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The development of monoclonal antibodies (mAb) reactive with the thymic
microenvironment has identified distinct subpopulations within the stromal component,
but the function of these subregions in intrathymic T-cell differentiation remains
essentially an enigma. In this study, we have used such a panel of mAb to examine the
chicken thymus during ontogenic development to gain insight into the contributions of
these thymic regions to the distinct phases of T-cell development and to further
characterize the development of this organ. Our reagents have demonstrated the
complex differentiation of the primitive endodermal epithelium into more specialized
structures and the development of other thymic stromal components from
mesectodermal cells. We also describe molecules localized to the subcapsular and
perivascular regions, which have an ontogenicexpression corresponding to the early
localization and stimulation of thymic precursors and another molecule on the
medullary vasculature expressed corresponding to the exit of mature cells from the
thymus. In addition, two markers of distinct medullary epithelial clusters are initially
expressed corresponding to the appearance of T-cell receptor-1 (TcR-1) and TcR-2
positive cells in the medulla, respectively. These mAb potentially represent excellent
reagents for further definition of the thymic modulation of T-cell differentiation.
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INTRODUCTION

The thymic microenvironment has been shown to
be essential for the differentiation of mature,
functional, TcR-expressing, major histocompat-
ibility complex-restricted T cells. The mechan-
isms within the thymic microenvironment that
control this process, however, remain relatively
poorly understood. A recent approach to elucid-
ating the specific function of each of the thymic
nonlymphoid components (comprised essentially
of epithelium, macrophages, dendritic cells, and
connective tissue) has been the production of
specific mAb. Panels of such mAb have been
described for the chicken, human, mouse, and rat
thymus (Haynes, 1984; van Vliet et al.,, 1984;
Boyd et al., 1988; Godfrey et al., 1990). These
reagents have defined specific regions within this
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organ, identified previously undescribed sub-
populations of stromal cells, and emphasized the
complex yet phylogenically conserved nature of
the thymus. Most importantly, the phenotypic
characterization of thymic structure has enabled
the identification of stromal-cell molecules that
potentially interact with various subpopulations
of developing T cells (Kingston et al., 1984; van
de Water et al., 1990; Boyd et al., 1991a).
The study of aves has greatly contributed to

the understanding of embryogenesis (Le Douarin
et al., 1975; Houssaint et al., 1976) and the dichot-
omy of the immune system (Glick et al., 1956).
Chick-quail chimeras have been used to define
the relative contributions of the endodermal epi-
thelium, mesectodermal-derived mesenchyme,
and bloodborne extrinsic elements to thymic his-
tology (Le Douarin and Jotereau, 1975). Thus, we
previously raised and characterized a panel of
mAb reactive with the chicken thymus, which are
described elsewhere (Boyd et al., 1991b). These
reagents identify subpopulations of the thymic
stroma including pan-epithelium, isolated corti-
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TABLE
Ontogenic Distribution of mAb That Stain Adult Thymic Epithelium

Localization mAb E5 E10-E12
posthatching

E16-E18

Cortical and med Ep MUI-54 Pan-Ep Pan-Ep Pan-Ep

Isolated cortical Ep MUI-52 Negative Negative Isolated cortical Ep

Med Ep clusters MUI-62 Negative Isolated Ep Med Ep clusters

ST/SC, med PV Ep MUI-70 Negative Isolated Ep Isolated ST,
(type I) Med PV Ep

Subpopulations of MUI-53 Negative Isolated Ep Isolated ST,
Type med PV Ep

Isolated ST/SC Ep MUI-58 Negative Isolated Ep Med Ep
and med Ep
aAbbreviations: Ep, epithelial; med, medulla; PV, perivascular; ST, subtrabecular; SC, subcapsular.
bAlthough multiple ages were examined, results are grouped because no significant difference was observed between these ages.

cal epithelium, medullaryepithelial clusters, and and -70. Posthatching, these markers were
subcapsular, subtrabecular, and medullary periv- expressed as observed in the adult. MUI-58
ascular epithelium. In this study, we have further labeled adult medullary epithelium and a sub-
defined the histogenesis of the thymus and have
identified molecules that may potentially have
interactive roles with differentiating T cells.

RESULTS

MAb That Identify Thymic Epithelial Cells
(Table 1)

MUI-54 stained the entire epithelium throughout
ontogeny (Figs. l(a) and l(b)) until 3 days after
hatching when the antigen was detected on corti-
cal and medullary epithelium, but only on
restricted regions of the subtrabecular and sub-
capsular epithelium. The subtrabecular, subcap-
sular, and perivascular epithelium (Type I; van
de Wijngaert et al., 1984) were identified by MUI-
70 (Figs. 1(c) and l(d)) and subpopulations of this
region were identified by MUI-53. The mAb
MUI-53 and -70 were negative on the thymic pri-
mordium at E5 (days of embryogenesis) and
were initially detected at El0 on a subpopulation
of keratin-positive cells (Fig. 1). From E14, these
cells were localized in perivascular areas of the
developing medulla. During ontogeny, trabecu-
lae were observed slowly extending into the cor-
tex. At approximately E16-E18, these connective
tissue septae reached the medulla and isolated
regions of subtrabecular epithelium were
observed to express antigens defined by MUI-53

population of subtrabecular and subcapsular epi-
thelium. This molecule was initially observed on
isolated, centrally located epithelial cells in El0
lobes, medullary epithelial cells throughout
ontogeny, and on the subtrabecular epithelium
from E20.
MUI-62 stained adult thymic medullary epi-

thelial clusters and fine granules surrounding
these cells. Although the MUI-62-defined antigen
was not expressed on the E5 thymic primordium
and rarely expressed on the El0 thymus, this
marker was consistently observed on isolated,
centrally located epithelial cellS at E12 (Figs. 2(a)
and 2(b)). By E14, these positive epithelial cells
had formed the medullary clusters that were
observed throughout further development. Iso-
lated MUI-52 positive epithelial cells were
located in the adult cortex. These MUI-52-
expressing cells were initially observed in the
E14 thymus and subsequently located in the cor-
tex throughout ontogenic development.

MAb That Identify Thymic Epithelial and
Non-Epithelial Cells (Table 2)

The mAb MUI-72 and -80 labeled adult thymic
epithelial medullary clusters though their
antigens were also detected on keratin-negative
reticular fibroblastlike and macrophagelike cells,
respectively, scattered throughout the cortex and
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FIGURE 1. MUI-54 staining of El0 (a) and E20 thymus (b) (250). Note labeling of all thymic epithelium. MUI-70 staining of
isolated epithelium in El0 thymic lobe (c; x250) and subcapsular (SC) and perivascular labeling (PV) of adult thymus (d; x125).
The first of each pair of photographs shows mAb labeling (i) and the second shows double labeling with antikeratin (ii).
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FIGURE 2. MUI-62 staining of isolated epithelium in E14 thymus (a; x250) and medullary epithelial clusters in the adult (b; x
125) thymus. MUI-66 staining of entire El0 thymic epithelium (c; x250) and isolated kerain-positive and negative cells together
with medullary epithelial clusters in the adult thymus (d; x125). Medulla (M) and cortex (C) are indicated. The first of each pair of
photographs shows mAb labeling (i) and the second shows double labeling with antikeratin (ii).
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TABLE 2
Ontogenic Distribution of mAb That Label Adult Thymic Epithelial and Non-Epithelial Cells

Localization mAb E5 E10-El2 E16-El8
posthatching

Isolated cortex Ep, MUI-78 Negative Isolated Ep
confluent med Ep (B-L) and non-Ep
and non-Ep

Isolated K+/- cells MUI-72 Negative Isolated Ep
and med Ep clusters

Isolated K//- cells MUI-80 Negative Isolated Ep
and med Ep clusters

Isolated K//- cells MUI-66 Pan-Ep Pan-Ep
and med Ep clusters

Isolated cortical Ep,
confluent med

Med Ep clusters

K+/- cells
and med Ep clusters

Isolated K+/- cells
and med Ep clusters

aAbbreviations: Ep, epithelial; K, keratin; med, medulla.
bAlthough multiple ages were examined, results are grouped because no significant difference was observed between these ages.

medulla. MUI-80 was negative at E5 and initially
positive on isolated epithelial cells at El0. By E14,
MUI-80 had the same distribution as that
observed in the adult. The MUI-72-defined
antigen was first observed on centrally located
epithelial cells at E12 and on the scattered reticu-
lar fibroblastlike cells from E20. Similarly, the
MUI-66-defined marker was expressed on epi-
thelial clusters in the medulla and scattered kera-
tin-positive and negative cells throughout the
cortex and medulla, including epithelial, reticu-

lar fibroblastlike, and macrophagelike cells (Figs.
2(c) and 2(d)). This marker labeled all the thymic
epithelium at E5, El0, and E12 and became more
restricted from E14, when it was expressed as
observed in the adult. MUI-78 recognized a
monomorphic determinant of the chicken MHC
Class II molecule (B-L) on isolated stellate epi-
thelial cells in the cortex and confluent medullary
epithelial and non-epithelial cells. This molecule
was initially detected on isolated epithelial and
non-epithelial cells in the El0 thymus and had a

TABLE 3
Ontogenic Distribution of mAb That Label Adult Thymic Non-Epithelial Cells

Localization posthatching mAb E5 E10-E12 E16-E’18
Isolated med, MUI-36 Negative Rare isolated

ly, and Mf ly, and MO

Isolated Mf, MUI-79 Negative Rare isolated
especially med non-Ep cells

Med blood vessels MUI-82 Negative Negative

Cortical and MUI-83 Isolated cells Rare isolated ly (10),
majority med ly confluent ly (12)

Ly cortex and med CD3 Negative Ly in K areas

Cortex: ly; reed: isolated ly, CD4 Negative Negative
more numerous in K- areas

Cortex: ly; med: isolated ly, CD8 Negative Isolated ly in
more numerous in K areas K areas

Isolated med, TR-1 Negative Negative
especially K areas

Isolated med
ly, and MO

Isolated MO,
especially med

Med blood vessels

Confluent ly

Ly cortex and med

Ly cortex,
isolated med

Ly cortex,
isolated med

Isolated med

aAbbreviations: Ep, epithelial; K, keratin; ly, lymphocytes; med, medulla; MO, macrophage.
bAlthough multiple ages were examined, results are grouped because no significant difference was observed between these ages.
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distribution similar to that observed in the adult
by E16.

MAb That Identify Thymic Non-Epithelial
Cells (Table 3)

MUI-79 stained a subpopulation of macrophages
that was scattered throughout the thymus,
although more concentrated in the medulla.
MUI-79 was initially detected on isolated thymic
non-epithelial cells in the El0 that were located
as observed in the adult from E16. MUI-82, which
reacted with blood vessels in the medulla of the
adult thymus, was not observed in the thymus
until E18. At this stage, it labeled rare medullary
blood vessels, which became more numerous
during development.
MUI-83 reacts strongly with cortical and more

weakly with the majority of medullary thymo-
cytes on tissue sections. Two-color flow cyto-
metric analysis revealed that MUI-83/ reacted
with >95% of thymocytes; bearing CD3, CD4,
and CD8, encompassing all subsets defined by
CD3, CD4, and CD8 (Bean et al.., in preparation).
The MUI-83 marker was detected on rare isolated
cells in the E5 thymic primordium and labeled
rare lymphocytes in the El0 thymus (16% by
FACS). The majority of thymocytes were positive
for this marker at E12 (73%). MUI-36 identified a
subpopulation of medullary lymphoid cells and
macrophages in ’the mature thymus. In the
embryonic thymus, isolated positive cells were
observed from El0, although it was unclear
whether these cells were lymphocytic or mac-
rophages.

Significant numbers of cells expressing chicken
TcR-1 and CD4 were not detected in sections
until E14; the latter were detected mainly in the
cortex and isolated TcR1/ cells were observed in
the medulla. CD8/ cells were distributed simi-
larly to CD4 in the E14 thymus, but isolated cells
were observed in the thymic lobes at El0 and
E12. The chicken CD3 marker was extensively
expressed in the adult thymus labeling cortical
and medullary lymphocytes. In the embryo, this
marker was also present on many thymocytes
from El0.

DISCUSSION

We have utilized a panel of mAb to analyze the
ontogenic development of the avian thymus, par-

ticularly, the development of specific stromal-cell
types and the ontogenic expression of their
phenotypic markers. These data have given
important insights into the potential functions of
these distinct molecules and the cells expressing
them and have indicated that the differentiation
events encompassing thymic histogenesis are as
complex as the T-cell differentiation that the
mature thymus regulates.
Le Douarin and Joterau (1975) demonstrated

that the majority of thymic epithelium was
derived from the endoderm. The mAb MUI-54
labeled a panthymic epithelium marker distinct
from cytokeratin (Boyd et al., 1991b) throughout
ontogeny, thus, during this phase, it may be
specific for endodermal tissue. From 3 days post-
hatching, however, this mAb displayed only lim-
ited reactivity to type I epithelium, indicating the
more specialized nature of this region and dem-
onstrating the differentiation of the endodermal
epithelium. This was also indicated by MUI-66,
which initially labeled all endodermal epithelium
in the E5-E12 thymus, but in the adult, only
stained medullary epithelial clusters, in addition
to isolated epithelial and non-epithelial cells scat-
tered throughout the cortex and medulla. This
marker was also detected on areas of immature
epithelium in the skin and gut (Boyd et al.,
1991b) and on the bursal epithelium early in
ontogenic development (Wilson and Boyd, 1990).
Thus, this marker appears to be restricted to
undifferentiated epithelial cells, perhaps precur-
sors for more specialized epithelial subsets, sup-
porting the concept of an epithelial cell precursor
(Lampert and Ritter, 1988). The only other mark-
ers expressed on the E5 thymic primordium was
detected by MUI-83, which recognizes an early T-
cell marker (Bean et al., in preparation).
MUI-72 and -80 also recognized antigens on

medullary epithelial clusters and isolated cells
scattered in the cortex and medulla, but only
detected isolated epithelial cells in the El0 thy-
mus and were negative at E5. These cells were
possibly of mesectodermal origin because iso-
lated mesectodermal cells have been shown to
infiltrate the endoderm prior to thymic histogen-
esis (Le Douarin and Jotereau, 1975). The onto-
genic expression of these antigens supports the
hypothesis that an interaction between the thy-
mic endodermal and mesectodermal epithelium
is required for normal thymic development
(Auerbach, 1960). Similar interactions could also



ONTOGENY OF THE CHICKEN THYMUS 25

explain the common expression of many mol-
ecules on both thymic epithelial and non-epi-
thelial cells (e.g., MHC class II; van Ewijk et al.,
1980), although it is not known whether such
markers were all endogenously synthesized, or
perhaps some were passively acquired from the
surrounding milieu.
The antigens expressed on medullary epithelial

clusters or non-epithelial cells potentially may
have a specific role in later stages of intrathymic
T-cell development (e.g., acquisition of migratory
capacity), because developing thymocytes are
believed to undergo both positive and negative
selection prior to entry into the medulla. They are
unlikely to be involved in down regulation of
CD4 or CD8 molecules because this has already
begin in CD4/CD8/CD3Hi cells (Hugo et al., 1991).
The stage of initial expression of the MUI-80-
and -72-defined antigens on medullary clusters
during ontogeny corresponds to the appearance
in the medulla of TcR-1 and TcR-2 expressing
cells, respectively (Chen et al., 1988; Coltey et al.,
1989), although the significance of this
expression to the development and migration of
the TcR-1 and TcR-2 expressing thymocytes
requires further examination.
MUI-62 defines another medullary epithelial

marker, recognizing structures that may be the
chicken equivalent of Hassall’s corpuscles. This
mAb also appeared tQ react with a ligand pro-
duced by these thymic epithelial cells and the
endodermally derived epithelial lining of the gut
(Bean et al., in preparation). This antigen was
initially observed in the developing thymic med-
ulla at E10-E12 and thus is probably expressed as
a result of the specific differentiation of the thy-
mic epithelium. MUI-52 defines another epi-
thelial antigen that was initially observed rela-
tively late in ontogeny, being first detected on
isolated cortical cells at E14. This antigen was
extensively expressed on thymic stromal cells in
both heterogeneous cell culture and embryonic
organ culture (Davidson et al., in preparation).
This mAb, therefore, may reflect an activated
state of stromal cells or possibly recognize a
modulated antigen, for example, a growth.factor
receptor switched on in vitro.

In the adult, precursor cells have been shown
to localize in the subcapsular cortex (Joterau and
Le Douarin, 1982; Huiskamp and van Ewijk,
1985), which is the first region of the thymus to
regenerate after sublethal irradiation (Huiskamp

and von Ewijk, 1985; Huiskamp et al., 1985). It is
also possible that type I epithelium may provide
the stimulus for subcapsular lymphopoiesis,
because thymic epithelium has been shown to
induce precursor activation (Denning et al., 1988)
and blasts are present in the subcapsule
(Weissman, 1973). The late appearance of this
phenotypically defined region defined by the
mAb MUI-53 and -70 from approximately
E16-E18 corresponds with the replacement of
chick outer cortical thymocytes with quail pre-
cursor cells in the region in chick-quail chimeras
(Coltey et al., 1989), as the third wave of precur-
sor cells infiltrate the thymus (Le Douarine et al.,
1984). This may reflect a role of the type I epi-
thelium and possibly the MUI-53 and -70-defined
molecules in the localization and/or stimulation
of the precursors entering the thymus or repopu-
lating the thymus after irradiation.

Similarly, the mAb MUI-58 was reactive with
the thymic subcapsular and subtrabecular epi-
thelium, but this antigen was also expressed on
medullary epithelium (Boyd et al., 1991b). MUI-
58 labeled isolated medullary epithelium in the
El0 thymus, possibly of mesectodermal origin
because neural crest mesectoderm has been
shown to infiltrate the branchial arches prior to
thymic histogenesis (Le Douarin and Joter6au,
1975) and is believed to generate the neuro-
endocrine epithelial components of the thymus
(Haynes et al., 1983). This phylogenically con-
served subcapsular/medullary antigen distri-
bution has also been described in humans, mice,
and rats (Haynes et al., 1984; Colic et al., 1988;
Kampinga et al., 1989; Godfrey et al., 1990; Izon
and Boyd, 1990) and is similar to the reactivity of
A2B5, an mAb reactive with GQ gangliosides
characteristic of neuroendocrine cells (Haynes et
al., 1983). Hence, this mAb may react with mesec-
todermally derived neuroendocrine cells that are
producing thymic factors or hormones. This is a
particularly important mAb because it also has
very restricted nonthymic reactivity (Boyd et al.,
1991b).
Surface CD3, TcR-2 expressing T cells begin to

seed the periphery from E19 (Coltey et al., 1989;
Bucy et al., 1990), CD3 positive cells being <1% of
splenocytes until hatching (Chen et al., 1986). The
expression of the MUI-82 antigen on medullary
blood vessels within the chicken thymus from
E18 thus corresponds with the exit of these
mature T cells, perhaps indicating the maturation
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of the vascular endothelium that may facilitate
this migration.
The ontogenic analysis of this panel of mAb

versus the avian thymus has demonstrated the
differentiation of endodermal and mesectoder-
mal thymic primordium into the specific func-
tional components of the thymic microenviron-
ment. Comparison of T-cell localization with the
development of stromal antigens has revealed
molecules that have an expression corresponding
to the localization and stimulation of precursors
in the thymic subcapsular region, the appearance
of medullary TcR-1/ and TcR-2/ cells, and the exit
of mature T cells from the thymus. The signifi-
cance of the thymic nonlymphoid component
requires much further examination, although the
use of mAb in this ontogenic study has enabled
potentially important molecules to be identified
for further detailed analysis.

MATERIALS AND METHODS

Chickens

AustralorpxWhite Leghorn F1 hybrid chicken
embryos or fertile eggs were obtained from
Research Poultry Farm (Research, Victoria) and
incubated in a humidified incubator at 39 C
until required.

Monoclonal Antibodies

MAb reactive with chicken thymic nonlymphoid
tissue were produced in our laboratory and have
been described in detail elsewhere (Boyd et al.,
1991b). MAb reactive with chicken CD3, CD4,
CD8, and TcR-l(,like) were kindly provided by
Drs. C.-L. Chen and M.D. Cooper (Chen et al.,
1986; Chan et al., 1988; Sowder et al., 1988).

Tissue Sections

Chick embryos were sacrificed (>-6 per group) at
5, 10, 12, 14, 16, 18, and 20 days of embryogen-
esis, and chickens were killed immediately post-
hatching and at 3, 7, 14, 28, and 42 days. Bursa,
spleen, and thymus were removed, immersed in
Tissue-Tek embedding medium (Miles
Scientific), and snap-frozen on a liquid nitrogen-
-isopentane slurry. Cryostat sections (4 tim) were
air dried onto glass slides and stained using stan-

dard indirect immunofluoresence procedures. An
affinity-purified sheep antimouse immuno-
globulin-FITC conjugate (1"100, Silenus Labora-
tories, Melbourne, Australia) was used to reveal
first step mAb. Double labeling was performed
using rabbit antikeratin (wide spectrum; 1:200;
Dakopatts, Santa Barbara, California) and sheep
antirabbit immunoglobulin-rhodomine conjugate
(1:50; Silenus). Sections were examined using a
Zeiss Axioskop microscope and a Zeiss MC100
camera and Kodak Ektachrome P800/1600 film
were used for photography.
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