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S u r n t n a r y  

T cell stimulation by triggering through the T cell receptor (TCR) in the absence o f  costimu- 
latory signals or by calcium ionophore induces unresponsiveness in T cells to further stimula- 
tion, a phenomenon known as anergy. In freshly isolated T cells, calcium ionophore induces 
expression o f  interleukin (IL)-2 messenger (mRNA),  but this m R N A  is not translated and not 
loaded with ribosomes. In addition, while plate-bound anti-CD3 stimulation o f  resting T cells 
leads to IL-2 m R N A  expression and IL-2 secretion, in cells pretreated with calcium ionophore 
before ant i-CD3 stimulation, the IL-2 m R N A  remains polysome unloaded and no IL-2 is pro-  
duced. These observations show that IL-2 expression is controlled at the translational level, by 
differential ribosome loading. Furthermore, our data suggest that translational control o f  IL-2 
m R N A  may be a molecular mechanism by which anergy is attained. 

A ntigenic stimulation o f  resting T lymphocytes induces 
expression o f  more than 100 different genes (1), secre- 

tion o f  lymphokines, and proliferation in response to IL-2 
both in an autocrine and paracrine fashion (2). Antigenic 
stimulation requires triggering o f  the T C R  as well as addi- 
tional costimulatory signals (3-5), and can be mimicked by 
a combination o f  calcium ionophore and phorbol esters (6). 
Triggering o f  the TCR. in the absence o f  costimulatory sig- 
nals leads to a state o f  unresponsiveness to further stimula- 
tion known as anergy (7). Anergy can also be induced by 
calcium ionophore alone, in freshly isolated T cells and 
some T cell clones (8, 9). The biochemical base for anergy 
remain controversial (10-14). However,  it is known that 
anergy can be reversed with either exogenous IL-2 (15, 16) 
or a combination o f  PMA and ionophore (8, 9, 17). 

To study the mechanism o f  anergy induction, we have 
stimulated human peripheral blood T cells with calcium 
ionophore. This signal, although sufficient to induce the 
expression o f  IL-2 m R N A  (18-20), did not lead to secre- 
tion o f  IL-2. Indeed, here we describe that upon iono-  
phore stimulation, IL-2 m R N A  is not translated and not 
loaded with ribosomes. Upon  subsequent stimulation o f  
these cells with plate-bound anti-CD3, the IL-2 m R N A  
remains unloaded and no IL-2 is produced. Furthermore, 
the translational blockade, like anergy, can be reversed by a 
combination o f  phorbol esters and calcium ionophore.  
Taken together, our data suggest that translational control 
o f  IL-2 may represent a mechanism by which anergy is 
reached. 

Materials and Methods  

Cell Purification and Culture Conditions. Fresh T cells were iso- 
lated from buffy coats by Ficoll-Hypaque followed by Percoll 

gradient centrifugation (Pharmacia Biotech Inc., Piscataway, NJ). 
T cells were resuspended in DMEM supplemented with 10 mM 
Hepes, 2 mM glutamine, 5 • 10 -5 M [3-mercaptoethanol, and ei- 
ther 5% heat-inactivated autologous or FCS (Readysysteme, 
Zurzach, Switzerland). Cells were cultured for 12 h (unless other- 
wise indicated) at 37~ in a humidified incubator containing 5% 
CO2 in the presence or absence of  10 ~g/rnl plate-bound anti- 
CD3 mAb (done 66.1), calcium ionophore (1 I~g/ml, A23187), or 
calcium ionophore in combination with 1 ng/mt PMA. IL-2 bio- 
logical activity was measured in a bioassay using CTLL-2 cells (21), 
and IL-2 units were determined by comparison to a standard. 

Preparation and Analysis ofRNA. Total R.NA was prepared us- 
ing the guanidinium thiocyanate/acid phenol method and ana- 
lyzed by Northem blotting as described (22, 23). Northern blots 
were subsequently hybridized with 32p-labeled full-length IL-2 
and HLA (24) probes. 

Biosynthetic Labeling and Immunoprecipitations. Purified T cells 
were stimulated for 11 h with calcium ionophore, either alone or 
in combination with PMA. After several washes in methionine- 
free media, cells were pulsed for 15 min with [3SS]methionine in 
methionine-free media. Cell lysis and immunoprecipitations were 
done as described (25). Sequential immunoprecipitations of each 
lysate were performed in the following order with rabbit preim- 
mune serum, rabbit anti-IL-2 antisera (catalogue no. 1300008; 
Boehringer Mannheim GmbH, Mannheim, Germany), and mouse 
anti-HLA class I mAb (W6/32). After immunoprecipitation and 
washes, samples were separated on a 10% SDS-PAGE under re- 
ducing conditions, and the gel was exposed to an x-ray film. 

Polysome Gradients. Total cytoplasmic extracts were fraction- 
ated in 15-40% sucrose gradients (26-28). After fractionation and 
deproteinization, R.NA samples were denatured with 4.6 M 
formaldehyde at 65~ blotted onto nylon membranes using a slot 
blotter (Schleicher & Schuell, Inc., Keene, NH), and immobi- 
lized by UV fixation. Filters were hybridized with a human IL-2 
cDNA probe. As controls, the 0.3-kb EcoRI-EcoR.I fragment of 
mouse 132-microglobulin (29), the 1.1-kb PstI-Pstl fragment of 
mouse [3-actin (30), and an ohgonucleotide 5'-ACGGGAGGT- 
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Figure 1. IL-2 expression after 
calcium ionophore stimulation 
of human peripheral blood T 
cells. (A) IL-2 mRNA levels 
from T cells noninduced (n.J.) or 
induced for 12 h with (a) plate- 
bound anti-CD3 mAb (anti- 
CD3); (b) calcium ionophore 
(lono); or (c) calcium ionophore 
in combination with PMA 
(PMA+Iono). The specific sig- 
nals for IL-2 and HLA class I 
mRNAs were quantified using a 
phosphoimager (Molecular Dy- 
namics, Sunnyvale, CA). The 
relative lL-2 mRNA levels were 
obtained after dividing the signal 
obtained for IL-2 mRNA by the 
signal obtained for HLA class I 
mRNA and giving the value of 
1.0 to ionophore-stimulated cells. 
(B) Secreted IL-2 into the super- 
natants of the cells induced as de- 
scribed in A and measured as 

biological activity in a bioassay using CTLL-2 cells. (C) Immunoprecipitation of IL-2 and HLA class I molecules after biosynthetic labeling of T cells 
stimulated with calcium ionophore, alone or in combination with PMA. As control, rabbit preimmune sera were used. The arrowheads indicate the nil- 
gration of IL-2 and HLA class I proteins. 

TTCTGTCCTCCC-3 '  complementary to nucleotides 4205-4225 
specific for human 28 S [CNA were used. Hybridization and wash- 
ing conditions were as described (23). 

Resu l t s  and  D i s c u s s i o n  

Calcium Ionophore Induces the Expression of lL-2 m R N A  but 
not IL-2 Synthesis. It is well known that while resting T 
cells do not  express detectable levels o f l L - 2  m R N A ,  stim- 
ulation with a combinat ion o f  phorbol  esters and calcium 
ionophore,  or p la te-bound ant i -CD3 mAbs, induce the ex- 
pression o f  this m R N A  (Fig. 1 A), and secretion o f  IL-2 
into the supernatant (Fig. 1 B). Furthermore,  calcium iono-  
phore by itself is able to induce expression o f  IL-2 m R N A  
(Fig. 1 A) (18-20). However ,  this signal alone does not lead 
to IL-2 secretion into the supernatant (~<0.2 U/ml ;  Fig. 1 
B). The  differences in IL-2 biological activity between su- 
pernatants from cells stimulated with  calcium ionophore,  
alone or in combinat ion with P M A  (130-140-fold; Fig. 1 
B), could not  be explained by differences in IL-2 m R N A  
levels (6-8-fold; Fig 1 A), nor  by differences in stimulation 
kinetics (data not  shown). In addition, T cells stimulated 
with plate-coated ant i -CD3 mAb secrete detectable IL-2 
(3.6 U / m l ;  Fig. 1 B), although they express IL-2 m R N A  
levels comparable (0.8-fold) to ionophore-s t imulated cells 
(Fig. 1 A). Taken together, these data clearly indicate that 
the lack o f  detect ion o f  secreted IL-2 is not  caused by the 

differences in m R N A  levels, and they suggest that IL-2 
m R N A  can be translationally regulated in ionophore-s t im-  
ulated cells. 

To  determine i f  the lack o f  secreted IL-2 into the super- 
natant o f  calcium ionophore-s t imula ted  cells was caused by 
a lack o f  IL-2 m R N A  translation, newly synthesized IL-2 
was immunoprecipi ta ted  from lysates o f  cells stimulated 
with calcium ionophore,  alone or in combinat ion with 
PMA, after metabolic labeling o f  the cells for 15 min with 
[3SS]methionine. As shown in Fig. 1 C, newly synthesized 
IL-2 was readily immunoprecipi ta ted from lysates o f  cells 
stimulated with P M A  and calcium ionophore.  However ,  
we failed to detect newly synthesized IL-2 in cells st imu- 
lated with calcium ionophore  alone. Subsequent i m m u n o -  
precipitat ion o f  the lysates with ant i -HLA class I antibodies 
showed that the lack o f  translation o f  IL-2 is specific, since 
we could immunoprecipitate comparable amounts o f  newly 
synthesized class I molecules under  both stimulation condi-  
tions (Fig. 1 C). Taken together, these data indicate that 
the lack o f  IL-2 biological activity in calcium i o n o p h o r e -  
stimulated cells results from a specific lack o f  translation of  
IL-2 mlLNA.  

The Lack of IL-2 Translation Is Linked to a Differential Ribo- 
some Loading ofIL-2 m R N A .  To dissect the defect o f l L - 2  
m R N A  translation in calcium ionophore-s t imula ted  cells, 
we analyzed sucrose gradients from lysates o f  cells st imu- 
lated with calcium ionophore  alone or in combinat ion with 

Figure 3. Ionophore stimulation ofT cells induces unresponsiveness to subsequent stimulation with plate-bound anti-CD3 mAb. IL-2 biological activ- 
ity from T cells stimulated with (A) plate-bound anti-CD3 mAb for 6 h after an overnight culture in either media (n.J. = >@CD3) or calcium ionophore 
(I= >@CD3). (t3) Hate-bound anti-CD3 mAb, either alone (@CD3) or concommitantly with calcium ionophore (Iono+ @CD3), for 24 h. (C) A com- 
bination of PMA and ionophore either for 24 h (PMA+Iono) or for 6 h after an overnight treatment with ionophore (Iono=>PMA+Iono). IL-2 was 
quantified in a CTLL-2 assay. 
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Figure 2. Polysome fractionation of cytoplasmic IL-2 ml:kNA. Distri- 
bution of IL-2 and [32-microglobulin m.R.NA in polysome gradients from 
T cells stimulated with calcium ionophore, alone (I) or in combination 
with PMA (PI), for 12 h. Different cell numbers were used for each gra- 
dient to give similar signal strength for [L-2. 

phorbot esters. These gradients allow us to investigate the 
distribution of a given m R N A  species and to compare it to 
other samples, independent of  the steady-state levels of  
such mRNA.  Heavily translated mRNAs migrate to the 
bottom fractions of  the gradients, while mRNAs having 
few or no ribosomes migrate to the top fractions of  the gra- 
dients (26, 28). As expected, in cells stimulated with a com- 
bination of PMA and calcium ionophore, IL-2 m R N A  was 
present in the bottom fractions of  the gradient, correspond- 
ing to polysome loaded m R N A  (Fig. 2). In gradients from 
calcium ionophore-stimulated cells, however, IL-2 mRA'qA 
was clearly shifted to the top fractions, corresponding to 
mR.NAs containing very few or no ribosomes (Fig. 2). 
These data suggest that the defect in IL-2 m R N A  translation 
in calcium ionophore-stimulated cells is linked to a differ- 
ential ribosome loading of this mRNA.  The following lines 
of  evidence indicate that the effect is not caused by a gen- 
eral inhibition of translation: (a) HLA class I molecules were 
translated at similar rates in cells stimulated with ionophore, 
alone or in combination with PMA, as shown by immuno- 
precipitation (Fig. 1 C); (b) under both stimulation condi- 
tions, there was a fraction of [32-microglobulin m K N A  
bound to polysomes (Fig. 2; similar results were obtained 
for HLA class I mRNA,  data not shown); and (c) the distri- 
bution of [3-actin m R N A  was similar in cells pretreated or 
not with ionophore (see Fig. 4). 

T Cell Anergy and Translational Repression Are Both Induced 
and Reversed by the Same Stimuli. T cell anergy is character- 
ized by a lack of response to further stimulation (31). To 
determine whether pretreatment of  freshly isolated T cells 
with ionophore prevented the response to a subsequent 
stimulation, T cells were stimulated with plate-bound anti- 
CD3 mAb under conditions leading to IL-2 secretion (32). 
T cells pretreated with calcium ionophore, unlike resting T 
cells, did not secrete detectable amounts of  IL-2 after sub- 
sequent stimulation with plate-bound anti-CD3 mAb (Fig. 
3 A). However, a combination of  anti-CD3 mAb and cal- 
cium ionophore lead to secretion of IL-2 in amounts com- 
parable to anti-CD3 mAb alone (Fig. 3 B). Taken together, 
these data indicate that pretreatment with ionophore in- 
duces an anergic phenotype, defined as the inability to pro- 
duce IL-2 upon T C R  complex stimulation (33-36). Fur- 
thermore, pretreatment with calcium ionophore not only 

A �9 n.i. => @CD3 mAb 
[] Iono => @CD3 mAb 

2 3 4 5 6 7 
log 2 di lut ions 

D �9 @CD 3 mAb 
D a Iono + @CD3 mAb 

1 2 3 4 5 6 

log 2 dilutions 
7 8 
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Figure 4. T cell unresponsive- 
ness after ionophore stimulation 
is caused by translational regula- 
tion of IL-2 mRNA. Polysome 
gradients from cells stimulated 
overnight with ionophore fol- 
lowed by either PMA and iono- 
phore (I=>P/) or anti-CD3 
mAb (I=>@CD3). As a con- 
trol, cells cultured in media over- 
night were stimulated with anti- 
CD3 mAb (n.i. - >  @CD3). 
(A) Filters from these gradients 
after sequential hybridization with 
IL-2, [3-actin, and 28 S RNA- 
specific probes. (B) Distribution 
oflL-2, J3-actin, and 28 S P,.NAs 
on the polysome gradients, after 
quantitation of the filters using a 
phosphoimager. 

inhibited the response to an t i -CD3 mAbs, but  also the p ro-  
liferative response in allogeneic stimulations (J.A. Garcia- 
Sanz, unpublished results). 

To determine i f  the lack o f  IL-2 secretion in an t i -CD3 
mAb-st imulated T cells after pretreatment with calcium ion- 
ophore was caused by the translational inhibit ion o f  IL-2 
m R N A ,  we analyzed the distribution o f  cytoplasmic m R N A s  
isolated from these cells in polysome gradients. Polysome 
gradients from cells stimulated with an t i -CD3 mAb after 
overnight culture in media showed two peaks o f  IL-2 
m R N A ,  one on the top fractions o f  the gradient, represent- 
ing IL-2 m R N A  with  few or  no ribosomes, and another at 

the bo t tom of  the gradient, representing r ibosome-loaded 
IL-2 m R N A  (Fig. 4). In cells stimulated with an t i -CD3 
mAb after pretreatment with ionophore,  however,  we de-  
tected only one peak o f  IL-2 m R N A  at the top o f  the gra- 
dient. The  peak corresponding to r ibosome-bound  IL-2 
m R N A  was not  present. As a control, we analyzed the dis- 
tr ibution o f  J3-actin m R N A  under the same conditions. 
Despite the differences in 13-actin m R N A  steady-state lev- 
els detected in Fig. 4 A, which reflect differences in tran- 
scription rate upon stimulation (37, 38), its distribution pat-  
tern on the polysome gradients was similar (Fig. 4 B). As an 
additional control, we analyzed the distribution o f  28 S 
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K N A  in these gradients. The first fraction containing 28 S 
K N A  corresponds to the fraction containing the 60 S ribo- 
somal subunits, and the following two fractions correspond 
to mRNAs  with one ribosome attached (39). As shown in 
Fig. 4, the fractions containing the peak of IL-2 m R N A  af- 
ter pretreatment with ionophore corresponded to the first 
three fractions containing 28 S ILNA. This indicated that 
IL-2 m R N A  was able to form a translation preinitiation com- 
plex, but only one ribosome was able to bind IL-2 mRNA.  

To rule out the possibility that the lack of translation in 
anti-CD3-stimulated cells after pretreatment with calcium 
ionophore was caused by the toxicity of  the ionophore, T 
cells were incubated overnight with ionophore and then 
stimulated for an additional 6 h with a combination ofphor-  
bol esters and ionophore. Under these conditions, anergy 
should be reversed and indeed, secreted IL-2 was detect- 
able (Fig. 3 C). Furthermore, polysome gradients of  these 
cells showed that beside a minor peak of free IL-2 mR_NA 
(top of the gradient), most of  IL-2 m R N A  was present at 
the bottom of the gradient, corresponding to polysome 
bound mR.NA. Again, the distribution of [3-actin and 28 S 
RNAs was unchanged (Fig. 4). Thus, the translational re- 
pression of IL-2 was relieved by the same conditions that 
reversed T cell anergy. 

Condusions. The data presented here demonstrate that 
conditions which induce T cell anergy in freshly isolated 
human peripheral T cells are also able to induce a transla- 
tional repression of IL-2 mRNA.  This translational inhibi- 
tion of IL-2 m R N A  was maintained upon subsequent stim- 
ulation with plate-bound anti-CD3 mAb, but could be 

reversed by a combination of phorbol esters and ionophore, 
conditions that also reverse the anergic phenotype. The in- 
hibition of  IL-2 mP,.NA translation is demonstrated both 
by the lack of  IL-2 synthesis upon biosynthetic labeling of 
the cells and by a shift in the distribution of IL-2 m R N A  
on polysome gradients towards the fractions containing a 
ribosomal subunit or a single ribosome. This shift of  IL-2 
m R N A  upon ionophore treatment is consistent with a 
mechanism allowing the formation of the translation prein- 
itiation complex and the loading of  one ribosome, fol- 
lowed by a block of IL-2 m R N A  translation. This block of 
IL-2 m R N A  translation would be responsible for the aner- 
gic state of  the cells. The reversal of  both the anergic state 
and the specific block of IL-2 mR.NA translation by phor- 
bol esters in combination with ionophore is most likely 
caused by the higher levels of  IL-2 mR.NA expressed. 

The phenomenon of  T cell anergy has been described as 
the induction of a lack of response to further stimulation. 
At the molecular level, changes ofphosphorylation patterns 
and lack of  ZAP70 recruitment have been shown to play a 
role in the induction of anergy (10, 11). Furthermore, in 
some models, a lack of IL-2 transcription and a role for dif- 
ferent DNA-binding proteins, including AP-1, NR_E-ot, 
PILE, as well as NFA-T, have been described (12-14). These 
data, together with functional data, suggest that anergy can 
be induced at different nonexclusive levels. Our data clearly 
indicates that translational regulation of  IL-2 m R N A  is a 
control point for T cell activation, which may be one of  
the mechanisms by which anergy is reached. 
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