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ABSTRACT 

During the course of differentiation in the thymus. 

precursor T- cells are negatively selected by self tolerance 

mechanisms or positively selected to acquire restriction 

specificity to self major histocompatibility complexes. In 

the present study the process of T- cell differentiat1on and 

those selections wer e investigated by means of fetal thymus 

organ culture ( FTOC). Effects of cyclosporin A (CsA) on 

thymocyte differentiation were first investigated because 

CsA is known to block the signaling cascade initiated by TCR 

cross - linking Effects of IL-7 on FTOC wer e then 

investigated because IL - 7 has recently been reported to have 

a co-stimulatory activity on T- lineage cells. although the 

agent was identif1ed as a pre-B cell growth factor. 

Finally, self - tolerogenlcity of thymocytes was examined 

using FTOC. The first and second series of the experiments 

were concerned with the posittve selection of thymocytes, 

while the second and third ones focused on the mechanism of 

nega tive selection. 

CsA inhibited the development of CD4+8 - cells, but not 

of CD4 - 8+ cells. However. those CD4-8+ cells were shown to 

be immature CD4 - 8+ cells whi c h had developed from CD4 8 

double 

double 

negative 

positive 

(ON) cells and would develop 

<DP) cells. Thus. CsA blocked the 

maturation step from DP cells to mature CD4 - 8+ or CD4+8-

single positive (SP) 

did not inhiblt the 

cells. On the other hand. the 

development of CD3+4 - 8 - TCR~ ~-

agent 

cells. 

whi c h were supposed to beT -c ells bearing /d - TCR chains. 
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These results suggest that the development of ~r- and 

thymocytes differ in the requirement for thymocyte stromal 

cell Interactions. IL - 7 supported the proliferation of a 

wid e range of T- lineage ce lls. FTOC in the presence of IL - 7 

generated DN cells, CD4 or CDS SP cells, and very few DP 

ce lls The DN cells developing in the presence of IL - 7 were 

CD3 +4 - 8 - o..(l - , and were supposed to be (0- thymocytes. CDS SP 

cells 

which 

developing therein wer e mature CD3+4 - 8+0(0 + cells. 

suggested that IL - 7 acts as a lineage - specific 

growth/differentiation factor of CDB + o< r- T cells. The 

mechanism of the reduction of DP cells was investigated, but 

the reduction was not found to be due to induction of non -

specific killer cells which could have developed in the 

presence of I L- 2. Thr ee poss1bilit1es for this wer e 

considered. First. IL-7 may block the maturation step from 

immature CD4 - 8+ to CD4+8+ cells. Second, IL-7 may 

facilitate the process of the maturation process from DP to 

SP cells. And third , it may facilitate apoptosis of DP 

cells. In order to elucidate whether thymocytes have 

tolerizing ability in the thymus, thymic chimeras were 

constructed 

thymocytes 

thymus of 

developing 

tolerant of 

in vitro by colonizing Thy - 1 bright 

of A mice into 2' -deo xyguanosine -t r eated 

fetal 

fetal 

B mice. Allo-killer activity of thymocytes 

in those lobes wer e examined. These cells we re 

class I. but not of class II MHC of 

This indicates that Thy-l-positive cells can 

A mice. 

tolerize 

thymocytes themselves to self class I MHC. 
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ABBREVIATIONS: FTOC, fetal thymus organ culture: CsA. 

c yc losporine A: IL. Jnterleuk1n: Con - A. Concanavalin - A: LPS, 

lipopolysaccharide: PHA, phytohemagglutinin: MHC, 

histocompatibility complex: 'I' CR. T cell receptor : 

maJOr 

mAb, 

monoclonal ant1body: FITC, fluorescein isothiocyanate: PE. 

phycoerythrin ; CTL, cytotoxic 'I' lymphocyte : ON, double 

negative: DP. double positiv e : SP, single positive: GO, 

gestational day: G015 +n, GO 15 fetal thymus lobes organ -

2' - deoxyguanosine: dGuo - BALB/d-cultured for n days: dGuo, 

Thy - 1+- 810. dGuo - treated BALB/c fetal thymuses colonized 

with Thy - 1 br1ght 810 fetal thymocytes. 
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INTRODUCTION 

Thymus. which 1 s compos e d of stromal c ells and 

pre c ursor T- cells. that is. thymocytes, is known to play a 

crucial role in the T- cell development. During the 

development in the thymus, self - reactive thymocytes are 

d e leted and self - MHC - restrJcted thymocytes are positively 

selected. Little is known about the mechan1sm underlying 

this 

that 

cell 

action. However, accumulating evidence has Indicated 

a signal triggered by the interaction between the T-

receptor (TCR) on the thymocyte and the major 

histocompatibility complex (MHC) molecule on thymic stromal 

cells is essential in the differentiation process of 

thymocytes. 

To investigate the mechanism of the T- cell development 

1n the thymus. we util1zed the fetal thymus organ culture 

CFTOC) establ1shed by Jenkinson et al (1). Phenotypically 

and functionally nor mal thymocyte differentiation have been 

demonstrated to proceed in FTOC (2. 3) FTOC has three 

principal adva n tages in such investigations First . it can 

be performed in the presence of a desired concentration of 

agents that may affect T- cell development. Second. s i nee no 

stem cells migrate in, synchronized differentiation of 

thymocytes can be obse r ved. Third. it can be repopulated 

with desired cell populations. 

Several investigators including us have utilized 

antibodies specific for MHC class I (4), class II ( 2, 5. 6). 

or CD4 (7) to demonstrate that these molecules are involved 

in T- cell development. Since cyclosporine A (CsA) is kno wn 
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to block the s1gnal transduction cascade (8, 9) and to 1nduce 

thymus atrophy wh en administered in vivo (10, 11), we used 

CsA in FTOC in an attempt to block the T-ce ll 

differentiation. The agent has been reported to abrogate the 

generation of C04 +8 - , but not that of CD4 - 8 + thymocytes in 

FTOC (2). Since both CD4 and COB single positive (SP) cells 

are known to be positively selected in the thymus 

we wished to elucidate the reason why CD4 - 8 + cells 

(12 - 16)' 

remained 

in the thymus in the presence of CsA. 

What factor is essent1a1 in the thymocyte - stromal 

cell int e raction has not yet been elucidated. Known factors 

such as I L-2, IL - 4. IL - l. IL - 6, or IFN - {, alone or in 

comb! nation, cannot induce the normal thymocyte 

d1fferentiation. In 1988, 1nterleukin 7 <IL - 7) 

identified and cloned from a bone marrow stromal cell 

as a pre - B cell growth factor (17, 18). A Northern 

analys1s revealed that the thymus presents an abundant 

was 

line 

messag e (18). This implies that IL-7 may play a role in 

blot 

IL-7 

T-

cell development, which is produced by the thymic stromal 

cells. We therefore investigated the effects of IL - 7 on T-

lineage cells. 

Little is also known about the mechanism behind 

been negative selection. The negative selection has 

demonstrated to take place at. or immediately before or 

after the CD4+8 + double positiv e (OP) cell stage (7, 19, 20). 

However, 

population 

antigens. 

it remains controversial as to which cell 

in the thymus can tolerize thymocytes to self ­

It has been reported that 2' - deoxyguanosine 
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(dGuo) sensitive cells are respons1ble for the negative 

select Jon, 

select1on 

while dGuo - reslslant cells 1nduce POSlttve 

(21-25). Since dGuo deletes hematopoietic cells 

such as thymocytes. macrophages, or dendritic cells (1, 26). 

those cells . especially macrophages or dendr1tic cells, are 

assumed to be the tolerizing cells. In a recent report, 

Matz1nger· et al. have demonstrated that negative selection 

was carried out by dendr1tic cells (27). However. the 

possibility is not ruled out that other cell populations 

among dGuo - sensltive cells may induce self - tolerance. In 

the present report. we colonized Thy - 1 bright ON thymocytes 

1nt o allogeneic thymus lobes. and evaluated the 

tolerogenicity of class I molecules on the donor cells. 

MATERIALS AND METHODS 

C578L/10 (810) . 810. 8R, 810. 02. and 8AL8/c mice were 

bred in our colony at the National Institute of Radiological 

Sc1ence. Chiba . Japan. Each strain is known to express an 

F23. 1 determinant of TCR. 

Alpha MEM medium was supplemented with penicillin-

streptomycin. 2mM L-gl ut amine, 15mM HEPES, 5x10-5M 2-

mercaptoethanol. 1% anti-PPLO agent (Gibco. Chargin Falls. 
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Oh 1 o ). and 10 % heat - 1nact1vat e d fetal calf serum ( co mplete 

me dJum). 

Reagents 

CsA (Sandoz Co. LLd, 

methanol at 1x10 - 3 M. 

Base 1, Switzerland) was dissolved 

1 n 

further diluted 

and at the time of 

w1 th medium to 1x10- 7 M. a 

use. 1t was 

concentration 

suff1c1ent to inhibit allospecific cytotoxic T lymphocyte 

CCTL) 

(8) 

induction or alloreact1ve mixed 

As a control. methanol was 

lymphocyte 

diluted at 

reaction 

the same 

concentra tion and added into FTOC. Monoclonal antibodies 

(mAb) RL172. 4 (rat mAb to CD4. 

to CD4, reference 29). F23. 1 

reference 28). GKl. 5 (rat mAb 

(mouse mAb to Vp~ . reference 

30). 145 - 2C11 (hamster mAb to CD3~;, reference 31). and J11d 

(rat mAb to J11d, reference 32). H57 - 597 (hamster mAb to all 

TCR - "'-0 chains . reference 33). 10 - 2.16 (mAb to I - Ak. 

reference 34). and M5 /114 (mAb to I - Ab and cross - reactive to 

reference 35) were used. Murine recombinant IL - 7 was 

supplied by Dr. N. Minato. and was used at the concentration 

of 200 u/ml. 2' - deoxyguanosine (dGuo) was purchased from 

Sigma Chemical Co. (St. Louis. MO). 

Organ cult ure was performed according to the methods 

of Jenkinson et al (1). with slight modification. In brief. 

thymus lobes from fetuses of 15th or 16th gestational day 

CGD15 or 16) we re cultured on polycarbonate filters ( 0. 8 
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micrometer pore SiZe. Nuclepore. Pleasanton. CA) float e d on 

ml of culture medium in a 100 - mm tissue cultur e dish. 

MedJum was exchanged every 4 days. 

Depletion Qf CD4 positive cells 

In order to obtain CD4 - 8 + and CD4 8 cells, thymocytes 

we r e cytotoxically treated with anti - CD4 monoclonal 

anLJbodies CGKl. 5 and RL172. 4) and guinea pig complement 

CC e darlane Co. Hornby, Canada). Cells were incubated With 

anti - CD4 for 30 minutes on ice, washed, and then incubated 

in complement solution (1 :6 dilution) without serum for 60 

minutes. These procedures were repeated twice in order to 

deplete CD4+ cells effectively. 

Cell surface marker analysis 

For CD8/CD4 analysis, cells were stained with 

fluorescein isothiocyanate CFITC) - conjugated anti - CD8 and 

phycoerythrin (PEl - co n jugated anti - CD4 antibodies (Becton 

Dickinson. Mountain View. CAl. For CD8/TCR - ~r chains or 

CD8/CD3 analysis, cells were sequentially incubated with 

either F23. 1. H57 - 597. or 145 - 2C11. biotin - conJugated goat 

anti - mouse IgG (Cappel. Westchester. PA). normal mouse seru m 

to saturate goat anti - mouse IgG reactivity, and a mixture of 

PE - conjugated streptavidin (Becton Dickinson) and FITC -

conjugated anti - CD8. We used biotin - conjugated goat anti -

mouse IgG as the second reagent for staining with 145 - 2C11 

or H57 - 597 because anti-mouse IgG cross - reacted well with 
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hams ler IgG. For CD8/Jlld analysis, Jlld. goat antJ - rat IgG 

b tot 1 n 

used. 

CE. Y Lab. San Mateo, CA), and normal rat serum were 

Stained cells were analyzed on FACStar (Becton 

Dickinso n). PositJve - negalive demarcations were made 

according to an autofluorescence profile of the same cells 

as a negative control. 

Allosoecific CTL ~ 

Allospecif1c CTL were induced as follo ws. Thymocytes 

we r e harvested from FTOC. and resultant cells 

(3xl0 5cells/ well) were cultured for 5 days in the presence 

of 30Gy - irradiated allogeneic spleen cells (3x10 6 /well) and 

1. 25 % of EL - 4 culture supernatant (interleukin 2 source) in 

a 24 - well plate. As class I - expressJng allogeneic targets. 

Con - A- induced T- cell blasts were prepared by culturing 

spleen cells of allogeneic mice for two days in the presence 

of 3 Jlglml of Co n - A. Class II - expressing B cell targets 

were prepared as follows. Allogeneic spleen cells were 

depleted of 1' - cells by treating them with anti - BAT (brain -

associate d thet a) antibody (reactive with all T- cells. In 

ascitic form. :40 dilution. supplied by Dr. Tomio Tada, 

University 

dilution), 

of Tokyo) and guinea pig com pl e ment (1: 6 

and the resultant cells wer e cultured for two 

days in the presence of 10)-lg/ml of lipopolysaccharide CLPS). 

Responder cells were harv ested, and r ecovered live cells 

were mixed with 51 cr - labeled targets in round - bottomed 96-

well plat es for 4 hours The 51 cr activity r eleased from 

the target cells was measured by a gamma - counter, and % 
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specific 51 cr release was calculate d as follows : 100x <E -

Sl I (M - Sl. where E. s. and M represent e x pen mental. 

spontaneous. and maximal release, respe ctivel y. 

Maximal release was indu ced by adding 0 2% sodium 

deo xycholate. Blocking experiments were performed by adding 

anti - Iak (10-2. 16 (anti - I - Ak) plus M5/114 (anti - I - Ekl. eac h 

tn ascitic form. at the dilutton of 1:200) or anti - I-Ek 

alone at the effector phas e of the killer assay. 

Cell Proliferation~ 

Thymo cytes of 4 - day -o ld mice wer e cultured in the 

pres e nce of PHA and IL - 2. IL - 4. or IL - 7. and pulse labeled 

with 10 ~Ci of 3 H- thymidine. The cells were harvested with 

an automated cell harv este r. and the 3H- thymidine 

incorporation was measur ed. The cell number was counted in 

anothe r aliquot of cell susp e nsion. 

PHA - mediated cytoto x icity~ 

'l'hymocytes recovered from IL - 7 - added FTOC were 

examined for th e ir k iller activity by a PHA - mediated 

cytotoxicity assay EL - 4 and YAC -1 cells were us e d as 

targets in the presence of 1% PHA. Percent specifi c Cr-

release was calculated as mentioned abov e . 

FTOC Qf c him eric thymuses 

GD15 BALB/c f etal thymuses were cultu r e d in FTOC in 
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th e presence of 1. 35mM dGuo for 3 days. Such a tr e atment 

partially deletes hematopoietic cells such as macrophages. 

d e ndritic cells, and thymocytes (data not shown). Then the 

lobes were cultured In the absence of dGuo for 24 hours. 

Unsorted allogeneic fetal thymus cells or sorted Thy - 1 

bright cells were colonized Into the dGuo - treated 8AL8/c 

thymus lobes by a hanging drop method (2x10 4cells per lobe; 

36). One BAL8/c lobe was dropped onto 25~1 

containing 2X10 4 allogeneic cells In a 

of complete 

medium well of a 

Terasaki plate, and the plate was incubated overnight in an 

upside down position. On the next day the lobes were 

transferred onto a polycarbonate filter and cultured. 14 

days later, thymocytes were harvested and MLC was set up 

against 810. 8R. 810. or 8ALB/c spleen cells. Con - A- induced 

T- cell blasts and LPS - Jnduced 8 - cell blasts were used as 

class I - and class !!-expressing targets, respectively. 

810. 02 8 - cell blasts were used as H- 2d 8 - cell targets, 

because 8AL8/c LPS - blasts developed very poorly. %specific 

Cr release was calculated as mentioned above. Sorting of 

Thy - 1 br· I gh t cells was performed as follows. Thymocytes 

were stained with FITC - anti-Thy1. 2 mAb (Meiji Seika, Tokyo, 

Japan), washed, and brightly positive cells were sorted 

under gating for lymphocyte fraction. Resultant cells were 

analyzed on FACStar. and more than 99% of them were shown to 

be brightly positive for Thy - 1. 2 (data not shown). 

RESULTS 
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TlL\t..IDo c yte differentiation proceeded J...n 1! synchronized :!lA.::L _LD 

Almost all thymocyles from fetuses of 15th geslatlonal 

day (GDl5) consisted of CD4 8 double negative ( DN) cells 

(Fig. lA). Within one day of culture (GD15 +1), CD4 - 8 + cells 

and, shortly after, CD4 +8 + double positive CDPJ cells 

dev e loped (FIg. 18). By GD15 +2, almost all cells were 

CD4 +8 + (Figs. lC and DJ. On GD15 +5, CD8 and CD4 SP cells 

slart e d to develop simultaneously CF i g. lEJ. At the sa me 

t 1 me, DN cells re - appeared as a second wave (Table lJ. 

Inasmuch as thymocytes differentiated in a synchronized wa y 

and since maturated SP cells did not emigrate from the 

thymic lobes in FTOC, both CD4 and CD8 SP cells accumulated 

and DP cells decreased 1n proportion at later periods (Figs. 

lF and GJ. 

As described above, the first wave of thymocyte 

differentiation generated SP cells on GD 15 +5, but they were 

accompanied by a second wave of DN cells. Thereafter, we 

could detect all 4 phenotypes of thymocytes in FTOC as far 

as the culture was carried out. The In crease in the 

proportion of DN cells in GD15 +5 thymus lobes (Fig. lEJ was 

not due to loss of cells of other phenotypes, because Table 

1 shows that the absolute number of DN cells in GD15 +5 lobes 

(3. 4xl0 4 J was more than that in GD15 +3 lobes (1. Ox10 4 J. 

l.n .1..bg presence Qf llA._ .(;l)A - .8. + ~ develooed .luJ..1 .(;l)A +.8. ­

~ .Q.l.Q .!!.Q.1 

13 



Addition of CsA into the culture did not affect the 

differenliatton steps up to the accumulation of DP cells 

CF i gs. 10 and H, Table 1). CsA failed to i nh i b i l the 

development of DP cel ls even in GD14 thymuses, too (data not 

sho wn). However. CsA inhibited the generation of CD4+8 -

cells (Figs. li. J, and K). On the contrary, CD4 - 8+ cells, 

though fewer In CsA - free culture, appeared 1 n the 

presence of 

than 

CsA. In CsA - free thymic lobes, SP cells 

accumulated during the culture period In contrast, CsA -

added culture provided some 15% of CD4 - 8 + SP cells, which 

did not increase at least up to GD16+13. Regarding absolute 

cell numbers. the number of ON and DP cells did not show 

marked difference bet ween CsA - free and CsA - added FTOC. while 

CsA - added FTOC generated significantly decreased number of 

CD4 or CD8 SP cells. 

DP cells In the FTOC consisted of two populattons. one 

was large in cell size and the other was small. 

Approximately 17% of DP cells were larger in size. The cell 

s1ze was measur ed by forward scatter on FACS analysis. 

Since large DP cells are reported to be In cell cycle, it 

was thought possible that the diff erence In cell size might 

r eflect different maturation stage or activation state among 

DP cells. However. addition of CsA did not change 

proportion of small vs. large DP cells (data not shown). 

~-~+ ~ develooing ~ ihQ presence Qf ~ 

phenotypically immature 

the 

In order to further investigate the nature of the CD4 
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8 + cel ls in CsA - added culture. we e xamined whether they bore 

Jl1d. CD3. or TCR d- (l cha1ns. Thymocytes wer e depleted of 

CD4 +8 - and CD4 +8 + cells by cytotoxic treatment, and were 

stained with monoclonal anti bodies specific for those 

determinants (Figs 2 and 3). In CsA-free culture. 

CD4 - 8 + cells wer e CD3+ and approximately 15% of the 

cells expressed F23. 1 determinant at h1gh density. On the 

contrary. 

of CsA 

phenotype 

most of the CD4 - 8 + cells generated 1n the presence 

were TCR/CD3 and Jlld +. which were the same 

as that of the early CD4 - 8 + cells (37) Thus. 

they were assumed to be immature CD4 - 8 + cells whi c h had 

from ON cells in the second wave. 

that CsA inhibited the generation 

developed 

suggest 

CD4 +8 - . but also mature CD4-8+ cells. 

These r esul ts 

of not only 

CD4 - .B. + cells generated l..n .1M presence Qf .k§.A .Q...j__g .!l.Q.1 

contain functionally mature precursor CTL 

In order to examine whether the CD4 - 8 + cells generated 

in the presence of CsA were functionally mature, 

allospecific CTL activity was investigated. CD4 - 8 +Jlld + 

cells in adult mouse thymus are known to be defective 1n the 

ability to generate allospecific CTL (37). Cells from CsA-

free thymic lobes exh1b1ted allospecific cytotoxicity, but 

cells from CsA - added lobes did not (Table 2). This was not 

due to carrying-over of CsA. because CsA had been excluded 

from the FTOC 24 hours before preparation of the responder 

cells. 
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we r e 

In the presence of CsA, 

C03 +. but no cells were 

cells were Jlld ( F' i g. 2). 

about two thirds of ON cells 

F'23. 1 +. and most of th e ON 

Staining with mAb H57 - 597. 

r e act1ve with all mouse ~ r- TCR. confirm e d that these CD3 +4 -

8 Jlld cells d1d not bear TCR - • 0 chains (F'ig. 3). These ON 

ce lls were assumed to be r cf=- thymocytes. The same cell 

population was thought to be present in CsA - free c ulture, 

but addition of CsA into the F'TOC increased the proportion 

of the cell population and made it easy to detect 1t. Thus, 

CsA failed to inhibit the generation of C03 +4 - 8 - Jlld - d. (l­

ce lls, possibly possessing TCR -(d chains. 

Thymocytes proliferate l..n _tb_ll_ presence Qf IL - 7 

As a preliminary experiment, we investigated the 

proliferating response of thymocytes to IL - 7. 

as IL - 2 or IL-4, in combination with PHA. 

IL - 7, as well 

supported the 

proliferation of thymocytes from mature thymus (data not 

shown). On the other hand, cultivation of thymocyt e s with 

IL - 7 alone induced very poor proliferating response (data 

not shown). These pos1tive data prompted us to p e rform 

further experiments. 

Eff e cts Qf IL - 7 Q.!l FTOC 

In order to investigate on what stage of thymocyte 

development IL - 7 can act. we performed FTOC wi th IL - 7 added 
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1n different periods. As shown In Table 3. the effects of 

IL - 7 did not differ largely according to periods In which 

IL - 7 was added FTOC in the presence of IL - 7 produced a 

slightly decreased number of thymocytes. Among them. OP 

cells were markedly decreased, ON cells were increased In 

proportion, and among SP cells, the C08/C04 ratio was 

somewhat increased. The total cell number was slightly 

decreased in IL - 7 - added FTOC, but a further decrease was 

observed in FTOC with IL - 7 added during half of the culture 

period. This may be interpreted to mean that In the 

presence of IL - 7. a decrease in OP cells is observed first. 

and / 0 -thymocytes. followed by 

Thus. IL - 7 

expansion of mature oJl-

seems to act on a wide range of thymocytes, 

except for OP cells. The cell size was larger in IL - 7-added 

FTOC than in the control, which was thought to be due to the 

increase in the ON cell population (data not shown). 

The phenotypes of the thymocytes in those FTOC were 

further analyzed (Fig. 4). As shown in the figure. most of 

the C04 8 cells were C03+Jlld - F23. 1-. whic h suggested they 

we r e m a i n l y /0- T c e 1 1 s . The r a t i o s o f F 2 3 . 1 + c e 11 s w i t h i n 

C04 or C08 SP cells were 2. 2/11.8 (19%) and 6. 7/29.7 (22%), 

respectively, which implied that the C04 and C08 SP cells 

were mature ~P - T cells. 

To confirm these findings, the phenotypes were 

analyzed after depletion of C04+ cells by anti-C04 and 

complement t r eatment (Fig. 5). The figure shows that most 

of the C08+4- cells are C03+ ~0 + and that most of the ON 

cells are C03+ o((l 
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l_L___1 does ll.Q_J;. 1ndu ce non - s ec1fic killer cells 

IL - 2 is known to induce non - specific k1ller cells that 

can kill thymocytes (38). In order to ascertain whether the 

decrease in DP cells in FTOC with IL - 7 was due to such 

killer cells. we performed a PHA-mediated cytotox1ctty 

assay. Thymocytes develop1ng in the presence of IL - 7 d1d not 

hav e cytotoxic activity on any targets (data not shown). 

Unfractionated 

tolerance 

.l 

In Table 4. 8AL8/c fetal thymuses were treated with 

dGuo and were repopulated with unfractionated thymus cells 

from GD15 810 and/or 810. 8R fetuses (dGuo - 8AL8/cf-810. etc.) 

As shown in the table. thymocytes from dGuo - 8AL8/c~810 or 

fr·om dGuo - 8AL8/c(-810. 8R killed 810. 8R or 810 T- cell blasts, 

respectively (lines 2 and 3). which showed that allo - MHC 

specific CTL against a third party could be induced from the 

dGuo - treated 8AL8/c thymuses repopulated with allogeneic 

thymus cells. However, they were tolerant of the donor MHC 

(11 nes and 4). When dGuo - treated 8AL8/c lobes were 

repopulated with 810 and 810. 8R thymus cells at the same 

time. cytotoxic activities against 810. 8R and 810 were gone 

<lines 5 and 6). In short. unfractionated thymus cells had 

tolerogenic ability upon repopulating allogeneic thymuses. 

Unfractionated fetal ~~£An tolerize thymocytes ~ 



S1nce unfractionated thymus cells are composed of many 

kinds of cells Including !a - expressing macrophag es and 

dendritlc cells, it was expected that class II tolerance 

would be achieved In such chimeric thymuses. Therefore, 

class I and class II reactivities of thymocytes from dGuo-

8AL8/c~810. 8R were e xamin e d (Fig. 6). They could not kill 

810. 8R T cell blasts (A) nor 8 cell blasts (8), though did 

kill a third par·ty, 810 cells (C). The result Indicates 

that unfractionated thymus cells, which contains both 

thymocytes and stromal cells, can tolerize thymocytes to 

their own class I and class II MHC. 

~ tolerance ~ chimeric thymuses constructed ~ ~ 

bri ht cells from allogeneic fetal thymuses 

To evaluate the tolerogenic ability of thymocytes, 

Thy - 1 - bright cells from G015 810. 8R fetal thymuses were 

sorted out and were colonized into dGuo - treated 8AL8/c 

thymuses (dGuo - 8AL8/c~Thy -l +810 . 8R). The cells were 

stimulated with 810. 8R, 810. or 810.02 (H-2d same MHC as 

8AL8/c). As shown in Fig. 7, allo-MHC specific CTL agalnst a 

third party was inducible from the chimeric thymuses (C and 

F). When CTL was induced against the donor (810. 8Rl MHC, 

they failed to kill 810. 8R-T - cell blasts (A). However, they 

did kill 810. BR -8-cel l blasts (0). Furthermore. this 

killing was specifically inhibited by adding anti -1-A k and 

anti-I-Ek antibodies in combinatlon into the effector phase 
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0 f the CTL assay , but not by adding anti-I - Ek alone (D). 

The killing activity was MHC specific, as 810. 02 and 810 LPS 

blasts were not lysed (E and Fl. Anti-810 CTL cross - reacted 

with 810. 8R 8 - cell but not T- cell blasts (A and 0). 

demonstrating that class I tolerance against the donor 

haplotype was valid even in cross - priming condition. 

In (8) and (E), cytotoxicity against 810.02 targets 

were very limited. 

dGuo treatment of 

treatment allows 

alive. 

This was thought to be due to incomplete 

8AL8/c thymuses. because such a weak 

certain numbers of hematopoietic cells 

These split reactivities against Con A blasts and LPS 

blasts were in sharp contrast to the previous results, in 

which CTL generated from dGuo - 8AL8/ct-810. 8R failed to kill 

both 810. 8R T- and 8 - cell blasts (Fig. 6). These results 

indicate that Thy - 1 - bright cells and/or their descendants 

have a tolerogenic ability to induce class I tolerance. but 

not class II tolerance. 

DISCUSSION 

Accumulating evidence indicates that Interaction 

between TCR and MHC molecules is involved as a key eleme nt 

not only in the negative selection, but also in t he positive 

selection of thymocytes. Such evidence includes in vitro or 

in vivo blocking experiments using anti - CD4 (7), anti - class 

II (2. 5, 6), or anti-class mAb (4), experiments with TCR -

transgenic mice (14 - 16. 19), or experi ments showing deletion 
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of T-ce lls expressing TCR with specific V~ reg1ons (20. 39-

41). and a recent experiment using r. - mlcroglobulin 

deficJent mice (42). 

block 

II 

7). 

or 

cells 

IL has been indicated that anti - MHC class I ant1bodies 

the development of CD4 - 8 + cells, and that anti -c lass 

anti - CD4 antibodies block that of CD4 +8 - cells (2. 4 -

Of note is that in both cases the development of DP 

is not inhibited (2. 4 - 7). In vivo administration of 

CsA has already been reported to induce atrophy of thymic 

medulla 

thymocyte 

the cell 

(10. 11), wher e mature SP cells are the predominant 

population. We attempted to further scrutinize 

kineti cs by virtue of FTOC in the presence or 

absence of CsA. 

CsA is known to exert many kinds of suppressive 

effects 

signal 

on the immune system. including blockage of the 

by transduction cascade in T-cells triggered 

perturbation of the TCR/CD3 complex (8, 43. 44). which leads 

to pretranscriptional inhibition of lymphokine production. 

The e xact mechanism of this blockage is not known yet, but 

previous reports suggest that CsA does not affect the signal 

cascade from perturbation of the TCR/CD3 complex to calciu m 

influx or turnover of phosphatidyl inositol (45 - 49). 

Therefore. the agent may block the signal cascade at a later 

step, 

the 

possibly by binding to cyclophilin and by inhibiting 

peptidyl - prolyl cis - trans Isomerase activity of 

cyclophilin (48). On the other hand. the agent 

known to disrupt the thymic stromal cell function 

is also 

including 

Ia expression (10). At any rate, the agent is expected to 
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hav e suppressive effects on thymocyte development e1ther by 

1nt e rfer1ng w1th the s1gnal cascade or by the 

stromal cell function. 

FTOC has a cer tain advantage in Investigating which 

stage of T- cell differentiation CsA would inhibit. If CsA 

the is administrated in vivo, one cannot rule out 

possibility that some cells escape the effects of the agent 

Indeed. it is reported that cells escaping the effects of 

CsA exhibit autoreactivity in v1vo 00. 49). On the other 

hand. I f too much CsA is administered. one cannot 

discriminate the inhibitory effects of CsA on lymphopoiesis 

from the toxic effects of the agent. In the organ culture, 

however. a pharmacologically effective concentration of CsA 

can be obtained throughout the culture period. In addition, 

during the 

synchronized 

in FTOC, no stem cells migrat e into the thymus 

culture period. and cells differentiate tn a 

manner. Moreover. mature SP cells do not emigrate from the 

thymic lobes. All of these factors made it possible to 

analyze the fine differentiation kinetics of thymocytes. 

CD4. 

CsA has been reported to Inhibit the development of 

but not CDS SP cells in vitro (2). The present study 

demonstrated that the CDS SP ce lls developing in the 

presence of CsA revealed an immature phenotype of Jlld +~r­

(Figs. 2 and 3). The CDS SP ce lls were also shown to be 

functionally immature. Moreov er, they were also less in 

number than appeared via CsA - free FTOC. Thus. they were 

early CD4 - S+ cells which developed from DN cells and would 

develop into DP cells (Fig. 1). Hen ce. CsA inhibits the 
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differenttatton step from DP cells not only to CD4, but also 

to CD8 matur e SP cells. 

The question then arises: What is the mechanism of 

this inhibitory ef fect? Two explanations are possible. One 

iS that CsA inhibits the positive selection of thymocytes by 

blocking the signal transduction cascade 

perturbation of the TCR/CD3 complex (8 , 9). 

initiated 

The other 

that CsA impairs thymic stromal cell functions whi ch , 

by 

is 

in 

turn, leads to failure of mature SP cell generation. CsA has 

been reported to suppress MHC expression induced by LPS or 

allogeneic tumor cells, but not that induced by IFN ~;r or 

viral infection (48, 50). In the previous study, we could not 

demonstrate a decrease in the expression of the Ia molecule 

on thymic stromal cells in CsA - added thymic lobes in our 

culture condition (2). Although it is not a formal proof, 

these results suggest that the positive selection takes 

place at the transition step from DP cells to SP cells. And 

this hypothesis is consistent with the result of a recent 

report in which DP cel ls, but not SP ce ll s could develop in 

the absence of appropriate MHC in TCR gene - transgenic mice 

( 16). 

Interestingly, CsA inhibit ed the differentiation of 

mature SP cells, but not of CD3+4 - 8 - TCR~~-Jlld - cells, which 

were assumed to be cells bearing TCR-{U chains. This result 

agrees with a recent report wher e CsA was administered in 

vivo (51.52). In chicken, it has been reported 

thymocytes bearing the TCR (0-ho mologue at high density 

present in the subcapsular zone of the thymic cortex, 
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cell s bearing o\~ - homologue are rare (53). This 1ndicates 

that the r e quirement for 1nteract1on between thymo cyte s and 

thymic stromal cells is different tn the developm e nt of ~r­

and r [- T cells. Further investigations wi ll be necessary to 

elucidate the positive selection of TCR - o( l\ and TCR -f(,,..._­

bearing cells and its requir e ment for stromal elements. 

Although Il.. - 7 was detected and isolated as a pre - B 

cell growth factor produc e d by bone marrow stromal cells, it 

has been suspected that Il.. - 7 would have a role in T-cell 

development, because Il.. - 7 mR A is abundant in the thymus. 

Actually, Il.. - 7 alone or in combi nat ion w1th other reagents 

was observed to promote the growth of a wide range of T-

lineage cells : immature ON cells. f C T-ce lls. and mature CD4 

or CDS ~i- f T- cells (54 - 58). On the other hand, an antl - CD3 

treatment in V .i VO, but not in vitro. induced Il.. - 7 

responsiveness in T- cells, indicating the necessity of cell -

to - cell interaction for the induction of functional Il..-7 

receptor (54). Considering that T-c ell development depends 

on complicated thymocyte - stromal cell interaction, and that 

Il.. - 7 may be an essential factor in such interactions. it is 

important to understand the physiological effects of IL. - 7 

upon 

added 

developtng thymocytes. To elucidate such effects. we 

recombinant Il..-7 into the med1um of FTOC, 

phenotypically and functionally normal 

differentiation takes place. 

in which 

thymocyte 

The data presented above show that IL. - 7 supports the 

growth of a wide range of T- lineage cells. Both o: r and ( d 

thymocytes responded to Il.. - 7. By contrast, in 8 - cells, Il.. - 7 
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IS reported to act as a growth factor only on Immature 8 -

cells. and not on mature 8 - cells (55) The marked decrease 

in DP cells 1n IL - 7 - added FTOC was not due to the killing of 

thymocytes, and was observed even in FTOC with IL - 7 added 

from 

Thus 

day 5. when most of the thymocytes were DP (Table 3). 

IL - 7 was suggested to promote apoptosis of DP cells 

and/or differentiation of DP cells 1nto SP cells. It is 

noteworthy that both CD4 and CDS mature~~ cells proliferate 

in response to IL-7, but that CDS ~r cells selectively 

develop in FTOC with I L- 7. This indicates that the IL-7 

responsiveness 1s acquired by CDS SP cells or their direct 

precursor by CD4 SP cells. IL - 7 IS 

considered 

cells. 

to 

but not 

act as a lineage - specific 

growth/differentiation factor of CDS ,;.p cells. Further 

investigations will be necessary to determine the exact role 

of IL - 7 in thymocyte development. 

Experi ments using chimer·ic thymuses showed that thymus 

cells colonized into allogeneic fetal thymuses can induce 

class I and class II tolerance in an allo - CTL assay. It is 

appropriate to ask. wh1 ch cell population of the colonized 

cells induced th1s tolerance? This tolerance induction may 

be attributed lo Ia - positive cell populations including 

macrophages/dendritic cells. In a preliminary study, we saw 

that Thy - 1 negative peritoneal cells can induce tolerance to 

th eir 

fetal 

own cl ass I antigens wh e n colonized into allogeneic 

thymuses (data not shown). As descr1bed above. 

dendritic cells are reported to be able to induce class 

tolerance (27). 
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Then, can thymocytes toleriz e thymo c ytes th e mselves? 

or class I ndeed. in the p e rtphery, pCTL reacttve to class 

I - restrict e d mtnor histocompatibility antigens can be 

Lolerized by veto cells. which belong to Thy - 1 or Thy - 1 + 

c ell lineage (59 - 63). Regarding thymocytes, Shimonkewttz et 

al. (64) constructed chimeric mice by injecting allogeneic 

Thy - 1 + cells intrathymically, and showed that class 

tolerance can be induced in the thymus by the thymocytes 

themselves. In a previous report. we constructed 

"parabios1s" of the thymus in FTOC. where two H-2 disparate 

thymus lobes were cultured in contact w1th each other (3). 

con tact, co - migration of cells occurred and mutual Upon 

class tolerance was ach1eved. Histochemical analysis 

revealed that cells rapidly migrating between the parabiotic 

thymus lobes were Thy - 1 +. Migration of Ia + cells was 

limited and slow. Since murine thymocytes are known to lack 

I a express 1 on, these findings indicated that only 

thymocytes. not dendritic cells or macrophages. had migrated 

between the thymus lobes before thymocytes became 

1 mmunocompetent. Thus. the class I antigen expressed on 

thymocytes was thought to act as a tolerogen in pCTL 

differentiation. 

order to In 

thymocytes directly, 

investigate the 

we constructed 

tolerogentcity 

thymic chimeras 

of 

by 

colonizing purified Thy - 1 bright cells into allogeneic 

thymic lobes. As shown in Fig. 7. Thy - 1 br1ght thymus cells 

induced class I. but not class II CTL tolerance when 

colonized into allogeneic thymuses. Since thymocytes are 
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the sole Thy - 1 bright cell populat1on. the result listed 

above 1nd1cates that thymocytes c an act as tol e r1z1ng cells 

to the1r class I MHC. Thus. Thy - 1 bright cells. namely. 

Lhymocytes. tolerized thymocytes themselves to the donor's 

class I MHC tn th e absence of Ia - posltive cells of the donor 

haplotype. Whether every thymocyte can induce the class 

tolerance or a certain subpopulation of thymocytes can do so 

w1ll be a subject of furth e r 1nvestigation Our results do 

not determine to what extent thymocytes. dendritic cells. or 

macrophages act as toleriz1ng cell in vivo. nor do they 

clarify the mechanism of the tolerance induction: clonal 

deletion or clonal anergy. However. noting the toler1zing 

ability of thymocytes w1ll be of benefit. 

In summary, several aspects of thymocyte 

different1ation were eluc1dated in this study us1ng FTOC 

(Fig. S) CsA has previously been reported to inhib i t the 

appearance of CD4 . but not of CDS SP cells. Th1s study, 

however. demonstrated that the development of not only CD4 - . 

but also the COS - expressing mature - thymocyte is 

1nhibited by the agent. It is widely known that CsA blocks 

the signal cascade triggered by the perturbation of 

TCR/CD3 complex. and that interaction between TCR on 

the 

the 

thymocyte and MHC on the thymic stromal cell is essential in 

the positive selection of both CD4 and CDS SP cells. Thus, 

CsA is suggested to interfere with the positive selection of 

"'~ - thymocytes 

complex. In 

by blocking the signaling via the 

addition, the study demonstrates 

27 

TCR/CD3 

that frJ-



thymocytes 

tndicates 

do develop in the presence of CsA. which 

that the requirement for the 

iS different in ~~- and 

thymocyte stromal 

cell interaction {0 -T cells. The 

exact mechanism of the positive selection is unknown, but 

th1s study raises the possibility that IL - 7 acts not only as 

a growth factor for T-cells. but also as a lineage - specific 

differentiation/growth factor for CDS ~~-1' cells. Concerning 

self-tolerance induction. the study is demonstrates that 

which thymocytes in neonate -e quivalent cultured thymus, 

consis ts mostly of DP thymocytes, can be tolerized to self ­

class I MHC by Thy - 1 bright cells. This indicates that the 

thymocyte thymocyte interaction is sufficient in inducing 

self - class I tolerance. In all these experiments. FTOC was 

very useful in investigating the mechanism of thymocyte 

development in the thymus. 
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Tabl e 1 

Co urs e of cell numb e r of ea c h ph e notype of thym oc yt e s in 

F'TOC 

GD15 +0 15 +3 15 +5 15 +8 15 +12 "'-' 15 

--------------- ------ - -

4 8 78 10 34 12 12 

4 - 8 + 28 28 38 
CsA 

4 +8 - 2 12 28 22 25 
fre e 

4 +8 + 193 127 85 9 

total 81 ± 10 220 :!: 10 215 ±15 147 ±15 83 :+: 32 

4 8 20 37 20 21 

4 - 8 + 2 17 11 8 
CsA 

4 +8 - 4 5 3 
add e d 

4 +8 + 182 86 37 30 

total 210 :!: 30 145 ±5 72 ±4 60 :+:21 

Numbers of thymocytes of each phenotype in various 

conditions are listed. Each value represents the mean of 

three or four experiments and 1s described as (cell 

number)x10 - 3/lobe. Total numbers are described as mean±S. E. 



Table 2 

Thymocytes from CsA - added 

alloreactive precursor CTL 

Responder cells 
from 

FTOC did not 

%specific Cr - release 
from 

BlO. BR FTOC stimulator E/T BALB/c BlO. BR 
------------- - ---------

CsA 0 M BALB/c 20 57 3. 2 

10 52 2. 5 

0 M B 10. BR 20 4. 8 

10 3. 

CsA 10 - 7M BALB/c 20 5. 5 

10 2. 0 

10 - 7 M B 10. BR 20 N. D. N. D. (a) 

10 0 0 

contain 

3xl0 5 BlO. BR thymocytes from CsA-free or CsA - added 

FTOC were incubated with 3xl0 6 30Gy - irradiated spleen cells 

from syngeneic (BlO. BR) or allogeneic <BALB/c) mice in 2 ml 

of medium containing 1. 25% of EL - 4 culture supernatant. 

After 5 days, cells we r e harvested and %specific Cr - release 

from 51 cr - labeled Con A blasts from BlO . BR or BALB/c spleen 

cells was measured in a killer assay. (a) N.D. : not done 



Tabl e 3 

Number and percentage of eac h thymocyte populat1on 1n FTOC 

wi Lh or· without IL - 7 

IL - 7 C- J I(-) C- l I C +) C+l I C- l (+ l I ( + ) 
---------- ------- --- ---

-
CD4 8 28(13 %) 30(22%) 32(17 %) 55(28%) 

CD4 - 8+ 28(13%) 24(17 %) 31(17 %) 51 (25%) 

CD4+8 20( 9%) 12 (8 %) 22(12 %) 21(10 %) 

CD4+8+ 144 (65 %) 74(53 %) 104(55%) 73(37 %) 

total 220 14 0 190 200 

--------------------------------------- - ---------------------

GD15 fetal thymus lobes were cultured 1n the 

presence ( +) or absence ( - ) of IL - 7 for initial f1ve days 

(left parentheses), and further five days (right 

parenthesis). Cells wer e harvested and were analyzed for 

CD41CD8 expression on FACStar. Each value repres ents (cell 

number)xl0 - 31lobe in one of three similar experiments 



Tabl e 4 

All osp ec ific CTL activity of thymocy te s from c himer ic 

thymus e s. 

lin e BALB/c thymuses stimulator %specifi c Cr - releas e 
from 

co lonized with in MLC BlO - T 810. BR - T 
---------------- --------- -------- --------

1. 810 810 0 20 

2 . 810 B 10. BR 3 70 

3. 810. BR 810 70 11 

4. 810. BR B 10. BR N. D. a) 

5. B 10 . BR+B10 810 4 0 

6. 810. BR +B10 810. BR 2 10 

Not e. 2 ' - deoxyguanosin e- tr ea t e d GD15 fetal BALB / c thymus 

l ob e s were repopulated with unfractionated 810 and/or 810. BR 

fetal thymocytes (10 4 cells / lobe fo r each parental cells) 

CdGuo - BALB/c~B 1 0. etc.) . Fourtee n days later. allo - MLC was 

s e t up in the pr esence o f exogenous IL - 2. Kill e r activity 

o f the resultant cells against 810 a nd 810. BR T- cell blasts 

was determined by a 4 - hour 5 1Cr releas e assay at the E/ T 

ratio of 10 : 1. Killing activity is expressed as % specifi c 

Cr - r e lease. 

a) D. not done. 
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Fig. 1. CsA inhibited the development of CD4+8- cells , but 

not that of CD4-8+ cells. 

Thymocytes recovered from thymus lobes of GD15 fetuses 

( i\) . or lobes organ-cultured for l day (D), 2 days (C) , 4 

days (D ,ll ) , and 5 days (E . I) were stained with PE-anti-CD4 

and FITC-anti -CDB antibodies. Similarly, thymocytes from 

GD16 fetal thymuses c ul t u red for 9 {F,J) or 13 days (G,K) 

wer e stai n e d with thos e antibodies . Csi\ was a dd ed (Il -K ) at 

the fi nal concentration of lxl0- 7M, or not a dd e d (A-G). 
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Fig. 2. CsA inhibited the developme n t of TCRC\fl+/CD3+Jlld­

mature SP cells, but not that of TCR~0-CD3+ DN cells. 

FTOC was set up in the presence (D,E,F) or absence 

(A,B,C) of CsA. Thymocytes from 9 days (A,D) or 13 days 

(D,C,E , F)-cultured GD16 thymus lobes were cytotoxically 

treated with anti-CD4 antibodies and complement to delete 

CD4+8- and CD4+8+ cells . Resultant cells were dual-stained 

wlth FITC-CD8 and F23.1, 2Cll or Jlld antibodies, as 

indicat e d. 



" z::n -4> 
(/) 

= 0 
E 

I 

:;; 
c 
C\l 

0.6 

CDS 

A 

0 . 9 1.9 

8 c 

27 . 9 23.5 

CDS 

Fig. 3. The CD4 B cells developing in the presence of CsA 

did not bear ~r -TcR chains. 

Positive control for 1157-597 staining is shown using 

adult thymocytes (3A). Dotted line and solid line indicate 

autofluorescence and 1157-597-staining profiles, 

respectively. Thymocytes from CsA-added FTOC (GD15+15) were 

treated with anti-CD4 and complement. Resultant cells were 

stained with anti-COB and 597 (3C). 38 shows a control 

using anti-COB and the second antibody alone. 
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Fig. 4. Effects of IL-7 on FTOC. 
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GD15 fetal thymus lobes were cultured in the presence 

(D-E) or absence {/\) of IL-7. On day 13, cells were 

harvested and were stained for CDB and CD4, CD3, vra or 

Jlld. Recovered cell numbers were 8.5xl04 /lobe in control 

FTOC , and 4.9xl0 4/lobe in IL-7 added FTOC. 
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Fig. 5 . Both d.r- and fd- mature thymocytes develop in the 

presence of IL-7. 

Cells from GD15+13 IL-7-added FTOC were depleted of 

CD4 positive ce l ls by treating with anti-CD4 and complement, 

and were stained for CDB and CD3 (A) or TCH-O((l c hains (D). 
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Fig. 6. Unfract lonated fetal t h y mu s cells ca n induce class 

I and class II tole r ance. 

Thyrnocytes developing in dGuo-BALB/c~I310.13R thymuses 

were stimulated with 1310 (0) or 1310. UR (0) spleen cells, and 

the r esultant cells were examined for their killer activity 

against 1310.BR-T, 1310.BR-B, or BlO-T cell blasts. This 

figure illustrates the res u lts of a series of thr ee similar 

expe rimen ts. 
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Fig. 7. Thy - 1 positive fetal thymocytes can induce split 

tolerance. 

1~y-l bright positive 010.0R fetal thymocytes were 

sorted on FACStar and were colonized into dGuo-treated 

OALO/c thymuses . Cells developing therein were stimulated 

with 010 (0), B10 . BH (Q), or 010. D2 (6) spleen cells, and 

were examined for their killer activity against T- or 0-cell 

blasts of 010.BH, B10.D2 ( ll -2d, same as Oi\LO/c) , or 010. In 

(D), anti-I-Ak plus anti-I-Ek (e l or anti - I-Ek alone ( ~ ) was 

added to the wells containing 010.0R-stimulated responder 

cells at the time of killer assay . Th e fig u re illustrates 

the results of one of three similar experiments. 010.D2 0-

cell blasts were used as ll-2d class II targets, because 

OALO/c LPS-blasts developed poorly. 
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Fig. 8. Thymocyte differentiation studied in this work. 

The course of thymocyte differentiation and effects of 

agents elucidated in this study are indicated. 
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