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ABSTRACT The thymic microenvironment involves com-
plex cell interactions among different types of epithelial cells,
macrophages, tissue histiocytes, and inmature and maturing T
cells. We describe the isolation of a subset of thymic epithelial
cells by selective primary culture followed by cotransfection
with a simian virus 40 replication-origin-defective mutant and
pSV2neo plasmid. The cloned cells have the composite im-
munophenotype that is unique to thymic subcapsular epithelial
cells, suggesting that they may provide a model system in vitro
for analyzing the earliest steps in T-cell differentiation. This
possibility is supported by the finding that these epithelial cells
express LFA-3-associated binding sites for T cells, secrete a
macrophage hemopoietic growth factor, and synergize with
macrophages in the production of interleukin 1.

Critical steps in the early differentiation of T lymphocytes
occur within the thymus. Bone marrow-derived cells migrat-
ing into this organ undergo extensive proliferation, clonal
rearrangement of antigen-receptor genes, and an associated
immunological ‘‘education’’ involving tolerance to self anti-
gens and positive selection for antigen recognition in asso-
ciation with self molecules encoded by the major histocom-
patibility complex (1-4). The control of this complex process
is not understood but almost certainly involves selective
interactions with distinct elements of the thymic stromal
environment and diffusible or cell-bound regulators or
growth factors (5, 6).

The non-lymphoid stromal structure of thymic tissue
consists of phenotypically distinct subsets of epithelial cells
derived from pharyngeal pouch endoderm or branchial cleft
ectoderm, mesenchymal cells, and bone marrow-derived
histiocytes or interdigitating macrophages (2, 6-8). Some
success has been reported in culturing rodent and human
thymic epithelial cells (9-12). Culture supernatants from such
cells can regulate T-cell phenotype or immunological func-
tion. However, cloned lines representing phenotypically and
functionally distinct subtypes of human thymic epithelia have
not been reported.

The subcapsular epithelium of thymus has a distinctive
structure and is probably the first site of interaction with
migrating T-cell precursors (2, 6, 8). We have sought to
isolate and grow these epithelial cells from human fetal
thymus by a combination of selective culture conditions and
gene-transfection techniques. We report here the successful
establishment of two such cell strains, which retain pheno-
typic properties specific for subcapsular cortex epithelium
and express functional activities that may regulate early steps
in T-cell differentiation.
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MATERIALS AND METHODS

Primary Epithelial Cell Culture. Epithelial cells were de-
rived from thymus of 16-week-old human fetuses, obtained
from the Royal Marsden Hospital (London). Thymic tissue
was grown as described by Singer et al. (12).

Transfection of Primary Epithelial Cells. Epithelial cultures
were transformed by calcium phosphate-mediated (13)
cotransfection with the simian virus 40 (SV40) ori~ mutant
6-1 (14, 15), which lacks 6 base pairs at the SV40 origin of
DNA replication, and pSV2neo (16), a plasmid containing the
bacterial neomycin-resistance gene (neo) under control of
SV40 promoter and enhancer sequences. One month after
transfection, cells were selected for neomycin resistance with
G418 (GIBCO) at 1 mg/ml. Two clones (SM1 and SM2) were
obtained from these transfections. The SM1 cells were
subcloned by limiting dilution using primary irradiated epi-
thelial cells as feeder layers, and the subclones SM1.1 and
SM1.9 were selected for resistance to G418.

Antibody Analysis. Standard immunofluorescence tech-
niques (49) were used to assess binding of antibodies (listed
in Table 1) to viable epithelial cell suspensions or to prepa-
rations of cells fixed with paraformaldehyde, acetone,
acetone/methanol, or Bouin’s reagent. Thymopoietin and
thymulin (FTS, facteur thymique sérique) were assessed on
acetone-fixed preparations by use of a rabbit anti-
thymopoietin antibody (courtesy of G. Goldstein, Ortho
Diagnostics) and a monoclonal anti-thymulin antibody (17).

Growth-Factor Assays. Colony assays. Epithelial cell
clones were assayed for the production of hemopoietic
stimulatory activities by the double-layer agar system of
Gualtieri ef al. (18). SM1, SM2, SM1.1, and SM1.9 cells and
primary thymic epithelial cells served as feeder layers in this
assay. Mouse L cells were used as a negative control.
Adherent-cell-depleted, low-density (<1.077 g/ml) human
fetal liver cells were used as a source of hemopoietic cells.
Cultures were incubated for 7-14 days at 37°C in a 5% CO,
atmosphere. An inverted microscope was used to count
colonies of 50 or more cells. Cultures without feeder layers
were used to determine the number of spontaneously forming
colonies. Colonies were typed in situ (18) or were picked off
and stained histochemically (19) and assayed for reactivity
with monoclonal antibodies. Macrophage colony-stimulating
factor (colony-stimulating factor 1, CSF-1) activity was
measured by radioimmunoassay (20) of the SM1 day-7 and
day-14 conditioned medium, which either was unconcentrat-
ed or was concentrated by Amicon filtration (PM10 mem-

brane).

Abbreviations: SV40, simian virus 40; SV40 ori, SV40 origin of DNA

replication; IL-1 and IL-2, interleukins 1 and 2; CSF-1, colony-

stimulating factor 1 (macrophage colony-stimulating factor).

tPresent address: The National Children’s Medical Research Center,
3-35-31 Taishido, Setagaya-ku, Tokyo, Japan.
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Interleukin assays. Conditioned media from cocultures of
SM1 and SM2 cells with low-density, adherent-cell-depleted
fetal liver cells and from SM1, SM2, and primary thymic
epithelial cells after 14 days of culture were analyzed for
interleukin 1 (IL-1) activity (21, 22). Interleukin 2 (IL-2) pro-
duction by SM1 and SM2 was assayed using Con A-stimulated
mouse thymocytes (23) and CT6 cells (24). Medium plus 5%
fetal bovine serum served as a negative control. Recombinant
IL-1 (Cistron, Pine Brook, NJ) was the positive control.

Rosetting. Thymocyte rosettes with SM1 and SM2 cells,
inhibition of the rosette reaction, and thymocyte binding to
monolayers of SM1 and SM2 cells were assayed at 4°C as
described (25).

Electron Microscopy. Cells grown on 35-mm tissue culture
dishes were fixed for 2 hr at room temperature with 1%
glutaraldehyde in phosphate-buffered saline and processed
for transmission electron microscopy (26). Cultures for
scanning electron microscopy were fixed overnight in 1%
glutaraldehyde in cacodylate buffer and postfixed with 2%
tannic acid for 1 hr at room temperature and with 1% OsO,
for 1 hr at room temperature. After dehydration, samples
were critical-point-dried in an EMscope CPD750, mounted
on stubs, sputter-coated with gold by an EMscope SC500,
and examined in a Hitachi S800 electron microscope.

RESULTS

Transformation of Thymic Epithelial Cells. Cotransfection
of primary thymic epithelial cells with the SV40 ori~ mutant
6-1 and pSV2neo provided two transformed colonies, SM1
and SM2. The SM2 cells are polygonal and appear to be
morphologically homogeneous, whereas the SM1 cells con-
sist of two morphologically distinct cell types. By limiting
dilution, two subclones of SM1 were selected. The SM1.1
subclone (Fig. 14) contains fibroblastoid cells, while the
SM1.9 subclone (Fig. 1B) comprises the polygonal cells.

Characterization. Transfection of cells with SV40 ori~
DNA was confirmed by the presence of nuclear large tumor
(T) antigen in the original clones (Fig. 1D) and in the
subclones. The epithelial nature of the cells was confirmed by
cytokeratin staining using the Le61 antibody (Fig. 1C). SM1,
SM2, and the subclones all have desmosomes (Fig. 24 and C)
and tonofilaments (Fig. 2 B and D), which characterize cells
as epithelial. The monoclonal antibodies used to define the
type of epithelial cells isolated are presented in Table 1.
Strong reactivity was found with anti-human Thy-1, whereas
the anti-LFA-3 and anti-GQ ganglioside antibodies reacted to
a lesser extent (Table 1; Fig. 3). Monoclonal antibody MR19
stained all the SM1 and SM2 cells, but no reactivity was
observed with the thymic medulla-specific monoclonal anti-
body PE-35 or with antibodies (MR7, MR9, and MR13) to the
thymic cortical epithelium and Hassall’s bodies (Table 1).
The SV40 ori~-transformed cells express HLA-A, -B, and -C
determinants but not HLA-DR, -DQ, or -DP. Lymphoid- and
monocytoid-specific cell markers were uniformly negative
(Table 1). These findings indicate that SM1 and SM2 are
derived from subcapsular cortex epithelium. The presence of
chromogranin is thought to be indicative of endocrine func-
tion within the neuroendocrine system and has been identi-
fied in rat thymic epithelium (40). Neither chromogranin nor
the neurotransmitters vasopressin, neurophysin II, and
synaptophysin were detected in the isolated clones by mono-
clonal antibodies (Table 1). There was no staining with
antibodies to the thymic hormones thymopoietin and
thymulin.

T-Lymphocyte Binding. Human cortical thymic epithelial
cells in primary culture bind T cells via the LFA-3 molecule
on epithelial cells and the CD2/gp50 molecule on T cells (27,
30). Our subcapsular thymic epithelial cell clones also exhibit
this characteristic. Fifty to seventy percent of the SM2 cells
formed rosettes with juvenile thymocytes (Table 2). A431, a
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F1G. 1. Growth of SM1 subclones SM1.1 (4) and SM1.9 (B) in
monolayer cultures. Immunofluorescence staining of SM1 cells for
cytokeratin (C) and for SV40 large tumor (T) antigen (D). Clone SM2
is similar to SM1.9.

non-thymic epithelial cell line, also formed rosettes, whereas
embryonic fibroblasts did not (Table 2). The rosette reaction
could be inhibited by pretreating the SM1 and SM2 cells with
a monoclonal antibody to LFA-3 or the thymocytes with a
monoclonal antibody to CD2 (Table 2). Significant inhibition
was not observed with anti-Thy-1 or anti-CD7. Attachment of
thymocytes to monolayers of SM1 and SM2 cells was also
observed (Fig. 4). Transmission electron micrographs
showed the close association of thymocytes with the epithe-
lial cell strains.

Subcapsular Cortex Epithelial Cells Support Hemopoietic
Cell Growth. Two types of colonies can be stimulated by the
SV40 ori~-transformed epithelial cell strains when fetal liver
is used as a source of hemopoietic progenitors in a double-
layer agar assay; one type consists of large, tightly packed
cells, and the other comprises more diffuse colonies of
smaller cells (Table 3). Cytochemical staining revealed that
both colony types contained nonspecific esterase (a-naphthyl

F1G. 2. Electron micrographs of SM1 (A and B) and SM2 (C and
D) cells showing the presence of desmosomes (A and C) and
tonofilaments (B and D).
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Table 1. Immunophenotype of SV40 ori~-transformed thymic epithelial cells

Reactivity* with thymic
subcapsular cortex epithelium

Antibody
Specificity (ref.) Name In situ SV40 ori~ cells

Thy-1 glycoprotein 27 Thyl + +
GQ gangliosides ?2) A;Bs + + (54-83%)
Thymic epithelium, at ©) RFD4 +% -
LFA-3 28) TS2/9 + +
Thymic epithelial subsets’ 9)

a 909 (MR19) + +

b 910 (1st 8.18) - -

c 908 (MR13) - -

d 899 (MR9) - -

d 899 (MR7) - -
Thymic medullary epithelium (30) PE-35 - -
Cytokeratin (31) Le61 + +
Vimentin ®) Clone 9 + +
Factor VIII Q) VIII R:Ag - -
Macrophages 6) RFD7 - -

32) 39 - —
32) C.7 - -

Transferrin receptor (33) OKT9 + +
EGF receptor (34) R1 +
HLA-A and -B (35) B7/8 + +
HLA-DP (36) B7/21 -
HLA-DQ (36) Genox 3.53 -
HLA-DR/DP/DQ 36) DA2 - -
HLA-DR/DQ (36) DA6.164 -
HPCA-1/gp100-120 (&) BIL.3CS - -
CALLA/gpl00 38) AL2 - -
T-lymphocyte subsets 39) Anti-Leu-6 (CD1), -Leu-5 (CD2),

-Leu-4 (CD3), -Leu-3a (CD4),
-Leu-2 (CDS8), -Leu-9 (CD7) - -

Chromogranin (40) ND
Synaptophysin 41) SY38
Vasopressin an ND
Neurophysin II (%) WP13-3-72
T200/LCA 42) F8.11.13
Thymus, et ) TE-7

SV40 large tumor antigen (43) SV-40

- +

LFA-3, lymphocyte function-associated antigen 3; factor VIII, blood coagulation factor VIII; EGF, epidermal growth
factor; HPCA 1, hemopoietic progenitor cell antigen 1; gpn, glycoprotein of n kDa; CALLA, common acute lymphoblastic
leukemia antigen; LCA, leukocyte common antigen; T antigen, large tumor antigen; ND, no designation.

*+, >98% of cells positive unless otherwise shown; —, <2% of cells positive.
fReactive with subcapsular cortex and medulla (a), Hassal’s corpuscles and a subset of medulla (b), Hassal’s corpuscles
(c), cortex (d), or mesoderm-derived fibrous connective tissue and vessels in thymus (e).

Positive only in postnatal thymus.
§Sanbio, Uden, Holland.

IRoyal Free Hospital, London.

I'Wellcome Diagnostics, Beckenham, U.K.
**RIA, Washington, U.K.

butyrate esterase)- and acid phosphatase-positive cells, in-
dicative of their monocyte/macrophage nature. Morpholog-
ically, the more diffuse colonies contained small monocytes,
while the tightly packed colonies appeared to be activated
macrophages. The latter stained with RFD-7 and anti-HLA-
DR monoclonal antibodies. None of the hemopoietic colonies
formed contained either intracellular terminal deoxynucleo-
tidyltransferase or T3, markers characteristic of T-cell pre-
cursors (44). Macrophage colony growth was also observed
when primary thymic epithelial cells were used as the feeder
layer, albeit in higher numbers than was observed using
either SM1 or SM2.

Radioimmunoassay of SM1 conditioned media revealed
CSF-1 concentrations of 62 = 20 units/ml (z = 3; S.M.W. and
E. R. Stanley, unpublished data).

SM1 and SM2 culture supernatants were assayed by L.
Vodinelich and colleagues (Celltech, Slough, U.K.) for myco-

plasma by DNA fluorescent staining (Hoechst staining Kit),
6-methylpurine deoxyriboside cytotoxicity, and microbiologi-
cal culture (45), as well as for y-interferon (using Celltech assay
systems), IL-2, IL-1, and macrophage-activating factor (46),
and were found to be uniformly negative in all cases.

IL-1 Production. Fig. 5 shows that although IL-1 was
present in the primary epithelial cell cultures (bar H), no IL-1
was detected in conditioned medium from the SM2 or SM1
cell strains (bars B and E) when compared with negative
controls (bars A and D). However, when SM1 and SM2 cells
were cocultured with fetal liver cells for 14 days in order to
allow macrophage maturation and activation, IL-1 was de-
tected in the culture supernatants (bars C and F).

DISCUSSION

The thymic stromal cell strains that we have isolated from
human fetal thymus are clearly derived from the subcapsular
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Fic. 3. Flow cytofluorometric analysis (FACS IV; Becton
Dickinson) of SM1 and SM2 cells, using monoclonal anti-Thy-1 (A
and B), anti-LFA-3 (C and D), and anti-GQ ganglioside (E and F)
antibodies. For the negative controls (left histogram in each panel),
the first antibody was replaced with an irrelevant antibody of the
same immunoglobulin subclass. Fluorescein-conjugated second an-
tibody was used in all cases. Photomultiplier gains were set at 16
(C-F) or at 1 (A and B).

cortex epithelium. This is indicated (i) by ultrastructural
features; (ii) by their expression of cytokeratin and of
determinants recognized by anti-Thy-1, MR19, and A,B;
antibodies (2, 27, 29); and (iii) by their lack of reactivity with
a number of monoclonal antibodies (2, 6, 29, 30, 39) specific
for macrophages, thymic fibroblasts, Hassall’s corpuscles,
and cortical and medullary epithelia.

The mechanisms by which thymic subcapsular cortex
epithelial cells promote the differentiation and proliferation
of thymocytes are not understood. They could interact
directly with T-cell precursors or activate these precursors by
the production of lineage-specific or multilineage growth
factors. Putative thymic hormones such as thymopoietin,
thymosin, and thymulin may be implicated in mediating some
of these events (5, 6). Neither the subclones, SM1.1 and
SM1.9, nor the twa original clones, SM1 and SM2, produce
detectable levels of thymopoietin or thymulin when analyzed
with monoclonal antibodies. Two plausible explanations for
these observations are that SV40 transformation affects
hormone production or that the cells isolated do not normally

Table 2. Inhibition of thymocyte rosettés by pretreatment of
cells with various antibodies

% inhibition
Cells Untreated Anti-LFA-3 Anti-Thy-1 Anti-CD7 Anti-CD2
Experiment 1
SM1 66 = 2 6+2 60+ 2 68 4 4+ 2
SM2 60 £3 10+9 63+ 3 60x13 S5+ 1
A431 49 =<5 21 55+ 1 53+ 8 3+ 2
Flow 5000 S5=*2 ND ND ND ND
Experiment 2
SM1 48 + 3 10+ 2 52+18 48*12 1410
SM2 77+5 12+ 4 5812 50 4 11+ 3
A431 49 x5 15+3 36 17 3617 10+ 6
Flow 5000 11 +1 ND ND ND ND

Values are means = SD of triplicate samples for each thymus
donor; ND, not done. Thymuses from infants less than 1 year old
were used. Flow 5000 cells are human embryo fibroblasts.

Proc. Natl. Acad. Sci. USA 84 (1987)

A

F1G. 4. Attachment of thymocytes to SM1 cells. SM1 cells were
grown on 24-well dishes prior to addition of thymocytes for 1.5 hr at
4°C. The nonadherent thymocytes were removed and the remaining
cells were fixed with glutaraldehyde and processed for transmission
(A and B) or scanning (C) electron microscopy. (A, X2600; B,
%x24,000; C, x700.)

secrete such factors. The findings that subcapsular epithelial
cells do, however, produce and release CSF-1, which acti-
vates macrophage precursors, and that they also synergize
with macrophages to produce IL-1 have important implica-
tions for both thymus histogenesis and T-cell development.
The macrophage population of the thymus almost certainly
makes a critical contribution to T-cell ontogeny and clonal
diversity via, for example, IL-1 release, (47) or tolerance
induction (48). IL-1 binding to T cells appears to provide an
activation signal resulting in the subsequent expression of
IL-2 receptors. Our observations suggest that production of
CSF-1 or other hemopoietic factors by subcapsular epithelial
cells could play a role in the expansion of a small number of
macrophage progenitors known to colonize the thymus at
approximately the same time as the lymphoid precursors
enter this organ during thymic embryogenesis (7) and could
also serve to activate thymic macrophages to secrete IL-1.

The subcapsular cortex epithelium also has unique struc-
tural and phenotypic features that are conserved in the
transformed cells and are likely to play a key role in cell
interactions and T-lymphocyte differentiation and clonal
diversification, Precursor T cells at all stages of differentia-
tion can bind to primary epithelial cells derived from the
thymic cortex via an interaction involving the LFA-3 mole-

Table 3. Stimulation of growth of human fetal liver cell colonies
Macrophage colonies per

10° cells plated

Feeder layer Day 7 Day 14

None 0+ 0 0 0
Mouse L cells 0% 0 0 0
SM1 71 =31 112+ 8
SM1.1 175 £ 76 348 + 134
SM1.9 96 * 46 107 = 53
SM2 103 = 51 150 = 23

Values are means * SD of four replicate cultures. Stromal cells (2
x 10°%) were plated in 35-mm dishes 24 hr before X-irradiation (3000
rads; 1 rad = 0.01 Gy). Fetal liver cells (28,000; density < 1.077 g/ml)
were plated in agar above the feeder layer. Colonies of =50 cells were
scored at days 7 and 14.
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F1G. 5. Analysis of IL-1 production. IL-1 activity was analyzed
in conditioned media by stimulation of [*H]Jthymidine incorporation
by D.10 cells. Bars A and D: negative controls with unconditioned
medium (Dulbecco’s modified Eagle’s medium plus 5% fetal bovine
serum). Bars B and E: conditioned media from SM2 and SM1 cell
cultures, respectively. Bars C and F: conditioned media from
cocultures of fetal liver monocytes with SM2 and SM1 cells,
respectively. Bar G: unconditioned medium supplemented with
recombinant IL-1 (positive control). Bar H: conditioned medium
from primary thymic epithelial cell cultures. All samples were diluted
1:8 prior to analysis. IL-1 activity was not detected in undiluted
samples of unconditioned medium or of SM1 or SM2 conditioned
medium.

cule on the epithelial cells and the CD2/gp50 structure on T
cells (28). The SV40 ori~-transfected subcapsular epithelial
cells express LFA-3-associated binding sites for T cells.
Binding of thymocytes to these epithelial cells also appears to
involve LFA-3-CD2 interactions.

Our data support the view that activation of precursor T
cells could occur within the thymus by contact interaction
with subcapsular epithelial cells and response to IL-1 pro-
duced by epithelial cell-macrophage interactions. Availabil-
ity of transformed derivatives of the subcapsular cortex
thymic epithelium should aid in further understanding these
regulatory interactions and may provide an assay system for
the so far elusive circulating pre-T-cell progenitors.
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