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Thymic tumors were induced in C3H/Bittner mice
by neonatal inoculation with polyoma virus. The
objective of this study was to identify the pheno-
types ofthe cells within the tumors and to attempt
to determine the origin ofthe neoplastic cellpopu-
lation(s). At the ultrastructural level, the neoplas-
tic cells resembled normal thymic epithelium with
tonofilaments and desmosomes. Immunoperoxi-
dase staining demonstrated the presence of cyto-
keratin, Iak,k 2-microglobulin, asialo-GM1, the
thymic cortical epithelial marker ER- TR4, and the
medullary epithelial marker ER-TR5. Islands of
normal cortical thymocytes supported by residual
normal cortical epithelium and acidphosphatase-
positive cortical macrophages were interspersed
in the tumors. Residual islands of normal medul-
lary architecture with nonspecific esterase-positive
IDCs were rarely identified in tumors. Most lym-
phocytes in the tumors were normal immature cor-
tical thymocytes with the phenotype Tdt+, PNA+,
Thy.l. 2bwgbt, Ly- dull, H 2Kk dull, TB+, Jl Id+, and
Lyt-2+L3T4+. Lymphocytes in the tumors were ste-
roid-sensitive like normal thymocytes. Thepropor-
tions of Lyt-2+L3T4- and Lyt-2-L3T4+ cells were
generally larger in the tumors than in normal thy-
mus and reflected the higherfrequency oflympho-
cytes in the tumors capable ofproliferating in vitro
in response to Con A plus IL-2. The data were con-
sistent with the hypothesis that the neoplasia origi-
nates from thymic epithelium that is interspersed
with normal, developing thymic lymphocytes. (Am
JPathol 1989, 135:679-695)

The thymus, composed of both lymphoid and nonlym-
phoid cells, is the primary lymphoid organ in which early
T cell developmental events take place. The nonlymphoid

elements, ie, epithelial cells, cortical macrophages, and
medullary interdigitating cells (IDCs), are involved in es-
tablishing intrathymic microenvironments. In these micro-
environments, thymocytes proliferate, express clonal di-
versity, differentiate, and are subjected to clonal selective
pressures to give rise eventually to a pool of emigrants
capable of establishing the peripheral mature T cell com-
partment.1-11 The architectural organization of the thymus
is believed to orchestrate the sequence of intrathymic de-
velopmental events. 12-17

An approach to understanding thymic microenviron-
ments might be to unravel the architectural complexity.
Both naturally occurring and experimentally induced
thymic epithelial tumors were used as models for dissect-
ing intrathymic lymphocyte maturation steps.18- Disrup-
tion of thymic stromal architecture by neoplastic progres-
sion can conceivably have an effect on thymocyte devel-
opment. (Note: The term thymoma is used frequently, but
perhaps inappropriately, to describe thymic tumors in
which the lymphoid component of the thymus is neoplas-
tic. These types of tumors should be described as thymic
lymphomas or thymic leukemias, whereas the term thy-
moma should be reserved for those tumors in which the
thymic epithelial component gives rise to the tumor. Al-
though the tumors used in this study are true thymomas,
we refrained from using this term because its application
to a variety of cytologically and biologically different neo-
plasms has led to confusion.18)
We studied an in vivo tumor model, in which neonatal

C3H/Bittner mice injected with the PTA-5 strain of poly-
oma (Py) virus develop epithelial tumors.-9Y32 The effi-
ciency of thymic tumor induction is high. Data are pre-
sented here regarding the histology of these primary
thymic tumors and the phenotype of the thymocytes con-
tained within the epithelial tumors.
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Materials and Methods

Animals and Tumor Induction

C3H/Bittner mice, originally obtained from Dr. B. Amos,
Duke University Medical School, were bred at our institu-
tion. Neonates aged 1-2 days old were reared in isolation
from the main breeding colony once injected subcutane-
ously with 50 lil of a stock of Py virus, which had been
titered in a plaque-forming assay, on NIH 3T3 monolayers,
at 108 to 109 PFU/ml after 10 days. The seed virus stock,
2PTA-5, was an uncloned fifth serial passage in P388D1
cells, of a wild-type Py virus provided by Dr. C. J. Dawe,
Harvard Medical School.32

Steroid-Induced Acute Thymic Involution

Acute thymic involution was induced by injecting each
animal intraperitoneally with 4 mg of hydrocortisone
(Sigma Chemical Co., St. Louis, MO) emulsified in 0.5 ml
of corn oil.

Preparation of Cells for Flow Cytometry

Cell suspensions were obtained by pressing tissue
through a 40-mesh wire screen (Thomas Scientific,
Swedesboro, NJ). Debris was removed after settling for
10 minutes at 1 g, the suspension was pelleted and
treated with ammonium chloride-TRIS for 1 minute to lyse

erythrocytes, after which it was washed twice in cold
RPMI 1640.33

Single-Color Staining

Cells were incubated with a saturating amount of primary
reagent for 30 minutes at 4 C and washed twice with PBS
containing 1 % fetal bovine serum (FBS) and 0.1% sodium
azide (PBS-azide). Cells were then stained with a saturat-
ing amount of the appropriate secondary reagent for 30
minutes at 4 C, eg, fluoresscein isothiocyanate (FITC)-
goat anti-rat IgG, FITC-goat anti-mouse IgG, or FITC-avi-
din. After two washes with PBS-azide, samples were incu-
bated with 1 ug/ml of propidium iodide (Sigma) just before
analysis on a Cytofluorograf Model 50H with 2150 com-

puter (Ortho Diagnostics, Westwood, MA) using an argon
laser emitting at 488 nm. Particles that fluoresced red,
having absorbed the propidium iodide, were considered
dead and electronically excluded from the analysis.34

Two-Color Staining

For the simultaneous detection of L3T4 and Lyt-2, cells
were exposed to the following sequence of reagents: 1)
anti-L3T4 culture supernatant, 2) affinity-purified FITC-
goat anti-rat IgG (H+L), 3) normal rat 1g (an (NH4)2SO4 salt
cut) plus biotinylated rat anti-Lyt-2, and 4) phycoerythrin-
avidin (PE-avidin). Each incubation was for 20 minutes at
4 C followed by two washes in PBS-azide.

Monoclonal Antibodies

Anti-L3T4, clone GK 1 5,35 and KJ16-1333 were provided
by Drs. J. Kappler and P. Marrack (National Jewish Hospi-
tal, Denver, CO). Anti-Lyt-1, clone 53.7.313,37 anti-Lyt-2,
clone 53-6.7,37 and anti-lAk, clone 10-2.1638 were pro-
vided by Dr. E. Vitetta (University of Texas Southwestern
Medical Center at Dallas, Dallas, TX). Anti-H-2Kk, clone
S.17.71,39 was provided by Dr. J. Forman (University of
Texas Southwestern Medical Center at Dallas, Dallas,
TX). Anti-human cytokeratin, clone BG-1 2,4 which cross-
reacts with mouse cytokeratin, was provided by Dr. T.
Doran (Mary Kay Cosmetics, Dallas, TX). Anti-mouse ,B-2
microglobulin, clone 23,41 was provided by Dr. M. Soloski
(University of Texas Southwestern Medical Center at Dal-
las, Dallas, TX). Clones ER-TR4 and ER-TR515 were pro-
vided by Dr. W. van Ewijk (Erasmus University, Rotter-
dam, NL). Biotinylated anti-Thyl.2, clone 30-H-12,3 was
purchased from Becton-Dickinson (Mountain View, CA).

Other Reagents

Rabbit anti-asialo GM1 was purchased from Wako Chemi-
cals, USA (Dallas, TX). FITC-PNA, FITC-avidin, and PE-
avidin were purchased from Vector (Burlingame, CA),
whereas FITC-goat anti-rat IgG (H+L specific), and FITC-
goat anti-mouse IgG (H+L specific) were purchased from
Cappel (West Chester, PA).

Preparation of Frozen Sections

Fresh tissue was frozen in 2-methylbutane at -70 C and
embedded in OCT compound for sectioning. Six-micron
sections were fixed for 5 minutes in ice-cold acetone.

Histochemical Techniques

Nonspecific esterase staining was performed according
to the method of Yam et a142; acid phosphatase staining
was performed according to the method of Barka et al.43
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Immunoperoxidase Method

Sections were incubated overnight with primary antibody
diluted 1:10 in PBS and then washed three times for 5-
minute intervals in cold PBS. Next, sections were incu-
bated for 90 minutes with peroxidase-conjugated sec-
ondary antibody diluted 1:10 in PBS. After three more
washes in cold PBS, sections were developed for 15 min-
utes in the Hanker-Yates substrate44 dissolved in PBS.

Tdt Staining

Cytocentrifuge preparations were stained for terminal
deoxyribonucleotidyl transferase (Tdt) using a Tdt-immu-
nofluorescence kit (Supertechs, Inc., Bethesda, MD) that
was the gift of Dr. Fred Bollum.

Electron Microscopy

Tissues were fixed in 2.5% glutaraldehyde and 1% formal-
dehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 2
hours; postfixed for 1 hour in 2% osmium tetroxide in the
buffer; dehydrated in graded acetone-water; and embed-
ded in 27.3% Araldite epoxy resin 502, 18.8% Polybed
812, 52.8% dodecenylsuccinic anhydride, and 1. 1%
DMP-30 (Polysciences, Warrington, PA). Sections stained
with 5% uranyl acetate and Reynold's lead citrate were

examined with a JEOL JEM 1 OOB electron microscope.

Cell Culture and Limiting-Dilution Analysis

The frequency of cell proliferation in response to Con A,
IL-2-containing supernatant, and splenic accessory cells
(SAC) was determined using limiting-dilution analysis with
linear regression statistical analysis. The complete culture
medium used and the method for generation of irradiated
SAC cultures have been described previously.45 Briefly,
variable numbers of fresh thymocytes, lymphocytes from
tumors, or spleen cells were added in 10 MI per SAC-con-
taining well of medium supplemented with 2,g/ml Con
A and 50% IL-2-containing supernatant. (IL-2-containing
medium was prepared by culturing 5 x 1 06 C3H/Bi spleen
cells in complete culture media supplemented with 2 Mg!

ml Con A at 37 C and harvesting the supernatant after 24
hours.) Wells were scored positive or negative for prolifer-
ation after 7 days of culture by visual inspection using a

Leitz inverted phase microscope. Tissue explants were

cultured in 60-mm Petri dishes (Falcon) with complete cul-
ture medium in a 37 C incubator with 5% Co2.

Table 1. Tumor Incidence at Necropsyfor C3H/BI Mice
Injected with PTA-5 as Neonates

Total Incidence Incidence
animals from from
with birth 3 weeks

Tumors tumors (N = 303) (N = 230)

Thymic 140 46.2% 60.9%
Hair follicle 78 25.7% 33.9%
Mammary gland 35 11.6% 15.2%
Salivary gland 60 19.8% 26.1%
Miscellaneous

(thyroid, prostate,
renal) 4 1.3% 1.7%

Total 205 67.7% 89.1%

Results

Necropsy Data: Neonatal Infection With Py
Induces Thymic Tumors

As shown in Table 1, 67.7% of the C3H/Bittner mice in-
jected with PTA-5 developed tumors. Four tumor types
were seen commonly: thymic tumors, hair follicle tumors,
mammary gland tumors, and salivary gland tumors. Two
or more of these tumor types were observed often in indi-
vidual animals (data not shown).

The presence of thymic tumors could be detected 1
to 2 weeks before death because the affected animals
developed breathing difficulty as the tumors displaced
other thoracic organs. In Figure 1, the gross necropsy of
an animal with a typical thymic tumor is contrasted to a
normal necropsy. An average thymic tumor weighed ten
times more than a normal thymus (Table 2). These tumors
commonly contained more lymphocytes than age-
matched control thymuses, although due to the larger
mass of tumors the tumors were lymphopenic relative to
normal thymuses (Table 3).

Histology of Py-Induced Thymic
Epithelial Tumors

The tumors are similar in histologic appearance to human
spindle cell thymomas.28 In Figure 2, the microscopic ap-
pearance of a C3H/Bittner thymic tumor, with large homo-
geneous areas of epithelium interspersed with islands of
lymphocytes, is shown. Mitotic figures are evident among
the epithelial cells. Although the microscopic appearance
suggested a high grade of neoplasia, these tumors were
never metastatic, and rapid death of the animals was due
to local compressive effects of the tumors. The epithelial
cells had larger, less basophilic nuclei than lymphocytes.
Keratin pearls, frequently present in squamous carcino-
mas, and Hassal's corpuscles, present in normal thymic
medulla, were not evident in these tumors. In very large
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Figure 1. A: A necropsy ofa normal 6-week-
old C3H/Bi is shown for comparison. The
thymus weighed 48.5 mg. B: A necropsy of
a 6-week-old C3H/Bittner injected with
polyoma virus 1 day after birth; when
killed, this animal was showing signs ofse-
vere dyspnea. The thymic tumor weighed
535 mg. In many ofthe tumor-bearing ani-
mals, such as this example, both lobes ofthe
thymus were enlarged by tumor. All of the
thymic tumors necropsied were encapsu-
lated without extension to adjacent vis-
cera.

-
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thymic epithelial tumors, areas of infarction and dystro-
phic calcification were identified. The thymic capsule was
thickened, from one- or two-cell layers surrounding nor-
mal thymus, to six- to eight-cell layers. The tumors fre-
quently invaded beyond the margin of the residual thymic
capsule, yet did not adhere to nearby organs.

In Figure 3, the ultrastructural appearance of a thymic
epithelial tumor is shown. It was essentially identical to
that of normal thymic epithelium with little evidence for a

Table 2. Thymic Tumor Statistics

Thymic tumor mass (mg), 643 ± 275* (N = 78)
Normal thymus mass (mg), 55 ± 9.7* (N = 19)
Age at necropsy, 87 ± 40 days* (range, 36 to 219 days)
Lymphocytes/tumor, 1.02 ± 0.3 X 10 cells* (N = 17)
Lymphocytes/normal thymus, 3.3 ± 1.4 X 107 cells* (N = 12)

* Mean + SD.

secretory function because of a paucity of organelles and
rough endoplasmic reticulum. Tonofilaments and desmo-
somes confirmed the epithelial nature of these tumors.

Immunohistologic and histochemical techniques were
employed to examine how stromal organization was al-
tered in the tumors compared with normal thymus and
involuted thymus of steroid-treated mice (Figure 4). In cor-
tisone-induced thymic involution, because the cortex is
almost completely depleted of lymphocytes, stromal or-
ganization appears more obvious due to the condensa-
tion of cortical stromal elements.

An anticytokeratin MAb was used to demonstrate the
distribution of all epithelial cells. In normal thymus (Figure
4A), the cortical epithelial cells showed a diffuse dendritic
distribution, whereas the medullary epithelial cells ap-
peared as condensed areas.46 The tumor was dominated
by areas of solid tumor epithelium (TE) interspersed with
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Table 3. Cellularity ofThymic Tumors

Tumor Sex Age (days) Organ mass (mg) Lymphocytes (X107) Cellularity index*

Normal thymuses
(N = 17) M 42-56 (range) 56.2 ± 4.7t 3.98 ± 0.80t 7.10 ± 1.44t

Individual thymic
tumors

M 73 1,038 2.72 0.26
M 53 747 2.60 0.35
F 83 538 2.47 0.46
M 99 726 3.81 0.52
M 82 612 3.32 0.54
M 68 477 2.89 0.60
F 65 595 3.99 0.67
M 45 700 5.52 0.79
M 79 773 6.17 0.80
M 47 210 2.10 1.00
M 73 584 6.73 1.15
F 56 837 17.60 2.10
M 47 585 15.10 2.58
F 79 798 25.50 3.20
F 88 170 8.96 5.27
F 62 580 34.10 5.88
M 62 414 31.30 7.56

Cellularity index, lymphocytes/organ mass (cells X 1 05/mg tissue).
t Mean ± SD.

infrequent islands of lymphocytes (LY) supported by a
dendritic epithelial network (Figure 4B).

Normal thymus stained with antiheAn (Figure 40)
showed the same staining pattern as the anti-cytokeratin

MAb, because practically all thymic epithelial cells are
la'.47 With hydrocortisone treatment (Figure 4D), the loss
of cortical thymocytes caused the cortical epithelium to
compact into a confluent la+ zone; the epithelium-rich me-

Figure 2. H&E-stained paraffin section ofpolyoma virus-induced thymic epithelial tumor. Large areas are composed ofpolygonal
epithelial cells without lymphocytes. This section illustrates two islands of lymphocytes surrounded by tumor epithelium. Several
epithelial mitoticfigures are seen in thisphotograph. TE, a region oftumor epithelium; L YK an island oflymphocytes.
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Figure 3. An electron micrograph ofnormal medullary thymic epithelium (A) and tumor epithelial cells (B). There are no ultrastruc-
tural differences between thymic tumor epithelium and normal thymic epithelium. The cell nuclei are large and oval tofusiform in
shape. Cytoplasmic organelles are lacking. The scarcity ofrough endoplasmic reticulum, vacuoles, and Golgi suggests that extracel-
lular secretion is not a significant activity of these cells. Several desmosomes are present in the photo but are difficult to discern at
this magnification. Arrows point to desmosomes (A and B, original magnification X4000). Inset: A desmosome intercellular bridge
with radiating tonofilaments is seen in this electron micrograph oftumor epithelium. Thepresence ofdesmosomes and tonofilaments,
which were also detected by cytokeratin immunoperoxidase staining confirms the epithelial nature ofthese tumors (original magni-
fication X90,000).

dulla was also la'. Clusters of intensely la' cells in the
medulla close to the cortico-medullary (c-m) junction in
involuted thymus corresponded to the nonspecific ester-
ase-positive population of IDCs (vide infra). Tumor sec-
tions stained with anti-lAk (Figure 4E) showed a staining
pattern similar to anti-cytokeratin (Figure 4B).

An anti-42-microglobulin (f32M) MAb, detecting all
Class MHC antigens, stained normal medullary epithe-
lium intensely but cortical epithelium weakly (Figure 4F).
However, cortical blood vessels were prominently high-
lighted. Anti-,32M reacted with all epithelial elements of ste-
roid-involuted thymus (Figure 4G). Within the tumors, solid
areas of neoplastic epithelium stained homogeneously
with anti-32M, whereas only blood vessels were stained
within lymphocyte-rich regions (Figure 4H).
We showed4 that an anti-asialo-GM1 antiserum reacts

with all murine thymic epithelial cells in the medulla and a
substantial number of the la+ epithelial cells in the cortex
(Figure 41). In serial sections, tumor epithelium that ap-
peared homogeneous when stained with hematoxylin
and eosin (H&E) was revealed with anti-asialo-GM1 to
have heterogeneity, with areas of heavy staining, areas of
stippled staining, and areas of no staining (Figure 4J). This
same heterogeneity was revealed using two MAbs that
differentiate between thymic cortical and medullary epi-
thelium. ER-TR4-stained normal cortical epithelium (Fig-
ure 4K), whereas ER-TR5 stained normal medullary epi-
thelium (Figure 4N) on normal thymus.15 The staining dis-
tribution of these two reagents was more discrete on
sections of mouse thymus after hydrocortisone-induced
involution because of epithelial condensation with loss of
lymphocytes (Figure 4L, 0). Thymic tumors stained with
ER-TR4 and ER-TR5 showed heterogeneous reactivity
similar to anti-asialo GM1 reactivity on these tumors (Fig-
ure 4M, P). Within islands of lymphocytes, the epithelium
was ER-TR4+, ER-TR5- (not shown), ie, identical in phe-
notype with normal cortical epithelium. After examining
many thymic epithelial tumors, our impression was that
these lymphocyte-rich islands, which often abutted the
tumor capsule, represented normal cortical thymic tissue
pushed to the periphery of the tumor with its expansion.

Two nonepithelial stromal cell types believed to play
a role in T cell maturation are thymic macrophages and
IDCs.49-5 Murine thymic macrophages were localized by
staining for acid phosphatase, an enzyme present in lyso-
somes. In the normal thymus, macrophages with intense

acid phosphatase activity were scattered throughout the
cortex with accumulation along the cortical side of the c-
m junction, whereas IDCs in the medulla stained weakly
for acid phosphatase (Figure 4Q). The cortical distribution
of thymic macrophages was retained with steroid-in-
duced involution (Figure 4R). Macrophages in the tumors
were localized to the islands of residual normal thymic cor-
tex (Figure 4S). Weak acid phosphatase activity was pres-
ent, however, throughout the tumors, being present in the
neoplastic epithelial cells.

Conversely, intense staining for nonspecific ester-
ase in the normal murine thymus was localized to IDCs,
which were exclusive to the thymic medulla, whereas
weak nonspecific esterase staining identifies cortical
thymic macrophages (Figure 4T). In steroid-involuted
thymus, nonspecific esterase activity remained local-
ized in the medulla, typically along the medullary side
of the c-m junction (Figure 4U). Comparisons of serial
sections from involuted thymus stained with anti-lAk
and nonspecific esterase indicated that IDCs are re-
sponsible for the pattern of very intense IAk-staining
along the medullary side of the c-m junction. Only one
tissue block examined from seven tumors was found to
have a lymphoid island containing intensely nonspecific
esterase positive IDCs identifying an island of normal
thymic medulla (Figures 4 and 5). The rarity of such nor-
mal medullary islands suggested that normal thymic
medulla was commonly distorted or obliterated by the
expanding intrathymic tumor mass, whereas normal
cortical islands were pushed outward by the tumor but
remained intact. Weak nonspecific esterase activity
was found uniformly in the tumor epithelial cells.

Lymphocytes within the tissues were visualized with
an anti-Lyt-2 mAb. Lyt-2, which is expressed on most cor-
tical thymocytes,54displayed a homogeneous lymphoid
staining pattern in normal thymic cortex. Because only
one of three medullary lymphocytes are Lyt-2+, the normal
thymic medulla had a stippled appearance (Figure 4W).
With hydrocortisone-induced thymic involution, the nor-
mal medullary stippled pattern of Lyt-2 staining was re-
tained; however, the cortex was depleted of all Lyt-2+ lym-
phocytes (Figure 4X). In thymic epithelial tumors, islands
of normal cortical lymphocytes also stained uniformly with
anti-Lyt-2 (Figure 4Y). Additionally, anti-Lyt-2 staining re-
vealed that areas of tumor epithelium (TE) contained a
sparse population of lymphocytes.
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Figure 4. These photographs representfrozen sections stained by immunoperoxidase and histochemical techniques. The panels on
the left side (normal thymus) are examples of thymus from normal 6-week-old C3H/Bittner mice; the middle column (steroid-
induced thymic involution) shows thymus harvested 3 days after bolus injection of4 mg intraperitoneally ofhydrocortisone; and
the panels on the right (thymic epithelial tumor) are thymic epithelial tumors generated by injection of neonates with polyoma
virus. C, thymic cortex; M, thymic medulla; TE, tumor epithelium; L Y, island ofcortical lymphocytes in tumor. Insets are low-magni-
fied views of the entire tissue sectionsfor orientation. A and B: Anti-cytokeratin. A: Cytokeratin staining ofnormal thymus shows a
dendritic epithelialpattern in the cortex and an isolated region ofdenser medullary staining. B. An area ofsolid tumor epithelium
(left side ofphoto) stains densely with anti-cytokeratin, whereas a lymphocyte-rich region (right side ofphoto) shows dendritic
staining like normal thymic cortex. C, D, and E: Anti_Iak. C: IA" expression of normal thymic cortex is demonstrated by dendritic
staining, whereas medullary areas show partially confluent staining, similar to -staining with -anti-cytokeratin. D: IAk" staining of
steroid-involuted thymus shows a confluent staining ofcortex due to loss oflymphocytes; medulla also stains confluently with IDCs
at the c-mjunction staining very intensely. E: An area ofsolid tumor epithelium (left side ofphoto) stains intensely with IA", whereas
a lymphoid island (right side ofphoto) shows dendritic staining like normal cortex. F, G, and H: Anti-gIM. F: In normal thymus, anti-
A,lM stains cortical blood vessels intensely, but only weakly stains the cortical epithelial network, whereas it stains the medulla with
a partially confluent pattern. G: Anti-ftuM stains steroid-involuted thymus in a confluent manner (both cortex and medulla) with
IDCs staining intensely at the c-m junction. H: Anti-j,,M stains solid areas oftumor epithellum intensely, whereas only blood vessels
show staining in lymphocyte-rich areas.
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Figure 4. 1, J: Anti-asialo-GM,. 1: Anti-asialo-GM, stains scattered normal cortical epithelial cells (left side ofphoto) and stains me-
dulla semiconfluently (right side ofphoto). J: Anti-asialo-GM, stains continuous areas oftumor epithelium (which is the entirephoto)
in heterogeneousfashion. K, L, and M: ER-TR4. K: ER-TR4 stains the normal cortical dendritic epithelial network intensely (left side
ofphoto) while only staining a small subset ofmedullary cells. L: With steroid involution, ER-TR4 stains the condensed cortical rim
ofepithelium intensely in confluentfashion while staining a small subset of medullary epithelium. M: ER-TR4 stains solid areas of
tumor epithelium (the entirephoto) in a heterogeneousfashion. N, 0, andP: ER-TR5. N: Only afew cortical epithelial cells stain with
ER-TR5 (left side ofphoto) in normal thymus, whereas a large number of medullary epithelial cells stain intensely (right side of
photo). 0: With steroid involution. ER-TR5 continues to stain medullary areas intensely but only stains scattered cortical epithelial
cells, despite the cortical epithelium being condensed by involution. P: ER-TR5 shows heterogeneous staining on solid tumor epithe-
hum (the entire photo).
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Figure 4. 0, R, andS: Acidphosphatase. Q: Intensely acidphosphatase-stained macrophages are scattered throughout tbe cortex, but
are concentrated at the c-m junction, whereas weaker staining IDCs arepresent in the medulla. R: With steroid involution, cortical
thymic macrophages become more concentrated as lymphocytes are depletedfrom the cortex; few acid phosphatase-positive cells
are present in the medulla. S: In a thymic tumor, numerous intensely staining acidphosphatase-positive macrophages are present
in a lymphoid island (right side ofphoto), whereas they are more scattered in epithelial areas (left side ofphoto). T, U, and V:
Nonspecific esterase. T: Esterase-positive IDCs are present only in the thymic medulla. U: With steroid involution, esterase-positive
IDCs remain on the medullary side ofthe c-m zone. V: A rare island ofmedulla with Iymphocytes and esterase-positive IDCs is seen
within a thymic tumor (top ofphoto). W, X, and Y: Anti-Lyt-2. W: Anti-Lyt-2 stains nearly all cortical thymocytes (left side ofphoto)
in normal thymus, whereas only scattered Lyt-2-positive cells are present in the medulla (right side ofphoto). X: With steroid involu-
tion, the cortex (top ofphoto) is almost entirely depleted ofLyt-2-positive lymphocytes, whereas numerous Lyt-2-positive lymphocytes
are present in the medulla (bottom ofphoto). Y: Cortical islands rich in lymphocytes stain homogeneously with anti-Lyt-2 (left side
ofphoto), whereas, in areas ofsolid tumor epithelium, only scattered lymphocytes are stained (rightside ofphoto).
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Figure 5. Fluorescence intensity profilesfor a panel ofmurine
T cell epitopes compare lymphocyte suspensions obtainedfrom
normal thymus (-), a thymic epithelial tumor (- - -), by-
drocortisone-induced involution of normal thymus (.---- ),
and hydrocortisone-induced involution ofa thymic epitbelial
tumor (-. -. -.). A: Anti-Tbyl.2. B: Peanut agglutinin (PNA).
C: Anti-Lyt-1. D: KJ16-133. E: Anti-Lyt-2. F: Anti-L3T4. G: Anti-
H-2Kk. H: Anti_-Ak.

Phenotype of Lymphocytes in Thymic
Epithelial Tumors

Cortical thymocytes, which represent 70% of all thymo-
cytes, have a unique phenotype that discriminates them
from medullary thymocytes, cortisone-resistant thymo-
cytes (CRTs) and resting peripheral T cells. Cortical thy-
mocytes are Thyl.2bright, Lyt_1dim, MHC Class Idim PNA+,
J 1 d+, mostly ThB+, Tdt+, and coexpress L3T4 and Lyt-
2. In contrast, the three more mature cell populations are

Thyl 2moderate, Lyt-1 bright, MHC Class bright, PNA-, J 1 d,
ThB-, Tdt-, and are either Lyt-2+L3T4- or Lyt-2-L3T4+.`4-58

Histologic studies suggested that the tumors con-

tained regions of preserved thymic cortex with distortion
or obliteration of medullary architecture by tumor growth.
We studied the phenotype of the lymphocytes within the
tumors to determine if the neoplastic epithelium had an

effect on lymphocyte development.
Lymphocytes obtained from three thymic tumors were

compared with lymphocytes from normal thymus for intra-
cytoplasmic staining with anti-Tdt.59 More than 80% of the
lymphocytes from the tumors were Tdt+, a characteristic
of cortical thymocytes (data not shown).

Flow cytometric analysis of tumor-derived lympho-
cytes identified a cell surface phenotype typical of cortical
thymocytes (Table 4). Significant fractions of cells from
tumor T30 were PNA+, J 1 d+, and ThB+. Moreover, the
high frequencies of the L3T4+ and Lyt-2+ cells in the tu-
mors T30, T25, and T26 suggested the presence of an
L3T4+Lyt-2+ population (vide infra).

Fluorescence intensity profile comparisons were
made between lymphocytes in the thymic epithelial tu-
mors, normal thymocytes (predominantly immature corti-
cal thymocytes), and CRTs. Most lymphocytes from both
a thymic tumor and a normal thymus were Thyl .2bnght, Lyt-
1 dull, H-2Kk dull and PNA+ (Figure 5). Of normal thymo-
cytes, 2% to 3% in the C3H/Bittner strain and 2% to 3%
of tumor lymphocytes stained with KJ16-133 MAb, which
recognizes a subset of T cell receptors. In comparison,
cortisone-resistant thymocytes were Thyl.2duI, Lyt-1 bright,
H-2Kk bright, and PNA-; and 20% of the CRTs were
KJ1 6-133+.

Demonstration of Double-Positive
Lymphocytes in the Tumors

Two-color analysis for the simultaneous detection of the
Lyt-2 and L3T4 markers indicated that the tumor lympho-
cyte population contained a large subset of double-posi-
tive L3T4+Lyt-2+ cells (Figure 6), as suggested by the
overlap of L3T4+ cells and Lyt-2+ cells detected in single-
color analysis. The presence of L3T4+Lyt-2- and L3T4-
-Lyt-2+ subsets suggested that a medullary thymic com-
partment was also present in the tumors. Four of five tu-
mors reported in Table 5 had a smaller fraction of double-
positive cells and larger fractions of single-positive cells
than normal thymus. The ratio of L3T4+Lyt-2- to L3T4-
-Lyt-2+ cells was lower in these four tumors than the ratio
in normal thymus. This data showed that the medullary
thymocyte compartment was enlarged compared with
the cortical compartment in most of the tumors. An actual
expansion of the medullary microenvironment by the neo-
plastic process might have occurred.

Steroid Responsiveness

An animal with a thymic tumor was injected with a bolus
of hydrocortisone three days before it was killed. The flu-
orescence intensity profiles of cortisone-resistant lympho-
cytes from this tumor were identical to those of CRTs ob-
tained from a normal animal treated similarly (Figure 5).
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Table 4. The Cell Surface Phenotype ofLymphocytes Obtainedfrom Thymic Epithelial Tumors

Lymphocytes from individual thymic tumors (%)

Surface marker Normal thymus* T30 T25 T26 T12 T14 T16 T17

Thy 1.2 97 88 97 92 91 93 88 95
Lyt-1 92 91 94 95 91 92 87 93
Lyt-2 89 78 85 69 88 82 78 82
L3T4 90 74 93 71 ND ND ND ND
PNA 84 63 92 93 71 94 70 63
J1ld 86 66 ND ND ND ND ND ND
ThB 65 49 ND ND ND ND ND ND
H-2Kk 76 88 67 79 90 85 84 80
IAk 28 ND 47 40 57 35 34 33

* Thymocyte cell suspension obtained from normal 6-week-old C3H/Bi thymus. An average from two experiments is reported.
ND not done.

Frequency of Functionally Mature
Lymphocytes in the Tumors

Because there was a greater proportion of single-posi-
tives, ie, Lyt-2+L3T4- and Lyt-2-L3T4+ cells, to double-
positives, ie, Lyt-2+ L3T4+ cells, we reasoned that there
might have been a higher frequency of lymphocytes ca-
pable of proliferating in response to Con A plus IL-2-con-
taining supernatants in the tumors than in normal thymus.
In Table 6, the frequency of proliferating lymphocytes
from two thymic tumors was less than the frequency in
normal spleen but was significantly higher than the fre-
quency in normal thymus. Both of these tumors had a
higher fraction of single-positive lymphocytes than did the
normal thymus. The frequency of proliferating cells in a
third tumor was similar to that occurring in the normal thy-
mus, consistent with the low fraction of single-positive
cells in this tumor.

Establishment of Thymic Tumor
Explants In Vitro

Thymic tumor fragments formed adherent explants with
epithelial characteristics after two to three weeks in pri-
mary culture (Figure 7). Tonofilaments and desmosomes
were identified by electron microscopy (data not shown).

Discussion

Thymic epithelium plays a significant role in the intra-
thymic development of T lymphocytes, although a precise
understanding of the events is lacking. One avenue for
the study of normal thymic epithelium function has been
the study of thymomas, ie, thymic epithelial tumors.

Human thymic epithelial tumors can be associated
with other diseases, in particular, myasthenia gravis, pure
red blood cell aplasia, acquired hypogammaglobulin-
emia, and a variety of autoimmune diseases.' These hu-
man thymic epithelial tumors display considerable histo-
logic variation in both epithelial morphology and in the ra-
tio of the epithelial tumor component to the normal
lymphocyte component.2eel In general, human thymic ep-
ithelial tumor-associated lymphocytes are phenotypically
similar to normal cortical thymocytes ie, T4+T8+, T6+,
Ti 1+, Tdt+, T3-, PNA+,25'62 although there was one report
of a human thymic epithelial tumor infiltrated predomi-
nantly with large immature prothymocytes.26 Phenotypic
variation in the ratio of cortical thymocytes to medullary
thymocytes appears to be correlated with the functional
ability of the tumor-associated lymphocytes to respond
to PHA by proliferation in culture. Tumors with a greater
percentage of T3+T6-PNA- medullary-type thymocytes
respond better to mitogen in culture than do tumors with
a larger fraction of T3-T6+PNA+ cortical-type lympho-

Figure 6. Two color fluorescence cyto-
gramsfor(A) lymphocytesfrom normal thy-
musand(B) lymphocytesfrom a thymic epi-
thelial tumor. Lyt-2-staining fluorescence
(red) is on the Y-axis, whereas L3T4 stain- L
ingfluorescence (green) is on the X-axis. y
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Table 5. Two Color Flow Cytometric Analysis ofLYT-2 and L3T4

Ratio of
Sources of L3T4+Lyt-2+ (%) L3T4-Lyt-2+ (%) L3T4+Lyt-2- (%) (L3T4+ only/ Ratio of
lymphocytes (double positive) (Lyt-2 only) (L3T4 only) Lyt-2+ only) double positive/Single

Normal thymus 1 81.9 2.8 7.2 2.57 8.19
Normal thymus 2 75.1 3.0 14.5 4.83 4.29
Normal thymus 3 72.5 3.1 8.1 2.61 6.47

Mean normal
values
(mean
± SD) 76.5 ± 4.9 3.0 ± 0.2 9.9 ± 3.9 3.34 ± 1.29 6.32 ± 1.95

Tumor 1 50.5 16.6 13.5 0.81 1.68
Tumor 2 45.1 15.2 19.5 1.28 1.30
Tumor 3 56.2 10.7 14.8 1.38 2.20
Tumor 4 44.5 11.6 19.8 1.71 1.42
Tumor 5 50.6 9.1 23.9 2.63 1.53
Tumor 6* 78.9 3.5 8.9 2.54 6.36

Mean tumor
values
(mean
±SD) 54.0± 12.8 11.2±4.7 16.7±5.4 1.73±0.73 1.42±2.0

The values for tumor #6 were similar to those values from normal thymus.

cytes.63 Histologic studies of the epithelial component of
human thymic epithelial tumors showed that the neoplas-
tic epithelial cells are HLA-DR+, cytokeratin+, and A2B5+
similar to normal human thymic epithelium.25 Chilosi et al61
described a tumor with both normal cortical and medullary
lymphocytes surrounded by neoplastic medullary epithe-
lium identified by a medullary epithelium-specific marker,
RFD-4.

Complementary to studies of spontaneous human thy-
momas, there have been efforts to deliberately generate
experimental murine thymic epithelial tumors. Stutman
and colleagues injected neonatal mice intrathymically
with 7,12-dimethylbenz(a)anthracene resulting in a very

low frequency of carcinogen-induced thymic epithelial tu-
mor development.2023 One tumor was shown on serial
transplantation to reconstitute skin graft rejection re-

sponses and graft versus host responses and to improve
survival rates in neonatally thymectomized, syngeneic re-

cipients. The tumor slowly lost the ability to restore im-
mune function after multiple animal passages; however,
two phenotypically distinct tumor sublines were derived

by partial subcloning in vivo. Neither subline alone was

able to reconstitute immune functions in neonatally thy-
mectomized animals, but deliberately mixed sublines
were able to restore immune functions in a manner similar
to the original parent tumor. Stutman et al assumed that
the "round" cell type arose from transformed thymic epi-
thelial cells, whereas the "spindle" cell type arose from
transformed mesenchymal cells. With hindsight, we spec-

ulated that the "spindle" cell type actually arose from a

second thymic epithelial subset, a logical assumption be-
cause spindle cell thymomas in humans are epithelial in
origin despite their mesenchymal appearance. Unfortu-
nately, monoclonal antibodies for detecting lymphocyte
differentiation antigens and thymic cortical and medullary
epithelial subset markers (eg, ER-TR4 and ER-TR5) were

not available at the time of Stutman's pioneering work.
Using Py virus rather than a chemical carcinogen to

induce tumors, Law et al&I published evidence that neo-

natally thymectomized mice could be restored immuno-
logically by subcutaneous implants of fragments from pri-
mary thymic epithelial tumors that developed in C3H/LW

Table 6. The Frequency ofLympbocytesfrom Thymic Epithelial Tumors Capable ofResponding by Proliferating in
Response to CONA andIL-2 Supernatants

Frequency of cells
proliferating under

Lymphocyte source microculture conditions* Lyt-2+L3T4+ (%) Lyt-2+L3T4- (%) Lyt-2-L3T4+ (%)

Spleen 1/23 0 14.0 N.D.
Normal thymus 1/374t 75.1 3.0 14.5
Tumor 1 1/120 44.5 11.6 19.8
Tumor 2 1/85 45.1 15.2 9.5
Tumor 3 1/266 78.9 3.5 8.9

* Frequencies were calculated by limiting dilution analysis. See Materials and Methods.
t An average value from several previous experiments.
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Figure 7. Polyoma-induced thymic epithelial tumorfragments were grown in tissue culture with 5% CO2 at 37 Cjor 2-to-3 weeks.
Tbisbotmicrgrab wib aLeitz inverted phase contrast microscope illustrates the epithelial characteristics ofan adherent out-

growthfrom an explant in vitro.

mice infected with the SV-1 0 strain of Py at birth. Immuno-
logic restoration was measured by prevention of a wast-
ing syndrome, improvement of animal survival, and the
ability to produce antibodies to sheep erythrocytes. Van-
deputte, however, was unable to demonstrate restoration
of immunologic competence in neonatally thymecto-
mized mice implanted with a thymic tumor, again gener-
ated using a thymotropic strain of Py in C3H mice.27

In the present study, we partially characterized both
the neoplastic epithelial component and the normal lym-
phoid component in Py virus (strain PTA-5)-induced
thymic tumors that arise in C3H/Bittner mice after neona-
tal infection with the virus. This particular model has an
advantage over other possible approaches for examining
thymic epithelial tumors because of the efficiency with
which this virus causes thymic tumors in C3H/Bittner mice
ie, approximately one half of the animals infected at birth
will eventually develop thymic tumors.

These murine tumors are similar to the epithelium-pre-
dominant, spindle cell thymomas described in humans.
The epithelial origin of the tumors was confirmed by the
identification of tonofilaments and desmosomes at the ul-
trastructural level and by the strong staining reactions of

tumor sections with an anti-cytokeratin MAb. Also, as do
all normal thymic epithelium, the tumor cells express
Class II MHC molecules.
We were interested initially in determining whether

neoplastic transformation was involving the cortical epi-
thelium, medullary epithelium, or both. Staining of tumor
sections through immunoperoxidase for a murine thymic
cortical epithelium-specific marker, ER-TR4, and a murine
thymic medullary epithelium-specific marker, ER-TR5,
showed extreme heterogeneity of staining. Of interest,
areas of the tumors that appeared to be homogeneous by
routine H&E staining showed heterogeneity when stained
with ER-TR4 and ER-TR5 MAbs, in addition to anti-asialo-
GM,, which stains all normal medullary epithelium. There
are two basic assumptions that may or may not be valid
regarding assignment of clonality with the ER-TR4 and
ER-TR5 markers. These assumptions are that the markers
are stably expressed after neoplastic transformation and
that the cells are not capable of coexpressing these mark-
ers. In fact, there are many examples of heterogeneous
expression of cell surface antigens in normal tissues and
their neoplastic counterparts.65 Further, one epitope
found on normal human thymic epithelium is not ex-
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pressed in human epithelial tumors.66 Therefore, we re-
viewed our own results with caution and did not assign
either a cortical or a medullary origin to the tumors.

Although the tumors contained variable numbers of
lymphocytes, the overall lymphoid density, as measured
by the cellularity index of the tumors, was less than in
normal thymus. Scattered in the tumors were islands of
Lyt-2+ lymphocytes supported by a normal appearing
dendritic network of la', cytokeratin+, ER-TR4+, ER-TR5-
epithelial cells. Such "cortical islands" generally ap-
peared at the periphery of the tumors in association with
the tumor capsule; this suggested that, as the tumors ex-
panded, normal cortical remnants were pushed peripher-
ally. Remnants of normal medullary tissue were scarce,
indicating that the growing tumors disrupted medullary
architecture. Individual lymphocytes were scattered
throughout the epithelial-predominant regions suggesting
that the tumor mass represented a medullary microenvi-
ronment.

The lymphocytes in the tumors appeared to be normal
thymic lymphocytes, rather than an infiltrate of mature T
cells. Most lymphocytes had a cortical phenotype, being
Tdt+, PNA+, Lyt-2+, L3T4+, Thyl 2bright, H-2Kk dim, Lyt 1dim,
ThB+, and Jl 1 d+. However, the more mature medullary
phenotype was more abundant in the tumors than in the
normal thymus, as demonstrated by two-color immuno-
fluorescence staining for L3T4 and Lyt-2. This probably
explains the increased frequency of responsiveness to
Con A plus IL-2 among tumor lymphocytes as compared
with normal thymocytes. Consistent with the present find-
ings, human thymic epithelial tumors have a greater fre-
quency of lymphocytes capable of proliferating in re-
sponse to polyclonal T cell mitogens than does the normal
human thymus.6367' In studies to be presented else-
where, we will show that similar Py virus-induced epithelial
tumors can continue to have thymic function when serially
transplanted (Harrod and Kettman, submitted for publica-
tion).
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