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Abstract

 

Gut intraepithelial CD8 T lymphocytes (T-IEL) are distinct from thymus-derived cells and are
thought to derive locally from cryptopatch (CP) precursors. The intermediate stages of differ-
entiation between CP and mature T-IEL were not identified, and the local differentiation pro-
cess was not characterized. We identified and characterized six phenotypically distinct lineage-
negative populations in the CP and the gut epithelium: (a) we determined the kinetics of
their generation from bone marrow precursors; (b) we quantified CD3-

 

�

 

, recombination acti-
vating gene (Rag)-1, and pre-T

 

�

 

 mRNAs expression at single cell level; (c) we characterized
TCR-

 

�

 

, -

 

�

 

, and -

 

�

 

 locus rearrangements; and (d) we studied the impact of different muta-
tions on the local differentiation. These data allowed us to establish a sequence of T cell pre-
cursor differentiation in the gut. We also observed that the gut differentiation varied from that
of the thymus by a very low frequency of pre-T

 

�

 

 chain mRNA expression, a different kinetics
of Rag-1 mRNA expression, and a much higher impact of CD3 

 

�

 

/

 

� 

 

and pre-T

 

�

 

 deficiencies.
Finally, only 3% of CP cells were clearly involved in T cell differentiation, suggesting that these
structures may have additional physiological roles in the gut.
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Introduction

 

The gut epithelium is in continuous contact with food
antigens and the intestinal flora, and harbors a major pool
of effector T cells. These gut intraepithelial T lymphocytes
(T-IEL)

 

*

 

 secrete IFN-

 

�

 

 and kill target cells ex vivo (1, 2).
They are as numerous as all T cells present in both the
spleen and lymph nodes (3).

T-IEL have different origins in normal mice (4, 5).
About half derive from activated T cells migrating from the
peripheral lymphoid organs to the gut and have a memory
phenotype (TCR-

 

��

 

�

 

 CD5

 

�

 

 CD28

 

�

 

 LFA-1

 

�

 

 CD44

 

�

 

CD8

 

��

 

�

 

 or CD4

 

�

 

). The other half (CD8

 

��

 

 T-IEL) differs
from peripheral T cells. These have a different phenotype

(CD5

 

�

 

 CD28

 

�

 

 LFA-1

 

�

 

 B220

 

�

 

, most expressing CD8

 

��

 

homodimers) and most are TCR-

 

��

 

�

 

. Their CD3 com-
plex also has a different composition: the CD3-

 

	

 

 chain is
associated with the 

 

	

 

 analogue Fc

 

�

 

RI

 

�

 

 chain (6).
These T cells are thought to develop locally (7). Struc-

tures at the base of some gut crypts named cryptopatches
(CP) contain lineage markers negative (Lin

 

�

 

) Thy1

 

�

 

 c-kit

 

�

 

IL-7R

 

�

 

 CD25

 

�

 

 cells (8, 9) that harbor gut T cell precur-
sors. Indeed, CP cells isolated from nude mice reconstitute
gut T cells (9). Moreover, after injection of bone marrow
(BM) cells into athymic mice, CP reconstitution preceded
gut T cell generation, further indicating that CP cells are
precursors of mature intraepithelial lymphocytes (IEL) (10).
Molecular characterization of sorted Lin

 

�

 

 CP cells, how-
ever, showed no evidence of advanced T cell differentiation.
These cells expressed only rare CD3-

 

�

 

 messages and germ-
line TCR-

 

�

 

 transcripts, but no TCR rearrangements or
pre-T

 

�

 

 expression was detected (10). These results demon-
strate that CP must undergo additional steps of differentia-
tion before they generate mature T cells. It is likely such
differentiation occurs in the epithelium since recombinase
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(4, 11) and pre-T

 

�

 

 mRNAs (12, 13) are present in CD3

 

�

 

IEL. The sequence of the developmental process between
CP and mature IEL, however, is yet unknown. Gut T cell
differentiation may also differ from thymus T cell genera-
tion. As CD3

 

�

 

 gut precursors do not express CD3-

 

	

 

 chains,
other CD3 proteins may have a unique role in extrathymic
differentiation (6, 13). The local development may favor
the production of TCR-

 

��

 

�

 

 cells. In particular, the gut en-
vironment may have a reduced capacity to induce TCR-

 

��

 

 rearrangements or pre-T

 

�

 

 chain expression. This latter
chain is an essential component of the pre-TCR that drives
the expansion of CD44

 

�

 

 CD25

 

�

 

 thymocytes and their dif-
ferentiation toward the TCR-

 

��

 

 lineage. Expression of
this pre-TCR is responsible for the predominance of
TCR-

 

��

 

 production by the thymus (14, 15).
In the present article, we identified by phenotype and

characterized all Lin

 

�

 

 cell types recovered from the mouse
gut, including CP and IEL. To identify pathways of differ-
entiation, we established the kinetics of generation of these
Lin

 

�

 

 populations from BM precursors, in the absence of a
thymus. To determine checkpoints in this differentiation
process, we studied the impact of mutations of genes in-
volved in T cell differentiation. To characterize the gut dif-
ferentiation process, we detailed molecular characterization,
including PCR studies of gene expression at single-cell (16)
and TCR rearrangements. These results allowed the deter-
mination of the sequence of precursor development in the
gut. They also demonstrated striking differences in this dif-
ferentiation process, when compared with T cell differenti-
ation in the thymus.

 

Materials and Methods

 

Mice. 

 

C57BL/6 mice were 4–6-wk-old. Normal mice were
obtained from Charles River Laboratories. C57BL/6, nu/nu
(nude) (Ly5. 2), CD3-

 

�

 




 

5/

 




 

5

 

–deficient (17), recombination activat-
ing gene (Rag)-2–deficient (18), and TCR-

 

�

 

–deficient mice (19)
were obtained from the Center for Development of Advanced Ex-
perimentation Techniques. TCR-

 

�

 

–deficient mice (20) were a gift
from P. Pereira (Institut Pasteur, Paris, France). Pre-T

 

�

 

–deficient
mice and Ly5.1 Rag-2, and IL-2R

 

�

 

 double–deficient mice (Rag/

 

�

 

c

 

�

 

) (21) were obtained from our breeding facilities.

 

Cell Suspensions and Immunofluorescence Analysis. 

 

The small
intestine (gut) was washed. The Peyer’s patches were visualized
under 20

 

�

 

 magnification and removed. The gut was opened
lengthwise and cut into 3–4-cm pieces. The gut epithelium was
detached from the gut wall as described previously (5). Intraepi-
thelial lymphocytes were recovered from supernatants. These
were treated to remove mucins and passed through glass wool
columns to remove epithelial cells. The remaining gut pieces
were digested with 100 U/ml of collagenase and 5 U/ml of
DNase (5). Cells recovered from both IEL and wall digests were
centrifuged in a Ficoll-Hypaque gradient (density 

 

� 

 

1.077).
Both IEL and wall lymphocytes (WL) were incubated with an

anti-CD16/CD32 Fc–receptor mAb (2.4G2) to block Fc-medi-
ated antibody binding, previous to cell surface staining. To iden-
tify Lin

 

�

 

 populations from the gut, we initially studied which Abs
(recognizing BM-derived mature cells) would label our prepara-
tions. Based on these results we devised a cocktail of mAbs in-
cluding anti-CD3 (145-2C11), anti-CD19 (1D3), anti-TCR

 

��

 

(H57-597), anti–TCR-

 

�

 

 (GL3), anti-erythroid cells (TER-119),
anti-GR1 (8C5), anti–Mac-1 (M1-70), and anti-IgM (Southern
Biotechnology Associates, Inc.) to separate Lin

 

�

 

 cells. This cock-
tail excluded gut dendritic cells that coexpress Mac-1. The Lin

 

�

 

gut cells express low levels of NK1.1, similar to those of NK1.1 T
cells (unpublished data). Since mature CD8

 

��

 

 T-IEL are a sub-
population of NK T cells, and express low levels of NK1.1 (22),
we could not include anti-NK1.1 mAb in our Lin

 

�

 

 mixture.
The antibodies used for surface staining of Lin

 

�

 

 cells were
from PharMingen: anti-Ly5. 2 (104-2.1), anti-CD8

 

�

 

 (53-6.7),
anti-CD25 (PC61), anti-CD44 (IM7), anti-B220 (RA3-6B2;
Caltag), anti-Thy1.2 (53-2.1), anti–c-kit (3C1). Anti–IL-7R
(A7R34) were a gift from D. Guy-Grand (Institut Pasteur, Paris,
France). Biotinylated antibodies were revealed with allophycocy-
anin-streptavidin (Molecular Probes) or Red613-streptavidin
(GIBCO BRL).

Four-color immunofluorescence analysis was performed using a
FACS

 

®

 

 Calibur flow cytometer (Becton Dickinson) and CellQuest
software (Becton Dickinson) for data acquisition and analysis.

 

Immunohistochemistry.

 

Small intestine (5 

 



 

m), acetone-fixed
frozen sections were air-dried and pretreated with avidin/biotin
blocking kit (Vector Laboratories), and labeled with anti–c-kit
followed by biotinylated anti–rat IgG (Jackson ImmunoResearch
Laboratories). Detection was according to Vectorstain ABC kit
followed by DAB substrate kit for peroxidase (Vector Laborato-
ries). Slides were counterstained with hematoxylin. Control
stainings without the primary Ab or with an isotype control were
run in parallel.

 

Thymectomy and Reconstitutions. 

 

To allow complete removal
of the very small thymus rudiment of Rag2/

 

�

 

c

 

�

 

 mice, both thy-
mus lobes were carefully dissociated from surrounding structures.
A surgical thread was placed in between each thymus lobe and
the sternum, and a knot around the thymus pediculum was used
to isolate each lobe, which was removed with a forceps.
Thymectomized mice were irradiated at 300 rads and injected
with 5 

 

�

 

 10

 

6

 

 BM cells from nude mice, or with 2.5 to 5 

 

�

 

 10

 

5

 

Lin

 

�

 

 WL from normal mice.

 

PCR Analysis. 

 

Lin

 

�

 

 cells were purified from bulk popula-
tions by two rounds of cell sorting. Cell contaminants, if present,
were below our detection limit (0.1%). Various numbers of cells
were plated per well using a FACS

 

®

 

 Vantage equipped with an
automatic cell deposition unit (Becton Dickinson). RT–PCR
analysis was done as previously described (16). Briefly, cells
present in each well were lysed, the mRNA coding for different
genes were reversed transcribed using specific 3

 

�

 

 primers, and
cDNAs were amplified in a modified nested two-step PCR. In
the first PCR round, primers amplifying multiple genes were
present. The first PCR products were then split and each gene
was amplified separately in a second PCR round. This assay is
able to identify 10 molecules of mRNA per cell (16). The fol-
lowing primers were used: HPRT (23); CD3-

 

�

 

 5

 

�

 

 primers: 5

 

�

 

-
ACCAGTGTAGAGTTGACGTG-3

 

�

 

, 5

 

�

 

-TTTCTCGGAAGT-
CGAGGACA-3

 

�

 

 (nested), and 3

 

�

 

 primers 5

 

�

 

-GATGGCTCAT-
AGTCTGGGTT-3

 

�

 

; Rag-1 5

 

�

 

 primers: 5

 

�

 

-CCAAGCTGCA-
GACATTCTAGCACTC-3

 

�

 

 and 5

 

�

 

-CAGACATTCTAGCA-
CTCTGG-3

 

�

 

 (nested); 3

 

�

 

 primers: 5

 

�

 

-CAACATCTGCCTT-
CACGTCGATCC-3

 

�

 

 and 5

 

�

 

-GCTTGACTTCCCATCAGC-
ATGGA-3

 

�

 

 (nested); pre-T

 

�

 

 5

 

�

 

 primers: 5

 

�

 

-AACAGGTAGC-
TCCTGGCTGCA-3

 

�

 

 and 5

 

�

 

-GCGTCAGGTGTCAGGCT-
CTA-3

 

�

 

 (nested), or 5

 

�

 

-CACACTGCTGGTAGATGGAA-3

 

�

 

(nested for the long form only); and 3

 

�

 

 primers: 5

 

�

 

-CCTG-
GGCTTTGTTCTTCCTG-3

 

�

 

 and 5

 

�

 

-GAGCAGTAGTGTC-
CAGCATC-3

 

�

 

 (nested). None of the primer combinations am-
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plify genomic DNA. TCR-

 

�

 

 chain DJ and V(D)J rearrangements
(24, 25), and V

 

�

 

–J

 

�

 

 rearrangements (26) in majority populations
were studied as described elsewhere. Depending on the rear-
rangement the expected PCR products are: DJ, seven bands
ranging from 1,279 to 224 bp; and V(D)J ranging in size from
850 to 150 bp. VJ

 

�

 

 rearrangements were amplified using two 5

 

�

 

primers recognizing the V

 

�

 

2 gene and the V

 

�

 

5 gene, respec-
tively, and one 3

 

�

 

 primer recognizing the J

 

�

 

1 gene. Primers and
probes were a gift from P. Pereira. The amplified products were
analyzed on 1.5% agarose gel, transferred to nitrocellulose mem-
branes, and hybridized with 

 

33

 

P-labeled specific probes. To allow
quantification of rearrangements, all PCRs were done with
equalized samples (as determined by germline C

 

�

 

 quantification
in nonsaturating conditions with 30 amplification cycles) on an
average of 10

 

4

 

 cells. The intensity of different bands was quanti-
fied in a phosphoimager (Amersham Pharmacia Biotech). For
comparison, mature TCR-

 

��

 

 cells were studied simultaneously.
For the study of TCR rearrangements in minority populations,
500 or 200 cells from each population were sorted using an auto-
matic cell deposition unit, and DNA was extracted and amplified
as we have previously described (27).

 

Results

 

Identification of Lin

 

�

 

 Populations in CP and Epithelium.

 

Characterization of T cell differentiation in the gut is hin-
dered by the difficulty to isolate Lin

 

�

 

 CP cells. Isolation

procedures require micromanipulation, and nearly two-
thirds of the recovered cells are mature adjacent cells (10).
We therefore devised a novel purification method. Be-
cause CP are subepithelial, they should remain attached to
the gut wall after removal of the epithelium. In this case,
they should be recovered by collagenase treatment of the
gut wall.

To test this hypothesis, we studied tissue sections of the
gut wall after epithelium removal. We could clearly visual-
ize that CPs remained attached to the gut wall (Fig. 1

 

 

 

A).
The wall was then digested and the mature hematopoietic-
derived cells present in these isolates were identified. Based
on these results, a mixture of mAbs was prepared to ex-
clude mature cell types and isolate Lin

 

�

 

 WL (see Materials
and Methods). Characterization of these Lin

 

�

 

 WL showed
that these cells were CD45

 

� 

 

CD8

 

� 

 

CD44

 

� 

 

c-kit

 

� 

 

IL-7R

 

�

 

CD25

 

�

 

, and about half expressed Thy1 (Thy1–CP) (Fig. 1
B). This phenotype was previously described as unique to
CP cells (9, 10). Indeed, direct isolates from inside or out-
side CP zones demonstrated that CD44

 

� 

 

c-kit

 

� 

 

IL-7R

 

�

 

CD25

 

�

 

 cells were only present in CP isolates and not in
other parts of the gut (9, 10). The Lin

 

�

 

 CP were also com-
pared with Rag

 

�

 

/

 

�

 

 thymocytes (10) to characterize the rel-
ative expression intensity of these markers. We also com-
pared the Lin

 

�

 

 WL with the Rag

 

�

 

/

 

�

 

 thymus. The intensity

Figure 1. Isolation of Lin� CP
cells. (A) Tissue sections of the
gut wall, after epithelium re-
moval, colored with hematoxy-
lin-eosin (left), anti–c-kit (mid-
dle), and an isotype control
(right). The CP structure out-
lined in the left was magnified in
the middle and right panels. (B)
Cell suspensions from collage-
nase digests of the gut wall were
labeled with a mixture of mAbs
recognizing mature hematopoi-
etic cells to gate Lin� populations.
Histograms show the expression
levels of different markers in
Lin� WL (full lines) and in the
Rag�/� thymocytes (dotted
lines). Please note that the distri-
bution of these markers was simi-
lar in Thy1� and Thy1� WL. (C)
250,000–500,000 Ly 5.2� Lin�

WL were injected into thymec-
tomized Ly 5.1� Rag2/�c�

hosts. Ly 5.2� donor cells were
identified in gut wall and IEL, 5
wk after transfer. The left graph
shows Lin� populations from the
gut wall. The absolute number
of these cells was as in normal
mice. The middle graphs show
T-IEL. The right graph shows
T cell labeling in the spleen.
Results are from one out of
two experiments.
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of CD44, c-kit, and IL-7R expression was higher, and that
of CD25 lower in WL than in the Rag

 

�

 

/

 

�

 

 thymus (Fig. 1
B). The same relative intensity of expression was found be-
tween CP cells isolated by micromanipulation and the
Rag

 

�

 

/

 

�

 

 thymus (10). Based on the previously defined
unique CP characteristics (9, 10) we conclude that the Lin

 

�

 

WL cells we isolated are in fact CP cells.
CP cells were previously demonstrated to reconstitute

T-IEL in athymic mice (9). To directly demonstrate that
Lin

 

�

 

 WL were CP cells, Ly5.2

 

� Lin� WL were isolated
and injected into Ly5.1� thymectomized Rag2/�c–defi-
cient mice. These hosts are devoid of both CP and IEL
(21). As shown in Fig. 1 C, Lin� WL cells reconstitute
Lin� populations from the gut wall (Fig. 1 C, left) and ma-
ture CD8 T-IEL (Fig. 1 C, middle), but they do not re-
constitute peripheral T cells (Fig. 1 C, right). These results
show that microdissection is not the only way to isolate CP
cells. They demonstrate a simple method to isolate func-
tional CP cells from the murine gut.

Next, we characterized Lin� cells from IEL. When de-
fining Lin� cells in IEL, we found cells expressing low lev-
els of Lin markers (Fig. 2, upper left). Characterization of
this population showed that they were Mac-1 low but neg-
ative for all other lineage markers including MHC class II
and CD11c (unpublished data). Mac-1–low cells coex-
pressed high levels of CD8 and B220, like most Lin� IEL
(see below). We included this Mac-1–low population in
Lin� IEL, as it is well known that thymic T cell precursors
are also Mac-1 low (28).

Lin� IEL could be subdivided by their expression of
Thy-1 and CD8 into four cell types (Fig. 2, upper right).
6–10% were CD8� Thy1� (Thy-1 single positive [SP]
cells). Approximately 50–75% expressed CD8 only (CD8-
SP). The other two populations were CD8� Thy1� popu-
lations (double negative [DN]) and CD8� Thy1� cells
(double positive [DP]). As only four colors are available for
analysis, direct and simultaneous characterization of other
markers expressed by these populations is not always possi-
ble. Comparison of cells present in the different quadrants
using different marker combinations allowed us to deduce

their phenotype in more detail. Some of these combina-
tions are shown in the lower graphs. Thy1-SP-IEL shared
several markers with Thy1-CP cells. They were (Fig. 2,
lower left to right) CD44�, B220� (B220� Thy1� cells co-
expressing CD8), and c-kit�. Contrary to Thy1-CP, how-
ever, the Thy1-SP-IEL were CD25� (Fig. 2, right) and
IL-7R� (unpublished data). CD8-SP-IEL lacked CD44
expression (Fig. 2, left), contrary to mature CD8 T cells
(13). The other cell surface markers, however, were identi-
cal to those of mature CD8�� T cells (13). CD8-SP-IEL
were all B220� (unpublished data) and (Fig. 2, from left to
right) c-kit�, CD25�, and IL-7R� (unpublished data). The
DN population contained some c-kit� and CD44� cells
(Fig. 2, left). Approximately 70% of these cells were B220�

(unpublished data) and all were CD25� (Fig. 2, right) and
IL-7R� (unpublished data). Finally, DP cells were CD44�,
B220�, c-kit�, and CD25� (unpublished data).

Thus, we were able to recover six different Lin� popula-
tions from gut isolates: Thy1� and Thy1� from CP; and
Thy1-SP, DP and DN cells, and CD8-SP from the epithe-
lium. All of these populations had a lymphoblast morphol-
ogy (unpublished data). The yields of Lin� CP were 69,000 �
19,910, and of Lin� IEL 18,000 � 5,613 (mean � SE of
five representative experiments).

The Kinetics of Generation of Lin� Subpopulations and
TCR� T Cells from BM Precursors. Although CP harbor
T-IEL precursors, it is not known if CP cells are the most
immature precursors migrating from the BM to the gut.
The sequence of development of CP cells into mature
T-IEL is also unknown. An established method to identify
precursor–product relationships during T cell differentia-
tion is the study of the kinetics of generation of Lin� sub-
populations after BM injection. We used this strategy to
identify precursor–product relationships during gut differ-
entiation. Ly5.1� Rag2/�c� mice were thymectomized,
irradiated, and injected with BM cells from Ly5.2� nude
mice. We followed Ly5.2� donor cells in host mice at dif-
ferent times after transfer (Fig. 3).

1 wk after BM injection we recovered Ly5.2� donor
cells in the gut of host mice (Fig. 3, A and B). All of these

Figure 2. The phenotype of Lin� IEL.
The upper-left graph shows the total lym-
phoid population and the window used to
select Lin� cells. The upper-right graph
shows Thy1/CD8� expression in Lin� IEL.
The lower graphs show Lin� cells labeled
with anti-CD8 and/or anti-Thy1 Abs, to-
gether with other markers.
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cells were Lin� (unpublished data) and 80–85% were
Thy1�. Most were localized in CP, but rare cells were also
present in the epithelium (Fig. 3 B). These results suggest
that the most immature Lin� gut precursors to be gener-
ated from BM cells is Thy1�, and most likely initially
homes to the CP.

The phenotype of Lin� CP cells did not change further
(unpublished data) and the number increased to normal at 2
wk after BM injection (Fig. 3 B). In IEL, T cells were then
absent (unpublished data) and the number of Lin� was
higher than that of normal mice (Fig. 3 B). 60% Lin� IEL
were yet Thy1-SP, but Thy1� CD8� were also present
(20%) (Fig. 3 A). These populations correspond to 7–10%
and 0.5–2% of Lin� IEL, respectively, in a normal mouse
(Fig. 2). These results indicate that Thy1� CD8� DP-IEL
are generated after Thy1-SP. In contrast, both CD8-SP
cells (the most abundant Lin� population in normal mice)
(Fig. 2) and DN cells were rare (Fig. 3 A).

By 1 mo after BM injection, Lin� IEL subpopulation
distribution was the same as in normal mice. Most Lin�

cells were CD8-SP and DN (Fig. 3 A). The number of
Lin� IEL also decreased to normal (Fig. 3 B). Very rare
T-IEL were then detected, their number increasing 2
mo after transfer (Fig. 3 C). All T-IEL were CD4� and
CD8��� (unpublished data). In these hosts we could not
detect mature T cells in the peripheral lymphoid organs
(Fig. 3 C), confirming that the injected nude BM does not
contain T cells (7).

The kinetics of generation of gut cells from BM precur-
sors was therefore 1� Thy1-CP; 2� Thy1-SP-IEL; 3� DP-
IEL; 4� CD8-SP-IEL; DN-IEL; and 5� T-IEL.

Comparison of CD3-�, Rag-1, and Pre-T� mRNA Expres-
sion between Lin� Cells from Thymus and Gut. We next
characterized the differentiation status and lineage commit-
ment of different Lin� gut populations. We enumerated
the cells expressing mRNAs coding for CD3-�, expressed
by pre-T cells, before TCR rearrangement (17), Rag-1,
and the two isoforms of the pre-T� (29). For the compari-

son with thymus differentiation, Lin� CD4� CD8� triple
negative (TN) thymocytes from normal mice were also
studied. Gated cells were enriched to 60–70% purity by a
first sorting step and were then sorted to purity: contami-
nants, if present, represented less than 0.1%. Small numbers
of cells were deposited into plates using an ADCU to study
gene expression (16).

This study was performed in two steps. In the first step,
cells were plated at the density of 500 cells/well and a large
number of wells were screened for expression of these
genes, together with the housekeeping gene HPRT. By
using this approach, we could exclude the expression of
certain genes. Negative results were obtained with many
cells recovered in independent isolation runs and studied in
multiple RT-PCRs. This initial analysis also allowed the
identification of gene expressing cell types. In the second
step, the latter populations were sorted in limiting dilution,
or as single cells, and the frequency of gene expression de-
termined by a single-cell RT-PCR method we previously
described (16). Quantification of gene expression in limit-
ing dilution requires the analysis of several hundred RT-
PCRs in each population, and therefore cannot all be
shown. A few examples of these RT-PCR reactions are in
Fig. 4 (see figure legend). The results of quantification of
gene expression (obtained from all RT-PCR data) are
shown exclusively in Tables I and II.

In the thymus, TN subpopulations expressed CD3-�,
Rag-1, and pre-T� mRNAs (Table I). In 48 individual
cells studied in each population, the lowest frequency of
expression was found in CD44� CD25� TN1 cells. CD3-�
mRNA was detected in 56% and Rag-1 in 17%. These re-
sults confirm that not all TN1 cells are committed to T cell
differentiation, as this population can generate B, NK, and
dendritic cell types (30). In more differentiated thymocytes,
CD3-� mRNA was detected in 96–100% of cells. Rag-1
(83%) and pre-T� mRNA expression (75%) was maximal
in CD44� CD25� TN3 cells. We yet detected Rag-1
mRNA expression in 76% of TN4 cells, a population

Figure 3. The kinetics of gen-
eration of Lin� and TCR� gut
cells from BM precursors.
Thymectomized, sublethally irra-
diated Ly5.1� Rag2/�c�-defi-
cient mice were injected with
Ly5.2� nude BM. The pheno-
type (a) and the absolute number
(b) of Lin� Ly5.2� donor cells in
host mice at different times after
transfer. (c) TCR� cells in the
IEL (left) and the spleen (right) of
host mice, 2 mo after BM injec-
tion. Results are from one out of
two experiments, giving the same
results.
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known to downregulate the amount of Rag-1 mRNA.
Only 20% of these cells were reported to express Rag-1
mRNA by in situ hybridization (31). This difference is
likely due to the far greater sensitivity of single cell RT-
PCRs. We showed that 10 mRNA molecules/cell can be
detected by this method (16).

Expression of these genes in CP cells showed a very dif-
ferent picture (Table II). Approximately 97% of these cells
had no evidence of T cell commitment. Indeed, Thy1�

cells, which constituted about half of the Lin� CPs (10)
(Fig. 1 B), did not express mRNAs coding for CD3-�,
Rag-1, or pre-T�. These genes were expressed by a mi-
nority of Thy1� CP cells. CD3-� mRNA was detected in
6% of cells, of which only 5% expressed Rag-1 mRNA.
Pre-T� mRNA expression was even less frequent (2%).
These results indicate that only rare CP cells can undergo
TCR rearrangements and that most cannot undergo � se-
lection.

T cell precursors were much more abundant in Lin� IEL
(Table II, Fig. 4). As compared with Thy1-CP cells, the
frequency of cells expressing CD3-� mRNA doubled in
Thy1-SP and DP-IEL. Virtually all DN and CD8-SP-IEL
expressed CD3-� mRNA.

The highest frequency of pre-T� mRNA expressers in
the gut was found among CD3� Thy1-SP-IEL (Table II,
Fig. 4). It must be noted, however, that this maximal fre-
quency (12%) was much lower than that found in the thy-
mus (75%). Rare pre-T� mRNA expressers were found in
DP and DN cells, but not in CD8-SP cells.

We also found that only very rare Lin� IEL expressed
Rag-1 mRNA (Table II, Fig. 4). These results were sur-
prising relative to the situation described during thymus
differentiation. In the thymus, recombinase expression is
upregulated after � selection to allow TCR-� rearrange-
ments to proceed (32). The highest levels of Rag-1
mRNA expression in the thymus are found among CD4�

CD8� thymocytes (31) that lost pre-T� expression. In
contrast, in the gut the pre-T�–negative populations did
not upregulate Rag-1 expression; only very rare cells ex-
pressed Rag-1 mRNA.

TCR Rearrangements in Lin� Gut Cells. To further
characterize Lin� cells we studied: TCR-� DJ rearrange-
ments by a PCR method that permits the identification of
the D�2-J�2.7 germline fragment, as well as all D�2-J�2
rearrangements (25); and TCR-� V(D)J and TCR-� VJ
rearrangements by using a mixture of V-region primers to-
gether with a J-region primer (24, 26). These methods
identify multiple rearrangements simultaneously, as each
band corresponds to an individual type of rearrangement.
They allow some quantification of the extent of rearrange-
ments by counting the number of bands present, as well as
by comparing the intensity of these bands with those found
in mature T cells (see Materials and Methods). With respect
to the TCR-� locus, we studied two rearrangements: V�2-
J�1 (�2), which is abundant in thymus-derived TCR-���

cells, and V�5-J�1 (�5), which is prevalent in gut TCR-
��� IEL (33, 34). These methods previously used 200 ng/
DNA per sample (26). We managed to reduce this amount
to 60 ng (corresponding to �10,000/cells). Even then we
could only characterize relatively abundant Lin� popula-
tions (Thy1-CP and CD8-SP-IEL), as minority popula-
tions cannot be recovered in such large numbers (see Mate-
rials and Methods).

Table I. Gene Expression in Lin�CD4�CD8� Thymocytes

mRNA type CD3-�  Rag-1 pre-T�

% % %
CD44�CD25� 56 17 ND
CD44�CD25� 96 72 59
CD44�CD25� 96 83 75
CD44�CD25� 100 76 57

Lin�CD4�CD8� thymocytes from normal mice were sorted as
individual cells and tested simultaneously for the expression of CD3-�,
Rag-1, pre-T�, and HPRT (for plating efficiency). Results are from 48
individual cells in each supbpopulation. ND, not done.

Table II. Gene Expression in Lin� Gut Cells

Lin� CP Lin� IEL

Thy1�CD8� Thy1-CP
Percent

in CD3� Thy1-SP
Percent

in CD3� DP
Percent

in CD3� DN CD8-SP

No. cells screeneda 6,000 24,000 4,500 3,500 16,000 16,000
CD3-�b NEG 6.3 (2.8) 12.6 (5) 15.5 (2) 91 87
Pre-T�b NEG 0.14 (0.005) 2.2 1.5 (1.6) 12 0.14 (0.16) 0.9 NEGc NEG
Rag-1b NEG 0.33 (0.1) 5.2 0.02 (0.05) 0.2 0.036 (0.007) 0.2 0.006 (0.0013) NEG

aLin� gut cells were sorted at 500 cells/well and screened for CD3-�, pre-T�, and Rag-1 mRNA expression. NEG, not detected in all screened cells.
bCells were sorted in limiting dilution and the frequency of mRNA expressing cells were calculated according to the Poisson distribution (95% con-
fidence limits are shown in brackets). Plating efficiency was evaluated by HPRT mRNA amplification.
cExpression was too rare to allow frequency determination.
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To characterize the sensitivity of the method, we studied
DNA from Rag-2�/� cells, mature CD8 TCR-��� T
cells, and serial twofold dilutions of mature CD8 TCR-
��� peripheral T cells in Rag-2�/� cells (Fig. 5 A). As ex-
pected we detected a TCR-� germline DJ band in Rag-
2�/� cells, but no rearrangements. In mixtures containing
Rag-2�/� and mature T cells DNA, we detected rear-
rangements when as little as 1% of the DNA originated
from mature T cells (Fig. 5 A). To quantify rearrangements
in Lin� gut T cells, they were compared with this titration
and studied simultaneously.

In Thy1-CP cells, TCR-� locus rearrangements were
incomplete (Fig. 5 B). The DJ germline band was present.
The V(D)J rearrangements were rare when compared with
the mature T cells rearrangements, shown in Fig. 5 A.
TCR-� rearrangements were not detected. We were sur-

prised to observe that �2 (prevalent in the thymus and the
periphery) was also the prevalent rearrangement in the gut
Thy1-CP population.

In CD8-SP-IEL, rearrangements were more frequent
and more mature (Fig. 5 B). The TCR-� locus–DJ germ-
line band was absent, V(D)J rearrangements were frequent,
and TCR-� chain rearrangements readily detected. Com-
parison between these cells (Fig. 5 B) and mature TCR-��
cells (Fig. 5 A), showed similar levels of TCR-�� rear-
rangements. The �5 rearrangements were also readily de-
tected. These results showed that CD8-SP-IEL were more
mature than Thy1-CP.

We next examined rearrangements in minority popula-
tions. For that purpose we used a two-step nested PCR re-
action that allows identification of rearrangements in very
few cells (27). These populations were sorted at 200 and
500 cells/sample. Each sample was tested simultaneously
for TCR-� locus DJ (unpublished data) and V(D)J rear-
rangements, TCR-�2 and -�5 rearrangements, and TCR-�
rearrangements. These results are shown in Fig. 5 C.

Thy1-SP-IEL rather resembled Thy1-CP. We could al-
ways detect TCR-� V(D)J and �2 rearrangements. In con-
trast, the �5 rearrangements were rare in wells containing
500 cells, and we could detect these rearrangements in two
of the four experiments performed. TCR-� rearrange-
ments were not detected (unpublished data).

The DP- and DN-IEL were more similar to CD8-SP-
IEL. The TCR-� V(D)J, and -�2 and -�5 rearrangements
were detected in all tested samples. TCR-� rearrangements
were absent. In DN-IEL, TCR-� rearrangements were
detected (unpublished data).

To summarize, the extent of TCR rearrangements in
Lin� populations showed that Thy1-CP cells were the
most immature, and CD8-SP-IEL the most mature, popu-
lation. The other Lin� IEL had intermediate characteristics.

The Effects of CD3-� and Pre-T� Deficiencies in Extrathymic
Differentiation. We identified T cell precursors in the gut
in the same way as in the thymus, i.e., by their expression
of CD3-� mRNA. Previously published data suggests that
this marker was adequate to identify gut precursors, since
the CD3-�
5/
5 mutation blocked TCR rearrangements in
Lin� IEL (13). It was conceivable, however, that whereas
CD3 mutation blocked the transition between Thy1-CP
and Lin� IEL, T cell maturation in CP could take place in
the absence of CD3. To investigate this possibility, we
characterized the Thy1-CP populations from CD3-�
5/
5–
deficient mice (17) and found that TCR-� D and J frag-
ments were in germline configuration, and V(D)J re-
arrangements were absent (Fig. 6 A). The CD3-�
5/
5

mutation also affected TCR-� rearrangements. In some
experiments these rearrangements were not detected at all.
In others they were very rare (Fig. 6 A) when compared
with Thy1-CP of normal mice (Fig. 5 B), and could only
be revealed in blots after prolonged exposure. These re-
sults indicate that the CD3 complex was necessary for T
cell differentiation in the gut, even in CP cells, and that
CD3-� mRNA was adequate to identify gut T cell precur-
sors.

Figure 4. Results show a few examples of the RT-PCRs performed to
quantify the expression of Rag-1 and pre-T� mRNAs in thymus and gut
precursors. All wells were positive for HPRT expression. These images
illustrate a much higher expression of these genes in the thymus (where
most individual cells express these genes) than in the gut (many wells con-
taining 500 or 1,000 cells were negative). They also show that Lin� sub-
populations express genes at different frequency: Rag-1 mRNA expres-
sion is much higher in CP (all wells containing 500 cells were positive)
than in IEL. Maximal expression of pre-T� is found in Thy1-SP IEL (all
wells containing 500 cells were positive). We scored 320 Thy1-SP IEL
cells expressing pre-T� and only found the long form of pre-T�, whereas
both thymocytes and Thy1-CP cells express both forms. Please note that
results of the quantification of gene expression (obtained from all RT-PCR
data) are only shown in Tables I and II.
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As pre-T� expression was quite rare in Lin� gut cells,
we also considered the hypothesis that local TCR-�� gen-
eration could be independent of the pre-T� expression.
We examined the impact of the pre-T� deficiency on
extrathymic T cell differentiation by comparing the com-
position of the CD8�� IEL T cell pool in normal and pre-
T�–deficient mice (Fig. 6 B). In the thymus the pre-T�
deficiency reduces, but does not abrogate, TCR-�� differ-
entiation (14). In contrast, TCR-��� CD8��� cells were
virtually absent in pre-T�–deficient mice (Fig. 6 B). These
results demonstrate that TCR-�� generation in the gut
also requires pre-T� expression. Moreover, they show that
the production of TCR-�� was even more dependent on
pre-T� expression in the gut than in the thymus.

Effects of TCR-� and TCR-� Mutations on Lin� Gut Sub-
populations. Mutations of TCR chain genes were used to
identify precursor/product relationships and checkpoints
during thymus differentiation (19). We studied the impact
of the TCR-� and TCR-� mutations on Lin� gut cells.
Neither modified the number nor the phenotype of CP
cells (unpublished data). The TCR-� mutation induced
major changes in Lin� IEL. Up to 70% of Lin� IEL from
TCR-��/� were Thy1� (Fig. 6 C, left), whereas these cells
are �10% of Lin� IEL in normal mice (Fig. 2). This major
accumulation of Thy1-SP and DP-IEL in TCR-�–defi-
cient mice suggests that TCR-� rearrangements favor
the loss of Thy1 expression during gut differentiation. It

also suggests that TCR-�� precursors transit through
Thy1-SP-IEL/DP-IEL–intermediate stages. In contrast,
the TCR-� mutation did not modify the distribution of
Lin� IEL (Fig. 6 C, right).

Discussion
CD8��� T cells are a major component of the mature T

cell pool that may have a main role in controlling antigenic
challenge and/or ensuring the protection of the gut wall
(35). These cells are very different from TCR-��� thy-
mus–derived cells (36). Their differentiation was thought
to take place in CP, but recent data indicate a more com-
plex process (10). Even though the generation of T cells in
the thymus was studied in detail, the T cell differentiation
pathways in the gut are unknown. This is due to the diffi-
culty of isolating putative precursors, the very low yields,
and the impossibility of inducing such cells to differentiate
in vitro. In this study we used new isolation procedures to
obtain CP cells, and methods that permit detailed, molecu-
lar characterization of very small numbers of cells. To es-
tablish putative precursor–product relationships, we also
evaluated the kinetics of Lin� and gut T cell reconstitution
after nude BM injection in thymectomized mice, and stud-
ied the impact of mutations affecting T cell development
on Lin� gut cells. We identified six populations of Lin� gut
cells with different phenotypes. A major c-kit� CP popula-

Figure 5. TCR rearrange-
ments in Lin� gut populations.
(A and B) Results are Southern
blots of PCR products hybrid-
ized with 33P-labeled specific
probes. All samples correspond
to 104 cells, contained the same
amount of DNA, and were stud-
ied simultaneously. (A) TCR-�
DJ, V(D)J, and TCR-� VJ rear-
rangements were studied. DNA
was extracted from: TCR-��
CD8�� T cells; Rag-2–deficient
thymocytes; and serial twofold
dilutions of mature T cells–DNA
in Rag-2�/� cells DNA. (B)
Thy1-CP and CD8-SP-IEL gut
cells, studied simultaneously. We
tested the same populations re-
covered from two or three inde-
pendent sortings with similar re-
sults. (C) TCR rearrangements
in minority IEL populations.
Results show PCR products of
500 cells/sample amplified by
two-nested PCR (27), in one
out of four experiments, in
which different samples of the
same populations were tested.
TCR-� V(D)J and V�2 rear-

rangements were found in all samples. In DP and DN cells we also detected V�5 rearrangements in all samples tested. These rearrangements were also
detected when 200 cells/sample were amplified. In Thy1-SP-IEL we detected V�5 rearrangements in wells containing 500 cells in two out of four ex-
periments, indicating that these rearrangements were probably quite rare. In one experiment we also detected TCR-� rearrangements in DN-IEL,
whereas all other populations were negative (unpublished data). Please note that in these experimental conditions the most abundant rearrangements are
preferentially amplified (27). PcR products usually show a single band, rather than multiple bands of rearrangements. PCR products were sequenced to
ensure specificity.
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tion (lacking Thy1 and CD8 expression) was generated late
after BM reconstitution and showed no molecular evidence
of T cell differentiation. It is therefore likely that this popu-
lation does not contain T cell precursors. The other five
populations were implicated in the local differentiation
process. They showed ample molecular evidence of ongo-
ing T cell differentiation. They were modified by muta-
tions affecting T cell differentiation only. They were gen-
erated from BM precursors before mature gut T cells in

experimental conditions in which T cell generation can
only be detected in the gut. Their phenotype, molecular
characteristics, and the kinetics of their generation after BM
injection, allowed a hierarchy of differentiation to establish,
as summarized in Fig. 7.

Thy1-CP cells were the most immature. Their pheno-
type (Thy1� CD8� CD44� c-kit� IL-7R� CD25low) was
as described in TN1/TN2 transition in the thymus (37).
CD3-� mRNA expression was rare. They expressed
mRNAs coding for Rag-1 and pre-T�, and included cells
with incomplete TCR-� locus rearrangements and no
TCR-�5 or TCR-� rearrangements. They were detected
in the gut 1 wk after BM injection.

The Thy1-SP-IEL rather resembled Thy1-CP cells.
They shared several cell surface markers (Thy1� c-kit�

CD44�) and similar TCR rearrangements (mostly TCR-�
and -�2). They differed from CP cells by the absence of
CD25 and IL-7R, and by the increased frequency of pre-
T� and reduced frequency of Rag-1 expressions. In the
thymus these modifications are associated with the TN2 to
TN3 to TN4 transitions (14). By analogy with the thymus,
these results suggest that Thy1-SP-IEL were more mature
than Thy1-CP cells. This assumption was supported by the
kinetics of generation of this population after BM transfer.
Like Thy1-CP, they were detected 1 wk after BM injec-
tion, but their yield was lower. These reconstitution exper-
iments also suggest that the Thy1-SP are the most imma-
ture precursor population in the epithelium. They were the
first epithelial population to be detected after BM injection.
At 1 and 2 wk after transfer, Thy1-SP cells were 90% and
60% of Lin� IEL, respectively (vs. �10% in normal mice).
These results indicate that Thy1-SP were generated before
other Lin� IEL.

The DP-IEL were closer to CD8-SP-IEL. They shared
B220 expression and the presence of TCR-�5 rearrange-
ments. Pre-T� chain and Rag-1 mRNA expression were
rare. These characteristics suggest that the cell differentia-
tion status was intermediate between Thy1-SP-IEL and
CD8-SP-IEL. After BM injection they were detected later
than Thy1-SP and were quite frequent 2 wk after BM in-
jection (20% vs. 1–2% in normal mice).

CD8-SP cells recovered from the epithelium were the
most mature population, and most resembled CD8��
T-IEL. Several phenotype characteristics were common
(Thy1� c-kit� CD25� IL-7R� B220�). Virtually all were
CD3-� mRNA�, and did not express Rag-1 or pre-T�
mRNAs. TCR-�, -�, and -� rearrangements were exten-
sive. CD8-SP, however, differed from mature T cells, as
many were Mac-1low (like TN thymocytes [28]) and
CD44�. This latter characteristic indicated that CD8-SP
cells were not postmature T cells that had lost all TCR sur-
face expression as a result of intense stimulation (38).
Moreover, CD8-SP were generated from BM precursors
before mature T-IEL. Reconstitution of normal numbers
of CD8-SP, however, was a late event, only detected 1 mo
after BM injection. This data supports a relatively late on-
togenic development of this population when compared
with Thy1-SP and DP Lin� IEL.

Figure 6. Analysis of gut populations in different mutant mice (A)
TCR rearrangements in Lin� cells from CD3-�
5/
5 mice were studied as
described in Fig. 5 B. The total amount of DNA (determined by amplifi-
cation of the germline C� gene) is shown. Please note that samples from
CD3-�
5/
5 mice contained the same amount of DNA and were ampli-
fied simultaneously with those from normal mice, as shown in Fig. 5 B.
Results are from one of three independent sortings and show the experi-
ment in which we detected the largest amounts of rearranged receptors.
In one of these sortings, we could not detect TCR-� rearrangements in
CD3-�
5/
5–deficient cells. (B) TCR-� expression in CD8�� T-IEL
from pre-T��/� (left) and pre-T��/� mice (right), in one out of four ex-
periments, with the same results. (C) Effects of TCR-� and -� deficien-
cies in Lin� IEL. Results show the CD8/Thy1 phenotype of Lin� IEL in
TCR-�– (left) and TCR-�– (right) deficient mice in one out of eight
(left), and two (right), experiments with similar results. In both mice,
Thy1-SP-IEL were IL-7R� CD25� (unpublished data). These mutations
did not change the phenotype of CP cells.
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Finally, DN-IEL were similar to CD8-SP. All were
CD3-� mRNA�, pre-T� was absent, Rag-1 mRNA ex-
pression was very rare, and TCR-�, -�2, and -�5 rear-
rangements and TCR-� rearrangements were detected, as
in CD8-SP. The kinetics of these cells’ generation after BM
reconstitution was also similar to that of CD8-SP. Normal
distribution of DN-IEL was found 1 mo after BM transfer.

To identify checkpoints and differentiation pathways in
the gut, we also tested the effect of several mutations on T
cell differentiation (Fig. 7). None of the studied mutations
affected Thy1-CP populations, further supporting their rel-
ative immaturity. IL-7R� CD25� Thy1-SP-IEL were ab-
sent in Rag2�/� and CD3-��/� mice (some Thy1-SP-IEL
were present but they were IL-7R� CD25�). These results
indicate that the loss of IL-7R and CD25 expression in gut
precursors required TCR rearrangements and/or CD3-�
expression, as in the thymus (37). They further support that
Thy1-SP-IEL are more mature than Thy1-CP. The TCR-�
mutation led to major accumulation of Thy1-SP and
DP-IEL. These results suggest that ��-lineage cells transit
through these intermediate stages of differentiation, and
that TCR-� rearrangements favor the transition from
Thy1-SP-IEL/DP-IEL into DN/CD8-SP cells. They also
support that Thy1-SP-IEL/DP-IEL are more immature
than DN/CD8-SP cells. In contrast, TCR-� deficiency did
not modify the relative distribution of Lin� gut subpopula-

tions. It is therefore likely that cells of the �� lineage may
transit directly from the Thy1-CP or Thy1-SP-IEL stage to
the DN/CD8-SP stages in the gut. Similarly, most ��-lin-
eage cells in the thymus do not transit through the same in-
termediate stages of differentiation as ��-lineage cells.
They maturate before the TN3 stage.

Our results also provide a direct comparison of general
characteristics of T cell differentiation in thymus and gut of
normal mice. We found striking differences with regard to
the frequency of pre-T� and Rag-1 mRNA expression
and the impact of pre-T� and CD3-�
5/
5 deficiencies.

Only very rare Lin� cells in the gut expressed pre-T�
mRNA. The maximal frequency of pre-T� mRNA ex-
pression (12% of CD3-� mRNA� Thy1-SP-IEL) was
much lower than that found in the thymus (75% of CD3-�
mRNA� CD25� thymocytes). This low pre-T� expres-
sion may reflect a predominance of precursors committed
to TCR-�� differentiation (39). In the thymus, the pre-
TCR drives the expansion of TCR-�� CD25� thy-
mocytes and their differentiation into CD4� CD8� cells of
the TCR-�� lineage, even in cells expressing in-frame
TCR-�� rearrangements (14, 15). Pre-TCR expression
and � selection is responsible for the predominant thymus
generation of TCR-�� cells (14, 15). In the gut, only very
rare Thy1� cells would be able to undergo this expansion
process that would hinder TCR-�� generation. As we

Figure 7. Characterization of the T cell differentiation process in the gut. This figure summarizes data on: relative size; localization; phenotype; gene
expression; TCR rearrangements; the blockades induced by CD3-�, Rag-2, and TCR-� mutations; and the kinetics of generation of Lin� gut popula-
tions. Based on these data, a hierarchy of differentiation is proposed.
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characterize all Lin� populations in the gut, we can con-
clude that � selection within the gut Lin� populations is a
very rare event.

We also found that recombinase expression in CD3-�
mRNA–expressing gut cells was very low compared with
the thymus. The distribution of Rag-expressing cells
among gut precursors was also very different from that
found in the thymus. The thymocyte precursors expressing
the highest levels of recombinase at both mRNA and pro-
tein levels are CD4� CD8� DP cells that are TCR��, have
undergone � selection, and no longer express pre-T�
mRNA (31). This upregulation of recombinases is re-
quired for TCR-� rearrangements to proceed (32). In the
gut, the Lin� IEL populations that expressed TCR-�, but
lacked detectable TCR-� rearrangements (TCR-����)
where pre-T� was rare or absent, expressed Rag-1
mRNA at a very low level. In these circumstances, the
number of precursors present in the gut able to undergo
TCR-� rearrangements, and differentiate into TCR-��
cells, is very small.

The patterns of pre-T� and Rag-1 mRNA expression in
the gut Lin� cells thus suggest a very low frequency of
TCR-�� generation during local differentiation.

We cannot exclude that some gut CD8��� T cells also
originate from precursors that differentiate outside the gut
and express pre-T� or Rag elsewhere. A low frequency of
� selection and TCR-� rearrangements, however, justifies
for the first time the very unusual features of CD8��
TCR� repertoires (40): the prevalence of TCR-�� cells;
the late ontogenic development of TCR-�� cells, which
are very rare in young mice and only accumulate with age;
and the very restricted clonal diversity of TCR-�� cells in
the gut. Indeed, only �100 different clones are present in
the gut whereas peripheral TCR-�� cell repertoires are
highly diverse (41). It is unlikely that this oligoclonality is
antigen driven. In the peripheral lymphoid organs a back-
ground of diverse rearrangements is always seen during an
immune response, and this background is absent in the gut
(40). Moreover, these clones are totally different between
individual animals, even in the same antigenic environ-
ment, belonging to the same litter, and bred in the same
cage (40). A random and quite rare TCR-�� generation
would generate this type of individual variation.

Thymus and gut differentiation also differed in their re-
quirements for CD3 expression. CD3 deficiencies have no
effect on TCR-�, -�, and -� rearrangements in early thy-
mocyte precursors (17, 42). Even CD3-	 CD3-�
5/
5 mul-
tideficient CD25� thymocyte precursors (that do not ex-
press CD3-	-�-� chains and have a partial � deficiency)
undergo TCR-�, -�, and -� rearrangements at a normal
frequency, ruling out redundant effects of the various CD3
components on TCR rearrangements in the thymus (42).
In contrast, the CD3-�
5/
5 mutation was associated with a
complete blockade of TCR-� locus rearrangements (13)
and a marked reduction in TCR-� rearrangements in the
gut that we found to affect even the most immature pre-
cursors. The reason for this difference is unknown. It is
conceivable that CD3 components, by participating in

TCR-�� or pre-TCR assembly (15), may be required to
ensure the survival of rearranged cells in the gut. Alterna-
tively, the CD3 components may play a role in initiating
TCR rearrangements, independently of or before their
function as a component of the pre-TCR or of the mature
��-TCR. A similar role was described for Ig� during VH-
DJ recombination in the course of B cell development (43).

Finally, our data raise questions concerning the role of
CP. As these structures have been assimilated to a “local
thymus,” it was surprising that the first molecular charac-
terization of Lin� CP cells showed such little evidence of T
cell differentiation (10). Only germline TCR-� transcripts
and rare CD3-� transcripts were detected. These cells were
reported to lack TCR-� and � rearrangements and pre-T�
transcripts (10). In contrast, we detected TCR-�, � rear-
rangements, and pre-T� transcripts in Thy1-CP cells. The
differences between this data and our results are likely
methodological. Our molecular characterization was ex-
haustive and efficient enough to detect the rare CP cells
that are undergoing T cell differentiation. Contrary to pre-
vious studies, we looked at DJ rearrangements that precede
V-DJ rearrangements (14, 37), we used mixtures of V
primers (rather than a single V�), and we looked at �2 re-
arrangements (prevalent in CP cells). We used single cell
RT-PCR and specific reverse transcription to detect pre-
T� and Rag-1 mRNA expression, which is an approach
that can identify 10 mRNA molecules (16). We also subdi-
vided CP cells, allowing selection of the Thy1-CP cells
that include T cell precursors and exclude Thy1� CP cells
that showed no signs of T cell commitment. This popula-
tion was included in other studies (10). Our quantitative
analysis, however, showed that only 3% of CP cells were
clearly T cell precursors. The function of the remaining
97% of CP cells is yet to be established. We previously
showed that CP cells express GATA-2 (44), a transcription
factor expressed by multipotent hematopoietic progenitors
(45). The complex CP structure may thus contain precur-
sor cell types with other differentiation potentials, and may
have a major role in the local generation of hematopoietic
cells other than T lymphocytes. A likely candidate is the
Lin� mast cell precursor, whose phenotype is similar to that
of Lin� Thy1-CP (46). In vitro, Lin� gut cells can generate
mast cells (47).

To summarize, the molecular characterization of Lin�

populations recovered from the gut wall shows that the dif-
ferentiation processes in thymus and gut did not overlap.
The peculiar features of each differentiation process ex-
plains the characteristics of the respective mature T cell
progenies. In the thymus, the high pre-T� expression (fa-
voring � selection) and the high recombinase expression
(allowing frequent rearrangements) lead to the generation
of a very diverse TCR-�� repertoire (41). The rarity of
pre-T� expression and the very low recombinase activity
in precursors isolated from the gut, may lead to rare � se-
lection and hinder TCR-� rearrangements. These local
characteristics explain why TCR-�� CD8�� T-IEL have
a very restricted diversity (40) and only accumulate with
age (48, 49). The mechanisms underlying the unique role
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of CD3 components in gut differentiation are unknown,
but may be related to differences in signaling cascades in
gut precursors (50, 51).
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