
Effect of Selenium on the Expression of 
High Affinity lnterleukin 2 Receptors (43391) 

M. ROY,*,' L. KIREMIDJIAN-SCHUMACHER,~ H. I. WISHE,* M. W. COHEN,~ AND G. STOTZKY~ 
Departments of Histology and Cell Biology* and Oral Medicine and Pathology,' New York University Dental Center, 

New York, New York 10010; and Department of Biology,* New York University, New York, New York 10003 

Abstract. Selenium (Se) is an essential nutritional factor that has been shown to affect 
the development and expression of cell-mediated immune responses. This study shows 
that dietary (2 ppm for 8 weeks) or in vitro (1 x lO-'M) supplementation with Se results 
in a significant increase in the number of high affinity interleukin (IL) 2-binding sites (Kd 
of lo-'' M )  on the surface of concanavalin A-stimulated lymphocytes from C57BL/6J 
mice, whereas Se deficiency (0.02 ppm for 8 weeks) has the opposite effect. Se 
supplementation or deficiency apparently alters the kinetics of IL-2 receptor expression. 
Supplementation with Se in vivo or in vitro resulted in an earlier expression of high 
affinity IL-2 receptors, whereas Se deficiency resulted in a delayed expression of lower 
numbers of receptors. To exert its effect on IL-2 receptor expression, Se must be 
present or absent in the cell environment 8-24 hr after stimulation, and it most likely 
affects processes in the cytoplasmic and/or nuclear compartments of activated lympho- 
cytes. Thus, in the presence of continuous immunologic stimulation, the presence or 
absence of Se in the cell environment can result in an accelerated or delayed clonal 
expansion of immunocompetent lymphocytes, respectively. [P.S.E.B.M. 1992, Vol2001 

elenium (Se) is an essential nutritional factor that 
has been shown experimentally to protect against S the development of neoplasms (1). The experi- 

mental and epidemiologic data indicate that it may be 
possible to use Se-containing compounds as cancer 
chemopreventive agents (2, 3). Of particular interest is 
the indication that modulation of Se levels in the diet 
may augment or suppress immune functions and the 
responses of a host to malignant cells (4-6). 

The regulation of immune responses by clonal 
expansion of immunocompetent cells is influenced by 
a number of cytokines, among which interleukin (IL) 
2 has a central role. T lymphocyte clonal expansion 
depends on the interaction of IL-2 with its receptor (R) 
expressed on the cell surface (7). The signals arising 
from the T cell antigen-receptor complex coordinate 
the transcriptional activation of both the IL-2 gene and 
the genes encoding IL-2R (8), and the magnitude and 
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duration of the resulting clonal proliferation depend on 
the density of IL-2R on the surface of activated cells 
and the availability of IL-2 (8). 

The high affinity IL-2R is a membrane complex 
composed of at least two different subunits: the a-chain 
(p55 or Tac) that binds IL-2 with low affinity (Kd of 
lo-* M ) ,  and the @chain (p70 or p75) that binds IL-2 
with intermediate affinity (Kd of lo-' M )  (7, 9). High 
affinity IL-2R (Kd of lo-'' M )  are composed of p55/ 
p75 held together by noncovalent forces (7) and are 
formed by fusion of the appropriate IL-2R-containing 
plasma membranes (10). A critical threshold of trig- 
gered high affinity IL-2R must accumulate before a cell 
is committed to DNA replication and mitosis ( 1  l), and 
the critical signal for progression to the S phase of the 
cycle appears to be transmitted through the P-chain of 
the receptor ( 12). 

We have shown previously that supplementation 
with low doses of Se in vivo and in vitro or Se deficiency 
significantly altered the ability of mouse spleen lym- 
phocytes to proliferate in response to stimulation with 
mitogen or antigen and to differentiate into cytotoxic 
cells ( 13, 14). The respective augmentation or inhibition 
of responses occurred in the absence of significant 
changes in the endogenous levels of IL-2 or IL- 1. The 
purpose of the present study was to determine whether 
the observed alterations in proliferative responses were 
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related to the ability of Se to alter the expression of IL- 
2R. 

Materials and Methods 
Animals and Diet. Male 6-week-old C57BL/6J 

mice (The Jackson Laboratory, Bar Harbor, ME) were 
housed in a temperature- and humidity-controlled an- 
imal facility with a 12: 12-hr 1ight:dark cycle and given 
water ad libitum. Animals were fed at midday and 
sacrificed between 9 AM and 12 noon to maintain 
uniformity and avoid circadian variations. 

The mice were maintained on either Se-deficient 
(0.02 ppm Se), normal (0.20 ppm Se), or Se-supple- 
mented (2.00 ppm Se) Torula yeast-based diets for 8 
weeks. The diets were prepared commercially (Teklad, 
Madison, WI), as reported previously, and Se was added 
as sodium selenite ( 1  3). The Se content of the diet was 
determined fluorometrically according to the method 
of Spallholz et al. (1  5) using standard solutions of Se 
(25-250 ng Se/ml, as sodium selenite) to calibrate the 
assay. The sensitivity of the assay was 10 ng of Se and 
the Se content in samples of the deficient, normal, and 
supplemented diets was 0.028, 0.204, and 2.32 ppm, 
respectively. 

Each animal was provided with 5 g/day of the 
respective diet and body weights were determined on 
the day of experimental use. There were no statistically 
significant differences in the weight of animals main- 
tained for 8 weeks on the three diets. The Se concentra- 
tions in pooled serum samples (14) from 10 animals 
from each group were determined fluorometrically as 
described above ( 15). The average serum Se concentra- 
tions in Se-deficient, Se-normal, and Se-supplemented 
mice were 7.7, 29.6, and 43.6 pg/dl, respectively. 

For the in vitro Se-supplementation studies, 14- 
week-old male C57BL/6J mice were used. The mice 
were maintained as described above and fed Purina Lab 
Chow (standard laboratory diet) ad libitum. The DBA/ 
2 mice (The Jackson Laboratory) used for the passage 
of P8 15 cells were maintained identically. 

Culture Media. All cells were cultured in a basic 
medium of RPMI 1640 supplemented with 25 mM 
HEPES, 100 units/ml of penicillin, 100 pg/ml of strep- 
tomycin, 0.1 mM nonessential amino acids, and 2 mM 
glutamine (GIBCO, Grand Island, NY), with additional 
supplementation as specified for each experiment. All 
cultures were incubated at 37°C with 5 %  COz. The fetal 
bovine serum (FBS; Hyclone Labs, Logan, UT) used 
was selected for its low content of 1 pg/dl of Se. In 
media supplemented to 5 % with FBS, this represented 
6 x lO-’M Se. 

Cell Preparation. Groups of 10 mice were main- 
tained on each of the three diets for 8 weeks. Ten days 
before the end of the dietary treatment, all animals were 
immunized by intraperitoneal injection of 5 x lo6 
freshly isolated P8 15 mastocytoma cells. At the end of 

the dietary treatment, pooled spleen cells from two 
animals (five experiments/group) were prepared as de- 
scribed previously ( 16), washed once in basic medium 
supplemented to 5% with FBS, and counted. Spleen 
cells (2 x 106/ml) were cultured in the same rnedium 
for 90 min, and the nonadherent cells were collected 
and assayed for baseline expression of IL-2R. The re- 
maining spleen cells were cultured in 24-well culture 
plates at 4 x lo6 spleen cells/well in a total volume of 
2 ml of basic medium supplemented with 5 pg/ml of 
concanavalin A (con A; Sigma Chemical Co., St. Louis, 
MO) and to 5% with FBS. 

For the in vitro Se-supplementation studies, spleens 
were removed from animals maintained on the stand- 
ard laboratory diet. Pooled spleen cells from four ani- 
mals/experiment (five experiments) were cultured as 
described above in medium supplemented with 0, 1 x 

M Se (as sodium selenite). The 
plates were incubated for 24, 48, and 72 hr, and the 
lymphoblasts were collected and assayed for expression 

Determination of lntracellular Se Levels. To de- 
termine baseline intracellular concentrations of Se, a 
sample of pooled spleen cells from five animals/diet/ 
experiment (three experiments/diet) was cultured for 2 
hr in FBS-free basic medium; the nonadherent cells 
were collected, separated over lymphocyte separation 
medium (Organon Teknika Corp., Durham, NC), 
washed in physiological saline, and counted, and ali- 
quots containing 1 X lo7 cells were assayed for their 
content of Se ( 1  5). The remaining pooled cells were 
washed once in basic medium supplemented to 5% 
with FBS and counted, and 4 X lo6 cells, in 2 ml of 
basic medium supplemented with 5 pg/ml of con A 
and to 5% with FBS, were plated in each well of 24- 
well culture plates. The plates were incubated for 24, 
48, and 72 hr, the lymphoblasts were collected, sepa- 
rated over lymphocyte separation medium, washed in 
physiological saline, and counted, and aliquots of 1 x 
lo7 cells were pelleted by centrifugation at 9000 rpm 
for 60 sec in an Eppendorf model 5415C microcentri- 
fuge (Brinkman Instruments, Inc., Westbury, NY). The 
supernatants were removed, the cells were resuspended 
in 1.0 ml of distilled, deionized water, and the Se 
content was determined fluorometncally (1 5). 

IL-2R Assay. The assay was performed essentially 
as described by Robb et al. (17). Lymphoblasts were 
separated from cellular debris by centrifugation over 
lymphocyte separation medium and washed in 5 ml of 
binding buffer (RPMI 1640 with 25 mM HEPES and 
10 mg/ml of fraction V of bovine serum albumin 
(Sigma)). The cells were resuspended in 5 ml of binding 
buffer and incubated in a Dubnoff shaker at 37°C for 
two 1-hr periods, with extensive washes between incu- 
bations, to facilitate removal of bound IL-2. Serial 
dilutions (0.2 nM-6 pM) of ‘251-labeled human recom- 
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binant IL-2 (New England Nuclear, Inc., Boston, MA), 
with and without 500 x molar excess of cold IL-2 
(murine recombinant IL-2, a gift from Dr. Gerard 
Zurawski, DNAX Research Institute of Molecular and 
Cellular Biology, Inc., Palo Alto, CA), were incubated 
at 37°C with 4-6 x lo5 lymphoblasts in 150 p1 of 
binding buffer for 15 min. The incubation was carried 
out in Eppendorf tubes underlain with 150 pl of a 3: 1 
mixture of dibutyl phthalate (Aldrich Chemical Co., 
Inc., Milwaukee, WI) to dinonyl phthalate (ICN Bio- 
chemicals, Cleveland, OH) ( 1  8). After 15 min, 350 p1 
of ice-cold binding buffer were added to each tube, and 
the tubes were centrifuged at 9000 rpm for 60 sec in 
the microcentrifuge. The aqueous phase was collected 
and the amount of free radiolabeled ligand was deter- 
mined. The oil mixture was discarded, and the amount 
of cell-bound radioisotope was determined. Specific 
binding was obtained by subtracting nonspecific bind- 
ing from total binding. Computer-assisted Scatchard 
analyses were used to determine the number of high 
affinity binding sites per cell and the dissociation con- 
stants (&). 

Effect of Time of Exposure to Se on IL-2R 
Expression. Pooled spleen cells (five spleens/experi- 
ment, four experiments) were prepared from animals 
maintained on standard laboratory diet, and 4 x lo6 
cells were plated in each well of 24-well culture plates 
in a total volume of 2 ml of basic medium supple- 
mented with 5 pg/ml of con A and to 5 %  with FBS. At 
0, 4, 8, and 24 hr after the initiation of incubation, the 
cultures were supplemented to 1 x M Se (as 
sodium selenite); control cultures received basic me- 
dium only. At 48-hr of incubation, lymphoblasts were 
collected and assayed for IL-2 receptor expression. 

Statistical Analysis. The results are presented as 
the mean k SE for each control and experimental 
group. For dissociation constants (Kd), the results are 
presented as the geometric mean f SE ( 19). Differences 
between the group means were determined using the 
Student's two-tailed t test, and P-values I 0.05 were 
considered to be significantly different. 

Results 
Expression of IL-2R after Dietary Exposure to 

Se. The levels of Se in the diet exerted a significant 
effect on the number of IL-2R/cell and on the kinetics 
of IL-2R expression on stimulated spleen lymphocytes. 
Scatchard plots of '251-IL-2 binding data (0.2 nM-6.0 
pM) on lymphocytes from Se-normal and experimental 
animals indicated that Se exerted its effect on the 
expression of high affinity IL-2 binding sites, since the 
mean Kd ranged from 1.6 to 6.1 X lo-" M (Fig. 1; 
results from a typical experiment). Prior to stimulation 
with con A, the number of high affinity IL-2R on cells 
from the three groups was essentially the same, but 24 
hr after stimulation with con A, the number approxi- 

mately doubled, with no significant differences between 
nutritional groups (Fig. 2). After 48 hr of stimulation, 
lymphoblasts from animals maintained on the normal 
diet showed a significant increase (68%; P < 0.025) in 
the number of high affinity IL-2R/cell, as compared 
with 24 hr of stimulation, and a slight decline, but not 
statistically significant, after 72 hr of stimulation. At 
the same time, lymphoblasts from animals maintained 
on the Se-supplemented diet showed a sharp increase 
in the number of IL-2R (172%; P < 0.005), followed 
by a significant decline (P < 0.005) at 72 hr. Lympho- 
blasts from animals maintained on the Se-deficient diet 
showed no significant changes in the number of high 
affinity IL-2R after 48 hr of stimulation, but an increase 
(47%; P< 0.05) after 72 hr of stimulation. The increase 
in the number of IL-2R observed after 48 hr of stimu- 
lation on lymphoblasts from Se-supplemented animals 
was significantly higher than the number of sites on 
cells from Se-normal (P < 0.05) or Se-deficient (P < 
0.005) animals. 

Expression of IL-2R after In Vitro Exposure to 
Se. Stimulation with con A of splenic lymphocytes 
from animals maintained on normal diet in the absence 
or presence of exogenous Se ( and M )  for 24 
hr resulted in a similar expression of IL-2R/cell (Fig. 
3). Similar to the results with cells from animals exposed 
to Se in vivo, Se exerted its maximal stimulatory effect 
after 48 hr of incubation with con A. The effect was 
most evident with cells cultured in the presence of 1 x 

M Se, which resulted in a 123% increase (P < 
0.02) in the number of IL-2R sites/cell, relative to 24 
hr of stimulation, followed by a significant decline at 
72 hr (P< 0.02). The increase in the number of receptor 
sites after 48 hr of stimulation exerted by 1 X M 
Se was 48% higher (P < 0.05) than the increase in the 
absence of Se supplementation. Analysis of the Scat- 
chard plots (results of a typical experiment are pre- 
sented in Fig. 4) indicated mean Kd values of 0.7-5.3 
x lO-"M, which defined the IL-2 binding sites as high 
affinity. 

Effect of Time of Exposure to Se on Expression 
of IL-2R. The effect of exogenous supplementation with 
Se on the expression of high affinity IL-2R on lympho- 
cytes from Se-normal animals was determined after 48 
hr of stimulation with con A in the presence or absence 
of Se ( 1  x M )  that was added to the cultures at 0, 
4, 8, and 24 hr after initiation of stimulation (Fig. 5) .  
The addition of Se 4 or 8 hr after initiation of stimu- 
lation with con A resulted in the same numbers of high 
affinity IL-2R/cell as on lymphocytes stimulated in the 
presence of Se from the beginning of culture. In all 
instances, the increase in high affinity IL-2R was sig- 
nificantly higher than on cells stimulated in the absence 
of Se (P < 0.005-P < 0.001). The addition of Se 24 hr 
after initiation of stimulation with con A had no effect 
on the expression of IL-2R, as the number of IL-2R/ 
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Figure 1. Scatchard plots of the '251-lL-2 binding data on lymphoblasts derived from C57BL/6J mice maintained on Se-normal (0.20 ppm Se), 
Se-deficient (0.02 ppm Se), and Se-supplemented (2.00 ppm Se) diets for 8 weeks. The data represent the binding patterns from a typical 
experiment after 48 hr of stimulation of the cells with 5 pg/ml of con A. 
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Figure 2. Number of IL-2 binding sites per cell for lymphoblasts derived from C57BL/6J mice maintained on Se-supplemented (2.00 ppm Se), 
Se-normal (0.20 ppm Se), and Se-deficient (0.02 ppm Se) diets for 8 weeks before incubation (0 hr) and after 24, 48, and 72 hr of stimulation 
with 5 pg/ml of con A. Data are presented as the mean IL-2R sites/cell k SE. 

cell was the same as on cells stimulated in the absence 
of Se. Se alone (in the absence of con A) had no effect 
on the expression of IL-2R. 

lntracellular Se Levels after Dietary Exposure to 
Se. The baseline levels of Se in freshly isolated spleen 
lymphocytes from Se-supplemented animals were 
89.1 % higher (P < 0.05) and those in lymphocytes from 
Se-deficient animals were 72.1 % lower (P < 0.05) than 
the levels in cells from Se-normal animals (Fig. 6). After 
24 hr of incubation, the Se content of cells from Se- 

supplemented animals declined to levels equivalent to 
those from Se-normal animals and remained at that 
level during the 72 hr of incubation. The sharp decline 
in the intracellular Se level is most likely due to release 
related to the difference in the concentration of Se in 
the medium, i.e., 6.33 x 10-9M, and the intracellular 
environment. As shown by others, removal (decrease) 
of Se from the growth medium results in a 52-83% 
reduction of intracellular content by 24-48 hr after 
withdrawal (20). Lymphocytes from Se-deficient ani- 
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mals displayed depressed intracellular Se levels, relative 
to cells from Se-normal animals, throughout the entire 
incubation period. 

Discussion 
The results of these studies have shown that dietary 

(2 ppm) or in vitro ( 1  X lo-’ M )  supplementation with 
Se results in a significant increase in the number of 
p55/p75 (&of lO-”M) sites on the surface of activated 
lymphocytes, whereas Se deficiency has the opposite 

effect. Se supplementation or deficiency apparently al- 
ters the kinetics of the expression of IL-2R. Supplemen- 
tation with Se in vivo or in vitro results in an earlier 
expression of higher numbers of high affinity IL-2R 
after mitogenic stimulation, whereas Se deficiency re- 
sults in a delayed expression of lower numbers of recep- 
tors. Inasmuch as a critical threshold of triggered high 
affinity IL-2R must accumulate before a cell enters the 
S phase of the cell cycle (1 l), lymphocytes capable of 
expressing higher numbers of p55/p75 earlier will rep- 
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Figure 6. lntracehlar concentrations of Se in lymphocytes derived 
from C57BL/6J mice maintained on Se-normal (0.20 ppm Se), Se- 
deficient (0.02 ppm Se), and Se-supplemented (2.00 ppm Se) diets 
for 8 weeks at 0,24, 48, and 72 hr of stimulation with 5 pg/ml of con 
A. The data are presented as mean ng Se/l x 1 O7 cells f SE. 

licate and expand faster than other cells in the presence 
of continuous immunologic stimulation and a constant 
supply of IL-2. This conclusion is supported by our 
previous studies (1 3, 14), which indicated that supple- 
mentation with Se in vivo or in vitro results in an 

enhanced proliferation and increased frequency of cy- 
totoxic lymphocytes within a given cell population (an 
increase from 6.1 % to 13.2%) in response to stimula- 
tion with antigen or mitogen and in the absence of 
significant changes in the endogenous levels of IL-2 or 
IL- 1. Se deficiency had the opposite effect. 

The mechanism and regulation of the expression 
of IL-2R are not well defined. Resting human and 
murine T lymphocytes express the p75 chain constitu- 
tively, whereas the p55 chain is not detectable (21-23). 
Upon stimulation with antigen or mitogen, there is a 
2.5-fold increase in the expression of mRNA coding for 
the P-chain that peaks at 24 hr after stimulation, fol- 
lowed by a gradual decline (24). With human peripheral 
blood lymphocytes, this results in a 3- to 4-fold increase 
in the expression of the corresponding surface protein 
with a peak at 3 days after stimulation (25). The induc- 
ible expression of the p55 gene is apparently regulated 
at a posttranslational level by activation of KB-specific 
DNA-binding proteins that interact with the IL-2R gene 
promoter (26). The mRNA coding for p55 appears 
within 5 hr of activation (26) and subsequent to the 
appearance of mRNA coding for IL-2 (27). The cellular 
expression of the corresponding protein reaches a peak 
24 hr after stimulation of tonsillar lymphocytes, with a 
decline after 48 hr; the surface expression of the protein 
continues to increase beyond the peak of cellular pro- 
tein expression (28). Thus, as demonstrated with hu- 
man peripheral blood lymphocytes, the peak (8-24 hr) 
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and decline in IL-2R mRNA levels precede those of 
cell surface IL-2R expression (48-72 hr) by more than 
24 hr (29). 

A number of processes involved in the expression 
of IL-2R at the surface of stimulated lymphocytes may 
be potential targets for regulation by Se. Se may exert 
its effect at the cell surface, by affecting the assembly 
of receptor components on the membrane or signal 
transduction, or on the cell interior, by affecting trans- 
mission of signals to the nucleus, gene activation, or 
posttranscriptional modulation of the production and 
trafficking of receptor subunits. Inasmuch as Se in the 
absence of mitogen stimulation had no effect on the 
expression of IL-2R (Fig.5), and it is known that very 
little Se accumulates within the nucleus of a cell ( l ) ,  it 
is unlikely that Se has a direct effect on gene activation. 
The addition of 1 x lo-’ M Se to lymphocyte cultures 
24 hr after stimulation with con A had no effect on the 
expression of IL-2R, indicating that Se probably does 
not modulate the aggregation and presentation of re- 
ceptor subunits at the cell surface since the expression 
of IL-2R at the surface reaches its peak 48-72 hr after 
stimulation (29). Because the mRNA coding for the a- 
and P-subunits are already present in the cytoplasm at 
peak or close to peak levels 8 hr after lymphocyte 
activation (24, 26, 29), and the addition of Se to acti- 
vated lymphocytes 8 hr after stimulation resulted in a 
significant increase in the expression of IL-2R at the 
surface, it is also unlikely that Se affects signal trans- 
duction from the surface to the cell interior. Therefore, 
our data suggest that to exert its effect on the expression 
of IL-2R, Se must be present or absent in the cell 
environment 8-24 hr after stimulation and it most 
likely affects processes in the cytoplasmic and/or nu- 
clear compartments of activated lymphocytes. 

Evaluation of the Se content of spleen lymphocytes 
cultured in media containing 6.33 x M Se (from 
the FBS supplement) indicated an 89.1 % higher and a 
72.1 % lower Se content in cells from Se-supplemented 
and Se-deficient animals at initiation of culture; at 24 
hr of culture, there were no significant differences in 
the Se contents of the cells. These results indicate a 
difference in the availability of intracellular Se during 
the early hours of culture. As shown by Sayar et al. 
(28), the steady state of IL-2R expression at the cell 
surface depends on the continuous active expression of 
the a-gene and the de novo synthesis of a-chains. Inas- 
much as the p55 mRNA appears within 5 hr of acti- 
vation (26), the availability of Se in the cytoplasm 
thereafter may affect the rate of mRNA processing and 
degradation, and, thus, affect the rate of expression of 
high affinity IL-2R. The existence of a number of 
mammalian Se-binding proteins other than glutathione 
peroxidase (30, 31), as well as selenocysteine tRNA 
(32), has been shown and the possibility of their involve- 
ment in the regulation of several intracellular metabolic 
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processes has been proposed (30, 32). Although the 
results from the present study do not elucidate the 
mechanisms involved in the enhancing and inhibitory 
effects of Se on IL-2R expression, they do suggest that 
Se may act by binding to and modulating the function 
of specific cytoplasmic proteins and/or nucleotides dur- 
ing the period of 8-24 hr after stimulation with mitogen 
or antigen. 

This work was supported by Grant 86A08-R 87B from the 
Amencan Institute for Cancer Research. The authors thank Drs. R. 
J. Robb and P. Slott for technical assistance and Dr. G. Zurawski for 
supplying the murine recombinant IL-2. 

1. 

2. 

3. 

4. 

5.  

6. 

7. 

8. 

9. 

10. 

1 1 .  

12. 

13. 

14. 

15. 

16. 

17. 

Medina D, Momson DG. Current ideas on selenium as a chem- 
opreventive agent. Pathol Immunopathol Rev 7: 187-198, 1988. 
Willet WC, Polk BV, Moms JS, Stampler MJ, Pressil S, Rosner 
B, Taylor J. Prediagnostic serum selenium and risk of cancer. 
Lancet 2:130-134, 1987. 
Medina D. Mechanisms of selenium inhibition of tumorigenesis. 
J Am Coll Toxicol 5:21-26, 1986. 
Kiremidjian-Schumacher L, Stotzky G. Selenium and immune 
responses. A review. Environ Res 42:277-303, 1987. 
Talcott PA, Exon JH, Koller LD. Alteration of natural killer cell- 
mediated cytotoxicity in rats treated with selenium, diethylni- 
trosamine and ethylnitrosourea. Cancer Lett 23:3 13-322, 1984. 
Meeker HC, Eskew ML, Schenchenzuber W, Scholz RW, Zar- 
kower A. Antioxidant effects on cell-mediated immunity. J Leu- 
kocyte Biol38:451-458, 1985. 
Smith KA. Interleukin-2: Inception, impact, and implications. 
Science 240:1169-1176, 1988. 
Cantrell DA, Smith KA. The interleukin-2 T-cell system: A new 
cell growth model. Science 224: 13 12- 13 16, 1984. 
Waldman TA, The structure, function, and expression of inter- 
leukin-2 receptors on normal and malignant lymphocytes. Sci- 
ence 232:727-732, 1986. 
Robb RJ. Conversion of low affinity interleukin-2 receptors to a 
high-affinity state following fusion of cell membranes. Proc Natl 
Acad Sci USA 83:3992-3996, 1986. 
Cantrell DA, Smith KA. Transient expression of interleukin-2 
receptors. Consequences of T-cell growth. J Exp Med 158:1895- 
191 1 ,  1983. 
Robb RJ, Green WC. Internalization of interleukin-2 is mediated 
by the p chain of the high affinity interleukin-2 receptor. J Exp 
Med 165:1201-1206, 1987. 
Kiremidjian-Schumacher L, Roy M, Wishe HI, Cohen MW, 
Stotzky G. Selenium and immune cell functions. I. Effect on 
lymphocyte proliferation and production of interleukin- 1 and 
interleukin-2. Proc SOC Exp Biol Med 193:136-142, 1990. 
Roy M, Kiremidjian-Schumacher L, Wishe HI, Cohen MW, 
Stotzky G. Selenium and immune cell functions. 11: Effect on 
lymphocyte-mediated cytotoxicity. Proc SOC Exp Biol Med 

Spallholz JE, Collins GF, Schwartz K. A single-test-tube method 
for the fluorometric determination of selenium. Bioinorg Chem 

Dickstein R, Kiremidjian-Schumacher L, Stotzky G. Effects of 
lidocaine on the function of immunocompetent cells. 11. Chronic 
in vivo exposure and its effects on mouse lymphocyte activation 
and expression of immunity. Immunopharmacol 9:127-139, 
1985. 
Robb RJ, Mayer PC, Garlick R. Retention of biological activity 
following radioiodination of human interleukin-2: Comparison 

1931143-148, 1990. 

91453-459, 1978. 



18. 

19. 

20. 

21. 

22. 

23. 

24. 

with biosynthetically labelled growth factor in receptor binding 
assays. J Immunol Methods 81:15-30, 1985. 
Brown PD, Sepulveda FV. A rabbit jejunal isolated enterocyte 
preparation suitable for transport studies. J Physiol363:257-270, 
1985. 
Hancock AA, Bush EN, Stanisic D, Kyncl JJ, Lin CT. Data 
normalization before statistical analysis: Keeping the horse before 
the cart. Trends Pharm Sci 9:29-32, 1988. 
Medina D, Momson D, Oborn CJ. Selenium retention and 
inhibition of cell growth in mouse mammary epithelial cell lines 
in vitro. Biol Trace Elem Res 8:19-35, 1985. 
Thuy LTB, Dukovich M, Peffer NJ, Fanci AS, Kehrl JH, Green 
WC. Direct activation of human resting T cells by IL-2: The role 
of an IL2 receptor distinct from the TAC protein. J Immunol 

Hattori M, Okazaki H, Ishida Y, Onuma M, Kano S, Honjo T, 
Minato N. Expression of murine IL-2'receptor 8-chain on thymic 
and spleenic lymphocyte subpopulations as revealed by the IL-2 
induced proliferative response in human IL-2 receptor a-chain 
transgenic mice. J Immunol 144:3809-38 15, 1990. 
Leonard WJ, Deeper JM, Crabtree GR, Rudikoff S, Pumphrey 
J, Robb RJ, Kronke M, Svetlik PB, Peffer NJ, Waldman TA, 
Green WC. Molecular cloning and expression of cDNAs for the 
human interleukin-2 receptor. Nature 311:626-63 1, 1984. 
Hatakeyama MM, Tsudo M, Minamoto S, Kono T, Doi T, 
Miyata T, Miyasaka M, Taniguchi T. Interleukin-2 receptor 8 

1 3 9 ~  550-1 556, 1987. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

chain gene: Generation of three receptor forms by cloned human 
a and 8 chain cDNAs. Science 244:551-556, 1989. 
Audrain M, Boeffard F, Soulillou J-P, Jacques Y. Synergistic 
action of monoclonal antibodies directed at p55 and p75 chains 
of the human IL-2 receptor. J Immunol 1465384-892, 1991. 
Bohnlein E, Ballard DW, Bogerd H, Peffer NJ, Lowenthal JW, 
Green WC. Induction of interleukin-2 receptor-gene expression 
is regulated by post-translational activation of KB specific DNA 
binding proteins. J Biol Chem 264:8475-8478, 1989. 
Grabstein K, Dower S, Gillis S, Urdal D, Larsen A. Expression 
of interleukin-2, interferon-y, and the IL2 receptor by human 
peripheral blood lymphocytes. J Immunol136:4503-4508, 1986. 
Sayar D, Ketzinel M, Gerez L, Silberberg C, Reshef A, Kaempfer 
R. Expression of the human IL-2 receptor on lymphocytes in- 
volves rapid turnover of its p55 a-subunit (TAC). J Immunol 

Leonard WJ, Kronke M, Peffer NJ, Depper JM, Green W. 
Interleukin-2 receptor gene expression in normal human T lym- 
phocytes. Proc Natl Acad Sci USA 82:6281-6285, 1985. 
Beneh D, Scheid S, Kyriakopoulos A, Hilmert H. Subcellular 
distribution of selenoproteins in the liver of the rat. Biochim 
Biophys Acta 1033:219-225, 1990. 
Bery MJ, Bann L, Larsen RP. Type I iodothyronine deiodinase 
is a selenocysteine-containing enzyme. Nature 349:438-440, 
1991. 
Diamond AM, Montero-Puerner Y, Lee BJ, Hatfield D. Seleno- 
cysteine inserting tRNAs are likely generated by tRNA editing. 
Nucleic Acid Res 18:6727, 1990. 

145:2946-2949, 1990. 

SELENIUM AND IMMUNITY 43 




