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Abstract

Interest in human dendritic cells (DC) has been heightened
recently by the discovery that this cell type is a primary target
of the human immunodeficiency virus, the causative agent of
AIDS. DC are bone marrow-derived cells with an extraordi-
narily potent ability to promote the immunological activity of T
lymphocytes. Unfortunately, since DC constitute < 0.5% of
peripheral blood mononuclear cells and die within a few days of
their isolation, they are not readily accessible to study. We
report here that granulocyte-macrophage colony-stimulating
factor (GM-CSF), a cytokine with well-recognized effects on
granulocyte and macrophage maturation, profoundly affects
the morphology and viability of DC isolated from peripheral
blood. GM-CSF not only promotes DC survival but also in-
duces DC differentiation to mobile, reversibly adherent cells
with long-branched projections. DC cultured in GM-CSF sur-
vive for up to 6 wk and retain their ability to stimulate the
proliferation of T cells in allogeneic and autologous mixed leu-
kocyte reactions. (J. Clin. Invest. 1990. 85:955-961.) autolo-
gous mixed leukocyte reaction « cytokine » Langerhans cells ¢
macrophage * T lymphocyte

Introduction

Bone marrow-derived dendritic cells (DC)! are highly efficient
at presenting foreign antigen to T cells, thus initiating an im-
mune response. Such cells are distinguishable from other
mononuclear cells on the basis of their morphology and sur-
face phenotype (1-4). In peripheral blood DC appear as large
(> 15 um) irregularly shaped cells, but in tissues such as skin
and lymphoid organs DC have multiple dendrite-like cellular
projections. Although no DC-specific surface antigens have
been described, DC in both blood and tissues can be readily
distinguished from other leukocytes on the basis of their dense
expression of class II major histocompatibility complex deter-
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minants and their lack of the monocyte/macrophage-asso-
ciated antigen Leu M3, the T cell antigen CD?3, natural killer
cell antigen CD16, and B cell antigens, CD20 and CD22. Inter-
est in DC has grown in recent years partly as a result of studies
in mice suggesting that this cell type, in contrast to macro-
phages, can prime naive T cells to become antigen-specific T
helper cells or virus-specific cytotoxic cells (5-7). Moreover,
recent studies in humans have demonstrated that DC can be
infected with the human immunodeficiency virus (HIV), the
causative agent of AIDS, and may serve as a major reservoir
for the virus, in vivo (8, 9). Unfortunately, detailed studies of
the functions of human DC and the effects of HIV infection on
this cell type have been constrained by the fact that DC con-
stitute < 0.5% of peripheral blood mononuclear cells and sur-
vive for only a few days in vitro.

In the current report, we show that peripheral blood DC
differentiate into multibranched cells and survive, functionally
intact, for prolonged periods in the presence of granulocyte-
macrophage colony-stimulating factor (GM-CSF), a cytokine
known primarily for its effects on the maturation of granulo-
cyte and macrophage precursors (10, 11). The approach used
here should make it possible to undertake a broad range of
studies of DC heretofore not possible.

Methods

Isolation of peripheral blood DC, monocytes, T cells, and B cells.
Human peripheral blood DC were obtained with a previously de-
scribed procedure (4) with the modifications indicated below. Briefly,
mononuclear cells were isolated by Ficoll-Hypaque gradient centrifu-
gation (12). Low-density and high-density mononuclear cells were sep-
arated in a four-step discontinuous Percoll (Pharmacia LKB, Uppsala,
Sweden) gradient. 75% (7 ml), 50.5% (16 ml), 40% (4 ml), and 30% (3
ml) dilutions of stock isoosmotic solution of Percoll (1.130 g/ml) in
Dulbecco’s calcium- and magnesium-free PBS containing 5% heat-in-
activated pooled human serum (DPBS/HS) were layered sequentially.
100-200 X 10° mononuclear cells suspended in the Dulbecco’s PBS/
human serum were overlayered onto the gradient and centrifuged at
1000 X g for 25 min at 4°C. Low-density cells, mostly monocytes, were
collected from the interface over 50.5% Percoll solution (density 1.065
g/ml), while high-density cells were collected from the interface be-
tween 75% and 50.5% Percoll solutions. T cells forming spontaneous
rosettes with sheep red blood cells were removed from the high-density
cell fraction by Ficoll-Hypaque centrifugation (13). The remaining
high-density non-T cells (including DC) were suspended in Teflon
vessels in RPMI-1640 medium supplemented with 2 mM L-glutamine,
100 pg/ml streptomycin, 100 U/ml penicillin, and 10% heat-inacti-
vated pooled human serum (hereafter designated complete medium
[CM]) and cultured at 37° in 10% CO, in air for 2 d. Thereafter, the
cells were centrifuged over a second discontinuous Percoll gradient
consisting of 75% (2 ml), 50.5% (4.5 ml), 40% (1 ml), and 30% (1 ml),
and the DC were contained entirely within the low-density fraction.
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This fraction was further depleted of contaminating macrophages by a
solid-phase absorption (panning) procedure on human IgG-coated
Petri dishes (4). By cytofluorographic analysis using two-color staining
with phycoerythrin and fluorescein-conjugated monoclonal antibod-
ies, 50-70% of the recovered cells stained brightly with a monoclonal
anti-HLA-DR antibody (CA141), and did not stain simultaneously
with any of the following antibodies defining leukocyte subsets: Leu
M3 (monocyte/macrophages), OKT3 (anti-CD3, T cells), Leu 5
(anti-CD2, T and natural killer cells), Leu 12 (anti-CD19, B cells), Leu
16 (anti-CD20, B cells), and Leu 11c (anti-CD16, natural killer cells).
A final panning procedure (14) simultaneously utilizing Leu M3,
OKT3, Leu 12, and Leu 1 1c antibodies yielded > 70% of cells with the
above staining characteristics. Final yields of DC were 0.08-0.6% of
starting mononuclear cells.

Other cell populations were obtained during the same procedure

and further purified as follows: The monocyte enriched “primary” .

low-density fraction was refloated on Percoll and purified by panning
on human IgG-coated Petri dishes. The “secondary” high-density B
cell-enriched fraction was further purified by removing residual mono-
cytes, T cells, and NK cells on Petri dishes coated with Leu M3, OKT3,
and Leu 11c antibodies. The T cell-enriched fraction was depleted of
residual monocytes by overnight adherence in plastic vessels at 37°C.
During the 2-d isolation procedure, unfractionated peripheral blood
mononuclear cells were maintained at 37°C in Teflon vessels.

By cytofluorographic analysis > 90% of the macrophage-enriched
population stained with Leu M3 antibody, > 96% stained with OKM 1,
whereas < 2% were CD3+ and < 1% CD20+. 96% of this population
stained with an anti-HLA-DR antibody (CA141), but the mean fluo-
rescence was 1 log lower than that found in the DC-enriched fraction.
The B cell fraction contained > 60% CD20+ cells, < 1% CD3+, < 3%
CD16+ cells, and < 1% Leu M3+ cells. > 95% of the cells in the T
lymphocyte-enriched fraction were CD3+, while < 1% were either
CD20+ or Leu M3+.

T cell supernatant (Tsn). Tsn was obtained from cultures of T cells
pulsed 18 h with 5 ug/ml PHA, washed four times, and maintained at
37°C for an additional 4 d.

Mixed leukocyte reactions. (MLRs). 20 X 103, 10 X 103, or 5 X 10*
DC, monocytes, or B cells were cultured for O or 18 d in microwells
containing 0.2 ml CM alone or CM supplemented with 100 U/ml
GM-CSF. Thereafter, the microtiter plates containing these cells were
irradiated (3,000 rads from a cesium-137 source) and 50 X 10* cryo-
preserved allogeneic or autologous T cells were added in CM alone or
CM supplemented with 50 U/ml GM-CSF (0 d MLRs only). During
the pre-MLR 18-d culture, each cell population was fed every 8 d with
CM with or without GM-CSF. After 18 d, half the medium was re-
moved and 50 X 10° T cells in 0.1 ml CM were added. All MLRs were
carried out at 37°C in 10% CO, in air. On the 6th day of culture 1 uCi
per well [*H]thymidine (specific activity 6.7 Ci/mmol) was added to
the wells, and 16 h later the cells were harvested with a MASH appara-
tus (Otto Hiller Co., Madison, WI) for determination of [*H]thymidine
incorporation. Results represent the mean counts per minute+SD of
five replicate cultures.

Results and Discussion

Using a modification of a multistep procedure initially de-
scribed by Young and Steinman (4), we obtained highly
enriched DC from human peripheral blood. The DC in these
preparations are large (> 15 um) and distinguishable by flow
cytometry from other mononuclear cells on the basis of their
high surface density of HLA-DR and absence of detectable T,
B, or monocyte markers (Fig. 1). When dispersed in culture
these cells rapidly (2-4 h) form aggregates, remain viable for a
few days in clumps, and then die. When DC isolated in this
manner were exposed to supernatants (Tsn) of T cells which
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Figure 1. Cell surface markers on freshly isolated dendritic cells (DC), macrophages (Mo), and T and B lymphocytes (T and B) obtained ﬁ:om
peripheral blood. Immunofluorescence analysis was performed on an Epics Profile II (Coulter Cytometry, Epics Division, Hialeah, FL). Histo-
grams display number of cells versus intensity of fluorescence on a logarithmic scale. Each histogram represents an analysis of 10,000 cells.

956 S. Markowicz and E. G. Engleman



Figure 2. Morphology of human peripheral blood DC. DC were isolated from peripheral blood as described in Methods. Samples shown repre-
sent (a) fresh DC suspended in serum-free medium and centrifuged immediately to avoid aggregate formation, (b) DC aggregates formed within
2 h of culture in CM; (c¢) DC after culture for 21 d in CM supplemented with 100 U/ml native GM-CSF, and (d) fresh T cells (shown for com-
parison). For long-term culture, DC were suspended in CM supplemented with GM-CSF in 12-well dishes (Costar Data Packaging Corp., Cam-
bridge, MA) at a final cell concentration of 0.15 X 10%/ml. Cultures were fed every 8 d with fresh CM containing GM-CSF. DC maintained in
Tsn were identical in appearance to those maintained in GM-CSF. All photographs were taken through an inverted phase-contrast microscope

(X143).
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Figure 3. Comparison of cell surface markers on freshly isolated DC and DC cultured for 14 d in CM supplemented with 100 U/ml GM-CSF.
Immunofluorescence was performed on a cell sorter (model 50 H, Ortho Diagnostic Systems, Inc., Raritan, NJ). Histograms display cell num-
ber versus fluorescence intensity on a logarithmic scale. Each histogram represents an analysis of ~ 5,000 cells.
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had been stimulated with phytohemagglutinin (PHA), the
clumped cells disaggregated, differentiated into reversibly ad-
herent cells with long-branched processes (as in Fig. 2), and
remained viable for > 1 mo in culture. The surface phenotype
of DC maintained in Tsn for 2 wk was similar to that of freshly
isolated DC, with widely variable staining for HLA-DR and no
staining for other leukocyte markers (Fig. 3). Supernatants
prepared as above from the T cells of 10 consecutive subjects
had identical activity.

This result suggested that one or more T cell-derived cyto-
kines induce DC differentiation and survival in culture. When
a spectrum of purified human cytokines was tested for effects
on DC, GM-CSF alone recapitulated the activity of Tsn (Table
I). Purified native or recombinant GM-CSF promoted DC
differentiation and prolonged survival in a dose-dependent

manner. Furthermore, by using a panel of neutralizing anti—
cytokine antibodies, only those antibodies to GM-CSF
blocked the effect of Tsn on DC (Table II). Complete block-
ade of Tsn activity was obtained with 50 NU/ml IgG
anti-GM-CSF.

Peripheral blood DC cultured for 3-7 d with GM-CSF
displayed an array of cell processes (Fig. 2) which tended to
protrude and retract repeatedly over time. The adherence of
DC to plastic induced by GM-CSF was reversible, inasmuch as
the cells frequently detached from the surface of the culture
vessel and readhered in a different location. As shown in Fig. 4,
the number of differentiated (branched) DC increased as the
concentration of GM-CSF in the culture increased. At any
given concentration of the cytokine, however, the total num-
ber of viable cells as well as the number of branched cells per

Table 1. Effect of Various Cytokines on DC Morphology and Viability in Culture

Concentration in Morphologic Duration of
Factor Source DC culture change DC viability

wk

Tsn T cells + PHA for 5d 1/2 vol/vol +++ >4
rIL-1a+1IL-18 Immunex (Seattle, WA) 50 U/ml each - <1
20 U/ml each - <2

2 U/ml each - <1

riL-2 Cetus (Emeryville, CA) 10 U/ml +/—or — <1
2 U/ml +/—or — <1

rIL-3 Genzyme (Boston, MA) 250 U/ml - <1
50 U/ml - =<1

10 U/ml - <1

riL-4 Genzyme 50 U/ml - <l
20 U/ml - <1

IL-6 (natural) Endogen (Boston, MA) 100 U/ml - <1
50 U/ml - <1

rIFNy Collaborative Research 20-1,000 U/ml - <l

(Bedford, MA)

rM-CSF Cetus, ICN (Cleveland, OH) 5,000 U/ml - =<l
1,000 U/ml - <1

rG-CSF Amgen (Thousand Oaks, CA) 50-1,000 U/ml - <1
PDGF (natural) Cellular Products (Buffalo, 16 U/ml - <l

NY)
Recombinant insulin-like Collaborative Research 25 ng/ml - <1
Growth Factor
Transforming growth Collaborative Research 2-20 ng/ml - <l
factor-g (natural)

GM-CSF (natural) Endogen 500 U/ml ++++ 5-6
250 U/ml ++++ 5-6
100 U/ml +++ 5-6

50 U/ml +++ 5

20 U/ml + 4

10 U/ml + 4

2.5U/ml +/- 3
rGM-CSF (yeast) Genzyme 250 U/ml ++++ 5-6
125 U/ml +++ 5-6

DC were cultured in CM at a concentration of 25,000 cells per well in flat-bottom 96-well tissue culture plates (Costar) in the presence of the
indicated agent. DC morphology was determined by phase-contrast microscopy. The number of branching DC per well was scored as follows:
—, no differentiated DC; +/—, occasional differentiated DC; +, number of branching DC approximately one-third that seen in wells with Tsn;
++, number of branching DC approximately two-thirds that seen in wells with Tsn; +++, number of branching DC approximately equal to
that seen in wells with Tsn; +++-+, number of branching DC greater than that seen in cultures with Tsn. The results shown represent a sum-

mary of 19 separate experiments.
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Table I1. Effect of Neutralizing Anti-Cytokine Antibodies on Morphologic Change of CD Induced by Tsn

Reagent Antibody used in Antibody DC
Experiment preincubated preincubation concentration Antibody source differentiation
1-3 Tsn No antibody — .= +++
Tsn Preimmune IgG control 25 pg/ml Endogen +++
Tsn Anti-TNF« 250 NU/ml Endogen +++
Tsn Anti-IFN« 1650 NU/ml ICN ’ +++
Tsn Anti-IFNg 60 NU/ml Lee Biomolecular +++
Research Laboratories
(San Diego, CA)
Tsn Anti-IFNy 250 NU/ml Endogen +++
Tsn Anti-IL-1 200 NU/ml Endogen ' +++
Tsn Anti-IL-2 86 NU/ml Collaborative Research +++
Tsn Anti-lymphotoxin 250 NU/ml Endogen +++
Tsn Anti-GM-CSF 250 NU/ml Endogen -
Tsn Anti-IL-6 250 NU/mi Endogen +++
4,5 Tsn No antibody — +++
Tsn Preimmune IgG control 40 pug/ml Endogen +++
4,5 Tsn Anti-GM-CSF 400 NU/ml Endogen -
Tsn Anti-GM-CSF 200 NU/ml Endogen -
Tsn A‘nti—GM-CSF 100 NU/ml Endogen -
Tsn Anti-GM-CSF 50 NU/ml Endogen -
Tsn Anti-GM-CSF 25 NU/ml Endogen +
Tsn Anti-GM-CSF 12.5 NU/ml Endogen ++
GM-CSF Anti-GM-CSF 200 NU/ml Endogen -
(200 U/ml)
GM-CSF Anti-GM-CSF 50 NU/ml Endogen +++
(200 U/ml)

DC differentiation was scored as described in the footnote to Table I. Tsn or GM-CSF was preincubated for 5 h (experiments 1-3) or 2 h (ex-
periments 4 and 5) with rabbit polyclonal IgG neutralizing antibody, and was then passed through a 0.2-um filter. The concentration of im-
mune-IgG during preincubation is shown in neutralizing units (NU) as provided by manufacturers. DC cultures in CM were supplemented
with a half volume of Tsn or GM-CSF solution previously incubated with antibodies. TNF, tumor necrosis factor.

well remained stable over time, suggesting that GM-CSF does
not cause DC to divide and proliferate. The possibility that
some DC die and are replaced by DC developing from precur-
sor cells present in the initial DC preparation cannot be ruled

1600
W day11

1400 7 B day24
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00 ]
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branched cells/well

50 100 200
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0 12.5 25

Figure 4. Effect of GM-CSF concentration on number of differen-
tiated (branched) DC. DC were cultured in 96-well flat-botiom plates
(Costar) at a density of 20,000 cells per well, and viable, branched
DC were identified and counted microscopically. The range of the
total number of viable cells per well was 10,000-15,000 throughout

the culture period.

out. Indeed, some nonadhering cells were able to adhere and
display processes when transferred to another culture vessel
(data not shown). Branched DC typically comprised 10-40%
of the total number of viable cells in cultures supplemented
with GM-CSF. The remaining cells consisted primarily of un-
branched DC (DR+, Leu M3— cells capable of differentiating
into branched adherent cells when transferred), and smaller
numbers of macrophages and lymphoid cells.

DC differentiation to ybranching cells was not dependent on
the multistep isolation procedure used for initial enrichment
of DC from peripheral blood. If GM-CSF was added directly to
cultures of unfractionated peripheral blood mononuclear cells,
scattered cells with branching processes regularly appeared
within a few days (not shown). Differentiated DC similar to
those induced by GM-CSF were occasionally observed in cul-
tures to which recombinant (r)IL-2 had been added. An abun-
dance of rapidly proliferating lymphocytes was also observed
in such cultures, attributable to an effect of IL-2 on T cells
contaminating the initial DC preparation. We interpret this
result as ifidicating that the effect of IL-2 on DC is most likely
an indirect one, mediated by activated T cells producing GM-
CSF. However, a direct effect of IL-2 on DC is not excluded.

No other cytokine or combination of cytokines tested in-
duced DC differentiation. However, DC remained viable for
up to 1 wk in cultures supplemented with IL-1, IL-3, or IL-4,
and if GM-CSF or Tsn was added to such cultures, the surviv-
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Figure 5. DC cultured in GM-
CSF maintain their immunosti-
mulatory function in MLR.
MLRs were carried out between
5 X 10* T cell responders and
fresh stimulator populations
(day 0) or between T responders
and stimulator cells which had
been cultured for 18 d with GM-
CSF (solid bars) or without GM-
CSF (hatched bars). Day 0
MLRs were also performed in
the presence (solid bars) or ab-
sence (hatched bars) of GM-

allo-MLR

NI o i o o CSF. (a) Fresh peripheral blood
day 0 stimulators mononuclear cells (PBL), mono-
day 18 cytes (Mo), B cells (B), and den-
s dritic cells (DC) were cultured
C auto-MLR 100 7 d allo-MLR with allogeneic T cells. (b) 10 X
' 10? cells of each population were
20 "f cultured for 18 d before being
. Z used as allogeneic stimulator
o ] %' o % cells. In a separate experiment,
2 - %g = % Mo and DC freshly isolated or
x % | x % _ cultured for 18 d were used to
E 10+ % E / stimulate (c) autologous T cells
2 % o % or (d) allogeneic T cells. In this
| /% % experiment 20 X 10° autologous
2 % | % and 5 X 103 allogeneic stimula-
% % | tors were used. The incorpora-
0 . : % Vo7 tion of [*Hlthymidine by T cells
Mo DC Mo DC cultured alone in the presence or
day 0 day 18 day 0 day 18 absence of exogenous GM-CSF
stimulators stimulators was < 300 cpm.

ing DC differentiated morphologically and retained their via-
bility for several weeks (data not shown). No enhancement of
DC differentiation was observed when IL-1, IL-3, or IL-4 was
added simultaneously with GM-CSF at day 0 of culture (data
not shown). These results suggest that a variety of interleukins
have a relatively short-term impact on DC survival but do not
induce DC morphologic differentiation or support their
longer-term survival.

The question remained as to whether DC cultured in the
presence of Tsn or GM-CSF for prolonged periods retained
immune stimulatory activity. In preliminary experiments DC
maintained for as long as 30 d in either Tsn or GM-CSF re-
tained their ability to stimulate allogeneic T cells in the MLR,
whereas DC cultured in medium alone lost all stimulatory
activity. As shown in Fig. 5, DC but not monocytes/macro-
phages, require exogenous GM-CSF to maintain their im-
munostimulatory properties during prolonged culture. Indeed,
the residual stimulatory activity of DC-enriched preparations
remaining after 18 d of culture in the absence of exogenous
GM-CSF may not be a function of DC since no cells with DC
characteristics could be identified in such cultures. Fresh B
cells failed to stimulate T cells in allogeneic MLRs and no
stimulatory activity in the B cell fraction was induced during
the 18-d culture with GM-CSF. GM-CSF added directly to
MLRs between T cells and fresh allogeneic DC or fresh alloge-
neic macrophages had no effect on T cell proliferation (Fig. 5,
a and d).
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~ DC cultured in the presence of GM-CSF for 18 d also
retained the ability to stimulate the proliferation of autologous
T cells in autologous MLRs (Fig. 5 ¢). In contrast, despite their
ability to stimulate allogeneic T cells (Fig. 5 d), neither fresh
macrophages nor macrophages cultured in the presence or ab-
sence of GM-CSF had any stimulatory effect on autologous T
cells.

As a general rule, DC isolated from a variety of tissues do
not require exogenous cytokines to provide accessory cell/im-
mune stimulatory function for T cells (reviewed in Steinman
[15]). Mouse epidermal Langerhans cells, a type of DC, repre-
sent an exception to this rule. Despite their rich expression of
class I MHC determinants, such cells fail to stimulate alloge-
neic T cells unless they are first exposed to GM-CSF (16, 17).
After 1-3 d culture in GM-CSF, the accessory activity of Lan-
gerhans cells increases 10-30-fold, equaling the potent activity
of splenic DC. IL-1 enhances the effect of GM-CSF but has no
independent role in the maturation of Langerhans cells (16,
17). The effects of GM-CSF on human peripheral blood DC
observed here—induction of morphologic changes as well as
long-term viability—are clearly distinct from the pattern de-
scribed for mouse epidermal Langerhans cells. More impor-
tantly, these findings indicate that GM-CSF can directly regu-
late the activity of functionally competent dendritic accessory
cells. Since this cytokine is produced by a variety of cell types,
including immunologically stimulated T cells, macrophages
and endothelial cells (10, 11, 18), any or all of these cell popu-



lations can potentially be involved in the regulation of periph-
eral blood DC in vivo. In addition, it is possible that the effect
of GM-CSF, on DC contributes to the clinical benefits ob-
served in the initial therapeutic trials of recombinant GM-CSF
in patients with cancer (19) and AIDS (20).
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