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Summary. Glucocorticoid hormones, calcium ionophores 
and anti-CD3 monoclonal antibodies induce apoptosis in 
mouse thymocytes. This type of cell death, which is 
characterized by an extensive DNA fragmentation into 
oligonucleosomal subunits, occurs in the intrathymic 
process of negative selection, and is involved in the dele- 
tion of autoreactive T-cells during thymic maturation. A 
number of cytokines are able to modulate apoptosis, and 
interleukins, including interleukin-1, interleukin-2, and 
interleukin-4, play a crucial role in thymic maturation 
and T-cell development. We tested the effects of several 
cytokines on the glucocorticoid hormone-induced apop- 
tosis of mouse thymocytes in vitro, and demonstrated 
that interleukin-la, interleukin-2, and interleukin-4 in- 
hibit the apoptosis induced by dexamethasone, but that 
interleukin-3 and interleukin-6 exert no noteworthy ef- 
fect. Dose-response experiments indicated that inter- 
leukin-4 is more potent than interleukin-l~ and inter- 
leukin-2 in inhibiting dexamethasone-induced apoptosis. 
Furthermore, interleukin-4 fully inhibited the DNA frag- 
mentation induced by the protein kinase-C activator 12- 
O-tetradecanoylphorbol-13-acetate, but was ineffective 
against apoptosis induced by the calcium ionophore 
A23187. These results suggest that interleukins regulate 
the thymic selection process by acting as modulators of  
the negative selection process. 
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Introduction 

Apoptosis is a cell death mechanism characterized by 
chromatin condensation, micronucleation, and fragmen- 
tation of DNA into oligonucleosomal subunits. This pro- 
cess is operative during embryogenesis, in tumor regres- 
sion, and in the elimination of self-reactive T-lymphocytes 
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in the thymus [21 -23]. Furthermore, both antigen recep- 
tor stimulation [5, 8, 16, 18] and glucocorticoid hormone 
(GCH) treatment of immature thymocytes [3, 13, 21] lead 
to internucleosomal DNA cleavage and so to cell death. 
GCH-induced cell death is an energy-dependent process 
which requires specific mRNA and protein synthesis, 
protein kinase-C (PKC)-dependent phosphorylations 
and activation of Ca 2 +/Mg 2 § endonucleases. 
Inhibition of mRNA and protein synthesis, PKC in- 
hibitors, and zinc ions counteract dexamethasone 
(DEX)-induced apoptosis [3, 13, 21]. Activation of the 
pituitary-adrenal axis results in thymic hypoplasia in 
mice [15], and physiological concentrations of GCHs are 
able to induce thymocyte apoptosis. It has been postu- 
lated, therefore, that GCHs play a role in the negative 
selection mechanisms underlying the T-lymphocyte dif- 
ferentiation program [18]. 

Interleukins (ILs) have been shown to regulate thymo- 
cyte differentiation and T-lymphocyte development, and 
IL-I and IL-2 protect thymocytes from the apoptosis 
induced by anti-CD3 monoclonal antibody or GCH [4, 9, 
11, 12]. This suggests that the control of apoptotic death 
is an important mechanism through which ILs regulate 
the thymic selection process and T-cell maturation [19, 
20]. 

To better evaluate the possible interactions between 
ILs and GCHs, we studied the effects of different ILs on 
GCH-induced apoptosis in mouse thymocytes in vitro. 
Our results show that IL-I~, IL-2 and IL-4 are able to 
inhibit apoptosis and suggest that these ILs may be in- 
volved in the process of thymic selection. 

Materials and methods 

Cell suspension. Thymocytes were obtained from 2 to 4-week-old 
C3H/HeN mice purchased from Charles River (Milan, Italy). The 
animals were killed by cervical dislocation and the thymuses teased 
in RPMI-1640 medium. The cell suspension was washed, filtered, 
and adjusted to a concentration of 1.5 x 10 6 cells/ml in RPMI-1640 
medium supplemented with 5% fetal calf serum and 10 mM Hepes 
buffer. 
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Aliquots of 2 ml thymocytes were incubated at 37~C with DEX 
concentrations from 10 - 7 to 10- a ~ M, or DEX plus mouse recom- 
binant IL-I~, [L-2, [L-3, IL-4, and IL-6 (Genzyme, Maidstone, 
UK). At pre-established times, the cells were centrifuged at 200 g for 
10 min, washed, and processed (see below), tn some experiments cell 
were incubated with different concentrations of the calcium (Ca 2 + ) 
ionophore calcimycin (A23187) or 12-O-tetradecanoyl-phorbol-13- 
acetate (TPA) (Sigma, St. Louis, Mo.). 

DNA labelling technique and flow ~Ttometry. Apoptosis was mea- 
sured by cytometry according to a previously published procedure 
[10]_ Briefly, the pellets were gently resuspended in 1.5 ml hypotonic 
solution of propidium iodide (PI, 50 ~tg/ml in 0.1% sodium citrate 
plus 0.1% Triton X-100, Sigma), and the tubes placed at 4~ in the 
dark overnight. The right-angle scatter and PI fluorescence of indi- 
vidual nucleic were measured with a FACSCAN flow cytometer 
(Becton Dickinson, Mountain View, Calif.). The nucleic traversed 
the light beam of a 488-nm Argon laser. A 560-nm dichroic mirror 
(DM 570) and a 600-nm band pass filter (hand width 35 nm) were 
used for collecting the red fluorescence due to PI staining of DNA, 
and the data recorded on a logarithmic scale, All data were recorded 
in a Hewlett Packard (HP 9000, model 310) computer. The percent- 
age of apoptotic cell nuclei (sub-diploid DNA peak in the DNA 
fluorescence histogram) was calculated using specific research soft- 
ware (FACSCAN and LYSIS II, Becton Dickinson). 

Statistical analysis. Results are the mean + SD. Due to the non-nor- 
mal distribution of the data, non-parametric tests (KruskalI-Wallis 
analysis of variance) were adopted for statistical evaluation. 

Results 

Figure  1 shows the results  ob ta ined  when mouse  t h y m o -  
cytes were incuba ted  with med ium alone,  med ium plus 

10 -v M D E X ,  or  10 -7 M D E X  plus ILs at a concent ra -  
t ion o f  100 uni ts /ml .  T h y m o c y t e s  incubated  in med ium 
a lone  d i sp layed  two peaks  in the D N A  fluorescence his- 
tograms;  the n o r m a l  cells gave a high, na r row  d ip lo id  
peak,  while tha t  o f  the h y p o d i p l o i d  apop to t i c  cells was 
low and  b road .  The  percentage  o f  nuclei wi th  d ip lo id  
D N A  con ten t  was grea t ly  reduced  in D E X - t r e a t e d  thy- 
mocytes  and  the h y p o d i p l o i d  peak  m a r k e d l y  increased.  
A p o p t o s i s  was reduced by IL-4  and to a lesser extent  by 
I L - I ~  and IL-2,  whereas  IL-3 and  IL-6  induced no  detect-  
able  inhib i t ion  o f  nuclear  f ragmenta t ion .  

These  results  were c o r r o b o r a t e d  by dose - response  ex- 
per iments .  Resul ts  r epo r t ed  in Fig.  2 show the effects o f  
different  IL  doses  ( f rom 5 to 500 uni ts /ml)  on DEX- in -  
duced thymocy te  apop tos i s .  A s t rong  a n t i a p o p t o t i c  effect 
o f  IL-4  was conf i rmed ,  and  the lowest  concen t r a t i on  we 
used (5 uni t s /ml)  was still ab le  to coun te rac t  the D E X - in -  
duced  apop tos i s .  Only  the h igher  concen t ra t ions  o f  IL-I  
and  IL-2 inhib i ted  apop tos i s ,  while no concen t ra t ion  o f  
IL-3 or  IL-6 exer ted any effect on D N A  f ragmenta t ion .  

Since IL-4  p r o d u c e d  the m a x i m u m - a n t i - a p o p t o t i c  ef- 
fect, its ac t ion  on thymocy te  apop tos i s  induced  by vari- 
ous subs tances  was invest igated.  F o r  this purpose ,  we 
eva lua ted  the effect o f  100 uni t s /ml  IL-4 on  D N A  frag- 
men ta t ion  induced  by dif ferent  doses o f  D E X ,  or  the 
P K C  ac t iva to r  TPA,  or  the Ca z+ i o n o p h o r e  A23187, 
which increases the cell Ca  2 + con ten t  and  d i rec t ly  acti- 
vates the endonucleases .  F igu re  3 shows the results  o f  
these exper iments .  IL-4  a f fo rded  s ignif icant  p ro tec t ion  
agains t  the apop tos i s  induced  by n a n o m o l a r  to mic romo-  
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Fig. 1 A-G .  Computer-drawn three- 
dimensional flow-cytometric profiles of 
propidium iodide-stained thymocytes 
after 24 h incubation in medium alone or 
indicated substances. The DNA fluores- 
cence of nuclei is plotted against the 
respective side-angle scatter (SCC, chro- 
matin condensation). Apoptotic nuclei 
have a reduced DNA fluorescence and 
an increased chromatin condensation. 
A Medium alone; B medium plus 10 -7 
dexamethasone (DEX) C as B plus inter- 
leukin (IL-I~) (100 units/ml); D as B plus 
[L-2 (100 units/ml); E as B plus IL-3 
(100 units/ml); F as B plus IL-4 
(100 units/ml); G as B plus IL-6 
(100 units/ml) 



302 G. Migliorati et al.: Glucocorticoid hormone-induced apoptosis and interleukins 

lar concentrations of  DEX (Fig. 3A) and entirely 
blocked the chromatin fragmentation induced by the 
PKC activator TPA (Fig. 3 B), but was completely inef- 
fective against the apoptosis induced by A23187 (Ca 2+ 
ionophore) treatment (Fig. 3 C). 

D i s c u s s i o n  

Apoptotic cell death is a physiological process in which 
cells are selectively deleted from a population in response 
to specific signals. Apoptosis plays an important role in 
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Fig. 2. Dose-response effect of various cytokines on DEX-induced 
thymocyte apoptosis. Thymocytes were incubated for 24 h in medi- 
um alone, medium plus DEX 10 -7, or medium plus DEX and 
different concentrations of I Ls. The bars are the mean of a represen- 
tative triplicate experiment. Apoptosis was measured by flow cy- 
tometry [10] 

a wide variety of  processes, including embryogenesis, 
morphogenesis, cell-mediated immunity, tumor regres- 
sion, normal tissue turnover, and hormone-induced tis- 
sue atrophy [22, 23]. This cell death mechanism is in- 
volved in the negative selection process that operates in 
the thymus during T cell ontogeny [19, 20, 24]. Stimula- 
tion of  the CD3/T-cell receptor (TCR) complex of T-cell 
precursors by anti-CD3 monoclonal  antibodies [8, 18] 
and exposure of  thymocytes to antigen [5] induce DNA 
fragmentation and cell death, GCHs induce apoptosis in 
immature thymocytes both in vitro and in vivo, even at 
physiological GCH concentrations [3]. This suggests that 
they are implicated in the regulation of  thymocyte selec- 
tion and T-cell development. The antigen-TCR interac- 
tion can influence thymic cell development both posi- 
tively (clonal expansion) and negatively (clonal deletion), 
depending on the affinity of  the antigen-TCR complex 
and the effect of  cooperative signals [25]. GCH could 
either enhance the antigen-induced negative selection 
and/or counteract the antigen-induced positive selection 
process. 

ILs are also involved in thymocyte selection and T-cell 
development. They act as regulators of  thymocyte prolif- 
eration, and both IL- le  and IL-2 can influence in vitro 
thymocyte survival by inhibiting apoptotic cell death [4, 
9, 11, 12]. It would, therefore, seem that in vivo IL- la  and 

�9 IL-2 are involved in the signalling pathway of  the positive 
selection process [7]. Our present results demonstrate that 
IL-le ,  IL-2, and IL-4 are able to protect thymocytes 
against GCH-induced apoptosis, while IL-3 and IL-6 are 
not. IL-4 exerted a far greater effect than either IL-10c or 
IL-2, and the effect was still detectable when low (5 units/ 
ml) IL-4 concentrations were used. Although these re- 
sults were obtained in vitro, they suggest that IL-4 is 
physiologically implicated in the process of  intrathymic 
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Fig. 3. Effect of IL-4 on DEX-induced (A), 12-O-tetradecanoyl- 
phorbol-13-acetate (TPA)-induced (B), or A23187-induced (C) 
apoptosis. Thymocytes were cultured with different concentrations 

of DEX, TPA, or A23187 inophore with or without IL-4 (100 units/ 
ml) for a 24-h period. The percentage of apoptotic nuclei was eval- 
uated by flow cytometry 
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selection o f  T-cell precursors .  S u p p o r t  for this concept  
comes  f rom the d e m o n s t r a t i o n  that  immatu re  thymo-  
cytes express h igh-aff in i ty  IL-4 receptors  and  IL-4 is an 8. 
essential  g rowth  fac tor  in the ear ly  s tages o fT-ce l l  differ- 
en t ia t ion  [1, 2, 14, 17, 26]. 

Since P K C  ac t iva to r s  and  Ca 2 + i onophores  have been 9. 
d e m o n s t r a t e d  to induce apop tos i s  in mouse  thymocytes  
in vi t ro [3, 8, 13], the mechan i sms  responsible  for  the 
a n t i - a p o p t o t i c  ac t iv i ty  o f  IL-4  were inves t iga ted  by test- I0. 
ing 100 uni t s /ml  IL-4  aga ins t  increas ing doses o f  DEX,  
the P K C  ac t iva to r  TPA,  or  the Ca z § i o n o p h o r e  A23187. 
The  results showed tha t  IL-4 s ignif icant ly inhibi ted  11. 
D E X - i n d u c e d  a p o p t o s i s  and  fully a b r o g a t e d  the DNA 
f r agmen ta t i on  induced  by TPA. However ,  it failed to re- 
duce apop tos i s  when the C a 2 + / M g Z + - d e p e n d e n t  en- 12. 
donuc leases  were d i rec t ly  ac t iva ted  by the Ca 2+ 
i o n o p h o r e  A23187. A l t h o u g h  the pos t - r ecep to r  events 13. 
induced  by the b ind ing  o f  IL-4 to specific receptors  are 
still largely u n k n o w n ,  our  f indings indicate  tha t  the IL-4-  
ac t iva ted  pa thway(s )  in teracts  phys io log ica l ly  with P K C  14. 
system(s) to regula te  thymocy te  apoptos i s .  

In conclus ion,  ou r  d a t a  p rov ide  evidence that  I L - I ~  
and  IL-2 m o d u l a t e  thymocy te  apop tos i s .  They  demon-  15. 
s t ra te  that  IL-4  has  a s t rong  a n t i - a p o p t o t i c  effect and  
indicate  tha t  it exer ts  its act iv i ty  by interfer ing with P K C -  
dependen t  pa thways .  This  newly descr ibed  funct ion o f  16. 
IL-4 is fur ther  t e s t imony  that  this cy tok ine  con t r ibu tes  to 
con t ro l l ing  the p a t h w a y  a long  which a t hymocy te  must  17. 
pass  to became a fully i m m u n o c o m p e t e n t  T-cell.  
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