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Introduction

Summary

Granulocyte-macrophage colony-stimulating factor (GM-CSF) has long
been found to have growth-promoting effects on multipotent haematopoi-
etic lineages, specifically granulocytes and macrophages. GM-CSF com-
bined with interleukin-4 (IL-4) drives monocytes to become myeloid
dendritic cells (mDCs) in vitro. We report that culturing human mono-
cytes with GM-CSF alone generates myeloid cells (GM-Mono) that have
lower expression of CD14 than monocytes and that fail to express DC-
SIGN. GM-Monos, however, express CD83 and the transcription factor
PU.1, although at a lower level than the conventional mDCs generated in
the presence of GM-CSF and IL-4. On stimulation with tumour necrosis
factor-a, interferon-y and anti-CD40 monoclonal antibody, the GM-
Monos predominantly produced IL-10 but were less efficient in IL-12 pro-
duction. In a primary allogeneic mixed lymphocyte reaction, GM-Monos
induced hyporesponsiveness and IL-10-biased cytokine production in
CD4™ T cells. In fresh mixed lymphocyte reaction, GM-Monos inhibited
conventional mDC-induced allogeneic CD4* T-cell proliferation. GM-
Mono-induced inhibition of allogeneic CD4" T-cell proliferation was
partially attributed to IL-10. Interestingly, GM-Monos neither induced
hyporesponsiveness in allogeneic CD8" T cells nor inhibited conventional
mDC-induced allogeneic CD8" T-cell proliferation. Taken together,
we characterize monocyte-derived CD14'° CD83"% cells generated by
GM-CSF that can induce tolerance or stimulation of T cells depending on
T-cell subsets.

Keywords: granulocyte-macrophage colony-stimulating factor; myeloid
cells; tolerance

granulocytes and macrophages.! GM-CSF is known to
stimulate multipotent progenitors depending on its con-

Granulocyte—-macrophage colony-stimulating factor (GM-
CSF), a 23 000 molecular weight (MW) heavily glycosyl-
ated cytokine, is known to have growth-promoting
activities on haematopoietic cell lineages. This cytokine
was identified in lung-tissue-conditioned medium from
lipopolysaccharide-injected mice, as a component show-
ing stimulatory activity on the proliferation of mouse
bone marrow cells in vitro, generating colonies of both

centration.” GM-CSF, in both humans and mice, was
cloned from a complementary DNA library of activated
T lymphocytes.”® Various subsets of T lymphocytes
have been found to produce GM-CSF on activation,
although its direct effect on the T lymphocytes is not
yet clear. Most of the demonstrated effects of GM-CSF
are believed to be mediated by the antigen-presenting
cells.”

Abbreviations: CBA, cytometric bead array; DC, dendritic cell; G-CSF, granulocyte colony-stimulating factor; GM-CSF,
granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; mAb, monoclonal antibody; mDC, myeloid
dendritic cell; MLR, mixed leucocyte reaction; PBMC, peripheral blood mononuclear cell; pDC, plasmacytoid dendritic cell;
Th2, T helper type 2; TLR, toll-like receptor; TNF, tumour necrosis factor.
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Therapeutic uses of GM-CSF, like granulocyte colony-
stimulating factor (G-CSF), mainly involve treating neu-
tropenia of different aetiologies.® Specifically, for treating
chemotherapy-induced neutropenia and for expansion of
haematopoietic progenitors before autologous transplan-
tation, GM-CSF and G-CSF have been in extensive use.
Although they surely have growth-promoting activity on
multilineage haematopoietic cells, they might also have
some immunomodulatory activities brought about by dif-
ferential effects on different immune cells.

Conventionally, immature human myeloid dendritic
cells (mDCs) are generated by culturing human peripheral
blood monocytes with GM-CSF and interleukin-4 (IL-4).7
Denderitic cells are the most potent antigen-presenting cells
and have an important role in the control of the adaptive
immune response.®”'! In humans, at least two types of
DCs have been established: plasmacytoid DCs (pDCs) and
mDCs, which differ both phenotypically and functionally.
The pDCs have features of a lymphoid lineage, produce
type I/II interferons and elicit a T helper type 2 (Th2)
response.'>'? The mDCs, on the other hand, express mye-
loid antigens, produce IL-12 and induce a Thl response.'?
Beyond the established heterogeneity of DCs in vivo as a
result of the presence of these mDCs and pDCs, there is
also speculation about DCs with tolerogenic properties in
humans. Several studies have reported a role for DCs in
the induction of peripheral tolerance.'*'® In vitro experi-
ments demonstrated that human mDCs with an immature
phenotype induce differentiation of anergic regulatory
T cells.'®!” However, other studies in mice have shown
that semi-mature rather than completely immature DCs
can yield tolerant naive CD4" T cells.'® Although yet to be
established in humans, reports have already indicated the
presence of such tolerogenic DCs in mice.'® In mice, toler-
ogenic DCs could be induced by treating bone marrow
cells with IL-10. Mouse tolerogenic DCs derived in vitro
display plasmacytoid morphology and secrete high levels
of IL-10 after stimulation."

G-CSF has been reported to modify ex vivo cytokine
production by the leucocytes.” It has also been shown to
generate tolerogenic antigen-presenting cells producing
IL-10 that could suppress graft-versus-host disease when
cotransplanted in allogeneic recipient animals.”' Other
studies have reported antigen-specific T-cell suppression
by G-CSF-treated DCs.** On the other hand, GM-CSF
had been shown to differentiate monocytes preferentially
to DC2 type DCs in the presence of increased intracellular
calcium.” In the present study, we report that GM-CSF
transforms human peripheral blood monocytes to
CD14"°" CD83* DC-SIGN™ tolerogenic myeloid cells that
predominantly produce IL-10 and simultaneously induces
tolerance in the CD4" T cells but stimulation in CD8"
T cells against alloantigens. Our data suggest immuno-
modulatory activities for GM-CSF in addition to its
growth-promoting activities.
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Materials and methods

Reagents

Complete medium consisted of RPMI-1640, 1% L-gluta-
mine, 1% penicillin/streptomycin, 1% essential amino
acids and 2% heat-inactivated fetal calf serum (all from
Life Technologies, New Delhi, India). Monoclonal anti-
bodies (mAbs) used in cell surface analysis by flow
cytometry including fluorescein isothiocyanate- (FITC) or
phycoerythrin-conjugated mouse anti-human CD3, CD4,
CD8, CD16, CD32, CD64, CD40, CD80, CD83, CDS86,
DC-SIGN, HLA-DR, isotype-matched control mAbs,
purified antibodies to human CD3, CD28, CD40, the
neutralizing anti-human IL-10 without sodium azide and
the recombinant human cytokines IL-4, GM-CSF, tumour
necrosis factor-oo (TNF-o) and interferon-y (IFN-vy) were
procured from BD Biosciences (Mountain View, CA).
Purified mAbs to the transcription factor PU.1, human
toll-like receptor 2 (TLR-2) and TLR-4 were from Santa
Cruz Biotechnology (Santa Cruz, CA). The mAbs to
human CD14, the microbead-tagged antibodies and the
magnetic separation columns were purchased from Milt-
enyi Biotec (Bergisch Gladbach, Germany).

Cell culture

Human peripheral blood mononuclear cells (PBMCs)
were isolated from freshly drawn heparinized blood from
healthy volunteers by Ficoll-Hypaque density gradient
centrifugation. Peripheral blood samples were collected
with due approval from the Human Ethics Committee of
the institute and all experiments with human blood were
conducted under an approved institutional Human Ethics
Committee protocol. Informed consent was provided
according to the Declaration of Helsinki. Monocytes were
purified by seeding PBMCs in bacteriological plastic
dishes coated with human immunoglobulin G for a 2-hr
adherence followed by removal of the non-adherent
cells.”* The adherent cells were found to be 95% mono-
cytes as assessed by CD14 staining by flow cytometry.
The monocytes (0-2 X 10%ml) were cultured in complete
medium alone, in complete medium containing GM-CSF
(30 ng/ml) alone or in complete medium containing GM-
CSF (30 ng/ml) plus IL-4 (10 ng/ml) in a total volume of
1 ml for 4 days to generate the immature DCs. For mat-
uration, a 4-day priming culture was followed by a 2-day
differentiation culture in which IFN-y (100 ng/ml), TNF-o
(20 ng/ml) and anti-CD40 mAb (5 pg/ml) were added.

Flow cytometry

Flow cytometry was performed to define the phenotypic
characteristics of the cells cultured in the presence of
the indicated cytokines and to quantify cytokines in the
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culture supernatants by Cytometric Bead Array™ Multi-
plex assays. Cell surface markers were analysed after stain-
ing with FITC- or phycoerythrin-labelled antibodies and
isotype-matched control antibodies. For staining with
anti-TLR antibodies, cells were first stained with purified
primary antibodies followed by staining with FITC-
labelled goat anti-mouse secondary antibody (multiple
adsorbed). For assessing the intracellular level of the tran-
scription factor PU.1, staining was performed after per-
meabilizing the cells with FACS™ Permeabilizing
Solution (BD Biosciences).”> Analysis was performed
using a BD LSR™ flow cytometer (Becton Dickinson,
San Jose, CA). Data on immunophenotyping were ana-
lysed on CeiL Quest™  software (Becton Dickinson).
Cytometric Bead Array'™ (CBA) Multiplex assays for
cytokines were performed following the manufacturer’s
instructions using the Csa ANALysis software (Becton
Dickinson). Results on cytokines obtained by CBA assay
were validated by commercial enzyme-linked immuno-
sorbent assay kits (R & D Systems, Minneapolis, MN).

Phagocytosis

The cells harvested from the cultures were resuspended
(at 5% 10° cells/ml) in complete medium with 5 pl
PerCp-latex beads (3 um in diameter; BD Biosciences)
and were mixed well. The cells were incubated with the
beads at 37° overnight. After incubation the cells were
washed five times with ice-cold phosphate-buffered saline
and then fixed in 1% paraformaldehyde before flow cyto-
metric analysis.

T-cell subset isolation

Non-adherent PBMC were first depleted of B cells, nat-
ural killer cells and contaminating monocytes by incu-
bation with microbead-coupled anti-CD19, anti-CD56
and anti-CD14 mAbs followed by magnetic separation.
CD4" CD45RO™ and CD8" CD45RO™ T-cell subsets were
purified from depleted non-adherent PBMC using CD4
or CD8 Multisort kits. After isolating positively selected
CD4" or CD8" T-cell subsets, the magnetic particles were
enzymatically released and further incubated with
CD45RO microbeads for depletion of CD45RO™ cells fol-
lowing the manufacturer’s instructions (Miltenyi Biotec).
The purity (as determined by flow cytometry) and viabil-
ity of each population was more than 95%.

Allogeneic mixed leucocyte reaction

Graded numbers of cultured monocytes, the GM-CSF-
driven myeloid cell subset (GM-Mono) or conventional
mDCs (GM + IL4-DCs), after being stimulated with
TNF-a, IFN-y and anti-CD40 mAb, were added to
1 x 10° allogeneic T-cell subsets (CD4" CD45RO™ or
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CD8" CD45R0O") in 96-well, flat-bottomed tissue culture
plates in the presence or absence of anti-IL-10 mAb
(10 pg/ml) or isotype-matched control mAb and incuba-
ted for 6 days. Proliferation was determined by the addi-
tion of 0-5 pCi [3H]thymidine (New England Nuclear,
Boston, MA) per well during the last 16 hr of the culture
period and subsequent measurement of the incorporated
radioactivity in a liquid scintillation counter (Perkin
Elmer Life Sciences, Boston, MA). Parallel allogeneic
mixed leucocyte reactions (MLRs) were set up with
1 x 10° of the above-mentioned cells and 1 x 10° alloge-
neic T-cell subsets per well in 48-well flat-bottomed tissue
culture plates. After 6 days of culture, T-cell subsets were
recovered from primary MLR, re-purified by magnetic
separation and then re-stimulated on anti-CD3-coated
and anti-CD28-coated 96-well plates at 1 x 10> cells per
well. Supernatants were harvested 24 hr later and analysed
for cytokines. In selected experiments allogeneic MLR
were set up with mature conventional mDCs as stimula-
tors (1 x 10* cells) along with graded numbers of stimu-
lated GM-Monos or the mature GM + IL4-DCs from the
same donor and allogeneic T-cell subsets (1 X 10°) as
responders in the presence or absence of anti-IL-10 anti-
body or isotype-matched control mAb. T-cell prolifer-
ation was measured by [’H]thymidine uptake.

Statistical analysis

Data are expressed as mean * standard error of the mean
and were assessed using the Student’s ¢-test.

Results

GM-CSF induces differentiation of CD14* human
peripheral blood monocytes to CD14'** CD83*
DC-SIGN™ cells

Conventionally, human mDCs are generated in vitro by
culturing human peripheral blood monocytes in the pres-
ence of GM-CSF plus IL-4. Recently we reported that IL-4
alone, without the involvement of GM-CSF, transforms
human peripheral blood monocytes to a CD1a®™ CD83*
DC subset.”> GM-CSF alone had also been shown to be
sufficient to transform human monocytes to DCs in the
presence of calcium ionophore® while other studies have
designated the GM-CSF-driven monocytes to be macro-
phages.®® To compare the phenotypic and functional
properties of the GM-CSF-driven monocytes with that of
conventional mDCs, human peripheral blood monocytes
were cultured in medium alone, in medium containing
GM-CSF alone or in medium containing GM-CSF plus
IL-4 for 4 days followed by a 2-day maturation period in
the presence of TNF-a, IFN-y and anti-CD40 mAb. Mor-
phologically, conventional mDCs (generated in the pres-
ence of GM-CSF plus IL-4; designated as GM + 1L4-DC)
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had typical DC-like veiled structures. On the other hand,
monocytes cultured with GM-CSF alone (designated as
GM-Mono) had barely detectable DC-like veiled struc-
tures (Fig. la).

The GM-CSF-driven monocytes were found to be low
on the surface expression of CD14 compared to the cul-
tured monocytes, while the GM + IL4-DCs did not show
any expression of CD14 (Fig. 1b). The expression of the
Fcy receptors CD16, CD32 and CD64 were also assessed
on these unstimulated cells. Both GM-Monos and
GM + IL4-DCs had lower CD16 expression compared to
the monocytes. However, expression of CD32 and CD64
were low and similar in cultured monocytes, GM-Monos
and GM + IL4-DCs (Fig. 1b). The unstimulated GM-
Monos were found to express CD40 but the level of
expression was lesser than the conventional DCs, although
higher than the monocytes (Fig. 1b). Of note, the unstim-
ulated GM-Monos did not express the DC-specific mar-
ker DC-SIGN while this marker was readily expressed on
unstimulated GM + IL4-DCs (Fig. 1b).

As the monocytes cultured in the presence of GM-CSF
were CD14'" and DC-SIGN™, we evaluated the expres-
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Figure 1. Morphology, surface phenotype and phagocytic activity of
human peripheral blood monocytes cultured in the presence of GM-
CSF. (a) Morphological changes of human peripheral blood mono-
cytes after culture for 4 days with media alone (monocytes),
GM-CSF (30 ng/ml) alone (GM-Monos) or GM-CSF plus IL-4
(GM + IL4-DCs). Phase contrast micrographs, 400X using Olympus
microscope and Olympus Camedia digital camera. (b) Flow cytomet-
ric determination of surface phenotypes of unstimulated cells after
staining with isotype-matched control mAbs (filled histograms) or
with the mAbs indicated (solid lines). Expression of the surface
markers CD14, CD16, CD32, CD64, CD40 and DC-SIGN were
assessed after 4 days of culture. (c) CD83, HLA-DR, CD86 and
CD80 were analysed on the cells after stimulation with TNF-a, IFN-
v and anti-CD40 mAb. Values within histograms represent the speci-
fic mean fluorescence intensity (after subtracting the control values).
(d) Comparative flow cytometric assessment of phagocytic activity of
the cultured monocytes was performed by incubating the unstimu-
lated cells with PerCp-labelled latex beads overnight at 37° and then
analysing the washed cells by flow cytometry. The gated cells repre-
sent the fraction of cells showing phagocytosed beads. (e) The
expression level of intracellular PU.1 was assessed by intracellular
staining of the unstimulated cells with anti-PU.1 mAb and FITC-
labelled secondary antibody. The respective mean fluorescence inten-
sities are shown by arrowheads. The dotted line represents the
cultured monocytes while the thin and thick lines represent the GM-
Monos and the GM + IL4-DCs, respectively. (f) Flow cytometric
evaluation of indicated toll-like receptors on the surface of unstimu-
lated human peripheral blood monocytes after culture for 4 days in
the presence or absence of indicated cytokines. Results are represen-
tative of four experiments.

sion of MHC class II, costimulatory molecules (CD80 and
CD86) and another mature DC marker, CD83 on these
cells after stimulation with TNF-a, IFN-y and anti-CD40
mAb. The level of expression of these molecules in
GM-Monos was higher than in monocytes but lower than
in the conventional mDCs (Fig. 1c).

GM-Monos have reduced phagocytic efficacy
compared to the monocytes

As the GM-Monos were CD83", we evaluated the phago-
cytic efficacy of these cells. Myeloid DCs are known to
rapidly lose their phagocytic activity in culture.”® After
addition of PerCp-labelled latex beads to the cultures and
incubation with the cells overnight, cells were assessed for
their phagocytic activity by flow cytometry (Fig. 1d).
While 37-18% of the monocytes were found to phago-
cytose the beads overnight, among the GM-Monos the
fraction was 22-07%. The fraction of phagocytic cells
among the conventional mDCs was even lower (13-42%).

GM-Monos have higher expression of PU.1
than the monocytes

We wanted to see whether the transcription factor PU.1,
which is considered to be a marker for DC commitment
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for the myeloid cells,”” is expressed in the GM-Monos.
The cells from all three groups after 4 days of culture
were assessed for intracellular PU.1 levels by flow cyto-
metry. The expression of PU.1 in GM-Monos was found
to be midway between the expression found in cultured
monocytes and GM + IL4-DCs (Fig. le), indicating that
the GM-Monos attained a quasi-DC phenotype in terms
of transcriptional control.

GM-Monos have higher expression of TLR-2
and TLR-4

It has been reported by several groups that the TLRs play
a vital role in the DC phenotypes and fine tuning of the
balance among the different TLRs expressed on the anti-
gen-presenting cells is a very important determinant in
the immunological decision making. Cell surface expres-
sion patterns of TLR-2 and TLR-4 were very different
on cells cultured under different cytokine conditions
(Fig. 1f). Expression of both TLR-2 and TLR-4 were
higher on GM-Monos compared to the conventional
mDCs (Fig. 1f).

GM-Monos predominantly produce IL-10 after
stimulation

The conventional mDCs predominantly produce IL-12
after stimulation with TNF-o, IFN-y and anti-CD40 mAb.
A large amount of IL-12 was also detectable in these DC
cultures even before stimulation. These DCs produced
detectable but small amounts of IL-10. In contrast, stimu-
lated GM-Monos produced ~ 2-5-fold more IL-10 than
the conventional mDCs. GM-Monos showed less efficient
IL-12 production (~ 70% less compared to the conven-
tional mDCs) (Fig. 2). No appreciable differences were
noticed with respect to TNF-a, IL-6, IL-8 and IL-1 pro-
duction by these cells.

GM-Monos induce hyporesponsiveness of CD4"
T cells but stimulation of CD8" T cells against
alloantigens

To measure the effects of GM-Monos on responses to
alloantigens, naive CD4" and CD8" T cells were cocul-
tured with stimulated allogeneic cultured monocytes,
GM-Monos and GM + IL4-DCs. In all five experiments,
the [*H]thymidine uptake by CD4" T cells in monocytes
or GM-Mono cocultures was consistently less in all
stimulator to responder ratios tested compared to
GM + IL4-DC cocultures (Fig. 3a). Inhibition of alloge-
neic CD4" T-cell proliferation in GM-Mono-stimulated
culture was significantly reversed by the addition of neut-
ralizing anti-IL-10 antibody while isotype-matched con-
trol mAb had no effects. However, cultured monocyte-
induced hyporesponsiveness of allogeneic CD4" T-cell
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Figure 2. GM-Monos predominantly produce IL-10 after stimula-
tion. Human monocytes were cultured as indicated and then either
left unstimulated (white bars) or stimulated (black bars) with TNF-o
(20 ng/ml), IFN-y (100 ng/ml) and anti-CD40 mAb (5 pg/ml) for
1 day. Cytokines were quantified in the supernatants by Cytometric
Bead Array™ Multiplex assays. Results are mean + SEM of triplicate
culture from a single experiment. Similar results were obtained from
three other experiments.

proliferation was not reversed by the addition of neutral-
izing anti-IL-10 mAb. Addition of anti-IL-10 antibody or
isotype-matched control mAb had no effects on allogeneic
CD4" T-cell proliferation in mature GM + IL4-DC-
stimulated cultures (Fig. 3a). These data suggest that the
tolerogenic effects on CD4" T cells is induced by the
GM-CSF treatment of monocytes and mediated at least in
part by IL-10-driven mechanism.

Unlike CD4" T cells, allogeneic CD8" T-cell prolifer-
ation in GM-Mono-stimulated cultures was lower than
that observed with mature GM + IL4-DC-stimulated cul-
tures (Fig. 3b). However, the difference was only marginal
at the higher antigen-presenting cell to T cell ratio of
1 : 25. Of note, anti-IL-10 antibody had no effects on the
allogeneic CD8" T-cell proliferation in any of these allo-
MLRs (Fig. 3b).
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Figure 3. GM-Monos induce hyporesponsiveness to CD4" T cells
but stimulation to CD8" T cells against alloantigens. (a) Allo-MLRs
were initiated using the TNF-o, IFN-y and anti-CD40 mAb stimula-
ted monocyte cultures indicated as stimulators and purified allo-
geneic CD4" T cells as responders. Experiments were set up with
neutralizing anti-human IL-10 mAb (10 pg/ml) (black bars), isotype-
matched control mAb (hatched bars) or without any antibody (white
bars) at the onset of the assays. *P < 0-05 compared to cultures in
the absence of anti-IL-10 mAb. (b) Allo-MLRs were initiated as des-
cribed in the legend of Fig. 3(a) except that purified allogeneic CD8"
T cells were used as the responders. Results are mean + SEM of
triplicate cultures from a single experiment. Similar results were
obtained from two other experiments.

504

CD4 T cells CD8 T cells

IL-2 IL-2

I
I

0 500 1000 1500 2000 O 500 1000 1500 2000
IFN-y IFN-y

I
I

2000 4000 6000 8000
IL-4

0 500 1000 1500 2000 2500 O
IL-4

L Bf
F

100 200 300 400 500
IL-10

0 100 200 300 400 500 O
IL-10

I

100 200 300 400 500
Concentration (pg/ml)

0 100 200 300 400 500 O
Concentration (pg/ml)

Figure 4. GM-Monos induce IL-10-biased cytokine production in
allogeneic CD4" T cells. Allogeneic CD4" T cells (a) or CD8" T cells
(b) were cocultured with GM-Monos (white bars) or GM + IL4-DCs
(black bars) after stimulation with TNF-o, IFN-y and anti-CD40
mAb (at a stimulator : responder ratio of 1: 10) for 6 days. T cells
were harvested, washed and restimulated on plates coated with anti-
human CD3 and anti-human CD28 mAbs for 24 hr. Supernatants
were collected and analysed by Cytometric Bead Array™ Multiplex
assays. Results are mean + SEM of triplicate culture from a single
experiment out of four experiments with similar results.

GM-Mono-stimulated allogeneic CD4" and
CD8* T cells differ in IL-10 production

GM + IL4-DC-stimulated allogeneic CD4" T cells pro-
duced mainly IFN-y and IL-2 but little IL-10 after
re-stimulation with anti-CD3 and anti-CD28 mAbs. In
contrast, GM-Mono-stimulated allogeneic CD4" T cells
barely produced IFN-y or IL-2 but their IL-10 production
was enhanced (Fig. 4a). IL-10 was, however, barely detect-
able in GM-Mono-stimulated allogeneic CD8" T cells.
IL-2 and IFN-y production by GM-Mono-stimulated allo-
geneic CD8" T cells was also impaired (Fig. 4b).

GM-Monos can inhibit proliferation of allogeneic
CD4" T cells in a fresh MLR

We next evaluated the effects of GM-CSF-driven mono-
cytes on fresh cocultures of allogeneic MLR. Graded
numbers of semi-mature GM-Monos were added to a
new MLR containing mature GM + IL4-DCs (10*/well)
from the same donor as stimulators and allogeneic CD4*
T cells (10°/well) as responders. GM-Monos, in a dose-
dependent manner, inhibited allogeneic CD4" T-cell
proliferation induced by the conventional mature GM +
IL4-DCs (Fig. 5). This dampening of allostimulation was
partially reversed by anti-IL-10 mAb. Autologous mature
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Figure 5. GM-Monos inhibit CD4" T cells but stimulate CD8"
T cells in a fresh allo-MLR induced by mature conventional mDCs
(GM + IL4-DCs). GM-Monos and the conventional mDCs
(GM + IL4-DCs) of the same donor were prepared as described in
the Materials and methods. Fresh allo-MLRs were initiated with
mature conventional mDCs and allogeneic CD4* (a,b) or CD8"
(c,d) T cells (stimulator : responder ratio, 1:10). At the onset of
the assays, graded numbers of stimulated GM-Monos (ac) or
GM + IL4-DCs (b,d) were added. Experiments with neutralizing
anti-human IL-10 mAb (10 pg/ml) (grey bars), isotype-matched con-
trol mAb (hatched bars) were also set up in addition to cultures
without any antibody (white bars). Results are mean = SEM of trip-
licate cultures from a single representative experiment out of three
experiments with similar results. *P < 0-05 compared to allo-MLR
cultures containing mature GM + IL4-DCs and allogeneic CD4" or
CD8" T cells only.

GM + IL4-DCs, under identical experimental conditions,
had additive allostimulatory effects (Fig. 5) and remained
unaffected by neutralizing anti-IL-10 mAb (data not
shown). In contrast to the effect on allogeneic CD4" T
cells, the proliferation of mature GM + IL4-DC-induced
allogeneic CD8" T cells in fresh MLR was enhanced by
the semi-mature GM-Monos in a dose-dependent manner
(Fig. 5).

Discussion

In this study we demonstrate that GM-CSF, which is rou-
tinely used in combination with IL-4 to generate conven-
tional mDCs (GM + IL4-DCs), if used alone can transform
CD14" human monocytes to a CD14'°™ CD83" DC-SIGN™

© 2007 Blackwell Publishing Ltd, Immunology, 121, 499-507

GM-CSF-driven tolerogenic myeloid cells

cell subset. The GM-CSF-driven monocytes (GM-Monos)
also showed moderate expression of HLA-DR, CD86 and
CD80 after stimulation with TNF-a, IFN-y and anti-CD40
mAb, thus attaining a quasi-DC phenotype, although they
were DC-SIGN™. A previous report asserts that GM-CSF
regulates the expression of MHC class II molecules through
CIITA (class II transactivator) types I/III and enhances the
expression of MHC II and other costimulatory molecules
on monocytes.”’

It has been shown earlier that mouse DCs generated by
culturing bone marrow precursor cells in the presence of
only low concentrations of GM-CSF are maturation-
resistant and are capable of prolonging allograft survival
in vivo.”® Our data indicate that human GM-CSF even at
a concentration of 30 ng/ml, which is conventionally used
along with IL-4 to generate human mDCs, when used
alone can transform human monocytes to a semi-mature
DC-like myeloid cell subtype. These GM-Monos differ
from the conventional mDCs both phenotypically and
functionally.

The transcription factor PU.1 is known to be required
for proper differentiation of both lymphoid and myeloid
lineage cells.’"** Particularly for mDC development, PU.1
is considered indispensable.”” In the in vitro development
of mDCs from monocytes, expression of PU.1 is known
to be the marker for commitment towards DCs rather
than macrophages. The level of expression of PU.1 in the
GM-Monos was found to be midway between that in the
cultured monocytes and the mDCs (GM + IL4-DCs),
thus indicating their commitment towards a DC-like
phenotype.

Like the conventional GM + IL4-DCs, the GM-Monos
had also lost their phagocyte activity considerably, com-
pared to the cultured monocytes. The phagocytic efficacy
of the GM-Monos was in between that of the monocytes
and GM + IL4-DCs, providing further support for the
notion that GM-Monos represent an intermediate pheno-
type of myeloid cells on the way to commitment towards
DCs.

Interestingly, GM-Monos produce predominantly IL-10
and less IL-12 after stimulation, in striking contrast to
conventional mDCs, which produce more IL-12 than
IL-10. This is in agreement with the report that GM-CSF-
induced monocytes produce minimal or no IL-12,
although GM-CSF + IL-4-induced DCs produce high lev-
els of 1L-12.>> GM-CSF has also been shown to inhibit
IL-12 production by the murine Langerhans cells.** Previ-
ous reports also showed that GM-CSF induces the produc-
tion of IL-10 in vitro from the human monocytes® and
the human monocytic cell line U937.>> Enhanced serum
IL-10 was also reported in patients with aggressive non-
Hodgkin’s lymphoma treated with GM-CSFE.>® IL-10 is a
cytokine with potent anti-inflammatory activities, capable
of inhibiting the production of several proinflammatory
cytokines including IL-12 in different cell types.””*®
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The expression patterns of TLR-2 and TLR-4 in GM-
Monos and conventional mDCs are also intriguing.
Although both types of myeloid cells express these TLRs,
GM-Monos have higher surface expression of both the
TLRs compared to conventional mDCs.

After receiving maturation signals, human GM-Monos
acquire a semi-mature-DC-like phenotype, act as anti-
inflammatory accessory cells and induce hyporesponsive-
ness in allogeneic CD4" T cells in contrast to mature
human conventional mDCs. Interestingly, the MLR
response of allogeneic CD4" T cells to mature con-
ventional mDCs was also inhibited by semi-mature
autologous GM-Monos. Our data suggest that GM-CSF-
driven monocytes may induce anergy in CD4" T cells at
least in part through an IL-10-driven mechanism.

Similar to immature human DC, semi-mature DC-
induced T-cell tolerance in mice was found to be dependent
on IL-10-producing regulatory T cells.”® IL-10-producing
DCs have been identified in Peyer’s patches and the liver in
mice is associated with induction of either T-cell anergy or
the Th2 response.”’ Treatment of mouse bone marrow-
derived DCs with IL-10 induces differentiation of a distinct
subset of IL-10-producing tolerogenic DCs.'”” Human
GM-Monos generated in vitro produce large amounts of IL-
10 and were tolerogenic to CD4" T cells. Whether anergic
CD4" T cells induced by GM-CSF-driven monocytes have a
regulatory function is yet to be determined. The possibility is
strengthened by the fact that human GM-Monos induce an
IL-10-biased cytokine pattern in tolerized allogeneic CD4" T
cells. Also, the CD4" CD25" regulatory T cells in GM-CSF
induced suppression of experimental autoimmune thyroiditis
in mice has been reported.*!

Interestingly, the GM-Monos do not induce tolerance
to allogeneic CD8" T cells, although the magnitude of
allostimulation to these cells was marginally lower than
that induced by the conventional mDCs. Reduced pro-
duction of IFN-y and IL-2 by GM-Mono-driven allogene-
ic CD8" T cells also supports their suboptimal activation
state. A recent report on simultaneous induction of toler-
ance of CD4" T cells and stimulation of CD8" T cells by
semi-mature DCs in mice supports our finding.'® This
differential activation pattern of CD4" and CD8" T cells
by the GM-Monos can be explained by enhanced produc-
tion of IL-10. IL-10 has been shown to suppress T-cell
activation by inhibiting the CD28 costimulatory path-
way.*? CD28 costimulation, although very important in
TCR-mediated CD4" T-cell activation, is found to be less
important in case of the CD8" T cells.*** Also, the
CD28 molecules are expressed on about 50% of the
human CD8" T cells, while about 90% of the CD4" T
cells express CD28 on their surface.”> So, the GM-Mono-
derived IL-10 might have dampened the proliferation of
the CD4" T cells by inhibiting the CD28 costimulatory
pathway, but could not affect the CD8" T cells because of
the redundancy of this pathway in these cells.
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Taken together, our data demonstrate that GM-CSF
transforms human monocytes to a cellular phenotype that
predominantly produces IL-10 and induces anergy to
CD4" T cells but stimulates CD8" T cells against alloanti-
gens. Thus this report adds to the growing evidence of a
continuous phenotypic spectrum of differentiated human
myeloid cells starting from monocytes to mature DCs. It
also adds to the growing knowledge about the possible
immunomodulatory effects of GM-CSF on human blood
cells in addition to its long-known growth-promoting
activities. This novel finding about the tolerance-promo-
ting effect of GM-CSF in vitro will be very important in
designing rational therapeutic regimens of this cytokine
in different clinical settings in humans, making use of its
immunomodulatory activities.
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