCR gd1 T cells are present among LI-IEL and T cells in the
LPL of both the large and small intestine, they represent a
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smaller portion of these T cells (5– 25%) (6, 11–13). Further-
more, a greater proportion of LI-IEL and LPL in both the large
and small intestine express CD62L and CD2, unlike SI-IEL,
which are largely negative for these proteins (6). LI-IEL and
LPL are therefore intermediate in cell surface phenotype be-
tween SI-IEL and T cells found in nonmucosal sites in the
periphery.

The establishment of mucosal T cells in the small intestine
is developmentally regulated and likely coordinated with fac-
tors associated with suckling and weaning. Few T cells are
present at birth in the small intestine of mice and rats (14–18).
T cell colonization and expansion in the gut parallels the
morphologic development and maturation of the small intesti-
nal mucosa during the early postnatal period, with completion
of this process around the third postnatal week (19–22). The
paucity of T cells and the underdeveloped intestinal mucosal
surface characteristic of suckling mice and germ-free adult
mice suggest that the maturation of the intestine and coloniza-
tion by IEL are linked, perhaps through epithelial cell and T
cell cross-talk, which may be triggered by bacterial flora and
food antigens (21, 23, 24).

Although the establishment of SI-IEL in response to suck-
ling and weaning has been reported previously, no information
on the establishment of LI-IEL or the parallel development of
these IEL subsets during postnatal life is available (14–18).
Furthermore, only limited information is available on the cell
surface phenotype of TCR ab1 and TCR gd1 IEL during
postnatal life compared with IEL of adult mice (14, 17). In this
report, we present an analysis of the postnatal development of
mucosal lymphocytes within the large and small intestine of
mice. We found that although colonization of the large and
small intestinal epithelium and lamina propria by TCR ab1 T
cells occurred with a similar kinetics in the postnatal period,
the increase in TCR gd1 IEL occurred selectively in the small
intestine at or about the time of weaning. Because the expan-
sion of TCR gd1 IEL is more specific to the small intestine, it
must be more dependent on a factor or factors unique to this
location in the gut. These data are consistent with a role for
luminal antigens or local maturation of epithelial cells in either
the development, maturation, or expansion of TCR gd1 IEL.

MATERIALS AND METHODS

Mice. BALB/c mice were originally obtained from Jackson
Laboratories (Bar Harbor, ME, U.S.A.) or Simonsen Labora-
tories (Gilroy, CA, U.S.A.) and bred and maintained at the
UCLA vivarium (Los Angeles, CA, U.S.A.) and the University
of Virginia Health Sciences Center vivarium (Charlottesville,
VA, U.S.A.). Mice were housed on laminar flow racks and
under specific pathogen-free conditions. Mice were housed in
autoclaved caging and bedding with acidified water and irra-
diated chow available ad libitum. Pregnant mice were identi-
fied and monitored daily until delivery. The day of birth was
identified as d 0 of life, and pools of two to six mice, depending
on their postnatal age, were examined at weekly intervals.
When possible, single litters were used for sequential weekly
analysis. All animal protocols were preapproved by the Uni-

versity of Virginia and the UCLA Animal Care and Use
Committees.

Preparation of T cell populations. Intestinal mucosal lym-
phocytes were prepared from pools of two to six mice using a
modification of a previously published procedure (25). Briefly,
the small and large intestines were removed from mice eutha-
nized in accordance with institutional guidelines. The intes-
tines were dissected from their mesentery, and the Peyer’s
patches and lymphoid aggregates were removed. The intestines
were cut longitudinally, washed, and cut into 0.2- to 0.5-cm
pieces. IEL were prepared after removal of the epithelial layer
in Ca12- and Mg12-free Hank’s Balanced Salt Solution
(GIBCO, BRL Life Technology, Inc, Grand Island, NY,
U.S.A.), supplemented with 1 mM DTT (Sigma Chemical Co.,
St. Louis, MO, U.S.A.). Intestinal pieces were shaken at 37°C,
three times for 20 min at 250 rpm. Cells were collected after
each shake and pooled, and mononuclear cells were isolated
from the 40%/70% interface on a discontinuous 20%/40%/70%
Percoll (Pharmacia Biotechnology Inc, Piscataway, NJ,
U.S.A.) gradient spun at 900 3 g for 20 min. After removal of
the epithelial layer, mononuclear cells were released from the
lamina propria after finely chopping intestinal segments, fol-
lowed by incubation in 1.5 mg/mL of dispase (Sigma Chemical
Co.) in RPMI with 10% FCS for 60 min at 37°C. LPL cell
suspensions were filtered through nylon mesh, and mononu-
clear cells were isolated by discontinuous Percoll gradient
centrifugation as described above. Purified cells were .98%
viable as judged by the exclusion of trypan blue. Final T cell
numbers were calculated from the total cell yield determined
by light microscopy, corrected for the proportion of gated cells
that were CD31 as determined by flow cytometry, as we have
described previously (26). Cell suspensions from the spleen
were prepared after mechanical disruption of the capsule be-
tween frosted glass slides. Red blood cells were eliminated
from the splenocytes using hypotonic lysis, and the resultant
cell suspensions were filtered through stainless steel mesh.

Antibody staining and flow cytometric analysis of lympho-
cyte populations. After purification of T cell populations from
mice, cells were suspended at a concentration of at least 1 3
105 cells/mL in PBS staining buffer containing 2% FCS (vol/
vol) and 0.1% NaN3 (wt/vol). Pretitered MAb directly conju-
gated to FITC; PE, or biotin were added to cell suspensions at
4°C and incubated for 20–30 min. All directly conjugated
(FITC, PE, or biotinylated) MAb to the various surface pro-
teins listed below were purchased from PharMingen (San
Diego, CA, U.S.A.), and streptavidin Tricolor was purchased
from CalTag (South San Francisco, CA, U.S.A.). The MAb
used for these studies included anti-CD2 (RM2–5), anti-CD3«
(145–2C11), anti-CD4 (GK1.5), anti-CD8a (53–6.7), anti-
CD8b (53–5.8), anti-L-selectin (CD62L; MEL-14), anti-CD69
(H1.2F3), anti-TCR b (H57–597), and anti-TCR gd (GL-3).
Cells were incubated in antibody staining buffer on ice for 20
min with the primary MAb, washed twice, and then incubated
with the secondary reagent for an additional 20 min. At the
completion of the staining reactions, cells were washed as
above and resuspended in fixative [PBS staining buffer with
1% (wt/vol) paraformaldehyde] until analysis by flow
cytometry.
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The samples were run on a FACScan flow cytometer (Bec-
ton-Dickinson Immunocytometry Systems, San Jose, CA,
U.S.A.), equipped with a 15-mW nm air-cooled argon-ion laser
in the UCLA or the University of Virginia Flow Cytometry
Core Facility. Between 1,500 and 10,000 gated events, based
on the forward light scatter and side light scatter properties of
the cell preparations, were acquired using C30/FACScan Re-
search or CELLQuest software (Becton-Dickinson). Single and
multiple parameter analysis using dot plots and histograms
with corresponding statistics were used.

Histologic and immunocytochemical studies. Segments of
small and large intestine were excised and cleaned as described
in the previous section. The intestine was immersed en bloc in
Optimal Cutting Temperature (OCT) Compound (Miles Inc.,
Elkhart, IN, U.S.A.) and frozen on dry ice. Frozen sections
were cut at 5 mm on a cryostat microtome and placed on coated
glass slides. These sections were air dried, fixed in acetone, and
stored at 280°C until use. Frozen tissue sections were hydrated
with PBS and then blocked with 20% normal serum (Vector
Laboratories Inc., Burlingame, CA, U.S.A.) in PBS for 20 min.
Sections were incubated with pretitered MAb specific for
anti-CD3« in PBS supplemented with 2% FCS for 60 min at
4°C. The sections were then rinsed in PBS and incubated with
biotinylated goat anti-hamster (Vector Laboratories) for 30 min
at 4°C. After incubation, tissue samples were washed and
incubated with avidin-horseradish peroxidase, and then posi-
tively staining cells were visualized with 3-amino-9-
ethylcarbazole as described by the manufacturer (Vecastain
Elite, Vector Laboratories). Control sections were prepared
using hamster IgG group 1k (A19–3) isotype control MAb or
after addition of biotinylated MAb conjugate alone. Before
microscopic analysis, all tissue sections were counterstained
with hematoxylin blue (Biomeda, Foster City, CA, U.S.A.).
Stained tissue sections were photographed through an Olympus
microscope with an attached camera.

RESULTS

A dramatic increase in CD31 IEL occurs between ages 2
and 4 wk. We analyzed the number of the T cells obtained
from the intestine in the weeks after birth. Quantitation of T
cell numbers within the epithelial compartments revealed a
parallel increase in the number of T cells in both the large and
small intestine, with numerically the most dramatic increase
occurring between 2 and 4 wk postnatal age (Fig. 1). SI-IEL
increased on average 100-fold from 2 to 4 wk postnatal age,
with a 10-fold increase occurring in each weekly interval. The
large intestine exhibited a similar increase in T cell number
from 2 to 4 wk, increasing on average 58-fold (Fig. 1). Beyond
4 wk postnatal age, the number of T cells within the epithelium
increased on average 2-fold among SI-IEL to reach the adult
level. In the large intestine, numbers of IEL equivalent to the
adult level were reached earlier, by 4 wk of age (Fig. 1). The
marked increase in T cell numbers from 2 to 4 wk is specific
to the intestinal epithelial compartment, as T cells within the
lamina propria increased by nearly 6-fold in the small intestine
and 3-fold in the large intestine, and were only slightly in-
creased in the spleen (data not shown). These results indicate

that significant T cell accumulation or expansion occurs within
the intestinal epithelium during the early weeks of postnatal
life.

T cell colonization parallels the morphologic development
of the intestinal mucosa. It remained possible that the number
of IEL isolated from mice in the early postnatal period was
influenced by differences in the properties of intestinal mucus,
the integrity of the epithelial layer, or differences in lympho-
cyte size and density, rather than the absolute number of IEL.
This prompted us to examine thin sections of the large and
small intestine at different stages of development by immuno-
histochemical analysis for CD31 cells. The mucosal surface of
the small intestine demonstrated significant growth in parallel
with the increasing number of T cells that were isolated from
the intestinal epithelium, particularly between 1 to 3 wk of
postnatal age. At 1 wk of age, few CD31 T cells were present
within the small intestine whereas many CD31 T cells were
seen at 3 wk of age (Fig. 2, A and B). Additionally, the
intestinal villi were shorter and less developed when compared
with the intestine at 3 wk of postnatal age (Fig. 2, A and B). At
1 wk of age, fewer than 10% of high-power fields examined
had 1–2 CD31 cells, with the majority of T cells located in the
lamina propria compared with the epithelium (Fig. 2A and data
not shown). A dramatic increase in CD31 T cells in the small
intestine was, however, apparent in the epithelium at 3 wk of
age and in adult mice (Fig. 2, B and C). Maturational changes
were also evident in the large intestine, although during the
same period, these changes were less dramatic than those seen
in the small intestine. The mucosal surface of the large intes-
tine at 1 wk of age had fewer T cells than were present in the
lamina propria or epithelium of the large intestine at 3 wk of

Figure 1. CD31 T cell expansion in the intestinal epithelium during postnatal
development in mice. Mononuclear cells were prepared at weekly intervals
from the epithelium of the large and small intestine as described in Methods.
Data are expressed as the logarithmic number of CD31 cells calculated from
the total cell yield (either from the entire small intestine, pylorus to cecum, or
large intestine, cecum to rectal folds) by light microscopy, corrected for the
percentage of CD31 cells as determined by flow cytometric analysis of gated
cell populations stained with an anti-CD3 MAb. Each data point corresponds
to the mean of two to four experiments. Error bars correspond to SEM.
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age or in adult mice (Fig. 2, D–F). Although approximately 5%
of high-power fields contained 3–4 CD31 T cells in the
epithelium at 1 wk of age, nearly every high-power field at 3
wk of age and in adult mice contained 3–4 CD31 IEL (Fig. 2,
D–F). These data demonstrate that increases in CD31 T cells
are coupled with growth and development in the mucosal
surface of the intestine during neonatal life and that these
changes are more dramatic in the small intestine than in the
large intestine.

TCR ab1 IEL are enriched in the intestine before TCR
gd1 IEL. The early appearance of TCR gd1 T cells during
thymocyte ontogeny in the mouse led us to ask whether gd1
T cells were present in the intestinal epithelium before or
coincident with TCR ab1 IEL (27, 28). IEL were prepared
from the intestinal epithelium beginning at 2 wk of age, and
TCR ab1 and TCR gd 1 cells were identified by staining with
MAb specific for each TCR isotype. A representative two-
color flow cytometry dot plot showing the proportion of cells
expressing either TCR isotype in the total lymphocyte gate

among IEL and splenocytes at 2 and 3 wk of postnatal age is
shown in Figure 3. The majority of T cells at 2 wk of age in all
sites expressed the TCR ab (Fig. 4). However, at 3 wk of age,
the percentage of TCR gd1 IEL was enriched 4.4-fold in the
small intestine, increasing from 6 to 29%, whereas T cells were
enriched 1.8-fold in the large intestine and 1.4-fold in the
spleen (Fig. 3). Furthermore, the increase in TCR gd1 IEL
was coincident with a decrease in gated mononuclear cells that
did not express either TCR isotype (Fig. 3). As the majority of
TCR-negative cells within the IEL lymphocyte gate express the
hematopoietic lineage marker CD45, TCR2 CD451 cells may
represent precursors of TCR gd1 IEL, which may complete
their development in situ to become mature IEL (data not
shown). By contrast with the epithelium, only a small propor-
tion of T cells in the lamina propria of either the small or large
intestine expressed the TCR gd1 (Fig. 3 and data not shown).

A proportional representation of TCR isotype usage among
CD31 IEL in the large and small intestine, as opposed to the
previous analysis based on the proportion of T cells expressing

Figure 2. Anatomic distribution of CD31 cells in the epithelium of the intestine during development. The small and large intestines were harvested from mice
at 1, 3, and 12 wk of postnatal age and embedded in OCT medium. Frozen sections of 5-mm thickness were incubated with anti-CD3 MAb followed by
biotinylated goat anti-hamster Ig. CD31 cells were identified after incubation with avidin-biotin complex and visualized (red) with 3-amino-9-ethylcarbazole
substrate as per the manufacturer (Vector Laboratories). A, the small intestine at 1 wk shows short villi and few CD31 IEL (arrow). The small intestine at 3
(B) and 12 wk (C) shows longer villi with notably increased CD31 IEL (arrows). D, the large intestine at 1 wk of life shows few mucosal crypts with CD31
IEL. The large intestine at 3 (E) and at 12 wk (F) of life shows increased density of mucosal crypts and more abundant CD31 IEL (arrows). Slides were
counterstained with hematoxylin and shown at 3500 original magnification. Representative sections after examination of the entire intestine of at least three
individual mice are shown.
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either TCR isotype relative to TCR-negative mononuclear cells
in the lymphocyte gate, is shown in Figure 4. This analysis
emphasizes the regional differences and dynamic changes we
demonstrated for establishment of CD31 IEL during develop-
ment (Fig. 2). An average of 84% (minimum 75%, maximum
95%) of SI-IEL isolated at 2 wk of postnatal age were TCR
ab1 T cells (Fig. 4). Beginning at 3 wk of age and through to
adulthood, however, there were nearly equal proportions of
TCR ab1 and TCR gd1 SI-IEL (Fig. 4). The relative pro-
portions of TCR ab1 and gd1 LI-IEL isolated during these
same intervals were similar to those found in adult mice and
show a consistent majority of TCR ab1 cells (mean, 83–93%)
compared with a lesser percentage of gd1 T cells (mean,
7–17%; Fig. 4B). These results demonstrate that the majority
of T cells within the epithelium of both the large and small
intestine at 2 wk postnatal age are TCR ab1 T cells, with
selective enrichment of TCR gd1 T cells occurring within the
small intestinal epithelium at 3 wk of postnatal age. Therefore,
unlike the thymus, the epithelium of the small and large
intestine is colonized with TCR ab1 T cells first (27, 28).

CD41 and CD81 expression by IEL varies during post-
natal life. To determine whether IEL present in early neonatal
life had an unusual pattern of coreceptor expression when
compared with adult mice, we examined IEL for expression of
CD4 and CD8. SI-IEL at 2 wk of age were composed of nearly
equal proportions of CD4 and CD8ab1 single-positive T cells
with a ratio of CD41 to CD8ab1 T cells of 1:1 (Table 1). The
analysis of CD8ab1 T cells excludes the largely CD8aa1,
TCR gd1 population as well as TCR ab1, CD8aa1 IEL.
Beginning at 3 wk of age and in adult mice, SI-IEL were
enriched for CD81 T cells with a decrease in the CD4:CD8
ratio to a low of 0.5:1 (Table 1). CD41, CD8aa1 double-
positive cells, although present, did not account for a signifi-
cant proportion of SI-IEL in the weeks after birth, suggesting
that accumulation of double-positive cells is not required for
the development of CD41 or CD81 IEL (Fig. 5A). Further-

more, whereas only 28% of T cells on average expressed the
CD8aa homodimer at 2 wk of age, this increased to adult
proportions at 3 wk of age, when 71% of CD81 IEL expressed
CD8aa (Table 1). In the example shown in Figure 5B, 34% of
mononuclear cells prepared from the small intestine are
CD8aa1, or when expressed as a proportion of the total
CD81 T cells, 81% of IEL at 3 wk expressed CD8aa (Fig. 5A
and Table 1). By contrast, only 19% of IEL at this time interval
expressed CD8ab (Fig. 5B and Table 1). The increase in
CD8aa1 IEL from 2 to 3 wk of age correlated with the
expansion of TCR gd1 IEL and a decrease in CD42CD82
double-negative cells from 34% at 2 wk of age to 15% of T
cells at 3 wk of age (Figs. 3 and 4 and Table 1).

By contrast to the changes that occurred among SI-IEL
during ontogeny, the majority of LI-IEL were CD4 single-
positive T cells throughout the ages examined (Fig. 5A and
Table 1). The ratio of CD41 to CD81 T cells in the large
intestine was more similar to SI-IEL analyzed at the earliest
times during ontogeny with a ratio of 2:1 at 2 wk of age (Table
1). This ratio increased to 3:1 by 3 wk of age and remained in

Figure 4. TCR usage among populations of IEL during postnatal develop-
ment in mice. The percent of TCR ab1 cells (m) and TCR gd1 cells (l)
among IEL in the small intestine (A) and large intestine (B) are plotted as a
proportion of the total TCR1 cells present at weekly intervals from 2 to 4 wk
and in adult mice between 5 and 12 wk of age. Each point corresponds to the
mean of data generated from a minimum of five experiments derived from
pools consisting of at least two mice per pool. The bars depict the minimum
and maximum values obtained across the experimental series.

Figure 3. TCR isotype expression by IEL during development. IEL prepared
from the large and small intestines of mice at 2 and 3 wk of age were stained
with directly conjugated anti-TCR ab-FITC and anti-TCR gd-PE. Represen-
tative two-color immunofluorescence analyses of LI-IEL (left), SI-IEL (mid-
dle), and spleen (right) at 2 wk (upper) and 3 wk (lower) are shown. The
numbers in the quadrants are the percent of positively staining cells among
mononuclear cells gated by forward and side scatter parameters as described in
Methods. The quadrants were determined after analysis with isotype control
MAb (data not shown). These data are representative of a minimum of seven
individual experiments for both the large and small intestine and spleen, and
each experiment used pooled samples from at least two mice.
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this range to adulthood (Fig. 5A and Table 1). Therefore,
LI-IEL are enriched in CD41 T cells early in neonatal life and
in adulthood to a greater extent than what we observed at any
time in the small intestine (Fig. 5A and Table 1). The majority
of T cells in the lamina propria of the large and small intestine
throughout neonatal life and in adult mice were CD41 and
CD8ab1, with few to no CD8aa1 T cells (data not shown).
Therefore, unlike SI-IEL, LPL T cells were more similar to
LI-IEL and to T cells in the spleen during this time (Fig. 5A).

Neonatal IEL express a distinct cell surface phenotype
from adult IEL. Populations of IEL express a unique cell
surface phenotype when compared with T cells found in
nonmucosal sites in the periphery. For example, a large pro-
portion of SI-IEL isolated from adult mice express the early
activation antigen, CD69, with low levels of expression of the
lymph node homing receptor, CD62L, and the coactivation
antigen, CD2 (6, 7). An overlapping, although smaller, subset
of LI-IEL in adult mice also express CD69, but by contrast to
SI-IEL, a greater proportion of LI-IEL in adult mice express
CD2 and CD62L (6, 7). To determine whether IEL during
postnatal development exhibited an adult pattern of expression
for these antigens, we examined CD31 IEL during ontogeny
for the expression of CD69, CD62L, and CD2. Figure 6 is a
representative histogram demonstrating CD69 expression by
TCR ab1 and TCR gd1 IEL in mice at 2, 3, and 8 wk of
postnatal age. The results show that the proportion of CD691
T cells increased with age in all populations, although TCR
gd1 IEL in both the large and small intestine exhibited a more
rapid kinetics of CD69 acquisition and a more uniform distri-
bution within the population than did TCR ab1 IEL (Fig. 6).
The data also show that a greater percentage of TCR ab1 cells
within the small intestine expressed CD69 than do LI-IEL at all
times during ontogeny (Fig. 6). Furthermore, when CD31 IEL
were examined for the expression of CD62L, a marker of
resting and naïve T cells, a greater proportion of SI-IEL on

average expressed this antigen at 2 wk of life (39%) than at
later times in ontogeny and in adulthood (2%) (Table 2). By
contrast, 70% of LI-IEL at 2 wk expressed CD62L, which
decreased to 27% in the adult (Table 2). A similar decrease in
CD2 expression by SI-IEL compared with LI-IEL was also
seen. Although 79% of SI-IEL were positive for CD2 at 2 wk
of life, this decreased to only 8% among adult SI-IEL, whereas
LI-IEL expressed high levels of CD2 throughout life (Table 2).
These data are consistent with the presence of more activated
and specialized T cells in the small intestine as development
proceeds. These data demonstrate that early TCR ab1 IEL
may be immature or resting T cells and that the changing
luminal environment or the colonization of the epithelium by
TCR gd1 IEL in response to suckling and then weaning may
shape the phenotype of subsequent TCR ab1 T cells within
the intestinal epithelium.

DISCUSSION

We have analyzed ontogeny of intestinal mucosal T cells in
the large and small intestine of neonatal mice. The phenotypic
differences between IEL in the large and small intestine of
adult mice prompted us to examine the parallel establishment
of these populations during neonatal life (6, 10–12). In agree-
ment with previous reports that examined the small intestine of
the rat and mouse, we found that IEL arise in the small
intestine after birth (14–16, 18–21). We also found that IEL
develop in the large intestine with a similar kinetics. We found,
however, that the cell surface phenotype of IEL in the large and
small intestine of neonatal mice were similar only up until the
time of weaning, after which time they diverged and acquired
the characteristics of IEL found in adult mice at each location
(6, 10–12). For example, from 2 wk of postnatal age and
through to adulthood, the majority of LI-IEL, like T cells found
in the lamina propria and spleen, were CD21, TCR ab1 and
were either CD41 or CD8ab1 single-positive T cells. This T
cell population was also found among the majority of SI-IEL at
2 wk of age, after which time TCR gd1 and TCR ab1 T cells
expressing CD8aa1 were significantly increased among SI-
IEL. Our data suggest that intestinal T cells may be function-
ally more similar to T cells found in nonmucosal sites in the
periphery in early postnatal life and that the maturation of
intestinal T cells is induced by changes that occur during
weaning.

The analysis of mucosal T cells in suspension by flow
cytometry and in situ by immunohistology were both consis-
tent in demonstrating that few CD31 IEL were present in
either the large or small intestine at 1 wk of age. When we
examined frozen sections after the preparation of IEL begin-
ning at 2 wk of age, we confirmed that the lamina propria
remained intact, suggesting that epithelial T cell preparations
were not contaminated with lamina propria T cells (data not
shown). Furthermore, immunohistology demonstrated that the
increased density of IEL and the marked expansion of the
villus epithelium contributed to the increased number of IEL
isolated from the small intestine during later times in postnatal
life. By contrast, the increased number of IEL isolated from the

Table 1. CD4 and CD8 coreceptor expression among populations
of IEL during postnatal development

Postnatal age
(wk)

CD8aa/CD8T*
(%1) CD4:CD8ab

CD42,CD82
(%1)

Small intestine
2 28 6 4 1:1 34 6 4
3 71 6 5 1.1:1 15 6 5
5–12 76 6 10 0.5:1 11 6 3

Large intestine
2 55 6 6 1.9:1 17 6 2
3 59 6 6 3.1:1 19 6 5
5–12 59 6 8 3.1:1 22 6 1

The expression of CD4, CD8a, CD8b, and CD3 was determined by three-
and four-color immunofluorescence analysis of IEL, or deduced from two- and
three-color analysis done separately on IEL prepared at weekly intervals at 2
and 3 wk and then between 5 and 12 wk. *The percent of CD8aa1 IEL is
expressed as the percent of the total CD31 CD81 T cells (CD8T), determined
from the sum of the percent of CD8ab1 and CD8aa1 T cells. The ratio of
CD4 to CD8 is the ratio to CD41 to CD8ab1 T cells. (Double-positive cells
were 2–6% of the total in the small intestine and 1–2% in the large intestine
and were excluded from the analysis.) The percent of CD42, CD82 double-
negative cells is presented as a proportion of the total CD31 cells. The results
are summarized from two to four experiments at each time point, and each
experiment is based on a pool of cells derived from at least two mice. All
results are presented as mean 6 SD.
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large intestine was largely related to an increased density of
IEL per unit length of the gut. The small number of IEL present
at birth in the neonatal mouse stands in sharp contrast to the
ontogeny of mucosal T cells in other vertebrates. For example,
IEL are readily detectable by 11 wk gestation in humans and
are also present in large numbers before hatching in chickens
(29–31). These data suggest that maturation of the intestine
may be accelerated in other vertebrates when compared with
the mouse.

The factors that drive T cell colonization of the intestine in
the weeks after birth are not well understood. It is likely that
systemic and intestinal factors, such as changes in hormones,
the absence of suckling, exposure to food antigens, or changes
in the bacterial flora, occur with weaning and are responsible
for the changes that occur among IEL during postnatal life.
When fetal intestine is placed under the kidney capsule, the
total number of IEL is reduced in the intestinal graft when
compared with the normally sited intestine, suggesting that

luminal contents are important in the development of a normal
complement of IEL (23). Furthermore, when mature TCR
ab1, CD41 or CD8ab1 T cells prepared from peripheral
lymph nodes are transferred to severe combined immunodefi-
cient mice, the large intestine is colonized by T cells earlier
than the small intestine (26). Additionally, maximal expansion
of IEL in both the large and small intestine is dependent on
normal microbial flora as the number of engrafted T cells is
reduced when T cells are transferred to severe combined
immunodeficient mice with restricted flora and housed under
germ-free conditions (26). Likewise, TCR ab1 IEL are re-
duced in germ-free mice and increase with transfer to conven-
tional conditions whereas the number of TCR gd1 IEL are
largely unaffected by the germ-free conditions (32). These data
strongly suggest that changes in the luminal contents of the
intestine during postnatal life vary and contribute to the
changes we observed among the T cells resident within the
compartments of the intestine.

Figure 5. CD4 and CD8 coreceptor expression by IEL during early postnatal life. A, cells isolated from LI-IEL (left), SI-IEL (middle), and spleen (right) at
2 and 3 wk of age were stained with anti-CD4 and anti-CD8a. The numbers in the quadrants are the percent positively staining cells at 2 and 3 wk of age. B,
LI-IEL and SI-IEL at 3 wk of age were stained with anti-CD8a and anti-CD8b, and a two-color immunofluorescence dot plot is shown. LI-IEL, SI-IEL, and
splenocytes were prepared in parallel from the same pool of mice in each case. The percentages refer to the fraction of total gated cells staining positive for each
antigen. Quadrants were determined after staining with unconjugated isotype control MAb. These results are representative of six individual experiments, with
data derived from pools of at least three mice in all cases.
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The enrichment of TCR gd1, CD8aa1 T cells that occurs
in the small intestinal epithelium that we and others have
observed at or about the time of weaning is noteworthy,
although the factors responsible for this are as yet unknown
(14–16, 18–21). Although TCR ab1 IEL numbers are mark-
edly low in germ-free mice and increase on transfer to con-
ventional conditions, the number of TCR gd1 cells is largely
unaffected by the germ-free state, suggesting that bacterial flora
are less important for the enrichment of these T cells in the gut
(32, 33). TCR gd1 IEL in antigen-minimized and germ-free
conditions have reduced cytolytic activity, however, suggest-
ing that environmental antigens may be important in the func-
tional differentiation of this population of IEL (34). The coin-
cident expansion of TCR gd1 IEL in the small intestine and
the maturation and differentiation of the intestinal epithelium
that occur at the time of weaning suggest that these events may
be linked (22). In fact, TCR d knockout mice demonstrate
reduced intestinal epithelial and crypt cell turnover and have
reduced expression of major histocompatibility complex class
II molecules on small intestinal epithelial cells relative to
wild-type mice (35). These data are consistent with the notion
that TCR gd1 IEL are important in the normal maturation and
development of the intestinal epithelium, perhaps through the
secretion of keratinocyte growth factor by these T cells (35,
36).

Although it is clear that a subset of IEL are derived from the
thymus and undergo postthymic differentiation in response to
antigens encountered in the gut, a subset of IEL in both the
large and small intestine may, to some degree, be thymus

independent (6, 37). The presence of TCR gd1, CD8aa1
single-positive IEL in congenitally athymic nude mice and the
development of this IEL subset after bone marrow transfer to
thymectomized and irradiated recipients are both consistent
with the thymus-independent development of this subset of
IEL (1, 6, 12, 38–41). Our results support the notion that most
IEL in the small intestine, like the majority of IEL in the large
intestine, are thymus dependent in the immediate neonatal
period and that T cells developing through nonthymic path-
ways may be activated at or about the time of weaning. The
enrichment of TCR2, CD451 cells in the intestinal epithelium
before the increase in TCR gd1 IEL suggests a precursor-
product relationship between these cells (Fig. 3). Further stud-
ies to elucidate the lineage relationships between these popu-
lations are currently in progress.

In summary, we have demonstrated that T cells within the
large intestinal epithelium and lamina propria are established
rapidly in the postnatal period and are phenotypically similar to
T cells in the spleen throughout postnatal ontogeny and into
adulthood. By contrast, T cells within the small intestinal
epithelium are similar to T cells found throughout the gut and
spleen up until the time of weaning, after which time T cells
unique to the small intestine are present. This suggests that T
cells in the large intestine and lamina propria are less depen-
dent on changes within the intestine that are associated with
suckling and weaning, when compared with T cells within the
small intestinal epithelium. The influence of suckling and
weaning on IEL in the small intestine may allow coupling of
this T cell population to the maturation of the intestinal epi-
thelium or to the changes in luminal contents that occur during
this time. Our data have significant implications for under-
standing the postnatal maturation of the intestine in the context
of the natural progression of luminal microbial flora and the
programmed development of the epithelial cells lining the gut.
For example, many of these elements may be altered after
premature delivery and hospitalization. Alterations in the nor-
mal developmental process may have a significant impact on
the development of necrotizing enterocolitis in the newborn or

Figure 6. Increased expression of CD69 in mucosal T cells during postnatal
development. SI-IEL and LI-IEL were isolated at 2 and 3 wk and from
8-wk-old adult mice and prepared for three-color immunofluorescence staining
with anti-TCR b, anti-TCR gd, and anti-CD69. Cells gated by forward and side
light scatter during acquisition were analyzed for the expression of CD69
among cells gated during analysis for TCR ab or TCR gd expression. Data are
expressed as single histograms with CD69 expression on a logarithmic scale.
The vertical line denotes background fluorescence after staining with isotype
control MAb. The numbers in the histograms represent the percent of positive
cells. These data are representative of a minimum of .10 experiments derived
from pools of at least four mice in the small intestine and four experiments in
the large intestine. *too few cells to plot.

Table 2. The expression of activation and adhesion proteins on
CD31 intestinal IEL during postnatal development.

Postnatal age
(wk)

CD62L
(%1)*

CD2
(%1)*

Small intestine
2 39 6 17 79 6 2
3 5 6 4 40 6 6

5–12 2 6 2 8 6 3
Large intestine

2 70 6 29 84†
3 72 6 9 86†

5–12 27 6 23 85 6 10

The cell surface expression of CD62L, CD2, and CD3 was determined by
three-color immunofluorescence analysis of IEL prepared at the weekly inter-
vals shown and from mice between 5 and 12 wk of life, which were pooled.
* The percent positive fluorescence of each antigen was determined by flow
cytometry as described in the Methods and is shown as the mean 6 SD for
CD31 cells. The results are summarized from three to 10 experiments at each
time point and are derived from pools of at least two mice except where
indicated with †, where a single experiment derived from at least two mice was
performed.
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in the development of other inflammatory, allergic, or cancer-
ous conditions that occur throughout life in children and in
adults.
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