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Abstract

Recombinant human growth hormone (HuGH) and human pro-
lactin (HuPRL), but not GHof bovine or porcine origin, prime
human neutrophils for enhanced superoxide anion (O°) secre-
tion. Since HuGH, but not GHof other species, effectively
binds to the HuPRLreceptor (HuPRL-R), we used a group of
HuGHvariants created by site-directed mutagenesis to identify
the receptor on human neutrophils responsible for HuGH
priming. A monoclonal antibody (MAb) directed against the
HuPRL-R completely abrogated O2 secretion by neutrophils
incubated with either HuGHor HuPRL, whereas a MAbto the
HuGH-R had no effect. The HuGHvariant K172A/F176A,
which has reduced affinity for both the HuGH-binding protein
(BP) and the HuPRL-BP, was unable to prime human neutro-
phils. This indicates that priming is initiated by a ligand-recep-
tor interaction, the affinity of which is near that defined for
receptors for PRL and GH. Another HuGHvariant, K168A/
E174A, which has relatively low affinity for the HuPRL-BP
but slightly increased affinity for the HuGH-BP, had much
reduced ability to prime neutrophils. In contrast, HuGHvari-
ant E56D/R64M, which has a similar affinity as wild-type
HuGHfor the HuPRL-BP but a lower affinity for the HuGH-
BP, primed neutrophils as effectively as the wild-type HuGH.
Finally, binding of HuGHto the HuPRL-BP but not to the
HuGH-BPhas been shown to be zinc dependent, and priming
of neutrophils by HuGHwas also responsive to zinc. Collec-
tively, these data directly couple the binding of HuGHto the
HuPRL-R with one aspect of functional activation of human
target cells. (J. Clin. Invest. 1992. 89:451457.) Key words:
prolactin receptors * respiratory burst* somatotropin

Introduction

After binding to cellular membrane receptors, growth hor-
mone (GH)' promotes growth and differentiation of a variety
of cell types (1-3), including hemopoietic tissue (4-6). Human
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1. Abbreviations used in this paper: BP, binding protein; GH, growth
hormone; HuGH, human growth hormone; HuGH-R, human growth
hormone receptor; HuIGF-I, human insulin-like growth factor I;
HuIGF-I-R, human insulin-like growth factor-I receptor; PL, placental
lactogen; PRL, prolactin (similarly, HuPRL and HuPRL-R, human
prolactin and human prolactin receptor); rBoGH, recombinant bovine
growth hormone; rPoGH, recombinant porcine growth hormone.

GH(HuGH), but not GHof other species (7, 8), has a pleiotro-
pic receptor-binding capacity (1). Indeed, many of the biologi-
cal effects of HuGHare shared with prolactin (PRL) because
HuGHcan bind and activate both somatogenic and lactogenic
receptors. The lactogenic receptor-mediated effects, such as en-
hanced thymulin production by rat thymic epithelial cells, can
occur via binding of HuGHto the rat PRL receptor (PRL-R)
(9). In contrast, human PRL (HuPRL) binds only to the lacto-
genic receptor and does not bind to the somatogenic receptor
(7, 8).

The mechanism by which HuGHexerts its pleiotropic ef-
fects has not been well defined beyond the level of interaction
with a surface receptor (1). Amongthose homologous receptors
to which HuGHcan bind, only two have been cloned, the
HuGH-R(10, 11) and the HuPRL-R (12, 13), although there
are likely to be others such as the receptor for placental lacto-
gen (14). HuGHresidues which are critical for binding to either
the HuGH-Ror HuPRL-R have been identified by analyzing
segment-substituted and single residue-substituted HuGHvari-
ants, produced by site-directed mutagenesis techniques, with a
competitive binding assay using the extracellular binding pro-
teins derived from the receptors (1 5-18). Additionally, the vari-
ants were used to demonstrate that zinc mediates binding of
HuGHto the HuPRL-R (1 5). Three amino acids of the HuGH
molecule, residues 18 (His), 21 (His), and 174 (Glu), coordi-
nate with residue 188 (His) of the HuPRL-R to form the four
zinc ligands. These zinc ligands appear to be critical for deter-
mining the binding preference of HuGHbecause mutants that
alter these positions (15) bind preferentially to somatogenic
rather than to lactogenic receptors ( 18).

GHis now recognized to regulate both the differentiation
and activation of lymphoid and myeloid cells (5). Wehave
demonstrated that GHincreases the resistance of rats to Salmo-
nella typhimurium by increasing the ability of macrophages to
kill S. typhimurium (19) and to secrete tumor necrosis factor-a
(20). GHalso augments the capacity of both macrophages (21,
22) and neutrophils (23) to secrete °2 in response to triggering
stimuli such as opsonized-zymosan, formylmethionyl-leucyl-
phenylalanine (FMLP) and phorbol myristate acetate (PMA).
In the present report, we used the model of human neutrophils
that were primed with HuGH, HuPRL, or HuGHvariants, in
conjunction with monoclonal antibodies (MAbs) against either
HuGH-Ror HuPRL-R, to determine which receptor is respon-
sible for augmenting the secretion of O2 after stimulation of
human neutrophils with PMA. Based on four distinct lines of
evidence, we demonstrate that the HuPRL-R can account for
the HuGH-mediated priming of human neutrophils for an en-
hanced respiratory burst.

Methods

HuGHvariant preparation and binding studies. HuGHvariants were

prepared by site-directed mutagenesis, purified, and analyzed for their

Growth Hormone, Neutrophils, and Prolactin Receptors 451

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/92/02/0451/07 $2.00
Volume 89, February 1992, 451-457



binding affinity for the HuGH- or HuPRL-binding protein (BP) as
described (17, 18). The binding affinities of HuGHvariants that were
designed to discriminate between the HuGH-Rand HuPRL-R are de-
scribed in Table I.

Neutrophil isolation. Heparinized human venous blood was col-
lected from healthy, 20-35-yr-old volunteers. Whole blood was gently
mixed with an equal volume of 3% dextran (T500, Pharmacia LKB
Biotechnology, Inc., Piscataway, NJ). The dextran solution was pre-
pared in HBSS(without Ca", Mg", or phenol red; Gibco Laborato-
ries, Grand Island, NY). The suspension was allowed to settle for 30
min at room temperature. The leukocyte-rich plasma was collected
from the upper portion of the suspension and carefully layered onto
Ficollpaque (density 1.077, Pharmacia LKB Biotechnology, Inc.). The
gradient was centrifuged at 500 g, 20'C for 35 min. The supernatant,
including platelets and the mononuclear leukocyte-rich fraction, was
removed and the erythrocyte and neutrophil-rich pellet was resus-
pended with 0.2% saline and was then immediately brought up to isoto-
nicity with an equal volume of 1.6% saline. Neutrophils were washed
once by centrifugation and finally resuspended with HBSS. Whole
blood yielded 3-5 X 106 cells/ml, consisting of > 95% neutrophils as
determined by Wright Giemsa differential staining and with a viability
> 99% assessed by trypan blue exclusion.

Porcine neutrophils were isolated from venous blood as described
(23). Bovine neutrophils were isolated according to the protocol of
Carlson and Kaneko (24). Briefly, heparinized bovine blood was di-
luted 1: 1 with HBSSand centrifuged at 500 g, 20°C for 35 min. After
removal of plasma and buffy coat, the pellet was resuspended with
0.2% saline to lyse erythrocytes and was immediately reconstituted to
isotonicity with an equal volume of 1.6% saline. After the second lysis,
neutrophils were washed and resuspended in HBSS.

Priming of neutrophils. Neutrophils were maintained in a serum-
free suspension in HBSSduring the course of treatment (23). Each
milliliter of the treatment mixture contained 5 X 106 neutrophils and
the following reagents in HBSS: recombinant bovine GH(rBoGH; a
gift from Dr. Emerson Potter, Lilly Research Laboratories, Greenfield,
IN), recombinant porcine GH(rPoGH; a gift from Dr. Bosco Wang,
American Cyanamid Co., Princeton, NJ), recombinant human insu-
lin-like growth factor I (rHuIGF-I; IMCERABioproducts, Inc., Terre
Haute, IN), rHuPRL (16), rHuGH wild type (Genentech, Inc., S. San
Francisco, CA), or HuGHvariants (17, 18). Cells were incubated at
37°C, 5%C02, for 3-4 h with gentle periodic agitation. The effect of a
MAbto HuPRL-R or to the HuGH-Ron priming of neutrophils me-
diated by either HuPRLor HuGHwas studied by preincubating neutro-
phils with these MAbsat 37°C for I h before the addition of HuGHor
HuPRL. The anti-HuGH-R MAb(MAb5, 25) was purchased from
Agen Biomedical, Ltd. (Parsippany, NJ), anti-HuIGF-I-R MAb
(aIR3) was obtained from Oncogene Science, Inc. (Manhasset, NY),
and anti-HuPRL-R MAb(9D1 1) was kindly provided by Brian Fend-
ley at Genentech, Inc., after purification from mouse ascitic fluid on
protein A sepharose. All three ofthese MAbswere derived from murine
hybridomas, were of the IgG, isotype, and were free of preservatives. In

experiments testing the effect of exogenous zinc on priming of neutro-
phils, ZnCl2 was added to a mixture of cells incubated with either
HuGHor HuPRL.

Measurement of superoxide anion production. O2 was measured by
the superoxide dismutase (SOD)-inhibitable reduction of ferricy-
tochrome c (26) as described previously (23). Briefly, a response spectro-
photometer (Gilford Instrument Laboratories, Inc., Oberlin, OH)
equipped with a thermostatic chamber (37°C) capable of reading six
cuvettes was used. Each cuvette contained a reaction mixture of 1 ml
with 2 X 106 neutrophils, 80 ,uM cytochrome c (type III, Sigma Chemi-
cal Co., St. Louis, MO), and 100 ng PMA(LC Service Co., Woburn,
MA). The reference cuvette contained an additional 75 jig of SOD
(Sigma Chemical Co.). Reduction of cytochrome c was measured con-
tinuously at 550 nm (with asband width of 0.5 nm) after addition of
PMA. The amount of °2 production in a period of 10 min was calcu-
lated based on the extinction coefficient of cytochrome c of 21
mM-'cm-'. Results are shown as the mean (n = 3)±SEM of PMA-trig-
gered °2 production by 2 X 106 neutrophils in 10 min.

Nb2 cell proliferation assay. The rat lymphoma cell line, Nb2 (27),
was maintained in suspension cultures in Fischer's medium (Gibco
Laboratories) supplemented with horse serum (10%, Pel-Freez Biologi-
cals, Rogers, AR), fetal calf serum (FCS, 10%, Hyclone Labs., Inc.,
Logan, UT), 2-mercaptoethanol (10-' M, Sigma Chemical Co.), peni-
cillin (50 U/ml), and streptomycin (50 jig/ml) in an atmosphere of 5%
CO2at 37°C. Approximately 24 h before the Nb2 cells were used in the
proliferation assay, they were transferred to Fischer's medium supple-
mented as above but containing only 0.5% FCS and 5% horse serum.
At the end of this preincubation, cells were washed once by centrifuga-
tion (10 min at 300 g) and resuspended in Fischer's medium supple-
mented only with 2-mercaptoethanol and antibiotics. Cells were distrib-
uted in 96-well plates (100 ;d, 2 X 10' cells per well) in triplicate cul-
tures and then 100 jil of each treatment (diluted in the same medium)
was added to each well. The cells were incubated for 24 h and pulsed
with 1 1ACi per well oftritiated thymidine ([3H]TdR; 6.7 Ci/mmol; ICN,
Irvine, CA) in 25 jl of Fischer's medium for 6 h. Cells were harvested;
onto glass microfiber filter (Whatman, Inc., Clifton, NJ) with a 24-
channel cell harvester (Cambridge Technology, Cambridge, MA).
Filter discs were then dried in scintillation vials. To each vial, 3 ml of
Omnifluor scintillation cocktail (Dupont-New England Nuclear, Bos-
ton, MA) was added and [3H]TdR incorporation was determined with
a model LS 5801 liquid scintillation counter (Beckman Instruments,
Inc., Fullerton, CA) and expressed as counts per minute.

Statistical analysis. Duncan's multiple-range test was used to deter-
mine the differences between treatments and all data were analyzed
using a general linear model (28).

Results

HuGHand HuPRL, but not PoGHor BoGH, prime human
neutrophils for O2 secretion. Werecently reported that human
and porcine neutrophils can be primed with recombinant

Table I. Binding of HuGHWild-Type (WT) and Variants to the HuGH- or HuPRL-Binding Protein (HuGH-BP or HuPRL-BP)

HuPRL-BP HuGH-BP Change in
binding preference:

KD(variant) KD (variant) HuPRL-BP
KD KD(WT) KD KD(WT) HuGH-BP

pM pM

HuGHWT* 38±3 (1) 440±40 (1) (1)
K172A/F176A* 320,000±70,000 8,400 260,000±130,000 560 15
K168A/E174A* 350,000±80,000 9,100 1-20±10 0.27 34,000
E56D/R64M** 70±14 2.1 10,000±2,000 30 0.07

* From Cunningham and Wells (20).
From Cunningham et al. (17).
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HuGHor PoGH, respectively, for enhanced 0° secretion in
response to PMAstimulation (23). This GH-induced priming
was dose-dependent and the minimum dose required to detect
significant enhancement of O2 secretion was - 100 ng/ml.
Subsequently, we tested the priming capacity of another hu-
manpituitary hormone, recombinant PRL, on human neutro-
phil 0° secretion. A similar priming capacity of HuPRLwas
observed, but only half as much HuPRL (50 ng/ml) was re-
quired to significantly prime human neutrophils for enhanced
O2 secretion (data not shown). At a higher dose (250 ng/ml),
both HuPRLand HuGHpotently enhanced 0° production by
human neutrophils (P < 0.01; Fig. 1). However, GHof other
species (porcine and bovine) that does not bind to the PRL-R
(13) but bind, albeit poorly, to the HuGH-R(- 1,000-fold less
than HuGH; 29), failed to prime human neutrophils even at
10,000 ng/ml. Both rPoGH and rBoGH showed dose-depen-
dent activity in augmenting the secretion of O2 by PMA-trig-
gered neutrophils from pigs and cows, respectively (Fig. 2).
These results are in agreement with our previous findings (23)
and further indicate that priming of neutrophils for °2 secre-
tion by GHis conserved in a variety of species and that both the
GH-Rand PRL-R may be involved in this activation.

HuGH-mediated priming can be abrogated by a MAb
against the HuPRL-R. Both HuGH- and HuPRL-mediated
priming (250 ng/ml each) of human neutrophils for 02 secre-
tion were virtually abolished by a MAb (9D1 1, 500 ng/ml)
against the HuPRL-R (P < 0.01, Fig. 3, top). This same MAb
was able to block the binding of HuGHto the extracellular
domain of HuPRL-R in an ELISA format (G. Fuh, unpub-
lished observation). However, another murine MAb(MAb5)
of the same isotype and concentration (500 ng/ml) that binds
on Western blots to the extracellular domain of the HuGH-R
and has been shown to inhibit dimerization of HuGH-R(B. C.
Cunningham, unpublished findings) did not substantially an-
tagonize priming by either hormone. Neither of the MAbs af-
fected 0° secretion by control neutrophils that were incubated
with medium only. These two MAbs did not show cross-reac-
tivity with each other's receptors and purified BPs were able to
absorb only the respective MAb, as assessed by Western blots
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Figure 1. Human neutrophils are primed for 0° secretion by recom-
binant HuGHor HuPRLbut not by either recombinant PoGHor
BoGH. Significant enhancement of 0° production by human neu-
trophils preincubated with HuGHor HuPRL (each at 250 ng/ml) is
indicated by ** (P < 0.01). Neither recombinant PoGHnor BoGH
was able to prime human neutrophils, even at 104 ng/ml. Results are
expressed as the mean±SEM(n = 3).
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Figure 2. Recombinant BoGHor PoGHaugments 02 secretion by
neutrophils of bovine (n = 3) or porcine (n = 3) origin, respectively,
in a dose-dependent fashion. Significant enhancement of 0° secretion
is indicated by * (P < 0.05) or ** (P < 0.01).

(data not shown). In this same experiment, an equivalent
amount of anti-HuIGF-I-R MAbwas used as a control, iso-
type-matched antibody to demonstrate specificity of the anti-
HuPRL-R MAb inhibition of both HuGH- and HuPRL-me-
diated priming. HuIGF-I (125 ng/ml) can induce similar prim-
ing of human neutrophils for O2 secretion, as described
previously (23) and demonstrated in Fig. 3, bottom. Another
murine MAbthat had an identical isotype, anti-HuIGF-I-R
(aIR3, 500 ng/ml), abrogated the HuIGF-I-mediated enhance-
ment of O2 secretion by neutrophils (P < 0.01) but not the
priming mediated by HuGHor HuPRL. However, the anti-
HuPRL-R MAb, at the same concentration used in Fig. 3, top,
could not block HuIGF-I-mediated priming of neutrophils,
indicating that these MAbs are specific for their respective li-
gands. These results strongly suggest that the HuPRL-R is re-
sponsible for most of the priming induced by HuGH.

Priming of human neutrophils for enhanced O° secretion
with HuGHvariants. A group of variants that were created by
site-directed mutagenesis were designed to discriminate be-
tween binding to either the HuGH-BPor HuPRL-BP (Table I;
17, 18). Wetested these variants for their functional capacity to
prime human neutrophils for O2 secretion in comparison with
wild-type HuGH(Fig. 4). Recombinant HuGHwild type, at
250 and 2,500 ng/ml, primed neutrophils significantly (P
< 0.01). HuGHvariant, K172A/F176A, which has decreased
binding affinity for both HuGH-BPand HuPRL-BP, did not
prime these cells even at 2,500 ng/ml. This result indicates that
a ligand-receptor interaction whose epitope is similar to the
GHor PRL receptor site is required for GHto augment the
secretion of O2 by human neutrophils. The HuGHvariant
K168A/E174A, which has a 34,000-fold greater preference for
binding the HuGH-BP than the HuPRL-BP, did not prime
neutrophils for significantly enhanced 0° secretion. In con-
trast, the variant E56D/R64M, which has a 30-fold reduction
in affinity for the HuGH-BPand a marginally lower affinity for
the HuPRL-BP (an 14-fold increase in preference for the
HuPRL-BP), primed neutrophils for enhanced °2 secretion as
effectively as the wild-type HuGH. These data strongly support
the possibility that HuGH-mediated priming of human neutro-
phils for 0° secretion is mostly mediated by binding to the
HuPRL-R rather than to the HuGH-R.
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Figure 3. Top: A MAbagainst the HuPRL-R completely abrogates the
priming of human neutrophils by HuGHor by HuPRL(each at 250
ng/ml) for O2 secretion (as indicated by **, P < 0.01; n = 3). A MAb
directed against the HuGH-R, however, did not block the enhanced
O2 secretion by either reagent. Humanneutrophils were preincubated
with either control medium or MAb(500 ng/ml each) for I h before
addition of priming reagents. Both MAbs were identical in their spe-
cies and isotype. There was no effect of these MAbson °2 secretion
by neutrophils incubated with medium only (controls). Bottom: Ad-
ditional control treatments conducted in these same experiments that
demonstrate specific blocking of HuGH-mediated priming by the
HuPRL-R MAbare shown in the upper panel. Recombinant
HuIGF-I (125 ng/ml) primed human neutrophils for °2 secretion,
and this priming was abrogated (indicated by **, P < 0.01) by a MAb
against the HuIGF-I-R (500 ng/ml, same species and isotype as anti-
HuPRL-R), as recently reported (23). However, this anti-IGF-I-R
isotype-specific MAbdid not affect the priming mediated by either
HuGHor HuPRL. The anti-HuPRL-R MAbdid not affect the
HuIGF-I-mediated enhancement of °2 secretion.

E
E
0

0
E

c
0

0

x

Cu

Up

0

Cu
:.
Cu

control 250 2500 250 2500 250 2500 250 2500 (ngml)
HuGH WT K172A.FI76A K168A'E174A E56D1R64M

Figure 4. Priming of human neutrophils for O2 secretion by HuGH
variants that were created by site-directed mutagenesis. Significant
enhancement of °2 production (indicated by **, P < 0.01; n = 3)
above neutrophils incubated with medium alone (control) was ob-
served in neutrophils treated with HuGHwild type (WT) and the
variant E56D/R64M, which binds to the HuPRL-R. HuGHvariant
K172A/F176A, which does not effectively bind to either the HuGH-R
or HuPRL-R, and the variant K168A/E 1 74A, which binds effectively
to only the HuGH-R, did not significantly augment O2 secretion even
at 2,500 ng/ml.

spond to recombinant HuIGF-I. The lack of stimulation with
HuIGF-I implies that the response of Nb2 cells is not stimu-
lated by other growth-promoting factors, since IGF-I is highly
conserved throughout many different species and is commonly
used as a culture supplement for growing various cell lines (30).
Both wild type HuGHand the variant E56D/R64M, which
retains affinity for the PRL-BP, stimulated Nb2 proliferation
as effectively as HuPRL. At the lowest dose tested (0.1 ng/ml),

FCS

HuIGF-I

HuPRL

HuGH

E56D/R64M -

K172A/F1 76A -

K168A/E1 74A

Analysis of the biological activity of HuGHvariants by the
Nb2 lymphoma proliferation assay. One possible explanation
for the lack of priming activity exhibited by variants Kl 72A/
F1 76A and K168A/E 174A might be the loss of their biological
activity owing to disturbances in secondary and tertiary struc-
tures of these molecules. To address this issue, we tested the
biological activity of these HuGHvariants, along with both
positive (FCS, HuGH, and HuPRL) and negative (HuIGF-I)
controls using a highly sensitive assay which detects PRL-R-
dependent stimulation of Nb2 cell proliferation at a level of
PRL as low as 10 pg/ml (27). As shown in Fig. 5, the rat lym-
phoma cell line Nb2 proliferated in response to PRL-contain-
ing FCS (at concentrations of 1% and 10%), but did not re-
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Figure 5. Assessment of the biological activity of HuGHvariants as
measured by their capacity to stimulate Nb2 cells to incorporate [3H]-
TdR. FCS was used as a positive control, which showed a dose-de-
pendent stimulation of Nb2 cell proliferation (P < 0.05 at 1% and P
< 0.01 at 10%). HuIGF-I was used as a negative control to show the
specificity of this assay. Significant proliferation of Nb2 cells (P
< 0.01) was detected at concentrations of 0.1 ng/ml and greater of
HuPRL, HuGHwild type, or variant E56D/R64M, while 1 and 10
ng/ml were required for significant (P < 0.01) stimulation of Nb2 cells
with variants K168A/E174A or K172A/F176A. Results are expressed
as the mean±SEMof triplicate cultures.
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the other two HuGHvariants, K168A/E174A and K172A/
F1 76A, failed to stimulate Nb2 proliferation, probably because
of the low affinity for the PRL-BP. However, at much higher
doses (1 and 10 ng/ml, respectively), these two variants were
able to stimulate Nb2 cellular proliferation. These data indi-
cate that all these HuGHvariants are biologically active, albeit
with reduced potencies that are consistent with each analog's
relative affinity for the HuPRL-BP.

Exogenous zinc augments secretion of O2 by human neutro-
phils incubated with HuGH, but not HuPRL. Binding of
HuGHto the HuPRL-R has recently been demonstrated to be
zinc dependent (15). However, binding of HuGH to the
HuGH-Rand binding of HuPRLto the HuPRL-Rare indepen-
dent of zinc. Therefore, we tested the effect of exogenous zinc
(from 25 to 100 uM) on the priming of human neutrophils
induced by either HuGHor HuPRL. As shown in Fig. 6,
HuGHat 25 ng/ml was unable to induce priming in the ab-
sence of additional zinc. Exogenous zinc (from 25 to 100 ,gM)
by itself had no effect on control neutrophils. However, exoge-
nous zinc significantly boosted HuGH(25 ng/ml)-mediated
enhancement in O2 secretion to a level comparable to that of
human neutrophils treated with a 10-fold higher concentration
(250 ng/ml). Priming neutrophils with HuGHat 250 ng/ml
was independent of exogenous zinc. Zinc did not alter the se-
cretion of O2 by human neutrophils that were primed with
HuPRLand triggered with PMA(data not shown). Since the
level of zinc plays a critical role in mediating the binding of
HuGHto the HuPRL-R, but not of HuGHto the HuGH-Ror
of HuPRLto the HuPRL-R (15), these data reinforce the pre-
vious conclusion that HuGHbinds to the HuPRL-R to aug-
ment the secretion of O2 by human neutrophils.

Discussion

In this report, four lines of evidence suggest that the relevant
receptor by which HuGHaugments the secretion of O2 by
human neutrophils is primarily the HuPRL-R, not the HuGH-
R. (a) Recombinant HuPRLgreatly augments the secretion of
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Figure 6. Exogenous zinc potentiates the capability of HuGHto aug-
ment the secretion of O2 by human neutrophils. HuGHat 25 ng/ml
did not augment °2 secretion of neutrophils in the absence of exoge-
nous zinc (ZnCI2). Zinc at 25 to 100 ALMdid not affect O2 secretion
by neutrophils incubated in medium only, but boosted the priming
with HuGHat 25 ng/ml to a level comparable to that of HuGHat
250 ng/ml (*, P < 0.05, n = 3). Priming at 250 ng/ml of HuGHwas
independent of exogenous zinc.

O2 by human neutrophils. However, recombinant GHmole-
cules derived from two nonprimate species that do not bind to
the HuPRL-R are unable to prime human neutrophils even
though they are capable of enhancing the secretion of O2 by
species-specific neutrophils. (b) A MAbdirected against either
the HuGH-R or HuPRL-R was used. Only the antibody
against the HuPRL-R totally blocked the priming of human
neutrophils incubated with either HuPRLor HuGH. (c) Ala-
nine- and homologue-scanning mutagenesis were used to gener-
ate a set of predesigned HuGHvariants that differentially bind
to either the HuGH-Ror HuPRL-R. The variant that did not
bind either receptor was unable to augment the secretion of O2
by human neutrophils, which indicates that the priming of hu-
man neutrophils by HuGHor HuPRL requires a functional
ligand-receptor interaction. More importantly, the variant
that bound preferentially to the HuPRL-Rwas able to enhance
O2 secretion by human neutrophils whereas the response in-
duced by the HuGH-Rspecific analog was much reduced. (d)
Exogenous zinc was able to augment the respiratory burst of
human neutrophils when HuGH, but not HuPRL, was used.
Since zinc is required for binding of HuGHto the HuPRL-R,
but not for HuGHbinding to the HuGH-R or for HuPRL
binding to the HuPRL-R, these data also argue that the
HuPRL-R is the relevant receptor for priming human neutro-
phils for O2 secretion.

The conclusion that the HuPRL-R is primarily responsible
for HuGH-mediated priming of human neutrophils for O2 se-
cretion is similar to the finding that HuGHstimulates rat thy-
mulin production by binding to the PRL-R rather than to the
GH-Ron rat thymic epithelial cells (9). Unlike HuGH, rat GH
does not bind to the PRL-R and fails to exert a PRL-R-me-
diated stimulatory effect on thymulin production. However,
the ability of GHto prime neutrophils for O2 secretion may be
conserved in a variety of species (23 and Fig. 2). For example,
neither porcine nor bovine GHbind to the PRL-R but they
prime porcine and bovine neutrophils, respectively, for O2 se-
cretion, suggesting that the GH-Rmediates the priming of both
porcine and bovine neutrophils by their own GH. Although
HuGHbinds to the HuGH-R, data in our report suggest a
unique feature of the human neutrophil is that the PRL-R is
primarily involved in modulating this HuGH-mediated func-
tional activation of neutrophils. Accordingly, our data imply
that the GH-R is of reduced importance on human neutrophils
or that HuGHis preferentially directed to the HuPRL-Rdue to
the inevitable presence of zinc. There are no reports on the
expression of either GH-Ror PRL-R on neutrophils, although
receptors for both hormones have been detected on human
lymphocytes (29, 31, 32). Our preliminary results suggest the
presence of both mRNAsfor the GH-R and for the PRL-R in
human neutrophils, as assessed by the polymerase chain reac-
tion, RNA-RNA-hybridization techniques, and the presence of
the PRL-R, but not the GH-R, in neutrophil membrane ex-
tracts as determined by Western blot analysis (data not shown).
The expression of a functional HuGH-R on human neutro-
phils may therefore be subject to post-translational regulation.
It is also important that both PRL- (33-36) and GH- (37-39)
like molecules are synthesized by lymphoid cells and that PRL
augments a number of immune responses such as contact sensi-
tivity reactions (4, 40), synthesis of interferon-y (41) and ex-
pression of receptors for interleukin 2 (42).

Chimeric molecules or variants of HuGHthat are gener-
ated by site-directed mutagenesis have proven to be powerful
tools for studying ligand-receptor interactions. Using this ap-
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proach, our results not only couple ligand-receptor binding
with direct functional activation of human neutrophils, but
they also suggest the exclusiveness of the PRL-R in mediating
the effect of HuGHin this system. Another report demon-
strated that a GHvariant generated by a similar technique acts
as a GHantagonist which suppresses growth of transgenic mice
by blocking the GH-Rwithout stimulating release of its physio-
logical mediator, IGF-I (43). Therefore, in addition to data on
the receptor-binding affinity of these variants, measurement of
functional activities using biological assays can provide impor-
tant clues about understanding the relevant events that occur
after ligand-receptor interaction.

Like HuGH, human placental lactogen (PL) binds to the
PRL-R (44) and exerts lactogenic effects on target cells. PL is a
glycoprotein and the oligosaccharide components of PL are
important functional determinants (45). Enzymatic deglycosy-
lation of PL can be used to differentiate between somatogenic
and lactogenic receptor binding and biological activities of PL.
Unlike PL, GHis not naturally glycosylated, thus the approach
for determining PL's somatogenic or lactogenic effect is not
applicable to HuGH. Recently, it has been demonstrated that
zinc plays a critical role in determining HuGH's lactogenic-re-
ceptor binding activity (15). By adding or removing zinc,
differential receptor binding of HuGHto the HuPRL-R and
biological activity can be easily determined. Our finding that
exogenous zinc potentiates HuGH-mediated priming of neu-
trophils for an enhancement of O° secretion further links re-
ceptor-binding with a direct functional activation of target cells
and demonstrates an important role of zinc in mediating this
particular event. There are considerable data which demon-
strate that zinc plays a critical role in several physiological sys-
tems and that zinc affects many functions of both the periph-
eral nerves (46, 47) and cells of the immune system, including
neutrophils, and it is now apparent that zinc deficiency sup-
presses several components of the immune system (48-52).
The present report is the first to show that by mediating the
binding of HuGHto the PRL-R, zinc augments the secretion
of O- by human neutrophils incubated with HuGH. Since both
the GH-Rand PRL-R are homologous to the receptors of the
cytokine receptor gene superfamily (53-55), zinc may also be
involved in mediating other cytokine actions by ligand-recep-
tor binding.
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