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Abstract

Resting natural Killer (NK) cells express the p75 chain of the
IL-2 receptor (IL-2RS) and most NK cells express the CD2
(erythrocyte rosette) receptor. The cell adhesion molecule,
LFA-3, is a natural co-ligand for CD2. Tac antigen (IL-2Ra), a
p55 IL-2R subunit, can be expressed after NK activation and
may play a role in IL-2-induced NK proliferation. Little is
known of the molecular mechanisms underlying cytokine pro-
duction in NK cells. We investigated the roles of IL-2Ra, IL-
2RB, and CD2/LFA-3 in the molecular regulation of NK cell
granulocyte/macrophage—colony-stimulating factor (GM-
CSF) production. Enriched populations of peripheral blood NK
cells were separated into CD16-positive and CD16-negative
fractions by flow cytometry; positively selected cells were
> 97% positive for CD16 (the FclIII receptor for IgG which is
present on almost all NK cells), < 1% peositive for the T cell
antigen CD3, and did not demonstrate rearrangement of the T
cell receptor 8 chain gene by Southern blot. NK cell superna-
tants were harvested after 3—4 d of incubation with 0-100 U/ml
IL-2, or after incubation with anti-CD2 (T11,) MADb and sheep
red blood cells (SRBC are a homologue for LFA-3). Parallel
cell aliquots were harvested at 3—-16 h for transcriptional run-on
assays, S1 nuclease assays, and actinomycin D mRNA ¢, de-
terminations. IL-2-activated NK supernatants contained large
amounts of GM-CSF (178+35 pg/ml) by ELISA as did super-
natants from CD2-activated NK cells (T11; MAb + SRBC:
212+42) vs. < 20 pg/ml for NK cells incubated alone or with
either SRBC or T11; MAD alone. Sepharose-linked anti-CD3
MAD did not induce GM-CSF release from NK cells. By S1
analysis, both IL-2 and CD2 stimulation markedly augmented
GM-CSF mRNA expression but with very different latencies
of onset. IL-2RB MAD inhibited > 85% of GM-CSF release
from IL-2-activated NK cells and markedly suppressed IL-2-
induced GM-CSF mRNA expression, whereas IL-2Ra MAb
even at 2,000-fold molar excess of IL-2 had little effect (< 10%)
on either GM-CSF release or mRNA expression. Run-on as-
says showed that GM-CSF is constitutively transcribed in NK
cells and that IL-2 and CD2-activated cells had a three- to
fourfold increased rate of GM-CSF transcription compared to
nonstimulated cells. The ¢,,, of GM-CSF mRNA in IL-2-acti-

Address reprint requests to Dr. Levitt, Room S-161, Hematology Divi-
sion, Stanford University Medical Center, Stanford, CA 94305.
Received for publication 19 October 1989 and in revised form 23

December 1990.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/91/07/0067/09 $2.00

Volume 88, July 1991, 67-75

vated NK cells was identical to that of unstimulated NK cells
(15 min), whereas GM-CSF mRNA ¢, ,, in CD2-activated NK
cells was increased 2.5-fold. We conclude that GM-CSF pro-
duction in NK cells is regulated by both the IL-2R8 and the
CD2 receptor but not by IL-2Ra, that both transcriptional and
posttranscriptional signals act together to modulate the level of
GM-CSF mRNA in NK cells, and that the molecular mecha-
nisms underlying NK cell GM-CSF production are dependent
in part on differential surface receptor activation. (J. Clin. In-
vest. 1991. 88:67-75.) Key words: cytotoxicity « granulocyte/
macrophage—colony-stimulating factor « interleukin 2 « natural
killer cells « receptor « transcription

Introduction

Interleukin 2 (IL-2) rapidly activates human natural killer
(NK)! cells, resulting in augmented cytotoxic activity and pro-
liferation (1, 2). The IL-2 receptor (IL-2R) consists of at least
two subunits, a p55 (IL-2Ra) glycoprotein and a p75 (IL-2RB)
glycoprotein (3). IL-2Ra binds IL-2 with low affinity (K 107%)
and IL-2Rg binds IL-2 with intermediate affinity (K, 107°).
The dimeric receptor consists of both IL-2Ra and IL-2Rg and
binds IL-2 with high affinity (K; 107!2) (3-5). Resting NK cells
constitutively express the IL-2R8 chain of the IL-2 receptor
and do not express the IL-2Ra subunit; IL-2Ra is expressed
after NK activation and plays a role in IL-2-induced NK prolif-
eration (6-8).

Another antigen which is expressed on > 80% NK cells is
the CD2 (erythrocyte rosette) receptor (9). The CD2 receptor is
also expressed on all T cells and thymocytes and appears to
serve as an antigen-independent pathway of T lymphocyte acti-
vation (10). Combinations of anti-CD2 antibodies can stimu-
late T cell proliferation (10). The cell surface molecule lympho-
cyte function-associated antigen-3 (LFA-3) is a natural co-li-
gand for CD2 and, in combination with a single anti-CD2
antibody;, is also capable of enhancing T cell proliferation (11).
Cellular activation with a combination of anti-CD2 monoclo-
nal antibodies (MAbs) has recently been shown to enhance
cytotoxicity of NK cells against otherwise resistant targets (12).

NK cells have been shown to stimulate both myeloid and
erythroid colony growth (13-16). However, in most of these
studies the cytokine mediating such stimulatory activity has
not been identified and interpretation of results is complicated
by heterogeneity of the cell populations assessed. Additionally,

1. Abbreviations used in this paper: BFU-E, erythroid burst-forming
units; CFU-GM, granulocyte/macrophage colony-forming units; GM-
CSF, granulocyte/macrophage colony-stimulating factor; IL-2R, inter-
leukin 2 receptor; IMDM, Iscove’s modified Dulbecco’s medium;
LFA-3, lymphocyte function-associated antigen-3; NAB-T, nonadher-
ent buoyant T cell-depleted marrow mononuclear (cells); NK, natural
killer (cells); TNF, tumor necrosis factor.
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cloned human NK cell lines have been reported not to release
humoral factors promoting hematopoietic colony growth (17).
Cuturi et al. (18) have recently demonstrated that highly puri-
fied populations of NK cells can produce granulocyte/macro-
phage—colony-stimulating factor (GM-CSF), a cytokine with
potent hematopoietic stimulatory activity both in vitro and in
vivo (18).

Little is known about the molecular mechanisms underly-
ing cytokine expression in NK cells or the potential of NK CD2
or IL-2 surface receptors to modulate cytokine production. We
asked whether NK cells are capable of producing GM-CSF and
assessed the roles of IL-2Ra, IL-2RB, and CD2/LFA-3 in the
molecular regulation of NK cell GM-CSF production.

Methods

Blood and marrow samples. Peripheral blood and bone marrow aspi-
rates were obtained from normal, healthy adult donors after informed
consent. All protocols were approved by the Stanford Medical Com-
mittee for the Use of Human Subjects in Research. Blood and marrow
samples were diluted in medium and layered over Ficoll-Hypaque gra-
dients (density, 1.077 g/cm®), and mononuclear cells at the interface
were collected after washing and centrifugation.

Monoclonal antibodies and cytokines. T lymphocyte MAbs anti—
Leu-1 (CD5), anti-Leu-2a (CD8), anti-Leu-3a (CD4), and anti-Leu-4
(CD3) were all purchased from Becton, Dickinson & Co., Mountain
View, CA. OKT3 MAD (Ortho Pharmaceuticals, Raritan, NJ) (CD3) is
a pan-T cell MAb; in some experiments OK T3 was used after linking to
cyanogen Br-Sepharose 4B (Pharmacia Fine Chemicals, Piscataway,
NJ) according to published methods (19). Anti-Leu-12 (Becton, Dick-
inson & Co.) (CD19) and anti-B1 (Coulter Corp., Hialeah, FL) (CD20)
are both pan-B lymphocyte MAbs. Anti-Leu-M3 (Becton, Dickinson
& Co.) (CD14) is a monocyte MAb. Anti-Leu-11 (Becton, Dickinson
& Co.) (CD16) recognizes a 50-70-kD antigen associated with an FcIll
receptor for IgG and is present on essentially all peripheral blood NK
cells and on neutrophils but is not usually expressed on T cells, B cells,
monocytes, or eosinophils (20).

The anti-IL-2R MAbs, Tac-1 (T. Waldmann, National Institutes of
Health, Bethesda, MD) and 2A3 (Becton, Dickinson & Co.) (CD25),
react with IL-2Ra. Both of these anti-IL-2R MAbs directly block IL-2
binding to IL-2R« and cause a consistent dose-dependent inhibition of
T cell proliferation induced by anti-CD3 MAD plus IL-2, with virtually
complete abrogation at concentrations of 1 ug/ml (21). Tu27 is an IgG,
MAD that reacts with IL-2R8 and inhibits IL-2 binding to that subunit;
Tu27 was generously provided by Dr. K. Sugamura, Tohoku Univer-
sity, Sendai, Japan (22). We used cytofluorographic analysis in three
independent experiments to assess the ability of TU27 to block biotiny-
lated IL-2 binding to IL-2R8 on resting NK cells. TU27 and IL-2
bound separately to > 95% of purified NK cells; Tu27 MAb suppressed
IL-2 binding to < 5% whereas isotype control MAb had no effect on
IL-2 binding. )

YTA-1 is an IgG, MAD (Dr. Yodoi, Tohoku University, Kyoto)
which also reacts with a p75 subunit of the IL-2R but does not inhibit
IL-2 binding (23). Anti-T11; MADb recognizes an epitope of the CD2
receptor and was generously provided by E. Reinherz (Dana Farber
Cancer Center, Boston, MA) (10). Anti-IL-3 is an IgG, MADb (Gen-
zyme Corp., Boston, MA) which is > 95% pure by HPLC and demon-
strates no reactivity against GM-CSF, IL-2 or IL-4. 500 ug of anti-IL-3
completely neutralizes 2,500 U (25 ng) of human IL-3. Anti-GM-CSF
is also an IgG, MAb (Genzyme Corp.) which is > 95% pure and demon-
strates no reactivity against IL-3 or granulocyte-colony-stimulating
factor (G-CSF). 1 ug of anti-GM-CSF completely neutralizes 50 U of
recombinant GM-CSF. Recombinant IL-2 (4.2 X 10° U/g protein) was
generously provided by Cetus Corp., Emeryville, CA and was > 98%
pure by HPLC. Recombinant GM-CSF and IL-3 were both purchased
from Genzyme Corp.
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Isolation of NK cells. Monocytes and B cells were depleted from
human peripheral blood mononuclear cells by plastic adherence and
passage through nylon wool. The resultant mononuclear cells were
fractionated by centrifugation on discontinuous 30% and 40% Percoll
gradients (Pharmacia Fine Chemicals). Low-density cells, enriched for
NK cells, were harvested from the gradient interface. Enriched NK
cells were then stained with FITC-conjugated anti-Leu-II MAb and
separated by fluorescence-activated cell sorting (FACS 440, Becton,
Dickinson & Co.) into CD16-positive and CD16-negative cell fractions
(24). CD16-positive cells were > 98% positive for Leu II (CD16) and
< 1% positive for Leu-4 (CD3) or Leu-5 (CD1). As previously demon-
strated, essentially all peripheral blood-derived cytotoxicity against the
NK-sensitive K562 cell line was mediated by CD16-positive cells (24).
Additionally, Eco RI-digested genomic DNA from CD16-positive cells
was assessed by southern blot analysis after hybridization with 32P-la-
beled C, cDNA derived from the T cell receptor 8 chain gene. The Eco
RI restriction enzyme pattern of CD16-positive cells demonstrated a
germline configuration (i.e., two distinct fragments of 10 and 4 kb)
identical to that of granulocytes whereas CD16-negative cells, which
are > 99% positive for the pan-T antigen CD3, demonstrated an altered
pattern of DNA fragments compatible with multiple individual rear-
rangements within a polyclonal population of T lymphocytes (24). The
density ratio of the 10-kb fragment to the 4-kb fragment in CD16-posi-
tive cells (1:1) was identical to the ratio in granulocytes.

In some experiments, NK cells were purified by indirect methods
utilizing the techniques of solid-phase immunoabsorption and immun-
omagnetic separation. Enriched NK cells (derived as above from Per-
coll fractionation) were incubated with 1 ug/ml each of the T cell MAbs
anti-CD5, anti-CD4, and anti-CD?3, and further depleted of T cells by
solid-phase indirect immunoabsorption as previously described (21).
Nonbound cells were recovered by differential elution at 4°C and sub-
jected to a second immunoabsorption procedure. NK cells were then
further purified by immunomagnetic separation: cell suspensions were
treated with a combination of anti-CD5, anti-CD4, anti-CD3, anti-
CD19, and anti-CD14 MAbs and then incubated at 4°C for 40 min on
a rotatory shaker with polystyrene magnetic beads (4 X 10® beads/ml)
coated with affinity-purified sheep anti-mouse IgG (Dynabeads
M-450, Dynal Inc., Great Neck, NY). NK cells were depleted of im-
munomagnetic cell rosettes using a magnetic particle concentrator
(Dynal MPC 1). Cells were washed and aliquots assessed by flow cytom-
etry: cells were > 95% positive for Leu-11 (CD16) and < 1% positive
for Leu-1 (CD5) or Leu-4 (CD3) surface determinants.

Purified nonstimulated NK cells had no demonstrable incorpora-
tion of [*H]thymidine after a 6-h pulse with 5 xCi/ml (2 Ci/mmol).
Purified nonstimulated NK cells showed no demonstrable cytotoxicity
against the NK-resistant colon carcinoma cell line COLO when as-
sessed in a 4-h *'Cr release assay at E/T ratios as high as 15:1, whereas
NK cells activated for 5-7 d with IL-2 lysed 45-85% of the tumor
targets (E/T ratios of 3:1-15:1). The activation antigens CD25 (IL-
2Ra) and CD71 (transferrin receptor) were not demonstrable on non-
stimulated NK cells when assessed by cytofluorography; after IL-2 acti-
vation for 6 d, 37-52% of cells expressed CD25 or CD71 after staining
with Tac-1 or 5SE9 MAbs, respectively.

Cell culture. Purified NK cells were cultured in Iscove’s modified
Dulbecco’s medium (IMDM) containing 15% FCS for 0.5-4.0 d at a
concentration of 10° cells/ml. NK cells were cultured with 0-100 U/ml
IL-2 in the presence or absence of anti-IL-2Rg or isotype-matched
control IgG MADbs at a concentration of 10 ug/ml. NK cells were also
cultured with 10-100 U/ml IL-2 (100 pM to 1 nM) in the presence of
anti-IL-2Ra MAD (6.7 nM to 2.0 uM). (Because of the 40-fold greater
affinity of the high-affinity IL-2R for IL-2 than for anti-IL-2Ra MAD,
it is necessary to use concentrations of anti-IL-2Ra MADb in marked
excess to prevent IL-2 binding [25]; IL-2Ra MADb was thus used at
concentrations up to 2,000-fold molar excess of IL-2. Under these con-
ditions IL-2 binds to < 2% of the available high-affinity IL-2Rs [7, 25]).
In some experiments NK cells were cultured with the CD2 MADb anti-
T11, (1 ug/ml) and/or sheep erythrocytes (107 cells/ml, Microbiologi-
cal Media, Concord, CA). (Sheep erythrocytes are a homologue for



LFA-3, which is a natural co-ligand for CD2 [11]). IL-2 and CD2 stimu-
lation produced comparable degrees of NK-mediated cytotoxicity
against the lymphoma cell line SU-DHL~4, and resulted in similar
[*H]thymidine incorporation after 72 h of stimulation (data not
shown). In some experiments, parallel cultures were established from
purified (CD16-negative, CD3-positive) T lymphocytes; T cells were
cultured with 100 U/ml IL-2 plus soluble anti-CD3 MAD or with Seph-
arose-linked anti-CD3 (OKT3) MAD for 0.5-4.0 d before harvest.

Assay for hematopoietic progenitors. Marrow mononuclear cells
were depleted of monocytes by sequential polystyrene adherence and
subsequently depleted of T cells by sequential solid-phase immunoab-
sorption as previously described (26, 27). Nonadherent buoyant
marrow cells depleted of T lymphocytes (NAB-T) (1.5 X 10°/ml) were
cultured in IMDM with 10% FCS, 0.9% bovine serum albumin (Ar-
mour Pharmaceutical Co., Tarrytown, NY), 1% L-glutamine, and 1.1%
methylcellulose. Supernatants were added at a final concentration of
15%. Cultures were plated in duplicate in 0.25-ml volumes in micro-
well plates and human recombinant erythropoietin (Ortho Pharma-
ceutical) was added at a final concentration of 1 U/ml on day 3 of
culture. After incubation at 37°C in 5% CO,, clonogenic progenitors
giving rise to erythroid burst-forming units (BFU-E) and granulocyte/
macrophage colony-forming units (CFU-GM) were enumerated at
days 12-14 with an inverted microscope.

GM-CSF ELISA. GM-CSF was detected in culture supernatants by
an ELISA immunoassay (Genzyme Corp.). Polystyrene microtiter
wells were coated with 100 ul of mouse anti-human GM-CSF MAD in
Tween 20 buffer. Plates were incubated overnight at 4°C, then washed
at 23°C and blotted dry. Blocking buffer (Tween 20/BSA, 200 ul) was
added to each well and plates were incubated for 2 h at 37°C. 100-ul
dilutions of recombinant GM-CSF standard and test samples were then
added before incubation for 1 h at 37°C. Wells were washed four times
with Tween 20 buffer and blotted, and 100 ul of rabbit anti~-human
GM-CSF antibody was then added to each well. Plates were incubated
again for 1 h at 37°C and blotted before the addition of 100 ul of
biotin-conjugated goat anti-rabbit antibody to each well. After incuba-
tion for 45 min at 37°C, plates were washed and blotted before addition
of avidin-peroxidase (100 ul per well). After a 40-min incubation at
37°C, 100 ul of O-phenylenediamine substrate with peroxide was
added. The plates were developed for 5 min at 23°C and the reaction
was halted with 100 ul of 1 M H,SO,. Absorbance was measured at 492
nm with an ELISA reader. Sensitivity of the assay was 20 pg/ml and no
cross-reactivity exists in the assay for IL-3, G-CSF, macrophage—co-
lony-stimulating factor (M-CSF), IL-6, interferon-y (IFN-v), or tumor
necrosis factor-alpha (TNF-a).

RNA extraction and nuclease S1 protection assay. Total cellular
RNA was isolated using a guanidinium thiocyanate-phenol-chloro-
form extraction procedure (28). RNA samples were quantitated by
spectrophotometric analysis at 260 and 280-nm. Parallel RNA aliquots
were visualized on ethidium bromide-stained 1.2% agarose-formalde-
hyde gels to assess integrity of RNA and to verify sample amounts. The
S-prime end-labeled Ncol linearized fragment of GM-CSF cDNA
clone 3-8a was hybridized with 10-ug samples of total RNA in 15 ul ofa
solution containing 80% redistilled formamide, 0.4 M NaCl, 1| mM
EDTA, and 50 mM PIPES (pH 6.4) at 50°C (29, 30). Split aliquots of
RNA were similarly hybridized with the 5-prime end-labeled Hinfl-lin-
earized fragment of human cytoskeletal 8-actin clone pHFBA-1 (31).
After 6 h of incubation, 150 ul of cold S1 digestion buffer containing
200 U/ml S1 nuclease (Boehringer-Mannheim Biochemicals, Indiana-
polis, IN), 250 mM NaCl, 30 mM NaAc, and 1 mM ZnCl was added to
the hybridization mixture and incubated at 37°C for 45 min (30). Sam-
ples were transferred to an ice bath for 10 min, 10 ug of carrier tRNA
was added and the S1-resistant hybrids were precipitated by 2 vol of
ethanol. Pellets were washed, dried, and resuspended in 10 gl form-
amide and dye before fractionation on a 5% polyacrylamide gel con-
taining 7 M urea, with subsequent autoradiography. Autoradiograms
were scanned by laser densitometry. Negative controls consisting of
labeled cDNA with carrier transfer RNA in the absence of test samples
were utilized in each experiment. Labeled cDNA was also hybridized to

6 ug of total cellular RNA derived either from the human T lymphotro-
pic virus-II-infected Mo T cell line (positive control) or from the colon
adenocarcinoma cell line A7C (negative control). In some experi-
ments, unstimulated NK cells and cells exposed to either IL-2 or CD2
MAD plus SRBC for 6 h were cultured with actinomycin D (5 ug/ml)
for 5-120 min before RNA harvest. This amount of actinomycin D
suppressed > 95% of transcription in NK cells as measured by [**C]-
uridine incorporation.

Nuclear run-on assay. Nuclei were isolated after 3-5 h of stimula-
tion by resuspension in hypotonic buffer (10 mM Tris [pH 7.4], 10 mM
NaCl, 5 mM MgCl,) followed by lysis with 0.5% Nonidet P-40. The
nuclei were harvested by centrifugation, washed twice in hypotonic
buffer, suspended in nuclear storage buffer (50 mM Tris [pH 8.3], 5
mM MgCl,, 0.1 mM EDTA, and 40% glycerol) and stored at —70°C for
1-7 d. Nuclei (40 X 10°) were then thawed and incubated for 30 min at
30°C in reaction buffer (25 mM Tris [pH 8.0]) containing 275 uCi
[a-*2P]JUTP. RNA was isolated and hybridized for 3 d to Nytran filters
containing 5 ug of various dot-blotted immobilized nucleic acids (870-
bp Ncol GM-CSF coding strand, 404-bp EcoRI 8 actin coding strand,
540-bp EcoRI-HindIII cardiac promotor actin noncoding strand [gen-
erously provided by Linda Boxer, Stanford], 1500-bp pBR 322 plasmid
DNA, yeast tRNA). After hybridization, the blots were washed to a
final stringency of 0.1 X SSPE, 0.1% SDS, then washed for 15 min
at 23°C with RNase (1 ug/ml) in 2X SSC, and rinsed in 1X SSPE,
0.1% SDS.

.

Results

GM-CSF production from IL-2- or CD2-activated NK cells.
Supernatants from IL-2-activated NK cells contained large
amounts of GM-CSF as determined by specific immunoassay
(Table I). NK cells did not appear to produce GM-CSF consti-
tutively, inasmuch as supernatants derived from resting NK
cells contained little or no detectable GM-CSF. NK cells were
also assessed for GM-CSF secretion after stimulation with a
CD2 co-ligand (anti-T11; MAb) and/or SRBC (SRBC are a
homologue for LFA-3 which functions as a natural co-ligand
for CD2). NK cells activated with both anti-T11; MAb and
SRBC also secreted large amounts of GM-CSF (Table I) al-
though NK cells stimulated with either anti~T11; MADb alone
or SRBC alone secreted no detectable GM-CSF. Anti-CD3
(OKT3) MAD linked to Sepharose did not induce release of
GM-CSF from purified NK cells (< 20 pg/ml) whereas it did

Table 1. GM-CSF Production from IL-2-activated or CD2-
activated NK Cells

NK activation GM-CSF
pg/ml
None <20*
10 U/ml IL-2 4010
100 U/ml IL-2 178+35
Tl1, <20
SRBC <20
T11, + SRBC 212442

Supernatants were harvested after 4 d from NK cells (> 98% purity by
CD16 MAD after selection by flow cytometry) incubated with media
alone (None), with 10 or 100 U/ml IL-2, with anti-CD2 MAb (T'11;),
with SRBC, or with a combination of anti-CD2 MADb plus SRBC.
Supernatants were subsequently assayed by ELISA for GM-CSF ac-
tivity.

* Mean+SEM from four separate experiments.
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induce GM-CSF release (125-179 pg/ml) from purified periph-
eral blood T lymphocytes.

Expression of GM-CSF mRNA was next assessed in non-
stimulated and activated NK cells using a nuclease S1 protec-
tion assay (Fig. 1). The protected cDNA which complexed with
GM-CSF mRNA is indicated by the arrow at 600 bp. Split
RNA aliquots were also hybridized to labeled cDNA for §-ac-
tin as a control to ensure that comparable amounts of RNA
were in each lane (bands at 450 bp). Small amounts of GM-
CSF transcript were detectable in NK cells incubated in media
alone and by densitometry remained quantitatively unchanged
for 1-15 h of incubation. No band at 600 bp was seen in the
negative control lane (GM-CSF probe hybridized to RNA from
a colon adenocarcinoma cell line). The kinetics of GM-CSF
expression after either IL-2 or CD2 stimulation were quite dif-
ferent. Augmented expression of GM-CSF mRNA was first
observed 6 h after stimulation of NK cells with 100 U/ml IL-2,
whereas augmented GM-CSF transcript was noted as early as 1
h after NK activation with anti-T11; MAb plus SRBC. A Seph-
arose-linked anti-CD3 MAb (OKT?3) (10 ug/ml) did not aug-
ment NK cell GM-CSF mRNA compared to resting NK cells
(not shown).

Effect of IL-2- or CD2-activated NK cells on marrow hema-
topoietic colony formation. Supernatants derived from either
IL-2- or CD2-activated NK cells caused potent stimulation of
BFU-E grown from NAB-T marrow (Table II), compared to
supernatants from resting NK cells or from NK cells incubated
singly with either anti-T11; MAb or SRBC. Supernatants from
IL-2- and CD2-activated NK cells also caused potent stimula-
tion of marrow CFU-GM (data not shown).

IL-2 stimulated NK cells to augment erythropoiesis in a
dose-dependent manner (Fig. 2). Marked stimulation was ob-
served in the range of 100 pM to 1 nM (~ 10-100 U/ml).
These IL-2 concentrations are consistent with those concentra-
tions needed to bind the isolated IL-2R3 subunit of the IL-2
receptor (7).

The addition of anti-GM-CSF MAD to IL-2- or CD2-acti-
vated NK cell supernatants suppressed 84-95% of observed
BFU-E stimulation (Table II). In control experiments, identi-
cal amounts of anti-GM-CSF MAD inhibited > 96% of ery-
throid colony growth induced by 40 pg/ml of human recombi-
nant GM-CSF yet had virtually no effect on erythroid colony
growth induced by human IL-3. Anti-IL-3 MADb had no effect
on erythroid stimulation induced by IL-2- or CD2-activated

CON NK + IL2
bp + - 1 9 15 1 3 6 9 15
603 —

150 — D &

Table II. Effect of Anti-GM-CSF and Anti-IL-3 MAbs on NK
Cell-induced Erythroid Colony Augmentation

Supernatant No MAb o«GM-CSF  alL-3  oGM-CSF + olIL-3

BFU-E/1.5 X 10° BM NAB-T cells

NK 2+6*  — — —
NK + 10U/mlIL-2  116+21 10+5  122+12 14+5
NK + 100 U/ml IL-2 229+43 12+4 19815 10+6
NK + Tl1, 16+5 — — —
NK + T11,+ SRBC 186+29 309 174+18 18+7
IGM-CSF (40 pg/ml) 217438  8+6 227+15 0
rIL-3 (50 U/ml) 15624 144+17 1628 2+1

Supernatants were harvested after 4 d from NK cells (> 98% positive
for CD16) incubated with media alone (NK), with 10 or 100 U/ml
IL-2, with anti-CD2 MADb (T'1 1;), or with a combination of anti-CD2
MAD plus SRBC. Anti-GM-CSF MAb («GM-CSF, 10 ug/ml), anti-
IL-3 MAD (alL-3, 10 ug/ml) or a combination of the two MAbs
(aGM-CSF + all-3) were added to the supernatants before the addi-
tion of supernatants (15% vol/vol) to marrow NAB-T cultures. Con-
trol supernatants containing no MAb were also assessed in marrow
cultures. In further control experiments, MAbs were added directly

to marrow cultures containing either 40 pg/ml recombinant GM-CSF
or 50 U/ml recombinant IL-3. After 14 d of marrow culture, erythroid
bursts (BFU-E) were enumerated.

* Mean+SEM from two separate experiments.

NK cells nor did it suppress colony growth induced by human
recombinant GM-CSF. Anti-IL-3 MAb, however, inhibited
> 90% of erythroid growth induced by human recombinant
IL-3 (Table II). The addition of both anti-IL-3 and anti-GM-
CSF MAbs to NK cell supernatants resulted in marginally
greater suppression of erythroid growth than that due to the
addition of anti-GM-CSF MADb alone. Erythroid colony
growth derived from marrow cultures containing 50 U/ml re-
combinant IL-3 was virtually identical in the presence
(144+17) and in the absence (156+24) of anti-GM-CSF MAb.

Effect of anti-IL-2Ra and anti-IL-2RB MAbs on GM-CSF
production from IL-2-activated NK cells. Preincubation of NK
cells with anti-IL-2R8 MADb (Tu27) markedly suppressed GM-
CSF release from IL-2-activated NK cells (Table III). An iso-
type-control IgG, MAb had no effect on GM-CSF release. Simi-
larly, preincubation with identical amounts of an anti-p75

Figure 1. Kinetics of GM-
CSF mRNA expression in
unstimulated and activated
NK cells. Purified NK cells
were either incubated in me-
dia alone (NK), with 100 U/
ml IL-2 (NK + IL2) or with
anti-T11; MADb plus SRBC
(NK + CD2) for 1-15 h be-
fore RNA harvest and analy-
sis by S1 protection assay.
The protected GM-CSF

NK + CD2
1 3 6 9 15 h

cDNA probe which hybridized with GM-CSF mRNA is indicated by the arrow at 600 base pairs (bp). Split RNA aliquots were also hybridized
with a probe for human g-actin (bands at 450 bp). The positive control (+CON) consisted of GM-CSF cDNA probe plus RNA derived from
the HTLV-II-infected Mo T cell line. The negative control (—CON) comprised GM-CSF probe plus RNA from a colon adenocarcinoma line
(A7C). Autoradiograms were developed at various exposures and scanned by laser densitometry. Similar results were found in a total of four

independent experiments.
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Figure 2. IL-2 stimulates NK cells to augment marrow erythropoiesis
in a dose-dependent manner. Supernatants were harvested after 4 d
from NK cells cultured with 0-100 U/ml IL-2. The supernatants were
added (15% vol/vol) to marrow nonadherent buoyant mononuclear
cells depleted of T lymphocytes (NAB-T) and erythroid bursts (BFU-
E) were enumerated after 12 d of culture. Results are expressed as
means+SEM from three separate experiments.

BFU-E/1.5 x 105 NAB-T CELLS

MAD (YTA-1) which fails to block IL-2 binding to the IL-2R
also had no effect on GM-CSF release from IL-2-activated NK
cells. Anti-IL-2Ra MADb (Tac-1, 67 nM), which markedly sup-
presses IL-2-induced proliferation of T cells bearing the high-
affinity IL-2R, had little effect (< 11%) on GM-CSF release
from IL-2-activated NK cells (Table III). Concentrations of
anti-IL-2Ra MADb, even when used in 2,000-fold molar excess
of IL-2, had no additional effect on GM-CSF release. The com-
bination of anti-IL-2R8 (Tu27) plus anti-IL-2Ra MAbs had a
very small additional effect on GM-CSF release relative to the
suppression observed with anti-IL-2R3 MAD alone.
Preincubation with anti-IL-2R8 MADb (Tu27) also mark-
edly suppressed (78-91%) the ability of IL-2-activated NK

Table II1. Effect of Anti-p75 and Anti-p55 IL-2R MAbs on GM-
CSF production from IL-2-activated NK Cells

NK activation GM-CSF
pg/ml
None <20*
NK + 100 U/ml IL-2 285+41
NK + 100 U/ml IL-2 + ap75 MADb 4111
NK + 100 U/ml IL-2 + IgG, MAb 245+33
NK + 100 U/ml IL-2 + YTA-1 MAb 219+27
NK + 100 U/ml IL-2 + ap55 MADb 256+22
NK + 100 U/ml IL-2 + ap55 + ap75 MAbs <20

Supernatants were harvested after 4 d from NK cells (> 98% positive
for CD16) incubated with media alone (None), or with 100 U/ml
IL-2. In some NK cell cultures cells were preincubated with 10 ug/ml
anti-p75 (Tu27) MAb (ap75 MAD), 10 ug/ml of an isotype control
MAD (IgG,), 67 nM (10 ug/ml) of anti-p55 (Tac-1) MAb (ap55 MAD)
or a combination of both anti-p55 plus anti-p75 MAbs. In further
control experiments, NK cells were preincubated with 10 ug/ml of
an anti-p75 MAb (YTA-1) which fails to block IL-2 binding to p75.
Supernatants were subsequently assayed by ELISA for GM-CSF ac-
tivity.

* Mean+SEM from three separate experiments.

cells to stimulate marrow BFU-E and CFU-GM, whereas the
anti-p75 control MAb (YTA-1) or an anti-IL-2Ra MADb (Tac-
1) had little discernable effect on NK cell-mediated augmenta-
tion of colony growth (data not shown).

We next assessed modulation of NK cell GM-CSF mRNA
expression by IL-2Ra and IL-2R8 MAbs. RNA was extracted
from FACS-purified NK cells and hybridized with labeled
GM-CSF cDNA (Fig. 3). The protected band which complexed
with GM-CSF mRNA is indicated by the arrow at 600 bp; the
bands immediately above the arrow represent rehybridized
DNA probe. Split RNA aliquots were also hybridized with a
c¢DNA probe for -actin and are denoted by the bands at 450
bp. Activation of NK cells with IL-2 (100 U/ml or 1.0 nM)
again markedly augmented GM-CSF mRNA relative to resting
cells. IL-2RB MADb (Tu27) (10 ug/ml) strongly suppressed IL-

450—

Figure 3. Modulation of NK cell GM-CSF mRNA expression by IL-2
as well as by IL-2Ra and IL-2RB. NK cells were purified from
enriched populations of blood mononuclear cells using flow cytome-
try (sorted cells > 98% positive for CD16). Cell aliquots were obtained
at 12 h from resting NK cells (NK), from NK cells incubated with
100 U/ml IL-2 (NK + IL2), from NK cells incubated with IL-2 plus
10 pg/ml anti-p75 MAb (NK + IL2 + ap75), or from NK cells incu-
bated with IL-2 plus 670 nM anti-p55 mAb (NK + IL2 + ap55). RNA
was directly extracted from purified NK cells, hybridized with a 32P-
labeled GM-CSF cDNA probe and GM-CSF mRNA expression as-
sessed by S1 nuclease protection assay. The position of complexed
GM-CSF mRNA on the gel is indicated by an arrow (600 bp). The
bands immediately above the complexed mRNA represent rehybri-
dized DNA probe. The negative control consisted of labeled cDNA
plus carrier RNA without NK cell RNA (—CON). The positive con-
trol comprised labeled cDNA plus RNA from a HTLV-II-infected T
cell line (Mo cell line) (+CON). Split RNA aliquots were probed with
a cDNA for human B-actin (bands at 450 bp). Similar results were
seen in two additional experiments.
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2-induced GM-CSF mRNA expression whereas anti-IL-2Ra
MAD (Tac-1, 670 nM) had little effect on expression of GM-
CSF mRNA. Concentrations of anti~-IL-2Ra MADb, when used
in 2,000-fold molar excess of IL-2, had no additional effect on
GM-CSF mRNA expression (data not shown). A negative con-
trol consisting of the labeled cDNA mixed with carrier RNA
alone is also indicated in Fig. 3 (—CON) whereas a positive
control consisting of labeled cDNA mixed with cellular RNA
from a HTLV-II-infected T cell line (Mo) displayed a strong
GM-CSF mRNA signal (+CON, Fig. 3). An anti-p75 control
MAD (YTA-1) (10 ug/ml) had no discernable effect on GM-
CSF mRNA expression from IL-2-activated NK cells.

In a separate series of three experiments, RNA was ex-
tracted from NK cells purified by negative selection (using
solid-phase immunoabsorption and immunomagnetic separa-
tion) and GM-CSF mRNA expression again assessed by S1
protection assay. GM-CSF mRNA was again observed in rest-
ing NK cells purified by negative selection; IL-2 (100 U/ml)
strongly augmented GM-CSF mRNA expression (data not
shown). Preincubation with anti-IL-2R8 MAD virtually abro-
gated IL-2-induced GM-CSF mRNA expression.

Mechanism of augmented GM-CSF expression in stimu-
lated NK cells. Increased levels of GM-CSF mRNA after IL-2
or CD2 activation of NK cells could result from an increased
rate of transcription or enhanced stabilization of GM-CSF
transcripts which appear to be constitutively expressed in NK
cells. To assess possible posttranscriptional regulation of GM-
CSF transcripts, unstimulated and activated NK cells were cul-
tured with actinomycin D (5 ug/ml) for 5-120 min. RNA was
harvested and examined for GM-CSF mRNA levels by S1 as-
say (Fig. 4). The protected GM-CSF bands are indicated in the
upper portion of the figure where the numbered lanes corre-
spond to 0-120 min of actinomycin D exposure. Autoradio-
grams were scanned by laser densitometry and mRNA stability
was plotted in the lower portion of the figure. The ¢,,, of GM-
CSF mRNA in IL-2-activated NK cells was virtually identical
to that of unstimulated NK cells (15 min), whereas GM-CSF
mRNA 1,/, in CD2-activated NK cells was increased 2.0-2.5-
fold in three separate experiments. Neither IL-2 nor CD2 stimu-
lation had any detectable effect on NK cell $-actin mRNA ¢,
over 12 h of actinomycin D exposure; this result is consistent
with earlier observations concerning actin mRNA ¢, in stimu-
lated T cells (32). Calculated GM-CSF mRNA ¢,,,’s were iden-
tical when densitometric values were normalized for 8-actin
expression.

Transcriptional regulation of NK cell GM-CSF expression
was next assessed using an in vitro nuclear run-on assay. In this
assay, transcripts were generated by elongation of previously
initiated mRNA chains during incubation of isolated nuclei in
the presence of [*PJUTP. The membrane on the left of Fig. 5
was hybridized to nuclear RNA from CD2-activated NK cells,
the center membrane was hybridized to RNA from nonstimu-
lated NK cells, and the membrane on the right was hybridized
to RNA from IL-2-activated NK cells. GM-CSF is constituti-
vely transcribed at a low level in nonstimulated NK cells. IL-2
and CD2-activated NK cells demonstrate by densitometry a
three- to fourfold increased rate of GM-CSF transcription com-
pared to nonstimulated cells. Similar results were obtained in
three independent run-on experiments. Nonstimulated and ac-
tivated NK cells show equal rates of 8-actin transcription (Fig.
5). No signal was seen after nuclear RNA hybridization to the
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Figure 4. Assessment of GM-CSF mRNA stability in purified NK
cells. NK cells were incubated in media alone (NK CON), with 100
U/ml IL-2 (NK IL2) or with anti-T11; MAb plus SRBC (NK CD2)
for 6 h before the addition of actinomycin D (5 ug/ml). Cells were
cultured in the presence of actinomycin D for 5-120 min before RNA
harvest and analysis by S1 protection assay. The protected GM-CSF
bands are indicated in the upper part of the figure. Lane I (CON)
represents GM-CSF probe hybridized to RNA from the Mo T cell
line (+ control) and lane 2 (CON) represents GM-CSF probe hybrid-
ized to RNA from the adenocarcinoma cell line A7C (—control).
Lanes /-5 (NK CON) represent GM-CSF probe hybridized to RNA
from nonstimulated NK cells cultured with actinomycin D for 0, S,
10, 20, and 30 min, respectively. Lanes 1-5 (NK IL2) represent GM-
CSF probe hybridized to RNA from IL-2-activated NK cells cultured
with actinomycin D for 0, 10, 20, 40, and 60 min, respectively. Lanes
1-6 (NK CD2) represent GM-CSF probe hybridized to RNA from
CD2-activated NK cells cultured with actinomycin D for 0, 10, 20,
40, 60, and 120 min, respectively. Autoradiograms were scanned by
laser densitometry and mRNA stability was plotted as indicated in
the lower part of the figure (CON denotes mRNA stability in nonsti-
mulated NK cells; /L2 and CD2 denote mRNA stability in
IL-2-stimulated and CD2-stimulated NK cells, respectively). Similar
results were seen in three independent experiments. Neither IL-2 nor
CD2 activation altered NK cell $-actin mRNA stability during 12 h of
culture with actinomycin D (not shown).

negative control immobilized strands (cardiac promotor actin,
tRNA and pBR322 plasmid DNA) (Fig. 5). The mean incorpo-
rations of [*P]JUTP in unstimulated and activated NK cells
were nearly equal. In additional, control experiments, the
membranes were heated to remove NK cell nuclear RNA and
reprobed with labeled nuclear RNA from a C32 melanoma cell
line; C32 RNA did not hybridize to the immobilized GM-CSF
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Figure 5. Transcriptional regulation of GM-CSF mRNA in nonsti-
mulated NK cells (NVK), NK cells activated with 100 U/ml IL-2 (NK
+ IL2), and in NK cells activated with T11; MAb plus SRBC (VK
+ CD2). Immobilized nucleic acids are indicated on the left of the
figure and include the GM-CSF coding strand, cardiac promoter actin
(negative control), tRNA (negative control), S-actin coding strand
(positive control) and pBR322 plasmid DNA (negative control). The
membrane on the left was hybridized to nuclear RNA from CD2-ac-
tivated NK cells, the center membrane was hybridized to nuclear
RNA from nonstimulated NK cells and the membrane on the right
was hybridized to RNA from IL-2-activated NK cells. Similar results
were seen in two further experiments.

DNA strand but did hybridize to the S-actin fragment (not
shown).

Discussion

Our studies indicate that highly purified populations of fresh
peripheral blood NK cells produce GM-CSF and that NK cell
GM-CSF production is regulated by both IL-2R8 and CD2/
LFA-3 but not by IL-2Ra. Supernatants derived from either
IL-2- or CD2-activated NK cells cause potent stimulation of
hematopoietic colony growth; neutralization studies using spe-
cific anti-GM-CSF and anti-IL-3 MADbs indicate that most
(84-95%) of this activity is a consequence of GM-CSF release.
These studies also indicate that both transcriptional and post-
transcriptional signals act together to modulate the level of
GM-CSF mRNA in NK cells, and that the molecular mecha-
nisms underlying NK cell GM-CSF production are dependent
in part on differential surface receptor activation.

GM-CSF is one of at least four human colony-stimulating
factors capable of augmenting proliferation of hematopoietic
progenitor cells both in vitro and in vivo (33, 34). It has an
apparent molecular mass of 22 kD and is known to be pro-
duced by activated T cells, fibroblasts, and endothelial cells.
G-CSF, IL-3, and M-CSF are also variably produced by either
monocytes, T cells, or mesenchymal cells (33). Our studies indi-
cate that synthesis of the major colony-stimulating factors may
not be restricted to mesenchymal cells, T lymphocytes, and
macrophages.

Production of a number of different cytokines has been
attributed to either NK cells or large granular lymphocytes.
NK cells have been shown, for example, to produce TNF, IFN-
v, and serine protease-Hanukah factor (35-37). Cuturi et al.

(18) have recently demonstrated that highly purified popula-
tions of NK cells express GM-CSF transcripts after stimulation
with IL-2 and/or immobilized anti-CD16 MAb. The NK cells
utilized in their studies were largely obtained from bulk cul-
tures of peripheral blood mononuclear cells and were incu-
bated for 10 d with irradiated B-lymphoblastoid cell lines; the
vast majority (83%) of NK cells purified from these cultures,
unlike fresh NK cells, express HLA-DR antigens and ~ 10% of
their cells also express CD25 (Tac antigen) and thus appear to
express activation antigens in the basal state.

The precise in vivo relevance of NK cell cytokine produc-
tion has not yet been defined. Recent studies using an anti-NK
cell MAD to deplete mice of NK cells have suggested that NK
cells may serve as a regulator of extramedullary myelopoiesis
(38). Three NK cell cytokines (TNF, IFN-y, and GM-CSF) are
each capable of enhancing peripheral blood phagocytic activity
and augmenting microbicidal capacity (33, 39, 40). NK cells
recognize targets in the absence of MHC restriction and repre-
sent a probable early line of defense particularly against virus-
infected cells and tumor metastases. NK cell release of GM-
CSF may represent a mechanism for further amplification of
the immune response by augmenting the number and function
of additional effector cells. NK cells may also represent a
unique mediator of CSF release in response to CD16 activation
by immune complexes.

It is highly unlikely that contaminating T lymphocytes
were the source of GM-CSF production in our purified popula-
tions of NK cells. T cells were not detectable by flow cytometry
in purified NK cell populations using an appropriate panel of
pan-T MADbs. Secondly, purified NK cells failed to demon-
strate rearrangement of the T cell antigen receptor 8 chain gene
and by densitometry demonstrated a germline restriction en-
zyme pattern identical to that of granulocytes, whereas a non-
germline configuration compatible with multiple individual
gene rearrangements was easily seen in populations of periph-
eral blood T cells. Thirdly, Sepharose-linked anti-CD3 MAb
failed to stimulate GM-CSF release or mRNA production from
purified NK cells whereas it readily stimulated lymphokine
release from peripheral blood T cells.

In many of our experiments, enriched NK cells were sorted
using flow cytometry into CD16-positive and CD16-negative
populations after staining with an anti-CD16 MAb. Ligands
for the NK cell CD16 receptor (a low-affinity receptor for the
Fc domain of IgG) can induce transcription of cytokine genes
and enhance NK cell activation (41). However, ligand binding
of the NK cell CD16 receptor by soluble anti-CD16 MAb can
not account for the GM-CSF production observed in these stud-
ies for at least two reasons. First, NK cell activation and cyto-
kine production after ligand binding to the CD16 receptor is
not generally observed with soluble anti-CD16 antibodies but
rather requires either particulate immune complexes or immo-
bilized anti-CD16 antibodies (41). Secondly, similar results
were observed in separate experiments when NK cells were
purified by negative selection using solid-phase immunoab-
sorption and immunomagnetic separation.

Relatively few studies have assessed the regulation of cyto-
kine production in human mesenchymal cells or circulating
mononuclear cells. In fibroblasts after stimulation with either
TNF or 12-O-tetradecanoylphorbol 13-acetate (TPA), both
transcriptional and posttranscriptional signals act together to
modulate the levels of GM-CSF and G-CSF mRNA (42). IL-1
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also appears to enhance cytokine mRNA stability in fibro-
blasts, perhaps via the induction of an inhibitor which blocks
ribonuclease-induced degradation of cytokine mRNA (43).
GM-CSF has been shown to be constitutively transcribed in
human fibroblasts and in human T cells immortalized with
HTLV-1, but does not appear to be expressed constitutively in
primary human T cells (42, 44, 45). Very little is known about
cytokine regulation in human NK cells. Our results indicate
that GM-CSF in NK cells is constitutively transcribed at low
levels and that both IL-2 and CD2 stimulation markedly en-
hance NK cell GM-CSF rates of transcription. CD2 but not
IL-2 stimulation also appears to modestly enhance GM-CSF
mRNA stability; it is likely, however, that transcriptional stimu-
lation rather than enhanced mRNA stability is largely responsi-
ble for CD2-induced augmentation of GM-CSF production in
NK cells. It is possible that GM-CSF transcription in nonsti-
mulated NK cells reflects inadvertent cellular activation during
the process of purification. However, this possibility seems un-
likely for at least three reasons. First, purified NK cells demon-
strated no cytotoxic activity against NK-resistant target cells
(the colon carcinoma line COLO) even at E/T ratios of 15:1
whereas activated NK cells readily kill this cell line. Secondly,
purified nonstimulated NK cells did not demonstrate prolifera-
tive activity whereas activated NK cells readily incorporate
[*Hlthymidine (7). Thirdly, purified nonstimulated NK cells
did not express the activation antigens CD25 (IL-2Ra) or
CD71 (transferrin receptor) whereas the majority of activated
NK cells express these antigens.

IL-2Rg is preferentially expressed on resting human periph-
eral blood NK cells (6-8). It has also been identified in the
absence of Tac antigen (IL-2Ra) on the surface of small num-
bers of resting T cells and some B cells (46). Increasing evidence
suggests that IL-2Rg is capable of mediating signal transduc-
tion (46, 47). '>’I-IL-2 chemical crosslinking and '2I-IL-2 radio-
receptor binding assays in the presence and absence of anti—
Tac MAD have indirectly suggested that IL-2 binding to IL-
2R3 may mediate at least the initial phases of NK cell cytolysis
and proliferation as well as the early induction of lymphokine-
activated killer (LAK) activity (6-8). The recent production of
anti-p75 MAbs which block IL-2 binding to IL-2R8 now make
it possible to more directly assess the function and biologic role
of IL-2Rg in IL-2-mediated cellular activation and cytokine
production (22, 48). Our studies indicate that anti-IL-2R8
MAD specifically inhibits GM-CSF release from IL-2-activated
NK cells, blocks the ability of IL-2-activated NK cells to aug-
ment hematopoietic colony growth and markedly suppresses
IL-2-induced GM-CSF mRNA expression. Anti-Tac MADb,
which directly blocks IL-2 binding to IL-2R« and inhibits IL-
2-dependent proliferation of T lymphocytes, has little effect on
NK cell GM-CSF release or mRNA expression, even when
used in 2,000-fold molar excess of IL-2. Additionally, the IL-2
concentrations (100 pM to 1 nM) that optimally stimulate NK
cell augmentation of erythroid colony growth (Fig. 2) are con-
sistent with those concentrations needed to bind IL-2R 8. High-
affinity IL-2Rs are nearly saturated at 100 pM and the isolated
IL-2Ra subunit is minimally occupied at 100 pM (7). Taken
together, these data strongly suggest that IL-2Rg is the mole-
cule most directly responsible for IL-2 activation of NK cell
GM-CSF production. Together with previous reports, the data
suggest that IL-2 binding to IL-2R3 may mediate not only NK
cell cytolysis and the initial phases of NK cell proliferation but
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may also play an important role in NK cell cytokine produc-
tion.

Cellular activation with a combination of anti-CD2 MAbs
has been shown to enhance cytotoxicity of NK cell clones
against otherwise resistant targets and to enhance the cytolytic
function of fresh peripheral blood NK cells (9, 12). Similar
anti-CD2 MADb combinations can also induce T cell prolifera-
tion; recently, binding of an LFA-3 homologue (SRBC) to T
cells has been shown to induce reactivity to otherwise submito-
genic concentrations of anti-CD2 MADbs (11). Our studies indi-
cate that SRBC in combination with a single anti-CD2 MAb
are capable of enhancing NK cell GM-CSF production even
though each ligand alone has a negligible effect on cytokine
production. These results suggest that, in addition to IL-2R3,
CD2 membrane receptors are also capable of modulating NK
cell GM-CSF production and that one of the signals required
for NK cell activation through the CD2 pathway is provided by
the interaction of CD2 with its naturally occurring co-ligand,
i.e., LFA-3. These data also imply that several distinct mecha-
nisms may well be capable of enhancing NK cell cytokine pro-
duction.
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