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R Rintgen, unit of exposure for X-rays and gamma rays- One R is
equal to 2.58 x 107% Coulomb per kilogram air. An exposure of
one R corresponds with an absorbed dese equal to 0-0087 Gy in
air and to about 0.0096 Gy in soft tissue.

RBE Relative Biological Effectiveness, in this study equal to
DR/DN’ where DRrand DN represent the absorbed doses of X-rays
and neutrons, respactively, which cause the same biological
effect.
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CHAPTER I

GENERAL INTRODUCTION

Irradiation with ionizing radiation as used in many radiothera-
peutic procedures, can cause damzge to organs vital to the organism. In
this thesis, the effects of radiation on the thymus are investigated-
In the first part of this chapter, general aspects of ionizing radia-
tion are discussed. The second part deals with the thymus, an organ
essential for the establishment of the immune defence wechanism, and
gives a summary of the effects of irradiation on the lymphoid and

stromal ecells of the thymus.

IL.l. TONIZING RADIATION

Ionizing radiacion is a term used for those types of radiation
that give rise, direectly or indirectly, to ionizationsg when they inter—
act with matter. Ionizlog radiaticns cowmprise e¢lectromagnetic radia-—
tion, such as gamma=- and X-rays butr also particulate or corpuscular
radiation, such as alpha particles, beta particles, protons and neu—
trons. All types of fonizing radiation react with molecules by causing
either iconization or excitation. In case of ionization, an orbital
electron is ejected from the molecule, resulting in the formation of an
ion pair. In case of excitation, an electron is raised to a higher
energy level. These excitated or ilcnized molecules generate radicals
which are electrically neutral and have an unpaired electron. These
radicals are highly veactive with other molacules and may have an ef=
fect on living cells, especially when the radiation induced chemical
alterations invelve wolecules or structures of great importance to the
cell funcrion and viabilicy, i.e. che DNA. Since living cells ceonsist
for 80-907% of water, radiolysis of water is the most important source
of free radicals in 4 cell. The radicals H , OH' and the hydrated elec-
tron e—q are mest commonly formed by radiolysis. These radicals react
with each other and with organic and inorganic wolecules. For instance
in the teaction R(H} + 0H™ - R~ + H,0, R™ can tecombine with an ®’

which means that the damage is not permanent. However, fixaticn of



damage can occur through “dimerization™, R™ + R™ + R,, through
“cross—linking”, R1” + R2°~ » RIR2, or through "oxidation™, R + 0, »
RO, . Ultimately, through combination and recombination all radicals

diiappear.

Ionizing radiation can be directly jonizing i.e. alpha particles
or indirectly ionizing i.ec. neutrons and gamma— or X-rays. The directly
ionizing particles are charged and, by virtue of their kinetic energy,
possess the energy to produce lonizations along their track as a result
of energy imparted to orbital electrous via electrical forces between
the charged particles. The alpha particles have a great lonizing power
but their large size results in very little penetrating power. The
indirectly ionizing radiation types are electrically neutral and
penetrate fairly well into tissue. However, the way of energy transfer
into the irradiated tissue is different for gamma=— or X-rays and
neutrons. Gamma= as well as X-rays lonlze cissues by ejection of
directly ilonizing fast electrons from the orbits of the atom whereas
neutrons transfer their energy through collisions with mainly the
nuclei of atoms. With fission neutrons, this results in ejection of
positive recoll proteons which are directly ionizing. The ionization
densicy along the track of recoil protons is much higher than that of
fast electrons. These differences in ionization density of radiation
types can be expressed by the mean track—average LET  wvalues. LET is an
acronyn for Linear Enerpgy Transfer and is the rate of energy transfer
per unit of track length In 2 mediom. The track-average LET  of recoil
protons produced by 1 MeV fast fission neutroans is equal to 57 keV per
micron in water, whereas the mean track—average LET  of fast electrous
produced by 300 kVp X-rays is about 3 keV per micron in water (Davids
et al., 1969). These differences in LET values for X-rays and neutrons
account for the observed differences of biclogical effectiveness after
irradiaticon with these two types of irradiation (Davids, 1972; 1973).
In order to compare the bioclogical effectiveness of the two types of
irradiation, the concept Relative Bilological Effectiveness {RBE) has
been introduced. The RBE of fast fission neutrons for a specific biclo-

glical effect is defined as the ratic of the absorbed dose of a
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reference radiation, i.e. 300 kVp X=rays, to the absorbed dose of

neutrons which produces the same specific effect.

Neurron RBE determinations, as a fuancticn of the irradiation con-—
ditions, neutrron energy spectrum, and biclegical endpeint, are relevant
for radiation protection, fast neutron radiotherapy and protective
treatment after accidental exposure with fast neutrons. Comparison of
neutron RBE data obtained with fast neutrons of various mean energies
shows that those for fast fission neutrons of 1 MeV mean energy are
highest for each effect catégory investigated (Broerse & Barendsen,
1973). Therefore RBE data cf fast fission neutron of 1 MeV mean ecnergy
can be regarded as the upper iimit for neutron RBE data for each effect

category.

In the Low Flux Reactor of rhe Wetherlands Energy Research Founda-
tiocn (ECN) at Perten, fissicn neutrons are produced by fission of
uranium-235 (23%0) in a converter plate, which is exposed to thermal
neutrons enictced from the core of the thermal reactoer. The design of
the neutron exposure facility, tissue dosimetry and neutron spectrome=
try have been deseribed elsewhere (Davids, 1969). The use of small
animals like the mouse as an experimenral model for radiation research
has the advantage that the dose—distribution after bhilateral exposure
of the animal is almost uniferm and that several animals (e.g. 40 wmice)

can be irradiated simultanecusly (fig. 1).

Using this exposure facility, RBE values for a number of tissues
of an inbred C8A mouse strain have been obtained. De Ruiter—~Bootsma and
co-workers (1976) reported a neutron RBE value equal to 4.1 for a sur-
viving fraction of spermatogonial stem cells at the 1% survival level.
For gastric stem cell killing, an RBE equal to 3.7 was obtained
(Kingma-ter Haar, 1982). These two RBE wvalues are higher than those for
jejunal crypt stem cell killing (RBE, 3.3) and hemopecietic stem cell
killing (RBE, 2.4), reported by Davids (1973). These differences in RBE
values for the variocus tissues are considered to be due to differences
in the intrinsic radiosensitivity of the clonogenic cells in the

tissues ceoncerned (Broerse & Bareandsen, 1973).



Fig. 1. Fast neutron exposure facility for mice in the Low Flux Reagtor

(LFR)
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Another aspect in which high LET radiation, i.e. neutrons, differs
frow low LET radiation, i.e. gamma~ and X~rays, is the so—called oxygen
effect. This oxygen effect is illustrated by the fact that a higher
dose of X-rays is required to reduce the survival of cells to a certain
level in hypoxic than Iin oxygenated conditicns- The ratio of these two
doses is termed oxygen cnhancement factor or Oxygen Enhancement Racio
(CER). The QOER is in genmeral 2.5-«3.0 for X-rays and decreases with
radiation types with higher LET wvalues (Barendsen, 1968). With irradia-
tion sources with a very high LET value (> 160 KeV per micron), the OER
equals 1. Therefore, radiation with a high LET could be exrremely use-

ful for irradiation of tumors which are partly hypoxic.

A further radicbiclogical difference exist between fission
neutrons and X-rays. After neutron irradiation neo accumulation and re-
pair of sublethal damage occurs (Davids, 1973; de Ruiter—-Bootsma, 1976;

¥ingma—ter Haar, 1982).

In this thesis, effects of radiation on the thymus are
investigated. The biclogical effectiveness of fast fission neutrons is
compared with that of 300 kVp X«rays. The biological effects which were
investigated all pertain te the thymus of the mouse. As an intro—
ducticn, the following parts of this chaprer will give a description of

the mouse thymus-

1.2. The thymus

The thymus is essential for the establishment of the immune
defence mechanism. It is considered as a2 primary lympheid organ. The
funections of the thymus include the reception of pre-T cells, the matu—
ration and/or selection of antigen=-specific T cells, the ionduction of
tolerance to "self” antigens, and the selective release of such cells
to the periphery. T cells can act as effector cells in the eellular
immune response and as regulatory cells in both the humoral and the
cellular immune response (Miller & Osaba, 1967, Cantor & Welsswman,
1976; Stutman, 1978).
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1.2.1. Architecture of the thymus

During ontogeny of the mouse, the thymic stroma arises from
contributions of the third pharyngeal pouch and third branchial cleft
{Cordier & Haumont, 1980)}. Thus, the epithelium ¢f the mouse thymus
originacres from both ectoderm and endoderm. Though there is genaral
agreement that endoderm buds into the surrounding mesenchyme which
originates from the neural crest, the ectodermal contribution to Tthe
formation of the thymus is still controversial {(LeDeuarin et al.,
1584). Already early in ontogeny (from day 13 onwards), the two major
domains in the thymus, i.e. cortex and medulla can be identified as
geparate regions (van Vliet et al., 1985). During the course of
ontogeny, these areas are seeded by lymphoid precursors and antigen
presenting cells (APC}, both originating from pluripotent stem cells in
the yolk sac, fetal liver or bone marrow (Bartlett & Pyke, 1982;
Boersma, 1983; Owen & Jenkinson, 1984). Gradually, boch lymphoid and
stromal components furzther expand and the thymic anlage assumes the

architecture of the adult thymus-

The architecture of the adult thymus and the identification of
various lywmphoid and stromal cell types have exteasively been studied
(Hoshino, 1963; Hwang et al., 1974; van Ewijk, 1984; van de Wijngaert
et 3l., 1984; van Vliet et al., 1%8%4a,b}. In the mouse, the thywus
consists of two separate lobes each showing a cortical and medullary
area. The cellular composition of both areas in the thymus is schewa-
tically illustrated in Fig.2. Stromal cells iIn the cortex are wmainly
epithelial cells. These cells have long thin processes which attach
each other by means of desmosomes. Thus, these epithelial-reticular
cells form 2 fine stromal meshwork in the cortex. In contrast, medul-
lary epithelial cells do not show these long processes. These cells are

closely packed and wore spindle-shaped.

Special lympho—epithelial cowmplexes, termed thymic nurse cells
{TNC) have been demonstrated in thymic cell suspensions (Wekerle et
al., 1980; van Vliet et al., 1984b) and in situ (van de Wijngaert et
al., 1983). TNC are complexes of a single epithelial cell which com-—
pletely enveleopes a number of intact thymoeytes. The TNC have been
located in the subcapsular and outer cortical areas (Wekerle et al.,
1980; Kyewski et al., 1982).
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Fig. 2. Illustration of the cellular composition of the thymus, ca:

capsule, C: cortex, OMA: cortico-medullary area; Zp: epithial
cell; IDC: interdigitating cell; Lb: lymphoblast; Ly:
lymphocyte; M: medulla; M#: macrophage; TNC: thymic nurse cell

v: blood vessel.

Other non-lymphoid cells in the thymus are monenuclear phagocytes

such as macrophages located both in the cortex as well as in the
nedulla (Beller & Unanue, 1980; Duljvescein et al., 1982) and
interdigitating cells (IDC) which exclusively reside in the medulla
(Duljvestein et al., 1982). Furthermore, fibroblasts are present in the
thymic capsule and medulla (van Vliet et al., 1986).

The thymus also contains areas which are deveid of stromal cells
(Rouse et al., 1979; van Ewijk, 1984). These areas are randemly dis—
tributed in both certex and medulla. Their functlon has not bHeen

identified, yet.

>
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The vascularization of the thymus occurs via small arterioles
which enter the thywmus through septa and penetrate as far as the
cortico-medullary area. From this region capillaries arise which supply
the cortex and the subcapsular area, and then curve back into the lobe.
These vessels merge into large postecapillary venules in the cortlico—
medullary area and in the medulla. The medulla is supplied by capil-
laries which are directly derived from the artericles im the cortico-
wedullary area. In the cortex, the presence of tight junctions on ende-
thelial cells of the vessel walls Indicates a poor passage of macro-
molecules whereas the walls of the postcapillary venules in the medulla
do zllow passage of macromolecules (Raviola & Karnovski, 1972). Fur—
thermore, close association of cortical capillaries and epithelial
cells and the localization of macrophages along them, also prevenﬁs
access of antigen to the cortex. These observations indicate the exis-
tance of a "blood—-thymus barrier™ in the cortex against circulating
substances in the cortex. However, recent observations dispute the
existence of the so—-called blocd-thymus barrier since after injection
of monoclonal anti-I-A antibodies in neonatal mice, these antibodies
were found to be present in the thyaic cortex {Kruisbeek et al., in
preparation). Ia the medulla and the cortico—medullary area,
lymphocytes are freely exposed te blood-borne substances. Moreover, in
these areas cell passages in or ocut the thymus have been observed

(Raviola & Karnovski, 1972).

1.2.2. T cell differentation

I1.2.2.1. Cell surface antigens on T cells (Table 1}

In mice, the thymus is seeded by lymphoid precursor cells origina-—
ting from the bone marrow (Ford et al., 19663 Jones-Villeuneuve erC al.,
1980)- These so-called “prothymocytes™ enter the thymus in the subcap-—
sular area as well as in the medulla. Using enbryonic chicken—quail
chimeras, Jotereau and LeDouarin (1982) provided the first evidence
that thymus precursor cells migrate into the cortex and the medulla.
Recently, analysis of sectieons of the irradiated thymus repopulated
with nixtures of Thy-l.1 and Thy-1-2 marked cells indicated also that
rhyaic precursor cells are already committed Lo a cortical aad medulla-

ry stream (Ezine et al., 1984). Additional analysis of frozen scetions
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of irradiation chimeras where Thy-1 allelic differences were monitored
in the course of bone marrow—derived repopulation has alse indicated
that rhere are two sites, subcapsular and medullary, for cellular
entrance into the thymus (Ceredig & Schreyer, 1984). However, in the
latter study, it appeared that cells that enter the subcapsular site
may expand mere rapidly in number than cells which enter the

medulla.

The phenotype of the thymus precursor cells in mice is presumably
H—2K+; they lack all T cell differentiation antigens {(Ritter, 1978;
Kamarck & Gottlieb, 1977; Coldschneider et al., 1982). During
differentiation, thymic precursor cells loose or acquire
differentiation markers on their cell surface. The most common cell
surface antigens of murine T cells are listed in Table I- The mest
preninent T cell markers such as TL, Thy-l, T-200, Lyt-1l, Lyt-2, MTI-4
and MEL-14 are briefly discussed below.

The TL antigen is an early differentiation antigen which in a
aumber of TL+ mouse strains is found only on lmmature thymocytes and
not on peripheral T cells (Cantor & Boyse, 1977; 014 & Scockert, 1977).
Some TL mouse strains can express TL antipgens anomalously on thymic

lymphoma cells (Boyse & 0ld, 1969).

The Thy-1 antigen on murine T cells is generally regarded as a pan
T cell marker, i.e. is expressed on virtualily all T cells. However,
Thy—~l is also expressed on murine CFU-s as well as myeloid progenitor
cells {Schrader et al., 1982). Furthermere, Thy-l is expressed on skin
coanective tissue (Morris & Ritter, 198C) and on nervous tissue (Reif &

Allen, 1964).

In contrast, the T-200 antigen, cor leucocyte common antigen is
exclusively expressed on hemopoicetic cells (Trowbridge, 1978; Ledbetter

& Herzeanberg, 1979, Ralph & Berridge, 1984).

The Lyt antigens are the first aatigens on T cells that were shown
to be related with distinct functional T cell subpopulations (Cantor &
Boyse, 1975a,b; 1977). Thus, helper effects of T cells on humoral
responses were assoclated with Lyt-l+,2- cells whereas the Lyt—l—,2+ T
cells were assocliated with suppressor effects and cytotoxicity. How—

ever, studies using flow cytoflucrometry indicate that the Lyt—1 anti-
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TABLE 1

Markers of murine T cells

Marker

Percentage positive thymocytes

References

H=2K
H-2D
I-a

TL, 1,2,3

> 2 2
T 3
IL 5

Thy-1

T-200
Bl4
ThB
Lyc—-1
Lyt-2,3
L3T4
MEL-14
B2A2
LFA-1
PNA
SBL

TdT

41-68
8096
3443
63-85
69-74
65

96-100

97
70-80
4060
97
81,82

87

96.5

97

85-88

85

Scollay et al., 1980
Lepault ec al., 1983
Scollay et al., 1980

Scollay et al., 1980
Lepault et al., 1983
0ld & Stockert, 1977
Shen et al., 1982

Scollay et al., 1980
Lepaul:t et al., 1983
Flaherty et al., 1977

Ledbeccer et al., 1980
van Ewijk er al-., 1981
Lepault et al., 1933
van Ewijk et al., 1931
Lepault et al., 1983
Sidman et al., 1983

Stout et al., 1975
Lepault et al., 1983
Ledberter ar al., 1980
van Ewijk ec al., 1981
Ledbetrer ec al., 1980
van Ewiljk et al., 1981
Dialynas et al., 1983
Scollay&3hortman, 1935
Gallatin et al., 1983
Reichert er al., 1984
Scollay&Shortman, 1985

Kaufman et al., 1932
Reisner et al., 1976
Chervenak&Cohen, 1932
Raedler et al., 1983

Kang et al., 1975
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gen is expressed on almost zll T cells but in quantitatively different
levels (Mathieson et al., 1979; Ledberter, 1980; van Ewijk et al.,
1981; Mathieson & Fowlkes, 1984). In addition, some B cell lymphomas
(Lanier et al., 1981} and a number of normal B cells (Manchar et al.,
1982) have shown to express the Lyt—1 antigen. Therefore the Lyt-1
antigen can no longer be used as an absolute marker of T cell
subpopulations or T cells. More recently, a new monoclonal antibedy (GBK
1.5) has been developed by Dialynas et al. (1983) which detects a cell
surface molecule designaced L3T4, the murine eguivalent of the human
LEU 3/T4 antigen (Dialynas et al., 1983; Ceredig et al., 1983b).
Another wmonoclonal antibedy (H129-19) which detects a similar molecule
designated "mouse T&" (MT-4) with a similar reactivity paccern, has
been generated and characterized by Pilerres et al. (1984). Summarized,
funetional T cells can be divided in Lyt-2+, MT—4  cells
(eytotoxic/suppressor cells) and Lyt—E—, MT-&+ cells (helper/inducer
cells) (Dialynas et al., 1983; Plerres et al., 1984).

Gallatin and co—workers (1983) develeped 2 monoclonal antibody
which detects an antigen called MEL-l4. This antigen is assoclated with
a "homing" receptor on peripheral lymphecytes for peripheral lymph
nodes {Gallatin et al., 1983, 1986).

Pretreatment of T cells with MEL-14 antibodies prevencs the
adherence of T cells to postcapillary high endothelial wvenules, which
nediate the entry of T cells inte the lymph node parenchyma. MEL-14 is
expressad on only 3 percent of the thymoeytes aund can be observed on
cortical as well as medullary cells (Reichert et al., 1984; van Ewijk,

1984).

1.2.2.2. Thymocyte subpopulations and their relationships

With the use of a number of these T cell markers, funcrional as
well a5 immature subpopulations can be distinguished in the thymus (see
Mathieson et al., 1979; Ledbetter et al., 1979; van Ewijk et al., 1981;
Dialynas et al., 1983; Scollay & Shortman, 1983, 1985; Scollay, 1983;
Marthieson & Fowlkes, 1984). The frequency, size and localization of
these thymocyte subpepulations are listed in Tabel II. Within the cor-

tex, it is assumed that the typlcal maturation lineage is formed by
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subpopulations 6, 7, 2, and 1 respectively involving both acquisition
of T cell specific markers and a concomittant decrease in cell size.
Such a sequence has indeed been demonstrated during oatogeny (van Ewijk
et al., 1982; Ceredig et al., 1983a}) and in the regenerating thymus
after cortisone treatment (van Ewijk et al., 1981). However, the
relationship between the cortical cells and the medullary
subpopulations is as yet unclear and a number of models dealing with
this problem have been proposed (reviewed by Mathieson, 1982; Scellay,
1983; Mathieson & Fowlkes, 19843 Scollay & Shortman, 1985).

In the first model, proposed by Canctor & Boyse (19773, both fune~
ticnal medullary subpopulaticns are believed to be derived from a cow-

+ +
mon immature Lyt—-1 , Lyr—2 cortical precursor cell. This model sug-

TABLE II

Thymecyte subpopulations

Phenotype Size Frequency Localization
in the
thymus
1. Thy-1", 1-200%, Lyr-17, swall  60-70 thymic cortex
+
Lyt-2T, L3T4
Z. Thy—li, T—200+, Lyt‘l+ large 15 thymic cortex
Lyt=2 ", L3T4
3. Thy-1", 1200, Lyr-17, nedivm  8§-13 thymic medulla
Lyt-2~, L3Té4
4. Thy-1T, 12007, Lyt-1 dell medium 5 thymic medulla
Lyt-2", L3T&™
5. Thy-1_, T-2007, Llyt-1" large L thymic medulla
Lyt-2~, L3T4~
6. Thy-1", T=2007°%% Lyr-17 large 1 thymic subcapsulac
or dull, Lyt=2", L3T4" and outer cortex
7- Thy—l+, 120070t Lyc=1" large 1 thymic capsular

or dull, Lyt=2", L3714 and outer cortex
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gests that during maturation cortical cells loose either Lyt=1 or Lyt-2
antigens. This model was based on aunteradiographic studies of Weissman
(1973) showing that some medullary cells were derived from subcapsular
cortical cells. However, in contrast with the first model it has been
shown that during ontogeuny, Lyt—l+ cells appear before cells bearing
the Lyt-2 antigens (Mathieson et al., 1981; van Ewijk et al., 1982).
Furthermere, Lyt~1+ cells can differentiate inte Lyt—l+, 2+ in vitro
(Ceredigz et al., 1983¢).

The seccond model proposes that prothymocytes are already commitred
inte two lineages that populate independently the cortex and the medul—
la (Shortman & Jackson, 1974). In this model, cortical cells are “dead-
end” ecells which cannot leave the thymus whereas the medulla is believ-

ed to be the sole source of both functional T cell subpopulations.

A third model has been proposed by Scollay (1983) and Mathieson
(1984). They have suggested that the functioual subpopulations may
develop independently in the cortex and the medulla. One subpopulatiocn,
the T helper cells (Scoliay, 1983), would develop in the cortex and a
s¢lected limited number would migrate inte the medulla. Cytotoxic and
suppressor cells would develop directly in the medulla. Thus, this

model combines the previous described models.

Recently, Scollay and Shortman (1983) analyzed the early stages of
T lymphocyte development in the thymus cortex and the medulla. The
results of this study suggest that the separate developmental streans
of cortical and medullary thymocytes may be traced back te common pre—
curser celils in the subeapsular region of the cortex. This indicates
the existence of a single early branch point for cortical and medullary
maturation. This concept of two distinct streams from a2 single early
branch point does recoucile the carlier disputed views concerning the
origin of cortical and medullary thymocytes. A fourth alternative has
been proposed by Reichert et al. (1984). In their model, the cortex is
considered to be the major concributor of thymus emlgrants. The rare
cortical lviEL-l&+ cells, which are larger in size, have 3 mature pheno—
type and are enriched for cytetoxic T lywmphocyte precursors. They have
been implicated to be the cells thar leave the thymus (Fink et al.,
1985). In addition, it was proposed rhat cortex and medullaz both con—

tribute to the peripheral T cell pool but produce different classes of
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migrants. In this context, Relchert et al., (1984) and van Ewijk (1984)
suggested that in the cortical sterile environment "virgin®™ T cells are
generated, whereas the antigen-accessible medulla is the site for anti-

gen=driven T cell expansion.

1.2.3. Stromal cell markers

Stromal cells, i.¢. non—lywmphoid cells, in the thymus can be

detected with a variety of monoclonal aantibodies (Table III.

TABLE IIL

Monoc¢lonal antibodies directed against determinants on thymic stromal

cells

Monoclonal Reacts with/ Reference

antibody target antigen

10=215 I-AR 0i et al., 1978

13/4.85 1-g* Himmerling et al., 1979

11~4.1 a-2k* 0i et al., 1978

B22-249.R.1 d—ZDb Himmerling et al., 1979

ER-TR1 IPLILELAE van Vliet et al., 1984a

ZR-TRZ 1a%F van Vliet et al., 1984a

ER=TR3 Iak,b,d,q,r, van Vliiet et al., 1984a

ER~TR&4 cortical epithelial cells van Vlier et al., 1984a

ER-TRS medullary epithelial cells van Vliet et al., 1984a

ER~TR6 medullary interdigitating van Vliet er al., 1984a
cells

ER-TRY reticular flbroblasts van Vliet et al., 1984a

M1/70 Mac—-l Springer et al., 1979

M3/38 Mae~2 Hoe & Springer, 1982
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Using antibedies speecific for class I (H-2K/D} and class II (I-A, I-E)
wa jor histocompatibilicy complex (MHC) anrigens, it has been shown that
I-4, T-E and H-2K/D are mainly expressed on stromzl cells in the thymus
as well as on medullary thymocytes (Rouse et al., 1979; van Ewijk et
al., 1980C; van Fwijk, 1984). H-2D, however, is also expressed at low
density on cortical thymocytes and in particular on subeapsular lymphe-—
blasts {(van Ewijk, 1984}. Both class T and class IL MHC antigens are
expressed on the medullary strows in a confluent staining pattern asso-
ciated with bone marrow—derived IDC and medullary thymocyres. In
contrast, only class II antigens are detectable on cortical stromal
cells, i.e. epithelial cells, in a reticular pattern whereas some class
I determinants are detectable only faintly, if at all, in the

Cortex.

With the use of the recently developed ER-IR monoclonal antibody
series (van Vliet et al, 1984} discrete environments can be dis—
tinguished. The following subpopulations can be identified {(wvan Vliet
et al., 1984a,b; van Ewijk, 19843:

1. ER~TR4+, Ta+, ER-IRS- cortical epithelial cells,
including TNC.

2. ER-TR4~, Ia+, ER-IR5+ medullary epithelial cells.

3. ER-TR&—, Iat+, ER-TR5+ medullary epitheliial cells

4. ER~TR4—, Ia+, ER~TRS5=, ER-TR6+ medullary IDC.

5. ER-TR7+ reticular fibroblasts in cortex

and medulla

6. ER-TRo+ wacrophages.

Monoclonal antibodies direcred to the Mac—~l and Mac-2 antigens,
were initially reported to be specific for cells of the murine moono—
nuclear phagocyte system. Mac—l is regarded as a pan macrophage marker
(Springer et al., 1979) and is expressed on scattered cells throughout
the thymus (van Ewiijk, 1984). & number of Mac—l+ cells are also found
in the cortex, espacially in the vicinity of blood wvessels and under
the thymic capsule. Mac-2 antigens, specific for antigen-activated
macrophages (do & Springer, 1982) are expressed at very low levels on

cells in the medulla (van Bwijk, 1984).
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I.2.4- Lympho-stremal interaction

Numerous in vivo and in vitro experiments indicate that the thymic

stromal cells are involved in the differentiation and waturation of T
cells. A number of hormome-like substances such as thymosin or "facreur
thymique sérique”, secreted by stromal cells, have been implicated to
have effects on T cell differentiation (reviewed by Kruisbeek, 1979 and
Trainin et al., 1983). However, conclusive evidence concerning the
effects of thymic hormones is still lacking. A number of observations
suggest that the thymic stroma produces a chemotactic factor, f.e. a
soluble substance whieh actracts prothymocytes {(Cohen & Fairchild,
1979, Pyke & Bach, 1979, Jotereaun et al., 1980). Recently, Champion and
co=workers (1986) detected chemotactic activity in conditicned media
froa avian embryonic thymic epithelium in culture. Two fractions con-
taining chemotactic peptides with molecular weights of 4000 and 1000
daltons were considered to be responsible for the Chymic vecruitment of
the first hewmopoietie precursors and the renewal of these precursors

during adult life.

On the other hand, direct cell-cell contact of thyaic stroma with
thymocytes is required for certain steps in T cell differeatlation
(reviewed by Stutman, 1978). These lyspho=-stromal interactions have
been particularly demonstrated in so—called “rhyamle nurse cells™ (INC).
TNC are in wvitro isolated epithelial celils enclosing upto 50 thymocytes
(Wekerle & Ketelsen, 1980; Xyewski & ¥aplan, 19823 van Vliet et al.,
19841). Besides THC, so=called "thymocyte rosettes” have been isolated
in vitrc. These "thymocyte rosettes” are couplexes of thymocoryes with
macrophages of medullary dendritic cells (Kyewski et al., 1982; Kvewskl
et al., 1984; Fiok et al., 1984). In these rosettes are cytotoxic T
lymphocyte precursors, that are indistinguishable from mature peripher—
al T cells by parameters of self tolerance, alloreactivity, H-2 re-
striction, and stringeuncy of self H-2 preference (Fink et al., 1984;
Kyewski er al., 1984). These lympho-strowal complexes iselated in
witro, may vepresent the in vive assoclation of thymocytes and thymic

strowal cells (Fiak et al., 1984; van Vliet et al., 1984b).

These studies, as well as other functional studies, implicate cthat
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MHC antigens expressed on strowmal cells are involved in the aquisizion
of MHC restriction specificity, the imposition of self tolerance, and
the selection of the developing T cells (Zinkernagel et al., 1978; Fink
& Bevan, 1978; Wagner et al., 1981; Kruisbeek et al., 198l; Sharrow et
al., 198l; Singer et al., 1982).

The instructive role of the thymic stroma is indicated by a number

of observations:

1. During ontogeny, the inirial expression of MHC antigens on thymic
stromal cells correlates with the cnset of proliferation of pro-
thymocytes in the embryonic thymus (Jenkiason et al., 1980);

2. Furthermore, the acquisition of MHC antigens on stromal cells in the
embryonic thymus preceeds the expression of the T cell differentia-
tion antigens Lyt—-1 and Lyt-2 on thymoeytes (Jenkinson et al., 1980;
van Ewijk et al., 1982);

3. Anorher mworphological indication for the role of MHC antigens in T
cell differentiation can be observed in nude amice. These mice which
are T cell deficient, have a thymic rudiment which differs markedly
in MHC expression from the ncrmal developed thymus since class I but
not class IL is expressed on its epithelial cells (Jenkinson et al.,
1981; van Vliet et al., 1985);

4. In aged wice, the Ia expression on the cortical epithelial cells
decreases {Farr & Sidman, 1984) and is accompanied by decreases in
rhymus weight and cellularity, and a reduced capacity to promote T
cell differentiation (Hirokawa & Makinodan, 1975).

Besides the above reported merphological studies, a number of
elegant functional studies have directly proven that class Il antigens
can influence T cell differentiaticn. Sprent ({1980) demonstrated that
blocking of Ia antigens on stromal cells through in vivo administration
of moncclonal antibodies against I-A/E determinants interfered with the
activarion of [a=restricted T cells in the spleen. Kruisbeek et al.
{1983) showed that wulriple injections of purified monoclonal anti-I-A
antibodies in neonatal mice interfered with the generation of Immuno—
competent Ia-restricted T heiper cells. Thus, these data argue that

masking of MHC determinants ou stromal cells by injection of anti-class
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II antibodies, prevents the recogniticn of these determinants by the
developing T helper cells and, as a consequence, interferes with the
clonzl awplification of these cells. Recently, Kruisbeek and co-
workers confirmed this hypothesis and showed that neonatal anti-Ia
antibody treatment results in reduced Ia—antigen expression in the
thymus, especially in the nmedulla, and in the absence of thywmic and
splenic L3T&+, Lyt—z_ (helper} T cells (Kruisbeek et al., 1985}. These
animals also showed & reduced medullary compartwent. These data strong—
ly implicate that the class II medullary stromal cells play an

important role in the generation of functional T helper cells.

Humerous functicnal studies reported im the literature, emphasize
an Instructive role of the thymlic stroma with respect ot restriction
imposed upon T cells. T cells recognize foreign antigens only in asso~
ciation with polymorphic gene products of the MHC {(Zinkernagel and
Doherty, 1975; Fink & Bevan, 1978; Katz et al., 1978; Zinkernagel,
1978; sprent, 1980; Kindred, 1980, 1981; Wagner et al., 198l; Kruisbeek
et al., 198l; Sharrow et al., 1981; Singer et al., 1982). The MHC de-
terminants involved appeared to be similar to those expressed by the
"host environment™, L.e. the thymus, in which the T cells watured.
There is, however, controversy on the role of class I and class I1
microenvironeents in the thymus in the process of imposing H-2-restrice-

tion.

Studies with:

a. Fl b4 Fl radiation bone marrow chimeras that were thywectoaized and
grafred with a parental thywmus (Fink & Bevan, 1973; Zinkernagel et
al., 1978);

b- Fl + Parent radlation bone marrow chimeras {Zinkernagel et al,
1978%:

c. Parent Fl radiation bone marrow chimeras {von Boehmer & Haas,
1976; Pfizenmaier et al-, 1976; Zinkernagel, 1976} and

d. Fully allogeneic A + B chimeras (Kruilsbeek et al., 1982) sugpest

that the thymus dictates the self-class I restricted reperteire of

wature cytotoxic T cells-. In contrast, studies with allegenele thymus
engrafted nude mice suggested that the thymus is not the site that

derermines the class I restricred repertoire (¥Kindred, 1978; Zinker-—
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nagel, 1980). Recent srudies with fully allogeneic chimeras or alloge~-
neilc thymus engrafted nude mice revealed the existence of an intra— en
extrathymic differentiation pathway for class I rescricted T cells of
which the "self" recognition expressed by helper T cells which are
class 1I restricted, is solely determined by the intrathymic environ—
ment {Singer et al., 1981, 1932). Kast and co—workers {1984) recentily
extended these studies aad examined besides the MHC restiction
specificity of T cells also the immune respounse (Ir) gene—centrolled
responsiveness. They showed that the thymus dictates the MHC specifici-
ty and Ir gene phenotype of class I restricted T cells but not of

class 1 restricrted T cells.

The question can be raised which stromal cell type imposes MHC
restriction o the differentiating T cells. The critical cell in the
thymus responsible for determining the class II restriction of the
developing T cells might be a bone marrow-derived antigen presenting
cell (APC) or dendritic cell (Longo & Schwartz, 1980; Longo & Davis,
1983). Using radiation bone marrow chimeras, these authors iavestigated
the deonor or host crigin of thymic APC and the class II restriction
specificity of the T cells. They demonstrated that with increasing dose
of irradiation used to establish the radiation chimeras, host APC are
more quickly depleted and replaced by doner—type APC. In conventional
chimeras, irradiared with 9253 R*, the thymic APC, two weeks after irra=
diation, are still of hest-type origin and T cells in these mice are
restricted to antigen recognition In the context of hest H-2 gene pro-
ducts- At higher irradiation doses (1200 R) used to establish chime—
rism, these host—type APC are depleted and replaced by dencr-type APC.
T cells Iin these mice recognized donor H-Z2 gene products as self.
Recently, Longo et al. {(1985) confirmed their earlier findings in nude
mice reconstituted with thymuses of radiation=induced bone wmarrow
chimeras and showed that the T cell class LI restriction of nude mouse

recipients is derermined at least in part by the phemotype of the bone

When exposure unft R is used in this thesis, the quoted references
report deses in units R. One R corresponds with an absorbed dose

equal to 0.0087 Gy in air and to about 0.0096 Gy in soft tissue.
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marrow derived APC in the chimeric thymus- However, using chimeras
established with deoxyguanosine treated thymus grafts, Lo and Sprent
(1986) showed receatly that the epithelial cells in the thymus are
responsible for imprinting the H-2-restricted specificity of T helper
cells. The induction of rolerance te "self” antigens wes mediated by

the macrophages and deadritic cells in the thymus.

In summary, thase experiments show that the MHC antigens expressed
on the thymic stromal cells determines at least in part the specificicy
of the self restriction of mature T cells and are essential in the

generation of tolerance to "self” antigens.

I.3. Jonizing Radiation and the Thymus

I1.3.1. Effeccs of irradiation on lympheoid cells in the thymus

The effects of ionizing radiarion on the cellularity of the
murine thymus have been extensively studied {Blomgren & Ré&vész, 19563;
Takada et al., 1969; 1971; Blomgren, 1971; Sharp & Thowas, 1975; Kadish
& Basch, 1975; Hiesche & Révész, 1979). Following whole-body doses of
X-irradiation, ilncluding deoses within the lechal range, the
regeneration of the thymus follows a biphasic pattern. After the
initial decrease in thymus weight and cellularicy untdil Day 5, the
thymus of the surviving animals reaches a peak size at absut 14 days
post=irradiation. Subsequently, there is a second decline in thyamus
welght and cellularicy to a nadir on Day 21 followed by a final
recovery at Day 40 post—irradiation. The initial decrease of thynus
welght and cellularity is due to interphase death of thymocytes and an
induced cessation of mitosls (Takada et al., 1969%. The following
regeneration has been attributed to proliferation of intrathymic
surviviag radioresistant precursor cells (Kadish & Basch, 1975; diesche
& RéviEsz, 1979; Sharcow et al., 1983) which are not directly derived
from the bouns marrow derived stem cells. The second involution of the
thymus can be explained by 2 limited proliferative capacity and
exhaustion of this pool of radioresistant precurser cells
(Blomgren & Révész, 1968; Dukor et al., 1965) together with an impaired

production of thymus precursor cells in the bone marrow dus to
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radiation damage (Takada et al., 1969; Blomgren, 1971; Boersma et al.,
1981). The ultimate recovery of the thymus is due to a replenishment of
the prothymocyte pool in the recovered bome marrow {Takada et al.,

1969; Hiesche & Révész, 1979; Coggle, 1981).

The initial rapid decrease in thymus weight and cellularity afrer
whole~body irradiation indicates that the lywphoid compartment of the
thymus is extremely sensitive to radiation. Morphological alterations
are alrecady evident after whole—body exposures as small as 0.05 Gy
(Anderson et al., 1977). Several studies have characterized the
radiosensitivity of the lymphoid cells in the thymus. Cortical thymo-

cytes have a D value, i.e. the radiation dose that reduces the cell

population by 2 factor e te 37 percent of its initial size, equal to
about 50 R (Trowell, 1961; Sato & Sakka, 1969; Kadish & Basch, 19753).
Medullary thymocytes were reported to have a DD value of about 200 R
(Trowell, 1961). Sato & Sakka (1969) and Sharp & Watkins (1981) report-

ed a D, value of 1.20 to 1.35 Gy for the small cell population in the

0
thymus but these estimates represent a composite value for certical and

medullary thymocytes.

Thymocytes during the initial phase of regeneration have a D0
value of about 0.70-0.80 ¢Gy (Kadish & Basch, 19735; Sharp & Watkins,
1981). However, the intrathymic precursor cells from which these cells
originate, might be more radioresisrant (Sharp & Thomas, 1974, 1975;
Kadish & Basch, 19753. A small (less than 8 percent) thymocyte popula-—
tion, presumably localized in the medullz, has been reported to be very
radicresistant with a DO value of about 430 R (Sato & Sakka, 1969).

1.3.2. Effects of irradiation on stromal cells in the thymus

There is, at present, no completely acceptable methed of quantita-
tive assessment of the cell survival of the non-lymphoid cells of the
thymus, but a number of indirect approaches have been ewnployed to gain

fnsight in this problem.

In 2 semiquantitative histepathelogical eveluation of damage to
epithelial cells at varicus intervals after lethal doses of whole-body

irradiation, it was found that thywic epithelium was relative semsitive
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to irradiaton and that its recovery was severly impaired after an

exposure to doses of 1100 R and higher (van Bekkum, 1967)-

Using primary cell cultures of thymic tissue, Sharp and Watkins
(1981) measured the survival and the proliferative capacity of thymic
stromal cells in culture following X—irradiation. The vast majority of
non=lymphoid cells in primary cell cultures of the mouse thymus were
macrophages. The survival curve for these cells was characterized by a
DO value equal to 1.25 Gy. Using similar techniques, D0 values egqual to
3.00 Gy ané 3.20 Gy have been obtained for rat fibroblasts and dog

thymic epithelial cells, respectively.

The same authors studied also the capacity of the thymiec wmicro-
environment to support the repopulation by thymocyte precursor cells in
vivo. In these experiments, mice received 8.0 Gy whole-body X-irradia-
tion and additional doses were given to the chywus ocaly, up to a total
thymus dose of 13.0 Gy. The authors assumed that the thymic micro-—
environment is fully able to support the proliferaticn of thymic pre~
cursor cells at doses up te 7.0 to 8.0 Gy. The resulting "survival”

curve for doses above 8.0 Gy, had a D, value of about 1.80 Gy and was

0
considered as a composite value for several stromal cell populations
within the thymic microenvironment that support T cell differentiation.
However, this approach does not exclude radiation effects on the thymic
precurscor cells and therefore the reported DO value cannot bhe regarded
as an exact estimate of the radiOSensitivity of cthe thymic microen-—

vironment.

Recently, Hirokawa and Sado (1984) reported on the regeneration
and T cell differentiacion supporting functien of the thymic strowa
afrer irradiation. In their experimeats, mice were thymectomized and
grafted with a neonatal thymus which had been X-irradiated prior to
transplantation. An exponentional decrease was observed in graft size
and the T c¢ell supporting function of the graft at doses of 600 R and
higher. Additional graded doses of irradiaction given only to the thymus
of adult mice previously exposed to 1000 R X-rays and reconstituted
with syngeneic bone marrow cells, had a less pronounced effect on the T

cell supperting function of the thymus. In a third system, the thymus
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of neomatal mice was locally exposed to graded doses of X-rays- In this
system it was shown that the regenerative potential of these thymuses
was radioresistant. Even a local irradiation of the thymus with 2000 R
had nc effects on immunclogical paramerters such as Con A, PHA, and
anti-sheep red blood cell respeonses. Comparing che results of these
experiments, Hirokawa and Sado (1984) concluded that the T cell sup—
porting function of the thymus was highly radioresistant while its

regenerative potential was radiosensitive.

Using alse in situ irradiation of the thymus, Davis and Cole
(1969) reported an eventuzlly recovered thymic function after exposure
up te 2500 R X~rays. Thus, although there are po direct wmeasurements of
thymic stromal cell survival, in vitro measurements and a number of
indirect approaches concerning thymic function, iadicate that the

thymic microenvironwment is highly radioresistant.
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CHAPTER II

INTRODUCTION TO THE EXPERIMENTAL WORK

As demonstrated in Chapter I, ionlzing radiaclon can be divided in
two main types of irradiation, i.e. electromagnetic radiation such as
gamma— and X~rays, and particulate radiation such as alpha particles,
beta particles and neutrons. X-rays and neutrons are indirectly ieniz-—
ing radiation types. They are eleetrically neutral and have a fair
penetrating power. Fast fissicn neutrons and X-rays produce recoil
protons and fast electrons respectively, which are directly ienizing.
However, the jonization density along the track of recoil protons is
much higher than that of fast electrons. This difference in iconizatioa
density accounts for the cobserved differences in biological effective-
ness afrer irradiation with either radiation type. These differences
can be described by the RBE for fast flssion neutrons, i.e. the ratic
of the absorbed dose of 300 kVp X-rays to the absorbed dose of fission

neutrons to preduce the same bioclogical effecrt.

Neutron RBE determinations are important for radiatiom preotection,
fasc neuwtron radiotherapy and treacasent after accidental exposure Lo
fast peutrons. Using the fasc fission neutron exposure facility in
Pecten, a number of RBE valucs have been obtajined (see Section I.1). A
marked difference in neutron sensitivity could be demonstrated between
epithelial and bone marrow-derived tissues. As demonstrated in Secticn
I.2, the thynus is coaoposed of a lymphoid, bone marrow-—derived
component and a stromal, epithelial-derived component. Furthermors, it
was shown
that rthe thymic stroma is involved in the differentiation and
maturation of the bone marrow—derived T cell precursors. With respect
to the radiosensitivity of both thymic components, there is only
limited data available on the stromal sensitivity te irradiatien
whereas the lymphoid sensitivity to irradiatvion is characrevized to

some extent {see Section I.3).

However, since many thymocyte subpopulations can be identified in

the thymus, different radiosensitivities could exist for these subpopu-
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larions. In addition, the precise nature and progeny of the radioresis—

tant intrathymic precursor cells 1s still poorly understocd.

With respect to low LET irradiation, i.e. X-rays versus high LET
irradiation, j.e. fast fission neutrons, only limited data are avail=-
able on the effects after neutron irradiation. Furthermore, based on
the above described generalization concerning the neustron sensitivity
of epithelia and bone marrow—derived cells, it is conceivable that a
similar marked difference in neutron seasitivity might be expected
between cell pepulations in a lympho—epithelial organ as the thymus. In
crder to characterize these events in more detail, we decided co expose
mice to whole~body irradiation with either fast fission neutrons or
X-rays and we studied the effecrts of these irradiations on the lymphoid

and stromal compartment in the thymus.

In Chapter III, we describe the cellular response of the thymus
of CBA mice afrer whole-body irradiation with sublethal doses of fis—
sion neutrons of 1 MeV mean energy or 300 kVp X-rays. The CBA strain
vsed is an inbred strain kept in Petten since 1962, originally derived
from the CBA/Br strain. Furthermore, this chapter deals with the long-

term effects of irradiation on the thymus.

In Chapter IV, monoclonal antibodies directed to cell surface
differentiation antigens of T cells were used to study the distribution

of T cell subpopulations in the thymus of CBA/H mice.

Chapter V deals with the degeneration of the thymus after sub—
lethal fission neutron irradiation and the following bone marrow—
independent repopulation of the thymus, brought by intrathymie radio—
resistant precursor cells. These events were characterized with flow
cytofluorometry and immunohistology using mencclonal antibodies direct—
ed to the cell surface antigens Thy-l, T-200, Lyt-1l, Lyt-2, #T-4, and
MEL=14 .

The following chapter (Chaprer VI) describes the effects of sub-

lethal fission neutron irradiation on the stromal cells of the thymus-

These effects were characterized with immunohistelegy, using menoclonal
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antibodies directed to I-A and H-2K (MHC) antigens as well as mono-
clonal antibodies defining variocus stromal cell types in the cortex and
madulla of the thymus. In addition, this chapter studies the question
whether the radiaticn=induced changes in the thymic mlicroenvironment

are related £o the lymphold repopulation (Chapter 5) in the thymusa.

In Chapter VII, the long—term immunohistology of lymphoid and stromal
compartments of the thymus, long—term after a single exposure to sub—
lethal doses of whole~body irradiatiom, is investigated. This chapter
describes a number of thymuses with an aberranc thymus lobe observed as

a long—term effect after neutron irradiation.

Chapter VILIL deals with the determination of the radiosensitivity
and neutron RBE values of thymocyte subpopulations of mice exposed ro
graded doses of neutrons and X-rays, defined by monoclonzl antibodies
directed to T cell differentiation antigens using flow cyteofluoromepry.
In additicn, the radiosensirivity of the intrathymic radioresistant

precursor cells was estimated.

In Chapter 1X, experiwments are described rto investipate che radio—
seasitivity of the thymic stroma. To this purpose, thymuses of neonacal
mice, exposed te graded deses of neutrons or X-rays, were excised and
transplanted Iin MAC compatible nude mice- The immunohistology of che
graft was investigated with antibedies directed to thymic stromal cells
and T cell differentiation antigens and the graft size was measured. In
order to investigate the reconstitution capacity of the thymic trans-—
plant after irradiation, the peripheral T cell pool way gquantified
using flow cytofluorometry with monoclonal antibodies directed to T

cell antigens.
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CHAPTER IIL

SEORT AND LONG-TERM EFFECTS OF WHOLE-RODY IRRADIATION
WITE FISSION NEUTRONS OR X~-RAYS ON THE THYMUS IN CBA MICE
5

* %
R. Huiskamp J.A.G. Davids and 0. Vos

* Netherlauds Energy Research Foundation ECN, Petten (NH)
The Netherlands
Department of Cell Biology and Genetics, Erasmus University of

Rotterdam, Rotterdam, The Netherlands
In: Radiat. Res. 95: 370-381 (1983)

SUMMARY

Young adult (6 weeks old} female CBA mice were exposed to whole—
body irradiation with either 2.5 Gy fast fission neutrons of 1 MeV mean
energy or 6.0 Gy 300 kVp X-rays at center—line dose rates of 0.1 and
0.3 Gy/min, respectively. The weight of spleen and aniwal and the
welght, ecellularity and histological structure of the thymus were stud-
ied at different times after irradiacion. Thymic recovery after whole=
body irrvadiation showed a biphasic pactern with minima at 5 and 21 days
after irradiation and peaks of regeneration at days 14 and 42 after X-
irradiation or at days 14 and 70 after neutron irradiation. After the
second phase of recovery, a marked decrease in relative thymus welght
and cellularicy was observed, which lasted up to at least 250 days
after irradiation. Splenic recovery showed a monophasic pattern with an
overshoor on day 21 after irradiation. After neutron—irradiation a late
decrease in relative spleen and animal weight was obscrved.

The observed late effects on thymus and spleen weight and thymus
cellularity are discussed in terms of a persisteant defect in the Dbone

MAXLTOW.
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INTRODUCTION

The effects of X=irradiation on the thymus in wnice have been
extensively studied (l-6). After whole-body irradiation, the cellular
regeneration of the thymis follows a biphasic pattern; an initial
decrease In thymus weight and cellularicy until day 5 is followed by a
first regeneratios period uantil day 14 and subsequently a second
decrease from day 16 until day 22 is followed by a final recovery at

day 40 after irradiation.

The first regeneration period has been attributed to proliferation
of the fraction of prothymocytes which survived in the chymus after ir-
radiation (2, 73. The secondary involution of the irradiated thymus has
been explained by exhaastion (1) and limited proliferative capacity (B8)
of those prothymocytes and by an impaired production of precursors in
the bone marrow due to radiation damage (2, 4%. The final rvecovery of
the thymus on day 40 after irradiation 1s due ©o its veplenistment from

bone marrow precursors (9, 10)-

In contrast to the relatively short—term effects there is only
little known abkout the long—term effects of radiation of the thymus.
After whole-body irradiation with gamma-rays Coggle (10) found no
decectable effects after the recovery on day 40 up to 15 months after
irradiation. In the present study we describe the short and long—term
effects of whole—-body irradiation with 2.5 Gy fast fissioca neutrons of
1 MeV mean energy or 6.0 Gy 300 kVp X-rays on the weight, cellulacicy

and histelogy of the thymus in CBA mice.

MATERIALS AND METHODS

Animals

Because of their homogeneity and 2 maximua of thymus weight abour
the 6th week of age (fig. 1), female mice of a CBA ianbred subline wers
irradiated or sham—irradiaced at the age of 42 £ 3 days. The procedures

of animal care have becn described elsewhere (11).
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Fig. 1. Thymus weight as a function of age in male (0) and female (e)

CRA wmice.

Irradiation procedures

The animals were irradiated with fast fission neutrens from a
235y-converter in the Low Flux Reactor at Petten- The design of the
exposure facility, the tissue dosimetry and the neutron spectrometry

have been described elsewhere (12).

The animals were exposed bilaterally at a fast neutron rate of C.1
Gy/min. The absorbed doses are given as neutron center—line deses; they
do not include the 9% gamma-ray coatribution. The variation in neutron
center=-line dose rate over the 40 mouse positions in the exposure fa-
cility is within £ 2% of the mean value. The neutron spectrusm has a
maan energy of 1.0 MeV aad the mean track average LET of the recoll

proteons produced in tissue is egqual to 57 keV/um in water-
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X-irradiation was performed with a Philips Miller X-ray tube, operacing
at 300 kVp constant potentizl at 5 mA and with a measured HVL of 2.1 mm
Cu. Simultaneously, twenty animals were irradiated while confined in
polycarbonate tubes which were mounted in a reotating disk of perspex.
The dose rate was equal to 0.3 Gy/min. in the center-line of the ani-

mals, the distance from focus to center—line being 69 cm.

Experimental procedures

The animals were irradiared wich either 2.5 Gy fission neutrons or
6.0 Gy X-rays. Simultaneously sham-irradiated controls were put in
similar plastic tubes as used for the irradiation. The doses used in
this investigation were chosen because previous experiments on intesti-
nal and gastric epitheliun and hematopoietie tissue (13} indicated that
from these doses about an equlvalent radiation damage could be expect-—
ed. The doses were expected to be in the sub=lethal range, the LD 50/30
day for 6 weeks old female CBA wmice being 2.99 Gy for fission neutrons
and 6.93 Gy for X-rays (Huiskawp et al., unpublished results).

At selected times after irradiation 7-8 wmice from the shan~irra-
diated and the lrradiated groups were killed by ether iantoxication- The
weight of the animal and spleen and the welght, cellularity and his-
tological structure of the thymus were studied. The weight of thymus
and spleen was wmeasured with a VDF torsion balance "United”™ type 100
according to standard weighing procedures. Precautions were taken to
avoid the influence of desiccation during the preparation and welighing
procedure, otherwise evaporation may influence the recorded weipght of
the small post—irradiatioun thymuses. The thymuses of 5 animals were
pocled, ninced with scissors and geutly pressed through a nylon gauge
filter (pore size, 200 pm). All cells were kept in phosphate buffered
saline supplemented with 5% newbern calf serum. The total number of

nucleated cells was counted in a hemogytometer.

The thymuses of the remaining 2-3 mice were fixed in methanol-
formaldehyde acetic acid anhydrous (85 : 10 : 3, v/v/v), cubedded in
paraffin and sectiomed at 7 um. The sections were stained by hema-

toxylin-eosine.
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RESULTS

Among the unirradiated controls, the wortalicy was zero. After
neutron- irradiation the lethality was 3.0% and in the X-irradiated
group the lethality was zero.

The changes in relative animal weight due to irradiacvion with fission
neutrons or X-rays were more proncunced after neutron irradiztion.
Especially, beyond 200 days after neutron irradiation, one can observe
a decrease in relacive animal weight (fig. 23.

After irradiacion with 2.5 Gy fisslon neutrous a marked decrease in
thymus weight and cellularity was observed until day 5 (fig. 3). During
the subsequent 9 days thymus weight and cellularity increased to a

maximum on the l4th day after irradiation. After this phase of recovery

08|

Relative animal weight

O 8.0 Gy X.rays
® 2.5 Gy neutrons

o4

P L A N " | T | . \
01 5 10 50 100 200 300
days post-irradiation ——=

Fig- 2. Animal weight relative to that of age-mazched sham-irradiated
controls (mean * SD) at various times after whole—body

irradiation with 2.5 Gy neutron (®) or 6.0 Gy X-rays (0).
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there was a second decreasg followed by a second phase of recovery,
starting after the 28th day and lasting until abour the 50th-70th day
after irradiation. After this second phase of recovery thymus weight
and cellularity decreased again. This final degrease lasted up to at

leagt 250 days after irradiation.

If the animals were exposed to 6 Gy A—rays, the same blphasic
pattern of regenevation was observed (fig- 43. The narked decrease

after the second phase of recovery was also observed.

Fiz. 5A and 5B respectively show changes in thymus welght and
cellularity after 2.5 Gy neutron or 6 Gy M-irradiaction relative to
their control values. During the ficrst 5 days after irradiation, the
effects on the thymus weight and cellularity due to neutron or X-~irra—
diation were more or less the same. The first phase of recovery after
this infrial decrease was less preouvunced after neutron irtadiation.
The increase during the second phase of vecovery was evidear after
X-irradiarion and nearly reached the control level on the 42nd day
afrer irradiation. aAfter neutren irradiation this increase was less
proncunced and reached irs maximum arcuad the 70th—10Uth day after

irradiaticn-

Beyond this second phase of recovery there was a marked decrense
in thymus welght and cellularity aftev nedtron asg well as X-irradia-

ticna-

A che first day afrer neutron irradiaticn che thysus had, in
compariscn with unirvadiated animals, a very thin cortex which wius very
hypocaellular and ceantained a lor of debris {(fig. 6A,8)- The nedulla of
the thymus was only slightly affected by irradiacion. Oun the Sth doay
after irradiation the cortex was still thin but a sparse distribution
of small lymphocytes was present. At this stage there were wmany cells
in micoesis. At the l4ch day after irradiation, ar the peak of rhe [irst
phagse of recovery, the histologlcal appearance of the thymus was hout
normal with a large cortex containing many darkly stained lyaphocytes

(fig. 5C). The same observations were made after aeutron irradiatlon.
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During the second phase of involution, the thymus cortex became
thin again but contained more darkly stained swall lymphocytes as
during the first phase of invelution. At day 42 afrer X-irradiation and
at day 70 after neutron irradiation, cthe histological appearance of the
thymus of irradiated animals was almost identical to that of unirra—
diated animals and remained identical up to at least 250 days after

irradiation with neutrons or X-rays.

The loss in spleen weight that followed whole-body irradiation was
less pronounced than the loss of thymus weight {fig. 7). After X—irra—
diation the spleen showed a monophasic regeneration pattern with a pgak
on day 21 aftevr irradiation. After this peak the weight of the irra—
diated spleen remained somewhat below the control level. After neutron
irvadiation the overshoot at day 21 after irradiation was less pro—
nounced than after X-irradiation. After this peak there was a drop
below conctrol level. At day 70 after irvadiation the spleen weight
reached nearly the ceontrol level and hereafter decreased to abour 70X

of the control level.
DISCUSSION

The biphasic pattern of thymus recovery In mice following whole—
body X— irrvadiation has been known for some time (1-5, l4). After an
inltial decrease of thymus weight and cellularity due to Interphase
death of Lymphocytes and induced cessation of mitosis (2), regeneration
of the thymus in the irradiated animals takes place to a considerable
extent and 1s attributed te proliferation of surviving pro-thymocytes
in the thymus (7, 9, 153) and/or an influx of radioresistant transient
orecursor cells into the thymus (6). The second dectease in thymus
weight and cellularity is ascribed to an exhaustlon (1) and limited
prolifevative capaclty of the surviving prothymocytes in the thymus (8)
and to an impaired production of thymus restricted precursors in the
hone marrow duc to radiation damape (2, 4, 16). The second regenerative
phase has been artributed to the replenishment of the pro-thymocyte
pool of Cthywus precursots Ln che recovering bone marvow (2, 9, 10).

The results of che present Investipation confirm the cyclic nature

of this recovery patterns after (.0 Gy X-irradiation as well as after
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Thymus weight relative to that of age-marched sham=—irradiated
controls (mean £ SD) at various times after whole-body

irradiation with 2.5 Gy neutrons () or 6.0 Gy ¥-rays (0).

Thymus cellularity relative te that of age-matched sham—
irradiated controls (mean * 5D) at varicus times after whole-
body irradiation with 2.5 Gy neutrons (e} or 6.0 Gy X-rays

{0}

Thymus after 2.5 Gy whole~body nmeutron irradiacion

A. thymus 1 day postirradiation showing marked
hypocellularity, particularly in the cortex; medulla only
slightly affected (130 x).

B. detail of the thymus 1 day pestirradiarion with a cortex
containing a lot of debris (330 x). )

C. thymus 14 days postirradiation has an essentially normal

appearance (130 x).

C = correx, M = medulla.
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2.5 Gy neutron irradiation (Fig- 3,4,5). The regeneraticn of the thymus

after the dose of neutron irradiation we used is slower and less pro-—

nounced than after X-irradiatiom. In contrast to Coggle (10} who re-

ported that no late effects were detectable in the ¢ellularity of the

thymus up to 15 months after whole-body frradiations with 2,4 and 6 Gy

gamma-rays given to SAS/4 mice at 4 weeks of age, we observed after the

second phase of regeneration a decrease In relative thymus weipht and

cellularity and this decrease persists up to at least 250 days afrer

irradiaticn.
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The decrease, late post~irradiation was not only observed in our
own CBA inbred strain, but also in CBA/H mice (Huiskamp et al, unpubl.
results). The decrease might be due to "accidental” thymic involution
from infections, malputrition or traumatic experiences (17). However,
this explanation seems unlikely since the histological appearance of
the thymus late post—irradiation is identical teo that of the umirradi-

ated thymus-

The observed late decrease in thymus weight and cellularity sug-—
gests a persistent defect in the thymus due to irradiation with either
6.0 Gy X-rays or 2.5 Gy neutrous. The reason for this phenomenon Is
still unknown, but according to Sharp & Watkins (18) long-term effects
may only be expected to ocecur when the radiation dose was sufficignt to
damage the thymic micro-enviromment. However, in bone marrow reconsti-
tuted mice following 10 Gy gamma-rays, it was possible teo detect donor
derived fumetionally active T lymphocytes (16, 19}, and after thymus-—
only irradiation of infant mice with doses up to 15 Gy gamma-rays,
thymus weight was transiently depressed, but was esseantially normal on
day 180 poscirradiaction (18)- Thus it seems unlikely that the doses
employed in this investigation were high enough to damage the thywmic
wicro—environment te a censiderable extent- With increasing age intrio-
sic changes in the thymus occur. The absolute number of thymosin o
pogitive cells and the thymic acrivity to promote T—cell differentia
tion decrease with age-related thymic involution (20, 21). Furthermore,
the level and/or proliferative capacity of the thymus restricted pro-—
genitor c¢ells in the bone marrow, which seem to be under the control of
thynic humorzl factors (24), are decreased in aging mice (22, 23).
However, in a recent study, Sade and co-workers (25, 26), investigating
the Immunclogical competence of aging mice exposed to 1.5 = 4.5 Gy X~
rays or 3.1 = 6.1 Gy gamma-rays during their young adulthood, were not
able to demonstrate clear evidence of accelerated aging of the immune
system due to earlier radiation exposure. Coggle (10), finding no late
effects on thymus weipht and cellularity after irradiaticn, suggested
that the fallure of finding such effects reflects the efficlent long—
term recovery of the bone marrow pool. Irradiation czusing a long-last-
ing depression in pluripotent stem cells (CFU~S) has been described by
a number of authors (27-29). However, a lower number of CFU-S in the

bone marrow, cannot be taken as conclusive evidence of an injury to the
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bone marrow because an increased number of totzl marrow cells or, al-
ternatively, a faster turnover of the preogenitor cells might compensate
(30).

After 5 Gy gamma-irradiation the repopulation ability of the bone
marrow was not only impaired by the loss of stem cells but also by the
induction of genetic damage in stem cells (31).This residual damage,
i.¢. non~-lethal stem cell damage, has been observed for at least 7
months following irradiation (32).

In addition, the differentiation of thymus precursors into pro-
thymocytes seems to be associated with a decrease in both radiesensi-—
tivity and cortisone resistance (9). So, in our opinion, the observed
late effects on the thymus after irradiation might be a result of a
loss of pluripotent stem cells in combination with a residuval damage in
the surviving stem cells In the bone marrow.

The most netable change in lymphohematopoietic tissues was the over-
shoot seen in the spleen weight 21 days postirradiation (fig. 8). This
phenomenon has been observed many times and may represent not only
extra medullary hematopoiesis compensating completely for a deficiency
in the bone marrow (31} and residual “"trapping™ of damaged lympho—

hematopeletic elements (33).

A 2.5 Gy neutron dose appears to have more effect on the spleen
weight, especially from day 100 postirradiation on. In CBA/H mice we
observed a slight deerecase in spleen weight afrer 6.0 Gy X-rays and a
larger decrease after 2.5 Gy neutrons (Huiskamp et al, unpublished
results) suggesting a late defect in the extra—medullary hematopoiesis
in combination with the earlier mentiouned damage in the bone marrow.

The decrease of thymus, spleen and animal weight and of the cellu-
larity of the thymus are in general larger after neutron than after
X~irradiation. We assume that this is due to an incomplete comparabili-—
ty of the doses of the two types of irradiation. For instance, the
differences in relative animal weight (fig- 2) in response to neutron
or X-lrradiations could be attributed to a larger value of the Relative
Biological Effectiveness (RBE) of fission neutrons, i.e. the ratio of
the absorbed dose of X-~rays to the absorbed dose of neutrons required
to produce the same biological effect. A absorbed dose of 2.3 Gy fis-—

sion neutroms reduces the population of intestinal-crypt stem cells in
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CBA mice to a fraction of 0.05 and the neutron RBE for this effect is
3.2 (34). Therefore, the heavier loss in animal weight early after
aeutron— irradiation can be explained by the fact that 2.5 Gy neutrons
cause more damage of the intestinal stem cell population than 6.0 Gy
X-rays.

4 similar explanation wight pertain to the loss in animal welght
between 100 and 200 days after neutron—irradiation. However, the pro—
liferating cell populationm inveolved In the latter effect has not been
identified. Because of the differences in effect of the neutron and X-
ray doses used, it is interesting to compare the thymic recovery after
graded doses with the two types of ionizing radiation used in this

investigation.
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SUMMARY

The T cell composition of the thymus of CBA/H mice was analyzed
wirh immunohistology, using monoclonal antibodies direcred to the cell-
surface antigens Thy-1l, T-200, MT—4, Lyt-1l, Lyt-2 and MEL-l4. The re-—
sulcs of this investigation show that the large majority of cortical
cells in the thymus Is bright Thy—l+, bright T-200+, bright Lyt*2+, MT-
4% and varizbel in Lyt—l expression. In contrast, medullary cells are
dull Thy-1", bright T-200%, bright Lyt=1% and either MT-4% or Lyc-2+.
However, in the subcapsular area of the cortex, small subpopulations of
lymphoblasts can be identified that are Thy-1F, T-2007 or Thy-1%, T-
200% and negative for the other tested antigens. In addition, scattered
cortical cells and a small number of medullary cells are MEL-147F, a
receptor involved in the homing of lyuwphocytes in the peripheral
lymphoid organs. We discuss the distribution of the various thymocyre
subpopulations in relation with recently published data on T cell dif-

ferentiation.
INTRODUCTION

It Is well established that the thymus plays a crueclal rele In the
generaticn of immunologically competent T lymphoeytes (1}. Bone marrow=
derived precurscr cells migrate to the thymus (2, 3}, proliferate in
the thymus and give rise to a number of functional T-cell subpopula=-
tions such as helper T cells, suppressor T cells and cytotoxic T cells

(1). During the differentiation antigens such as Thy-1, TL, and Lyr,
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are acquired on their cell surface (1, 4). By means of the Lyt anti-
gens, functional subpopulatious can be identified. Thus, T~amplifier
and T-helper cells express the‘Lytwi antigen, whereas T=cytotoxdc and
T= suppressor cells express the Lyt-2 antigen (4). However, more recent
studies have indicated that Lyt—l is detectable on all T cells, albeit
at higher density on the Lyt-Z7 subpopulation (5, 6}. In addition,
recently developed monoclonal antibodies, designated GKL1.5 (7, 8) and

ME-5 (9), appear to be speclfic for T-amplifier and T-helper cells.

In the presen: investigation, we have used immunchistology to
characterize the T cell composition of the thymus in CBA/H mice with’
monoclonal antibodies directed to the cell-surface differentiation
antigens Thy-1, T-200, ¥T-4, Lyt-~l, Lyt-2, and MEL-l4. The results of
this investigation show that the thymus contains several T cell sub-

populations which are locallzed in different thymic comparctments.

MATERTALS AND METHODS

Animals

Male and female CBA/H mice, age 5 to 7 weeks, were used for the
present study. The procedures for animal care have been described else—

where (10).

Antisera

Monoclonal antibedies directed to cell-surface determinants of
mouse~lywmphoid cells were obtained from the tissue—culture supernatant
of hybrid-cell lines prepared and characterized by Ledbetter and
Herzenberg (11). Clone 59-AD-2.2 secreted aacl-Thy-1l antibedies, clone
53-7.3.13 secreted anti-Lyt-l antibodies, clone 53-6.72 secreted anti-—
Lyt—2 antibodies and clone 30-G-12 secreted anti -T-200 antibodies-
MEL-14 monoclonal antibodies specific for a lymphocyte=- surface mele=
cule that appears to functicn as the homing receptor for perperipheral
lymph node high endothelial venules (12}, were the kind gzift of
Dr. E.L. Butcher, Stanford Universicy, Scanford, USA. Clone HI29.1%

secreted anci-MT-4 antibodies, generated and characterized by Plerres
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et al. (9), was a kind gifr of Dr. M. Pierres, INSERM-CNRS, Marseille,

France.

The mounoclonal antibodies were detected {n an indirect immuno
assay using a polyvalent rabbit—anti-rat immunoglobulin serum, con=-
jugated wicth horse radish peroxidase (RaRa I1g-HRP, Dakopatts,

Denmark).

Tissue preparation for immunohistelogy

4.5 un frozen sections of freshly isclate thynuses, were prepared
and stained using the indirect immunopercxidase method as described
elsewhere (13). Briefly, acetone fixed frozen sections were overlayered
with monoclonal antibodies for 45 min, rinsed, and overlayered with
RaRa Ig=HRP, supplemented with 1% normal mouse serum, for another 45
min. Antibody binding was visualized by Incubation of the frozen sec~
rions with diaminobenzidene, according te Graham & Karnovsky (l4). To
enhance the contrast of the precipitate, the sections were incubated
with a solution containing 1% CuS0, and 0.9% NaCl. The sections were
then postfixed in 17 glutaraldehyde. For photography, the contrast of
the image was further enhanced with a 490 nm IL interference filter

(Schorc, W., Germany).

RESULTS

For the deseriprion of the ilmmunchistology of the thymus, we
divide the thymus in four major regileas: l. a subcapsular cortical area
with large lymphocytes and frequent mitosis, 2. the cortex with smzll
thymoeytes and epithelial cells with long reticular processes, 3. the
cortico-medullary area with large blood vessels and i: the medulla,
characterized by thymocytes intermediate in size and spindle—shaped
epithelial cells. The results of this investigation were obtalned from
comparative observations using carefully chosen serial adjacent frozen

sections.

Frozen secticns of the thymus stained with monceclonal anti=Thy-1

antibodies, a pan T cell antibody, show that the Thy—l antigens are
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expressed on virtwally all thymocytes. The Thy=-l sraining is most in—
tense in the subcapsular area and gradually decreases towards the
medulla (Fig. 1la). In general, the medullary compartment can be dis=-
tinguished from the cortex on basis of a weak Thy-l staining. However,

this demarcation is not always very clear.

Virtually all thymocytes express T-200 antigens, i.e. the common
leukocyte antigen. Cortlcal thymocytes are bright T—ZOO*, whereas cells
in the cortice-medullary area and in the wmedulla show a higher density
of this antigen. In the subcapsular area and in the mednlla souwe nega—

tive to dull T-200% cells can be observed (Fig. 1b).

Serial sectious stained with anti-MI-4 antibodies, an antibody
which detects T helper cells, show that the large majority of cortical
cells is MT=4T. In the subcapsular area, however, the cells show varia-
tion in the level of MI-4 expression: a number of cells is @ven MI-47.
In the medulla, the MT-4 expression 1s very heterogenous. Besides MT-47
cells, the majority of cells is dull “T-47 whereas individual bright

MT=47 cells can alse be observed (Fig. 1lc}.

Serial sections stained with aati-Lyt-1 antibodies reveal that
almost all thymocytes are Lyt—1+, but the density of this surface
marker is also very heterogeneous. In the subcapsular area, the thymo-
cytes are negative to dall Lyc—l+ whereas the majority of cortical
cells is dull Lyt—l+. However, in the cortex and egpecially in the
cortico—medullary area, foeci of brizht Lyt-l+ cells are observed.
Individual bright Lyt=1" cells are also observed in the subcapsular
area. In the medulla, the majority of cells express high levels of Lyt~
1 antigens, but there are also areas were the Lyt—l expression

resenbles that of the cortical dull Lyt-l+ thymoeyres (Fig. 1d)-

Serial anti-Lyt-2 stained sections show that most cells in the
cortex arve bright Lyt-2% with scatctered foci of negative Lo dull Lyc-27T
cells, especially in the subgapsular area. The majority of medullary
cells 1s Lyr-27 with scattered dull to bright Lyt~2% cells (Fig. le).
Close comparison of adjacent serial frozen sections incubated with MT-4

and Lyt-2 reveals that medullary cells are either WT—4™, Lyr=2~ or MT-—






Fig., 1. Immunoperoxidase staining of serial frozen sections of the

thymus of CBA/H mice incubated with monoclonal anti-Thy-1 (la},
anti-7-200 (1b), anti-¥T-4 (le), anti-Lyt-l (ld), antci-Lyt-2
(le), and anti-HEL-14 (1f). C = cortex, M = medulla, ca =

thymic capsule, v = venule (x 140)}.
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4=, Lyrt-at.

Frozen sections stained with MEL-1l4 antibodies reveal that this
antigen is expressed in a dull way on cortical cells and, in this mouse
strain also & small number of medullary cells. However, in the cortex

one can observe individual bright MEL~14T cells (Fig- 1lf).
DISCUSSION

In the present investigation we have used immunchistology te char~
acterize the T cell distribution in the thymus of CkA/H mice with mono-
¢lonal antibodies directed to the cell-surface differentiation antigens
Thy-1l, T-200, MI-4, Lyt-l, Lyt-2 and MEL-14. Our results shew that the
thymus contains several T—cell subpopulations, localized in diffefent
compartments- Virtually all thymocytes express Thy-l, T=200 and Lyt-l
antigens. The Thy-~1 staining i1s most intense in the cortex and gradual—
ly decreages towards the wmedualla while the T-200 axpression increases.
However, a clear separation between the bright Thy—l+ cortical cells
and the dull Thy—l+ medullary cells was not always possible since
medullary cells sometimes express cortical=like Thy-l staining levels.
Belatively high levels of Thy-1 staining on dull Thy-l+ cell popula-
tions, using indirect staining techniques, have also been observed with
other anti-Thy-1 reagents (15) and indicate that anti~Thy-1 reagencs
have to be used with cauticn to discriminate between the cortical and
medullary compartwent of the thymus. In contrast, a clear subdivision
of the cortical and medullary compartment was observed after staining
of frozen sections with anti—ifT-4 or anti~ Lyt—-2 antibedies. The majoc-
ity of the cortical cells is MT-4T and bright Lyt-2T with varying
levels of Lyt—l expression, whereas medullary cells are In general
bright Lyt-1" and either MT-4¥F, Lyt—27 or MT—4~, Lyc-2*. However, the
MT-4F cells cutnumber the Lyt-2% cells.

These results are in agreement with an ecarlier impunohistoleoglceal
analysis of the thymus, as described by van Ewijk et al. {13) and two
colour flow—cytometric anmalysis of the Lyt phenotypes of mouse rthyaso-—
cytes (16, 17). Our immunohistological observations on the MUT-4, Lyt-2
pheaotype of cortical and medullary thymocytes are in concordance with

recently published flow cytomerric data by Scollay & Shortman (17, 13)
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with Lyc-2 and GK1.5 (anzi-13T4), a monoclonal antibody described by
Dialynus et al. (7, 8) analogeous to H129.19 (anti-MT-4). These studies
showed that cortical thymocytes are L3T4T, Lyt-2T aad that medullary
thymocytes are either L3T4T, Lyt=2 or L3T4~, Lyt-2*t. In this sense,

medullary thymocytes are comparable with peripheral T cells.

Besides these major thymoeyte subpopulations, we observed three
winer subpopulations. First, individual bright Lyt—1T cells are scat-
tered throughout the cortex, including the subcapsular area. These
cells show, on basis of thelr Lyt-l expression, a more "mature” pheno—
type. Similar cells have also be identified in the thymus of the human
by high levels of Tl and T3 (19). Bright Lyt-1% corrical cells may
represent a separate developmental lineage beside the major Lyt—17F,
Ly:—2+ lineage in the cortex. A split inte these lineages has been
traced back to the level of subcapsular lymphoblasts (20). In additicn,
during ontogeny Lyt—l+ "only” cells appear before che Lyc-1l+, Lyt-2+
ceil (21, 23). Furthermore, Lyt-1" "only” cells car genmerate Lyt-1%,
Lyt—2+ cells in the fetal thyamus (24). Thus the bright Lyt—l+ Tonly”
cells that can be found in the ewbryonic as well as in the adult thymus
could represent a precurser population for the medullary thymocyte
population or alternatively for peripheral T cells. This precurser
population could be correlated with the population of HMEL=14TF cells
that are scattered throughout the cortex. It has recently been shown
that these cells have, on the basis of peanut agglutinin and class I
ma jor histoceoampatibility complex antigens expression, a mature pheno-
type and represent the major source of thymus emigrants (25)- However,
on the basis of the present study we cannof conclude {f the bright
Lye=17 cortical cells also express MEL~14 and only combined immunocyto-
chenical and auto-radiographic analysis can provide evidence for this

hypothesis.

Second, a small subpopulation bright Thy-1%, T-200% cells can be
observed in the subcapsular area that does not express functlonal
markers such as MT-4 and Lyt—2 antigens. These cells are very dull Lyt—
it or Lyt=1". & third small subpopulation in the subecapsular area
express excluslvely Thy—l antigens but no other T cell markers. Recent-—

ly Scollay & shortman (L7) alse identify such a negative subpopulation
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.by flow cytometry. They further showed that a substantial number of

these cells is low Thy-1" or even Thy-1~. These latter small subpoﬁula-

tions are particulary enriched in the thymus of cortisone— treated mice

(13) and in the thymus of sublethal irradiated mice (Chapter IV).

Furthermore, phenotypical similar cell types can also be identified

during the ontogeny of the thymus (21, 26) and io the adult thymus (18)

and represent therefore most likely precursor cells invelved in the

early events of T cell differentiaticn in the thymus of mice-
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SUMMARY

The T cell compesitlon of the thymus of sublethal fission neugren
irradiated CBA/H mice was analyzed with cytofluorometrry and Immunochis—
tology, using monoclonal antibodies directed to the cell surface anti-

gens Thy-1, T-200, MI-4, Lyc~l, Lyt-2 and MEL-14.

The results of this investigation show that whole-body irradiaticn
with 2.5 Gy fission veutrons results in a severe reduction and degener-—
ation of the cortex whereas the medulla is affected to a less extent.
Irradiation selects, within 24 hours, for a population of dull Thy—1+,
bright T-200%, bright Lyt-1% cells localized in the medulla. Phenotype
analysis of the regeneration of the thymus, which starts at about 5
days after irradiation, reveals the sequential appearance of: (1)
"null” cells, i.e. lymphoblasts negative for all tests antigens, malnly
in the subecapsular area but also in the medulla; (2) Thy—1+ “only” and
T-200% "only” cells in the subcapsular area; (3) Thy-1+, T-200% cells
and (4) Thy-1%, T-200F, MT-4%, Lyt™ cells in the cortex. In additiom,
an increased MEL-14 expression is observed in correlation with the
expression of Thy~l and T-200 determinants during the regeneration of
the thymus. Frowm day 10 on upto at least 150 days afrer irradiaticn, no

differences can be observed in the thymus of irradiated and age-matched
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sham—irradiated control mice, as weasured by the expression and
distribution of Thy-1, T-200, MT-4, Lyt-1l, Lyt-2 and MEL-14 anti-

gens.

The observed sequence in phenotype shift in the regeneration of
the thymus after irradiation is discussed in view of recently published

data on the differentiation of the T cell system.
INTRODUCTION

The thymus is essential for the development and maintenance of
cell-mediated immunity {(1). It is censidered to be a primary lymphoid
organ that generates immunclogically competent lymphocytes (2). Thymo-
cytes originate from a subpopulation bone marrow—derived precursor
cells {3) that migrate te the thymus (4-6). During differentiation in
the thymus these cells aquire specific differentiacion antigens on
rhaeir cell surface such as Thy—1l, TL, and the Lyt antigens {Z,7). Tm—
munohistological observations, with monoclicnal antibodies directed to
cell surface differentiation antigens, revealed during ontogeny of the
thyous (8,9) and in the thywmus of cortisone—treated mice (L0) a speci-
fic phenotypical sequence order that scems to be 3 general rule in T

cell differentiation-

Whole-body irradiation has severe effects on the thymus and leads
to a strong depopulation. Thymus recovery, hereafter, follows a2 bipha-
sic pattern (11-13). After am initial depopulation of the chymus, re-
generation starts about 3 days after irradiation from a population of
intrathymic radioresistant precursor c¢ells (14,15) and leads to an
almost complete recovery of the thymus when sublethal doses are employ-
2d. The following second depopulation of the thymus, starting abour day
14 after irradiation, is ascribed to an exhaustion and limited prolif-
erative capacity of these radioresistant precursors (16,17) and to am
impaired production of the thymus restricted precursers in the damaged
bone marrow (6,11). The seccond regenerative phase in thymus recovery
has been attributed to the replenishment of the prothymocyte poel in

the recovering bone marrow (11,18)-

The existence of radioresistant intrathymie precurser cells and

the following bone marrow independent repopulation of the thymus
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brought by these cells after irradiation, provides a model to get in-
sight in T cell differentiatvion. In the present investigation, we have
exposed mice Lo a sublethal dose of fission neutrons, a type of irradi-
ation with a high ionisation density. In countrast to X-rays, fission
neutrons cause damage virtually without intracellular repair (19). This
means that the regeneration of the lymphoid system after neutron irra-
diation, will take place virtually without the influence of repair
mechanisms of sublethal damage in the investigated cell system. We
analyzed the T cell composition of the thymus following irradiation
with cytefluorometry and immunohistelegy, using moncclonal antibedies
directed to the cell surface antigens Thy-1, T-200, MT-4, Lyc—-1l, Lyt-2
and MEL-lé4.

The results of this {investigation indicate that after an initial
depopulation, which mainly affects the cortex of the thymus, regenera-
tion starts with the appearance of large "null” cells followed by 2
sequential appearance of the other analysed antigens in a time—~course
of 5-9 days after irradiation. Hereafter, no differences could be ob-
served between irradiated and age-matched unirradiated control wmice. We
relate these findings to recently published data on thymocyte differen-

tiation in the mouse.

MATERIALS AND METHODS

Animals

Male and female CBA/H mice were irradiated or sham—irradiated at
the age of 5-7 weeks. The procedures of animal care have been described

elsewhere (20).

Irradiation procedure

Whole-body neutron Irradiation was performed wirth fast fission
neutrons from a 233U-converter in the Low Flux Reactor at Petten as
described elsewhere (13). Briefly, the animals were exposed bilaterally
at a fast neutron dose rate of 0.10 Gy/min. The absorbed doses are
given as neutron centerline doses and do not include the 87 gamma-ray
contribution. The neutron spectrum had a mean energy of 1.0 ieV. The

mice were irradiated with 2.5 Gy meutrouns.
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Antisera

Monoclonal antibodies directed to cell surface determinants of
mouse lymphoid cells were obtained from the tissue culture supernatant
of hybrid cell lines. Clone 59-AD-2.2 secrered anti-Thy—l antibodies,
clone 53-7.3.13 secreted anti-Lyt=l antibodies, ¢lone 53-6.72 secreted
anti-Lyt—2 antibodies and clone 30-G-12 secreted anti-T-200 antibodies.
A1l clomes were origimally prepared and characterized by
Dr. J.A. Ledbetter (21). MEL-14 monoclonal antibodies specific for a
lymphocyte surface wmolecule that mediates the recognition of lymph node
high endothelial venules (22), were the kind gift of Dr. E.L. Butcher,
Stanford University, Stanford, USA. Clone H129.19 secreted aoti-—MI-4&
(L3T4) antibvodies, generated and characterized by Pierres (23) was the
kind gift of Dr- M. Plerres, INSERM-CHNRS, Marseille, France.

Conjugates

Peroxidase—conjugated rabbit-anti-~rat serum (RaRa Ig-HRP) was
obtained from Dakopatts, Demmark. The conjugate was diluted in a 1:20
diluticn and supplemented with 1% normal mouse serum (NMS5). Fluores
cein—-conjugated rabbit—anti-rat seruvm (RaRa Ig—-FITG) was obtained from
Nordic Immunological Laboratories. This conjugate was used in a 1:15

dilution, also supplemented with 1% NMS.

ware calculated by plotting the fluorescence profiles of the cell sus—
pensions. The profiles of the negative countrol cell suspension were
"smoothed”, a "cut—off” channel was determined, and the percentage of
cells above this "cut-off"” channel i.e. the aspecific fluorescence, was
caleculated. In the experimental curves the percentage of cells above
this “cut—off” chanmnel was calculated and corrected for the aspecific
fluorescence. In case, there was no overlap of control and experimental

curves, ne correction for aspecific fluorescence was performed.

Tissue preparation for immunchistelogy

Frozen sections of thymuses, isolated at various days after irra-
diaticn, were prepared and stained using the indirect immuneoperoxidase

method as described elsewhere (10).



- 88 -

RESULTS

In the first part of this section, we describe the immunohistology
of the thymus in neutron—irradiated CBA/H mice, defimed by monoclonal
antibodies against the cell surface antigens Thy-1, T-200, MT-4, Lyt-1,
Lyt=2 and MEL-l4, at various days after irradiation. These results were
obtained from carefully choosen serial frozen sections- For the des—
cription of the immunohistology of the thymus in unirradiated control
mice, we refer to previous papers (10,25). In the second part, we pres-—
ent guantitative data, such as cytoflucrometrry cof the thymocyte subpo—
pulations after irradiation, as analyzed with monoclonal antisera

against Thy-1, T-200, Lyt-l and Lyt-2.

1. Immunohistology of T cell subpopulations in the thymus of neutron-—

irradiated mice

Irradiation with 2.5 Gy fission neutrons causes, within 24 hours,
extensive necrosis and phagocytosls in the cortex resulting iIn a drama-
tic reduction in the volume of the cortex of the thymus. In contrast,
the medulla is only slightly affecred. Until 3 days after irradiation,
the cortex is very hypocellular and virtually negative for zall tested
antigens. In the medulla, this dose of irradiation selects for a popu—
lation of dull Thy-1¥, bright T-200F, bright Lyt-1* cells. Scme of
these cells show intermediate levels of MI-4 or Lyt-2 expression (data

not shown)-

4-5 Days after irradiation, the number of cells in the cortex
starts to increase- These cells are located in the subcapsular area.
Mest of these cells are negative for all tested antigens ("null™ cells)
and generally larger in size than normal thymocytes (Fig. 1). Socume of
these cells exprass only Thy-1 or T=200 antigens (Thy-1T "only” and T-
200% "only™ cells). Deeper in the cortex, the majority of cells is dull
Thy-1" with scattered bright Thy-1T cells. A number of these cortical
cells are T-200% but wvirtually negative for the other tested antigens
{Fig- 2). The expression of Thy-1l in the medulla at this time is very
heterogeneous, varying from dull to bright. A small subpopulation of
Thy—1" cells can be observed in this area. These cells are also negatir

ve for the other tested antigens. The majority of medullary cells is T-
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Fig. 1. High pover magnification of the subcapsular area of the thymus
4=5 days after 2.5 Gy neutron irradiation. la Kepreseunts a
frozen section incubated with moroclenal anti-Thy-1
antibodies. lb Represents a serial section incubated with
monoclonal aati-Lyt-l antibodies. Arrows Indicate large Thy-1"
cells which are als§ Lyt=1l negative. CA = thymic capsule (x

5395).
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Pig. 2.

Immunoperoxldase staining of serial frozen sections of the
thymus 4-5 days after 2.5 Gy neutron frradiation incubated
with mounoclonal anti~Thy-1 (2a), anti-T-200 (2b), anti-MT-4

(2¢), anti-Lyt-1 (2d), anti-Lyt-2 {2e), and anti-MEL-14 (2f).

C = cortex, M = Medulla (x 140).

- 16 -
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Fig. 3. Immuncperoxidase staining of serial frozem sections of the
thymus 6-7 days after 2.5 Gy neutron irradiation incubated
with monoclonal anti-Thy-1 (3a), anti-T-200 (3b), anti-MT-4
{3c), anti-Lyt-1 (3d), anti-Lyt-2 (3e), and anti-MEL-14 (3f).

C = cortex, M = Medulla {x 140).

w TH -
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200% and show varying levels of Lyt-l expression. Both MI-4T cells as

well as Lyt-2% cells are scattered throughout the medulla (Fig. 2).

At 6-7 days after irradiarion, virtually all thymocytes are Thy—
1+, except for a small number of subcapsular cells. These particular
cells are negative for the other tested antigens- The cells in the
cortex are In general large (about 7-8 pm) in size. The Thy—l staining
is most intense in the cortex and gradually decreases towards the me—
dulla (Fig- 3). Comparison of serial sections shows that the majority
of bright Thy-1% cells are also dull T-200%, however T-2007, as well as
bright T=200% cells can be observed. Observations of individual cells
further show that most Thy-1t, T-200% cells are also MEL-14T. The re-
generation of the thymus at this stage is not uniform since adjacent
areas in the cortex are often in different regenerative stages: iﬁ
areas where cells express high Thy-l and intermediate T-200 levels, the
expression of MT-4, Lyt-l, Lyt~2 is developed to some exteant, whereas
in areas where Thy-1% cells express very low levels of T-200 antigens,
the expression ¢of the other tested antigens, except MEL-14, is poorly
developed- The expressien of Thy-1, T-200, MIL-4, Lyt-~1, Lyt-2 and MEL-
14 in the nedulla, 6-7 days after irradiatiom, is starting to resemble
that of non—irradiated control mice (Fig. 3). However, at this time-
point, the medulla contains also a number of Thy—1" cells. These cells
are also negative for all other tested antigens (Fig. 4) and are pre—

sent in small cell clusters.

At 8-9 days after irradiation, the regeneration of the thymus as
measured by the expression of Thy-1, T-200, MI-4, Lyt-1l, Lyt-2 and MEL-
14 antigens, is nearly completed and from day 10 on upte at least 150
days after irradiation with fission neutrons, no differences canm be
observed in the thymus of irradiated and age-matched sham~irradiated

control mice.

In summary, irradiatiom with 2.5 Gy fast fission neutrons selects
within 24 hours for a population of dull Thy-1T, bright T-200F, bright
Lyt-17 cells with scattered MT—4 and Lyt—2 expression. These cells are
iogcated in the medulla- Phenotype analysis of the regenerating thymus
reveals the sequential appearance of (1) "null™ cells; (2) Thy-l “enly”
cells; T-200 "only" cells in the subcapsular area and {3) Thy-l+, T—
200% cells; (4) Thy-1t, T-200%, wMT-47%, Lytt cells in the cortex in a
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Fig. 4. High power magnification of the medulla of the thymus 6~7 days
after 2.5 Gy neutron irradiation. 4a Represencs a frozen
sectlon Incubated with anti-Thy-1 antibodies. 4b Represents a
frozen section incubated with anti-Lyt—l antibodies. Arrows
indicate Thy=1" cells which are also Lyt=1 negative

{x 595).
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time peried from 5-9 days after irradiation. "Null” cells were also
observed in the medulla of the regenerating thymus. Furthermore, an
increased MEL-l4 expression seeus to be correlated with the Thy—1+, T-

2007 stage In the regenerative process.

Since rhese histological data cannot easily be quantified, we show
in the following section quantitative data of the thymus after irradia-

tion.

2. Quantitative aspects of the thmymus of control and neutron—irradjia-—
ted mice
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Fig. 5- Thymus cellularity relative to that of age-matched sham—irra-—
diared contrels (mean *SD) at various days after 2.5 Gy

whole—=body irradiation with fission mneutrons.
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24. Cellular quantification of the thymus after irradiation

Irradiation with 2.5 Gy fission neutrons causes a marked decrease
in the relative thymic cellularity toe less than 1% of the contrel wval-
ues at day & after irradiation. Hereafter, a biphasic regeneration
pattern can be cbserved followed by a marked deerease which lasts upto

at least 150 days after irradiation (Fig. 5)-

2B. Flow cytofluorometric analysis of thymoecytes of contrel and

neutron irradiated wmice

Flow cytofluorometric analysis of the thymus was scarted on day 3
after irradiation since at day 1 and 2, necrosis and phagocytosis in
the irradiated thymus caused autofluorescence, which severely influ-
enced the analysis. The monoclonal antibodies used for flow cytofluoro—
metry were Thy-1, T—-200, Lyt-l and Lyt-2. MT-4 and MEL-14 were not

available for this purpose-

The fluorescence profile of thymocytes from control mice, stained
with the anti—~Thy-1 monoclonal 59-aD-22 is shown in Fig. Ha. Virtually
all thymocytes are Thy—l+ (see also Table I}, but show a wide range of
flucrescence intensities. The fluorescence profile of Thy—1+ cells show
in general a slight shoulder at the lefr side, indicating a dull subpo-
pulaticn, although the distinction between the low and bright Thy-1t
subpopulations is not always very clear. Irradiation with fission neu-
trons results ar day 3 afrer irradiation in a overall reducticn of the
percentage and absolute number Thy—l+ cells (Table I, Fig- 73 and se—
lects for the dull Thy-1% subpopulation (Fig. 6a). From day 5 on after
irradiation, one can observe an increase of the percentage Thy—l+ cells
but the number of Thy-17 cells is still decreasing (Fig. 7). The fluor-—
escence profile at day & after irradiation shows Thy-1~ and bright Thy-
1t cells besides the surviving dull Thy-1" cell population- 7 Days
after irradiation, the bright Thy«1+ subpopulation has further increas—
ed while the Thy-17 cell population is reduced (Figs- 6a, 7). From day
8 after irradiationm on, the flucrescence profile of Thy—l+ thymecytes

resembles that eof control mice.
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Fig. 6.
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Fluorescence histograms of thymoeytes stained with mounoclonal
anti~-Thy=-1 (6a}, anti-T-200 (6b), anti-Lyt~l (6c}, and
anti~Lyt 2 (6d) antibodies. The fluorescence Intensity 1s
determined over 250 channels with a multichannel analyser and
plotted on a logarithmic scale. Fluorescence intensity
inereases from the left to the right on the ordinate, on which
a 250 channel scale 1s indicated. For each channel number the
relative frequency of cells with the corresponding
fluorescence intensity Is expressed {abscissa}.

In each histogram, 4 profiles zre shown: Profile 1 represents
the specifis staining of thymocytes 3 days after 2.5 Gy
neutron irradiacion; Profile 2 represents the staining pattern
of thymocytes 6 days after neutron irradiation; Profile 3
vepresents the stalning pattern of thymocytes 7 days after
irradiation whereas Profile 4 represents the staining pattern
of control thymocytes.

The arrows of the ordinate indicate the cut~off channel used
for the determinarion of the percentage éositive cells in a

thymocyte pepulation.



TABLE T Fluorescence characteristics amd percentage of labeled cells in the thymus of control

and irradiatated mice at various days after 2,5 Gy neutvon whole-body irradiation

Staining Thy-1 Lyt-1 Lyt-2 T-200

pb | ab | z° P A % P | oA P | A %
Daya
0 {Control) 133 ¢ 129 93 92 96 90 [ 103 97 82 ¢ 108 | L10 93
3 105 { 100 72 | 104 | 106 83 60 73 20 | 114 | 113 86
4 106 98 59 | 106 | 101 77 51 69 18 | 111 | t09 84
5 102 98 67 98 98 81 55 14 25 | 113 | 109 85
6 101 | 101 64 | 101 99 77 56 76 28 | 116 | 114 85
7 125 | 111 76 92 93 69 96 92 61 | 108 { 106 80
8 125 | 118 92 83 87 75 { 101 88 74 | 100 | 102 92
g 128 | 122 92 87 89 81 97 94 83 | 104 | 105 94

Values are given from one of two identical experiments.

Sec materials and methods

fluorescence®.,

Days after 2.5 Gy (250 rad) neutren irradiatlon. Control: age-matched sham—1irradiated

mice.

% = percentage positively labeled cells In a thymocyte population, corrected for aspecific

- Q01 -
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The fluorescence distribution of thymocytes of coantrol mice
stained with anti~-T-200 antibodies shows that virtually all thymocytes
are T-200% and a shoulder at the right side of the profile, i.e. the
bright T-200% subpopulation (Fig. 6b, Table I}. After neutron irradia-
tion, the percentage T-200T cells remains at a somewhat lower level
than in the sham-irradiated control mice, but the absolute number of T~
2007 cells decreases and there is a selection for the bright T-200%
subpopulation (Figs- 6b, 7)- From day 6 on afrer irradiation, dull T-
200% and T-200" cells appear besides the surviving bright T-200F popu—
lation (Fig. 6b). At azbout day & after irradiation, the flucrescence

profile of T-200T thymocytes resembles that of control mice-

The fluorescence profile of Lyt-1t cells in the thymus of control
mice shows that the large majority is Lyt-l+ and that these cells have
a wide range of fluorescence inteqsities. Furthermore, the profile has
a small shoulder at the right side of the curve, indicating a subpopu-—
lation of bright Lyt—l+ cells (Fig- 6&c, Table I)- 3 Days after irradia—
tion, one can observe a slight decrease of the percentage Lyt—1+ cells
but the overall number of Lyt—1% cells is severely reduced (Fig. 7). In
additien, irradiation selects for the bright Lyt-1¥ subpopulation (Fig.
6c). Between day 6 and 7 after irradiation, a further decrease of the
percentage Lyt—l+ calls occurs while the total number of cells has
inereased (Fig. 7), indicating the appearance of Lyt—1" and dull Lyt-1¥
cells (Fig. 6¢). From day B on, the fluorescence profile is starting to

resemble that of control mice.

The Lyt—2 fluorescence distribution of thymocytes of control mice
shows a bimodal profile with a wajor bright Lyt--2+ subpopulation and a
winor (about 15-207%) population with mo or dull Lyt—-2 expression (Fig-
6d). Irradiation causes a marked decrease of the percentage Lyc-2t
cells to about 20%. This low level is maintained until day 6 after
irradiation, but the absolute number of cells further decreases
{Fig. 7). From this timepoint on, a marked inerease of the percentage
Lyt—2+ cells is cobserved, with varying levels of Lyt-2 expression
{Figs. 64, 7). About 9 days after irradiation, the Lyt-2 fluorescence

distribution resembles that of sham—irradiated control mice.

Comparison of cytofluorometric data of irradiated and age—matched
sham—irradiated wice at longer periods after irradiation, dces not

revezl any significant differences-
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Summarized, irradiatation selects for bright T-200%, bright
Lyt~-1* cells (Table I). The large majority of these cells is dull
Thy—1%* and Lyc-2~. However, the results further indicate the existence
of a smal subpopulation of cells that express T-200 and Lyt-l antigens
but no Thy-1 antigens. Regeneration starts with the appearance of
"null”™ cells, bright Thy-1% and T-260F cells, followed by the
reappearance of dull Lyt-1F cells and an increzase of the percentage

Lyt—2F cells.
DISCUSSION

In the preseat investigatlon we have used immunchistology and
flow cytofluorometry to characterize the T cell composition of the thy-
mus of sublethal fission neutrom—irradiated CBA/H mice, using momoclo-—
nal antibodies directed to the cell surface antigens Thy-1, T-200, MI~-
4, Lyt—1l, Lyt~2 and MEL-l4. The neutron Irradiacion system enables us
to study the regeneration of cell systems virtually without the fnflu-

ence of repair of sublethal damage-

Fig. 7.
Q (A) Absolute number of cells stained with anti~Thy-1,
anti~T~200, anti- Lyt-1, or anti-Lyt—2 antibodies and the
total number of cells in the thymus as a function of time

after 2.5 Gy neutren irradiacion.

(B) Frequenecy of positive cells stained with anci-Thy-1,
anri~T-200, anti-Lyt—l, or anti-Lyt-2 antibodies relative
to that of contrel thymocytes as a funccion of time after

2.5 Gy neutron. irradiacicn.
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The resulte of these experiments show that sublethal whole-body
irradiation with 2.5 Gy fast fission neutrons has severe effects on the
thymus and results in a dramatic reduction of the cortex, whereas his-
tologically the medulla seems to be slightly affected.

However, the present investigation shows clearly that only 20-30% of
the medullary cell pool survives the irradiatioen. In addition, cell
survival studies with graded doses of irradiation reveal that the ra—
dioresistant medullary cell population present at day 2 after irradia-
tion, cannot be detected anymore at day 5 after irradiation (Huiskamp
et al., manuscript in prep.). This explains the observed discrepancy
between the time of maximal certical atrophy and the rime of maximal
thymic cell depletion. Though radioresistant medullary thymocytes have
a similar phenotype, i-e. dull Thy-1t, bright T-200%, and bright Lyt-
1*, as shown for cortisone resistant thymocytes (10,26), they differ
with respect to their MEL-14 expression. Many cortisene resistant thy—
mocytes are bright MEL-14T and could be cortisone resistant cortical
bright MEL-14%F cells which are repositioned in the medulla as proposed
by Reilchert et al. (27). However, radioresistant thymocytes are MEL-1l4
and can therefore not be compared with cortisone resistant thymocytes.
In addition, the present flow cytoflucrometric data indicate the exis-—
tence of a subpopulation T—200+, Lyt—l+ cells which are Thy-1". How-
ever, immunohistology does not reveal such a sub population- The reason

for this discrepancy remains to further investigated-

We further demonstrated that the regeneration of the thymus fol-
lows a biphasic pattern and starts with the repopulation of the cortex
with large "null" cells. These “null™ cells probably represent cthe
proposed intrathymic radioresistant precursor cells (14) that repopu-—
late the thymus in situ following irradiation as shown by Sharrow et
al. (15). Large Thy—1~ lymphoblasts were also observed in the thymus of
cortisone—treated mice {10). We propose that the "null” cells are com~
parable with the population of cells, expressing no differentation
antigens, which can be identified at day 14 of gestation in the thymus
during ontogeny (8,9). Our present observation that "null” cells appear
in the subcapsular area as well as in foel in the medulla are in con-—
cordance with studies showing that foel of proliferating cells appear

in the medulla of the repopulating embryonic avian thymus at the same
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time as they appear in the subcapsular area of the cortex (28). These
observations and recently published data by Ezine et al. (29) on thymic
repopulation im lethally irradiated Thy~l congeneic bone marrow recon-
stituted mice, support the current thinking that cortex and medulla
have independent generation kimetics (30-33). However, in the present
system we are unable to delineate the further phenotypical differentia—
tion of rthe wedullary "null” cells since thelr frequenecy is low. More—
over, during their further differentiation, these ¢ells become indis-

tingulshable from the surviving surrcunding wmedullary thymccytes-

In addition, we found a subpopulation of large bright Thy-1%t
cells in the cortex that, by comparing adjacent sections incubated with
the other tested antigens, have to be Thy-1t "only™ cells. Besides,
based on the percentage T-2007 cells and the present immunchistological
observations, there is alse a T-200% "only™ subpopulation. However, the
30-G-12 antibody does recognize macrophage associated T-200 antigens
(34). Moreover, serial frozen sections stained with antibodies directed
to Mac—1 show the presence of sowme macrophages (Huiskamp, unpubl. ob-
servations) but their very low jiuncidence cannot account for all the
observed T-2007 "only™ cells. This observation indicates thar, in the
Immature thymocyte population in the cortex, different blast subpopula-
tions can be distinguished. In as much these blast subpopulations are
related to the split inm Lyt-1t and Lyc-1T, Lyc-2+ lineages that has
baen traced back to the level of the lymphoblasts (35), remains to be
established.

When the regeneration proceeds, virtually all thymocytes become
Thy-1T, T-200%. They are generally large sized (7-8 um) and the majori-
ty of these cells develop Lyt—1, Lyt—-2 and MT-4 antigens. Morphological
studies have shown that only thymoeytes of 7-8 um nuclear diameter or
larger divide (36,37). Thus, these large cells still have to be consid-
ered as a precursor population and are probably comparable with the
Lyt—2% Blast population that has been observed in the thymus of normal

control wice (26,31).

The regeneration of the thymus is not uniform. We observed in
adjacent areas of the cortex often different regenerative stages: in
areas, where Thy-17 cells express low levels of T-200 antigens, the

expression of all other tested antigens is also peorly developed,
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whereas in areas where cells express more or less contrel levels of
Thy-1 and T-200 antigens, the expression of the other tested antigens
has further developed. These differences in regeneraticn kinetics are
probably related with the differences in expression of MBC determinants
on the thymic epithelial cells in the forementioned areas. In this
context, we stress that irradiation has namely a severe effect on the
thymic stroma. This is for inscance shown by the dendritic staining
pattern of MHC determinants rhat can be seen in the rhywmus {10,38),
which is lost until 7 days after 2.5 Gy neutron irradiation- Hereafrer,
the dendritic staining pattern is observed again in those parts of the
cortex where the Thy-1%, T-200% cells express intermediace levels of
MT-4, Lyt—l and Lyt—-2 antigens (39). A close correlation between the
expression of MHC determinants on thymie epithelial cells and the onsget
of proliferatiocn of lymphoblasts has alsc been observed in the embryon-
ic thymus (40}. In addition, in vivo treatment of neonatal mice with
menoclonal anti-I-A antibodies has been shown to inrerfere with the
differentation of I=A-restricted T helper cells (41) and emphasizes the

role of MHC determinants in the T cell maturatcion process.

4 further interesting point is, that the Thy-1¥, T-200% cell
stage in the thymus regeneratlion seems £o be correlated with an enhan—
ced MEL~-14 expression. A similar correlation can also be observed with
the Thy-1t lymphoblast stage during thymocyte differeatiation in the
ontogeny of the thymus (E. van Vliet, pers. commun.). These lmmature
cells already express 2 marker norwmally found on mature recirculating
peripheral T cells and on scattered thymocytes, wainly located in the
corzex. These MEL-14% cells might be the cortical precursors of peri-
pheral T cells (27). However, only combined immunccytochemical and

autoradiographle analysis can provide evideunce for this hypothesis.

Finally, about $-9 days after irradiation, we observed that the
regeneration of the thymus, as measured by the expression of Thy-1, T-
200, MT-4, Lyt—l, Lyt-«Z and MEL-14 antigeuns, was nearly completed and
that from day 10 upto at least 150 days after irradiation no differen-—
ces could be observed between the thymus of irradiated and age—matched
shap-irradiated control aice. Thus, the observed second decrease of the
thymic relative cellularity, starting about 14 days after irradiation,
and the following regeneration, as well as the ultimate decrease of che

relative thyamic cellularity after irradiation, have no refleccions on
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the T cell composition in the thymus and are probably related with the
aumber of thymus restricted precursors available in the bone marrow

after irradiation (13).

The different phases in the initial bone marrow-independent
thymic regeneration, where sequentially the following phenotypes were
ob— observed: 1. "mull" cells; 2. Thy-1T “enly” and T-200% "only"”
cells; 3. Tay-1*, T-200% cells; 4. Thy-i%, T-200%, MT—4F, Lyct cells,
were also observed in the thymus of 6.0 Gy X-irradiated mice although
quantitative differences, due to the twe types cof irradiation, were
also observed. This phenotypical sequence in the thymus regeneration
after irradiation iIs similar to those that have been found in ontogeny
(8,9) and in the thywmus of cortisone—treated mice (10), and might
therefore be a generzl rule in the T cell differentiation in the

mouse.
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SUMMARY

The stromal cells of the thymus of sham-irradiated and sublethal
fission neutron irradiated GBA/H mice were analyzed with immunochistolo—
gy, uslag monoclonal antibodies directed to I-A and H-2K antigens as
well as specific determinants for certical and medullary stromal ele-

ments.-

In the control thymi, I-A expression in the thymus shows a retlicu-—
lar staining pattern in the cortex and a confluent staining pattern in
the medulla. In contrast, H-2K expressioca is mainly coanfluently located

in the nedulla.

Whole—body Llrvradiation with 2.5 Gy fission neutrons reduces within
24 hours the cortex to a rim of vacuolized “"nurse cell like” eplthelial
cells, largely depleted of lymphoid cells- The lecalization of I-A
antigens changes in the cortex and I-A determinants are ao longer asso—
ciated with or lecalized on epithelial reticular cells. Medullary stro-
mal cells, however, are more or less unaffected- A high rate of phago-

cyrosis is observed during the first three days afrer irradiation.

About 5 days after lrradiation, the thymus becomes highly vascu~
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larized and lymphoid cells repopulate the cortex. The repepulation of
the thymic cortex coincides with the appearance of a bright H-2K ex-
pression in the cortex which is associated with both stromal cells as
well as lymphoid blasts. During the regeneration of the thymus, the
thymic stromal architecture is restored prior te the expression of cell
surface associated reticular MHC staining patterns. The obsexrved se-—
quential changes in the thymic nmicroenvironment are related to the

lymphoid repopulation of the thymus.

INTRODUCTION

There is ample evidence that the thymic non~lymphoid cells are
involved in the process of differentiation and maturatiom of T cells.
Direct cell-cell interactions between thymocytes and thymic stromal
cells through receptors for major histocompatibility complex (MHC)
antigens, have been implicated to be involved in the aquisition of MHC
resctricted self recogniticn and selection of the developing T cells (1-
6). Tmmunchistological studies of the thyalc wnicroeavironment are in
line with this hypothesis and show that MHC determinants are mainly
expressed on thymic stromal cells. These studies show that the epithe-—
lial reticular cells and the bone marrow derived Tinterdigitating reti-—
cular cells (IDC) are the major stromal elements bearing MHC determi-
nants {7-9). In addition, the initial expression of MHC determinants on
che epithelial ¢ells has been shown to correlate with the oanset of
proliferation of the large lyumphoblasts in the embryonic thymus (1C)-
Furthermere, treatment of mice with monoclonal I-A antibodies interfer—
ed with the generation of I-A specific T helper cells (11,12) and fur—
ther emphasizes the role of MHC determinancs in the selectlon process

of T cells 1n the thywuas.

Lympho—stromal interactions have been demonstrated by the recent,
in vitro, isolation of lympho-stromal complexes, such as "thymic aurse
cells™ (TNC) (13,14) and thymocyte rosettes (Ros) {15), aad way repre—

sent the in vitro correlate of aan in vive lympho—stromal interaction.

sfter irradiation, the thymus primarily regenerates from a

population of radioresistant intrathymic precursor cells (16,17). In
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previocus paper we have shown that a distinect phenotyplcal sequence
order, in expressing cell surface differentiation antigens, is observed
in the regenerating thymocyte population (18). The implication, that
the reappearance of lymphostromal complexes Iln rthe regenerating thymus
is closely related te the initiation of the ifatrathymic T cell differ-
entiation (14,13), had led us to characrerize the thymic wicroenviron-

ment in this regeneration process after irradiacion.

In the present investigation, we describe the effects of suble—
thal neutroa irradiation on the architectures of the thymic stroma using
immunohistological methods. We employ monoclonal antibodies directed to
MHC antigens and recently developed wonoclonal antibodies defining
varicus thymic stromal cell types (19). We relarze the observed changes
in the thymic mig¢roenviroament after irradiation with the T cell dif-

fereatiation process in che regenerating cthynus.

MATERIALS AND METHQDS

Animals

Female and wale CBA/H mice were irradiated or sham—irradiated at
the age of 5-7 weeks. The procedures of animal care have been described

elsewhere (20).

Irradiation procedure

Whole=body neutren Irradiatious were performed as described else-
where (21). Briefly, the anlnzls were exposed bilaterially with 2.5 Gy
fast fission neutrons at a center—line dose rate of 0.10 Gy/min. The
neurron spectrua had a mean enerzy of 1.0 MeV. The absorbed doses do

not include che 9% gamma-ray contribution.

Antisera

Syngeneic and xenogencic moncclonal antibedies used in the pre-
sent investigation are listed in Table L. For the detection of Lhe

bindiag of these antisera, the indirect imnunoperoxidase method was
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TABLE 1 Monoclonal antibedies used in the present study

Antibody Reacts with / Target antigen Referaence
11-52-1.9 I—Ak (22)
11-4.1 H-2K" 22)
ML/42.3.9.8 H-2K (23
ER-TR1 cortical and medullary stromal (19)

cells (I region of MHC)
ER-TR2 (19)
ER-TR3 (19)
ER-TRS cortical epithelial cells 19
ER-TRS medullary epithelial cells (19)
ER-TRO medullary "ILC and macrophages” (19)
and lymphoid cells
ER~TR7 reticular fibroblasts (19)
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Fig. 1. Immunoperoxidase staining of serial frozen sectlons of a lobule

of the sham~irradiated control thymus lncubated with ER-TR4
(la), ER- TR5 {1b), ER-TR6 (le), ER-TR7 (1d), ER-TRl (le), and
anti1-H-2K monoclonal antibodies (M1/42.3.9.8)(lf). € = cortex,

¥ = medulla, CA = thymic capsule, v = blood vessel (x 90).

- Ll
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used- Mouse monoclonal antibodies werz detected by a polyvalent rabbit-
anti-mouse peroxidase conjupated immunoglobulin (RAM-~Ig~HRP, DAKO},
which was extensively absorbed with mouse thymocytes before use. Rag
monoclonal antibodies were detected by a polyvalent rabbit—anti-rat
peroxidase conjugated immuneglobulin (RaRa-Ig~HRP, DAKC) supplemented

with 17 normal mouse serum.

Tissue preparation for immunocytochemistry

Frozen sections of cthymuses, isolated at variocus days after irra-
diatien, were prepared and stained usiang the. indirect immunoperoxidase
method as described elsewhere {24). Briefly, frozen sections were over—
layered with undiluted tissue culture supernatant containing menoclonal
antibodies for 45 minutes, riased and overlayered with the approPEiate
conjugate for another 45 minutes. Antibedy binding was visualized by
incubaticen of the frozen gections with diaminobenzidene. After enhancg-—
ing the contrast of the precipitate with a solution containing 1% Cuse,

and 0.9% NaCl, the sections were postfixed in 1% glutaraldehyde.
RESULTS

In this sectlon, we describe the immunohistology of the thymic
stromal cells in (1) sham-irradiated control CBA/H mice and (2) irradi~-
ated CBA/H wice at varlous days after 2.5 Gy neutron irradiation, using
monoclonal antibodies directed to MHC determinants, epithelial cells,

interdigitating cells (IDC) and mesenchymal elements of the thymus-

1. Immunohistology of thymic stromal cells in sham—irradizted control

mice

Frozen sections incubated with ER-TR4 antibodies, which define
exclusively cortical epithelial-reticular eells, reveal a characteris-—
tic reticular staining pattern In the rhymic cortex, whereas the wmedul-
la is virtwally negative (Fig. la). In coatrast, ER-TR5 and 6 antibo-
dies react with the stromal cells in the medulla, bukb have different
stalning patterns (Figs. 1b, le). ER~TR5 ancibodies define selectively

meduliary epithelial cells, whereas ER-TRO6 reacts with other medullarcy
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stromal cells, i.e. IDC and wacrophages, and with wedullary lymphoid
cells. In addicion, ER-TR6 reacts with blood vessel walls, the thymic
capsulée and cccasionally with certical non-lymphoid cells, i.e. macro-

phages (van Viiet unpubl. obs.).

Incubation of frozen sectioms with ER-TR7 antibodies reveal the
staining of reticular cells in the medulla, the thymic capsule and the
walls of blood vessels (Fig. 1ld). In general, ER-TR7 defines the nmesen—

chynal elements of the thywus.

Observations of serial sections incubated with ER-TR1, 2, and 3,
which detect Ia antigens and anti—-I-A antibodies {clome 11~52-1.9) re-
veal a fime reticular staining pattern in the cortex, whereas the me-
dulla shows a wore confluent staining pactern (Fig. le). Incubation
with anti-H~2K antibodies reveal a confluent staining in the medulla
and only a very weak staining in the cortex (clone 1l-4.1). Clone
M1/42.3.9.8, however, staines to some extent cortical stromal eslements
and lymphoeytes {Fig. 1f). In general, anti~MHC antibodies detect epi-—
thelial reticular cells in the cortex, epithelial ¢ells and IDC in the

medulla and medullary lymphocytes.

2. Immunchistology of thymic stromal cells in irradiated mice

Irradiation with 2.3 Gy fission neutrons has severe effects on
the thymus. In a previous paper we have shown that, within 24 hours,
the cortex is very hypocellular, whereas the medulla 1s only slightly
affecred (18).

Incubacion ¢f frozen thymus sections with ER-TR4 shows the reduc—
tion of the cortex to a small rim of vacuolized eplthelial cells (Fig.
22). Within these rounded "nurse cell like” epithelial cells, the rem—
nants of thymocytes are seen. The medullary stromal cell compartuwent is
allghtly affected by irradlatiocn. The density of the medullary epithel-
tal cells (ER-TRS5) has increased to some cxtent in the cortico-medulla-—
ry area (Fig. 2b) whereas the density of IDC and macrophages (ER-TRE)
is markedly increased inm both medulla as cortico—medullary area (¥ig.

2¢). The ER-TR7+ve mesenchymal elements of the thymus appear not to be
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Flg, 2. Immunoperoxidase staining of serial frozem sectfons of the

thymus 24 hours after 2.5 Gy fissloa neutyon frradiation
incubated with ER-TR4 (2a), ER-TR5 (2b), ER-TR6 {(2¢), ER-TR7
(2d), ER-TRl (Ze) and anti-H-2K monoclonal antibodies
¢ML/42,3,9.8)(2f), The inset is a higher magnification of the
area indicated by the square. C = cortex, M = medulla (x 90;

inset 360 x)}.
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Fig. 24 Semithin sections (1 pm) of the thymus after sublethal

whole=-body irradiation, stained with toluidine blue:

a)

b)

c)

3 hours after irradiation showing scattered rounded
vecyolized epithelial cells (arrows) containing necrotic
thymocytes (x 595).

7 hours after irradiation showing epithelial cells (arrows)
enveloping a number of thymocytes (x 3595).

24 hours afrer irradiation revealing the epithelial matric
(arrow) with remnants of thymoeytes (x 595) C = cortex; M =

medulla; V = blood wvessel.



influenced at this time after irradiation (Fig. 2d). Incubation with
ER-TR1, 2, 3 or 11-52~1.9 antibodies show that the I-A determinants in
the cortex are not longer confined to the epithelial cells but shed in
the cortex (Fig. 2e)- In addition, the I-A expression has Increased in
the medulla, especially in the cortico—medullary area. However, H-ZK

expression appears to be unaffected in the medulla (Fig. 2f).

Fronm day 2 until day & after irradiation, the size of the thymic
cortex further diminishes and the vacuoles in the cortical epithelial
cells disappear. The density of medullary stromal cells becoames cowpar—
able again with that of sham—irradiated control mice whereas the densi-

ty of blood vessels throughout the thymus iancreases (data not shown)-

From 5-6 days after irradiation, the size of the cortex starcs
to increase. The ER-TRé4ve cortical epithelial cells become less dense
again, with in between lymphoid cells, and are sometimes more or less
spherical (Fig. 3a). In gontrast, no irradiation effects are decectable
anymere in the medullary stromal cell compartment (Figs. 3b, c) but now
the ER-TR& antibodies also xeact to a considerable extent with the
cortical lymphoid cells (Fig. 3¢). Staining with ER-TR7 antibodies
shows that the thymus, particularly the cortex beccmes strongly vas—
cularized (Fig. 3d). Frozen sections incubated with ER-TRI, 2, 3 or 11l-
52-1.9 antibodies show that the I-A staining is still not confined to
the cell membranes of cortical epithelial reticular cells. However,
some cortical epithelial cells already start to re-express IL-A determi—
nants in a membrane bound fashion (Fig. 3e). The expression of H-2K in
the thywmus at this rtimepoint after irradiation, is warkedly changed.
Staining with anti~li-2K antibodies reveals that the cortex is brightly
-2kt (Fig. 3f). Comparison of Fig. 3a and Fig. 3f shows that the
bright cortical H-2K expression is associated with stromal cells as
well as with the sparse distributed lymphoid cells and coincides with
the repopulation of the cortex with lymphoid cells. However, the ex—
pression of MHC determinants in the medullary coupartment of the thymus

ia comparable with that of sham~irradiated wice.

7-8 Days afrer irradiaticon, incubation with ER-TR4, 5 or 6 anti~-

bodies shows control-like staining patterns ian the thymus, indicating



that the distribution of cortilcal epithelial cells (ER-TR4) and medul-
lary stromal cells (ER-TRS and 6) resembles that of control animals
(Figs. 4a, b, c¢). In contrast, the number of blood vessels per surface
area of the thymus, as measured by the ER-TR7 staining, remains at a
hizgh level (Fig. 4¢}. Incubation with ER-TRL, 2, 3 or 11-52-1.9 antibo—
dies revezl a confluent staining pattern in the medulla and signs of a
reticular staining pattern in the cortex (Fig. 4el). However, the re-—
generation of the thymus is ot uniferm since “shedding” and recicular
staining patterns can be observed in adjacent areas of the cortex.

The expresslon of H-2K determinants in the irradiated thymus starts to
resemble that of control mice but the cortex is still stained to some

extent (Fig. 4f).

From about 9 days upte at least 150 days after irradiation with
fisslon neutrons, no differences can be observed in the distribution of
stromal cell types and U-2 microenvirenments in the thymus of irradiat—

ed and age—matched sham—lrradiated control mice.
DISCUSSION

In the present investigatioun, we have used immunohistology to
characterize the thymic stroma of irradiated and sham-irradiated con-
trol CBa/H mlce with monoclonal antibodies directed to MHC antigens and
determinants on stromal cell types- Our results show that: (A) a
distinct stromal architecture and MHC micreenvircnments can be
identified in the normal control thymus; (B) irrvadiation reduces the
cortex to a rim of vacuolized ER-TR4+ve epithelium, largely depleted of
lymphocytes; (C) the reticular I-A staining pattern disappears after
irradiation and I-A determinants are “shed” in the cortex but ER-TR4,
5, and 5 do not dissappear; Sgl_increase cortical H-2XK expression coin-
cides with the lymphoid repopulation of the cortex; (E) restoraticn of
the rhymic stromal architecture after irradiation precedes reticular

membrane associated MHC staining patterns.

In the control thymus, the three major types of non—lymphoid
cells were detected. ER-TR4 degects cortical epithelial-reticular cells

which are the major reticular elements in this area {9,25,26). This
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Fig. 3. Immunoperoxidase stalning of serial frozea section of the thy-

mus 6 days after 2.5 Gy neutron lrradiation incubated with
ER-TR4 (3a), ER-TR5 (3b), ER-TR6 (3c¢), ER-TR7 (3d), ER-TR1 (3e)
and anti-H-2K monoclonal antibodies (M1/42.3.9.8)(3f). The
inset 1is a higher magnification of the area indicated by the

square. C = cortex, ¥ = wedulla, v = blood vessel {(x 90; loset

360 x).

- Lzl -
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Fig., 4. Ismunoperoxidase staiulng of serlal frozen sections of the

thymus 8 days after 2.5 Gy neutron irradiation incubated with
ER~TR4 (4a), ER-TRS (4b), ER-TR6 (4c}, ER-TR? (4d), ER-TRL (4e)
" =

and anti-H~2K mopoclonal antibodies (M1/42.3.9.8){4f). C =
cortex,

medulla, CA = thymic capsule (x %0).

- BZL —
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study and previous studies (7,8,19), show that this cell type expresses
surface associated MHC antigens at a high level. In the medulla, epi—
thelial cells are detected with ER~TRS5 but twe other types of stromal
cells alse are present in this area, namely IDC and macrophages detect—
ed by ER-TR6. These cells are bone marrow derived and also express MHC
antigens at a high level (27). The present study, and previous investi-
gations (7,8,19) show that the MHC staining in the medulla is of a con—
fluent type. I-A determinants are not only confined to cellular mem-
branes but also present in the cytoplasm and in the extracellular space
between the cells. This suggests that MHC melecules are secreted by
stromal cells in this compartment (28). However, double labeling with
ER~TR5 or 6 and anti~I-A anribodies demonstrated partly overlapping
poepulaticns demonstrating the heterogeneity of medullary stromal cells
with respect to their I-A expression {van Vliet, unpubl. obs.) and

needs to be further investigated.

Although stromal cells, in particular epithelial cells, are
thought to be radioresistant (29,30), the present iavestigation shows
that the thymic stromal architecture is severly affected by irradla-
tion. Sublethal whole—body irradiation induces predomlinantly thymoeyte
necrosis in the cortex and cortico-medulary area. Within 24 hours, the
cortex Ls reduced to a rim of vacuolized rounded epithelial cells in
which the remnants of thymocyres can be observed. We have rermed these
cells "nurse cell like™ since about 7 hours afrer irradiacion, routlne
histelogy shows the prescnce of scattered epithelial cells that comple-
tely have enveloped a number of thymocytes (Huiskamp & Ploemacher,
see flg. 2A). These cells match the properties of TNC in vitro, de-—
scribed by Wekerle & Ketelsea (13) and Kyewski & Kaplan (14}. These
TRC have been shown to be the in vitreo representatives of ER- TRS4+ve
cortical epithelial-reticular celis in vivo {31). wWhen the degeneracion
of the cortex proceeds, the epithelial macrix of these cells remains
but the enveloped thymocytes become necrotic {Huiskamp & Ploeuwacher,

see fig. 24A).

The I-A expression in the cortex afrer irradiation is not longer
confined to the eplthelial cells but seems to be shed in the cortex and

way reflect radiation damage to the epithelial cells, resulting in a
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direct loss of I-A dererminants in or on the epithelial cells. Alter—
natively this “shedding” pattern might be related to the enhanced ma=-
crophage activity that has been observed in the cortex of the thymus

after irradiation (9). However, the issue of I=A expression on macro—

phages is still coantroversial (27,32).

In the cortico—medullary area, irradiation also produces thymocy-—
te nacrosis to a considerable extent and zhls resulrts in an increased
density of the epithelial cells. In additiom, the number of macrophages
and IDC tave increased during the first two days after irradiastion. The
latter cell type is brightly I-A positive and known to be involved in
the phagocytotic process in the cortlco—medullary area of the irradiat—
ed thymus (9,27). About 3 days after irradiation, the medullary stromal
cells have an essentially “coantrol-like”™ appearance, whereas the cortex

further diminishes by losing the vacuoles in the epithelium.

Moreover, the loss of the thymic parenchyma is further illus-—
trated by the increased vascularizacion of the thymus- This increase of
the number of blood vessels, especially in the cortex, reflects the
active tissue response during the regeneration process afrer irradia-—

tion.

When the thymus regenerates, large lymphoid cells can be observed
in cthe cortex which express no differentiation antigens {"null™ cells)
(18) and may be identical to the proposed intrathymic radioresistant
precursor cells (16) that repopulate the thymus in situ {(17). The oe-—
currance of these immature lymphold cells coincides a bright H-2K ex—
pression that is associated with both stromal and the sparsely distrib—
sted lymphoid cells. The H-2K staining pattern however is not strietly
defined to the cortical strowal cells, but resembles the I-a stainiung
pattern. This could indicate that li=2K determinants are also shed in
this thymus aicroenvironment. Furthermore, by comparing serial sec—
tions, we conclude that "null” cells are bright H-2K%. Negative or low
Thy—l+, bright H=2K' thymocyte precursors have also been identified in
the fetal thymus and in adult bone marrow ({33-353), and favor the hypo—
thesis that all thymocytes are descendants of low or unepative Thy—l+,

bright H-2KT precursors and that separate precursor cell subsets exist
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for cortical and medullary thymocytes (35,358).

During the regeneration of the thymus after irradiatiom, “null”
cells sequentially acquire the differentiation antigens Thy-l1, T-200,
Lyt=1, Lyt-=2 and MT-4 (18)- and this coincides with the reduction of the
H-2K expression in the cortex to control«like levels. In addition, the
reappearance of the reticular I-~A staining pattern in the cortex, is
correlated with the aquisitioa of Lyt=-l, Lyt=2 and MI~4 differeantiation
antigens (18) and this suggests a regulacory role of MHC antigens in T
cell differentiation. In line with this assumption is the fellowing
evidence: 1. "Shedding”™ and reticular I-A staining patterns are observ-—
ed in adjacent areas of the cortex 7 days after irradiation and in
these areas different stages in thymocyte development can be observed
(18). 2. & close correlation between the expression of MIC antigens on
thymic epithelial cells and the onset of proliferation of lymphoblasts
has been observed in the embryonic thymus (10). 3. MNude mice de not
express I-A antigens on epithelial cells of the embryonic thymus (37)-
3; In vive administration of monoclonal anti-~I-A antibodies to mice
interfered with the generation of I-A specific T helper cells (11,12).
Furthermore, the initiation of intra-thymic differeantiation of functio-
nal T cells has been implied to be directly related te the reappearance
of in vitre iscolated TNC in the irradiated thymus, though in vive the
thymocytes invelved, prebably are net ceompletely eaveloped by the I-at
epithelial cells (14,31). Initial lympho—epithelial assoclation after
lymphold repopulation may therefore be reflected by the reappearance of

the I-A reticular staining pattern in the thymus after irradiation.

In conclusion, a clese relationship exists between the stremal
architeccure of the thymic nicroenvironment after irradiation and the
reappearance of specifilec differentiation markers on lympholid cells that
repopulate the thymus during the first phase of regeneration after

sublethal irradiation.
REFERENCES

1. Zinkernagel, R.M., G.N. Callahan, A. Althage, S. Cooper, P.A.

Kiein, and J. Klein, On the thymus in the differentiacion of Ti-2



- 133 -

self-recognition”™ by T cells: evidence for dual recognition? J.

Exp. Med. 14:882 (1978).

Fink, P.J., and M.H. Bevan, H-2 antigens of the thymus determine
lymphocyte specifity. J. Bxp. Med. 148:766 (1978).

Wagner, H., C. Hardt, H. Stockinger, K. Pfizenmaier, R. Bartlett,
and M. R8llinghoff, Impact of thymus oo the generation of
immunocompetence and diversity of antigen-specific MHC-restricted

cytotoxic T lymphocyte precursors. Lmmunol. Rev. 58:95 {1981).

¥ruisbeek, A.M., S.0. Sharrow, 3.J. Machieson, and A. Singer,

The -2 ghenotype of the thymus dictates the self specifitcy
expressed by thymlc but not splenic cytotoxic T lymphocyte precur—
sors in thymus engrafted nude mide. J. Immunol. 127:2168

(1981).

Sharrow, 5.0., B.J. Mathieson and A. Singer, Cell surface
appearance of unexpected MHC determinants on thymocytes from radi-

ation bone marvow chimeras. J- Immunol. 126:1327 (1981).

Singer, A-, K.S5. Hatcheocek, and R-J. Hodes, Self recogniticn in
allogenecic thymic chimeras. Self recognition by T helper cells
from thymus engrafted nude mice 1s restricted to the thymic H-2

haplotype- J. Exp. Med. 155:339 (1982).

Rouse, R.V., W. van Ewijk, P-P. Jones, and I.L. Weissman,
Expression of MHC antigens by wouse thymic dendritic cells. J.

Immunol. 122:2508 (1979).

van Bwijk, W., R.V. Rouse, and L.L. Weissman, Distribution of H-2
nicroenvironments in the mouse Chymus.
Immanoelectronmicroscopic identification of I-A and H-2X bearing

cells- J. distochem. Cytochem. 23:1089 (19380).

Duijvestein, A.M., Y.G. K&hler, and E.C.M. Hoefsmit, Inter-

digitating cells and macrophages in the acute inveluting rat thy-



10.

11.

13.

14,

15.

16.

17.

- 134 -

mus. An electroumicrescopic study on phagocytotic activity and

population development. Cell Tiss. Res. 224:291 (1982).

Jenkinson, E.J., J.J.T. Owen, and R. Aspinall, Lymphocyte
differentiation and major histocompatibility complex antigens

expression in the enmbryonic thymus. Nature. 284:177 (19380).

Sprent, J., Effect of blocking helper T induction in vive with
anti=Ia antibodies. Possible role of IA~IE hybrid molacules as

restriction elenencs. J. Exp. Med. 152:996 (1980).

Kruisbeek, A.M., M.J. Fultz, S5.0. Sharrow, A. Singevr, and J.J-
Mond, Barly development of the T cell reperteire. In vive
treatnent of neonatal alce with anti-Ia antibodies interferes with
differentiation of I restricted T cells but not with K/U restrict-

ed T cells. J. £xp. Med. 157:1932 (1983)-

Wekerle, H., and U.P. Ketelsen, Thymic nurse cells. I-A bearing
epithelium invelved In T lymphocyte differentiation? Hature
283:402 (19803.

Kyewski, B.A., and H.S. Kaplan, Lymphoepithelial interactions in
the mouse thymus: phenotypic and kinetic studies on thymic nurse

cells. J. Immunol. 128:2287 (19382).

Kyewski, B.A., R.V. Rouse, and H.S. Kaplan, Thymocyte rosettes:
multicellular complexes of lymphocytes and bone narrow derived
stromal cells in the mouse thymus. Proc. Matl. Acad. Seci. USa
70:5646 (1982}.

Kadish, J.L., and R.$. Basch, Thymic regeneration after lethal
irradiaction: dvidence for an intrathywic radioresistant T cell

precursor- J. Immunol. 114:452 (1975).

Sharrow, 5.0., 4A. Singer, U. Himmerling, aad B-J- Mathieson,
Phenotypic characrerization of early events of thymus vepopulation

in radiation bone marrow chilimeras. Transplantation. 35:355



18.

19.

20.

21.

23.

- 135 -

(1983).

Huiskamp, R., and W. van Ewijk, Repopulation of the mouse chymus
after sublethal fission neutron irradiation. I. Sequential
appearance of thymocyte subpopulations. J. Immunol., 134:2161
(1985).

van Vliet, E., M. Melis, and W. van Ewijk, Moncclonzal antibodies
to stromal cell types of the mouse thymus. Eur. J. Immunel.
14:524 (1984).

Davids, J.A.G., Bone-marrow syndrome in CBA mice exposed to fast
neurtrons of 1 MeV mean energy. Effect of syngeneic bone—marrow

transplantation. Int. J. Radiac. Biol. 17:173 (1970).

Auiskawmp, R., J.A.G. Davids, and 0. Vos, $hort— and long— ternm

cffects of whole—body irradiation with fission neutrons or X-— rays

on the thymus in CBA miece. Radiac. Res. 95:370 (1983).

0i, V.T., P.P. Jones, J.W. Goding, L.A. Herzenberg, and L.A-
Herzenbery, Properties of monoclonal antibedies to wmouse Ig

allotypes- Curr. Top.- Microbiol. Tmmunblol. Bl:1l5 (1975).

Springer, T.A., Cell=surface differentiation in the mouse-
Characterization of "jumping™ and “lineage” antigens using xeno=
genzeile rat mounoclonal antibodies. In Memoclonal Antibedies. R.H.
Kennet, T.J. McKearn, and K.B. Bechtol, Eds. Plenum Press, New

York, p. 183% (1930).

van Ewljk, W., P.L. van Soest, and G.J. van den Engh, Fluorescence

analysis and anatomic distribution of mouse T lymphocyte subsets
defined by monoclonal antibodies to the antigens Thy=-l, Lyt-l,
Lyt=2, and T-200. J. Immunol. 127:253%94 (1981).

loshino, T., Electronmicroscopic studies of epithelial reticular

cells in the wouse thymus. Z. Zellforsch. 59:513 (1963).



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

- 136 -

dwang, W.S., T.Y. Bo, and G.T. Simon, Ultrastructure of the rat
thymus. Lab. Invest. 31:473 (1974).

Duijvestein, A.M., R. Schucte, Y.G. Kéhler, G. Korm, and E.C.M.
Hoefsamir, Characterization of the population of phagocytotic cells
in cthymie ecell suspensicns. A morphological and cytochemical
study. Cell Tiss. Res. 231:313 (1983).

van Ewijk, W., Immunohistology of lywmpheid and non—lymphoid cells
in the thymus in relation to T lymphocyte differentation.

Amer. J. Anat. 1703311 (1984).

Sharp, J.G., and E.B. Watkins, Cellular and immunoclogical
consequeaces of thymic irradiation. In Immunopharmacologic Effects
of Radiation Therapy. J.B. Dubois, B. Serrou, and €. Rosenfeld,
Eds. Raven Press, New York. p. 137 (1981).

Fink, P.J., I.L. Weissman, H.S5. Kaplan, and B.A. Kyewski, The
immunocompetence of murine stromal cell-associated thymocytes. J.
ITmmunol. 132:2266 (1984).

van Vlier, E., M. Melis, and W. van Ewijk, ILmmunohistology of

thymic nurse cells. Cell. Immunol., §7:101 (1984).

Beller, D.1., and E.R. Unanue, I-A antigens and antigen-
presenting function of thymic macrophages. J. Immunocl. 124:;1433
(1980).

Ritter, M.A., Embryonic mouse chymus development: stem cell eatry

and differentiation. Immunology 34:69 (1980).

Kamarck, M.E., and P.D. Gottlieb, Expression of thymocyte surface
alloantigens in the fetal mouse thymus in vive and in organ
culture. J- Immunol. 119:407 (1977).

Goldschaeider, I-, K. Shortman, D. McPhee, D.S. Linthicum, G-

Mitchell, F. Battye, and F.J. Bollum, Ideantification of subsets of



36.

37.

- 137 -

proliferating low Thy-l cells in thymus cortex and medulla. Cell.
Tomunol. 69:59 (19823.

Boersma, W.J-A., Charactervization of mouse prothyamocyres. Thesis,
Erasnus University. Publication of the Institute for Ex— peri-—

mental Gerontology TINO, Rijswljk, The Netherlands (1982).

Jeunkinson, E.J., W. van Ewijk, and J.J.T. Owen, Major histe-—
compatibility complex antigen expression on the epithelium of the
developing thymus in wormal and nude mice. J. Exp. Med. 153:280
(1981).



- 138 -

CHAPTER VIL

UNILATERAL T CELL MATURATION ARREST IN THE THYMUS OF CBA/H MICE
AS A LONG-TERM, EFFECT AFTER NEUTRON TRRADIATION
*
R. Huiskamp and W. van Ewijk§

* Netherlands Energy Research Foundation (ECN), Petten,
The Netherlands
§ Department of Cell Biology & Genetics, Erasmus University,

Rotterdam, The MNetherlands
Submitted for publication
SUMMARY

Thynuses of CBA/H wice were Investigated upto 5370 days after
whole—body irradiation with 2.5 Gy fast fisslon neutrons or 6.0 Gy X—
rays. A number of these thymuses, observed 220-270 days after neutron
irradiaticn, have two equal-sized lobes of which one has a abnormal T
cell distribution. The present paper reports on the distribution of
lympheid and stromal cell types in these thymuses. Te this purpose, we
empleyed immunchistolegy using the indirect immunoperoxidase merhod. We
incubated frozen sections of these aberrant thymuses with 17} asconcclenal
antibodies directed to cell surface differentiation antigens on lym—
phoid cells, such as Thy-1, T-200, MT-4, Lyt—1, Lyt-2 and MEL-14; 2)
monoclonal antibodies directed to major histocompatibility complex
{MHC) antigens, such as I-A and H-2K and 3) monoclonal antibodies di-
rected to determinants an various thymic stromal cell types.

The results of this study show a T cell differentiacion arrest
in only one of the twe thymic lobes. T cells in the aberrant lobe ex—
press Thy=1, T-200 and MEL-14 antigens but are MI—4~ and Lyt-1". In
some lobes, a weak Lyt-2 expressicn was observed. The observed T cell
waturation arvest is malnly restricted to the cortex since in the ne-
dulla, in addition to cells with an aberrant cortical phenotype, normal
T cell phenotypes are observed. This indicates that cortex and medulla
have independent generation kinetics in T cell maturation.

The stromal cell composition in these abnormal lobes is not dif-
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ferent from that in the normal lobe but the size of the medulla tends
to be smaller. Furthermore, the I-A expression on the cortical epithe-
lial cells does not reveal the characteristic reticular staining pat—
tern that is observed in tﬁe normal lobe, since the I-A determinants
are neot strictly confined to the epithelial cells. In addition, corti-
cal lymphoid and stromal cells iIn these lobés are slightly H-2Kt. These
alterations in YMHC expression in the cortex are discussed in relation

te the observed T. cell maturation arrest.
INTRODUCTION

The thywmus which is essential for the full development and wmainte-
nance of cell-mediated inmmunicy (1,2}, is highly susceptible te icniz-
ing radiation. Sublethal whole—body irradiation results in a severe
depopulation of the thymus. The subsequent thymic regeneration follows
a biphasic pattern (3-5). The first phase of regeneration is a result
of the proliferation of -radioresistant intrathymic precursor cells
(6,77, while the second phase depends on repopulatlion from progenitor
cells generated in the recovering bone marrow (3,8).

Hereafter, a marked decrease can be observed in thymus weight and
cellularity relative to that of age—matched control animals, which
lasts upto at least 250 days after irradiation (5). This late effect
afrer irradiation does notr influence the histolegical appearance of the
thynus and was repgarded to be a result of pluripotent stewm cell loss in
combination with residual radiarion damage in the surviving stewm cells
ia the bone marrow (5). Furthermore, immunohistological analysis of the
T eell distribution in the thymus of irradiated and age-matched sham—
irradiated mice did not reveal amny differences upto at least 150 days
after irradiation (9).

However, while analysing the T cell distribution of the thymus of
animals upto 500 days after irradiartion, we noted a number of aberrant
thymuses. These thymuses, which were first noted in mice 220 days aftex
2.5 Gy fast fission neutron irradiation, have two equal sized lobes,
cne of which did not express Lyt and MT-4 antigens.

In this study, we characterized in detail the T cell distribution
patterns and thymlc microenvironment composition of these thymuses with

immunchistology using monoclonal antibodies directed to the cell sur-—



face differentiation antigens Thy-i, T-200, MT-4, Lyt-l, Lyc-2 and MEL-
14 as well as monoclonal antibodies directed to major histocompatibili-—
ty comples (MHC) antigens and determinants ou various thymic stromal

cell types.

MATERIALS AND METHODS

Animals

Male and female CBA/H mice, age 5-7 weeks, were used for the pre-—
sent study. The procedures of animal care have been described elsewhere
(10).

Irradiation procedure

Mice were Irradiated sublethally with either 2.5 Gy fast fission
neutrons from a 235U converter in the Low Flux Reactor at Petten or
with 6.0 Gy 300 kVP X-rays from a Philips Miller X¥-ray tube at center—
line dose rates of 0.1 and 0.3 Cy/min respectively as described else-
where (5}

Antisera

Syngeneic and xenogenele monoclonal antibodies used in the present
investigation are listed in Table I. The Indirect immunoperexidase
method was used to detect the binding of these antisera. Mouse monoclo-
nal antibodies were detected by a pelyvalent rabbit anti mouse peroxi-—
dase conjugated immunoglobulin (RAM~Ig—HRP, Dakopatts, Deunmark), exten-—
sively absorbed with mouse thymocytes prior use. Rat monocleonal antibo-
dies were detected by a polyvalent rabbit-anti-rat peroxidase conjupat—
ed immunoglobulin (RaRa-Ig-URP, Dakecpatts, Denmark). Goat aati-rauscher
GP70 antibodies were detected by a polyvalent rabbit—anti-goat peroxi-
dase conjugated immunoglobulin (Ral-Ig-HRP, Nordic Immunologlcal
Laboratories). RaRa-Ig—HRP as well as RaG~Ig~HRP conjugates were sup-—

plemented with 1% normal mouse serum to prevent aspecific binding.

Tissue preparation for immunchistolegy




TABLE T Reagents used in the present investigation

Monoclonal Reacts with/ Reference
antibody Target antigen
59-AD-22 Thy-1 (11)
30-G~12 T-200 (11)
H129.19 MT~&4 {12)
53-7.3.13 Lyt-1 (1)
53-6.72 Lyt-2 (11)
MEL-14 Homing receptor for (13)

peripheral lymphnodes

ER-TR1 Cortical and medul- (143
lary stromal cells
{1 region of MHC)

ER-TR2 " h N (14)

ER-TR3 " " - (14}
k

11-52-1.9 I-a (15}

ER-TR& Cortical epithelial cells (14)

ER-TR> Medullary epithelial cells (14)

ER-TR6 Hedullary “IDC and macro- (1L4)

phages” and lymphoid cells

ER~TRY Rericular fibroblasts (14)
k

11-4.1 H~2K (153

M1/42.3.9.8 H-2K all haplotypes (16)

Extensively purified goat anti-Rauscher MuLV GP70 was kindly provided by

Dr. W. Varrato, National Cancer Institute, NIH, Bethesda, USA
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normal thymus, 270 days after 2.5 Gy fission neutron

irradiation, incubated with moncelonal anti-Thy-1 {a),
anti-Lyt-1 (b), anti-Lyt-2 (c), anti-dT=4 (d), anci-T=200 (e),
and anti-MEL-14 (£). ¢ = cortex, M = medulla, ca = thymic

capsule, v = blood vessel. (x 90).
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Frozen sections of thymuses, isolated at various Limepolnts, rang-
ing from 200 to 30C days after irradiation, were prepared and stained
using an indirect immunoperoxidase method as described elsewhere (17)-
Briefly, 4.5 um frozen sections were overlayered with monoclonal anti-
bodies for 45 minutes, rinsed 2ad overlayered with the appropriate
conjugate for another 45 minutes. Antibody binding was visuzlized by
incubation of the frozen sections with diaminobenzidene. After enhanc-
ing the contrast of the precipetate with a solution coutaininyg 17 CuSo4
and 0.9% NaCl, the sections were postfixed in 1% glutataraldehyde,

dehydrated and coverslipped.
RESULTS

General remarks

For this investigation, we examined immunchistologically the T
cell distribution in the thymus of a total of 119 CBA/H mice, devided
in three experimeantal groups as listed in Table ITI. In D out of 52 wmice
of the neatron—irradiated proups, a thymus was cbserved with an aber—
rant T cell distributioan in one of the equal sized lobes. This pheno-
1enon was not observed in the 49 control and 18 X-irradiated animals.
In section 3.2. we report on the tissue T cell distrlbution in these
aberrant thymuses and section 3.3. coacentrates on the thymic microen-
vironment in the aberrant lobes. Lo none of the described cases, stan-

dard post-mortem examination revealed pathological alterations.

Inmunohistology of T cell subpopulations in thymuses with a normal

(lefr) and aberrant (ripght) lobe

Incubation of frozen sections of the thymus with monoclonal anti-
Thy—1l antibodies reveals hardly any differences between the two lobes
(Fig. la). Cortleal thymocytes are bright Thy-1% whereas medullary
thymocytes are dull Thy—l+. all cortical thymocytes in the aberrant
right lobe, however, are larger (7-% um) in size and are comparable in
slze with Thy-1%, T-200% blast cells in the supcapsular area of the

normal {left) lobe.
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TABLE 11 Experimental groups examined in this investigation

Radiation Dose Total num= Time after (sham)- Number of
source (Gy) ber of mice irradiation (days) abnormal thyuuses
neuatrons 2.5 32 220 4
" 2.5 20 270 1
¥-rays 6.0 g 240 -
- 5.0 10 570 -
contrel - 26 240 -
- 23 570 -
neutroens 2.5 37 17 -

Serial anti-Lyt-l stained sections show a marked differeace be—
tween the right and left lobe of the thymus (Fig. 1b). In the left
aormal lobe almost all thymocytes are Lyt—l+, but the density of this
narker is wvery heterogeneous. Cortlcal cthymocytes are dull Lyt—l+ with
foci of bright Lyt-1t cells. In the medulla, the majority of cells is
brizht Lyc=1T but dull Lyt-1t cells are also observed. In contrast,
virtually all cortical thymocytes in the right thymus lobe are Lyt-l1".
llowever, some individual bright Lyt—1+ cells do occur scattered
throughout the cortex. In contrast, in the medulla numerous dull and
bright Lyt=1* cells can be observed.

Frozen sectlons ilncubated with monoclonal anti-Lyt-2 antibedies
reveal also a marked difference between the two thymus lobes (Fig. le)d.
In the lefr lebe, the majority of cortiecal cells are bright Lyt-2+
whereus medullary cells are by enlarge Lyt-2~ with scattered dull to
brighe Lyt—2+ cells. In the right lobe, however, virtually all cortieal
cells are Lyt=2" but Ln the medulla scattered dull te bright Lye-2t
caells can still be observed.

Anpi=MT=4 stained serlal sections show & similar differeance be-—
tween the thymus lobes (Fig. ld). In the left lobe, vircuwally all cor=-

tical thymocytes are HI=4%F and a wajority of the medullary cells ex~
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press varying levels of MI-4 antigens. In the right lebe, however, the
ma jority of cortical cells is MT-4™ but some individual dull te bright
MT-4F cells are scattered throughout the cortex. In the medulla, vari-
ous dull to bright MT-4% cells are observed. Comparison of carefully
chosen adjacent frozen sections imcubated with elrher anti-Lyt-2 or
anti-MT-4 antibodies shows.that medullary cells ia the normal lobe are
eirther Lyt-2+, MT~4= or Lyt=2~, MT-4% whereas in the wmedulla of the
aberrant lobe Lyt-2+, MT-4" or Lyt-27, MT-4F and Lyt-2™, MT-47 cells
are cobserved.

When serial frozen sections are inecubated with monoclonal anti-T-
200 antibodies, only slight differences are observed between the LwWo
lobes (Fig. le). In both lobes all thymocytes express T-200 antigens
but in the right lobe, the majority of cortical cells is dull T-2007.
In the medulla, the majority of cells express high levels of T-200
antigens.

Surprisingly, anti-MEL-l4 stained sections reveal a dull staining
level on cortical thymocyres in the left lobe but in the righr aberraat
lobe, MEL-l4 expression on cortical thymocytes has markedly increased
(Fig. 1f). To test the presence of viral antigens in these lobes, we
incubated frozen sections with anti~GP70 antibodies. Howevexr, the thy-
mocytes In the aberrant lobe are in all observed cases GP70” (data not
shown).

Summarized, the phencotype of cortical thymocytes in the aberrant
lobe is Thy-1t, T-200F, Lyt-1727, MT-4~. In addition, the majority of
these cells have an increased MEL-14 expression. In the nedulla of the
aberrant lobe, 3 subpopulations of cells can be observed: E_Lyt-2+, M-
47 cells; 2 Lyt-2-, wT-4F cells and 3 Lye-27, MT—4~ cells. For the sake
of brevity, we described only one of the five thymuses that express
this phencmencn, in detall. The phenotype of cortical cells in the
aberrant lobe of these other thywmuses are listed in Table III and can
be divided into two groups on the basis of their Lyt expression. In
group 1, the cortical thymeocytes do not express Lyt—l or Lyr—~2 antigens
whereas in the second group, cortical cthymeocytes do express, te sSome
extend, Lyt-2 but not Lyt~l antigens. Similarities between the observed
phenotypes are an almost normal expression of Thy-l and T-200 antigens
and an increased MEL-l4 expressien on the cortical cells. In all aber-—
rant lobes, the cortical cells are larger in size than in the normal
lobe. The medulla of the not described aberrant lobes do contain Lyt—2+

cells but their frequency is lower than that in the normal lobe.



- 147 -

TABLE III Summary of the phenotypes observed in the cortex of the aberrant

lobe of thymus observed 220-270 days after 2.5 Gy fission neutron

irradiation

Specificity detected

Mouse nuwmber

Thy-1 T-200 1Lyt-1 Lyt-2 MT~4 MEL-14  GP70

1 +1 + - - ND ++ -
2 + + - - WD +i -
3 + + - -/+ ND + -
& + + - -+ WD ++ -
5 + + - - - +H -

increased expression of ancigeng

tof

il

normal expression of antigen; —/+ = weak expression of antigen;

- = antigen not detectable; WD = not determined

Tmmunohistology of thywic stromal cells in the aberrant thymus

Frozen sections of thywuses with abnormal T cell pheactypes in cne
of the lobes, were incubated with monoclonal antisera directed against
various thymic stromal cell TCypes and MHC antigens to analyse the thy-
mic microenvironment of these thymuses.

Incubation of frozen sections with ER-TR4, an antiserum which
derects epithelial-reticular cells of the thymic cortex, reveals in
both lebes a normal reticular staining pattern (Fig. 2a). Frozen sec—
tions incubated with ER-TR5 (Fig. 2b), a monoclonal antibody which
detects medullary epithelial cells, or frozen sectioms ilncubated with
ER-TR6 (Fig. 2c¢), an antiserum which reacts with medullary interdigi-
tating cells and macrophages, do not reveal any specific differences

between the normal and aberrant thymus lobes.
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Fig. 2. Immunoperoxidase staining of serilal frozen sections of anm
abnormal thymus, 270 days after 2.5 Gy fission neutron
irradiation, incubated with ER~TR4 {(a), ER-TR5 {b), ER-TR6G
{¢), ER-TR7 (d) monoclonal antibodies, Abbreviacions as in

Fig. 1. (x 140).
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Immunoperoxidase staining of serial frozen sections of the
cortex of an abnormal thymus, 270 days after 2.5 Gy fission
neutron irradiation, incubated with ER-TR3 {(a,b) and anti-H-2K
morioclonal antibodies (ML/42.3.9.8) (c,d)- 3 and ¢ represent
sections of the normal lobe, b and d sections of the abnormal

lobe. Abbreviarions as im Fig. 1 (x 360).
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However, based on compariscns of the ER-TR5 and ER-TRO distribu—
tion patteras in normal and aberrant thymus lobes, we feel that the
size of the medulla in the aberrant lobe has diminished.

Incubarion of frozen sections with ER-TR7 (Fig. 2d4), and antiseru
which detects the reticular fibroblasts of the thymus, zlso shows no
differences berween Che two lobes-

Observations of serial frozen sections incubated with either ER-
TR1, 2, and 3, monoclonal antibodies which detect Ia antigens (Fig. 3a)
or anti~I-A antibodies {clone 11-52-1.9) reveal a characteristic reti-
cular staining pattern in the cortex of the normal lobe. In the lobe
with the abnormal T cell phenotypes, the I-A expression is still reti-
cular but compared to the normal lobe, the staining pattern of I-A
determinants is not clearly ceafined to the cell surface of the epithe—
1izl reticular cells. In addition, many thymocytes in these lobes are
dull I-a% (Fig. 3b). Incubation of frozen sectiocns with anti-H-2K anti-
bodies (eclone M1/42.3.9.8) show in the cortical region of the normal
lobe only a weak stalning of stromal elements and lymphecytes
(Fig. 3¢)- However, in the abnormal lobe, the H-2K staining level has
increased and alwmost zll cortical thymocytes are now dull 2Kt

(Fig. 3d).

DISCUSSION

Tn the present paper, we describe aberrant thywmuses of CBA/H mice,
220-270 days after whole—body irradiacion with 2Z.5. Gy fast fission
neutrons, using immunohiscology with wvarious monoclonal antibodies
directed agalnst T cells, scromal cell types and MHC antigens. Our
results show that the described thywuses are abrnormal in the sense that
in one of the equal sized lobes, T cell differeantiation in the cortex
is arrested in a immature stage. Cortical T cells 1n this lobe express
Thy-1 and T-200 antigens and have an increased MEL-14 expression. How-
ever, these cells are Lyr-17, MT-4~ whereas in some cases a weak Lyt-2
exprassion is observed. The stremal cell distribution in the aberrant
lobes 1s unot different from that of the completely differenctiated lobe.
However, I-4 and 1~2K expression oun stromal cells and lymphocytes ia
aberrant lobes has changed. Furthermore, the medulla In the aberrant

lobe tends to be smaller aad contains Lyt=27, MT-4~ cells.
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Interlobal independence in the thymus has also been noted during
the development of radiaticn Induced thymic leukemia in AXR mice (18).
This iwmediately raises the question whether the preseunt observations
are related to a possible induced thymic leukomogenesis. The cell sur-—
face phenotypes of thymle leukemias have been shown to be very hetero—
geneous. Mathieson et al. (19) showed that BALB/¢ and AKR/J leukemic
thymocytes expressed predominantly either Lyt-l or Lyc-2 cell surface
determinants. This is, however, no general rule since AKR thymomas ¢an
also be Lyt-17%, Lyr-2* and can show other variations of Lyr expression
(20). Furthermore, AKR leukemogenesis is accompanied by an increased Ia
and H-ZK expression on thymocytes (21). Leukemic thymocytes of HRS mice
do have similar phenotypes as in AKR mice but do not show an increased
Ia expression (22). Moreover, in a comprehensive study, Hogarth et al.
(23) showed that radiation-induced C57B1/6 and CE/J thymomas showed a
variety of phenotypes with respect te thelr Lyt phenotypes. Besides
Lyc~1%, 2% and Lyt-17, 2~ phenotypes, the majority of the thymomas was
Lyt=17, 2t The Ia expression on these thymomas was very heterogeneous
since Ia' as well as Ia™ thymomas were observed. Scott et al. (24)
recently reported a flow cytometric analysis of the phenctypes of virus
as well as radiation~induced thymomas with the same monoclonal antibo-
dies as used in the present Investigation. They showed that many thymo-
wa phenotypes are similar to those of thymocyte subpopulations that can
be identified in the normal thymus. Furthermore, ian 18 of 20 investi-
gated thymomas, tumor cells showed an increased MEL-14 expression.

However, in a comprehensive study, Hole & Davids (25) detected no
thymomas in CBA/H mice upre 800 days after graded doses up to 2.0 Gy
neutron irradiation. The present investigaticn and other long-term
studies also did not reveal any sigas of thymemas (5,9). Based on these
conslderations, we feel that no leukemia has developed in the investi-~
gated thymuses. This opinion is further substantiated by the observa—
tion that these thymuses are GP70” whereas radiation induced thymie
lymphomzs have binding sites for che viral envelope glycoprotein GP70
of leukemogenic viruses (26).

As wentioned earlier, cortical thymocytes in the aberrant lobe
express Thy-1, T-200 and MEL~14 antigens and are negative for MT=4 and
Lyt-1l. In some cases, a weéak Lyr-2 expression was observed. In addi-

tion, cortical thymoeytes in the aberrant lobe are all larger in size
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than thymocytes in comparative areas in the normal lobe. Large-sized
Thy-1%, 1-200F "only” cells have been identified during ontogeny (27)
and during the regeneration of the thymus after irradiatiomn (9) or
after cortisone treatment {17}. These cells are considered as an imma—
ture blast cell stage 1ln thymocyre differeatiation (9,28) and such
cells show an Increased level of MEL-14 expression {9). Ta addition,
large bright MEL-14T blast cell have also been identified during the
regeneration after cortisoane treatment (29). We regard 1t therefore
likely that the observed phenortypes in the abnormal thymus lobe have to
be considered as cells belonglng to an immature blast ecell pepulation-
In the norsal thywmus such a blast cell population is located in the
subcapsular area and acquires Lyt and HMT-4 antigens during further
differentiation (9,28). dowever in the aberrant lobe, this subset of
thymic cells apparently does not further differentiate sioce deeper in
the cortex, the same phenotypes are found as Ia the subcapsular area.
The thymic stroma in which these T ¢ells have to preoliferate, 1s
known to support T cell differentiation. Thymic strowal cells probably
wmediate their effects on T cell differentiation by secretion of various
hormones {30,31) as well as direct receptor mediated cell-cell contact
of T cells with stromal cells (32). Furthermore, major histeocompatibi-
lity complex (MHC) antigens, expressed on thymic stromal cells (33,34),
have been implicated o be involved in dietating or selecting restrie-
tion specificities for self MHC of waturing T cells (35-39). In addi-
tion, during the regeneration of the thymus we observed that cortical
epithelial cells, shortly after irradiaction, loose their I-A determi-
nants. Thereafter, the reappearance of a control-like reticular I-A
stainlng pattern on the epithelial cells is closely correlated to the
acquisition of Lyt and MT—-4 antigens on the maturingz surveounding thyme-
cytes. This process 1s accompanied by a reduction of 1-2K expression on
epithelial and lyaphoid cells in the cortex (40). A close correlation
between the onset of prolliferation of lymphoblasts and the expression
of MHC determinants on epithelial cells has also been observed in the
embryonic thvmus {(41). Furthermore, antibody blocking of cell surface-
associated MAC determinants on stromal cells in the thymus has been
shown to reduce the generation of AHC restricted [ cells severely
(42,43). These observations all suggest a regulatory role of tMdG deter-—

minants In T cell differentiution., UVur present observations oun the
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thymic stromal cell compartment in the aberrant lobe show that the
stromal cell distribution in cortex and medulla is not different from
that of the normal lobe. However, I-A determinants on the cortical
epithelial cells in the aberrant lobe are not present in a strict mem-
brane-bound fashion as observed in a normal lobe. Furthermore, cortical
lymphoid and non—-lymphoid cells in the aberrant lobe are slightly H-
28, This altered MHC expression in the cortex of the aberrant lobe
might therefore be responsible for rhe observed T cell maturation ar-
rest.

These long—term changes observed in the abnormal thywmus lobe are
aot the result of a disturbed regeneration of the thymus shortly after
irrvadiatlion since this phenomenon could not be observed 17 days after
irradiation (Table IIL)- Furthermovre, we cannot definitely conclude
whether this phenomenon is related to the radiation type since the X-
ray group is rather small. The reason why these long-term alterations
in T cell developuent and ofiC expression occur at this time Incerval
after the neutron irradiation, is as yet unclear and remains to be
further investigated.

A further interesting peint that arises frowm the present chserva—
tions is that the aedulla is only partly unaffected. In the wmedulla,
numerous cells express Lyt—1 antigens. In addition, cells with varying
levels of Lyt-2 and MI—4 expression are also observed. The present
immunohistolegical observations and fleow cytemetric analysis of normal
medullary thymoeytes (44) show that medullary thymocytes are either
Lyt=2%, uT-A4" or Lyt-2~, MT-4%. In this sence, medullary thymocytes are
comparable with peripheral T lymphocytes. Although Lyt-27, MT-4" cells
are also ebserved, the presence of these two subsets of thymoeytes in
the medulla of the aberrant lobe Iudlcates that T cell differentiation
in the medulla is only partly influenced by a cortical T cell matura—
tion arrest- Furthermore, this Indleates that the single lincage model
in thymocyte differentiation, orginally proposed by Cantor and Boyse
(45), suggesting that cortical Lyr=1¥,2% are the precursors of medulla-
cy Lyt—l_,2+ and Lyt-1%,27 cells, is not applicable in these aberrant
chymle lobes since all cortical cells in these lobes are Lyc—17,27. In
line wich this finding are observations that cortex and medulla are
independently seceded in the embryonic avian thymus (46). Horeover, in a

congenic reconstitution model, Ezine et al. (47) also demonstrated two
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independent thymus precursoer lineages: a clone of cells which repopu-
lated cortex and medulla and a clome of cells which repopulated only
the medulla without cortical involvement.

Our present observations faveour an independent generation of T
cells in the medulla and are in line with the current view in thymocyte
differentiation that cortex and medulla have independent generation
kinetics (48,49). dowever, as already mentioned above, 2 substantial
number of Lyt-2~, MT-4~ cells is also observed in the medulla of the
aberrant lobe. The presence of these cells with the phenotype of
aberrant cortical cells suggests that the medulla is not strictly
independently seeded but alsc seeded from cortical precursors as pro-—
posed by Weissman (50). If this hypothesis is true, the double negative
but HEL-14F cortical blasts lcose their MEL-14 expression while enter—
ing the medulla. Furthermore, rhe observed T cell differentiation
arrest of certical thymocytes might also result in a diminished seeding
of cortical blasts into the medullz znd explain the decreased size of
the medulla in the aberrant lobe. In conclusion, our observations on
aberrant thymus Jobes after irradiation indicate the presence of a
cortex independent medullary precursor lineage and a cortex to medulla
lineage in T cell differentiation. The maturation of the latter lineage
is arrested in an immature stage which is probably caused by the
alrered MHC expression im the cortex of these aberrant lobes. The
present observations emphasize the role of the thymic microeavironment

in T cell differentiation.
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CHAPTER VIIL

THE EFFECT OF GRADED DOSES OF FISSION NEUTRONS OR X-RAYS ON THE
LYMPHOID COMPARTMENT OF THE THYMUS IN MICE

% *
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#* Netherlands Ernergy Research Foundation (ECN),

Petten, The Netherlands
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SUMMARY

Young adult CBA/H amice were exposed to graded doses of whole-body
irradiation with either fast fission neutrons or 300 kVp X-rays at

centerline—dose rates of 0.1 and 0.3 Gy/min respectively.

Dose-response gurves were determined at day 2 and 5 after irradi-
ation for the rotal thymic cell survival and for the survival of thymo-
cytes defined by mencclenal anti-Thy-1, —Lyt—1, -Lyt-2, and -T-200

antibodies as measured by flow cytofluoromerric analysis.

Cell dose-response curves of thymocytes show, two days after
irradiation, a two—component curve with a radiosensitive part and a
part refractory to irradiatioen. The radiocsemsitive part of the dose
survival curve of the Lyt—2+ cells, i.c. mainly cortical cells, has 2
Do value of about 0.26 Gy and 0.60 Gy for neutrons and X-rays respecti-
vely, whereas that of the other cell types has corresponding DO values
of about 0.30 Gy and 0.70 Gy. The radiorefractery part of the dose—
response curves cannot be detected beyond 5 days after irradiationm. At
that time, the Lyt—2+ cells are agalo wost radiosensitive with a Do
value of 0.37 Gy and 0.99 Gy for neutrons and X-rays respectively. The
other measured cell types have corresponding Do values of about

0.47 Gy and 1.17 Gy. The fission neutron RBE walues for the reduction
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in the thyme ¢yte populations defined by either wmoncelonal anti~Thy-1,
-Lyc=-1l, -Lyt=2, or =T=200 antibodies to 1.0 percent vary from 2.6 o
2.8.

Furthermore, the estimated Do values of the Thy-l™, T-200" intra-
thymic precursor cells which repopularte the thymus during the bone
marrow independent phase of the biphasic thymus regeneration after
whole—body irradiation, are 0.64 - 0.79 Gy for fission neutrons and

1.32 - 1.55 Gy for X-rays.
INTRODUCTION

The lymphoid compartment of the thymus is known to be very radio—
sensitive (1-4). After sublethal doses of irradiation, the thymus iavo-
lutes dramatically and thereafter, the regeneration of the thymus fol-
lows a biphasic pattern (2, 5, 1l6). During the first phase of regeun—
eration, the thymus regeunerates from a population of radioresistant
intrathymie precursor cells (3, 7)- Phenortype analysis of the T call
distribution in the thymus during this first phase of recovery with
flow cytoflucrometry and immunohistology, using wonoclonal antibodies
directed to cell surface differentiation antigens, revealed a sequen—
tial appearance of distinet T cell subsers {8). The aforementiocned
study and a previous Imvestigation (6) indicated, however, that in
general the effects of irradiation on the thymus were greater after 2.5

Gy neutron than after 6.0 Gy X-irradiation.

In order to compare the biological effectiveness of two types of
irradiation, the concept relative biological effectiveness (RBE) may be
used. The RBE of fast fission neutrons as compared with X-rays, is the
ratic of the absorbed dose of X-rays ro the absorbed dose of nmeutrons
required to produce the same biological effect. Neutron RBE determina-—
tions as a function of irradiation conditicns, neutron—energy spectrum
and biclogical endpoint are relevant for radiation protection, fast
neutron therapy and treatment after aceidental exposure with fast neu-—
trons. In this context, it has been shown that, when neutron RBE data
are compared, those for fast fission neutrons of 1 MeV mean energy are

highest for each effect category investigated (9).
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In this investigation, we exposed CBA/H mice to graded doses fast
fission neutrons of 1 MeV mean energy or 300 kVp X-rays. We present
dose-response curves and neutron KBE determinations for the total rela-
tive thymus cellularicy at day 2 and 5 after drradiation. Ia addition,
we present dose-response curves and neutren RBE determinations for the
T cells in the thymus, defined by monoclonal antibodies directed to the
cell surface differentiation antigens Thy-1, Lyt-1, Lyt—2, or T-200

using flow cytofluorometry at day 2 and 5 after irradiation.

MATERTALS AND METHODS

Animals

k
Male and female CRBAS/H mice (H-2 ) were irradiated or sham~irradi-
ated at the age of 5-7 weeks. The procedures of animal care have been

desceribed elsewhere (10).

Irradiation procedures

The animals were irradiated with fast fission neutrons of 1 MeV
mean energy from a 235U-cenverter in the Low Flux Reactor at Petten at
a center—iine dose rate of 0.10 Gy/min. The neutron doses do not in—
clude the 97 gamma-ray contribution. X-irradiation was performed with a
Philips Miller X-ray tube, operating at 300 kVp constant potential at
5 mA with a weasured HVL of 2.1 um Cu- The center—line dose rate was
equal te 0.30 Gy/min. For further details of the whole-bedy irradiation

procedures, we refer to a previous paper (6).

Experimental procedures

Young adult female and male CBA/H mice were exposed to graded
doses of whole-~body irradiation. The doses used, varied from 0.50 to
2.50 Gy fission neutrons and from 1.25 to 6.25 Gy X-rays.

At day 2 and 5, wmice were killed by anoxia. Depending on their size, 2-
8 thymuses were poeoled and processed for flow cytofluorometric analysis
as described elsewhere (11, 12). Thymic cellularity was determined as

described elsewhere (6).
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Antisera

Monoclonal antibodies directed to cell surface determinants of
mouse—lymphoid cells were obtained from the tissue culture supernatant
of hybrid cell lines. Clone 59-AD-2.2 secreted anti-Thy-l antibodies,
clone 53-7.3.13 secreted anti-Lyt=l antibodies, clone 53-6.72 secreted
anti~Lyt—2 antibodies and clone 30-G-12 secreted anti-T-200 antibodies.
All clones were originally prepared and characterized by

Dr. J-A- Ledbetter (13).

Fluorescein—-conjugated rabbit—anti-rat serum was obtained from
Nordic Immunological Laboratories. This conjugate was used inm a 1:15

dilution and supplemented with 1% normzl mouse serum.

Flow cytofluorometric analysis of cell suspensions

Fluorescence of 4.10% cells/sample was analysed in a fluorescence
activaced cell sorter (FACS II, Becton and Dickinson FACS systems,
Sunnyvale, California, USA). Integrated fluorescence signals were am-
plified using a logarithmic amplifier and analysed on a multichannel
analyser (256 channels). The average flucrescence intensity channel
number (A) was determined, over 256 channels at the multichaanel ana-
lyser. Dead cells and debris were routinely excluded from analysis on

the basis of low angle light scatter.

Parcentages of positive cells were calculated by plotting the
fluorescence profiles of the cell suspensicns. The profiles of the
negative control cell suspensions were smecthed, 2 cut—off channel was
determined, and the percentage of cells above this cut—off channel i.e-
the non-specific fluorescence, was calculated. In the experimental
curves, the percentage of cells above this cut—off channel was calcu-
lated and corrected for the non-specific fluorescence. In case, there
was no overlap of control and experimental curves, no correction was

performed.

Regression analysis and statistical procedures

Dose-response curves and Do values were determined by least

squares regression analysis of the logarithm of the observed effecr on
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the radiation dese. Statistieal comparisons of the D0 values of the

various subpopulations were performed with a chi-square test.

108

Relative thymic cellularity

10p

2days post-irradiation

Sdays post-irradiation

O X-rays
© neutrons

1 1 L 1 L L
023 4 5 & 0%
Dose.Gy
Fig. 1

X-rays (0).

Dose.Gy

Dose~response curves of the thymic cellularity relative to that
of age—matched sham—irradiated centrol mice measured 2 and 5

days after irradiation with fission neutrons (@) or 300 kVp
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RESULTS

l. Thymic cell survival after irradiation

At day 2 and 5 after irradiation with graded doses of neutrons or
X-rays, different dose-respense curves on thymic cell survival are
observed (Fig. 1). At day 2 after irradiaticm, thymic cell survival
curves show a Cwo component curve with a radiosensitive component and a
component refractory to irradiation, i.e. dose-independent survival
after irradiation (Fig. 1). After neutron as well as after X-irradia-
tion more or less the same survival levels, i.e. between 3 and &4 per-
cent, are reached at the highest doses. Do values for the radiosensi-
tive component were estimated by least squares analysis for the firsc
three points, including the zero Gy point, after substraction of the
contribution of the radiorefractory component. The limited data permit
only a rough estimate of the Do values of the radiosensitive component.
The radiosensitive component has a Do value equal to about 0.30 Gy fer
neutrons and about 0.74 Gy for X-rays. In contrast, thymic cell survive
al at day 5 after irradiation shows clear linear dose—response curves
{Fig. 1) which are characterized by Do values equal to 0.4% and 1.17 Gy
for neutroms and X-rays respectively. RBE determination indicates an
RBE value for fission neutrons equal to 2.54 £ Q.10 (s.e.m.) for a

reduction of the relative thymic cellularity to 1.0 percent.

The radiobiological characteristics reported above, are for a
functionally heterogenecus population of cells and therefore represent
composite values. Therefore, we investigated the survival of T cells
defined by monoclonal antibodies directed to the cell surface differen-—

tiation antigens Thy-1, T-200, Lyt-1 and Lyt-2.

2. Survival of T cells in the thymus

Flow cytofluorometric analysis of the thymus, 2 days after irradi-
ation with graded doses of X-rays or neutrons, shows that when the
frequency of cells, expressing a specific marker, is measured, the Lyt—
2t cell population is most radiosensitive (Table 1l). The Thy-1* cell
frequency is also affected and the average fluorescence inteansity chan=-

nel (A} indicates a selection for dull Thy-1t cells. In contrast, the
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TABLE I Fluorescence characteristics and percentage of labeled cells ian the

thywus of CBA/H mice 2 days after graded doses of neutron or X-

irradiation
Staining
Thy-1 Lyt-1 Lyt—2 T=-200
a b c
Radiation exposure o A % A % A % A %
X-ray dose (Gy)
1.25 2 112 81 110 85 94 48 126 20
2.50 3 102 69 113 87 92 36 129 89
3.75 4 101 69 112 86 8¢ 32 129 89
5.00 6 100 67 112 85 33 41 128 88
6.25 8 100 66 110 84 93 40 . 129 91
neatron dose {Gy)
0.50 2 111 75 106 81 BS 38 103 71
1.00 3 103 76 108 8% 82 34 107 80
1.50 4 59 T4 105 33 70 16 104 76
2.00 ] 99 60 104 72 74 14 104 66
2.50 3 98 70 107 B4 76 19 103 73
Control 2 129 92 ElY 90 98 82 108 93

a. n = nuomber of pooled thymuses

b. A = average fluorescence intensity channel®

c. 4 = percentage positively labeled cells in a thymocyte population, corrected
for non—specific fluorescence®

* see materials and methods
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Fig. 2 Dose-response curves of the surviving fractien Lyt-1t and
T-200% cells measured 2 days after irradiation with fission

neutrons (&) or 300 kVp X=-rays (o).
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Fig. 3 Dose~response curves of the surviving fraction Th7-1+ and
Lve=2T cells measured 2 davs afrer irradiation with fission

vencrons (@) ar 30U KVp Nerava (0).
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Lyt-1% frequency is not decreased after either neutron or X-irradia—
tion. The T-200% cell frequency is not decreased after X-irradiation
but is dose—independently decreased after neutron irradiation (Table
I). For both markers, a selection for bright positive cells is observ-

ed, especially after X—irradiation (Table I).

Cell survival curves for Thy-1%, Lyt-1%, Lyt—2%t and T-200% cells
at day 2 after irradiation show also two component curves (Figs. 2,3).
The radiosensitive component of the Thy-1T, Lyt-1t and T-200% cell
survival curves have similar DD values, namely about 0.30 Gy for neu—
trous and 0.70 Gy for X-rays. The radiosensitive component of the Lyt—
2% cell population has slightly lower Do values, namely about 0.26 Gy
for neutrons and 0.60 Gy for X-rays. The radiorefractory parts of the
Lyt—1+ cell survival curves after nentron and X-irradiacion reach about
the same survival levels (Fig. 2). This is also observed for the Thy-1%
cell populaticn (Fig. 3). However, the radiorefracrory parts of the
Lyl:--Z+ cell survival curves lie at different survival levels 0.7 and
1.7 percent after neutrons and X-rays respectively (Fig. 3b). A dif-
ference in survival levels after neutron or X-irradiation is also ob-
served for the radiorefractory parts of the T-200% cell survival curves

(Fig- 2).

Flow cytoflucrometric analysis at day 5 after irradiation, which
marks the onset of thymic regeneration when the highest dose is employ-
ed (8), shows that the Thy-17 cell frequency znd Lyt-2F cell frequenecy
are clearly dose dependent {(Table II). However, the T-200% cell fre—
quency decreases only after neutron irradiation, whereas the Lyt-1%"
cell frequency varies after both types of radiation. Furthermore, the

Thy-17 cells are of the dull positive type.

At day 5 after irradiatiom, survival curves for cells defined by
Thy-1, Lyt-1l, Lyt-2, or T-200 antigens, show a linear dose-~response
relationship (Figs. 4, 5). The Do values and RBE determinations for
Thy-1%, Lyt-1%, Lyt-2T and T-200% cells are listed in Table IIT.
Comparison of the radiobliological characteristics of the Thy—l+, Lyt—l+
and T-2007 cells shows no significant difference. In a previous inves—
tigation {8), we have shown that the surviving thymocytes after i{irradi-
ation have in general the Thy—l+, Lyt—l+, T-200F phenotype. Therefore,

for statistical purposes, we compared the Do values of the other cell
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TABLE II Fluorescence characteristics and percentage of labeled cells in the

thymus of CBA/E mice 5 days after graded doses of neutron or X-—

irradiation
Staining
Thy=-1 Lyt-1 Lyt-2 T=-200
a b c

Radlation exposure n a % A % A % A %
X-ray  dese (Gy}

1.25 2 106 87 80 56 80 59 100 90

2.50 3 110 88 85 68 80 54 101 9l

3.75 4 110 84 90 73 77 43 101 88

5.00 6 103 76 87 72 71 31 101 85

6.25 8 98 73 92 78 7L 28 93 38
neutron dose {(Gy)

0.350 2 o5 87 84 68 B34 63 100 92

1.00 3 102 81 87 65 79 46 99 88

1.50 4 102 72 93 70 77 33 101 83

2.00 6 29 62 98 71 77 25 108 B2

2.50 3 65 52 95 59 70 15 108 79
Control 2 130 93 91 90 97 82 107 93

2. n = number of pooled thymuses

il

b. A

"

average fluorescence intensity channel®
c. % = percentage positively labeled cells in a thymocyte population, corrected
for nom-specific fluorescence®

* see materials and aethods
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populations with the pooled Do values obtained for the Thy-17, Lyt—1+
and T-200% cells. Comparison of the Do values of the Lyt=2% cell popu~
lation with the pooled Do values shows that the Lyt-2% cell population
igs significant more radiosensitive for both neutrons and X-rays with

D, values equal to 0.37 Gy and 0.99 Gy respectively-

10 ’\Surviving fraction Lyt-2*cells op Surviving fraction Thy-1* cells
o
! © X-rays
@ neutrons
o1k
L]
pO1E @
¥
1 Il t 1 13 | | | A, L | |
g5 3 s 5 & %z 34 s

&
Dose Gy Dose, Gy
Fig. 4 Dose-response curves of the surviving fraction Lyt-2+ and
Thy—1% cells, 5 days after irradiation with fission neutroms

(®) or 300 kVp X— rays (o).
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The RBE wvalues for the various cell populations are in general
greater than that for the total thymic cellularity. This indicates the
existence of other thymocyte subpopulations with lower RBE wvalues whiech
are net defined by the presently used monoclonal antibodies. It is

lknown that besides the cells that express differentiation antigens,

10k Surviving fraction T200* cells 10p Surviving fraction Lyt-1° cells

Q.1

0.01

0.001 L L L L L L o001 1 L ! ) : !

Dose,Gy

Fig. 5 Dose-response curves of rthe surviving fraceion T-200% and
Lyt-1* cells, 5 days after irradiation with fission neutrous

(®) or 300 kVp X~ rays (o).
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TABLE III Radiobiological characteristies of thymocytes defined by

Thy~1, Lyt-l, Lyt-2 or T-20C antigens, and Thy-1" and T-200"

cells at day 5 after neutron or X-irradiaticn

a
D % gem

D, * sem” . RBE * SEM

neutrons X-rays
Total cell population 0.49£0.05 Gy 1.17%0.10 Gy 2.56'_‘0.12b
Thy-1* cells 0.44%0.03 Gy  1.14%:0.09 Gy .'2-7"5t0.].?;D
T~200% cells 0.48£0-04 Gy  1-17t0.10 Gy 2.6ht0.12b
Lyt—1T cells 0.47£0.04 Gy  1.17%0.10 Gy 2.67t0.12b
Lyr—2t cells 0.37£0-.02 Gy* 0.99%0.07 Gy* 2.81:0.llb
Thy-1" cells 0.79%0.10 Gy* 1.55%0.07 Cy* 2.22%0.19 (2.1)°
T-200" cells 0-64%0.07 Gy* 1.32:0.12 Gy  2.45%0.19 (z-2)¢

a. Do values determined by least squares regression analysis

b. RBE determined for surviving fractien 0.0l

c- BBE determined for surviving fractiom 0.1. Extrapolation for surviv-

jng fraction 0.0l in parentheses

* findicates a significant difference (P<C0.053) from a pooled Thy—l+, T-

200", Lyr-1*t D values which are equal to 0.46 = 0.02 Gy and 1.16 =

0.06 Gy respectively for neutrons and X-rays
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thymic regemeration is characterized by the appearance of cells that
initially do not express differentiation antigens and subsequently,
express Thy-1 and T-200 antigens (§). Therefore it is likely that those
cell populations with lower RBE values are composed of Thy-l" and T-
200" cells. Dose response curves for the relative number of Thy-1" and
T-200" cells reveal 2 linear dose response relationship (Fig. 6). The
Do and RBE wvalues for these cell types are listed in Table III. The Do
values are significantly higher than the pooled Do values for Thy-1t,
Lyt-1t, T-200% cells and the BBE values are less than those for the
other cell populations- In general, the Thy-l1" and T-2007 cells are
less sensitive to aneutrons as well as X—-rays than the more differen—

tiated thymoecytes.
DISCUSSION

In the present ilavestigation, we exposed CBA/H mice to graded
doses of fission neutrons or X-rays. At day 2 and 5 after irradiation
dose respouse curves were determined for the total thymic cellularity
and for the survival of thymocytes defined by mounoclonal anti-Thy-1,
-Lyt-1, -Lyt-2, or -T-200 antibodies. The results show: l. the exis-
tence of a radioresistant population of cells at day 2 after irradia—
tion which can no longer be detected at day 5 after irradiation; 2.
Lyt-27 cells are most radiosensitive at day 2 as well as at day 5 after
irradiatien; é: different DO and RBE values are observed at day 2 and 5

after irradiation.

Analysis of thymic cell survival was started at day 2 after irra-
diation to prevent in the lower dose region, the influence of regenera-
tion which starts abeout 5 days after irradiation when a 2.5 Gy neutron
dose is used (8). Thymic cell survival curves at day 2 after irradia-—
tion reveal a two component curve with a radiosensitive part and a
radiorefractory part. The estimated Do values for the radiosensitive
part, L.e. 0.30 Gy and 0.74 Gy for neutrons and X-rays respectively,
are composite values since the population of cells measured is func-
ticnally heterogencous. Therefore, we used monoclonal antibodies di-
rected to cell surface differentiation antigens which thymocytes aquire

during maturation in the thymus and define functicnal subpopulaticans
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Fig. 6 Dose-response curves of number of Thy~l~ and T-2007 relative to
age-matched sham—irradiated control mice, 5 days after

irradiation with fission neutrens {®} or 30C kVp X-rays (o).

(14, 15) The results show clearly that for the markers investigated,
the Lyt-Z+ cell pepulation, comprising mainly cortical cells (11, 16),
are most radiosensitive.

The radiosensitive components of the survival curves have estimated DO
values of about 0.26 Gy and 0.60 Gy for fission neutrons and X—rays
respectively. The latter DG value ig in good agreecment with those re-
ported by Trowell (17) and Sato & Sakka (1). The radiosensitive compo—
nents of the Thy—l+, Ly:-l+ and T-200% cell survival curves have simi-
lar Do values of about 0.30 Gy for fission neutrons and about 0.70 Gy

for X-rays.
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The fluorescence characteristics of the radiorefractory part of
the varicus cell survival curves indicate that the surviving cells at
day 2 after irradiation are of medullary phenotype i-e. dull Thy-iT,
bright Lyt-1t, bright T-200% cells which are mainly Lyt-2". This was
alsc shown in a previcus investigation using immunocytochemistry (8)-
These medullary cells represent the 3-4% cell survival, observed at day
2 after irradiarion. In the control thymus, about 15% of the thymocytes
belong to the medullary cell pool (18). Hence, only 20-30% of the me-
dullary thymoeytes survive neutron or X—irradiation ar the highest dose
levels. The T-200% and especially the Lyt—2% cell survival curves re—
veal in the radicrefractory part, different survival levels after neu-
tron and X-irradiation. Tn contrast to the medullary phenotype, corti-
cal cells are bright Thy-1t, Lyt-1%, T-200" aand bright Lyt-2T (8, 11,
156). Thus, the Do values for the Lyc-2T cells can be regarded as a
measurement of the cortical cells whereas the D0 values forrthe Thy—l+,
Lyt—1*, and T-2007 cells can be regarded as a composite value of the
cortical cells and the non-radiorefractory part of the medullary thymo-—

cyte pool.

The radiorefractory part of the medullary thymoeyte pool cannot be
detected in the thymus of UBA/H mice at day 5 after irradiation. Moxe-
over, at the highest doses for both types of irradiation used, the
relative thymic cellularity, observed at day 5 after irradiationm, is
markedly decreased Iin comparison with the level obzerved at day 2 after
irradiation. This observarion raises questions about the fate of this
medullacy subpopulation. These cells might have died between 2 and 5
days after irradiation. However, thymocytes are known te underge inter—
phase death within a few hours after the irradiation (19, 20). Further-—
more, from day 2 after irradiation on, immunceytochemistry does not
reveal any signs of thymocyte death (8). Alternatively, since thymus
migrants have a medullary phenotype (21), the radiorefractory medullary
thymoeytes might have aigrated out of the thymus to the peripheral
lympheid organs, which are devoid of T lymphocytes after irradiation
(22, 23). The observed differenc survival levels of the radiorefractory
Lyt=2F and T-200% cells at day 2 after neutrom and X-irradiation might
thean be explained by differeant wigration rates after neutron and X-

irradiation. However, this hypothesis needs te be further investigated.
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In contrast to the marked decrease of the relative thymic cellularity
between day 2 and 5 after irradiation when the twe highest doses are
used, the relative thymic ecellularity increases between 2 and 5 days
after irradiation when the lowest two doses of both types of irradia-
tion are used. This indicates proliferation of prothymocytes and/or
proliferation of intrathymic precursors which survive the irradiation-
However, we favor the latter possibility since bone marrow transplanta—
tion does not Influence this first phase of the biphasic regemeration

of the thymus after irradiation (3).

Five days after irradiationm, the Lyt-2% cells are again most ra-—
diosensitive and have DO values of 0.37 Gy and 0-99 Gy for fission
neutrons and X~rays respectively. As mentioned earlier for the 2 days
interval, the Do values of cells defined by anti-Thy-1, -Lyt-1, oxr -T-
200 can be regarded as a composite wvalue of cortical and medullary
cells. The fissicn neutron Dovalues of rhese cells (Do, 0.44=0.48 Gy)
at day 5 after irradiation is comparable with that for hemcpoietic stem
cells of CBA mice (Do, 0.45 Gy) (24). The X~ray Do value of the cells
defined by anti-Thy-l, -Lyt-1, or -T-200 are comparable with those
reported for human thymocytes, cultured for 4 days after y—irradiation
(DD, 1.35 Gy) (25) and for mouse thymocytes at day 4 after ¥-irradia-
tiom (D, 1.30 Gy} (4)-

Comparison of the Do values of the thymocytes defined by monoclo-
nal anti-Thy-1, -T-200, -Lyt-1l or -Lyt-2 antibodies, at day 2 and 5
after irradiation with neutronms or X-rays, iadicates thar the precursor
cells of the thymocytes present in the thymus at day 5 after irradia-—
tion, are less radiosensitive than the non-radiorefractory thymocytes
present at day 2 after irradiation. In addition, comparisen of the
fission neutron RBE value for the reduction of the various cell types
to 1.0 perceat and that for the total thymic cellularity indicates the
existence of other subpopulations with lower RBE values. In a previous
investigation, we have shown that the intra-thymic bone marrow indepen=-
dent regeneration after 2.5 Gy neutron—irradiation is characterized by
a sequential appearance of well-defined thymocyte subsets in a time
period of 5-9 days after irradiation (8)- This sequence starts at day 5
after irradiation with the appearance of "null” cells, i.e. large lym-

phoid cells that do not express cell surface differentiation antigens,
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and probably represent the proposed intra—thymic radioresistant precur-
sor cells (3). When the regeneration proceeds, Thy—l+ "only” amnd T-200%
“oaly” cells are observed, followed by Thy-1t, T-200% and Thy-1%t, T-
200+, Lytt cells (8). The present investigation shows clearly that
thymocytes that do not express a specific T cell marker, are less sen—
sitive to neutrons as well as X-rays, and have indeed a lower fissicn

neutron RBE wvalue than thymocytes expressing differentiation antigens-

Since we could not identify precursor cells by double negative
fluorescence, we can only estimate the radiosensitivity of the intra=
thymic radioresistant precursor cells, i.e. "mull" cells. However, as
mentioned earlier, "aull” cells acquire Thy-l and T-200 antigens as a
first step in the regenerative process. Therefore, a likely estimate of
the D, values of the "null™ cells would be 1.32 - 1.53 Gy for X-rays
and 0.64 - 0.79 Gy for fission neutrons {Table IIIL). However, Sharp and
Watkins (4) reported an X-ray Do value for thymic precurseor cells of
0.70 Gy by electronic cell couwating, 10 days after irradiation. The
reason for this discrepancy could be the higher doses of X-irradiation
used by these authors (8.0 Gy v. 6.0 Gy in our experiments). Further—
more, the proliferative capacity of the intrathymic precursor cells
might become limirting at higher doses (26). Im addition, comparison of
Do values obtained by others is complicated by differences in metho-
dology and mouse strains used- This is illustrated since X-ray Doand
neutron RBE values on thymic cell survival 5 days afrer irradiation,
obtained from another inbred CBA strain (27,28) are higher than from
CBA/H mice although the LD50/30 of both strains do not differ (Huiskamp
& Davids, unpubl. observation). Based on the LD50/3C values for the two
strains, an RBE of 2.3 can be determined for the bone marrow syndrone
(6)-. This value agrees well with the estimated RBE value (2.1-2.2) for
the intrathymic radioresistant precursor cells and points to the bone

narrow as the ultimate origin of these cells.

In couclusion, cortical thymocytes are highly radiosensirive and
have DO values of about 0.26 and 0.50 Gy for fission neutrons and X-
rays respectively. The medullary cell pool is composed of a radiosensi-
tive part (70-80%) with DO values of about 0.30 and 0.70 Gy for neu-—

trons and X-rays respectively and a radiorefractory part (20-30%) which
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cannot be detected 5 days after irradiation. Regeneration starts from

cells with estimated Do values of 0.64 - 0.79 Gy for fission neutrons

and 1.32 — 1.55 Gy for X-rays.
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SUMMARY

The effect of irradiation on the supportive role of the thymic
stroma in T ¢ell differentiation was investigated in a transplantation
model using athywmic nude mice and tramsplanted irradiated thymuses. In
this model, neomatal CBA/H mice were exposed to graded doses of whole—
body irradiation with fast fission neutrons of 1 MeV mean energy or 300
kVp X=rays.- The doses used wvaried from 2.75 up to 6.88 Gy fission
neutrons and from 6.00 up to 15.00 Gy X-rays at centerline—dose rates
of 0.10 and 0.30 Gy/min respectively. Subsequently, the thymus was
excised and a thymus lobe was transplanted under the kidney capsule of
H-2 compatible nude mice. Cne and two months after transplantation, the
T cell couwposition of the thymic transplant was investigated using
Immunohistology with monoclenal antibodies directed to the cell surface
differentiarion antigens Thy-l, Lyt-1, Lyt—2, MT-4 and T-200. Further—
more, the stromal cell composition of the thymie transplant was
investigated with monocleonal antibodies directed to MHC antigens and
with monoclonal antibodies defining different subsets of thymic stromal
cells. In order to investigate the reconscitution capacity of the
thymic transplant, the peripheral T cell number was measured using flow
cytoflucrometric analysis of nude spleen cells with the monoclonal
antibodies anti-Thy- 1, -Lyt-2, and -MT-4.

The results of this investigation show that a neonatal thymus

grafted in a nude mouse has a similar stromal and T cell composition as
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a normal thymus in situ. In addition, grafting of such a thymus results
in an significant increase of the peripheral T cell number. Irradiation
of the grafr prior to transplantation has no effects on the stromal and
T cell composition but the graft size decreases. This reduction of size
shows a linear dose-response curve after neutron irradiation. The X-ray
curve 1s linear for doses in excess of 6.00 Gy. The RBE for fission
neutrons for the reduction of the relative thymic graft size to 10
percent was equal. to 2.l. Furthermore, the peripheral T cell number
decreases with Increasing doses of irradiation given to the graft prior
to transplantation. The present data indicate that the regenerative
potential of thymic stromal cells is radicsensitive and is character=

ized by D, values to 2.45 and 3.68 Gy for neutrons and X-rays respec-—

0
tively. In contrast, the ability of the thymic stromal cells to support

T c¢ell maturation is highly radioresistant.
INTRODUCTION

Stromal cells in the thymus are known to support the development
of immunocompetent T cells. Thymic stromal cells probably mediare thelr
effects on T cell differentiation by secreting various hormone-like
factors (1,2) as well as by direct receptor mediated cell-cell comtact
of stromal cells with T cells (3). Furthermore, varicus in vivo experi-
ments have indicated that major histocompatibilicy complex (MHC)
antigens, mainly expressed on thymic stromal cells (4,5), are involved
in dictating or selecting restriction specificities for self MHC of the
maturing T cells (6-8). In addition, expression of MHC antigens on
thymic epithelial cells have been implicated to play a wegulatory role

in the generation of T cells (9-12).

To the lymphoid component of the thymus is severely affected after
sublerhal whole-body irradiation with fission neuCrons or X-rays
(13,14). However, the stromal compartment of the thymus has been shown
to be falrly radioresistant. Davis and Cole (15) showed in sublethally
irradiated bone marrow reconstituted wmice that imuune functions were
restored even when the thymus was additionally exposed to 20 Gy X-rays.
Furthermore, thymus grafts, exposed in vitro to 2060 R gamma-rays,
showed evidence of lymphopoietic regeneration at 11 days after grafting

(16). Tn newborn mice, no decline of several immunologlcal functions
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was observed after in sirtu exposure of the thymus to 2000 R X~rays
{17). In a previous investigation (12), however, we have shown that
within 24 hours after whole—body irradiation with 2.50 Gy neutrons or
6.00 Gy X-rays, especially rhe cortical microenvirenmental architecture
is severely disturbed. As shown by Jmmunohistology, Ta determinants on
cortical epithelial cells were no longer present in a2 membrane~bound
fashion but appeared to be shed in the cortex. Moreover, the lymphoid
repopulation of the thymus coincides with the appearance of an H-2K
staining on the epithelial cells In the cortex which is nof present in
sham=-irradiated control thywouses. Subsequently, the epithelial H-2K
staining in the cortex disappeared and a reticular I-A staining in the
cortex reappeared, similar to that observed in sham—irradiated contrel
animals. This sequence indicates that the cortical epithelial cells are
readily affected by sublethal doses of radiation with respect to their

MHC expression.

These results led us to asses the radiosensitivity of the thymic
stromal compartment in more detail. In the present investigation, we
exposed necnatal CBA/H mice to graded doses fast fission neutrons of 1
4eV mean energy or 300 kVp X-rays upto 6.88 and 15.00 Gy respectively
and transplanted the thymus in H-2 compatible athymic nude mice. Using
immunocytochemistry, we investigated the size and the T cell composi-
tion of the thymie transplaut, 1 and 2 months after transplancation. To
this purpose, we used wonoclonal antibodies directed to the cell sur—
face differentiation antigens Thy-1, Lyt-l, Lyt-2, MT-4, and T-200.
Microenvironments in the transplanted thymuses were investigated using
monoclonal antibodies directed to MHC antigens as well as monoclonal
antibedies defining various thymie stromal cell types (ER-TR series,
22). In addition, the peripheral T cell number was investigated in the
spleen of the aude mice with moncclonal antibodies directed to T cell
surface differentiation antigens Thy~l, 1lyt-2 and MT-4 using flow cyto-—
fluorometry.

Our results indicate that the stromal and T cell distribution in
the irradiated and sham—irradiated thymic grafts are similar to those
observed in the normal thymus in situ- However, thymic graft size and
peripheral T cell number are decreased when nude nice are recoastituted
with irradiated thymic lobes. The preseat results allow an estimatlion

of the radiecsensivity of the thymie stromal compartment.
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MATERIALS AND METHODS

Animals

Male and female neonatal mice of the inbred CBA/E substrain
(H—Zk), maintained at Petten, were irradiated or sham—irradiated. Male
C3H nude mice ma/nu (H*Zk), 6 weeks of age, were purchased in two
deliveries, two weeks apart, from Bomholtgard, Ry, Denmark and

maintained in a cross flow cablnet under semi-sterile conditions.

Irradiation procedures

Neonatal mice were irradiated with fast fission neutroms of 1 MeV
mean energy from a 2350—gonverter in the Low Flux Reactor at Petten, at
a cepter—line dose rate of (.10 Gy/min. The absorbed doses quoted do
not include the 8% pamma—ray contribution. X-irradiation was perfeormed
with a Philips Milller X-ray tube, operating at 300 kVp constant poten—
tial at 5 mA with a measured HVL of 2.1 mm Cu. The center-line dose
rate was equal to 0.30 Gy/min. For further details of the whole—body

irradiation procedures, we refer to a previous paper (13).

Experimental procedures

Three neonatal CBA/H mice were exposed to each dose of whole-body
irradiation- The doses used, varied from 2.75 up to 6.88 Gy fission
neutrons and from 6.00 up to 15.00 Gy X-rays. Within 20 minutes after
irradiation, the neonatal mice were decapitated and the thymus was
excised. The two thymic lobes were separated aund each lobe was trans-—
planted under the kidney capsule of a C3H nude mcuse, anesthetized
beforehand with Avercin- At 1 and 2Z months respectively after trans-—
plantation, the kidney with thymic transplant were excised and photo-—
graphed. From enlarged photographs, the transplant volume was estimated
using the formula V = L{emgth) x [W(idth)]%/2. Subsequently, the thymic
transplants were processed for immunocytochemistry- To addition, the
spleens of nude recipients were excised and processed for flow cyto-—

fluorometric analysis as described elsewhere {18, 19). Hude nice
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grafred with a sham—irradiated thymic lobe were used as a positiwve

contrel and sham—operated nude mice were used as a negartive control.

Antisera

Syngeneic and menogeneic monoclonal antibedies used in the present

investigation are listed in Table I.

Peroxidase~conjugated rabbit-anti-rat immuvoglobulin was obtained from
Dakopatts, Denmark. The conjugate was diluted in a 1:20 dilution and
supplemented with 1% normal mouse serum. Fluorescein—conjugated rabbit-—
anti~rat immunoglebulin was obtained from Nordic Immunological labora-—
tories. This conjugate was used in a 1:15 dilution, also supplemented

with 1% normal mouse serum.

TABLE I Reagents used in the present investigation

Monoclonal Reacts with/ Reference

antibody Target antigen
59-AD-22 Thy-1 (20}
30-G-12 T-200 (2m
H129.19 MT—4 (21)
53-7.3.13 Lyc-1 (z0)
53-6.72 Lyt—2 (20
ER-TR1 Cortical and medul- (22)

lary stromal cells
(I region of MHC)

ER-TR& Cortical epithelial cells (22)
ER~TR5 Medullary eplthelial cells (20}
ER-TRE Medullary “IDC” (20)

M1/42.3.9.8 H-2K, all haplotypes (23)
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Flow cytofluorometric analysis of spleen cell suspensions

Fluorescence of 4.10% cells/sample was analyzed in a fluorescence
activated cell sorter (FACS II, Becton and Dickinson FACS systems,
Sunnyvale, CA). Integrated fluorescence signals were amplified using a
logarithmic amplifier and analyzed on a multichannel analyzer (256
channels). Dead cells and debris were routinely excluded freom analysis
on the basis of low angle light scatter gatting. Percentages of posi-
tive cells were calculated by plotting the fluorescence profiles of the
cell suspensions- The profiles of negative control cell suspensions
were "smoothed"”, a cut—off channel was determined, and the percentage
of cells above this channel i.e. the aspecific fluorescence was calcu-
lated. In experimental profiles, the percentage of cells above this
"eut—off” channel was calculated and corrected for the aspecific fluor-
escence. In case, there was no overlap of control and experimental

profiles, no correction was performed.

Tissue preparation for immunocytochemistry

Frozen sections of thymus transplants, isolated 1 and 2 months
after transplantation, were prepared and stained using the indirect

immuncperoxidase method as described elsewhere [18]-

Repression analysis and statistical procedures

Dose-response curves and DO values were determined by least—
squares regression analysis of the logarithm of the observed effect on
the radiation dose. The mean percentage of positive cells of an experi-
mental dose group for a specific staining was caleulated from the
pooled data obtained 1 and 2 wonths after transplantation. Statistical
comparisons between experimental groups were performed with a Mann—

Whitney U-test at the 0.05 level of significance.
RESULTS
In the first part of this secrion, we describe the tissue distri-

bution of T cells and stromal cells in the thymic transplants in nude

mlice. The second part deals with the size of thymic transplants. The
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third part concentrates on the peripheral T cell number measured in the

spleen of these thymus grafted nude mice using flow cytofluorometry.

1. Immunohistology of thymic tracsplants

Monoclonzl antibodies directed to the T cell differentiation anri-
gens Thy-l, Lyt—l, Lyt—-2, MT-4, and T-200, MHC antigens as well as
antibodies defining various stromal cell types were used for immunohis—
tological studies- The immunohistology of sham—irradiated control
grafts, 1 and 2 months after transplantation, showed a normal T cell
distribution and stromal architecture as compared with young adult the

thymus in situ, as previocusly described (12, 22, 24).

Already one month after tramsplantation, all irradiated grafts
were regenerated and completely developed, as judged by their immuno—
histological appearance- As an example of regeneration and development
of irradiated thymic grafts, the Immunohistology of am 15.00 Gy X-irra-
diated thymic graft, 2 months after transplantation is showa in Figures

1 and 2.

Frozen sections of thymic grafts incubated with anti-Thy-1l anti-
bodies (Fig- la) reveal that the majer population in the grafr counsists
of bright Thy-1t cortical thymocytes. The Thy-1 staining is most
intense in the subcapsular area and gradually decreases towards the
medulla. In general, medullary cells are dull Thy—1+-

Serial frozen sections iuncubated with anti-Lyt-1 antibodies {fig. 1b)
reveal a variable expression of Lyt—1 in both cortex and medulla. The
majority of cortical cells is dull Lyr-1% but scattered foci of bright
Lyt-1¥ cells are also observed, aspecially in the cortico-meduliary
area. In the medulla, cells are in general bright Lyt=1% but also dull

Lyt-1t cells and Lyt-1" cells are observed.

Serial anti-Lyt-2 stained sections show that the majority cf the
cortical cells is bright Lyt-2+. Scattered foci of mnegative to dull
Lyz=2% are found in the subecapsular area. In the medulla, the majority
of lymphoid cells is Lyt-2" with scattered dull ro bright Lyt-27% (fig.
1c)-

Serial sections stained with anti-MT-4 antibodies demonstrate that

the large marjority of cortical cells is MT-4T. However in the subcap-
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sular area, a uumber of cells is negative or dull MT-4t. In the medul-
la, the MI-4 expression is very hetercgeneous. The majority of medul-
lary cells is dull MT-41 but MT-47 and bright MI-4t cells ecan also be
observed (£fig. 1d). Accurate comparison of adjacent sections incubated
with Lyt~2 and MT-4 reveals that medullary cells are either Lyt-2T,
MT=4" or Lyt~2~, MI-4t.

Incubation of serial frozen sections with anti-T-200 antibodies
shows that virtually all thymocytes are T-200% {fig. le). Cortical
thymocytes are bright T-200% whereas cells in the cortico-medullary
area and in the medulla have a higher density of this antigen. Some
negative to dull T-200% cells can be observed in the subcapsular area
and also in the medulla.

The stromal compeosition of thymic grafts is shown in fig. 2.
Frozen sections incubated with ER-TR4 antibodies, which detect cortical
epithelial cells, reveal a characteristic reticular staiﬁing pattern in
the cortex (fig. 2a). ER-TR5 and ER-TR6 antibodies react with medullary
stromal cells but show different staining patterns. ER~TR3 detects
medullary epithelial cells (fig. 2b) and ER-TR6 reacts with other
medullary stromal cells such as interdigitating cells and with medul-

lary lymphoid cells (fig- 2e3.

Incubation of serial frozen sections with ER-TR1, a monoclonal
antibody which detects Ia antigens, show a reticular staining pattern

in the cortex and a confluent staining in the medulla (fig. 2d).

Incubation with anti-~H-2K antibodies (M1/42.3.9.8) reveal a con—
fluent staining in the medulla whereas in the cortex to some extent,

stromal and lymphoid cells are stained (fig. 2e).

A T cell and stromal cell distribution, identical to that observed
in sham— irradiated grafts and in the thymus in situ was observed in

all irradiated grafts.

2. The gize of thymic graft

Volume determinatiouns of identically pretreated thymic grafts,
measured 1 or 2 months after transplantation, revealed no significant
differences in size. Since immunchistology as well as size of these

grafts, 1 and 2 months after tramsplantation, were identical, data
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Fig. 1. Immunoperoxidase staining of serial frozen sections of a
thymic graft irradiated wich 15.00 Gy X-rays prior
transplantation, 2 months after transplantation, incubared
with monoclonal anti~Thy-l {(2), anti~Lyt-l (b), anti-Lyt-
2 (c), anti-MT—-4 (d), and anti-T-200 (e). ¢ = cortex,

M = medulla. (x 140).

obtained from similar pretreated grafts will be discussed together. The
transplanted sham—irradiated grafts grow very well and show an increase
in grafr size from 1.2 to 31.0 m? in 4-8 weeks (fig- 3.

Comparison of the size of neutron or X-irradiated grafts with the
size of sham—irradiated comtrol grafts reveales evidently that the size
of the irradiated grafts was deminished (Table II). Furthermore, this
size reduction shows a clear dose-response relation after neutron irra-
diation (Fig. 3). The X-ray curve is linear for deses in excess of 6.00
Gy. For the determination of the relative biclogical effectiveness

(RBE) of fast fission neutrons compared with X-rays, i.e. the ratioc of
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Fig. 2. Immunoperoxidase staining of serial frozen sections of a
thymic graft irradiated with 15.00 Gy X-rays prior
transplantation, 2 months after transplantation, incubated
with ER~TR4 (a), ER-TR5 (b), ER-TR& (c), ER-TR1l (d), aud anti-
H=2K wmonocclonal antibodies (M1/42.3.9.8) (e). For

abbreviatiouns see Fig- 1 (x l40}.

the absorbed dose of neutroms to the absorbed dose of ¥~ rays to pro—
duce the same biological effect, regression analysls was performed. An
RBE value equal to 2.1 * 0.1 (sem) was calculated for a reduction of
the relative thymic graft size to 10% of the sham—irradiated graft

size.

3. Flow cytofluorometric analysis of T cell subpopulations in the

spleen of nude mice

Incubatrion of spleen cells of sham—operated nude mice with mono-—

clonal anri-Thy-1 antibodies, an antibody which detects virtuwally all T
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Fig. 3. Dose-response curves of the relative thymic graft size after

irradiation with fission neutrons (o) or X-rays (®) prior to
the transplantation. Dashed line indicates size of the

transplanted thymic lobe, at time of rransplantation.

cells, reveals that about 6 percent of the rotal nucleated spleen cel
population 1s Thy-lt (Fig. 4). This number significantly increases upto
12 percent in mice grafred with a sham~irradiated thymus lobe.
Irradiation of the graft prior to transplantation gives no conclusive

dose-response relationship-.

Incubation of splean cells of sham~cperated nude mice with anti-
Lyt-2Z antibodies, an antibody which in the periphery detects cytotoxic
and/or suppressor T cells, reveals that about 1.3 percent of the spleen
cels shows Lyt-27 phenotype (Fig. 4). After grafting of a sham—irra—

dizrted thymus lobe, the peTcentage Lyt—2+ cells significantly in—
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TABLE IT The size of thymic grafrs after tramsplantation

E
Radiation exposure n graftsize (mm3)
Xts
¥-ray dose (Gy)
6.00 5 16.7 £ 2.0
.00 5 i0.5 £ 4.1
12.00 3 4.3 £ 0.6
15.00 5 2.7 £ 1.3
Neutron dose {Gy)
2.75 5 13.1 = 2.5
4013 5 7.2 175.1
5.50 3 3.9 1.1
6.88 5 3.5 £ 1.5
Control 5 31.0 * 4.6

*
& = number of thymic grafc recipients used for the volume

determination of the transplants.

creases- Irradiation of the thymus grafts prior to tranmsplantation
with neutron or X-rays, upte 3.530 or 12.00 Gy respectively, resulcs in
a slight decrease of the percentage Lyt—2+ spleen cells when compared
with mice with sham—irradiated grafts. At the highest doses of both
types of irradiation, the percentage Lyt-2t spleen cells is comparable

with that in sham—operated nude mice (Fig. 4)-

Incubation of spleen cells with anti-MT-4 antibodies which detect
T helper cells, reveals that about 1.7 percent of the spleen celss in
sham—operared nude wice are MT-4F (Fig. 4). Grafting of a nude mouse
with a sham—irradiated thymus results in a significant increase of the
percentage MT-4F spleen cells with a facter of about 4. After 2.75 Gy

neutron irradiation or X-irradiation upto 12.00 Gy of grafts prior to
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Fig. 4. Treguency of positive cells in spleen suspensions stained with
anti~Thy=l, anci~Lyt-2, or anci-dT-4 in sham—operared nude
miece {Bl), nude mice grafted with a sham~irradiated thymic
lobe (C), and amice grafted with 2 neucrop or X~irradiated
thymic lobe. asteriecs ladicates significant difference from

sham-operated group (BL)-.
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transplantation, lower but still significant increases of the percent-
age MT-4% gpleen cells can be observed when compared with sham—operated
nude mice (Fig-. 4)- Further increasing of the dose of irradiatien to
the grafts results in a decrease of the percentage MT-4% cells to a

comparable level as observed in sham—operated nude nice.

In summary, transplantation of sham—irradiated thyamic lobes under
the kidney capsule of nude mice significantly increases the Thy-1T,
Lyt—2% and MT-4% cell frequencies in the nude spleen. Irradiation with
graded doses of fission neutrons or X-rays prier to rransplantation
results in a decrease of Lyt—2% and MF-41 cell frequencies to the

Jevels observed in sham—operated nude mice.
DISCUSSION

In the present investigation, neonatal CBA/H mice were eprsed to
graded doses of fast fission neutrons or X-rays in orxder to investigate
the effects of irradiation on the stromal compartment of the thymus.
The thymic lobes were transplanted were the kidney capsule of nude
mice. Using immunohistology, the T cell composition and the stromaz of
the thymic grafts were characterized with menoclonal antibodies. Tn
addition, the T cell compesition of the spleen of the nude recipients

was lovestigated with flow cytofluorometry.

Cur resgults clearly show that sham—irradlated thymis lobes cowm—
pletely regenerate and differentiate within one menth after the trans—
plantation under the kidney capsule of nude mice. The T cell and
stromal cell distributions are indistinguishable from those described
for the normal thymus in situ {12, 22, 24). Thus, thymocytes with a
phenotype comparable to that of peripheral lmmunocompetent T cells,
i.e. Lyt—-2%, MT-4~ or Lyt—27, MT-4t (25), are observed in the medulla
of the graft whereas the cortical thymocytes have predoninantly the
immature Lyt—-2F, MT-41 phenotype. Furthermeore, the cortical epithelial
cells have a reticular distribucion pattern and are I-at and almost
d-2K7. Medullary stromal cells show a confluent I-A staining pattern
and are H-2K*. This struecural presence of MHC antigens on thymic
stromal cells has been implicated zo be a prerequisite for normal T

cell development (9, 11, 12, 14). Frozen sections of thymus grafts



- 202 -

stained wicth anzi-MEL-14 antibodies, an antibody considered to be an
export marker for thymocytes (26), showed a normal distribution of
MEL=141 cells indicating a normal export of mature thymocytes

(Huiskamp, unpubl. observation).

Irradiation of the thymic lobes prior te transplantation with
graded doses neutrons or X—Tays upto 6.88 and 15.00 Gy respecrively,
does mot influence the T-cell and stromal cell distribution within the
graft as compared with those of the thymus irn situ. This indicates that
thymic stromal cells and their T cell maturation supperting function
within the graft is highly radioresistant. In line with this assumption
are observations reported by Davis and Cole (15) and Hirokawa and Sade
(17). In an irradiztion model of the thymus in situ, they showed that a
complete restoration of immunological functions could be observed even

after thymic irradiation with X-ray doses up to 2000 R.

Flow cytofluorometric analysis of T cell subpopulations in the
spleen of sham—operated nude mice, reveals that abour 6 percent of the
spleen cells express the pan T cell marker Thy-l. However, ounly about
1.3 and 1.7 percent of the spleen cells are Lyt-2T and MT—4F respec—
tively.

The present results confirm reports that athymic mice can contain cells
that are phenotypically T cells (27, 28). However, about half the
Thy-17 cells don't express the functional markers Lyt—2 or MI-4. This
indicates the presence of T cells with an "abnormal” nonfuncticnal
phenotype, i.e. Thy-1*, Lyt-2—, MT-4~. Simpilar findings have been
observed by Chen et al- (2%9). These authors further showed that the
majority of the nude spleen T cells, even within the phenotypically
"normal” subsets, appeared to be nonfunctional. However, functional T
cells in the spleen of nude mice can be obtained by grafting neonatal
thymuses in these mice (30, 31). The present data clearly show that
transplantation of a sham- irradiated aeonatal thymus lobe in a nude
wmouse results in a significant increase of the Thy-1%, Lyc—2% and MT-4%

cell frequencies.

Irradiation cf thymus lobes prior to transplantation with
sublethal doses of neutreons or X-rays, i.e. 2.75 and 6.00 Gy respec—
tively, reveals frequencies of Thy-1% and MT-4t+ spleen cells similar

to mice grafted with a sham-irradiated thymle lobe. The Lyt—2+ cell
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frequency, however, was slightly decreased. This imdicates that
sublethal doses of both types of irradiatiom influence to some extent
the immunological reconstitutioa capacity of the thymic grafr. With
increasing doses of irradiation with neutrons or ¥-rays upto 6.88 and
15.00 Gy respectively, a decrease in Lyt—2%, and MT-4% cell frequencies
was observed, indicating a decreased reconstitution capacity of the
grafc. For Thy-l% spleen cells, however, the effect of irradiating the
thymus with graded doses prior to transplantation reveales no dose
effect relationship but varying responses. At the highest neutron and
X-razy dose, peripheral T cell numbers are observed which d¢ not differ
significantly from those observed in sham—operated nude mice. These
results are in agreement with other thymus grafting experlments showing
impaired restoration of immune funcrions after grafring of an 1500 R

X—irradiated neonatal thymus (17).

As shown in previous studles, thymus regeneration after iz situ
irradiation involves both stromal recovery and repopulation by
thymocytes (12, 14). After grafring of an irradiated thymus in npude
wice, unirradiaced prothymocytes are readily available for repopulation
of the graft. Heace, the thymiec stromal cells seems to be the determin—
ing factor for the reconstitution of the Immunoclogical capacity and
growth of the graft. Therefore, the observed effect of irradiation on
the size of the thymus graft are reducible to effects on the thymic
stroma. Thus, the RBE wvalue equal to 2.1 for the reduction of thyweic
graft size to 10 percent can be regarded as an RBE value for the thymic
stromal cell population. Furthermore, according to this hypothesis,
growth of the grafrt after irradiation is directly related to the sur—
viving stromal stem cell population. In order to estimate D0 values for
this ¢ell population, dose—response curves were calculated {fig. 3).
Stromal cell survival after neutron irradiation shows a clear linear
dose-response rvelation, that 1s characterized by a Do value equal to
2.45 * Q.46 (sem) Gy. The X-ray curve has a shoulder, due to accumula-—
tion of sublethal damage, and is linear for doses in excess of 6.00 Gy.
The X-ray curve is characterized by a D0 value equal to 3.68 * 0.36

{sem) Gy. This larcer D_ is somewhat higher than the X-ray 0. vzlue

0 0
(3.2 Gy) reported for dog thymus epithelium, estimated in vitro by
Sharp & Watkins (33). Species and methodology differences can account

for the difference.
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Fig. 5. Dose-response curves for the surviving fracticn of stromal

stem cells after fission neutrons (@) or X~rays (®). Lines
calculated with linear regression analysis from the relative
graft size, 4-8 weeks after transplantation, corrected for the

initial graft size at tramsplantation.

The present results are in contrast with 1o vivo experiments In which
only the thymus was X-irradlated. Doses up to 2000 R did not influence
the immunclogical functions in these animals {15, 17}. However, as
shown in our experiments, the dose-respounse curve after X-rays for
stromal cell survival has a large shoulder indicating repair of
sublethal damage. The size of this shoulder might be smwaller than that
of 2 shoulder obtained with in situ irradiation since transplantation
experiments invelve additional necrosis (31). Therefore, differences in
repalr of sublethal damage can explain the fore mentioned dif-

ference.



- 205 -

As shown in a previous paper (13), whole—body irradiarion with
sublethal doses of neutrons or X-rays resulrs In long-term effect on
the thymus. This effect, i.e. decreases In the relative thymic weight
and cellularity might besiaes bone wmarrow damage, also involve thymic
stromal c¢ell damage which due to the long turnover of the stromal
cells, only emerges as a long—term effect after irradiation. Further-
wore, these effects were in general larger after meutron Irradiation
(13) and this again may be explained by the large shoulder in the stro-
mal cell survival curve after X-irradiation observed in the present

study.

Finally, an alternative explanation for the reduced thymic graft
size could be accelerated aging of the thymus graft (32)- However, the
immunohistology of thymic grafts showed no reduced Ta expression on
thymic epirhelial cells which is reported to bé associated with aging
of the thymus (33}.

In conclusion, the results of the present investigation show that
irradiation of the neonatal thymus with graded doses neutrons or X-rays
pricr to tramsplantation in nude mice, does not influence the T cell
and stromal cell distributicen in the graft. However, the graft size Is
dose~dependently decreased. Furthermore, the peripheral T ¢ell number
decreases when irradiation is given to the graft prior to traasplanta-
tion- The present data indicate that the T cell maturation supporting
ability of thymic stromal cells is highly radioresistant. However, the
regenerative potentizl of the thymic stromal cells after the irradia—

tion and transplantation is comsidered to be radiosensitive.
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CHAPTER X

GENERAL DISCUSSION

As described in Chapter I of this thesis, the thymus is an ex-
trewely complex lympho—epithelial organ in which bone marrow—derived
lymphoid precursor cells, i.e. prothymocytes, differentiate and mature
in a stromal matrix. During their differentiation in this specialized
microenvironmment, thymocytes are selected on the basis of tolerance to
self-MHC gene products and they acquire the capacity to recognize
foreign antigens in the context of self~MHC antigens. Furthermore,
during this differenmtiation, the thymocytes acquire a number of cell
surface differentiation antigens. It is generally accepted that the
thymic stromal cells are involved in the process of differentiation and

maturation of T cells-

When animals are subjected to whole-body irradiation, severe ef-—
fects develop in the thymus. As shown by many aurhors, irradiation with
X-rays or gamma-rays, i.e. low LET radiation types, leads to a severe
depopulation of the thymus and, subsequeantly, thysus recovery has been
shown te follow a biphasic pattern (reviewed by Sharp & Crouse, 1980
and Watkins et al., 1980). The initial phase in this biphasic thymic
recovery is brought about by radioresistant inrrarthymic precursor
cells which are not derived lumediately from bone marrow stem cells.
Limited proliferative capacity and the resulting exhaustion of these
intrathymic precursor <ells as well as an jmpaired production of
thymuws precurser cells in the bone marrow are responsible for & second
thymus invelution. The final recovery of the thymus is due teo its
replenishment from extrathymic precursoers in the regenerated bone
WATTOW.

There are only limited data available concerning the radiosen—
sitivity of lywphoid and strowmal components of the thymus. In addi—
tion, the precise nature and progeny of the intrathymic radioresistant
precursor cells are still poorly characterized. In contrast to wany
short term studies with X-rays, very limited information is available
iz the literature concerning their long-term effects and the effects of

high LET radiatien, such as fast fission neutrons, on the thymus. In
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the foregoing chapters of this thesis, these aspects of the radiation

effects on the thymus were investigated in detail-

The experiments described in Chapter III in which CBA mice were
exposed te whole-body irradiation with either 2.5 Gy fast fission
neutrons or 6.0 Gy X~rays, confirm the cyelic nature of the thymic
recovery pattern after irradiation, first desecribed by Takada et al.
(1969). Furthermore, this pattern was also observed in a related mouse
strain, i.e. CBA/H (Chapter V) which was used for the experimeants de-
scribed in the Chapters IV-IX. Irradiation causes a strong cellular
depopulaticn of the thymus. Wichin 48 hours after irradiation, almost
all cortical cells and 70-80% of the medullary cells are lost (Chapters
I1I, V, VIIL). Cortical thymocytes are very radlosensitive and have
D0 values of about 0.26 and 0.60 Gy for fission neutrons and X-rays,
respectively {Chapter VIII)- The latter DO value is in good agreement
with those reported by Trowell (1%61l) and Sato and Sakka (1969). Fur-

therwore, D. values of abcut 0-30 and 0-70 Gy for fission neutrons and

X-rays, resgectively, were estimated as a composite value for the cor-—
tical cells and the radicsensitive part of the medullary thymocyte
pool. Apart from the radicsensitive thymocytes, a swall fraction of
about 3%, was observed that is refractory to radlation up to 2-5 Gy
neutrons or 5.0 Gy X-rays (Chapter VIII). Based on the surface marker
analysis of these cells, immunohistology of sham—irradiated and
irradiated thymuses and recent studies of Miller-Hermelink et al.
(1984), these cells have a medullary phemotype, i.e. dull Thy—1+,
bright Lyt—1+, bright T—ZOO+ and mainly Lyt—Z_. Within 3 days here—
after, these cells are no longer present in the thymus (Chapter VIIL).
Similar results were reported by Miller—Hermelink and co-workers
(1984). The fate of these ¢ells is unclear. We favor the hypothesis
that these cells leave the thyaous and migrate to peripheral lympheoid
organs- These radiorefractory cells could be similar to a fraction

of peripheral T cells observed in chimeric mice that are host—derived

and long~lived {Hirokawa et al., 1985).

We further demeonstrated (Chaprer VI} that the cortical stromal
architecture is severaely Influenced by sublethal whole—-body irradi-

ation, whereas the medullary compartment is more or less unaffected.
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Within 24 hours, the epithelial cells are rounded, vacuolized and have
lost their membrane bound expression of I-A antigens. During regenera—
tion of the thymus, these "nurse cell-like” epithelial cells loose
their vacuoles. Subsequently, the cortex becomes repopulated by large
lymphoid "mull™ cells, i.e. lymphoid cells expressing ne differenria-
tion antigens. These "null™ cells are probably identical to the pro-
posed Intrathymic radioresistant precursor cells (Kadish & Basch,

1%753) that repopulate the thymus after irradiation {Sharrow et zal.,
1983; Hirokawa et al-, 1985). Based on our observation that these cells
do not express differentiation antigens, an estimate of the radiosen~
sitivity of these precursor cells was made (Chapter VIII). The D0
values of the “null” cells were estimated to be 1.32-1.55 Gy for X-~rays
and 0-64-0.79 Gy for fission neutrons. However, the X-ray D0 value
reported in our studies, is markedly different from the one reported by
Sharp and Watkins (1981) for intrathymic radioresistant precursor
celils. Thelr assay, i.e. electronic cell counting, 10 days after a dose
of 8.0 Gy X—irradiation, is different from the method used In Chaprer
VIII. The estimated RBE value (2.1 - 2.2) for the intrathymic radio—
resistant precurser ¢ells points to the hone marrow as the ultimate

origin of these cells (Chapter VIIL).

The repopulaticon of the cortex with "null” gells colncides with
the appearance of a bright H-2K staining on stromal as well as lymphoid
cells. The "null™ cells were identified as H—2K+. Similar thymocyte
precursors have been identified in the fetal thymus (Ritter, 1978;
Kamarck & Gottlieb, 1977} and in the adult thymus (Goldschneider et
al., 1982; Boersma, 1982). Furthermore, our results show that "null”
cells appear in the subcapsular area as well as in the medulla (Chapter
V). This observation is in concordance with recently published data on
the repopulation of the avian thymus (Jotereau et al., 1982) and the
murine thymus (Ezine et al., 1984) and points to mutually independent
generation kineties for cortical and medullary thymoeytes. Recently,
Scollay and Shortman {1985) proposed that the separate developmental
streans of corticel and medullary thymocytes may be traced back to a
single, common, precursor cell located in the subcapsular region.
However, our observations on thymic lobes with an aberrant T cell

differentiaticn, long-term after neutron irradiation {Chapter VIL}
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indicate also the presence of a cortex independent medullary

precursor limeage besides a cortex to medulla lineage. In lime with
this observation is a receat immunohistochemical analysis

performed by Ceredig and Séhreyer (1984) on the course of bone marrow—
derived repopulation of the thymus in chimeric mice with Thy-1 allelic
differences. They showed that there are two sites of cellular entrance

into the thymus, i-e- the subcapsular area and the medulla.

During the regeneration of the thymus after irradiation, “oull”
cells aquire the differentiatiocn antigens Thy-i, T-200, Lyct~l, Lyc-2
and MT-4 (Chapter V). Sequentially, the following phenotypes were
observed in the cortex: l_Thyfl+ "only” and T—200+ “only” cells; 2
Thy-17, T-200" cells; 3 Thy-1¥, 1-200%, Mr—4", Lyt’ ceits. stmilar
phenotypical sequences have been observed during ontogeny (van Ewijk et
al., 1982; Ceredig et al., 1983) and in the thymus of cortisone-treated
mice (van Ewijk et al., 1981, van Vliet et al-, submitted for
publication). In addition, cells with similar phenotypes have been
identified Iin the normal adult thymus (Chapter IV; Scollay & Shortman,
1983, 1983). The cells that arise and differentiate from the "null” are
less radlosensitive than similarly defined cells immediate after
the irradiation (Chapter VIII). Five days after the irradiation,
cortical cells have D, values of 0.37 and 0-99 Gy for neutrons and

0

X-rays, respectively. The composite D value for cortical and medullary

cells is 0.44-0.48 Gy for fission neugrons and 1.14~1.17 Gy for X-rays.
The latter DO value agrees rather well with the X-ray Dovalue reported
by Sharp and Watkins (1981). The fission neutron RBE values for
reduction of these cell populations to 1 percent vary from 2.6-2-8

(Chapter VIII).

The described sequence in thymocyte differentiation after irradia-
tion coincides with the reduction of H-2K expression to control levels
(Chapters V, VI). Furthermocre, the reappearance of a reticular I-A
stalning pattern in the cortex is related with the acquisitiocn of
Lyt~l, Lyt-2 and MT—4 differentiation antigens (Chapter VI). A similar
correlation between the regeneration of the thymic stroma and the
expression of cell surface differeatiation antigens was also observed

in the thymus of cortisone-treated mice (van Vliet et al., submitted
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for publication).- Furthermore, the onset of T c¢ell differentiation in
the embryonic thymus correlates with the initial expression of MHC
antigens on the thymic epithelial cells {Jemkinson et al., 1980).
Another morphological indication for the relevance of the thywic stroma
in T cell differentiation i1s the observed correlation of an

abnormal MHC expression on cortical stromal cells in thymus lobes
together with an aberrant T cell differentiarion (Chaprer VIII)-
Together these observations strongly argue that a normal strowal MHC

expression is a prerequisite for normal T cell development.

Besides the morphelogical studies, a number of functional studies
have directCly preoven that the thymic strowma can influence T cell dif-
ferentiation. Sprent (1980) demonstrated that in vivo administration of
monoclonal antibodies directed to I-A/E determinants interfered with
the activation of Ia-restricted splenic T cells. Furthermore, neconatal
mice given multiple injections with purified anti-I-A antibodies, lack
thymic and splenic lmmunocompetent Ta restricted L3Tﬁ+, Lyt—zﬁ T helper
cells and have a decreased Ia—antigen expression in the thymus, espe—
cially in the medulla (Kruisbeek et zl., 1983, 1985). Recently, Deluca
(1986) further confirmed the role of class IIL MHC wmolecules in T cell
differentiation. In an in vitro ¢ulture system of fetal thymic lobes,
it was shown that addition of wonoclonal anti-I-A antibodies to the
culture resulted in a decreased lymphocyte yield and in a decreased
responsiveness of these cells ia a mixed lymphocyte culture assay. Fur—
thermore, the treatment led to the disappearance of Ia-posirtive non-—
lymphoid cells. Deluca also showed that in cocultures of Ia positive
non—lymphoid cells enriched thymic lobes and fetal liver, bone marrow,
or a normal thymic lobe, the thymus derived precursor cells but not
precursor cells from bone marrow or fetal liver, are selected to pro-
liferate ouly with thymic stroma bearing self-Ia antigens. Thus, both
immunohistological as well as functional data indicate that the thymie
microenvironment and especially the MHC molecules of the stromal cells
regulate the differentiation of thymocytes and, after irradiation, a
structuraly organized thymlc stroma is rwequired before the functioual

T cell differentiation process can start.

Although the thymic stromal cells are thought toe be very radio-
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resistant (Sharp & Watkins, 1981), the present studies (Chapters V,

V1) clearly show that the thymic stromal architecture is severely in-
fluenced after frradlation with either fission neutrons or X-rays.
However, using a transplantation model in which nude mice were grafted
with an irradiated neonatal thymic lobe, we showed that the T cell
distribution and the stromal cell composition of the graft, one month
after transplantation, is not influenced by irradiation with doses

up to 6.88 Gy neutrons or 15.00 Gy X-rays (Chapter IX}. This observa-—
tion indicates that the thymic stromal cells and the ability of these
cells to support the T cell differentiation are highly radioresistant.
In line with this conclusion are studies reported by Davis and Cole
{1969) and Hirokawa and Sade {1984). They showed in an irradiation
model of the thymus in situ, that thymic irradiation with deses up to
2000 R had no influence on the restoration of immunological functions
in these mice. However, the present scudy (Chapter IX) shows that the
graft pgrowth decreases with increasing doses of irradiation given to
the graft prior to the transplantation. In addition, when the highest
neutron or X-ray dose was given to the graft, T cell numbers in the
spleen of the engrafted nude mice were comparable with those observed
in shap-operated mice. Thus, the immunological reconstitution of nude
wice is impaired when high dose irradiated thymic lobes are grafted. We
further conclude that injury of the thymic stromal cells is respomsible
for the decreased reconstitution capacity and decreased size of the
zraft after irradiation. Therefore, size, i.e. growth, of the graft is
directly related to the surviving fraction of strowmal stem cells in the

graft after irradiation. The D, walues for this cell population are

0
equal to 2.45 Gy and 3.68 Gy for neutrons and X-rays, respectively. The
0 0 value (3.2 Gy)

reported by Sharp and Watkins (1981) for dog thymus epithelium but spe-—

latter D, value 1s somewhat higher than the X-ray D

cies and methodology differences may aceount for this.

The fission neutron RBE determination for the reduetion of thymic
size to 10 percent was equal to 2.1 and can be regarded as an RBE value
for the thymic stromal cell population. This value is comparable with
the fission neutron RBE value determined for the bone marrow (Davids,
1973} and the reported RBE value for the intrathymic precursor cells
reported in Chapter VILI.
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The decrease in immunological function of the graft cobserved in
our experiments is in contrast with studies by Davis and Cole (1969)
and Hirokawa and Sado (1984). The X-ray dose—~response curve for stromal
cell survival (Chapter VIII) has a large shoulder indicating accumu-—
lation of sublerhal damage. Jur experiments, however, alsc include
necrosis induced by the transplantation of the irradiated graft. There-
fore, the size of the shonlder in our experiments might be smaller than
in experiments without transplantation. These differences in accumula-
tion of sublethal damage might explain the differences between our
results and those reported by Davis and Cole (1946%) and Hirokawa and
Sado (1984).

As shown in Chapters III and V, whole—body irradistion with 2.5 Gy
fission neutrons or 6.00 Gy X-rays has also long-term cffects on the
thymus. The observed effect i.e. decreases in relative thymus weight
and cellularity were in gereral larger after neuwtron irradiacion- In
Chapter IIT we attributed this effect to residual damage in the bene
marrow causing an impaired preoduction of prothymocyres. However, we
have also shown that the proliferative capacity of the stromal cells is
radiosensitive and already decreased at the above mentioned doses of
irradiation (Chapter VIII). Thus, this long-term effect of radiation on
the thymus might also be caused by stromal cell damage which only
emerges as a long-term effect due to the lomg turnover of stromal
cells. Repair of sublethal damage after X-irradiation could explain the
differences between the magnitude of the effect after aeutron and
X—irradiation. A similar explanation might pertain why thymic lobes
with an aberrant T ecell distriburion are observed only after neutron
irradiation but the precise nature of this long-term effect following

neutron irradiation remains te be further investigated.

In summary, this thesis describes in detail (short- and)
long-term effects of high and low LET radiation types on the thymus.
Besides determinations of the radiosensitivity of lymphoid and stromal
cells in the thymus, morphological evidence emerges which indicates
that the thymic stroma supports and regulates T cell differentiation

after neutron and X—irradiation. Furthermore, this thesis provides
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fission neutron RBE determinations pertaining te the cells in the
thymus. These data may be used for fast neutron radiotherapy im the
chest aznd meck reglons, and protective treatment after accidental
exposure to fast fission meutrons.
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SUMMARY

As documented in Chapter I of this thesis, the thymus is essential
for the development and maintenance of cell-mediated immunity. It is a
lympho—epithelial organ that generates immunologically competent lymph—
ocytes- The stromal cells of the thymus regulate the differentiation
and maturation of the thymocytes. The thymus Is very susceptible to
radiation and after a sublethal dese of irradiation, a biphasie
recovery pattern Ean be observed. The first phase of the regenera-
tion starts from intrathymic radioresistant precursor cells, whereas
the second phase is due to the replealshment of the prothymocyte
pool from an extrathymic source, the recovering bone marrow. Sparse
data are available concerning the radiogensititivy of stromal and lym—
phoid c¢ells, the nature and progeny of the intrathymic radioresistant
precursor cells and the long—term effects of irradiation on the thymus.
Furthermore, very limited information is available with respect to the
effects on the thymus of high LEY radiation, i.e. fast fisslon neu-
trons- High LET irradiation causes large amounts of lonisations over a
short distance. In this thesis, an attempt was made to obtaln more
information about these aspects of radiation and the thymus. The exper—

imental work is briefly intreduced in Chapter II.

In order to investigate the short— aand long-term effects of radia-
tion on the thymus, young adult CBA mice were exposed to whole—body
irradiation with either 2.5 Gy fast fission neutrens of 1 MeV mean
energy of 6.00 Gy 300 kVp X-rays (Chapter IYI). At varlous time-points
after irradiation, the weight, cellularity and histologilcal appearance
of the thymus was studied. In addition, the welght of the spleen and
the animal was recorded. The vesults of this Investigation showed a
biphasic regeneration pattern of the thymus, followed by a marked de—
crease In relative thymus welght and cellularity which lasted up to at
least 230 days after both types of irradiation. The mature ef this
late effect of radiation on the thymus Lz attributed to a possible loss
of pluripotent stem cells and reeidual damage in the surviving stem
cells in the bone marrow. Recovery of the spleen followed a mono—
phasic pattern with an overshoot due to extra-medullary hematopolesis,

at about 3 weeks after irradiation. After neutron Irradiation, de-
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creases in spleen and animal weight were observed late after irradia—
tion- The loss of spleen weight, long~term after irradlation was also

attributed to a persistent defect in the bone marrow.

In oxrder to describe the T cell composition of the irradiated
thymus (Chapter V), the ifmmunochistology of T cell subpopulations in the
thymus of mormal CBA/H mice was analyzed first, using monoclenal
antibodies directed to the cell surface differentiation antigens Thy-1,
T-200, MI-4, Lyt—1l, Lyt-2 and MEL-14 {Chapter IV). It was shown that
the large wmajority of the cortical cells in the thymus is bright
Thy—1+, T—200+, Lyt—2+, MT—&+ and has a heterogeneous Lyt-1 expression.
MEL-14 is only expressed on scattered cortical cells. In contrast,
medullary cells are dull Thy~1+, bright T—200+, bright Lyt—l+ and
either Lyt—2+or MI—4+- A small number of medullary cells was found to
express MEL-l4. Besides these major thymccyte subpopulations, three
other minor subpopulations were observed. Firsr, scattered bright
Lyt—1+ cells occur throughout the cortex. These cells may represent a
precursor population for the medullary thymocyte population.

Second, a small subpopulaticn of bright Thy-11, T-200F cells were
observed in rhe subcapsular area which do not express functlonal T cell
markers such as Lyc=-2 and MI-4. In the subcapsular area a rhivd

small population expresses only Thy-l antigens but no other T cell
markers. The latter two cell populaticns are considered to be invelv-
ed in the early events of T cell differentiation.

Chapter V describes the effect of sublethal fission neutron lrra-—
diation on the T cell composition of the thymus in CBA/H mice. The
existence of radioresistant intrathymic precursor cells and the repopu—
lation of the thymus by these cells after sublethal irradiation, pro-
vides a wmedel to study sequential steps in the process of intrathymie T
cell differentiation. To this purpose we used immunohistology and flow
cytofluorometry with monoclonal antibodies directed to the cell surface
differentiation antigens Thy-1, T-200, YI-4, Lyt-1l, Lyt-2 and MEL-l4.
Whole-bedy irradiation with 2.50 Gy fast fission neutrons was shown to
result In a severe reduction and degeneration of the cortex, whereas

the medulla was less affected. Irradiation selects for a population of
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dull Thy—l+, bright T~200+, bright Lyt-l+ cells localized in the medul-
la comprising about 20-30% of the original medullary thymocyte pool.
The regeneration of the thymus starts about 5 days after irradiation
with the appearance of large lymphoblasts negative for all tested anti—
gens. These cells were mainly located in the subcapsular area but also
in the medulla. During further thymic regeneration, sequentially the
following phenotypes were observed: 1. Thy—l+ "oaly” and T—200+ "only”
cells in the subcapsular areaj; 2- Thy—l+, T—200+ cells; and 3- Thy-l+,
T—200+, MT—4+, Lyt+ cells in the cortex. Furthermore, an Increased
MEL-14 expression was observed on Thy—l+, T—ZOO+ cells. These cells
could well be cortical precursors for peripheral T cells. The se-—
quence in thymus regeneratiom, described above, is similar to those
observed in ontogeny as well as in the adult thymus after cortisone
treatment and might therefore reflect a gemeral rule in T cell
differentiaztion. In addition, the appearance of "null” cells In the
cortex as well ag in the medulla indicates independent generation

kinetics for thymocytes iIn the cortex and medulla.

Chapter VI describes the effects of irradiation with fast fission
neutrons on the stromal cells of the thymus in CBA/H mice In order to
invescigate whether the thymic stromal cells are dnvolved 1n the re—
generation process described in Chapter V. Therefore, we analyzed the
irradiated thymws with immunohistology, using monoclonal antibodies
directed to MHC antigens and wonoclonal antibodies defining wvarious
stromal cell types. Within 24 hours aftexr whole-body irradiation with
2.50 Gy neutrons the cortex was reduced to a rim of vacuolized "nurse
cell”-like epithelial cells, depleted of lymphocytes. These cells have
lost their membrane associated expression of I-A antigens. Medullary
stromal cells were more or less unaffected. About 5 days after irradia-
tion, the thymus became highly vascularized and the epithelial remnants
were repepulated by large lymphoid "rull” cells. The repopulation of
the thymic cortex coincided wirth a bright H-2K expression in the cor-
tex, associated with both srromal cells as well as lymphoid cells.
Thus, the large lymphoid "null™ cells are H-2K - This has also been
shown for thymocyte precursor cells in the feral liver or the bone

marrow. Furthermore, the observed sequence in T cell differemtiation
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during the regenmeration, described in Chapter V, coincides with the re-
duction of H~2K expression in the certex to control levels, whereas the
reappearance of a reticular TI-A staining pattern in the cortex is
related with the acquisition of MI-4 and Lyt antigens. Thus, a struc-—
turally organized epithelimm in the cortex is reguired before the fume~
tional T cell differentiation process can start after irradia~

tion.

In Chapter VII, thymuses of CBA/H mice were investigated up to 570
days aftrer whole—body irradiavion with 2.50 Gy fast fission peutrons or
6.00 Gy X-rays. Severzl thymuses, observed 220-270 days after neutron
irradiation, revealed an aberrant T cell distribution. Further analysis
using immunohistology with monoclenal antibodies directed to T cell
differentiation antigens, monoclonal antibodies directed to MHC anti-
gens and monoclonal antibodies directed to thymic stromal cell types
was carried out to characterize the T cell distribution and stromal
cell distribution in more detail. T cells in the aberrant lobe express—
ed Thy-1, T-200 ané MEL-14 antigens but were negative for Lyt-l and
MT-4. Some lobes displayed a weak Lyt—2 expression. The observed T cell
maturation arrest was mainly restricted to the cortex since in the
medulla besides T cells with an aberrant phenotype also normal mature T
cells were observed. The strowmal cell distribution in these equal sized
thymic lobes did not differ from each other but the medullary compart—
ment In the lobe with an aberrant T cell distribution tended to be
smaller. However, both I~A and H-2K staining patterns in the cortex of
the aberrant lobe are different from those observed in the normal lobe.
These observed alterations in MHEC expression in the aberrant lobe
probably interfere with the mormal T cell differentiation process, thus
causing aberrant T cell phenotypes. In addition, the occurrence of
normal functional T cell phenotypes In the medulla Indicates a cortex-—
independent medullary precursor lineage.

Chapter VIII describes the effect of graded doses of fission neu—
trons or Z-rays on the lymphold compartment on the thymus irn order to
investigate the radiosensltivity of thymocyte subpopulations for these
radiation types. Dose-response curvesg were determined at Days 2 and 5
after irradiation for the thymic cellularity and for T cell subpcpula-—
tions defined by anti-Thy-1, -T-200, -Ly:-l and -Lyt-2 antibodies using
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flow cytoefluorometry. Two days after irradfation, a two component dose—
response curve was observed with a radicsensitive and a radiore~
fractory part. The radfosensitive part of the dose survival curve

of the Iyt—2+cells, i.e. cortical cells, has a D0 value of about 0.26
and 0.60 Gy for neutrons and X-rays, respectively. The radiosengi-

tive components of the Thy—l+, T—-200+ and Lyt-—-l+ cell survival curves
are characterized by DO values of about 0.30 Gy for neutrons and about
0.70 Gy for X-rays- The radiorefractory part of the dose-response
curves was no longer present at day 5 afrer irradiation, probably due
to migration of these cells out of the cthymus. The Lyt-2+ cells, 5 days
after irradiation, are again most radiosensitive and have DO values
equal to 0.37 and 0.99 Gy for neutrons and X-rays, respectively. The

other cell types have corresponding D values of about 0.47 Gy and 1.17

Gy. Since "null” ecells are probably igentical toe the iantrathymle radio—
resistant precursor cells, we estimated the radiosensitivity of these
cells from the Thy—ld and T-200 cells. The D0 values for the Thy—l-,
T-200 intrathymic precursor c¢ells are 0.64-0.79 Gy for fission neu—
trons and 1.32-1.55 Gy for X-rays. Neutron RBE values for the reduction
of Thy~l+, T—200+, Lyt—1+ or Lyt—2+ cell populations to 1% vary from
2.6 to 2.8. The RBE for the inrrarhymic radioresfistant precurser

cells is about 2.1-2.2 and therefore polnts to the bone marrow as the
uvltimate oxigin of these cells.

In Chapter IX, the effects of graded doses of fission neutrons or
X~rays con the stromal compartment of the thymus is investigated. For
thls purpose, a transplantation medel was used in which athyamic nude
mice received a neomatal thymic lobe under the kidney capsule. Prior to
the transplantation, this lobe was irradiated with either neutrons or
X-rays. One and two months after transplantation, the T c¢ell composi-—
tion and stromal cell distribution of the graft, as well as the graft
size were Investigated. Furthermore, the reconstitution capacity of the
graft was measured using flow cytofluorometric analysis of nude spleen
cells stalned with anti-Thy-1, —Lyt-2 and -MT—-4 monoclonal antlbedies.
Grafring of a thymus lobe results in a norﬁal stromal and T cell dis~

tribution and in a significant increase of the spleaic T cell number.
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Irradiation of the graft prior to tramsplantation has no effects on the
stromal and T cell distribution in the graft but the graft growth de—
creases in a dose-dependent way- The fission neutren RBE for the reduc—
tion of rhymic graft size to 10 percent was equal to Z.l. The reductiom
of the graft size is directly related to the surviving stromal stem

cell population. The D, values for this cell populaticn are equal ro

2.45 Gy for fission negtrons and 3.68 Gy for X-rays- The peripheral T
cell number decreases to levels that are indistinguishable from those
observed in sham—operated mice when the highest dose was given. These
observations indicate that the ability of the thymic stromal cells to
support T cell differentiation is highly radioresistant. However, the

proliferative capacity of the stromal cells is radiosensitive.
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SAMENVATTING

Zoals beschreven in Hoofdstuk I wvan dit proefschrifr, kan ionise—
rende straling beschadigingen op moleculalr niveau verporzakean die tot
biclegische veranderingen (sterilisatie, celdood, mutarie, maligniteit,
ete.) kumnen leiden. In dit proefschrift worden de effecten van ionlse-
rende straling op de thymus beschreven. De thymus neemt een centrale
plaats in bij het tot stand komen van het immunologisch afweersysteem.
Het is een lymfo—epitheliazl orgaan dat immunc-competente T lymphocyten
produceert. De stromale cellen van de thymus reguleren de differentia-
tie en rijping van de thymocyten. De thymus is erg gevoelig voor ioni-
serende straling en na een subletale dosis straling is het herstelpa-—
troon bifasisch- De eerste fase van de regeneratie komt voort
uit stralingsresistente precursorcellen azanwezig in de thymus. De
tweede herstelfase wordt veroorzaakt door uit het beenmerg afkom—
stige thymusprecursorcellen. Er zijn tot dusver weinig gegevens be—
kend over de stralingsgevoeligheid van de stromale en lymfoIde cellen.
Over de aard en de groei van de intrathymale stralingsresistente pre—
cursorcel en over lange termijn effecten van straling op de thymus is
eveneens weinig bekend. Bovendien is er weinig informatie beschikbaar
betreffende de effecten van straling met een hoge LET op de thymus-
Straling met een hoge LET zoals bijvoorbeeld sanelle splijtingsneutro-
nen, veroorzaken veel ionlsaties over korte afstand. In dit proef—
schrift werd getracht meer informatie te wverkrijgen over de hierboven

genoemde aspecten van straling en de thymus.

Om de korte en lange termijneffecten van straliag op de thymus te
onderzoeken, werden jong volwassen CBA wuizen bloot gesteld aan een
totale lichaamsbestraling van 2,50 Gy snelle splijtingsneutronen met
een gemiddelde energie van 1 MeV of 6,00 Gy 30C kVp rdantgenstraling
(hoofdstuk IIY). Het gewicht, her aantal cellen en de histologie wvan de
thymus werd op verschillende tijdstippen na de bestraling bekeken.
Tevens werd het gewicht van de milt en van het dier bepaald. De resul-
taten van dit onderzoek geven aan dat de regeneratie van de thymus een
bifasisch patroon volgt dat gevolgd wordt door een duidelijke afname
van het relatieve thymus gewlcht en het relatieve aantal thymocyten-

Deze afname is tot minstens 250 dagen na de bestraling meetbaar. De
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oorzaak wan dit late effect na belde socorten straling wordt toegeschre—
ven aan een verlles van pluripotente stamcellen en residuele schade in
de overlevende stamcellen in het beenmerg. Het herstel van de milt na
de bestraling volgt een monofasisch regeneratiepatroon met een "over-—
shoot” tengevolge van compensatoire extramedullaire hematopolse, onge=
veer 3 weken na de bestraling. Na een neutronesnbestraling wordt ook op
langere termljn na de bestraling, een afname van de gewichten van de
milt ¢n het dier waargenomen. Het werlies aan gewicht wvan de milt, op
lengere termljn na de bestraling, wordt ook toegeschreven aan schade in

het beenmerg.

Om de samenstelling van T cell subpopulaties in de bestraalde
thymus te kunnen beschrijvem (Hoofdstuk V), was het noodzakeliik de
immunohistologie van T cel subpopulaties te bestuderen in de onbe—
straalde thymus van CBA/H muizen. In Hoofdstuk IV wordt de T cel
samenstelling van de normale thymus geanalyseerd met behulp van een
panel monoclonale antilichamen gericht tegen de T cel differentiatie
antigenen Thy-1, T-200, MT-4, Lyt-l, Lyt—2 en MEL-14. De grote meerder=—
heid van de corticale cellen bliikt sterk Thy-i', T-2007, Iyt-27,
MT—4+ te zijn en heeft een variabele Lyt-l expressie. Slechts enkele
verspreide cellen zijo MEL-14%. In de medella zijn thymocyten zwak
Thy—1+, sterk T~200+, sterk 1yt—1+ en zljn ofwel Lyt—2+ofwel MI-&+. Een
gering aantal medullaire cellen is MEL-14+- Behalve deze drie hoofd-
groepen thymocyten werden nog drie kleine thymocytensubpopulaties
waargenomen. Ten eerste, sterk Lyt--l+ cellen komen verspreld voor
over de gehele cortex. Deze cellen kunnen een precursorpopulatie voor
de meduilaire thymocyten populatie zijn- Ten tweede, ounder het
kapsel van de thymus wordt een kleime subpopulatie sterk Thy-1t, T-200"
cellen gevonden die de functionele markers Lyt-2 en MI-4 nilet tot wi-
ting brengt. Een derde kleine subpopulatie is slechts Thy-1F en
wordt eveneens gevonden onder het kapsel wvan de thymus. De laatst-
genoemde twee subpopulaties zijn waarschijolijk betrokken bij de wroege

stadia van de T cel differentiatie.

Hoofdstuk V beschrijft het effect van een subletale dosis neutro-—
nen straling op de T cel samenstelling van de thymus in CBA/H muizen.

Het bestaan van de radloresistente precursorcel in de thymus en de
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repopulatie wan de thymus wvanuit deze cellen, geeft een mogelijkheid om
T cel differentiatie stapsgewijs te onderzoeken. Hiervoor werden immu~
nohistologie en flow cytofluorometrie gebruikt in combinatie met mono—
clonzle antilichamen gericht tegen de bovengencemde T cel differen—
tiatie—antigenen. Totale lichaamsbestraling met 2,30 Gy splijtingsneu—
tronen vercorzaakt cen sterke reduktie en degeneratie van de cortex- De
medulla wordt veel winder aangetast. Bestraling selecteert voor een
populacie zwak Thy—1+, sterk T~200+, sterk Lyt—1+ cellen. Deze cellen
worden waargencmen in de medulla maar vormen slechts 20-30% van de
medullaire cellen die in de onbestraalde thymus gevonden worden- De
regeneratie van de thymus begint ongeveer 5 dagen na de bestraling. Dit
herstel gaat gepaard wet het verschijnen van grote lymfoblasten die nog
geen T cel differentiatie—antigenen tot expressie brengen. Deze cellen
worden zowel onder het kapsel van de thymus alsmede In de

medulla waargencmen. Gedurende de herstelperiode van de thymus worden
stapsgewljs de volgende fenotypen waargenomen: L. Thyvl+, “only” en
T—200+ "only” cellen onder het kapsel van de thyasus; 2. Thy—l+, Tv200+
cellen en 3. Thy—1+, T—200+, MT—4+, Lyt+ cellen in de cortex. Bovendien
wordt een verhoogde MEL—-14 expressie waargencwmen op Thy—l+, T—200+
cellen- Deze cellen kunnen mogelijk corticale precursorcellen zijn veoor
de T cellen in de perifere lymfolde organen. De hierboven beschreven
fenctypische sequentie in T cel differentilatie gedureande de rege-
neratie van de thymus na bestraling, is cok waargenomen tijdens de
embrycnale ontwikkeling van de thymus en in de thymus van met cortisoen
behandelde muizen. Deze sequentie is daarcom waarschijnlijk represen-—
tatief voor elke vorm wvan T cel differentiatie. Dat "null”™ cellen

zowel in de cortex als in de nmedulla voorkomen, 1ijkt een aanwijzing te
zijn voor het wvoorkomen van twee onafhankeldjke differentiatielijnen

var thymocyten.

In Hoofdstuk VI worden de effecten van bestraling met neutronen op
de stromale cellen van de thymus beschreven. Dit onderzoek werd uitge—
voerd om na te gaan hoe de stromale cellen betrokken zijn bij het in
Hoofdstuk V beschreven regeneratieproces. De bestraalde thymus is daar—
om Ilmmunohistoleglsch onderzocht met behulp van monoclonale antilicha—
men gericht tegen MHC antigenen en een panel monoclonale antilichamen

geriche tegen stromale cellien- Totale lichaamsbestraling met 2,50 Gy
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neutronen reduceert de cortex binnen 24 uur na de bestraling tot een
band van "THC-achtige™ epitheeleellen. Deze cellen brengen geen wem—
braangebonden MHC antigenen meer tot expressie. Medullaire stromale
cellen worden onder deze omstandigheden nauwelijks aangetast-

Vijf dagen na de bestraling neemt de vascularisatie in de thymus sterk
toe- Het stroma wordt gerepopuleerd deoor greote lymfoIde "mull™ cellen-
Deze repopulatie gaat gepaard met een sterke expressie van klasse I MHC
antigenen in de cortex die zowel met stromale als lymfolde cellen geas—
socieerd is. De in Hoofdstuk V waargenomen stapsgewijze T cell diffe-
rentiatie valt samen met cen reductie van de expressie van klasse I MHC
antigenen in de cortex tot controleniveau. Tegelijkertijd wordt opnleuw
van een reticulair klasse II MHC kleuringspatroon in de cortex waarge-
nomen en dit is pgerelateerd met het verkrijgen wvan ¥MT-4 en Lyt anti-
genen cp het celoppervlak van de thymocyten- Deze waarnemingen geven
aan dat een structureel goed georganiseerd reticulum in de cortex een
woodzakell jke voorwaarde is woor het functicnele differentiatieprcoces

van T cellen na bestraling.

In Hoofdstuk VIT worden lange termijn proeven beschreven waarin
de thymus van CBA/H muizen onderzocht wordt die tot op 570 dagen eerder
bestraald waren met 2,50 Gy neutronen of 6,00 Gy rdntgenstraliang. Tus-—
sen 220 en 270 dagen na een neutronen bestraling wordt een aantal thy-—
mussen waargenomen met een afwijkende T cel distriburie. Met behulp van
immunohistologie en monoclonale antilichamen gericht tegen MHC antige-
nen, T cel differentiacie—~antigenen en monoclonale antilichamen gericht
tegen stromale cellen, is de samenstelling van T cel subpopulaties en
het stroma van deze thymussen nader gekarakreriseerd. T cellen in de
afwijkende lob brengen Thy-1l, T-200 en MEL-14 antigenen tor expressic
nzar zijn negatief voor de antigenen MT—4 en Lyt—1. Sommige thymussen
hebben een afwijkende lob met cen zwakke expressie van Lyt-2 maar niet
van Lyt-1l en MT—4. De waargenomen storing in T cel differentlatie be-
perkt zich voornamelijk tot de cortex. In de medulla worden behalve T
cellen met een afwijkend fenotype cok nermale rijpe T cellen waargeno-—
men- De stromale celverdeling in deze even grote thymuslobben
verschilt niet van elkaar. Het medullaire compartimeant van de lob met
de afwijkende T cel verdeling is echter iets kleiner. De I-A en H-2K

expressie in de afwijkende lob is anders dan Iln de normale lob. Deze



- 231 -

veranderingen in MHC expressie in de afwijkende lob interferen waar—
schijnlijk met de normale T cel differentiatie en vercorzaken afwijken—
de T cel fenotypen. De asn wezigheid van T cellen met een normaal
fenotype in de medulla wijst er weer op dat naast de cortex—afhankell j—
ke 1ijn, er een cortex—onafhanmkelijke medullaire precursorlijn be—

staat.

Hoofdstuk VIII beschrijft de effecten van oplopende doses splij-
tingsneutronen of réntgenstraling op het lymfofde gedeelte van de thy-
musg- Het deel van deze experimenten is de bepaling van de stralings=
gevoeligheid van thymocytensubpepulaties veoor deze twee stralingssoor—
ten. Dosis—effect curven zijn op dag 2 en dag 5 na bestraling bepaald
voor de cellulariteit wvan de thymus en voor T cel subpopulaties gede—
finieerd door monoclonale antilichamen gericht tegen de T cel differen-
tiatie-antigenen Thy-1, T-200, Lyt-1 of Lyt-2. Twee dagen na de bestra-
ling is een dosis—effect curve bepaald die uit een stralingsgevoe-
lig en een stralingsbestendig gedeelte bestaat. Het stralings-—
gevoellge gedeelte van de Lyt--Z+ cellen, voernamelijk corticale cel-

len, heeft D waarden wvan ongeveer 0,26 Gy en 0,60 Gy voor respectieve-

iijk neutrungn— en rintgenstraling. De stralingsgevoelige pgedeelten

van de Thy—1+, T—ZOO+ en Lyt—l+ cel overlevingscurven worden gekarakte-—
riseerd deor Dowaarden van ongeveer (,30 Gy voor neutronen en ongeveer
0,70 Gy voor réntgenstraling. De stralingsbestendige gedeelten van

de dosis—effect curven zijn op dag 5 na bestraling niet meer aantcon—
baar. Deze cellen zijn waarschijnlijk op dat tijdstip uit de thymus
genigreerd naar de perifere lymfoIde organen. Viif dagen na de bestra-
ling zijn de Lyt--z+ cellen weer het meest stralingsgevoelip en hebben
een Dowaarde gelijk aan 0,37 Gy en 0,99 Gy voor respectieveliik aeutro-
nen— en rdatgenstraling. De andere celtypen gedefinieerd door T cel
differentiatic markers hebben DO wzarden geliik aan 0,47 Gy an 1.17 Gy
voor respectievelijk neutronen en rdntgenstraling. "Null™ cellen zijn
waarschijnlijk identiek aan de radioresistente precurscrcellen in de
thymus en brengen geen differentiatie—antigenen tot expressie- Een
schatting van de stralingsgevoeligheld van deze cellen kan gemaakt

worden op grond van de dosis—effect curven voor de Thy—l_ en T-200

cellen. De Dowaarden voor de radioresistente Thy—ln, T-200 pPrecursor—
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cellen in de thymus zijn 0,64-0,79 Gy wvoor mneutronen en 1,32-1,55 Gy
voor réntgenstraling. Neutronen RBE waarden voor een reduktie van de
Thy—l+, T"200+, Lyt-l+ of Lyt—2+ cel populaties tot 1 progent wvari¥ren
van 2,6 tot 2,8. De BBE woor de radioresistente precursorcel in de
thymus is ongeveer 2,1-2,2. Deze waarde geeft aam dat dit celtype cor—
spronkelijk uit het beenmerg afkomstig is.

Hoofdstuk IX beschrijft de effecten van oplopende doses neutronen—
en rontgenstraling op het stromale gedeelte van de thymus, met het doel
de stralingsgevoeligheid van de stromale cellen te bepalen. Voor dit
doel is van een transplantatiemodel gebruik gemaakt. In dit model zijn
thymusloze "nude” muizen gebruikt waarin een bestraalde neonatale thy-—
muslob is getransplanteerd onder het kapsel in de niler. Eén en twee
maanden ma de transplantatie is de samenstelling van de T cel subpopu—
laties, de stromale celverdeling en de grootte van het thymus trans—
plantaat onderzeocht. De capaciteit van het transplantaat om de perifere
lymfoide organen te voorzien van T cellen is in de milt van de "nude”
mulzen onderzocht met behulp van flow gytofluorometrie en de mono—

clonale antilichamen anti-Thy-l, -Lyt-2 en —-MT-4.

Transplanteren van een onbestraalde thymus resulteert in een nor-
male stromale c¢el en T cel verdeling in het tramsplantaat en een signi-
ficante verhoging van het aantal T cellen in de milt van de recipiént.
Bestraling wvan het transplantaat vo0r de transplantatie heeft geen
effect op de immunchistelegle van het transplantaat, echter de trans—
plantaatgroel neemt met toenemende dosis af. De RBE veor splijtingsneu—
tronen voor een reduktie van de tramsplantaatgrootte tot 10 procent is
gelijk aan 2,1. De afname van de transplantaat grootte is direct gorve-
lateerd aan het aantal overlevende stromale stameellen. De DO waarde
voor deze celpopulatie is gelijk aan 2,45 Gy voor splijtingsneutronen
en gelijk aan 3,68 Gy voor rédntgenstraling. Wanneer de hoogste dosis
gebruikt wordt, neemt het aantal T cellen in de milc af tot het niveaun
dat in “nude” muizen zoander transplantaat wordt waargenomen. Deze
waarneningen geven aan dat het vermogen van de srromale ¢ellen om T cel
differentiatie te stimuleren zeer radioresistent is. Het regeneratief

vermogen van de stromale cellen is echter stralingsgevoelig.
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