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We have previously demonstrated that growth hormone (GH) is a human macrophage-activating factor
which primes monocytes for enhanced production of H2O2 in vitro. This report extends our observations to
other monocyte functions relevant to infection. We find that GH also primes monocytes for O2

2 production, to
a degree similar to the effect of gamma interferon. Neither macrophage-activating factor alone stimulates
monocytes to release bioactive tumor necrosis factor. However, GH, unlike gamma interferon, does not
synergize with endotoxin for enhanced tumor necrosis factor production. In further contrast, GH does not alter
monocyte adherence or morphology, while phagocytosis and killing ofMycobacterium tuberculosis by GH-treated
monocytes are also unaffected. Therefore, despite the multiplicity of the effects of GH on the immune system
in vivo, its effects on human monocytes in vitro appear to be limited to priming for the release of reactive oxygen
intermediates.

In animal models, growth hormone (GH) appears to be
necessary for development of the thymus and a fully competent
immune system (2). In addition, administration of GH to hy-
popituitary animals restores many macrophage functions rele-
vant to infection and inflammation. The macrophages from
GH-treated animals release more superoxide (O2

2) and tumor
necrosis factor alpha (TNF-a) in response to the appropriate
trigger stimuli and ingest Listeria monocytogenes better than
macrophages from untreated animals (9–11). GH has also
been shown to protect hypopituitary animals from lethal Sal-
monella typhimurium infections (10). In vitro, GH-treated por-
cine alveolar macrophages are microbicidal for Pasteurella
multocida (8). However, the direct in vitro priming of a human
phagocyte by GH for enhanced killing of any organism has not
yet been reported.
GH also primes human phagocytes for enhanced reactive

oxygen intermediate (ROI) production. Polymorphonuclear
leukocytes of dwarfs show depressed respiratory burst activity
which is restored by GH administration (33). In vitro, the
polymorphonuclear leukocytes of normal donors can be
primed not only by GH but also by prolactin (PRL) and insu-
lin-like growth factor 1 for enhanced secretion of O2

2 (12, 13).
In addition, normal human monocytes are activated for en-
hanced hydrogen peroxide release in response to GH or PRL
(42). The reported production of GH and related factors by
leukocytes suggests the possibility of these molecules acting as
paracrine macrophage-activating factors (27, 44).
Killing of Mycobacterium tuberculosis by human monocytes

or macrophages has been difficult to demonstrate in vitro.
Priming human monocytes in vitro with gamma interferon
(IFN-g) enhances many functions of monocytes but it does not
stimulate them to kill tubercle bacilli (7, 29–31, 37). In addi-

tion, IFN-g mildly inhibits monocyte phagocytosis of this or-
ganism (7). Other mediators, such as vitamin D3 (5, 31), only
slightly limit the growth of M. tuberculosis in monocyte cul-
tures. As the monocytes of acromegalic and hyperprolactine-
mic patients have been reported to kill another mycobacte-
rium, Mycobacterium avium, better than those of normal
donors (34), it is possible that GH could prime human mono-
cytes to kill M. tuberculosis in vitro. We have therefore ex-
tended our studies of GH as a human macrophage-activating
factor to examine priming for the enhanced release of O2

2 and
bioactive TNF as well as for changes in adherence, phagocy-
tosis, and killing of M. tuberculosis.

MATERIALS AND METHODS
Cell culture reagents and mediators. Unless otherwise specified, all reagents

and mediators were obtained from Sigma (Poole, Dorset, United Kingdom).
Mediators were stored in aliquots at 2708C unless otherwise indicated. RPMI
1640 medium, salt solutions, and fetal calf serum were purchased from ICN Flow
(High Wycombe, Bucks, United Kingdom). Pooled human serum was obtained
by defibrinating 20 ml of venous blood from each of 50 normal, healthy, non-
clinical, nonlaboratory volunteers. Tissue culture plates (96 well; Becton Dick-
inson/Falcon, Oxford, United Kingdom) were coated with human plasma fi-
bronectin (Fn) (Sigma) according to the manufacturer’s recommendations in
lipopolysaccharide (LPS)-free water (Phoenix Pharmaceuticals, Gloucester,
United Kingdom). Recombinant human GH was a gift from Eli Lilly (Windle-
sham, Surrey, United Kingdom) and was reconstituted in ammonium bicarbon-
ate buffer containing 0.1% bovine serum albumin, diluted in a glycine-bicarbon-
ate buffer, freeze-dried, and stored at 2708C as described previously (42);
aliquots were reconstituted in water and used as required. Recombinant human
IFN-g was purchased from BCL/Boehringer Mannheim (Lewes, E. Sussex,
United Kingdom) as a 105-U/ml solution, and frozen aliquots were used as
required. Polymyxin B (1 mg/ml; Gibco BRL/Life Sciences, Paisley, Scotland)
was stored at 2208C. LPS (Escherichia coli 0011:B4; Sigma) was stored in solu-
tions of 1 mg/ml in phosphate-buffered saline at 2208C. Thawed aliquots were
diluted and vortexed for 3 min before use. The LPS content of all other reagents
(as determined by the Coatest chromogenic Limulus amoebocyte lystate assay;
KabiVitrum, Molndal, Sweden) was ,5 pg per ml of endotoxin at the final
concentration in culture, except that for fetal calf serum, which contained more
than 100 pg of LPS per ml.
Separation, culture, and priming of human monocytes. Monocytes were sep-

arated and cultured as described previously (42). Briefly, 100 ml of defibrinated
blood was dextran sedimented and the resulting leukocyte-plasma fraction was
centrifuged over Nycodenz monocytes (Nycomed, Birmingham, United King-
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dom). Monocytes at the interface were washed and adhered to Fn-coated wells
of a 96-well tissue culture plate. Nonadherent cells were removed, and the
remaining monolayer was cultured in 200 ml of medium (RPMI 1640 containing
2% [vol/vol] pooled human serum and 2 mM L-glutamine). One hundred fifty
microliters of medium per well was replaced with fresh medium, with or without
mediators, every 24 h until the day before assay. The supernatant from the first
24 h of stimulation (between 24 and 48 h of culture) was saved at2708C and later
assayed for TNF.
Reduction of cytochrome c by superoxide. The microplate assay of Pick and

Mizel (28) was employed with minor modifications. All reagents were purchased
from Sigma, dissolved in Hanks balanced salt solution (except phorbol myristate
acetate, which was dissolved in dimethyl sulfoxide), and stored in aliquots at
2708C. Monocytes were treated with mediators daily up to 48 h, and then
cytochrome c reduction was assayed at 72 h. Immediately before the assay, cells
were washed three times in Hanks balanced salt solution, always leaving a
residual 50 ml of the solution. Cytochrome c solution containing 10 nM phorbol
myristate acetate was added and the A550 was measured at time points up to 60
min. The amount of DNA per well was then estimated by using the fluorescent
DNA-binding compound, bis-benzamide, as described previously (18, 42), except
that DNA standards were diluted in the cytochrome c solution and assayed in
parallel. Results were then normalized to nanomoles of O22 per 106 cells and
expressed as percentages of the control to account for constitutive interdonor
variation.
Assay of bioactive TNF. Monocyte cultures or human monocyte-like cell line

THP-1 (40) cultures were first allowed to equilibrate in medium for 24 h at 378C
and then incubated in fresh medium for 24 h with either a test mediator or with
LPS (positive control), with LPS plus polymyxin B (10 mg/ml), or in medium
alone (background control). Supernatants were then collected and stored at
2708C until the assay. Freshly trypsinized L929 cells were allowed to adhere
overnight at 378C with 3 3 104 cells per well in microtiter wells and then
incubated in TNF-containing medium (RPMI 1640 plus 5% fetal calf serum) in
the presence of 1 mg of actinomycin D (Sigma) per ml for 20 to 24 h and assayed
as described previously (19).
Monocyte killing of M. tuberculosis. The bacterium M. tuberculosis H37rv was

prepared as described previously (41). Briefly, mouse-passaged stocks were
thawed from liquid nitrogen and grown to log phase in Middlebrook 7H10 broth
(Difco, East Molesley, Sussex, United Kingdom) plus glycerol and without
Tween and aliquots were frozen at 2708C. Immediately before infection, an
aliquot was thawed, washed, sonicated, and centrifuged to remove clumps, and
then the resultant, predominantly single-cell suspension was diluted in RPMI
1640 to the desired working concentration.
Two antibacterial protocols were sequentially employed. The first procedure

(6) involved culturing monocytes with or without mediators on glass coverslips
for 24 h before infection. After 6 h of infection, the coverslips were transferred
to fresh medium with or without mediators and incubated for 6 days and then
were assayed for bacterial viability as described previously (6), except that ex-
tracellular bacteria were also assayed (41). In the second protocol, monocytes
were plated on Fn-coated 96-well tissue culture plates as described above for the
ROI assay. The monocytes were cultured in RPMI 1640 containing 2% pooled
human serum and supplied with GH (0.3 to 3.0 mg/ml) on days 0, 3, 4, and 5 (by
changing 150 of 200 ml of medium in the culture well) and were infected on day
6 and assayed on days 7 and 8. On day 6, all but 50 ml of medium was removed
from the wells and 50 ml of RPMI 1640 containing M. tuberculosis (5 3 105

bacteria per well; bacterium-to-macrophage ratio, approximately 5 to 10:1) was
added. The low ratio and small volume encouraged complete bacterial uptake.
No attempt was made to dissociate extracellular and intracellular fractions in
subsequent estimates of the fate of the viable bacteria in the wells because of the
risk of dislodging cells that were potentially rendered differentially adherent by
GH treatment; monocyte viability was greater than 90% in both treatment
groups. No antibiotics were used to kill extracellular bacteria because of the risk
of effects on intracellular bacteria in activated cells (25). Twenty-four to 48 h
later, enough time to allow for uptake and killing of M. tuberculosis while
minimizing the opportunity for death or growth of extracellular bacilli, the
contents of each well were scraped with a 3- to 4-mm-diameter polytetrafluor-
ethylene scraper and were transferred, with washings, to a tube containing 0.25%
sodium dodecyl sulfate. This first dilution tube was sonicated three times for 3 s,
and serial 10-fold dilutions were made with water. Dilutions were plated on 7H11
agar (Difco) and incubated for 3 weeks at 378C before colonies were counted.
Duplicate 96-well plates were prepared in parallel with this bacterial viability
assay to assess relative numbers of total cell-associated bacteria by acid-fast
staining (see below).
Phagocytosis and Ziehl-Neelsen staining. The contents of wells from plates

which had been infected for 24 h were removed, and the cells were washed and
stained to enumerate the total bacteria per cell. This was done by gently agitating
and removing the medium and any suspended cells from a well to a 1.5-ml tube
(Sarstedt). The wells were gently washed several times in medium. The washings
were pooled, and the residual cells in the wells were resuspended in 50 ml of a
Tris-based buffer (17) by incubating the plates at 378C for 1 h with intermittent
agitation. The contents were gently removed, and the wells were rinsed several
times. Greater than 95% of the cells were recovered by this method. Everything
removed from each well was pooled in a single tube and centrifuged at 100 3 g
for 5 min. The pellet was resuspended in 1 ml of buffer and centrifuged again.

The pellet was resuspended in a total of 15 ml of buffer, and 5 ml of cells was put
onto each of three glass slides. Slides were then formalized, heat fixed, and
Ziehl-Neelsen stained by an adaptation of the protocol of Allison and Hart (1).
All samples were viewed with an oil-immersion microscope objective (magnifi-
cation, 1003), and the number of acid-fast bacilli per macrophage was counted
in 200 to 700 cells from four sets of random fields per well. Counting large
numbers of cells per condition rendered negligible any random inaccuracies
introduced by small numbers of cell-adherent, noninternalized bacteria which
may not have been washed away prior to staining. This protocol, using infection
with small sonicated inoculum for a short time period, also prevented clumps of
bacteria from interfering with counting. The results were expressed both as
percentages of cells infected and the numbers of bacteria per cell.

RESULTS

GH primed human monocytes for elevated O2
2 production

in response to phorbol myristate acetate. However GH did not
affect monocyte adherence and morphology, secretion of bio-
active TNF, or the uptake or killing of M. tuberculosis.
Enhanced superoxide production. Pretreatment with GH

for 72 h activated monocytes for O2
2 production to a level

similar to that obtained with IFN-g (Fig. 1). A lower level of
statistically significant enhancement was also obtained after 48
h of pretreatment. GH alone in cell-free wells did not reduce
cytochrome c, and superoxide dismutase (300 U) completely
abrogated O2

2 produced by GH-treated cells (not shown).
Secretion of TNF.Human monocytes that had been cultured

for 24 h and then stimulated with LPS (30 to 100 ng/ml) for a
further 24 h produced between 10 and 2,000 U of bioactive
TNF per ml (Fig. 2) (supernatants collected at other time
points between 4 and 72 h poststimulation did not contain
greater levels of bioactivity). However, no other mediator stim-
ulated the release of TNF which could be detected in this
system. Mediators tested at a wide range of concentrations
included GH (Fig. 2), IFN-g (100 U/ml; 11 donors tested),
insulin-like growth factor 1 (0.1 to 1,000 ng/ml; 5 donors test-
ed), PRL (0.1 to 10 mg/ml; 2 donors tested), thyroid-stimulat-
ing hormone (0.01 to 100 mg/ml; 3 donors tested), and thyroid
hormones (1 to 1,000 ng/ml; 3 donors tested) (data not shown).
Unlike IFN-g (23, 32), GH did not synergize with LPS at
suboptimal concentrations (Fig. 2). The THP-1 cell line also

FIG. 1. O22 production by monocytes treated with either medium alone,
GH, or IFN-g (100 U/ml) for 72 h and then triggered with phorbol myristate
acetate. The mean O22 production (in nanomoles per 106 cells per hour) in
triplicate wells treated with the indicated mediators is expressed as a percentage
of the mean from triplicate control wells receiving medium alone. Results shown
are the means 6 standard errors of the means for four experiments. GH treat-
ment significantly enhanced O22 release (P , 0.01 by two-way analysis of vari-
ance). Control cells averaged 8.37 nmol per 106 cells per h.
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produced TNF in response to LPS but not to GH (data not
shown).
Changes in morphology and adherence induced by mono-

cyte-stimulating factors. Monocytes treated with IFN-g for 24
to 48 h displayed increases in size, in spreading and extension
of pseudopods on Fn, and in the number of perinuclear gran-
ules; LPS treatment induced similar changes, but cells were
less spread, more granular, and more inclined to cluster (not
shown). In contrast, no notable changes in morphology were
caused by up to 7 days of GH treatment: monocytes remained
rounded but irregular as if cultured in medium alone. Mor-
phological appearance was reflected in the ability to remain
adherent to Fn after 3 to 4 days of culture: adherence was
enhanced by IFN-g and unaffected by GH (Fig. 3).
Binding and killing of M. tuberculosis. In two separate pro-

tocols, one from the only published report of killing of M.
tuberculosis by human monocytes (6) and the other which
closely approximated the conditions used for the ROI assay,
untreated and GH-treated cells were equally unsuccessful at
limiting the growth of tubercle bacilli.
By the first protocol there was no difference in the number

of cell-associated bacteria between untreated and GH-treated
wells (Fig. 4), either after 6 h of phagocytosis (day 0) or after
6 days of culture. Numbers of bacteria that were not cell-
associated (i.e., those in the supernatants and rinses) were
unaffected by GH treatment (not shown). However, this system
allowed for a number of possible artifacts (41). For example
apparent cell-associated bacterial counts could be altered by
possible GH effects on monocyte viability and adherence, al-
though careful monitoring of the monolayers by phase contrast
microscopy revealed no difference between the treated and
untreated wells in the moderate loss of viability inflicted by
infection (not shown). Additionally, M. tuberculosis survives
poorly extracellularly in tissue culture medium containing hu-
man serum (30), and it would also be difficult to detect whether
GH-treated monocytes were coordinately phagocytosing and
killing more bacteria. The culture conditions may also have
been unable to facilitate GH-mediated priming, which is sen-
sitive to both the adhesive substrate and density of the cellular
monolayer (42).
The second method was designed to avoid or minimize po-

tential artifacts and to mimic conditions that allowed optimum
priming with GH for ROI release. By this second protocol,
which detected changes in both colony-forming units and acid-
fast bacilli in wells treated with other combinations of cyto-
kines (43), GH treatment again had no effect on the number of
viable M. tuberculosis per well or on the number of total cell-
associated bacteria (Fig. 5).

DISCUSSION

Although GH and IFN-g both prime monocytes for en-
hanced ROI production, they elicit different spectra of effects
on other monocyte functions.
GH-mediated priming of human monocytes in vitro for O2

2

release (Fig. 1) requires the same dose of GH (0.1 to 10.0

FIG. 2. GH treatment does not affect basal or LPS-stimulated TNF release
by monocytes in vitro. Mediators were added to 1-day-old monocytes, and their
supernatants were harvested 24 h later. The TNF bioactivities of the superna-
tants were assayed by their cytotoxicities for L929 cells in the presence of
actinomycin D. Results shown are the means 6 standard errors of the means for
triplicate wells from a representative of seven donors.

FIG. 3. Effect of IFN-g but not GH on monocyte adherence to Fn. Fn-
adherent cells were treated with fresh mediators daily for 72 h and washed, and
the number of cells remaining per well was determined with the DNA-binding
fluorochrome, bis-benzimide. The mean number of cells remaining adherent in
triplicate wells treated with the indicated mediators was divided by the mean
number of cells remaining in triplicate wells receiving medium alone. Results
shown are the means 6 standard errors of the means for 10 donors, and the
differences between treatments are statistically significant by two-way analysis of
variance for IFN-g-treated cells (P , 0.001) but not for GH-treated cells (P .
0.50).

FIG. 4. Mycobacterial growth associated with glass-adherent monocytes
from three donors. Each point represents the mean number of colony-forming
units 6 standard errors of the means for triplicate wells from either the day of
infection or 6 days later. F, untreated cells; å, GH (1.0 mg/ml)-treated cells.
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mg/ml) as that required by porcine or rat macrophages (9) or
human polymorphonuclear lymphocytes (13), and the magni-
tude of O2

2 released by monocytes is also similar; in all of
these systems GH was at least as effective as IFN-g. However,
GH treatment is only able to prime monocytes to release
approximately half as much H2O2 as IFN-g-treated cells re-
lease (42). The reasons for the difference in effectiveness of
these two mediators on different ROI species are not known.
Many cytokines may elicit at least some of their macro-

phage-activating effects via autocrine production of TNF-a (3,
32), which is arguably the main monokine stimulating macro-
phage and/or monocyte antimicrobial activity (14, 20). How-
ever, GH alone did not prime monocytes (Fig. 2) or the THP-1
monocyte-like cell line (not shown) for TNF production, which
confirms earlier work by Edwards et al. (11) in which in vitro
treatment of rat peritoneal exudate cells did not affect TNF-a
release. Nevertheless, as these supernatants were assayed for
bioactivity only, there is a possibility that GH does in fact
stimulate TNF production but also coordinately stimulates fac-
tors (e.g., soluble receptors) which may inhibit TNF activity. In
vitro GH treatment of peripheral blood mononuclear cells
from AIDS patients is reported to increase TNF-a secretion
(16). Paradoxically, in vivo effects appear to be opposite to
those found in vitro: the administration of GH to hypophysec-
tomized rats increased the subsequent release of TNF-a by
their peritoneal exudate cells in vitro (11), and GH adminis-
tration to AIDS patients has been reported to inhibit cachexia
(15).
It is probable that TNF-a production requires (38) and that

human immunodeficiency virus infection induces (26, 39) in-
creased NF-kB activity in monocyte-like cells. Furthermore,
IFN-g synergizes with microbial products or other cytokines
for enhanced NF-kB expression (22) and TNF-a secretion (21,
32). We therefore investigated the possibility that GH also
potentiates TNF production. Coculture in GH did not affect
the production of TNF bioactivity by monocytes treated with
suboptimal doses of LPS (Fig. 2). Perhaps further manipula-
tion of in vitro conditions will eventually reveal a protocol
wherein GH synergizes with other factors for TNF production
in vitro. For example, IFN-g not only synergizes with other

factors in coculture but also primes monocytes when applied 3
days prior to LPS exposure (32); IFN-g synergizes with other
factors in addition to LPS (21), etc. However, it is equally
possible that GH does not directly stimulate TNF-a release but
rather elicits the release of another paracrine agent in vivo
which primes monocytes; e.g., a closely related cytokine, PRL,
primes murine macrophages in vivo by, at least in part, in-
creased IFN-g release (4).
The absence of putative cofactors available in vivo but not in

vitro may also partially account for the ineffectiveness of in
vitro GH treatment in stimulating killing of M. tuberculosis by
human monocytes (Fig. 4 and 5). In many earlier studies,
thyroxine was necessary for full reconstitution of immunocom-
promised parameters by GH (2), and it may be that thyroid
hormones or macrophage-activating steroids such as vitamin
D3 or retinoic acid are among the missing cofactors required
for GH-mediated induction of these macrophage functions in
vitro. It is nevertheless possible that even without such addi-
tional factors GH or PRL can stimulate human monocytes to
kill organisms which may be more susceptible to ROI than M.
tuberculosis.
It is likely that at least some of the differences between

GH-activated and IFN-g-activated monocytes can be related
to differential effects on integrins. Phagocytosis of M. tubercu-
losis is believed to be mediated by complement receptors CR1,
CR3, and CR4 (35); the last two are b2-integrins deactivated
by IFN-g (36, 45). IFN-g has also been reported to alter the
adherence of monocytes to Fn (24). Identification of the dif-
ferences in signalling pathways used by GH compared with
those used by IFN-g may help distinguish components which
increase ROI production from those involved in decreased
phagocytosis and enhanced M. tuberculosis growth in IFN-g-
activated cells (7) and may eventually allow selective manipu-
lation of macrophage function in the treatment of disease.
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