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Abstract Introduction

Most biologic responses to IL-2 have been attributed to inter-
action of IL-2 with a high affinity receptor which consists of a
heterodimer composed of two distinct IL-2-binding proteins
(IL-2Ra/IL-2R,6). However, both low affinity IL-2Ra (55 kD)
and intermediate affinity IL-2R.8 (70-75 kD) also appear to be
expressed independently on the cell surface. Weinvestigated
the receptor-specific regulatory effects of IL-2 on cytokine pro-
duction in unstimulated and activated T cells. T cells were acti-
vated by stimulation of the antigen receptor complex with anti-
CD3mAb. IL-2 (102 U/ml, 1 nM) stimulation of resting cells
resulted in a fivefold increase in GM-CSFrelease but in only
minimal IFN-gamma release. IL-2 markedly augmented
mRNAexpression of GM-CSFbut not IFN-gamma in unstim-
ulated T cells. IL-2Rf mAb but not IL-2Ra mAbdecreased
IL-2-induced GM-CSF release and mRNAexpression from
unstimulated T cells. IL-2 concentrations required for GM-
CSF release from resting cells suggested ligand binding to an
intermediate affinity receptor. GM-CSFand IFN-gamma re-
lease from activated T cells increased four- to fivefold in re-
sponse to 1 nM IL-2 and IL-2 augmented both GM-CSFand
IFN-gamma mRNA. IL-2R,8 mAb but not IL-2Ra mAb re-
duced GM-CSFrelease and mRNAexpression in activated T
cells stimulated with 1 nM IL-2. IL-2Ra blockade markedly
decreased IL-2-induced IFN-gamma release and mRNAex-
pression from activated cells, while IL-2RK blockade had little
effect on IFN-gamma production in activated cells. IL-2Ra
blockade altered the affinity of the receptor mediating activated
cell GM-CSFrelease from a high affinity to an intermediate
affinity state. These studies indicate an independent role for
IL-2Rj8 in mediating GM-CSFproduction from T cells. They
also suggest that unstimulated and activated T cells, which ex-
press distinct IL-2 receptor moieties, mediate release of sepa-
rate lymphokines and that different subunits of the IL-2 recep-
tor may play an important role in the regulation of cytokine
production. (J. Clin. Invest. 1991. 87:2114-2121.) Key words:
granulocyte-macrophage colony stimulating factor * interferon
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IL-2 is a well characterized lymphokine that modulates immu-
nologic responses in a variety of leukocyte populations includ-
ing T cells, natural killer cells, myeloid cells, and B cells (1, 2).
Cellular responses induced by IL-2 are mediated by the interac-
tion of the protein with its specific receptor. Two surface
IL-2-binding proteins have been identified on human T cells
(1, 3-8): a 55 kD chain (IL-2Ra) with low IL-2 affinity, which
is upregulated after T cell activation, and a 70-75-kD chain
(IL-2R,3) with intermediate affinity, which is present on a small
percent of resting T cells and on activated T cells. The high
affinity IL-2 receptor consists of both the 55 and 70-75-kD
chain. It can be upregulated upon activation of T lymphocytes
by antigen presentation to the T cell antigen receptor complex.
Additionally, IL-2 has been shown to modulate expression of
its own receptors on T cells (9, 10).

Simultaneous interaction of IL-2 with both subunits of the
high affinity IL-2 receptor on T cells has generally been consid-
ered to be the principal mediator of IL-2 biologic activity (1 1,
12). Recent studies have indicated, however, that the IL-2RB
subunit itself is capable of mediating signal transduction (6)
and have suggested that IL-2R(3 alone can mediate certain IL-
2-induced biologic responses (13-15). The production of IL-
2R,3 monoclonal antibodies which block IL-2 binding to the
IL-2R#3 subunit of the IL-2 receptor now make it possible to
more directly assess the function and biologic role of IL-2R in
IL-2-mediated cellular activation and cytokine production
(16-21).

In this study we assessed the receptor-specific regulatory
effects of IL-2 on cytokine production in unstimulated and
activated T lymphocytes. Wehave particularly focused on the
high affinity IL-2 receptor and on monomeric IL-2R(B and their
possible differential mediation of IL-2-induced T cell produc-
tion of granulocyte-macrophage colony stimulating factor
(GM-CSF) and IFN-gamma.

Methods

Antibodies and cytokines. OKT3 (CD3) mAbwas purchased from
Ortho Pharmaceuticals (Heidelberg, FRG), BMA30(CD3) mAbfrom
Behring (Marburg, FRG), and Leu 11 (CD 16) mAbfrom Becton Dick-
inson (Heidelberg, FRG). My4 (CD14) and BI (CD20) mAbs were
obtained from Coulter Clone (Krefeld, FRG). The anti-IL-2 receptor
mAbs anti-Tac (T. Waldmann, National Institutes of Health (NIH),
Bethesda, MD) and 2A3 (Becton Dickinson) (CD25) react with the
IL-2Ra subunit of the IL-2 receptor. Both of these mAbsdirectly block
IL-2 binding to IL-2Ra and cause a consistent dose-dependent inhibi-
tion of T cell proliferation induced by anti-CD3 mAbplus IL-2, with
virtually complete abrogation at concentrations of 1 sg/ml (22). TU27
mAb is an IgG, mAb that reacts with the p75 subunit of the IL-2
receptor (IL-2Rfl) and inhibits IL-2 binding to that subunit; it was
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generously provided by Dr. S. Taki (Anjinomoto Co., Kawasaki, Ja-
pan) (16). YTA-l is a control IgG, mAb that does not inhibit IL-2
binding; YTA-I was generously provided by Dr. Yodoi (Kyoto Univer-
sity, Japan) (21). Recombinant human IL-2 (4.2 X IO' U/g protein)
was generously provided by Cetus Corp. (Emeryville, CAand EuroCe-
tus, Amsterdam, NL) and was > 98% pure by HPLC(23). Endotoxin
content of the IL-2 stock was 2.5 x 10-' g per gram of IL-2.

Cell culture and cell separation procedures. PBMCwere isolated
from the blood of healthy donors using Ficoll-Hypaque gradient frac-
tionation (24). All studies were approved by the Stanford HumanSub-
jects Experimentation Committee and the Ethik-Kommission at
Heinrich Heine University Medical Center. PBMCwere depleted of
monocytes by serial adherence to polystyrol plates (< 2% residual
monocytes in the nonadherent fraction) to blunt endogenous IL- 1 and
subsequent IL-2 production. Abrogation of endogenous IL-2 produc-
tion was monitored by IL-2 immunoassay (Amersham Corp., Arling-
ton Heights, IL). Further T cell purification was achieved via magnetic
cell sorting (MACS) (25): nonadherent PBMCsuspensions were first
incubated with a combination of primary mAbs including the mono-
cyte mAbMy4 (CD14), a pan-B cell mAbBI (CD20) and Leu 11 mAb
(CD16) that recognizes a determinant on virtually all NK cells. Cell
suspensions were next incubated with biotinylated goat anti-mouse
IgG, streptavidin-fluoresceine, and biotinylated magnetic dextran-
ferrit beads. Labeled and unlabeled cells were then separated using steel
wool columns placed in a magnetic field of 0.6 Tesla. Two consecutive
passages produced 95-99% pure T cells as assessed by flow cytometry
with < 1%CD16+ NKcells. In some experiments, T cells were subse-
quently fractionated into either CD4 or CD8 positive subsets using
either direct or indirect solid-phase immunoabsorption, as previously
described (24), or positive selection via magnetic cell sorting.

Before RNAextraction or supernatant harvest, T cells (1-2 x 106/
ml) were cultured for 6-72 h in RPMI 1640 (Biochrom, Berlin, FRG)
with 10% FCSor pooled human AB serum. Cultures were established
in the presence or absence of recombinant human IL-2 (1-100 U/ml).
In some experiments, T cells were incubated with anti-CD3 mAb
(OKT3) (100 ng/ml) for 20 min at 4VCbefore culture in the presence or
absence of IL-2 (22). Cells were subsequently harvested for RNAex-
traction and supernatants assessed for cytokine activity. In some exper-
iments, before culture with IL-2, T cells were first incubated with the
IL-2R# blocking mAbTU27 (10-50 Mg/ml); under these conditions
TU27 blocks binding of radioiodinated IL-2 to IL-2R,6 as assessed by
both chemical cross-linking and Scatchard plot analysis (16). In control
experiments, we used cytofluorographic analysis to assess the ability of
TU27 mAb(50 ,g/ml) to block biotinylated IL-2 (100 U/ml) binding
to IL-2Ri on unstimhulated T cells. In three experiments, IL-2 bound to
8.8±1.1% of unstimulated T cells; phycoerythrin-conjugated TU27
mAbbound to 10± 1.6% of unstimulated T cells. Prior incubation with
TU27 mAbsuppressed IL-2 binding to 0.7±0.4%, whereas isotype con-
trol mAbhad no effect on IL-2 binding.

Because of the - 40-fold greater affinity of the high affinity IL-2
receptor for IL-2 than for anti-IL-2Ra mAb, it is necessary to use con-
centrations of anti-IL-2Ra mAbin marked excess to prevent IL-2 bind-
ing (26, 27). In experiments assessing the role of IL-2 binding to IL-
2Ra, T cells were cultured with 10- 100 U/ml IL-2 (100 pMto 1 nM) in
the presence of anti-Tac mAb(6.7 nM to 2.0 MM); anti-Tac was thus
used at concentrations up to 2000-fold molar excess of IL-2. Under
these conditions, IL-2 binds to < 2%of the available high affinity IL-2
receptors and also fails to bind to the isolated low affinity IL-2Ra sub-
unit (26, 27).

RNA extraction and analysis. Total cellular RNAwas extracted
with phenol in the presence of vanadyl ribonucleoside complexes (28,
29) or by a guanidinium thiocyanate-phenol-chloroform procedure
(30). RNAsamples were quantitated by spectrophotometric analysis.
10-15 Mg of isolated RNAwere separated by 1.2% agarose-formalde-
hyde gel electrophoresis. Ribosomal RNAwas visualized on the gel by
ethidium bromide to assess RNAintegrity and verify sample amounts.
Next, alkaline transfer to Hybont N+ nylon membranes (Amersham
Buchler, Braunschweig, FRG) was performed. A PstI/NcoI GM-CSF

cDNA fragment (31) or a PstI/HindII interferon-gamma cDNA frag-
ment (32) was inserted into the pSPT18 T7 transcription vector
(Boehringer-Mannheim, Houston, TX) to generate anti-sense mRNA
probes. The linearized plasmids were transcribed in the presence of
32P-UTP (NEN DuPont, Dreieich, FRG) using T7 polymerase (33).
Filter prehybridization was carried out for 4 h at 580C in 50% form-
amide, 2.5 mmol/liter phosphate buffer (pH 6.5), 5X SSC, 5X Den-
hardt's, 60 mg/ml salmon sperm DNA, 200 mg/ml yeast RNA, and
0. 1% SDS. For hybridization, 0.1 vol of 50% dextran sulfate and la-
beled anti-sense mRNAwere added and the filters were incubated for
20 h at 580C. Filters were washed twice with 0.2 X SSCat 60'C and
then incubated for 15-40 min at room temperature in 2 x SSCcon-
taining 50 ng/ml RNase A. After washing with 0.1 X SSCand 0.1%
SDSat 60'C, filters were exposed to x ray film (3M, St Paul, MN) with
intensifier screen at -70'C.

In some experiments, GM-CSFmRNAexpression was visualized
with an alternative procedure, an SI nuclease protection assay. Before
hybridization, parallel RNAaliquots were visualized on ethidium bro-
mide-stained 1.2% agarose-formaldehyde gels to assess RNAintegrity
and to verify sample amounts. The 5' end-labeled NcoI linearized frag-
ment of GM-CSFcDNAclone 3-8a was hybridized with 10Mg samples
of total RNAin 15 Ml containing 80% formamide, I mMEDTA, and
50 mMPipes (pH 6.4) at 50°C (34). After 6 h of incubation, 150 M1 of
cold Sl digestion buffer containing 200 U/ml Sl nuclease (Boehringer-
Mannheim), 250 mMNaCl, 30 mMNaAc, and 1 mMZnCl was added
to the hybridization mixture and incubated for 45 min at 37°C. SI -re-
sistant hybrids were precipitated by 2 vol of ethanol, fractionated on a
5%polyacrylamide gel containing 7 Murea, and subjected to autoradi-
ography. Concurrent aliquots were hybridized with #l-actin cDNA to
help confirm that similar amounts of RNAwere added to each lane.

Protein immunoassays. GM-CSFprotein concentrations in T cell-
derived supernatants were assessed by ELISA using the Genzyme hu-
manGM-CSFELISA kit (Genzyme Corp., Boston, MA). Sensitivity of
the assay was 20 pg/ml and no cross-reactivity exists in the assay for
IL-3, G-CSF, TNFa, or interferon-gamma. Supernatant interferon-
gammaconcentrations were assessed by solid-phase radioimmunoas-
say (Centocor Inc., Malvern, PA). Recombinant interferon-gamma
was used as standard and calibrated against human NIH standard
(Gg23-901-530). The sensitivity of the assay is 2 0.5 U/ml of reference
standard.

Cross-linking. Biochemical cross-linking was performed to better
define T cell receptor IL-2-binding proteins. Resting cells and cells
activated with immobilized CD3mAbwere cultured for 4-20 h in the
absence of IL-2. T cells were then incubated with 75 pM to S nM
'251-IL-2 for 1 h on ice. Cells were then treated with the chemical cross-
linker disuccinimidyl suberate (DSS; Pierce Chemical Co., Rockford,
IL) at a final concentration of 0.6 mMfor 30 min at room temperature
(7, 35). The DSS-treated cells were lysed in PBS 1%Triton X-100 and
lysates subsequently subjected to 7.5% SDS-PAGEand autoradio-
graphy.

Cytofluorographic analysis. Cell surface antigenic expression was
assessed after antibody staining on a fluorescent activated cell sorter
(FACSO Star Plus; Becton Dickinson) as previously described (24).

Results

GM-CSFand interferon-gamma protein secretion. Unstimu-
lated and CD3-activated T cells were cultured in the presence
or absence of IL-2 to assess the effect of IL-2 on T cell GM-CSF
and IFN-gamma protein secretion. After 3-5 d of culture
75±12% of CD3-triggered T cells cultured in the presence of
IL-2 expressed the IL-2Ra receptor by cytofluorographic analy-
sis, while only 4±2% of unstimulated T cells cultured with IL-2
alone were IL-2Ra receptor positive. Supernatants were har-
vested at day 3 of culture and lymphokine content was assessed
by immunoassay (Fig. 1). Resting T cells were stimulated to
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Figure 1. IL-2 (102 U/ml)-induced release of GM-CSFand I

gammafrom resting and activated peripheral blood T cells. Sul
tants harvested after 3 d of incubation. CONdenotes either resti
cells cultured in the absence of IL-2 or activated T cells stimu
with anti-CD3 mAband cultured in the absence of IL-2. Res
expressed as mean±SEMfrom six separate experiments.

release GM-CSF in response to IL-2, resulting in a fi
increase in GM-CSFsecretion at 102 U/mi IL-2 compare(
control. In contrast, IL-2 stimulation of resting T cells re

in minimal release of interferon-gamma. GM-CSFand
feron-gamma release from CD3-activated T cells incr
four- to fivefold in the presence of 102 U/ml IL-2 relat
CD3-activated T cells cultured in the absence of IL-2.

Recent studies suggest that the IL-2RB subunit is pre(
nantly expressed on CD8+rather than CD4+T cells (18
examined unstimulated immunopurified CD4+ and CD
cells (containing < 1%CD16+ NKcells) for IL-2R"3 expre
by cytofluorographic analysis and subsequently assessed
T cell subsets for GM-CSFand IFN-gamma release after
stimulation. In five separate experiments, IL-2Rfl wa

pressed on 11.4±2.6% of CD8+ T cells and on 6.8±1.5
CD4+ T cells. Unstimulated CD8+ T cells (7±5 pg/ml)
stimulated to release GM-CSFafter 3 d of culture witi
U/mi IL-2 (64± 10 pg/mi). IL-2 similarly stimulated relea
GM-CSFfrom unstimulated CD4+T cells (10±4 to 53±1
ml). Neither unstimulated CD4+ nor CD8+ T cells relb
appreciable amounts of IFN-gamma after IL-2 stimulation
19 U/ml); in contrast, marked IFN-gamma release wa;

served in both activated CD4+ and CD8+ T cells (1 10

U/ml) after IL-2 stimulation.
Lymphokine mRNAexpression. IL-2 induction of

CSF and interferon-gamma mRNAexpression was nex

sessed in both unstimulated and activated T cells. CD3-
vated and resting T cells were cultured in the presence oi

sence of IL-2 for 6-20 h. RNAwas subsequently extracted
assessed for lymphokine mRNAexpression by Northern ai

sis and SI nuclease protection assay (Fig. 2). IL-2 mark
augmented expression of GM-CSFmRNAin unstimulat
cells. Activation with CD3 mAb alone resulted in a mc

increase in T cell GM-CSFmRNAexpression which was m
edly augmented in the presence of IL-2 (Fig. 2 A). In cont
IL-2 failed to augment interferon-gamma mRNAexpressic
unstimulated T cells but did markedly augment interfe
gammamRNAin CD3-activated T cells (Fig. 2 B).
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unstimulated as well as in activated T cells. After 20 h of cul-
ture, the 55-kD binding protein was markedly upregulated in
CD3-activated T cells and IL-2 binding was still demonstrable
to both 55- and 70-75-kD receptor moieties (data not shown).
In control experiments, binding of '25I-IL-2 to its receptors was
eliminated by competition with 100-fold excess of unlabeled
IL-2 (Fig. 3, lane 3). Binding to both 55- and 70-75-kD pro-
teins was still demonstrable in activated T cells (and was
blocked with anti-Tac mAb) when only 100 pMof "25I-labeled
IL-2 was used for cross-linking; binding, however, was not de-
monstrable in resting T cells after attempted cross-linking with
100 pMIL-2 (data not shown).

Blockade of the IL-2Ra and IL-2Rf receptors. We next
used receptor-specific blocking mAbsto assess the relative roles
of the IL-2Ra and IL-2R,3 subunits in mediating IL-2-induced
T cell lymphokine production. Unstimulated and CD3-acti-
vated T cells were incubated with the IL-2R/6 blocking mAb
TU27 or the IL-2Ra blocking mAbanti-Tac before culture
with IL-2. GM-CSFand IFN-gamma protein secretion were
assessed in supernatants harvested after 3-5 d of culture. In
unstimulated as well as in CD3-activated T cells, TU27 mAb
decreased GM-CSFrelease in a dose-dependent manner (Fig. 4
A). A control mAb(YTA- 1), which does not inhibit IL-2 bind-
ing to the IL-2R, had no effect on GM-CSFrelease (data not
shown). Blockade of the IL-2Ra receptor subunit with anti-Tac
mAb (using anti-Tac concentrations up to 2,000-fold molar
excess of IL-2) failed to diminish IL-2-induced GM-CSFpro-
tein release in either resting or activated T cells (Fig. 4 B). In
contrast, IL-2Ra receptor blockade markedly decreased IL-2-
induced release of interferon-gamma from activated T cells
(90±8%), while IL-2RB blockade decreased IFN-gamma re-
lease by only 8±7% (Fig. 4 B). The combination of anti-Tac
plus TU27 mAbs also markedly reduced release of both GM-
CSFand IFN-gamma from activated T cells (data not shown).

IL-2 stimulated resting T cells to release GM-CSF, but not
IFN-gamma, in a dose-dependent manner (Fig. 5); marked
stimulation was seen in the range of 300 pM to 1 nM (- 30-
100 U/ml). These concentrations are consistent with those
concentrations needed to bind the isolated IL-2R# subunit of
the IL-2 receptor (26). Blockade with anti-Tac mAbdid not
alter the configuration of the IL-2 binding curve for GM-CSF
release from unstimulated T cells. Maximal release of both
GM-CSFand IFN-gamma from activated T cells occurred with

- 100 pM(10 U/ml) IL-2 (Fig. 5); high affinity IL-2 receptors
are nearly saturated at this concentration, whereas low affinity
(IL-2Ra) receptors are minimally occupied at 100 pM (26).
Blockade with anti-Tac markedly suppressed IFN-gamma re-
lease from activated T cells. Although anti-Tac blockade had
little demonstrable effect on GM-CSFrelease at high IL-2 con-
centrations (e.g., 1 nM), anti-Tac did markedly shift the GM-
CSF IL-2 dose-response curve to the right.

Wenext assessed to what extent blockade of either the IL-
2Ra or IL-2R,3 subunit modulated T cell lymphokine mRNA
expression. Unstimulated cells and cells triggered with anti-
CD3 mAbwere incubated with 102 U/ml IL-2 for 6-20 h be-
fore RNAextraction and analysis by Northern blotting. Block-
ade of the IL-2R,3 subunit with TU27 mAbbefore CD3trigger-
ing resulted in a clear reduction in IL-2-dependent GM-CSF
mRNAexpression (Fig. 6 A, lane 4). Similarly, IL-2R,3 block-
ade in unstimulated T cells also markedly diminished IL-2-de-
pendent GM-CSFmRNAexpression (data not shown). In con-

A.
GM-CSF

E
of"

o mesting T eels
* activated T cells

arnltp75 (etg/mIM

B.
GM-CSF

resting T cells activated T cells

IFy

E-3

activated T cells

Figure 4. (A) Effect of IL-2R,8 (p75) blockade with TU27 mAbon
IL-2 (102 U/ml)-induced release of GM-CSFfrom resting and CD3-
activated T cells. Results expressed as mean±SEMfrom four separate
experiments. (B) Effect of IL-2Ra (p55) and IL-2R,8 (p75) blockade
on GM-CSFand IFN-gamma (IFy) release from either resting or ac-
tivated T cells. IL-2 denotes T cells cultured with 102 U/ml IL-2
(resting cells) or T cells cultured with 102 U/ml IL-2 plus anti-CD3
mAb(activated cells); anti-p55 denotes T cells preincubated with
anti-Tac mAbbefore culture with IL-2; anti-p75 denotes T cells
preincubated with TU27 before culture with IL-2. Results expressed
as mean±SEMfrom three separate experiments.

trast, IL-2RB blockade had little effect on IL-2-induced inter-
feron-gamma mRNAexpression in T cells triggered with the
anti-CD3 mAb (Fig. 6 B, lane 4). Although blockade of the
IL-2Ra subunit with anti-Tac mAbhad little effect on IL-2-de-
pendent GM-CSFmRNAexpression in CD3-triggered T cells
(Fig. 6 A, lane 3) or in unstimulated T cells, anti-Tac mAb
markedly diminished interferon-gamma mRNAexpression
(Fig. 6 B, lane 3).

Discussion

Our results demonstrate that (a) IL-2 is capable of binding to
55- and 70-75-kD receptor moieties in both unstimulated and
activated T cells; (b) IL2 induces GM-CSFmRNAexpression
and protein release in both unstimulated and activated T cells,
whereas IL-2-induced IFN-gamma protein release and mRNA
expression is confined to activated T cells; (c) IL-2-induced
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Figure 5. IL-2 dose-response curves assessing release of GM-CSFand
IFN-gamma from resting and activated T cells. T cell supernatants
were harvested after 3 d of culture before immunoassay. -a p55 and
+a p55 denotes T cells cultured in the absence or the presence of
anti-Tac mAb, respectively.

GM-CSFproduction in unstimulated T cells is directly me-

diated via the IL-2R3 receptor; IL-2Rj3 alone is also capable of
mediating GM-CSFproduction in populations of activated T
cells, whereas the high affinity IL-2 receptor predominantly
mediates T cell IFN-gamma production. These data suggest
that unstimulated and activated T cells which express distinct
IL-2 receptor moieties can differentially modulate T cell lym-
phokine production.

Almost all cellular responses to IL-2, including T and B cell
proliferation and differentiation as well as lymphokine secre-

tion, have been attributed to the interaction of IL-2 with high
affinity receptors containing the IL-2Ra protein (1 1, 12). How-
ever, a number of recent observations have suggested that IL-2
is capable of inducing intracellular signals in cells expressing
the IL-2R,3 protein in the absence of the high affinity Tac-con-
taining receptor. HumanNKcells are rapidly activated by IL-
2, causing augmented cytotoxic activity and proliferation (13).
Although resting NKcells do not express IL-2Ra, cross-linking
experiments have demonstrated the presence of IL-2RI3 on NK
cell membranes (36). Recent experiments using the TU27
mAbhave indicated that IL-2R,3 is predominantly responsible
for IL-2 activation of NKcells and is the molecule that medi-
ates IL-2 induction of NKcell GM-CSFproduction (37, 38).
IL-2 can also induce B cell lines to secrete immunoglobulin in
the absence of Tac surface protein; the binding site responsible
for this effect shares many characteristics with the IL-2R(3 pro-
tein (14, 36). Several studies indicate that IL-2R(3 alone is capa-
ble of signal transduction: for example, IL-2 bound to IL-2Rf3
is internalized with the same kinetics as that observed for the
high affinity form of the receptor (4).

Figure 6. (A) Effect of IL-2Ra (p55) and IL-2Rj3 (p75) blockade on

IL-2-induced augmentation of GM-CSFmRNAfrom activated T
cells. Assessment by Northern analysis. (Lane 1) Resting T cells cul-
tured in the absence of IL-2; (lane 2) CD3-activated T cells cultured
in the presence of 102 U/ml IL-2; (lane 3) T cells preincubated with
anti-Tac mAbbefore activation and culture with CD3mAbplus 102
U/ml IL-2; (lane 4) T cells preincubated with TU27 mAbbefore ac-

tivation and culture with CD3mAbplus 102 U/ml IL-2. Cells were

cultured for 8 h before RNAextraction. Ribosomal control bands are

indicated (18S and 28S) for each lane. (B) Effect of IL-2Ra (p55)
and IL-2R(3 (p75) blockade on IL-2-induced augmentation of IFN-
gammamRNAfrom activated T cells. Assessment by Northern anal-
ysis. (Lane 1) Resting T cells cultured in the absence of IL-2; (lane 2)
CD3-activated T cells cultured with 102 U/ml IL-2; (lane 3) T cells
preincubated with anti-Tac mAbbefore activation and culture with
CD3 mAbplus 102 U/ml IL-2; (lane 4) T cells preincubated with
TU27 mAbbefore activation and culture with CD3 mAbplus 102
U/ml IL-2. Cells were cultured for 14 h before RNAextraction. Ri-
bosomal RNAcontrol bands (18S and 28S) are indicated for each lane.

Our cross-linking data indicate that high (5 nM) concentra-
tions of IL-2 are capable of binding to both 55- and 70-75-kD
receptors on the surface of unstimulated T cells; low (100 pM)
concentrations of IL-2 also bound to both subunits on acti-
vated T cells (in the absence but not in the presence of anti-Tac)
but did not bind to unstimulated T cells. Although our cross-

linking data in unstimulated cells could represent binding of
IL-2 to small numbers of cells expressing high affinity recep-

tors, the data are more consistent with the precipitation of indi-
vidual receptor proteins that exist either unassembled on the
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same cell or that are independently expressed on separate rest-
ing T cell populations. Ohashi et al. have recently suggested
that IL-2Ra is expressed on 8%of resting CD4+ T cells but is
not detectable on resting CD8+T cells; they observed IL-2R,8
expression on 6.7% of resting CD8+ T cells and negligible IL-
2R,3 expression on CD4+cells although 2 of 10 normal donors
did demonstrate some IL-2R,3 expression on CD4+ T cells
(18). Using two-color cytofluorographic analysis, we observed
IL-2R(B expression on - 11% of unstimulated CD8+ T cells
and on 6.8% of unstimulated CD4+ T cells. These results are
consistent with the demonstration by cross-linking of IL-2Rj3
on both CD4+and CD8+T cells (39). In accord with Ohashi's
data, we have also observed IL-2Ra on small numbers of un-
stimulated CD4+ T cells; however, using labeled TU27 and
anti-Tac mAbswehave not detected resting T cells that simulta-
neously express both IL-2Ra and IL-2R(#. These results suggest
that IL-2Ra and IL-2R(3 may be independently expressed on
separate T cell subpopulations, possibly on varying functional
subsets within either CD4+ or CD8+ subpopulations (40).

Little is known with regard to possible biologic roles sub-
served by the IL-2RB protein on resting T cells. Some studies
have suggested a role for IL-2R3 in direct activation of resting
T cells by relatively high IL-2 concentrations (15). Binding of
IL-2 to IL-2RB also appears sufficient to activate Na+/H+ ex-
change and to induce c-myc and c-myb expression (41, 42).
The IL-2RB protein has also recently been implicated as the
molecule most directly responsible for IL-2 induction of cyto-
toxic activity in resting peripheral blood CD8+ T cells (17).
Our results demonstrate that IL-2R,6 blocking mAbmarkedly
suppresses IL-2-induced production of GM-CSFin unstimu-
lated T cells. GM-CSFproduction could be mediated by IL-
2RB in the context of the heterodimeric high affinity receptor
either induced on resting T cells by IL-2 or possibly expressed
on a small number of activated cells otherwise contained in our
freshly isolated T cell population. However, several pieces of
evidence favor the alternative hypothesis that GM-CSFproduc-
tion in unstimulated T cells is mediated predominantly by
monomeric IL-2Rf. First, the IL-2 concentrations (300 pMto
1 nM), which optimally stimulate GM-CSFrelease from un-
stimulated T cells, are consistent with those concentrations
needed to bind isolated IL-2R,3; high affinity IL-2 receptors are
nearly saturated at 100 pM (26). Second, although high molar
concentrations of anti-Tac mAbmarkedly suppressed IFN-
gammaproduction from activated T cells, anti-Tac had no
effect on IL-2-induced expression of GM-CSFmRNAor on
IL-2-induced release of GM-CSFfrom unstimulated T cells.
Third, anti-Tac also failed to alter the apparent affinity of IL-2
for its receptor on unstimulated T cells (Fig. 5). Fourth, IL-2Ra
blockade does not appear to inhibit IL-2 binding to IL-2R46
(16). Finally, our own as well as published cytofluorographic
data (18) suggest that IL-2Ra and IL-2RB are independently
expressed on separate T cell subpopulations. Taken together,
these data strongly suggest that monomeric IL-2RA mediates
GM-CSFproduction in unstimulated T cells. As with other
demonstrated activities mediated by IL-2Rj3, the concentra-
tions of IL-2 required for GM-CSFproduction in unstimulated
T cells are quite high; although' the concentrations of IL-2 pro-
duced locally and that may be available for paracrine activity
remain speculative, the in vivo significance of IL-2 binding to
IL-2R3 in the absence of IL-2Ra expression remains to be
determined.

IL-2 induces both GM-CSFand IFN-gamma production
from populations of activated T cells. Activated T cells express
the high affinity heterodimer IL-2 receptor; most activated T
cells in our studies demonstrated marked upregulation of Tac
antigen 3-5 d after antigen receptor triggering with CD3mAb,
an observation fully compatible with enhanced expression of
the high affinity receptor. The amount of IL-2 required for
optimal release of both GM-CSFand IFN-gamma from acti-
vated cells in the absence of blocking mAbwas 100 pM; this
IL-2 concentration will nearly saturate the high affinity recep-
tor. Indeed, anti-Tac mAbmarkedly suppressed IFN-gamma
mRNAexpression and protein release from activated T cells
cultured with IL-2, although blocking IL-2R3 with high con-
centrations of TU27 mAbhad only a marginal effect on IFN-
gammaproduction. TU27 mAbprobably does not fully block
IL-2 binding to the high affinity receptor, perhaps because the
affinity of IL-2 for its high affinity receptor (Kd 5-10 pM) is
much greater than is the affinity of TU27 (Kd 2.1 nM) (16).
Taken together, these data indicate that the high affinity recep-
tor most probably mediates IL-2-induced production of IFN-
gammafrom activated T cells. A less likely alternative is that
IFN-gamma production is mediated in part by IL-2 binding to
monomeric IL-2Ra, a low affinity IL-2 receptor that may in
some situations be capable of signal transduction (43).

Maximal release of GM-CSFfrom activated T cells occurs
with only 100 pM IL-2, suggesting that the high affinity recep-
tor on activated cells is capable of mediating GM-CSFproduc-
tion. In contrast to the effect on IFN-gamma release, IL-2Ra
blockade did not totally suppress GM-CSFrelease but rather
altered the apparent affinity of the receptor mediating that re-
lease. In the presence of IL-2Ra blockade, 300 pM to 1 nM
IL-2 is required for optimal GM-CSFrelease from activated T
cells; these concentrations are consistent with mediation by an
intermediate affinity receptor. Prior studies have indicated that
anti-IL-2Ra mAbdoes not block IL-2 binding to IL-2R,6 (16)
and that both IL-2Ra and IL-2RB interact with separate IL-2
epitopes (4, 44). These results in toto suggest that IL-2R,6 is
capable of mediating GM-CSFrelease, but not IFN-gamma
release, from activated T cells, even in the presence of IL-2Ra
blockade. Either IL-2R# in the context of the IL-2Ra/IL-2R,3
heterodimer on activated cells, or alternatively, monomeric IL-
2R,8 on residual resting cells contained in the largely activated
T cell population, may mediate GM-CSFproduction in the
setting of IL-2Ra blockade. Blockade of IL-2Ra is capable of
enhancing IL-2R3-like expression on cells bearing high affinity
IL-2 receptors; addition of anti-Tac to activated YT cells has
been reported to cause a loss of the high affinity component of
binding and a reappearance of the intermediate affinity IL-2R/8
binding site, suggesting possible disassembly of the high affinity
complex (44). Blockade of IL-2RB with TU27 markedly sup-
presses IL-2-induced production of GM-CSFbut not IFN-
gammain activated T cells; these results suggest that IL-2 bind-
ing to an epitope on IL-2R#, recognized by TU27 but possibly
distinct from the epitope contributing to the high affinity re-
ceptor, is required for IL-2 induction of T cell GM-CSFproduc-
tion.

It is possible that differences in cytokine production in our
experiments could be explained by different requirements for
percent receptor occupancy for maximal effects. However,
there are at least two pieces of data that do not support this
hypothesis: (a) differences in requirements for percent receptor
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occupancy would be likely to yield different dose-response
curves for GM-CSFversus IFN-gamma in the absence of
blocking mAbs. However, Fig. 5 Bdoes not indicate any appre-
ciable differences in the shape of these two curves. (b) In resting
T cells, even large amounts of IL-2 fail to produce much release
of IFN-gamma (for example, see Fig. 5 A).

Our studies suggest an independent role for the IL-2RfB pro-
tein in mediating GM-CSFproduction from T cells. They also
suggest that distinct IL-2 receptor proteins may mediate release
of separate lymphokines and perhaps play an important role in
the regulation of cytokine production. Signal transduction initi-
ated by IL-2Rf binding may differ in some substantial way
from that initiated by binding to the IL-2Ra/IL-2Rf6 receptor
complex. Alternatively, it is possible that the small subset of
unstimulated T cells bearing the IL-2RfB subunit may differ in
some qualitative way from the majority of activated T cells
bearing the high affinity heterodimer. There are many differ-
ences between resting and activated T cells and it may be that
differences in cytokine production relate in part to the activa-
tion state of the cell rather than solely to differential IL-2 recep-
tor expression. It may be possible to differentially regulate re-
sponses to IL-2 by selectively modulating the interaction of
IL-2 with its component receptor proteins which appear to be
heterogeneously expressed on varying T lymphocyte subpopu-
lations.
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