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Summary

 

The embryonic thymus is colonized by the influx of hemopoietic progenitors in waves. To
characterize the T cell progeny of the initial colonization waves, we used intravenous adoptive
transfer of bone marrow progenitors into congenic embryos. The experiments were performed
in birds because intravenous cell infusions can be performed more efficiently in avian than in
mammalian embryos. Progenitor cells, which entered the vascularized thymus via interlobular
venules in the capsular region and capillaries located at the corticomedullary junction, homed
to the outer cortex to begin thymocyte differentiation. The kinetics of differentiation and emi-
gration of the T cell progeny were analyzed for the first three waves of progenitors. Each pro-
genitor wave gave rise to 

 

g

 

/

 

d

 

 T cells 3 d earlier than 

 

a

 

/

 

b

 

 T cells. Although the flow of T cell
migration from the thymus was uninterrupted, distinct colonization and differentiation kinetics
defined three successive waves of 

 

g

 

/

 

d

 

 and 

 

a

 

/

 

b

 

 T cells that depart sequentially the thymus en
route to the periphery. Each wave of precursors rearranged all three TCR  V

 

g

 

 gene families,
but displayed a variable repertoire. The data indicate a complex pattern of repertoire diversifi-
cation by the progeny of founder thymocyte progenitors.

 

C

 

omparative developmental studies have been informa-
tive with regard to the evolution of the immune sys-

tem in vertebrates. Studies in chickens have contributed to
the understanding of the hemopoietic stem cell origin of
both myeloid and lymphoid T and B cell lineages (1, 2).
This avian model has several advantages for the study of T
cell development: (

 

a

 

) T and B cells undergo differentiation
in specialized central lymphoid organs, T cells in the thy-
mus, and B cells in the bursa of Fabricius, (

 

b

 

) a large num-
ber of precisely staged embryos can be easily obtained, and
(

 

c

 

) the embryos are large enough for experimental manipu-
lation. Studies performed in chick–quail chimeras indicate
an embryonic paraaortic origin of the stem cell precursors
of thymocytes, B cells, and myeloid cells, beginning around
the fourth day of embryonic life (E4;

 

1

 

 reference 3). Embry-
onic stem cells native to the aortic region later migrate via
the circulation to colonize the spleen, yolk sac, and, finally,
the bone marrow.

The chick–quail model has been used to show homing
of the thymocyte progenitors into the embryonic epithelial
thymus in three discrete waves (4–8), the first of which be-

gins in chicken embryos on E6.5, the second on E12, and
the third around E18. Each wave of progenitor cell influx
lasts for 1 or 2 d, and is followed by the transient produc-
tion of thymocyte progeny (7, 8). The first wave of thymus
colonization involves T cell progenitors from the paraaortic
region (7, 8), whereas the second and third waves of thy-
mocyte progenitors come from the bone marrow and ex-
press the c-kit and the hematopoietic cell adhesion mole-
cules (9, 10). Using congenic chicken strains that differ in
the ov alloantigen expressed on hematopoietic progenitors

 

and T lineage cells, H.B19ov

 

1

 

 and H.B19ov

 

2

 

, we have ex-
amined chimeras created by grafting thymic lobes from an
ov

 

1

 

 donor into thymectomized ov

 

2

 

 recipients to show the
gradual replacement of donor thymocytes by ov

 

2

 

 host thy-
mocytes and their progeny. These experiments indicated
that a series of waves or stream of thymocyte progenitors
continually enter the thymus after hatching (11–13).

The ontogeny of chick T lineage cells can be monitored
with anti-TCR monoclonal antibodies and molecular probes

 

for the different TCR  chains (14–16). At E12, 

 

z

 

 5 d after
the initial influx of thymocyte precursors, a subpopulation
of thymocytes begins to express the TCR -

 

g

 

/

 

d

 

–CD3 com-
plex on their surface (17). These reach peak numbers on

 

1

 

Abbreviation used in this paper:

 

 E, day of embryonic life.
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E15, when 

 

z

 

30% of the thymocytes express TCR -

 

g

 

/

 

d

 

(18). TCR -

 

a

 

/

 

b

 

–bearing T cells expressing the V

 

b

 

1 vari-
able domain are first detected on thymocytes on E15, and
they become the predominant type of thymocytes by E17–18
(19). TCR -

 

a

 

/

 

b

 

–bearing T cells expressing the V

 

b

 

2 vari-
able domain emerge around E18 (20). In chick–quail chi-
meras, the 

 

g

 

/

 

d

 

 and 

 

a

 

/

 

b

 

 (V

 

b

 

1 then V

 

b

 

2) T cell subpopula-
tions were generated sequentially in the first wave, but not
in the second wave of thymocyte progenitors (8).

Thymocyte transfer experiments in congenic chick
strains indicate that the 

 

g

 

/

 

d

 

 and (V

 

b

 

1) 

 

a

 

/

 

b

 

 thymocytes
generated by the different thymocyte progenitor waves
colonize the peripheral lymphoid organs in discrete waves
(11–13, 21). Examination of the TCR  V

 

b

 

1 repertoire gen-
erated by each wave of thymocyte progenitors and ex-
pressed by their progeny in the thymus, spleen, and intes-
tines indicates that all of the different V

 

b

 

1 gene segments
are expressed as early as E17. The thymic V

 

b

 

1-D

 

b

 

-J

 

b

 

 rep-
ertoire expressed by each of the three waves of hemopoi-
etic progenitors includes the same V

 

b

 

1 and J

 

b

 

 elements,
and CDR 3 created by the V

 

b

 

1-D

 

b

 

-J

 

b

 

 junctions of similar
lengths (13). The spleen is colonized both by V

 

b

 

1 and V

 

b

 

2
T cells, whereas it is difficult to find V

 

b

 

2 T cells in the in-
testine (13, 20).

TCR -

 

g

 

 genes have been identified recently in the
chicken. These include three V

 

g

 

 families, three J

 

g

 

 seg-
ments, and one C

 

g

 

 region (15, 16). Although ontogenetic
studies in mice indicate that TCR -

 

g

 

 gene rearrangement
proceeds in waves with 

 

g

 

/

 

d

 

 T cells expressing the different
V

 

g

 

 gene segments are generated sequentially (22–25), pilot
studies in the chicken suggested that TCR -

 

g

 

 rearrange-
ment may not be so tightly regulated during avian develop-
ment (16). In the present study, we have examined the po-
tential of each wave of embryonic progenitors to produce
TCR -

 

g

 

/

 

d

 

 and TCR -

 

a

 

/

 

b

 

 (V

 

b

 

1) thymocytes by adoptive
transfer of hemopoietic progenitors into congenic embryos.
The ov alloantigen marker was used to purify the thy-
mocyte progeny from the individual waves of progenitors
colonizing the thymus. R epertoire analysis demonstrated
that although the precursors of each wave rearrange all
three TCR  V

 

g

 

 gene families, each wave may display differ-
ing V

 

g

 

 and J

 

g

 

 usage. The sequential differentiation of 

 

g

 

/

 

d

 

and 

 

a

 

/

 

b

 

 T cells was a constant feature of all three develop-
mental waves. Irrespective of the wave of progenitor colo-
nization, the 

 

g

 

/

 

d

 

 T cell progeny differentiated about 3 d
faster than the 

 

a

 

/

 

b

 

 T cell progeny. Likewise, the migration
of 

 

g

 

/

 

d

 

 and 

 

a

 

/ b T cells was found to occur to in an alter-
nating fashion during each migration wave from the thy-
mus to the periphery.

Materials and Methods

Animals. Embryonated eggs from the H.B19 strain of White
Leghorn chickens were produced at the Institute Chicken Facility
(Gipf-Oberfrick, Switzerland). Fertilized eggs were incubated at
388C and 80% humidity in a ventilated incubator. The H.B19
strain was subdivided into two congenic lines, H.B19ov1 and
H.B19ov2, distinguished by the ov antigen present on T lineage

cells in H.B19ov1 animals. The ov antigen, which is also ex-
pressed on bone marrow cells and a B cell subset, is recognized by
the 11-A-9 monoclonal antibody (9, 26, 27).

Immunolabeling. The ov, TCR -g/ d and TCR  Vb1 antigens
were detected by the 11-A-9, TCR 1, and TCR 2 mAbs, respec-
tively (17, 19, 26, 28). 11-A-9 is a mouse IgM and TCR 1 and
TCR 2 are mouse IgG1 antibodies. Second step antibodies were
fluorescein labeled, sheep anti–mouse IgM and phycoerythrin- or
Texas red–coupled anti–mouse IgG1 antibodies (Southern Bio-
technology Assoc., Birmingham, AL). Controls were performed
using the second step antibodies alone and regular staining of tis-
sues from noninjected individuals of the H.B19ov2 strain. R e-
cent thymocyte emigrants, detected in blood by their FITC stain-
ing, were labeled by phycoerythrin-coupled TCR1 or TCR2
antibodies (Southern Biotechnology Assoc.). Frozen sections of
embryonic organs were cut to a thickness of 5 mm on a cryostat
(Bright, Hunkingdom, UK), fixed with acetone, and rehydrated
in PBS containing 1% BSA.

Injection of Lymphoid Cells into Congenic Chickens. Adoptive trans-
fer between H.B19ov1 and H.B19ov2 strains could be performed
without complications since these strains do not differ at major
histocompatibility antigens and T cell alloreactivity against a dif-
ferent ov antigenic determinant has not been observed in mixed
lymphocyte reaction and graft versus host reactions. Bone mar-
row cells (2.0 3 107) from donor H.B19ov1 embryos were in-
jected into a large vein near the airsac of recipient H.B19ov2 em-
bryos (29). These experiments were performed with E13 and E18
age-matched donor and recipient embryos. Control injections of
sorted TCR -positive populations of E18 bone marrow cells were
performed to determine that differentiated bone marrow lympho-
cytes were not able to colonize the thymus in this assay. For that
purpose, bone marrow cells from 18-d-old H.B19ov1 embryos
were suspended in PBS containing 10% FCS, filtered through a
nylon sieve (mesh width of 25 mm; Nytal P-25 my; SST, Thal,
Switzerland) and centrifuged at 225 g for 7 min. Immunofluores-
cence staining was performed in 96-well plates, to avoid repeated
centrifugation using either the anti–TCR -g/ d antibody TCR 1
or the anti-TCR  Vb1 antibody TCR 2 and then fluorescein-cou-
pled anti–mouse Ig antibody (Silenus, Hawthorn, Australia). Stained
and unstained bone marrow cells were resuspended in 10% FCS/
PBS and sorted using a FACSTAR  Plus cell sorter (Becton
Dickinson, Mountain View, CA). None of the recipients re-
ceived irradiation or other immunosuppressive treatment. Donor
ov1 cells in the thymus were analyzed by flow cytometry and by
two-color immunofluorescence staining of frozen tissue sections.
For analysis by FACScan, single thymocyte suspensions were made
by physical disruption in PBS and filtration through a nylon sieve.

To analyze the TCR -g repertoires specifically generated by
E13 and E18 bone marrow precursors, g/ d thymocytes of the donor
type were sorted 9 d after injection of the precursors. Thymocytes
were submitted to a two-color immunofluorescence staining using
the anti–TCR -g/ d antibody TCR 1 and the anti-ov antibody
11-A-9 and then FITC-coupled anti–mouse IgM and phycoeryth-
rin-coupled anti–mouse IgG1 antibodies (Southern Biotechnology
Assoc.). The cells were sorted using a FACSTAR Plus cell sorter.

Analysis of Recent Thymocyte Emigrants. Emigration of the
thymocytes into the circulation was examined after in situ FITC
labeling of thymocytes. Young chicks were anesthesized by intra-
muscular injection of 0.4 ml ketamin solution (Imalgene 500;
R hone Mérieux, Lyon, France; diluted 1:10 in PBS) followed by
a short inhalation of Halothane (Hoechst, Frankfurt, Germany).
The skin of the neck region was opened with scissors and each
thymus lobe was injected with 10 ml of an FITC solution at 1
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mM in DMSO. The skin was then closed using tissue clamps
(Autoclip; Clay Adams, Becton Dickinson Primary Care, Sparks,
MD) and the chickens were kept warm under an infrared lamp un-
til they were fully conscious. Chickens were bled 12 h after injection
and FITC-labeled lymphocytes were analyzed by flow cytometry.

cDNA Synthesis. Total cellular R NA from thymus was iso-
lated using the guanidium isothiocyanate method (30). About 5 mg
was used as template for the synthesis of randomly primed single-
stranded cDNA using mouse mammary leukemia virus reverse tran-
scriptase (Life Technologies, Inc., Gaithersburg, MD) in a reaction
volume of 20 ml according to the supplier’s instructions. This cDNA
was subsequently diluted to 100 ml with water and heated to 948C
for 2 min to inactivate the mouse leukemia virus reverse transcriptase.

PCR and Semiquantitative PCR of Vg Transcripts. A PCR tech-
nique was used to amplify the TCR-g transcripts. Transcripts deriv-
ing from rearranged TCR  Vg1, Vg2, and Vg3 genes were ampli-
fied independently using oligonucleotide primers specifics for each
Vg family and a primer located in the Cg region. Oligonucleotide
primers CKVG1UP2, CKVG2UP3, and CKVG3UP1 were specific
for the Vg1, Vg2, and Vg3 regions, respectively. The CKCG1DO1
oligonucleotide primer was located 230 nucleotides downstream
the 59 end of the Cg region. The procedures used for semiquanti-
tative PCR  followed the detailed description given by Keller et
al. (31). The amount of cDNA synthesized was calibrated by using
the relative expression level of b actin as a standard. The two actin
oligonucleotide primers, 4611 and 4612, generated a band of 283 and
648 bp on cDNA and genomic DNA respectively (32). The follow-
ing are CKVG1UP2 (Vg1 region): GCTACCAGAGAGAGA-
TCC; CKVG2UP3 (Vg2 region): CATACAGAGCCCTGT-
ATC; CKVG3UP1 (Vg3 region): GATACTGTACATGTCTGG;
CKCG1DO1 (Cg region, antisense): GACTCGAGCTCTC-
CAGTGGTACAGATAAC; CGAMMA1DD (59 of Cg, anti-
sense): TTTCATGTTCCTCCTGC; 4611 (59 of actin, from
nucleotide 2057, see reference 32): TACCACAATGTACCC-
TGGC; 4612 (39 of actin, from nucleotide 2704, antisense, see
reference 32): CTCGTCTTGTTTTATGCGC.

PCR reactions were in 30 ml using 1 U of Taq polymerase (Per-
kin-Elmer Cetus, Norwalk, CT). PCR buffer was prepared as sug-
gested by Perkin-Elmer, but with the addition of 10 mM b mer-
captoethanol. R eaction mixtures were denatured by heating to
968C for 5 min, and then subjected to 32 rounds of amplification
using a Biometra Trio-thermoblock thermocycler under the follow-
ing conditions: 968C for 15 s, 508C for 40 s, and 728C for 1 min for
cDNA amplification. Final extension was done at 728C for 10 min.

Cloning and Sequencing of TCR-g Transcripts. The TCR-g V-J-C
regions were specifically amplified by PCR . Amplified DNA
fragments were gel purified and cloned into pCR II vector (In-
vitrogen, San Diego, CA). Sequences were determined from de-
natured double-stranded recombinant plasmid DNA (33) using
SequenaseTM (Amersham Corp., Arlington Heights, IL) in the
chain termination reaction (34) and the oligonucleotide primer
CGAMMA1DD starting 60 nucleotides downstream the 59 end
of Cg segment in the antisense orientation. In a number of cases
where ambiguities remained, several additional nucleotide prim-
ers were used. Sequences were analyzed and assembled with the
software package of the CITI2 (Paris, France). TCR -g cDNA se-
quences have been submitted to the EMBL/ GenBank/ DDBJ da-
tabase under accession numbers z97216 to z97332.

Results

Pathways of Thymocyte Precursor Migration into the Embryonic

Thymus. The initial wave of progenitor colonization and

thymocyte differentiation can be examined in situ in un-
manipulated animals. However, analysis of members of the
succeeding waves requires a discriminating strategy. Em-
bryonic hemopoietic precursors express the ov antigen in
H.B19ov1 birds, and the antigen is maintained on T lin-
eage cells and a subset of B cells. This expression pattern al-
lowed us to examine successive waves of the ov1 progeni-
tor populations in the embryonic thymus and the fate of
their T cell progeny in ov2 congenic recipients. To exam-
ine the second wave of thymus colonization by progenitor
cells, E13 bone marrow cells of the ov1 strain were in-
jected into E13 chicken embryos of the congenic
H.B19ov2 strain, and the thymocyte progenitor influx, mi-
gration, and differentiation patterns were examined in thy-
mus sections by immunohistochemistry. By E16, donor
cells of bone marrow origin accumulated in the thymic
blood vessels, both in interlobular venules and in capillaries
located at the corticomedullary junction (Fig. 1); relatively
few donor cells were found in the parenchyma of the thy-
mus at this time. E19 ov1 cell invasion and accumulation
within the thymic cortex was evident, but by E20 the do-
nor cells had relocated to occupy the outermost cortex of
the thymic lobules. This ontogenetic pattern suggests that
thymocyte progenitors entering the embryonic thymus ei-
ther via the corticomedullary junction or the capsular sub-
sequently make their way to the outer cortex of the thymus
(Fig.1 C). The donor cells were later found throughout the
cortex and by day 23, mature ov1 donor T cells had begun
to accumulate in the medulla. This complex intrathymic
pattern of migration appears specific to bone marrow–
derived thymocyte progenitors, since mature thymocytes
and T cells failed to home to the thymus in other adoptive
transfer experiments (not shown).

Intrathymic Differentiation Kinetics Are Consistently Acceler-

ated for the g/ d T  Cell Subpopulation. The appearance of
g/ d T cells precedes that of Vb1 a/ b cells by a period of
z3 d during the initial wave of thymocyte development
(18), but studies in chick–quail chimeras suggest this may
be a one time occurrence (8). In our studies of the second
wave of thymocyte differentiation, the injection of E13
H.B19ov1 bone marrow cells into E13 H.B19ov2 embryos
led to the appearance of donor g/ d1 thymocytes 5 d later
and donor a/ b thymocytes z8 d later (Figs. 2 and 3 A).
The proportion of ov1 donor thymocytes expressing
TCR -g/ d peaked at 40% on day 21. The first donor a/ b
(Vb11) thymocytes were detected on E20 and these
reached a peak level of 57% on E26 (Fig. 3 A). When the
third wave of thymocyte differentiation was examined by
injection of E18 ov1 bone marrow cells into E18 ov2 re-
cipients, the same rule held true; g/ d T cells appeared 4 d
before the a/ b T cells (Fig. 3 B). Interestingly, for the cell
transfer experiments performed during the second wave of
precursor colonization, the level of chimerism was rela-
tively greater for g/ d than for a/ b T cells (Fig. 3 C). How-
ever, taking into account the proliferation kinetics for the
progeny of each precursor wave, the TCR -g/ d thymocyte
progeny appeared to be 12 to 16 times less numerous than
the TCR -a/ b (Vb1) thymocyte progeny (Fig. 3 D, and
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Figure 1. Migration pathways of thymocyte progenitors. Thymus sections from E13 H.B19ov2 embryos injected with donor E13 H.B19ov1 bone
marrow cells were examined by differential immunofluorescence staining at E16, E19, E20, and E23. Donor ov1 progenitors are labeled with fluorescein;
TCR -g/ d and TCR -a/ b–positive cells are labeled with Texas red. Original magnifications: (A) 270, (B) 170. Scale bars correspond to 100 mm. (C) Di-
agrammatic representation of chicken T cell progenitor migration pathways in the thymus. At E16, T cell progenitors were located either in capillaries at
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data not shown). The levels of donor g/ d and a/ b thy-
mocytes peaked at days 23 and 26, respectively, corre-
sponding to the main period of second wave emigration to
the periphery. The differential chimerism of g/ d and a/ b
T cells thus may reflect the differential emigration kinetics
of g/ d and a/ b T cells.

Mature g/ d and a/ b Thymocytes Migrate to the Periphery in

Alternating W aves. The colonization of the thymus in dis-
crete waves (7, 8), and the differences in differentiation and
emigration kinetics of g/ d and a/ b thymocytes suggest in-
terspersed emigration of the mature g/ d and a/ b thy-
mocyte subsets (11–13). To test this hypothesis, we exam-
ined the phenotype of recent thymocyte migrants at
different developmental ages. In these experiments, thy-
mocytes of chicks at 21 (hatching)–30 d were labeled in
situ by intrathymic injection of FITC. Blood samples were
obtained 12 h later and labeled lymphocytes in the circula-

tion were analyzed for expression of TCR -g/ d or TCR -
a/ b (Vb1) (Fig. 4). The FITC-labeled cells represented
3–10% of the peripheral blood lymphocytes. Approxi-
mately 75% of these were g/ d or a/ b (Vb11) T cells; of
the remaining 25% approximately half were a/ b (Vb21) T
cells and the rest were TCR 2. Peaks of recent g/ d thy-
mocyte emigrants were detected on days 21–23 and 27–28,
and a peak of recent a/ b thymocyte emigrants was ob-
served on days 24–26. The frequency of FITC-labeled g/ d
thymocyte emigrants reached a maximum of 20%, whereas
the peak of labeled Vb1 emigrants reached a maximum of
70%. These figures reflected the fact that each precursor
wave gives rise to z5% g/ d and 75% a/ b (Vb11) thy-
mocytes, respectively. Thymocyte progenitors in each col-
onization period thus gave rise to g/ d T cell progeny
within 9 d and a/ b (Vb11) T cell progeny within 12 d,
and these migrated in the same sequence to the periphery.

the cortico-medullary junction (a) or close to the thymic capsule (b). Donor cells originally located at the corticomedullary junction or at the capsule were
found later (E19) in the cortex, and by E20 had reached the outer cortex. By E23 (2 d after hatching), some donor cells were found in the medulla where
they expressed TCR -a/ b (Vb1) or TCR -g/ d (d). The first TCR -g1 donor cells were found on E19-20. c, cortex; m, medulla.
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Since each colonization period is followed by a refractory
interval of z4 d, the end result is alternating emigrant
waves of g/ d and a/ b (Vb1) T cells, with minimal overlap
of migrant cells representing each of the three embryonic
waves of thymocyte progenitors.

Each Thymocyte Progenitor W ave Contributes a Characteristic

TCR-g Repertoire. The TCR -g repertoire expressed by
the thymocyte progeny of each progenitor wave was ad-
dressed in these experiments. Simple sorting of E13 thy-
mocytes reactive with the anti–TCR -g/ d antibody was
sufficient to isolate first wave progeny for repertoire analy-
sis. Since the progeny of successive waves may accumulate
in the thymus during development, isolation of the second
and the third wave progeny required the more complex
strategy of adoptive transfer between the H.B19ov1/ 2 con-
genic chicken strains. The progeny of second wave pro-

genitors was isolated after the injection of E13 bone mar-
row cells from H.B19ov1 donors into age-matched
H.B19ov2 recipients. The ov1 TCR -g/ d1 thymocytes
(14,000 cells) were then sampled on day 22. To purify the
progeny of the third progenitor wave, a similar adoptive
transfer was made into E18 embryos, and ov1 TCR -g/ d1

thymocytes in the recipients were sorted (1,400 cells) on
day 28.

To examine the TCR -g repertoire expressed in each de-
velopmental wave of thymocytes, we performed a PCR
using a 39 primer specific for Cg and 59 primers specific for
Vg1, Vg2, or Vg3 segments. First, we determined that
Vg1-Jg-Cg, Vg2-Jg-Cg, and Vg3-Jg-Cg transcripts were
present as early as E10-11 in ov1 embryos, confirming in
this congenic strain that the three different Vg subfamilies
undergo rearrangment simultaneously (Fig. 5 A). A similar
analysis of the second and third wave progeny indicated
that all three Vg gene subfamilies also undergo rearrange-
ment in these waves (Fig. 5 B). However, the Vg subfamily
representation differed among three waves. The TCR -g
repertoire of the second wave was composed mainly of
Vg2 transcripts, whereas transcripts containing the Vg1 and

Figure 2. Differentiation kinetics of the second wave of thymocyte
progenitors. After adoptive transfer of E13 H.B19ov1 bone marrow (2.0
3 106 cells) into E13 H.B19ov2 embryos, the donor cells were examined
for T cell expression as a function of developmental age. Thymocytes of
recipients were analyzed by immunofluorescence flow cytometry: ov,
TCR -g/ d and ov, and TCR  Vb1. Each dot plot presents 50,000 events
for the gated thymocyte population. Hatching occurs at E21.

Figure 3. Comparative differentiation kinetics of the second and third
waves of thymocyte progenitors: appearance of TCR-g/ d1 and TCR-a/ b
(Vb1)1 T cell progeny. (A  and B) Proportion of thymocytes expressing
TCR -g/ d or TCR -a/ b (Vb1) among donor ov1 thymocytes was deter-
mined by immunofluorescence flow cytometry. Each point corresponds
to the mean value for three to five animals in four independent experi-
ments. The differentiation of second wave T cell progenitors was ana-
lyzed by adoptive transfer of E13 H.B19ov1 bone marrow into E13
H.B19ov2 embryos, and for analysis of the third wave, E18 H.B19ov1

bone marrow cells were injected into E18 H.B19ov2 embryos (injections
of 2.0 3 107 cells). (C) Proportions of donor ov1 thymocytes that express
TCR -g/ d or TCR -a/ b (Vb1) during the differentiation of the second
wave of progenitors. (D) Proportions of donor ov1 TCR -g/ d1 and ov1

TCR -a/ b (Vb1)1 thymocytes derived from second wave thymocyte
progenitors among the total thymocyte population in the recipient. The
realistic efficiency of the g/ d and Vb1 T cell differentiation pathways fol-
lowed by the progeny of the second wave of thymocyte progenitors can
be estimated, since the areas under these curves are roughly proportional
to the numbers of g/ d and Vb1 thymocytes produced by the donor sec-
ond wave progenitors. This assessment suggests that the donor progeni-
tors produced .15 times more a/ b (Vb1) than g/ d thymocytes.
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Vg3 gene segments were weakly represented. In contrast,
Vg1, Vg2, and Vg3 transcripts appeared to be equally well
represented in the first and the third waves of thymus colo-
nization (Fig. 5 B).

A more detailed analysis of the representative TCR -g
repertoires was performed by cloning of the PCR  products
and sequencing z30 clones for each Vg gene subfamily/
thymocyte wave (Figs. 6 and 7). In the H.B19ov1 chicken
strain, six Vg1, 12 Vg2, and 10 Vg3 members were de-
tected. The Vg2 subfamily was divided into eight Vg2a
members, three Vg2b members, and a new member, Vg2c,
that differs significantly from the Vg2a and Vg2b subfami-
lies. In contrast to the differences in Vg subfamily usage
(Fig. 5 B), significant differences were not seen in the rep-
resentation of members within a given Vg subfamily for
the three thymocyte waves (Fig. 7). Different members of
the three Vg families were found to rearrange with all three
different Jg segments. However, preferential pairings of Vg
and Jg segments were observed. In each of developmental
waves, Vg2 segments were rearranged with Jg2 segments
(Table 1). In addition, variable Jg usage patterns were seen
in Vg1- and Vg3- containing transcripts for the three thy-
mocyte waves. A high frequency of Vg1/ Jg2 rearrange-
ments in the first thymocyte wave was rearranged with the
Jg1 segment in the first wave and with the Jg3 segment in
the following waves.

A striking feature of the TCR -g transcript analysis was
the occurrence of recurrent clones exhibiting the same Vg–
Jg junction in the second and third thymocyte waves (Fig.
7). (a) 30 identical Vg1-Jg1-Cg clones (2v12) were found
in the second thymocyte wave and 9 such clones (3v14)
were found in the third thymocyte wave. (b) 19 identical
Vg3-Jg3-Cg clones were found in the second wave
(2v32), and 7 clones of this type (3v32) were encountered
in the third thymocyte wave. Thus, the low frequency of
Vg1 and Vg3 subfamily usage in the second thymocyte
wave was associated with an increased representation of re-
petitive clones.

Differences in CDR 3 length were not observed in the
repertoires generated by the three embryonic waves. How-
ever, an apparent increase in N/ P nucleotide insertions at
the Vg-Jg junction suggested an increase in CDR 3 diver-
sity in the third thymocyte wave (Table 2).

Figure 4. Phenotypic analysis
of recent thymocyte emigrants in
the periphery. Thymocytes
were randomly labeled by in-
trathymic injection of fluores-
cein. Blood samples obtained 12 h
later were analyzed by immu-
nofluorescence flow cytometry.
Around 3–10% of the peripheral
blood lymphocytes were FITC
labeled. TCR -g/ d or TCR -a/ b
(Vb1) were detected by phyco-
erythrin-coupled antibodies. R e-
sults are expressed in percent of
fluorescein-labeled cells express-
ing either TCR -g/ d and TCR -
a/ b Vb1 cells, and each point
corresponds to the mean value

for four recipients. Hatched areas indicate the peak periods of splenic and
intestinal colonization by g/ d and a/ b(Vb1) T cells derived from the
thymus (13, 21).

Figure 5. Ontogeny of TCR-g
transcripts. Identification of Vg1-
Jg-Cg, Vg2-Jg-Cg, and Vg3-
Jg-Cg transcripts by PCR  am-
plification. Actin expression was
used to standardize cDNA
amounts and to allow semiquan-
titative analysis. Templates were
cDNA from thymus at various
stages of development. After 32
cycles of amplification, PCR
products were electrophoresed,
stained with ethidiumbromide,
and photographed. (A) Ontog-
eny of the different Vg tran-
scripts in chicken embryos. (B)
Comparative analysis of the dif-
ferent Vg transcripts in the three
developmental waves of thy-
mocytes. Thymocytes derived
from the first, second, and third
wave of precursors were from
E13 embryos, 1-d-old chicks
(day 22), and 1-wk-old chicks

(day 28), respectively. First, second, and third wave thymocytes were ob-
tained from multiple embryos.

Figure 6. TCR  Vg segments observed in the H.B19ov1 chicken
strain. Comparison of COOH-terminal amino acid sequences of the Vg1,
Vg2, and Vg3 subfamily members identified for the H.B19ov1 chicken
strain by sequence analysis of PCR -derived cDNAs. R esidues identical to
the prototypic sequence are represented by dashes. Vg segments are num-
bered according to Six et al. (16). §, Vg1.1 and Vg3.1 segment references
were not encountered in our study; 5 new Vg members. Some members
differ by several nucleotides, but code for the same amino acid sequence.
The Vg2b2 member presents a stop codon (*) and might correspond to a
pseudogene.
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Discussion

Three discrete waves of thymocyte progenitors enter the
embryonic chick thymus to generate three successive waves
of T cell progeny members which leave the thymus to col-
onize peripheral organs such as the spleen and the intestine.
The present studies indicate that each wave of progenitors
gives rise first to g/ d thymocytes and then a/ b (Vb1) thy-
mocytes 3 or 4 d later so that the g/ d and a/ b (Vb1) T
cells migrate asynchronously from the thymus. Progenitor
colonization of the thymus in waves and an accelerated rate
of g/ d T cell differentiation thus contribute to the alternat-
ing emigration of first g/ d and then a/ b T cells to the pe-
riphery (Fig. 8). Analysis of the TCR -g repertoire for the
different thymocyte waves suggests that they differ in Vg
and Jg usage as well as in CDR 3 diversity.

Thymus colonization by waves of hemopoietic progeni-
tors also appears to occur in mammals (35, 36), but can be
examined in greater detail in the chicken because of em-
bryo accessibility and the opportunity to purify the prog-
eny of individual waves of progenitors. Adoptive transfer of
alloantigen-marked progenitors allowed us to elucidate the
homing routes whereby these enter the embryonic thymus.
This analysis indicates that progenitors of bone marrow or-
igin enter the thymus either via interlobular venules or
capillaries located at the corticomedullary junction. Both
routes have been described in the mouse, but were not
shown to be used simultaneously, the transcapsule route
thought to be restricted to thymus colonization before its
vascularization (37, 38). In the congenic chick chimeras,
progenitors entering at the corticomedullary junction sub-
sequently migrated to the outer cortex of the thymus,
where precursors entering through the capsule were also
found. This outer cortical homing pattern of thymocyte

precursors has also been noted after direct needle injection
in mice. As has been described in mammals (37), thy-
mocytes then migrate from the outer cortex as they un-
dergo T cell differentiation en route to the thymic medulla.

An interesting question concerns whether each embry-
onic wave of precursors generates the same or different T
cell repertoires. Studies of the TCR -g repertoire generated
during mouse development indicate sequential usage of Vg
genes. The first g/ d T cells generated during embryonic
development express Vg5-Cg1 transcripts, the second
population of g/ d T cells express Vg6-Cg1 transcripts, and
g/ d T cells become more heterogeneous for Vg usage after
birth (22, 25). In similar fashion, the Vb1 gene segments
are rearranged before the Vb2 gene segments during avian
ontogeny (39). However, the Vg gene families do not un-
dergo sequential rearrangement during ontogeny. The
chicken TCR -g locus consists of 3 Vg families with z10
members each, 3 Jg segments, and 1 Cg segments (15, 16).
The first wave of thymocyte progeny rearrange all three
Vg families and Jg genes as early as E10-E11. This type of
unrestricted TCR -g rearrangement pattern has also been
suggested in sheep and humans (40, 41). On the other
hand, preferential Vg Jg pairings were observed for the
three developmental waves of thymocytes, whereas pre-
ferred TCR  Vb1/ D/ Jb rearrangements were not apparent
during ontogeny (13). The Vg Jg junctional variations
(CDR 3) for all three embryonic thymocyte waves were
more limited than in the adult (16). Such differences be-
tween embryonic and adult repertoires have also been
found in mammals (42). Finally, the nonproductively rear-
ranged TCR -g transcripts observed in TCR -g/ d1ov1 thy-
mocytes indicate that Vg Jg rearrangements occur on both
alleles in avian g/ d T cells.

A high frequency of repetitive TCR -g transcripts was
found in the second and third waves of thymocyte prog-
eny, particularly in the second wave of thymocytes where
two clones, 2v12 and 2v32, represented 97 and 66% of the
Vg1 and Vg3 repertoires, respectively. This result could

Table 1. Vg Jg Usage as a Function of Thymocyte

Developmental W aves

Jg1 Jg2 Jg3

Vg1

First wave 2 12 1

Second wave 1* 0 0

Third wave 2* 2 2

Vg2

First wave 4 6 1

Second wave 0 10 2

Third wave 1 13 0

Vg3

First wave 7 5 1

Second wave 2 1 3*

Third wave 0 2 5*

R esults indicate the number of independent productively rearranged
cDNA that corresponded to each type of Vg Jg rearrangement and pre-
sented for each Vg subfamily.
*The presence of recurrent clones.

Table 2. Analysis of CDR3

Thymocyte
wave

Vg 39
nucleotide
deletions

Jg 59
nucleotide
deletions

Junctional N/ P 
nucleotides

First wave

E13 1.87 2.63 1.13

Second wave

E22 1.90 3.28 1.19

Third wave

E28 2.07 3.80 2.26

R esults correspond to means obtained in independent productive rear-
rangements. Only clones using Jg1 and Jg2, for which genomic borders
were known (16), were taken into account for Jg59 nucleotide dele-
tions and junctional N/ P nucleotides.
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represent a PCR  artefact or a sampling error due to the
limited numbers of cells being analyzed. However, several
observations suggest that the TCR -g repertoire may differ
for the different waves. (a) The Vg1 and Vg3 repertoire di-
versities were higher in the third wave than in second, even
though the number of g/ d1 donor-derived thymocytes
examined in the second wave was ten times higher than for
the third wave (14 3 103 versus 1.4 3 103 g/ d cells). (b)
R epetitious clones were also encountered in the third wave
repertoire, albeit at lower frequencies (31% for 2v12-3v14,
23% for 2v32-3v32). (c) The cDNA synthesis, PCR  ampli-
fication, and product cloning procedures were repeated
three times to confirm the findings. (d) R epetitive tran-
scripts were not encountered in the Vg2 repertoire prefer-
entially used by the second thymocyte wave. Thus, the
high frequency of repetitive invariant clones in Vg1 and

Vg3 repertoires created by cells of the second wave is in
agreement with a lower usage of Vg1 and Vg3 families in
this wave.

Differences in the TCR -g repertoire generated in each
progenitor wave could reflect differences in the colonizing
progenitors. The first wave of thymocyte progenitor are
derived from multipotent hematopoietic stem cells that
arose in the paraaortic region of the embryo (3), whereas
the second and third wave of thymocyte progenitors were
derived from the bone marrow. The generation of different
TCR -g repertoires could therefore reflect differences in
the progenitor cells themselves. The differentiation kinetics
of g/ d and a/ b (Vb11) thymocytes were conserved for the
three developmental waves of thymocyte progenitors. The
times required for differentiation of g/ d and a/ b (Vb1)
thymocytes were z9 and 12 d, respectively, in the chicken.

Figure 7. TCR -g repertoires comparison for the three developmental
waves of thymocyte precursors. Nucleotide sequences are shown for the
Vg–Jg junctions. Vg members, Jg members, and the number of se-
quenced clones are indicated. The in frame clones are indicated by 1. As-
signment of nucleotides to the Vg, Jg1, and Jg2 segments is based on germ-
line sequences. Jg3 region assignment is based on a consensus sequence
from a TCR -g cDNA clone containing the Jg3 segment. Nucleotides
that cannot be assigned to either Vg or Jg gene segments are indicated as
nontemplate/ palindromic additions. Putative P (palindromic) nucleotides
are underlined. Thymocytes derived from the first, second, and third
wave of precursors correspond to thymocytes from embryos (day 13),
1-d-old chicks (day 22), and 1-wk-old chicks (day 28), respectively. (A)
TCR  Vg1 repertoires, (B) TCR  Vg2 repertoires, and (C) TCR  Vg3 rep-
ertoires.
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The accelerated differentiation of avian g/ d versus a/ b
thymocytes has also been noted for mouse thymocyte pre-
cursors (43, 44). Different selection processes for the a/ b and
the g/ d thymocytes may contribute to the differences in
differentiation kinetics (45, 46). Different growth require-
ments during g/ d and a/ b T cell differentiation, such as
IL-7 requirement, may also promote different differentia-
tion kinetics (47).

The thymocyte emigration model whereby peripheral
tissues are colonized by g/ d T cells before a/ b (Vb11) T
cells may favor harmonious development of a strategic im-
mune defense system mediated by interacting lymphocyte
subpopulations. The interaction of g/ d T cells with cells in
the peripheral organs could provoke microenvironmental
modification that favors the homing of a/ b T cells. The
location of g/ d and a/ b T cells in peripheral tissues may
play an important role in the establishment of an immune
response, in that recent evidence suggests g/ d T cells may
function as regulatory cells for a/ b T cells (48–50). During
organogenesis, new niches for lymphocyte homing may

appear throughout development. The interspersed emigra-
tion of g/ d and Vb1 thymocytes might provide a mecha-
nism to fill these niches by g/ d and a/ b cells in developing
organs. The observed interspersed emigration of g/ d and
a/ b (Vb11) thymocytes could also affect the homing pat-
terns of specific thymocyte subpopulations. For example,
two thymocyte subpopulations are emigrating from the
thymus at day 21–23, the g/ d thymocytes generated by the
second wave of precursors and the minor second subpopu-
lation of a/ b (Vb21) T cells generated by the first wave of
progenitors (8). Interestingly, g/ d thymocytes colonize the
intestine in massive numbers, whereas Vb2 thymocytes are
rarely seen in that organ (20). These two populations may
compete for homing sites, thus diverting the Vb2 popula-
tion to other organs. Since an optimal immune response
may require collaboration between g/ d and a/ b T cells,
sequential migration of g/ d and a/ b thymocyte subpopu-
lations may provide an efficient means to maintain a physi-
ological balance between the two cell populations during
development.

Figure 8. Model for embryonic traffic of T lineage cells. Colonization of the embryonic thymus occurs in three waves (8). The present study indicates
for all three waves the sequential generation of mature g/ d T cells in z9 d, and mature a/ b T cells in 12 d. Thymocyte emigration analysis, in agreement
with the peaks of emigration period of thymocytes to the spleen and intestine reported previously (11–13), reveals that g/ d and a/ b T cells emigrate from
thymus to periphery in alternating waves.
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