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The heterogeneity of thymic stromal cells is probably related to their role in providing
different microenvironments where T cells can develop. We have immortalized thymic
stromal elements using recombinant retroviral constructs containing a temperature-
sensitive simian virus 40 (SV40tsA58) large-T antigen gene or the adenovirus 5 Ela
region linked to the gene coding for resistance to G418. Cell lines containing the
thermolabile large T antigen encoded by SV40 proliferate at the permissive temperature
of 33C and arrest growth when transferred to the nonpermissive temperature of 39C.
At the nonpermissive temperature, ts-derived cell lines are shown to alter their
phenotype but remain metabolically active, as indicated by the inducible expression of
class and class II MHC antigens. Here we describe the generation of a total of 84
thymic stromal-cell lines, many of which show distinct morphologic, phenotypic, and
functional properties consistent with fibroblastoid, epithelial, or monocytoid origins.
Several Ela and SV40tsA58-derived cell lines generated exhibit the epithelial
characteristic of desmosome formation and, in addition, two of these lines (15.5 and
15.18) form multicellular complexes (rosettes) when incubated with unfractionated
thymocytes from syngeneic mice. A single line (14.5) displays very strong nonspecific
esterase activity, suggesting it may represent a macrophagelike cell type. We describe
the generation of stromal cell lines with different properties, which is consistent with the
heterogeneity found in the thymic microenvironment. In addition to documenting this
diversity, these cell lines may be useful tools for studying T-cell development in vitro
and give access to model systems in which stromal-thymocyte interactions can be
examined.
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INTRODUCTION

The thymic microenvironment is composed of
multiple cell types of nonhematopoietic and
hematopoietic origin that support stem-cell pro-
liferation and T-cell differentiation (Moore and
Owen, 1967). Direct contact between stromal
elements and thymocytes is believed to be crucial
for the development of functionally mature,
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antigen-specific and MHC-restricted T-lympho-
cytes (Owen and Ritter, 1969; Stutman, 1978). The
nature of these cell-cell interactions and also the
effect of soluble factors known to be involved at
different stages of T-cell development are not
fully understood. Previous studies have sug-
gested that (i) contact between epithelial cells
and progenitors involves specific cell-surface
interactions (such as CD2 and its natural ligand
LFA-3) (Selvaraj et al., 1987; Vollger et al., 1987),
(ii) inductive interactions are probably mediated
by physiological factors/receptors (such as IL-2
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and its receptors) (Ceredig et al., 1985; Jenkinson
et al., 1987), (iii) expression of class I and class II
MHC antigens on the thymic stroma lead to the
acquisition of MHC restriction and self-tolerance
by maturing T cells (Zinkernagel, 1982; Lo and
Sprent, 1986; von Boehmer and Hafen, 1986), and
(iv) that these interactions can ultimately lead to
the expression of a more differentiated pheno-
type by progeny cells, such as the progressive
rearrangement of T-cell receptor genes (TCR)
(Davis and Bjorkman, 1988) and/or the
expression of Thy-1, CD3, CD4, and CD8 (Borst
et al., 1983; Fowlkes et al., 1985; Smith, 1987).
An understanding of the events that control T-

cell development in the thymus has been ham-
pered by the lack of in vitro systems. One
method that has been widely used is the mouse
thymic foetal organ culture system (van Ewijk et
al., 1982). This model has proved to be very use-
ful for studying lymphopoiesis, but due to its
complexity, it has been difficult to assess the
specific roles of the various types of cells in the
thymic microenvironment. In an attempt to
understand the possible role of different micro-
environments within the thymus, we have
attempted to immortalize different stromal
elements using a temperature-sensitive mutant of
SV40 large-T antigen (Tegtmeyer, 1975; Jat and

Sharp, 1989) or Ela constructs (Roberts et al.,
1985). We report the isolation of 84 cell lines fol-
lowing retroviral infections of primary embry-
onic stromal cultures or thymocyte
rosette/thymic nurse cell (T-ROS/TNC) cultures
isolated from adult thymuses.

RESULTS

Immortalization of Thymic Stromal Cells

Eighty-four thymic stromal cell lines were iso-
lated by infecting primary cultures of foetal thy-
mus with recombinant retroviruses SV40tsA58
(Tegtmeyer, 1975; Jar and Sharp, 1989) or Ela 12S
(Roberts et al., 1985), and selecting colonies
resistant to G418 (500tg/ml) (Davies and
Jinenez, 1980). In the first set of experiments (see
Table 1) most clones isolated by infection with
SV40tsA58 (49 of 72) had a fibroblastic appear-
ance, judged by morphology and strong vimentin
expression. Two such cell lines (designated 5.10
and 7.5) were cloned and selected for further
study as representatives of this large stromal-cell
group. Approximately one-third of cell lines
obtained from Sv40tsA58 infections (23 of 72) had
a markedly different morphology, with a polyg-

TABLE
Murine Thymic Stromal-Cell Lines Isolated by Retroviral Infection

Retrovirus used for Type of culture Morphology of Number of clones/ Designation of
infection infected cells derived total number clones selected

isolated for further study

Zip SVlsa58 Primary embryonic Fibroblastoid 49/72 5.10, 7.5
thymic stromal

Zip SVlsa58 Primary embryonic Polygonal 23/72 6.10
thymic stromal

Zip Ela 12S Primary embryonic Fibroblastoid 3/7 none
thymic stromal

Zip Ela 12S Primary embryonic Cobblestone 1/7 8.40
thymic stromal

Zip Ela 12S Primary embryonic "Fried egg" 3/7 14.5
thymic stromal

Zip Ela 12S Adult thymic Polygonal 2/5
T-ROS/TNC

fractions

15.5, 15.18

aA subclone of 6.10, designated 6.1013, in which cells displayed a uniform mosaic appearance was also derived and selected for
subsequent examination.
bDerived from mouse strain AKR/Icrf; all other selected clones from BALB/c.
CThymocyte rosettes/thymic nurse cell.
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onal outline. Among this cell type, clone 6.10 was
selected for further study and a subclone that dis-
played a mosaiclike morphology (6.10 subclone
13) was also isolated. Infection with Ela 12S virus
yielded a more limited panel of seven cell lines in
which three morphological cell types could be
distinguished. Cell lines with a fibroblastic
appearance (3 of 7) were not studied further. Two
clones (8.40 and 14.5) morphologically distinct
from fibroblasts were selected for detailed
characterization.
A second series Of experiments was performed

in an attempt to generate stromal-cell lines rep-
resenting epithelial, dendritic, and macrophage
elements. To avoid the repeated generation of
fibroblastlike cell lines, thymocyte rosettes (T-
ROS; medullary dendritic or cortical macro-
phages with thymocytes bound), and thymic
nurse cells (TNC; lymphoepithelial complexes
containing cortical epithelium and fused
thymocytes) were isolated from adult thymus by
a series of enzymatic digests and separations
(Kyewski et al., 1982) (see Materials and
Methods). These enriched populations of cells
were used as targets for virus infection, and five
additional polygonal cell lines were obtained
with Ela 12S of which two (15.5 and 15.18) were
expanded, cloned, and retained for further study.

Temperature-Dependent Growth and
Differentiation of Cell Lines Derived from
SV40tsA58 Infection

The rationale for using SV40tsA58 as an immor-
talizing agent to generate thymic stromal-cell
lines was that cells might be clonally expanded at
33C (SV40 large T permissive temperature) and
yet stop proliferating and adopt a more "nor-
mal", differentiated phenotype at 39C (at which
temperature SV40 large T is nonfunctional). In
view of this, the growth of cell lines 5.10, 7.5, and
6.10 at 33C and 39C was studied in detail (see
Fig. 1A). A well-characterized rat fibroblastic line
(tsa 8) obtained from infection of primary skin
cultures with SV40tsA58 (Jat and Sharp, 1989)
was used as a control in these studies, as were
two Ela 12S-derived clones 8.40 and 14.5. Cells
were initially plated at a density of 2x104
cells/60 mm dish and grown either at 33C or
39C (plus 37C for clones 8.40 and 14.5). As
shown in Fig. 1A, clones tsa 8, 5.10, 7.5, and 6.10
grew well at 33C (with a doubling time of

approximately 30-36 hr), but grew poorly or not
at all when maintained at the higher temperature
(39C). In contrast, clones obtained from Ela 12S
infection (8.40 and 14.5) grew extremely slowly at
33C, but grew well at 37C and 39C. These data
suggest that the immortalization of clones 5.10,
.7.5, and 6.10 is dependent on a temperature-sen-
sitive element (SV40 large T). This was verified
by direct staining of cells at 33C and 39C with a
monoclonal antibody (mAb) to SV40 large-T
product (PAb 412). As shown in Fig. 1B (lower
panels), strong nuclear staining was observed
when these cells were grown at 33C, but not
after being maintained at the nonpermissive tem-
perature of 39C. Concomitant with the change in
SV40 large-T expression at 39C, clones 5.10, 7.5,
and 6.10 were also observed to undergo a num-
ber of other changes. Most notably the cytoplasm
to nucleus ratio increased, many cells adopted a
multinucleated appearance (perhaps indicating a
general problem in successfully completing cell
division), and the cells became contact-inhibited
(see upper right panel of Fig. 1B). Taken together,
these findings suggest that clones 5.10, 7.5, and
6.10 are temperature-sensitive and that switching
to a nonpermissive temperature not only leads to
cessation of growth, but also to alterations in
their properties consistent with a more "normal"
less-transformed phenotype.

Properties and Lineages of Isolated Stromal-
Cell Lines

To determine whether thymus-derived stromal
cells generated in this study were of epithelial,
fibroblastoid, dendritic, or macrophage origin, a
series of experiments was carried out. In the first
study, all cell lines were tested for their ability to
express the intermediate filaments (IF) keratin
and vimentin. Intermediate filaments are a heter-
ogenous group of cytoskeletal proteins whose
expression and function are dependent on the
type and differentiated state of the cell
(Lazarides, 1982). All cell lines expressed detect-
able levels of vimentin and some variation of
both intensity and pattern of intracellular stain-
ing was observed between cells grown at differ-
ent temperatures (see Table 2 and Fig. 1B). No
staining was observed using two different anti-
bodies to keratin (the mAb; LE61 and a poly-
clonal antiserum raised in rabbit). This lack of
reactivity did not rule out the possibility that
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FIGURE 1A. Growth kinetics at permissive and nonpermissive temperatures. Three SV40ts clones (5.10, 7.5, and 6.10), two Ela
clones (8.40 and 14.5), and the established ts clone tsa 8 (used as a control) were examined. Cells were harvested and counted at
different time points. Values are means of two independent experiments, where each point represents counts on duplicate
cultures, 33C ((C)), 37C (r-q), and 39C (O).

some of our stromal-cell panel might be epi-
thelial since epithelial cells undergoing differen-
tiation and epithelial cells in primary culture
have been shown to alter their IF expression in
some cases (Kim et al., 1987; Ben-Z6ev 1984).

In a second set of experiments, electron
microscopy studies were performed to look for
desmosomal bodies, which are characteristic of
epithelial cells (Farquhar and Palade, 1963). As
illustrated in Table 2 and Figs. 2D-2F, desmoso-
mal junctions were readily identified in prep-

arations from four cell lines: 6.10, 8.40, 15.5, and
15.18. An EM image of whole 15.5 cells demon-
strates that the cells form junctions at the adjac-
ent cellular membranes (Fig. 3). Fine tonofila-
ment fibers were found along the cell membranes
in this cell line. Although bundles of tonofila-
ments cannot be seen here, they were present in
other cell preparations. Furthermore, cell
organelles such as mitochondria and lysosomes
were present at abundant levels. These results
together with their morphological appearance,
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FIGURE lB. Temperature dependence of ts clones grown at 33C and 39C. Examination of vimentin and SV40 large-T
expression on SV40tsA58 clones by immunofluorescence staining on acetone:methanol fixed cells.

TABLE 2
Characterization of Selected Clones

Clone Vimentin Keratin Desmosome Nonspecific Rosette Proposed
expression expression formation esterase formation cell lineage

activity (%)

5.10 +++ 3 Fibroblast
6.10 ++ + 14 Epithelial
7.5 +++ 16 Fibroblast
8.40 + + + 4 Uncertain

14.5 + ++ 5 Uncertain
15.5 + + >80 Epithelial
15.18 + +/- +/- >70 Epithelial

tsa 8 + NT 2 Rat embryonic fibroblast
Caski + + NT NT NT Human epithelial

aVimentin expression was tested using a goat antimouse vimentin antibody (ICN) and FITC-conjugated second-layer antibody.
bKeratin expression revealed by immunofluorescence staining on acetone:methanol fixed cells using the antibody LE61 and

FITC-conjugated antimouse reagent.
CInvestigated by electron microscopy of 2.5% glutaraldehyde fixed, confluent cultures.
dTested using standard techniques (34), monocytoid cells were used as positive control for staining.
eStromal cells and unfractionated adult thymocytes (1:12) were mixed, centrifuged at 4C, and the number of rosettes counted

using a hemocytometer (>3 thymocytes bound was scored as a rosette). Values are means of 2-5 independent experiments.
fAn established cell line from primary skin cultures, generated from a SVtsA58 infection (16).
gNT=not tested.
hA human squamous epithelial-cell line derived from a carcinoma of the cervix (35).

which differs from putative fibroblast lines (5.10
and 7.5), suggest that these cell types are of epi-
thelial origin.

In addition to these studies, a third set of
experiments was carried out in which cell lines
were stained with a panel of antibodies and

assessed for nonspecific esterase activity. Two
mAb to mouse thymic epithelial cells (TEC) (ER-
TR4; recognizing cortical epithelium and ER-TR5;
recognizing medullary epithelium) (van Vliet et
al., 1984) were unreactive in all cases tested. Epi-
thelial heterogeneity has been documented
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6.10 14-5 15-5

FIGURE 2. Characteristics of
three selected clones. (A-C) Cell
morphology. Cells were
photographed on an inverted
microscope. (D-F) Electron
micrographs showing the
occurrence of desmosomes.
(G-H) Stromal-cell-thymocyte
rosettes formed in suspension at
4C and cytocentrifuged (Wright
giemsa stain; x400). (I-J)
Nonspecific esterase staining.
(A-D) Subclone 6.1013 (SV40ts-
derived), (B, E, G, and I) clone
14.5 (Ela-derived), and (C, F, H,
and J) clone 15.5 (Ela-derived).
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FIGURE 3. Transmission electron micrographs
of 15.5 cells. In (A), (B), and (C), desmosomelike
junctions are present at the cell-cell contact
points (thick arrows). Fine tonofilament fibers are
seen close to the cellular membranes and in the
cytoplasm (thin arrows). Cellular organelles are
marked (1) microtubules, (2) mitochondria, (3)
rough endoplasmic reticulum, (4) lysosomes, and
(5) ribosomes. The mitotic spindle (midbody) in
(A) and (C) is marked (6). (B) and (C) represent
low-power micrographs of (A).
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within the medulla from the staining pattern
obtained by two L-fucose-binding lectins (Farr
and Anderson, 1985). Ulex europeus agglutinin
(UEA) and tetragonolobus purpureas agglutinin
(TPA) have shown to have specificity for reticu-
lar epithelial cells and Hassall’s corpuscles in the
medulla, respectively. All cell lines were negative
for these lectins and this result in conjunction
with the negative result by the ER-TR mAbs
therefore failed to clarify a possible epithelial ori-
gin. Next, a number of antibodies to haematopo-
ietic stromal components were tested, NLDL-145
and MIDC-8 (Kraak et al., 1986; Breel et al., 1987)
(recognizing dendritic cells), Mac-1 (reacting
with cells of monocyte/macrophage lineage)
(Springer et al., 1979), and M193 (Springer et al.,
1978) (an antibody to the leukocyte common
antigen CD45). These antibodies were also unre-
active with all cell lines tested (data not shown).
The T-lymphocyte marker Thy-1 has been shown
to be present on a variety of stromal-cell types of
mouse, including fibroblasts and neural cells
(McKenzie and Potter, 1979), epidermal cells
(Konig et al., 1987), stromal-cell lines of bone
marrow and spleen (Pietrangeli et al., 1988), and
thymic epithelium (Tucek and Boyd, 1990). To
examine whether our clones express this antigen,
cells were stained in suspension using antibodies
to Thy-1 (Ledbetter and Herzenberg, 1979; Mar-
shak-Rothstein et al., 1979) and analyzed on a
FACScan. One line, 15.5, contained 50-60% Thy-
1 cells and the positive population exhibited
high levels of expression (data not shown). Non-
specific esterase activity, which appears to be
associated particularly with cells of
monocyte/macrophage lineage, was clearly dem-
onstrated with clone 14.5 (see Table 2 and Fig.
2I), which is somewhat puzzling in view of our
failure to identify Mac-1 or CD45-positive cells.

Since cell lines 15.5 and 15.18 (tentatively
assigned an epithelial lineage) were originally
isolated from T-ROS/TNC cultures, containing
multicellular complexes between stromal cells
and thymocytes, it was of interest to assess
whether these cells still retain this functional
capacity after immortalization and cloning. In a
fourth set of experiments, unfractionated adult
thymocytes, which consist largely of immature
double-positive (CD4+CD8/) T cells (data not
shown), were used as targets in a rosette assay.
As shown in Table 2 and illustrated in Figs. 2G
and 2H, five of eight stromal lines showed little

or no rosetting capacity (above that of the fibro-
blast line tsa 8, used as a control). Ela-derived
lines (15.5 and 15.18) formed approximately 80%
and 70% rosettes, respectively. Since both 15.5
and 15.18 have been shown to form desmosomes,
these data suggest that these cells may represent
cortical epithelial cells, which are believed to
form complexes with thymocytes in vivo.

Expression of MHC Class I and Class II
Antigens on Murine Thymic Stromal Cell Lines

Expression of MHC class I and II is believed to be
crucial for the generation of mature CD4/ and
CD8/T cells in the thymus (Wekerle et ai., 1980b;
Doyle and Strominger, 1987; Marusic-Gale et al.,
1988). Therefore, it was of interest to examine the
level of expression of these molecules on our
stromal lines and to determine whether the
expression could be influenced by IFN, and/or
by maintaining the ceils at 33C or 39C. In these
studies, stromal cells were cultured in
IMDM/FCS supplemented with 5, 50, or
500 U/ml IFN’and class I and II expression was
monitored using antibodies HB24 and TIB120,
respectively. All three cell lines derived from
infection with SVtsA58 (5.10, 6.10, and 7.5)
express MHC class I. in the presence of IFN’
(results of clone 5.10 and 6.10 are shown in Fig. 4,
top panels). However, their response to changing
temperature differs. Class I expression on 5.10 in
the absence of IFN,is unaffected by temperature,
whereas 6.10 more readily expresses class I when
maintained at 39C, when SV40 large T is non-
functional. In our experiments, clone 5.10 did not
express class II antigens at either 33C or 39C
and was not sensitive to induction by IFN On
the other hand, clone 6.10, which also failed to
express class II at the cell surface at the permiss-
ive temperature of 33C, could be induced with
IFN’to express class II at the nonpermissive tem-
perature of 39C. These variations in MHC class I
and class II expression and inducibility of ts-
clones were also reflected in the panel of cells
generated by infection with retroviruses contain-
ing Ela (see lower panels of Fig. 4). Cell line 14.5
expressed class I poorly and required activation
by IFN In contrast, cell line 15.5 expressed class
I constitutively at higher levels (cell lines 8.40
and 15.18 showed similar staining .pattern as 15.5;
data not shown).. Both cell types (14.5 and 15.5)
appear equally dependent on the induction of
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FIGURE 4. Expression of MHC class and II antigens on stromal-cell lines under the influence of temperature switching and/or
IFNT. The percentage of cells expressing class and II histocompatibility is shown for SV40ts clones (5.10 and 6.10) and Ela clones
(14.5 and 15.5). Expression was measured following culture at 33C or 39C and monitored at different days after treatment with
IFNT(500 U/ml) ([]) or medium alone (B). Antibodies HB24 and TIB120 (and FITC-conjugated second-step reagents) were used
to measure MHC class and class II expression, respectively. Results from a single experiment are shown that are representative
of multiple (3) independent experiments.
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IFN’for the expression of class II at the cell sur-
face (Fig. 4, bottom right panels). Clone 15.18
expressed class II after induction by IFN y, similar
to 15.5; in contrast, clone 8.40 was unable to
express class II under any conditions tested (data
not shown).

DISCUSSION

The thymus is composed of a variety of stromal
elements including cells of nonhematopoietic ori-
gin (fibroblasts and epithelial cells) and cells of
hematopoietic lineage (macrophages and den-
dritic cells). These stromal cells provide different
microenvironments in which T-cell precursors
can develop into functionally mature T cells.
Therefore, in order to understand how T-cell
lymphopoiesis is regulated, it is important to
document the specific role of each cell type. One
approach to study the complex architecture of
the microenvironment has been to raise mAb to
different stromal elements. A large panel of
reagents have been produced and cataloged into
groups, recognizing distinct areas of the thymus
(reviewed by Brekelmans and van Ewijk, 1990).
Another approach to study the function of the
microenvironment has been to isolate stromal
cells and generate corresponding cell lines. This
has been used in human, rat, and mouse systems
(Itoh et al., 1981; Beardsley et al., 1983; Mitzutani
et al., 1987). A problem with this approach is
obtaining cell lines with functional properties
that reflect their normal counterparts in vivo, for
example, stromal cells that assist T cells to
mature and differentiate. At present, the number
of functional stromal-cell lines is small. To cir-
cumvent such limitations, we tried to generate
cell lines using a temperature-sensitive mutant of
SV40 large T. In addition, the transforming agent
Ela was also employed to overcome a possible
limitation in cell populations susceptible to the
immortalizing effects of SV40 large T. Moreover,
to increase the possibility of generating cell lines
useful for in vitro reconstitution of in vivo events,
cells were preselected prior to immortalization,
on the basis of certain functional criteria
(capacity to form multicellular complexes in
vivo).
From several retroviral infections, 84 lines

were generated, maintained, and characterized in
terms of their morphology and intermediate fila-

ment expression. From that large group of cell
lines, seven clones of a panel were characterized
in more detail and found to resemble stromal
cells of different origins judged by their mor-
phology and phenotype. One Ela-derived line,
14.5, had a distinct morphology; the cells
appeared very flat in culture ("fried-egg shape")
and had strong nonspecific esterase activity
(indicative of cells of the monocyte/macrophage
lineage). That we were unsuccessful in finding
Mac-1 or CD45, expressing cells requires further
investigation in order to identify the origin of
14.5. Clones 5.10 and 7.5 (derived from an
SV40tsA58 infection) appeared fibroblastoid
according to their elongated morphology, the
absence of desmosomes, and their lack of reactiv-
ity with antibodies recognizing cells of macroph-
age, dendritic, or epithelial origin. Another ts-
derived cell line, 6.10, also failed to stain with
any of the lineage-specific markers tested, but in
contrast to 5.10 and 7.5, formed desmosomes,
suggesting it may be an epithelial cell type.
Desmosomes were also found among three Ela-
derived lines, 8.40, 15.5, and 15.18. Clones 15.5
and 15.18 (isolated from a T-ROS/TNC culture)
retained the capacity to form multicellular com-
plexes with adult unfractionated thymocytes in
vitro. In contrast, clones 6.10 and 8.40 (derived
from primary culture of embryonic thymus) did
not have this capacity, suggesting that the origin
(embryonic or adult) and/or the type of culture
they were isolated from (primary stromal or T-
ROS/TNC) may influence the phenotypic range
of cells that are immortalized.
TEC can be divded into different subpopu-

lations, depending on location in the thymus and
reactivity with defined monoclonal antibodies.
Therefore, it was of interest to establish whether
clones shown to form desmosomes (6.10, 8.40,
15.5, and 15.18), but with different morphology
and functional ability, resembled epithelial cells
of different origin. In order to do so, we adopted
the criteria for TEC lines proposed by Brekel-
mans and van Ewijk (1990)" (1) presence of
desmosomes and tonofilaments, studied by EM;
(2) detection of cytokeratin with mAb; (3) detec-
tion of TEC-specific antigens with mAb; and (4)
absence of antigens specific for macrophages,
dendritic cells, and fibroblasts, identified with
mAb. Our isolated clones tentatively proposed to
be of epithelial origin only fulfill two of these
four criteria, requirements (1) and (4). However,
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both 15.5 and 15.18 form rosettes with thymo-
cytes in which the majority of bound cells express
both CD4 and CD8 (>93%) (data not shown). This
phenotype is typical of cortical thymocytes (Fink
et al., 1984; Kyewski et al., 1987), which might
suggest that these cell lines (15.5 and 15.18)
resemble cortical epithelial cells. The failure to
demonstrate ER-TR4/ ER-TR5-cells (a mAb-
defined phenotype, indicative of cortex-derived
epithelial cells) and cytokeratin expression by
15.5 and 15.18 needs clarification. However, it is
perhaps worth noting that cytokeratin expression
is known to be heterogenous and dependent on
the differentiated state of the cell (Lazarides,
1982; Ben-Zeev, 1984; Kim et al., 1987), which
may in part explain our results. Furthermore,
long-term culturing may also result in decreased
or lost expression of certain antigens, as have
been reported by Cattermole et al. (1989). In
order to establish whether the lack of reactivity
with a number of stromal-cell specific markers is
a result of immortalization and/or long-term cul-
turing, conventional lines could perhaps be used
as targets for infection. This kind of study would
be valuable to investigate what phenotypic
changes occur after a retrovirus has been intro-
duced into the cell and in addition, how well the
immortalized and nonimmortalized cells rep-
resent their counterparts in vivo.

Several investigators have reported the gener-
ation of murine stromal-cell lines including those
of epithelial origin: TEP1 (Beardsley et al., 1983);
E5 (Potworowski et al., 1986); TE-71 and TE-75
(Farr et al., 1989); and St3 (Brightman et al., 1989).
Many of these lines display a medullary pheno-
type according to their reactivity with ER-TR5
(and failure to react with ER-TR4). All these cell
lines have been established by continuous culture
and cloning without the use of immortalizing
agents. It seems that this method is sufficient for
generating epithelial cell lines. However, certain
cell populations within the thymic microenviron-
ment may have a limited proliferation capacity
and, therefore, cannot be generated in this way.
To overcome this limitation, it seems attractive to
use transforming agents in order to obtain cell
lines with different characteristics. Our data
show that embryonic fibroblasts are the predomi-
nant targets for SV40 transformation in our sys-
tem, whereas Ela appears to contain the capacity
to immortalize epithelial- and macrophagelike
cell types. In this context, it is interesting to note

that recombinant retroviruses containing the v-
myc and v-Ha-ras oncogenes have been shown to
generate a different panel of stromal-cell lines
from embryonic thymus (Cattermole et al., 1989).
Here, a large group of adherent cell lines, most
likely representing cells from the
macrophage/dendritic cell compartment
(concluded by the presence of Mac-l, Fc recep-
tors, and class II) was established. A second
group of adherent stromal lines was also estab-
lished. This group showed no expression of
macrophage/dendritic-cell and epithelial-cell
markers tested. Taken together, in order to com-
pletely reconstruct the thymic microenvironment
in vitro, it may be necessary to use a variety of
immortalizing agents.
Few stromal-cell lines with functional capacity,

allowing T-cell differentiation, have been
reported. Recently, Palacios et al. (1989) reported
a mouse TEC line capable of mediating differen-
tiation of PRO-T lymphocyte clones into
TCR/CD3-expressing cells. Another report by
Brightman et al. (1989) shows that the stromal-
cell line St3 can induce expression of Thy-1 and
CD4 by a T-lymphoid cell line. Two mouse thy-
mic stromal-cell lines (MRL-104.8a and TEL-2)
hve been described, which have been claimed to
induce selective elimination of immature double-
positive (CD4+CD8/) thymocytes and a T-cell
clone, respectively (Kosaka et al., 1989; Nakash-
ima et al., 1990). No functional properties of the
possible epithelial lines designated TG and pro-
duced by v-myc and v-Ha-ras transformation
have been reported (Cattermole et al., 1989). It is
believed that cortical epithelial cells are involved
in positive selection for MHC following contact
with immature thymocytes (Benoist and Mathis,
1989; Berg et al., 1989). Since clones 15.5 and
15.18 express MHC class I and will express class
II afrer induction by IFN, these cell lines may
prove useful for studying the requirements for
positive selection and the signals required for
differentiation or cell death in the thymus, Fur-
thermore, these cells will allow us to study mul-
ticellular complex formation at the
molecular/biochemical level.

In this study, 72 SV40tsA58-derived cell lines
were isolated. By switching the cells to the non-
permissive temperature of 39C, we hoped to
observe a change in phenotype to a more "nor-
mal differentiated" cell. Our findings, that clone
6.10 will only express MHC class after culture at
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the nonpermissive temperature of 39C (unless
supplemented with IFN), and that class II is
only. inducible at 39C (after addition of IFN),
suggest that cells cultured without the influence
of large T do adopt a more normal phenotype.
The ts lines described here also provide an
opportunity to search for genes corresponding to
novel thymic growth factors (by subtractive
cDNA approaches at 33C versus 39C). An
extension of this approach is to introduce the ts
mutant into the germline of mice. This transgenic
model system, pioneered by Jat et al. (1990),
yields a variety of interesting conditionally
immortalized stromal cells. These combined
approaches suggest that the use of SV40ts large T
and Ela as immortalizing agents may have wide-
spread application for studying T-cell differen-
tiation in vitro.

MATERIALS AND METHODS

Animals

BALB/c and AKR/Icrf mice were obtained from
the ICRF breeding unit. Foetuses were removed
from pregnant mice 14 days after observation of a
vaginal plug.

Cells and Cell Culture

Foetal thymic lobes, isolated at the fourteenth
day of gestation, were cultured on Nuclepore
(Sterilin, Feltham, U.K.) filters floating in Iscove’s
modified Dulbecco’s medium (IMDM) sup-
plemented with 10% foetal calf serum (FCS) and
antibiotics (Gibco) (IMDM/FCS) (van Ewijk et
al., 1982) for 0 to 6 days. Primary embryonic stro-
mal cultures were established by covering dis-
rupted foetal thymic lobes with small glass
coverslips in a 60-mm petri dish containing
IMDM/FCS (Singer et al., 1985). Thymocyte
rosette/thymic nurse cell (T-ROS/TNC) cultures
were prepared by enzyme digestions of adult
thymuses, as previously described (Kyewski et
al., 1982). Adult thymuses (15-20), obtained form
BALB/c mice, were minced with sharp scissors
and incubated in 10 ml of RPMI-1640 with 25 mM
Hepes (RT), supplemented with 3% FCS for
15 min at room temperature (RT) during which
time the fragments were gently agitated and free
thymocytes were removed and discarded. The

remaining thymic fragments were then incubated
in 7ml of the same medium containing col-
lagenase (Worthington Biochemical Corporation,
New Jersey) (0.5 mg/ml) at 25C for three suc-
cessive periods of 15 min each and subsequently
digested with 7ml of collagenase/dispase
(dispase was obtained from Boehringer
Mannheim, West Germany) (0.5 mg/ml in phos-
phate-buffered saline, PBS, supplementd with
DNase I, 4/g/ml) with agitation at 37C for four
successive periods of 20 min each until all tissues
were completely digested. The collagenase and
collagenase/dispase fractions were then layered
onto a 30% FCS in PBS cushion and were allowed
to sediment through this for 30 min at 4C. The
top layer (containing single cells) was aspirated
and discarded and the lower layer centrifuged to
recover sedimented T-ROS and TNC (Wekerle et
al., 1980a). Prepared cells were plated onto
60mm dishes and left 1 to 3 days before
infection.
Virus-producing cell lines and all other cell

lines used in this study were maintained in
IMDM/FCS.

Retroviral Infection and Isolation of Cell Lines

Virus stocks of the recombinant retroviruses Zip
SVtsA58 and Zip E1a12S were prepared from
previously characterized virus-producing kI cell
lines (Tegtmeyer, 1975; Mann et al., 1983; Cepko
et al., 1984; Roberts et al., 1985; Jat and Sharp,
1989). Briefly, supernatants containing virus
were collected from confluent flasks of virus-pro-
ducing cells, filtered through 0.45-tim filters and
stored at-70C until use. Primary stromal cul-
tures or T-ROS/TNC were infected with 2 ml of
virus-containing supernatant, l ml polybrene
(Aldrich Chemical Co. Inc.) (2 tg/ml), and 1 ml
of medium for 2 hr at 37C, and the dishes were
rocked every 15 min. Complete medium was
added and cells derived from an SV40tsA58
infection were transferred to 33C and cultured
for 48 hr, after which time the cells were tryp-
sinized and split into two large petri dishes
(90 ram) (Jat and Sharp, 1989). Once the cells had
adhered, medium containing G418 (Davies and
Jimenez, 1980) (500flg/ml) (Gibco) was added
and exchanged every 4-5 days. Colonies resistant
to G418 were picked using cloning cylinders and
transferred to 24 well plates and expanded.
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Reagents

The following antibodies were used for labeling:
anti-SV40 large T (PAb 412) (Harlow et al., 1981);
mouse antikeratin (LE61) (Lane, 1982); polyclonal
rabbit antikeratin (Sigma, Poole, U.K.); goat anti-
vimentin (ICN Biomedicals, Inc., High Wycombe,
U.K.); rat antimouse thymic epithelial com-
ponents: ER-TR4 and ER-TR5 (van Vliet et al.,
1984); rat antimouse dendritic cells: NLDL-145
and MIDC-8 (Kraak et al., 1986; Breel et al., 1987);
anti-CD45 common determinant (M1/9.3)
(Springer et al., 1978); anti-Thyl.1 (HO22.1)
(Ledbetter and Herzenberg, 1979); anti-Thyl.2
(30-H12) (Marshak-Rothstein et al., 1979); Mac-1
(Springer et al., 1979); anti-class I (HB24, 15-5-5S;
anti-Dk, KU’f; mouse IgG2a) and anticlass II antigen
(Tib 120, M5/114.15.2; anti-I-Ab’d’q and I-Ed’k; rat
IgG2b), both from ATCC; FITC conjugated swine
antigoat Ig (Tago), sheep antimouse Ig (Sigma),
and goat antirat Ig (Nordic Immunological
Laboratories Ltd., Maidenhead, U.K.). IFN was
obtained from Genzyme Biochemicals Ltd.
(Springfield Mill, U.K.). Biotinylated Ulex euro-
peus agglutinin (UEA) and FITC-conjugated
Tetragonolobus purpureas agglutinin (TPA)
were purchased from Sigma. Phycoerythrin-avi-
din (PE-avidin) was obtained from Biogenesis
(Bournemouth, England).

Immunofluorescence

Isolated cells to be tested for expression of cyto-
plasmic antigens were grown on glass cover slips
in 24 well plates. Subconfluent cultures were
washed in PBS, fixed in acetone:methanol (3:1),
air dried, incubated with primary antibodies for
30 min at RT, washed in PBS and incubated with
FITC-conjugated second-layer antibodies for
30 min at RT. After washing (1 hr at 4C), stain-
ing was visualized by fluorescence microscopy.
Cells to be assayed for expression of surface
antigens and lectin binding were stained in sus-
pension. Cells were harvested with versene
(EDTA-PBSA) washed in cold medium and kept
on ice. Cells were incubated with primary anti-
bodies or conjugated lectins for 30 min on ice,
washed three times in cold buffer (PBS-A, 0.2%
bovine-serum albumin), and incubated with
FITC-conjugated or PE-avidin second-layer
reagents. Cells were washed three times and ana-
lyzed on a FACScan (Becton Dickinson).

Growth Kinetics of Clones at Permissive and
Nonpermissive Temperature

SV40 large T (ts) clones and Ela clones were
plated in 60-mm dishes at a density of 2104
cells/dish. Cells were allowed to attach over-
night, at 33C (ts clones) and at 37C (Ela clones).
Next day, some ts dishes were switched to 39C
and some Ela dishes to 33C and 39C, and cells
were cultured for 8-10 days. At different time
points, individual plates were trypsinized and
viable cells counted.

Cytochemical Staining

Stromal cells were isolated by trypsinization.
Clones were cytocentrifuged, air dried, and fixed
in formalin vapor for 5 min and stained for non-
specific esterase using standard techniques
(Gomori, 1950).

Rosetting

The rosetting was performed at 4C using a cell-
suspension assay. Briefly, stromal cells
(harvested with versene) and unfractionated
adult thymocytes (from BALB/c mice) were
mixed 1:12 in a total volume of 200/1 and incu-
bated on ice for I hr. The mixture was centri-
fuged at 200 g for 5 min, the pellet gently resus-
pended, and the number of rosettes scored using
a hemocytometer.

Electron Microscopy

Stromal cells were grown to confluence in 60-mm
petri dishes, fixed in 2.5% glutaraldehyde, post-
fixed in 1% osmium tetroxide, dehydrated
through graded ethanol, and embedded in resin.
Sections were cut (90 mm) and visualized in a
Zeiss EM10 electron microscope.
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