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ABSTRACT. The fetus and newborn infant are highly
susceptible to infection by pathogens that are capable of
intracellular survival. The invasion of these microbes usu-
ally stimulates a granulomatous host defense response in
the fetus or neonate. Multinucleated giant cells (MGC) are
the predominant cells composing the granuloma and rep-
resent the terminally differentiated state of activated mac-
rophages. Because macrophages derived from human um-
bilical cord blood monocytes demonstrate some deficiencies
in activated functions, we tested the ability of these cells
to form MGC in vitro. Mononuclear cells from umbilical
cord blood and adult peripheral blood were isolated and
cultured for 7, 14, or 21 d before stimulation with phorbol
myristate acetate (PMA), an agent known to stimulate
MGC from mononuclear phagocytes in vitro. Spontaneous
MGC formation occurred in both cord and adult blood
mononuclear cell cultures by d 7 of incubation, although
significantly fewer MGC formed in the cord blood cultures.
PMA treatment of adult blood mononuclear cells resulted
in a significant increase in MGC formation after 7, 14, or
21 d of culture, but PMA did not significantly increase
MGC formation in cord blood cultures until 14 or 21 d of
culture. Pretreatment of cord and adult blood mononuclear
cells with 1,25-dihydroxyvitamin D; inhibited PMA-in-
duced MGC formation. However, when a purified popula-
tion of cord blood, monocyte-derived macrophages were
pretreated with 1,25-dihydroxyvitamin D;, PMA signifi-
cantly increased MGC formation. These data indicate that
distinct differences exist between mononuclear phagocytes
isolated from cord blood versus adult peripheral blood with
respect to in vitro MGC formation and that a unique
population of 1,25-dihydroxyvitamin D;-responsive mac-
rophages is derived from cord blood monocytes. (Pediatr
Res 33: 19-26, 1993)

Abbreviations

MGC, multinucleated giant cell

1,25(OH),D;, 1,25-dihydroxyvitamin D;

PMA, phorbol myristate acetate

HG, 1-0 hexadecyl 1-2-0 acetyl glycerol

GM-CSF, granulocyte-macrophage colony-stimulating
factor

The human fetus and newborn infant are at high risk of
developing systemic bacterial, viral, and other microbial infec-
tions. Pathogens capable of surviving intracellularly in phago-
cytes (e.g. Toxoplasma, Listeria, herpes simplex virus, and cyto-
megalovirus) require the host to mount a cell-mediated immune
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response for adequate protection (1). Such responses are slow to
develop and often ineffectual in the neonate, partly because of
poor mobilization of nonspecific phagocytic defenses and dimin-
ished production of cytokines by mononuclear cells.

Granulomatous inflammatory responses are an attempt by the
host to sequester and gradually eliminate persistent infectious
agents, including the above-listed pathogens, or nondegradable
material from the body (2-4). In the case of infectious organisms,
granulomatous lesions begin as a cell-mediated reaction with T
lymphocyte and mononuclear phagocyte participation. In time,
activated macrophages become the predominant cell type of the
granuloma. These macrophages frequently fuse into MGC, the
terminally differentiated form of activated macrophages (5).
MGC formation remains poorly understood, although certain
nondegradable microparticles (6) and soluble agents such as
PMA, interleukins-3 and -6, interferon-v, retinoic acid, GM-
CSF, mitogen-stimulated lymphocyte-conditioned media, and
1,25(0OH);D; promote mononuclear phagocyte fusion into MGC
in vitro (7-12).

In light of the documented impairments in activation of cord
blood mononuclear phagocytes (13), we examined the ability of
neonatal cord blood mononuclear phagocytes to form MGC in
vitro. Induction of MGC formation by exposure to agents known
to stimulate macrophage fusion [PMA, 1,25(OH),D;] was com-
pared using neonatal cord blood and adult human peripheral
blood mononuclear cells. Distinct differences are reported in
spontaneous MGC formation and in macrophage fusion in the
presence of 1,25(OH),D; and PMA when comparing cells iso-
lated from newborn cord blood versus adult human peripheral
blood.

MATERIALS AND METHODS

Cell isolation and culture. These studies were reviewed and
approved by the Indiana University Institutional Review Board
for the Protection of Human Subjects. Blood was collected from
the cut end of the umbilical cord from normal-term newborn
infants or from peripheral veins of normal, healthy 25- to 30-yr-
old male adult volunteers into sterile heparinized (20-U/mL)
syringes. The suspended cells were layered over Histopaque 1077
(Sigma Chemical Co., St. Louis, MO), and mononuclear cells
were isolated by density centrifugation (14). Isolated mononu-
clear cells were cultured in DMEF-12 media (Sigma) containing
0.10 human AB serum at a density of 1 X 10° cells/mL in 24-
well culture plates on sterilized glass coverslips. Cultures were
incubated in a 5% CO. humidified environment at 37°C. Cul-
tures were fed every 4 d by carefully removing one half of the
conditioned media and replacing it with fresh media.

In some experiments, monocytes were isolated from other
mononuclear cells by allowing the mononuclear cells to adhere
to gelatin-coated flasks for 1 h at 37°C (14). Nonadherent cells
were removed by washing the flasks with media three times.



20 GERBERDING AND YODER

Adherent cells were removed by adding media with EDTA (5
mM) for 15 min followed by tapping the flask. Recovered cells
were >0.90 monocytes as determined by myeloperoxidase stain-
ing, phagocytic activity, and cell-surface expression of CD11b as
previously described (14, 15). In all experiments, by 7 d of
culture, the adherent cells were >0.95 macrophages by morphol-
ogy and by staining for a-napthyl butyrate esterase and tartrate-
resistant acid phosphatase using commercial kits (Sigma). Fur-
thermore, adherent cell viability (trypan blue exclusion >0.95)
and cell numbers (cells counted in four randomly selected mi-
crometer fields) in cultures of adult and cord blood mononuclear
phagocytes were equivalent (~4.0 X 10* cells/coverslip).

Experimental protocol. On d 7, 14, or 21 of culture, PMA
(Sigma), placebo (0.001 DMSO), or fresh medium was added to
wells of cultured cells and the cells were incubated for an addi-
tional 16 h. Preliminary experiments were performed to deter-
mine the optimal concentration of PMA (range, 1-100 nmol)
that induced maximal MGC formation. Inhibition of PMA-
induced MGC formation using a protein kinase C-specific inhib-
itor, HG, was performed by concomitantly adding HG (Sigma)
and PMA to the mononuclear cell cultures at 7, 14, or 21 d and
culturing for 16 h. Again, preliminary experiments were per-
formed to determine the concentration of HG that maximally
inhibited PMA-induced MGC formation. In some experiments,
mononuclear cells or purified monocytes were pretreated with
1,25(0H),D5 (1078 mol) for 21 d (media replaced every 4 d)
before addition of PMA or placebo for an additional 16 h.

In some experiments, cocultures of adherent and nonadherent
mononuclear cells were initiated using 24-well culture plate
inserts (Costar Corp., Cambridge, MA) to prevent the two pop-
ulations of cells from physically interacting but to allow soluble
agents released by each population to be freely diffusable. Thus,
adult peripheral blood or cord blood nonadherent mononuclear
cells (>0.90 lymphocytes by morphology) were plated in culture-
well inserts above coverslips of adherent adult peripheral blood
or cord blood monocyte-derived macrophages.

At the completion of each experiment, coverslips were re-
moved from the culture wells and washed, and adherent mac-
rophages were stained with Wright’s stain. The percentage of
MGC formed was assessed in all experiments by counting a
minimum of 600 cells per triplicate set of coverslips with an
MGC defined as a cell with three or more nuclei (number MGC/
600 x 100 = % MGC). A fusion index (%) was calculated as the
number of nuclei present in the entire population of MGC
divided by the total number of nuclei counted in the 600-cell
sample multiplied by 100. The fusion index increases as the
percentage of MGC formed increases, but the fusion index also
reflects changes in the overall number of nuclei present in the
MGC that may occur independent of changes in the percentage
of MGC formed. Each experiment was performed in triplicate
and repeated a minimum of three times.

Cell proliferation assay. Determination of cell proliferation
was performed by immunocytochemical detection of 5-bromo-
2’-deoxyuridine incorporation using a commercial kit (Amer-
sham Corp., Arlington Heights, IL). Briefly, PMA-treated mac-
rophages from mononuclear cell or monocyte-derived macro-
phage cultures were labeled by incubating the coverslips in 5-
bromo-2’-deoxyuridine for 60 min. The coverslips were washed
and adherent cells fixed in 0.95 ethanol-0.5 acetic acid solution.
The cells were rehydrated, and a murine MADb to 5-bromo-2’-
deoxyuridine was added for 1 h. The labeled cells were washed,
and peroxidase anti-mouse Ig antibody was added for a 30-min
incubation. Detection of the peroxidase-labeled antibody was
achieved using diaminobenzidine in the presence of cobalt and
nickel. Proliferating cells revealed blue-black nuclear staining
and the percentage of dividing cells was counted from a mini-
mum of 200 total cells. A human monocytic leukemia cell line
THP-1 (American Type Culture Collection, Rockville, MD)
served as a proliferating positive control. Uninduced THP-1 cells
were treated as above and applied to glass slides by cytospin

(Shandon Southern Instruments, Inc., Pittsburgh, PA) while
PMA-treated THP-1 cells readily adhered to glass coverslips
present in the tissue culture plates.

Statistical analysis. Statistical analysis of data was performed
using the unpaired or paired ¢ test with the level of significance
set at p < 0.05. All data are recorded as mean + SEM unless
otherwise indicated.

RESULTS

In vitro culture of human mononuclear phagocytes derived
from adult peripheral blood and cord blood mononuclear cells
was associated with the appearance of mature macrophages,
including some spontaneously developing MGC (Table 1). Treat-
ment of mononuclear cells with 0.001 DMSO (placebo control
for PMA experiments) did not influence the percentage of MGC
formed or the fusion index in any of the experiments compared
with untreated cultures (data not shown). Adherent macrophages
derived from cord blood mononuclear cells appeared morpho-
logically similar to macrophages derived from adult peripheral
blood (Fig. 1), were equivalent in number, and >0.95 expressed
the differentiated macrophage enzymes, nonspecific a-napthyl
butyrate esterase, and tartrate-resistant acid phosphatase (7-10).
However, significantly fewer MGC spontaneously appeared in
the cord blood mononuclear cell cultures by d 7 of observation
(Table 1). At later time points, d 14 and 21 of culture, the
number and fusion index of spontaneously appearing MGC was
not significantly different in macrophage monolayers derived
from cord or adult blood mononuclear cells (Table 1). Coculture
of adult mononuclear cells (culture plate insert compartment)
with adherent cord blood monocyte-derived macrophages failed
to significantly influence the percentage of MGC appearing by
d 7 of culture compared with cord blood mononuclear cultures
alone (mean 3.1 and 4.8% MGC formed, respectively). Similarly,
coculture of cord blood mononuclear cells (insert compartment)
with adherent adult peripheral blood monocyte-derived macro-
phages failed to alter the percentage of MGC present in the adult
macrophage cultures at d 7 (mean 8.3 and 10.0% MGC formed,
respectively).

Treatment of 21-d mononuclear cell cultures with 50 nmol
PMA resulted in optimal MGC formation with little cellular
toxicity (>0.95 trypan blue exclusion) as compared with lower
or higher concentrations of PMA that yielded lower MGC for-
mation (1, 5, 10, and 25 nmol PMA treatment resulted in <0.10
MGC) or induced cell toxicity (100 nmol PMA treatment re-
sulted in <0.60 trypan blue exclusion). PMA treatment of 7-d-
old mononuclear cell cultures had no effect on cord blood-
derived cells but significantly increased MGC formation (Table
1) in adult peripheral blood cells compared with placebo-treated
cells. Coculture of adult mononuclear cells with cord blood
mononuclear cells did not result in increased MGC formation
in the cord blood mononuclear cell cultures in response to PMA
(mean 6.1 and 4.9% MGC formed, respectively). PMA treatment
significantly increased the percentage of MGC formed and the
fusion index (Table 1, Fig. 1) for mononuclear cells (cord- or
adult blood-derived) cultured for 14 or 21 d compared with
placebo treatment, and the percentage of MGC formed and the
fusion index were not different for treated cells derived from
cord blood or adult peripheral blood (Table 1). The distribution
of the number of nuclei per MGC was not different for control
or PMA-induced MGC derived from 21-d cord blood or adult
peripheral blood mononuclear cell cultures (Figs. 2 and 3). Both
Langhan’s (nuclei located at the periphery of the cell) and foreign
body-type (nuclei dispersed throughout the cytoplasm) MGC
were seen in cord blood and adult peripheral blood cultures (Fig.
1).

Protein kinase C has previously been reported to be an impor-
tant mediator of PMA-induced macrophage fusion (7). HG, a
specific inhibitor of protein kinase C (16), inhibited PMA-in-
duced MGC formation and the fusion index in a dose-dependent
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Table 1. Spontaneous, PMA-induced, and HG inhibition of PMA-induced MGC formation (% of total adherent cells) and fusion
index (FI; % of total adherent cell nuclei present in MGC) from human umbilical cord and adult peripheral blood mononuclear
cells cultured for 7, 14, or 21 d

Control PMA PMA + HG
Culture % MGC % FI % MGC % FI % MGC % FI

Day 7

Cord blood 2.7+0.1* 11.6 £ 0.1* 49 £0.1* 17.3 £ 0.3* 29+04 9.4+04

Adult blood 83+0.2 252+0.3 15.3 + 0.3} 36.8 £ 0.3t 9.2 +£0.7% 26.2 £0.71
Day 14

Cord blood 6.1 £0. 15.8 0.1 120 = 0.1F 30.7 £ 0.1 6.0 £ 0.4} 18.7 + 0.6t

Adult blood 6.1 £1.8 20.3+£0.2 12.8 + 0.2¢ 33.9 +0.3% 4.7 0.3} 15.6 = 0.5
Day 21

Cord blood 7.8+0.2 23.7+£0.8 15.5 = 0.3% 44.7 £ 0.6F 8.9 + 0.7+ 24.8 £ 0.9t

Adult blood 7104 19.2+0.3 17.9 £ 0.3+ 40.1 + 0.4} 4.9 + 0.47 13.7 £ 0.6%

* p < 0.05 cord blood vs adult blood for control and PMA-treated cells.

T p < 0.05 PMA-treated vs control cells and HG + PMA vs PMA-treated cells.

fashion in cord blood (Fig. 4) and adult peripheral blood (not
shown) 21-d mononuclear cell cultures. Addition of HG at a
concentration of 100 ug/mL significantly decreased PMA-in-
duced MGC formation and the fusion index for both 14- and
21-d cord and adult peripheral blood mononuclear cell cultures
(Table 1, Fig. 1). Combined treatment of mononuclear cells with
100 ug/mL HG and PMA did not significantly inhibit MGC
formation or the fusion index below the control values for
spontaneous MGC formation in cord blood and adult peripheral
blood mononuclear cell cultures (Table 1).

PMA treatment of cord blood and adult peripheral blood
mononuclear cell cultures did not result in adherent cell prolif-
eration (Table 2). Proliferating cells were rarely identified on any
cord blood and adult peripheral blood mononuclear cell cover-
slips and never in MGC, but they were readily identifiable on
coverslips from cultures of a human leukemic cell line (THP-1).
THP-1 cultures exhibited a high percentage of cycling cells that
was decreased when the cells were induced to differentiate into
mature macrophages with 50 nmol PMA treatment (Table 2).

Pretreatment of cord blood and adult peripheral blood mono-
nuclear cells with 1,25(0H),D; for 21 d before PMA exposure
significantly inhibited MGC formation and the fusion index (Fig.
5). Treatment of cord or adult peripheral blood mononuclear
cells with 1,25(OH),D; alone for 21 d had no effect on MGC
formation or the fusion index (Fig. 5) compared with control
cultures. Pretreatment of monocyte-derived macrophages (iso-
lated from cord and adult peripheral blood by adherence to
gelatin-coated plates) with 1,25(OH).D; alone did not induce
MGC formation or increase the fusion index (Fig. 5) but did
significantly inhibit PMA-induced MGC formation and the fu-
sion index in cultures of adult peripheral blood-derived cells. In
contrast, cord blood monocyte-derived macrophages pretreated
with 1,25(0OH),D; were significantly induced to form MGC, and
a significant increase in the fusion index (Fig. 5) was observed in
the presence of PMA.

PMA-induced MGC formation from the mononuclear cul-
tures was not dependent upon physical coculture of the non-
adherent (primarily lymphocyte) and adherent (primarily
monocyte-derived macrophage) cell populations. If the non-
adherent cells (cord or adult peripheral blood) were cultured in
culture plate inserts (separated from the adherent macrophages
by a 0.2-um filter) for 21 d and then treated with PMA, the
percentage of MGC formed and fusion index (Fig. 6) were
equivalent to results when the nonadherent and adherent cells
were cultured together. If monocyte-derived macrophages (cord
or adult peripheral blood) were grown for 21 d in the absence of
nonadherent cells however, PMA stimulation only modestly
increased the percentage of MGC formed and the fusion index
(Fig. 6) to values that were not statistically different from control.
In contrast, both the percentage of MGC formed and the fusion
index were increased more than 2-fold when monocyte-derived

macrophages were treated with PMA in the physical presence of
nonadherent mononuclear cells or conditioned media of PMA-
treated nonadherent mononuclear cells (Fig. 6).

DISCUSSION

MGC formation in umbilical cord blood mononuclear cell
cultures was first reported as a phenomenon that developed only
in aged (3- to 6-wk-old) cultures (17). The MGC formed in those
and aged cultures of adult peripheral blood mononuclear cells
became less adherent and detached from the plate, and MGC
formation heralded cell degeneration in all cultures. MGC were
observed to develop sooner in the cultures of cells derived from
adult rather than cord blood. Because of the morphologic ap-
pearance of the MGC, a cytopathologic viral agent was suspected
but never proven as the factor inducing macrophage fusion.

The present report constitutes the first comparative analysis of
experimentally induced MGC fusion from mononuclear phago-
cytes isolated from human cord and adult peripheral blood.
Spontaneous MGC formation occurred in both cord and adult
blood mononuclear cell populations within 1 wk of culture,
although significantly fewer cord blood macrophages fused into
MGC. PMA treatment of mononuclear cells from adult blood
resulted in a significant increase in MGC formation at all time
points studied (7, 14, or 21 d), but a similar response to PMA
was not observed for cord blood mononuclear cells until the 2nd
wk of culture. There was no evidence of PMA stimulating
mononuclear cell or MGC proliferation, and thus the MGC
formed were indeed the result of cell fusion and not nuclear
division without cytokinesis. Both cord and adult blood mono-
nuclear cell populations responded to 1,25(0OH),D; pretreatment
by a reduction in PMA-induced MGC formation. Surprisingly,
PMA-induced MGC formation was singularly increased after
1,25(0OH),Ds pretreatment in nonadherent cell-depleted cultures
of cord blood monocyte-derived macrophages. These data indi-
cate that distinct differences exist between macrophages isolated
from cord blood versus adult peripheral blood with respect to
maturation and achievement of an activated state in response to
soluble agents known to induce MGC formation ix vitro.

Fusion of macrophages into MGC may spontaneously occur
as a final step in macrophage maturation or as a result of in vivo
Or in vitro exposure to a variety of fusion-promoting agents
(5-12). A few MGC normally appear in cultures of human
monocyte-derived macrophages, but the percentage of MGC can
be increased by adding high concentrations (0.20) of heat-inac-
tivated autologous human serum (18), culturing the cells for
prolonged time periods, and assuring that the macrophages can
adhere to some surface during maturation (3, 4, 17). We observed
MGC spontaneously developing in cultures of mononuclear cells
isolated from both cord and adult peripheral blood. It is unclear
why significantly fewer cord-derived than adult blood-derived
MGC were formed at the end of the Ist wk of culture. There
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Fig. 1. Adherent macrophage morphology (x400) in 21-d cultures of adult (4) and cord blood (D) mononuclear cells. PMA (50 nmol) treatment
induced MGC formation in 21-d cultures of adult (B) and cord blood (E) mononuclear cells. Cotreatment of the 21-d cultures of adult (C) and
cord blood (F) mononuclear cells with the protein kinase C inhibitor HG (100 pg/mL) and PMA (50 nmol) resulted in a significant inhibition of

PMA-induced MGC formation.

were no differences noted in the morphologic appearance, expres-
sion of esterase and phosphatase activities, density, or viability
of the adherent macrophage monolayers when comparing cord-
and adult blood-derived cells. Because coculture of adult mono-
nuclear cells with the cord cells failed to increase MGC formation
in the cord cultures, it is unlikely that the inability of cord blood-
derived macrophages to fuse is related to a deficiency in a soluble
maturational factor. Similarly, the failure of cord blood mono-
nuclear cells to influence the spontaneous formation of MGC in
adult blood mononuclear cell cultures indicates that there are no
soluble factors secreted by cord blood mononuclear cells that
inhibit MGC formation. The data imply an inherent difference
in the normal maturational sequence leading to spontaneous
MGC formation in cultures of cord blood monocyte-derived
macrophages compared with adult monocyte-derived macro-
phages.

A number of soluble factors have been demonstrated to induce
macrophage fusion in vitro. Osteotropic hormones and factors
such as parathyroid hormone, transforming growth factor-c,
epidermal growth factor, and IL-1 stimulate and calcitonin in-
hibits MGC formation in vitro from human bone marrow but
not peripheral blood mononuclear cells (10). The biologically
active form of vitamin Ds, 1,25(OH),Ds, promotes MGC for-
mation from adult human peripheral blood mononuclear cells
when these cells are cultured at high density (10) and is a potent
in vitro stimulator of murine alveolar macrophage fusion (12).
IL-4 promotes MGC formation in mice but inhibits human
macrophage MGC formation (9). Mitogen-stimulated lympho-
cytes secrete numerous soluble factors that stimulate human and
murine macrophages to fuse in vitro (11). GM-CSF, IL-6, and
IL-3 account for the majority, but not all, of the fusion-promot-
ing activity secreted by the mitogen-stimulated mononuclear
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Fig. 2. Distribution of the number of nuclei per MGC formed from
adult and cord blood mononuclear cells cultured for 21 d under control
conditions.
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Fig. 3. Distribution of the number of nuclei per MGC formed from
adult and cord blood mononuclear cells cultured for 21 d and then
treated with PMA (50 nmol).

cells (19). Interferon-y serves as a pivotal cofactor in inducing
macrophage fusion in vitro as it synergizes with several cytokines
(GM-CSF, IL-3, and IL-6), retinoic acid, and PMA to stimulate
MGC formation (7-9). PMA alone has been demonstrated to

i control
B PMA treated

% MGC

pg/ml HG

induce MGC formation in human monocyte cultures (7). The
specific mechanisms through which these soluble cytokines and
hormones act to cause macrophage fusion remain poorly under-
stood.

Because PMA can substitute for other agents as a lymphocyte
mitogen (20) and PMA alone is sufficient to induce MGC
formation, we hypothesized that PMA stimulation of mono-
nuclear cells (lymphocytes plus monocytes) would result in sig-
nificantly greater MGC formation than PMA stimulation of
1solated monocyte-derived macrophages. Indeed, the percentage
of MGC formed and the fusion index of PMA-stimulated mono-
nuclear cells (cord or adult derived) were significantly greater
than those of companion cultures in which isolated monocyte-
derived macrophages were treated with PMA alone (Figs. 5 and
6). It is unclear why PMA alone failed to significantly induce
MGC from the adult blood monocyte-derived macrophages as
previously reported by Hassan et al. (7). They reported a fusion
index varying from ~55-85% when adult peripheral blood mon-
ocyte-derived macrophages were treated with 50 nmol PMA. We
report a fusion index ~25-30% for similarly treated monocyte-
derived macrophages. Some of the differences in our study results
may be accounted for by our use of a different tissue culture
media and glass rather than treated plastic coverslips. The culture
media used in our experiments contained a lower calcium con-
centration, and high extracellular calcium concentrations are
reportedly an important factor in facilitating the process of
macrophage fusion (12). The plastic coverslips used in the ex-
periments of Hassan et al. (7) may have served as a better
adhesive substrate than the glass coverslips used in our experi-
ments; macrophage adhesion to a surface is necessary for mac-
rophage fusion to occur no matter what fusion-promoting stim-
ulus is used (3, 4, 18, 21).

The failure of cord blood mononuclear cells to respond to
PMA with an increase in MGC at 7 d of culture suggests a
deficiency in the response of cord blood monocyte-derived mac-
rophages to fusion-promoting factors or a deficiency in produc-
tion of soluble fusion-promoting factors by the cord blood mono-
nuclear cells. Exposure of the cord blood cells with soluble factors
secreted from the cocultured adult mononuclear cells did not
influence the fusion of cord blood monocyte-derived macro-
phages and implies that at d 7 of in vitro culture, cord blood
monocyte-derived macrophages are deficient in responding to
fusion-promoting factors. Older cultures of cord blood mono-
nuclear cells responded equally well to PMA as compared with
adult blood mononuclear cells, suggesting that the cord blood
monocyte-derived macrophages become more responsive to fu-
sion-promoting factors as they mature in vitro. We speculate that
the diminished response of the cord blood mononuclear phago-
cytes to fusion-promoting factors may be related to decreased
cell-surface receptors for the fusion-promoting cytokines secreted
by mitogen-activated lymphocytes, impaired signal transduction
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Fig. 4. A, MGC formed (%) and B, fusion index of cord blood mononuclear cells cultured for 21 d and then treated with 0.001 DMSO (control,
solid bar) or cotreated with PMA (50 nmol, cross-hatched bars) and varying concentrations of the protein kinase C inhibitor HG (0-200 pg/mL).
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Table 2. Effects of PMA on adherent mononuclear cell
proliferation in cord blood, adult peripheral blood, and human
leukemic THP-1 cultures listed as % of total adherent cells that

incorporated 5-bromo-2'-deoxyuridine

% Nuclear staining*

Culture Control PMA treated
Cord blood mononuclear cells 1.2+04 1.7+ 0.6
Adult blood mononuclear cells 0.84+0.5 0.8 +0.7
THP-1 cells 269+ 1.2 3.3+2.6

* Values are mean + SD.

after cell-surface receptor binding of the cytokines, or an altered
intracellular response to protein kinase C binding of PMA.
Comparison of cell-surface binding of GM-CSF, IL-3, and IL-6
to mononuclear phagocytes isolated from cord or adult blood
would address the first question. The precise cascade of intracel-
lular events initiated by GM-CSF, IL-3, and IL-6 after binding
to the cell-surface of mononuclear phagocytes remain poorly
understood but include changes in protein phosphorylation,
activation of protein kinase C, and altered intracellular concen-
trations of cyclic nucleotides (9). Examination of these transduc-
tion pathways may also suggest inherent differences in the re-

sponse of cord blood compared with adult peripheral blood
mononuclear phagocytes.

The critical role of protein kinase C in mediating the PMA
effect was demonstrated by the complete inhibition of MGC
formation in the cord- or adult blood-derived cultures when the
protein kinase C inhibitor HG was added to PMA-treated mono-
nuclear cells. Other investigators have noted the importance of
protein kinase C and both intracellular and extracellular calcium
concentrations in mediating PMA-induced MGC formation
from adult peripheral blood monocytes and monocyte-derived
macrophages (21, 22). We observed no difference in the ability
of HG to inhibit PMA-induced MGC formation in mononuclear
cells isolated from cord or adult blood, thus ruling out a signifi-
cant difference in protein kinase C concentration and its function
as a primary cause for the difference in behavior of the cord and
adult blood mononuclear cells.

1,25(0OH),Ds has been reported to stimulate MGC formation
from human peripheral blood mononuclear cells and induce
osteoclast (bone marrow MGC with the capacity to resorb bone)
formation from human bone marrow mononuclear cells (10).
We hypothesized that 1,25(OH),D; would synergize with PMA
in stimulating MGC from cord blood and adult peripheral blood
mononuclear cells because 1,25(OH),D; may also induce MGC
through a calcium-dependent mechanism (12). We report that
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Fig. 5. Adult (solid bar) and cord blood (open bar) mononuclear cells (4 and C) or monocyte-derived macrophages (B and D) were cultured for
21 d before 16 h of 0.001 DMSO (control group) or 50 nmol PMA treatment (PMA group), or the mononuclear cells and monocyte-derived
macrophages were cultured for 21 d in 1,25(0OH),Ds (107 M) before 0.001 DMSO (1,25(0OH),Ds group) or 50 nmol PMA treatment [PMA +
1,25(0H),D; group]. Data are presented as the % MGC formed (4 and B) or fusion index (C and D). p < 0.05 PMA vs control (both cord and
adult cells in 4 and C) and PMA + 1,25(0H),;D; vs PMA (both cord and adult cells in 4 and C). p < 0.05 PMA + 1,25(0OH),D; vs control, PMA,

or 1,25(0OH),D; (cord cells in B and D).
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Fig. 6. Adult (adult standard culture, solid bars) and cord blood (cord standard culture, open bars) mononuclear cells were cultured for 21 d
before 0.001 DMSO (control group) or 50 nmol PMA treatment (PMA group) or were cultured for 21 d in the presence of 1,25(OH),D; (1078 M)
before 50-nmol PMA treatment [1,25(OH),D; + PMA group]. Coculture experiments were performed in which adult (adult coculture, hatched bars)
or cord (cord coculture, cross-hatched bars) nonadherent mononuclear cells were suspended in culture plate inserts above adherent monocyte-
derived macrophages and treated as above. Data are presented as the % MGC formed (4) or fusion index (B).

107® M 1,25(0OH).D; alone failed to induce macrophage fusion
and significantly inhibited MGC formation when either cord
blood or adult blood mononuclear cells were prestimulated for
21 d with the vitamin and then treated with PMA. In the report
by Takahashi et al. (10), MGC were enumerated as the total
number of MGC formed from 1 million mononuclear cells. In
their study, approximately 250 MGC/1 X 10° mononuclear cells
were formed after 21 d of culture in the presence of 10-% M
1,25(OH),D; compared with <10 MGC/1 X 10° mononuclear
cells in control cultures. It is difficult to compare our results with
those of Takahashi et al. (10), not only because we reported our
data as a percentage of total macrophages (600) counted, but
also because we used a different concentration and source of
serum and we cultured the mononuclear cells on glass coverslips
and not tissue-culture plastic. As noted above, the source and
concentration of serum and substrate to which macrophages
attach are known to directly influence the formation of MGC
(3, 4, 18, 21). Nevertheless, if we assume previously published
data (23, 24) that only ~25% of the initial number of human
adherent monocyte macrophages plated survive in vitro for
21 d, we estimate that 280 MGC were formed per 1 X 10° adult
mononuclear cells cultured under control conditions and 240
MGC/1 X 10° cells were formed in 1,25(0H),Ds treated adult
blood-derived mononuclear cell cultures in our study (data de-
rived from Fig. 5). Apparently, our culture conditions resulted
in significantly higher spontaneous MGC formation, and either
the mononuclear cells did not respond to the concentration of
1,25(0OH),D; that we administered or the effects of this vitamin
were influenced by the presence of other fusion-promoting fac-
tors present in the human serum. The ability of 1,25(OH),D; to
completely inhibit PMA-induced MGC formation in both cord
and adult blood mononuclear cell cultures indicates that some
of the cells were quite responsive and suggests that 107 M
1,25(0OH),D; alone is inadequate to induce MGC formation in
our culture conditions.

1,25(0OH),D;5 can modulate both monocyte-macrophage and
lymphocyte function in vivo and in vitro (25). Because monocytes
and macrophages constitutively express the receptor for
1,25(OH).D; but lymphocytes require some form of activation
to express the receptor (25), the inhibition of PMA-induced MGC
formation from cord and adult mononuclear cells by
1,25(OH).D; must involve a complex interplay between
1,25(0OH).D; prestimulated macrophages and PMA-responsive
lymphocytes. 1,25(OH),Dj; can inhibit macrophage secretion of
cytokines (IL-1«, IL-6) that are not only important in lympho-
cyte proliferative and secretory behavior (26) but also stimulate

MGC formation. Additional studies will be required to elucidate
how 1,25(OH),D; inhibits PMA-induced MGC formation from
mononuclear cells and to determine if 1,25(OH),D; may influ-
ence the MGC-inducing effects of other soluble cytokines.

1,25(OH),D; prestimulation of cord blood monocyte-derived
macrophages was associated with significant PMA-induced MGC
formation. This effect of 1,25(OH),D; and PMA was not ob-
served in the cultures of adult peripheral blood monocyte-derived
macrophages. One possible explanation for these results is that
cord blood contains a monocyte precursor for osteoclasts (27)
and adult peripheral blood does not (10). Osteoclast precursors
are highly responsive to 1,25(OH),D; and readily fuse in vitro in
the presence of this vitamin in cooperation with secondary factors
(27, 28). It remains unclear what the secondary factors are that
are required for 1,25(OH),Ds to induce osteoclast precursors to
form osteoclasts. We speculate that PMA may be serving as one
such secondary factor because PMA has been demonstrated to
increase vitamin D receptor number in myeloid tumor cells and
lymphocytes (29, 30).

We did not determine whether the MGC formed in our
experiments from the cord blood monocyte-derived macro-
phages are in fact osteoclast precursors. Because there are no
unique distinguishing features of osteoclast precursors, it remains
impossible to positively identify these cells from other mono-
nuclear phagocytes (27). Currently, few reliable markers of osteo-
clast differentiation exist. We did confirm the expression of
tartrate-resistant acid phosphatase activity by the MGC. How-
ever, tartrate-resistant acid-phosphatase expression is a feature of
several mature mononuclear phagocyte subsets and is no longer
considered an exclusive feature of osteoclasts (28). Regulation of
osteoclast function by calcitonin through a cell-surface calcitonin
receptor is a distinct marker of mature osteoclasts (31). The
recent cloning of this receptor should allow for specific identifi-
cation of osteoclast formation in vitro and may help identify the
precursor cells in future experiments (28).

It is interesting that PMA-induced MGC appeared in
1,25(0OH),D; pretreated 3-wk-old cultures of cord blood mono-
cyte-derived macrophages only in the absence of lymphocytes.
Apparently, lymphocytes play a significant role in determining
how monocyte-derived macrophages respond to 1,25(0OH),Ds in
vitro. Additional studies of how 1,25(OH),Ds regulates differen-
tiation and function of monocytes including potential osteoclast
precursor cells present in cord blood and the role of lymphocytes
in modulating these effects of the vitamin are needed.

In conclusion, we report that spontaneous and PMA-induced
formation of MGC is diminished in early cultures of cord blood
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mononuclear cells compared with adult peripheral blood mono-
nuclear cells. Furthermore, cord blood monocyte-derived mac-
rophages respond to PMA and 1,25(0OH),D; with MGC forma-
tion, whereas monocyte-derived macrophages isolated from adult
peripheral blood do not. These data point out some inherent
differences in the maturational state of cord blood compared
with adult peripheral blood monocyte-derived macrophages. It
is unclear whether such differences in monocyte-derived mac-
rophage function persist beyond the time of birth and whether
similar differences in function are exhibited by fixed tissue mac-
rophages in Situ.

W
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