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Key Points

•Novel GM-CSF signal-
ing pathways through
IFN-gR/IRF-1 and AKT/
mTOR provide mono-
cyte licensing for sup-
pressor function.

•Only licensed but not
fresh Ly-6Chigh murine
or human CD141

monocytes secrete
nitric oxide or IDO for
T-cell suppression.

Granulocyte-macrophage colony-stimulating factor (GM-CSF) controls proliferation and

survival of myeloid cells includingmonocytes. Here, we describe a time-dependent licensing

process driven by GM-CSF in murine Ly6Chigh and human CD141 monocytes that disables

their inflammatory functions and promotes their conversion into suppressor cells. This

2-step licensing ofmonocytes requires activation of the AKT/mTOR/mTORC1 signaling cascade

by GM-CSF followed by signaling through the interferon-g receptor (IFN-gR)/interferon

regulatory factor-1 (IRF-1) pathway. Only licensing-dependent adaptations in Toll-like

receptor/inflammasome, IFN-gR, and phosphatidylinositol 3-kinase/AKT/mTOR signaling

lead to stabilized expression of inducible nitric oxide synthase by mouse and indoleamine

2,3-dioxygenase (IDO) by human monocytes, which accounts for their suppressor activity.

This study suggests various myeloid cells with characteristics similar to those described for

monocytic myeloid-derived suppressor cells, Mreg, or suppressor macrophages may arise

from licensed monocytes. Markers of GM-CSF–driven monocyte licensing, including p-Akt,

p-mTOR, and p-S6, distinguish inflammatory monocytes from potentially suppressive

monocytes in peripheral blood of patients with high-grade glioma.

Introduction

It is a puzzle that monocytes should be capable of such opposing immunological activities, especially
considering there is no definitive marker profile that allows the reliable and universal demarcation of
inflammatory monocytes and monocytic suppressor cells in either mice or humans. Monocytes are
essential for protective immunity during acute infections and can augment autoimmune reactions,1

whereas monocytic suppressor cells interfere with immune responses against tumors and chronic
infections.2,3 Both inflammatory monocytes and monocytic suppressor cells can generate Nitric oxide
(NO) via the inducible isoform of NO synthase (iNOS/NOS2) from the amino acid L-arginine.3-5

Monocytes and macrophages use NO for the killing of pathogens and tumor cells, but in monocytic
suppressor cells, iNOS activity causes impaired T-cell function.3,4 Production of NO by mouse
monocytes or monocytic suppressor cells can be elicited by interferon-g (IFN-g) signaling in combination
with a second stimulus, which might be a pathogen-associated factor6 or endogenous inflammatory
factors produced by T cells or tumors.7 Confusingly, inflammatory monocytes and monocytic suppressor
cells can respond to the same stimuli, often through the same receptor, in opposite ways, as illustrated
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by the apparently paradoxical effects of IFN-g8 or ligation of DC-SIGN.9

Thus, despite having cataloged many developmental influences and
functional properties of monocytes and monocytic suppressor cells,
we lack an integrated understanding of the fundamental differences
between inflammatory monocytes and monocytic suppressor cells that
accounts for their profoundly different behavior.

Both inflammatory monocytes and monocytic suppressor cells depend
on the hematopoietic growth factors granulocyte-macrophage colony-
stimulating factor (GM-CSF) and macrophage colony-stimulating
factor (M-CSF), which promote their development in vitro and in
vivo.10-14 The ambiguous consequences of GM-CSF, M-CSF, and
IFN-g stimulation in the development of inflammatory monocytes
versus monocytic suppressor cells points to the intersection of the
GM-CSF/M-CSF signaling cascade with the IFN-g/interferon regu-
latory factor-1 (IRF-1) pathway as a key determinant of cell fate.
Activation of the phosphatidylinositol 3-kinase (PI3K) and AKT
pathways in monocytes after GM-CSF stimulation is now well-
documented.15-17 Furthermore, a critical role for PI3K has been
described for M-CSF–dependent tumor associated macrophages18

and for mTOR in myeloid-derived suppressor cells (MDSCs).19

However, the mechanisms by which GM-CSF signals control down-
stream mediators of monocytic suppressor function are unknown.

To clearly dissect the effects of GM-CSF signaling on the IFN-g/
IRF-1 pathway, independently of other growth factor–derived
signals, we turned to well-established culture methods for convert-
ing GM-CSF–stimulated murine and human monocytes into mono-
cytic suppressor cells.13,20,21 Results from these systems suggest
that suppressive monocytes do not arise from a specific lineage-
defined precursor cell, but represent a differently polarized state of
blood monocytes. Reaching this state involves 2 steps: first, a
“licensing” step that requires GM-CSF to activate the PI3K/AKT/
mTOR pathway, which results in structural changes to the IFN-gR
signaling pathway; second, stimulation of licensed monocytes with
IFN-g then leads to acquisition of suppressor function through
posttranscriptionally stabilized expression of iNOS in mice or
indoleamine 2,3-dioxygenase (IDO) in humans. Our data indicate
that GM-CSF licensed monocytes (L-Mono) serve as a precursor to
suppressive monocytes, which some might describe as monocytic-
MDSC (M-MDSC). This study has important implications for the
therapeutic use of GM-CSF (Sargramostim) and mTOR inhibitors
(eg, rapamycin, everolimus) in cancer and transplant patients.

Materials and methods

Mice

C57BL/6, Nos22/2(purchased from Jackson Laboratories, Bar
Harbor, ME), Irf12/2,22 Ifngr12/2,23 and Ifng12/224 mice were bred
in our own animal facilities at Würzburg, Marburg, or Erlangen, kept
under specific pathogen-free conditions, and used at an age of 4 to
10 weeks. All animal experiments were performed according to the
German animal protection law as well as after approval and under
control of the local authorities.

Patient material

In a first analysis, plasma samples from 52 patients with primary or
relapsed high-grade gliomas were obtained preoperatively. Plasma
from 9 healthy individuals served as a control. GM-CSFwasmeasured
using the human Magnetic Cytokine Kit (LHC6003M, Life Technol-
ogies) on a MagPix device (Luminex), for M-CSF measurements, an

enzyme-linked immunosorbent assay system (Duoset, R&D Systems)
was used. For fluorescence-activated cell sorter (FACS) analysis, we
collected anonymized EDTA-blood samples from healthy individuals
and pediatric patients with advanced solid tumors (untreated primary
or progressing refractory). Both analyses have been reviewed by the
institutional review board of the University of Würzburg (#135/09 and
#102/14), and participants gave their written informed consent.

L-Mono preparation

Murine bone marrow (BM)-derived bulk L-Mono were generated as
described before.25 Human L-Mono were generated as described
previously.20 Briefly, CD141 monocytes were isolated from Ficoll-
prepared peripheral blood mononuclear cells by positive-selection
with anti-CD14 microbeads (Miltenyi, Bergisch-Gladbach, Germany)
and were then plated in 6-well Cell1 plates (Sarstedt, Nümbrecht,
Germany) at 106 cells/well in RPMI-1640 (Lonza, Cologne, Germany)
supplemented with 10% heat-inactivated human AB serum (ZKT,
Tübingen, Germany), 2 mM Glutamax (Invitrogen, Karlsruhe, Germany),
100 U/mL penicillin (Lonza), 100 mg/mL streptomycin (Lonza), and
recombinant human GM-CSF (rhGM-CSF; R&D Systems,Wiesbaden-
Nordenstadt, Germany) at 25 ng/mL carried on 0.1% human albumin
(CSL-Behring, Hattersheim-am-Main, Germany). Unless otherwise
indicated, cells were stimulated on day 6 of culture for a further 18 to
24 hours with 25 ng/mL rhIFNg (Chemicon, Billerica, MA).

Reagents

Murine recombinant GM-CSF (200 U/mL), M-CSF (50 U/mL),
granulocyte colony-stimulating factor (G-CSF; 50 U/mL), interleukin-6
(IL-6; 50 ng/mL), IL-10 (40 ng/mL), IFN-g (0.5 mg/mL), and rhFlt3L
(100 U/mL) were purchased from Immunotools. Mouse recombi-
nant TNF (500 U/mL) was purchased from Peprotech. Mouse
recombinant IL-1b (40 ng/mL) was purchased from eBioscience.
The PI3K inhibitors wortmannin (2-10 mM) and Ly294002 (2-10 mM)
and lipopolysaccharide (LPS; 100-1000 ng/mL) were purchased
from Sigma Aldrich, and rapamycin (1-500 nM, selective mTORC1
inhibitor) from Selleckchem.

Cell sorting and flow cytometry

The murine antibodies used: CD11b-PerCP-Cy5.5 (M1/70), CD11b-
fluorescein isothiocyanate (FITC; M1/70), Ly-6G-phycoerythrin (PE;
1A8), Biotin-CD119 (IFN-gR1; clone 2E2), the streptavidin-PE-Cy5
(all BioLegend); Ly-6C-Alexa 647 (ER-MP20, Ab Serotec), FITC-IFN-
gR2 (MOB-47, Santa Cruz), CD43-FITC (eBioscience), anti-rabbit
DyLight488 (Jackson), IL-6-PE, and iNOS/NOS type II (BD). Human
and mouse phosphorylated molecules: p-AKT (S473, SDRNR,
eBioscience), p-mTOR (MRRBY, eBioscience), p-STAT1 (pY701,
BD), p-STAT3 (pY705, BD), Alexa Fluor647-P-S6 (S235/236,
D57.2.2E, Cell Signaling), or PerCP-eFluor710- P-S6 (cupk43k,
eBioscience). Staining was performed as described elsewhere.26

Cytospins and confocal microscopy

Sorted cells (5 3 105) were centrifuged onto a glass slide by
cytospin at 600g for 5 minutes. Purified anti-IRF-1 (Cell Signaling),
IFN-gR1 (CD119) biotin-conjugated, and IFN-gR2-FITC conjugated
were diluted 1:100 in phosphate-buffered saline and incubated
overnight at 4°C before anti-fluorescein Alexa Fluor 488 (Millipore) or
streptavidin-DyLight549 (BioLegend) for 1 hour at room temperature.
Nuclei were stained using DRAQ5 (eBioscience). Slides mounted
with Fluoromount-G (SouthernBiotech) were analyzed by confocal
laser-scanning microscope (LSM 510 Meta, Zeiss).
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Western blot

Cells were lysed in ice-cold Triton-X100 lysis buffer and left for
30 minutes on ice. Membrane extraction and preparation was
performed using the Mem-PER kit (Thermo Scientific) following the
manufacturer’s instructions. Proteins were separated by 10% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis, followed by
semidry western blotting onto a polyvinyl fluoridemembrane (Whatman,
GE Healthcare). Antibodies against murine Jak1 (#3344), Jak2
(#3230), pY701-STAT1 (#9171), STAT1 (#9172), pY705-STAT3
(#9183), STAT3 (#9139), pS473-AKT (#4060), AKT (#9272),
glyceraldehyde-3-phosphate dehydrogenase (#2118), anti-rabbit-
horseradish peroxidase (HRP) (#7074), P-4E-BP1 (#2855P), p-mTOR
(#5536P), anti-mouse-HRP (#7076), and anti-biotin-HRP (#7727)
(all Cell Signaling), Rel A p65 (clone F-6, Santa Cruz), NF-kB p100
(polyclonal rabbit, Cell Signaling), MyD88 (Millipore), anti-iNOS
(Calbiochem), human IDO (clone 10.1, Merck Millipore), and human
IRF1 (clone d5e4, Cell Signaling Technology). PageRuler plus
prestained protein ladder (SM1811) from Fermentas.

Messenger RNA (mRNA) preparation and RT-PCR

After treatment of murine cells total RNA was isolated using the
RNeasy kit (Qiagen) according to the manufacturer’s instructions.
Quantitative real-time reverse transcriptase polymerase chain reaction
(RT-PCR) was performed using the FastStart Universal SYBR Green
Master (Rox) Kit (Roche Diagnostics) according to the manufacturer’s
instructions. Primer sequences for quantitative real-time RT-PCR are
as follows: murine gp130: forward: 59-TCCCATGGGCAGGAATA
TAG-39, reverse: 59-CCATTGGCTTCAGAAAGAGG-39; murine iNOS:
forward: 59-CTTTGCCACGGACGAGAC-39, reverse: 59-TCATTGT
ACTCTGAGGGCTGAC-39; murine IRF1: forward: 59- CTCTGCT
GTGCGGGTGTA-39, reverse: 59- CCACACAGCTTCCTCTTGGT-39.
Quantification of -fold inductions over untreated samples was
performed using the mathematical model described by Pfaffl.27

NO measurement

NOwasmeasured as nitrite production using theGriess reaction.28 The
evoked color reaction was measured after 10 minutes in the enzyme-
linked immunosorbent assay reader (Molecular Devices) at 492 nm.

Proliferation assays

Murine bulk lymph node cells from BALB/c mice, used as a source of
responder T cells, were seeded into a 96-well round-bottomed plate
(CELLSTAR, Greiner bio-one), activated for proliferation by adding
soluble anti-CD3 and anti-CD28 at a final concentration of 2.5 mg/mL
each. After 3 days, cell proliferation was detected by 1 mCi/well
(3H)-methyl-thymidine (Amersham) pulse for 16 hours. Alternatively,
carboxyfluorescein diacetate succinimidyl ester (CFSE)- or eFluor670
(Invitrogen)-labeled T cells were analyzed by flow cytometry.20

Ex vivo suppressor assay

Mice were administered daily (intraperitoneally) with 2 mg of GM-CSF
or Flt3L for a total of 10 days. At day 11, mice were euthanized and
spleen (SP) andBMcollected to isolate CD11b1cells byMACSbeads
(Miltenyi Biotec) to be tested in a T-cell suppressor assay for 4 days.

EAE induction and scoring

Experimental autoimmune encephalomyelitis (EAE) induction was
performed by a standard protocol.29 GM-CSF (2 mg/mouse) was
injected intraperitoneally 10 days before until 5 days after EAE

induction. Mice were scored daily for clinical disease symptoms
according to the following scale: 0, no disease; 1, limp tail weakness; 2,
hind limp weakness; 3, hind limp paralysis; 4, hind and fore limp
paralysis; and 5, moribund or death. L-Mono treatment of mice was
performed at day24 of EAE induction by injecting 43 106 GM-CSF
cultured L-Mono.

Statistics

Comparisons of data were analyzed by the tests indicated in each
figure legend for the various types of assays using GraphPad Prism
5.0; in some cases, the Student t test with EXCEL 14.5.3 was used.
Data from the experiments are presented as mean values6 standard
error of the mean (SEM) or standard deviation (SD), as indicated.
Differences of P , .05 were considered significant.

Results

GM-CSF licensing of murine monocyte suppressor

function in vitro and in vivo

Earlier work established that GM-CSF acts not only as a growth factor
or pro-inflammatory cytokine,30,31 but also conveyed suppressor
function on myeloid cells.21,31 However, the relationship between
duration of GM-CSF stimulation and acquisition of suppressor
function is unclear. Although freshly isolated bone marrow cells did
not suppress CD41 or CD81 T-cell proliferation in coculture, exposure
of the same cells to GM-CSF for 3 days conferred a potent suppressor
activity (Figure 1A). Similar results were obtained by isolating CD11b1

cells from BM or SP, and this suppressor function correlated with their
capacity to release NO (supplemental Figure 1A-C). Predominantly,
Ly-6C1 monocytic cells expressed iNOS, which confirmed that the
effect of GM-CSF treatment was primarily mediated by monocytes
(supplemental Figure 1D). GM-CSF could be substituted by
monocyte-specific M-CSF to confer suppressor cell activity, but
granulocyte-specific G-CSF or Flt3L were considerably weaker
(Figure 1B). Acquisition of suppressor function required only very
low doses of 0.3 ng/mLGM-CSF (equivalent to 5 U/mL) (Figure 1C),
but high doses of M-CSF ($10 ng/mL). Thus, we further will term
monocytes that are programmed to become monocytic suppressor
cells “licensed” monocytes (L-Mono).

A similar process of GM-CSF licensing was observed in vivo after
10 days of daily GM-CSF, but not Flt3L injections. GM-CSF
treatment massively increased splenic volume and cellularity, as well as
the frequency of Ly-6C1 and Ly-6G1 cells in BM and SP, whereas
Flt3L was less effective in these respects (supplemental Figure 2A-B).
GM-CSF but not Flt3L treatment facilitated NO production by
CD11b1 cells isolated from BM or SP (supplemental Figure 2C),
which correlated with their capacity to suppress CD41 and CD81

T-cell proliferation (Figure 1D). To confirm the in vivo effect of
GM-CSF, licensing L-Mono were adoptively transferred into mice
immediately before induction of EAE (Figure 1E). Mice receiving
GM-CSF–stimulated L-Mono developed less severe disease than
untreated controls, demonstrating the conversion of L-Mono into
suppressive cells also on a T cell–mediated disease in vivo.

Our previous work showed that IFN-g–induced iNOS expression
was critical for the suppressor function of monocytic suppressor
cells in vitro and in vivo. Therefore, we next investigated whether
3 days of exposure to GM-CSF alone was sufficient to drive
conversion of CD11b1 monocytes into monocytic suppressor cells
or whether IFN-g–induced signaling and NO generation were also
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necessary. T cell–derived IFN-g is critical for activation of the
myeloid suppressor function in vitro (supplemental Figure 3A).
GM-CSF–stimulated monocytes from IFN-gR1- or iNOS-deficient

mice (Nos22/2) failed to become suppressive (Figure 1F) or to
produce NO (supplemental Figure 3B). Production of NO and the
potency of monocytic suppressor cells was enhanced by LPS1 IFN-g
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4 days before determining CFSE dilution of T cells by FACS analysis. (B) T-cell suppressor assay where BM cells were used from 3-day cultures with 10 U/mL of GM-CSF or

M-CSF, or 100 U/mL of Flt3L or G-CSF. Values correspond to the mean 6 SD of 3 independent experiments. Statistics by 1-way analysis of variance (ANOVA) with multiple

comparisons and Tukey posttest. *P, .05, ***P, .001. NS, not significant. (C) T-cell suppressor assay where BM cells were used from 3-day cultures with titrated doses GM-CSF

(D) C57BL/6 mice were injected daily with GM-CSF or Flt3L with 2 mg/day for 10 days. Then CD11b1 cells from SP and BMwere isolated and added to CFSE-labeled, CD3/CD28

antibody-stimulated T cells. Values correspond to the media of 5 independent experiments 6 SD. Student t test indicated significance as *P , .05, ***P , .001 when
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was added to the cultures overnight. Extrinsic LPS1 IFN-g activation further boosts suppressor activity of L-Mono by conversion into suppressor monocytes. Statistics by unpaired

Student t test by comparing knock-out vs WT controls, ***P , .001.
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(Figure 1G). Hence, exposing monocytes to GM-CSF is necessary,
but not sufficient, to directly induce monocytic suppressor cells
acting through NO. By extension, conversion of monocytes into
monocytic suppressor cells can be regarded as a 2-step process:
first, monocytes must receive GM-CSF licensing signals for at least
3 days; second, they must then be activated by IFN-g and perhaps
other T cell–derived pro-inflammatory cytokines.6,13,21

GM-CSF licensing does not require cell proliferation

and targets only classical Ly-6Chigh monocytes are a

source of M-MDSC

Because GM-CSF induces myeloid cell proliferation, GM-CSF could
conceivably expand a precursor of suppressor cells that is distinct
from inflammatory monocytes. To rule out this possibility, BM cells
were eFluor670-labeled before culture with GM-CSF, M-CSF,
G-CSF, or Flt3L to assess proliferation and development of CD11b1Ly-
6Clow Ly-6G1 granulocytic and CD11b1 Ly-6Chigh Ly-6G2 monocytic
suppressor cells.6,32,33 Surprisingly, Ly-6G was downregulated after a
number of cell divisions resulting in a Ly-6G2 granulocytic population
among the dividing monocytes (Figure 2A-B, gate 4). Hence, Ly-6G has
limited use as a marker of proliferating granulocytic suppressor cell
subsets.When granulocytic Ly-6G1cells were sorted and subsequently
tested for suppressive capacity, they were not suppressive (Figure 2A,
gates 1 and 2). In contrast, both nonproliferating (gate 5) and
proliferating monocytes (gate 3) as well as the mixed population
(gate 4) were suppressive to the same extent (Figure 2C).

It was unclear from these experiments whether GM-CSF–mediated
proliferation or GM-CSF-R signaling was required to develop
suppressive activity. When using very low doses (0.3 ng/mL 5 5
U/mL) of GM-CSF that were sufficient to induce suppressor activity
(Figure 1D), myeloid cell proliferation was not further supported
(Figure 2D). These data indicate that GM-CSF-R signaling at low
doses of GM-CSF is sufficient for CD11b1 Ly-6Chigh monocyte
licensing of suppressor monocytes rather than proliferation.34

Next, we sought to identify which monocyte populations from SP
acquired suppressor potential after GM-CSF injection. Three different
subsets of CD11b1 Ly-6G2 monocytes, termed classical (Ly6Chigh

CD431), nonclassical (Ly-6C2CD431), and intermediate monocytes
(Ly6-Cint CD431),35 were sorted from SP of GM-CSF–treated mice
and tested in T-cell suppression assays. Only classical Ly-6Chigh

monocytes displayed suppressive capacity (Figure 2E). Notably,
Ly-6Chigh cells from L-Mono cultures, but not fresh monocytes,
expressed iNOS when activated with IFN-g/LPS despite pro-
ducing IL-6 as expected from activated monocytes (Figure 2F).
These data indicate that within the pool of CD11b1 myelomono-
cytic cells, only classical monocytes have the potential to acquire
iNOS expression and suppressor function via GM-CSF licensing.

GM-CSF licensing requires AKT and mTOR for

suppressor activity

Various signaling molecules have been implicated in monocytic
suppressor cell development. Here we testedwhich of thesemolecules
were induced by GM-CSF licensing in fresh BM cells. The expression
level of unphosphorylated STAT1 protein remained largely unchanged,
whereas STAT3 protein was upregulated as a result of GM-CSF
licensing, as were JAK2, AKT, pAKT, IRF-1, MyD88, RelA p65, and
NF-kB p100 (Figure 3A-C; supplemental Figure 4). L-Mono, but not
fresh BM cells or Ly6Chigh monocytes, showed that signaling

differences were induced by the licensing process downstream
of mTORC1 in the S473-pAKT signaling pathway, including
mTOR,36 S6 ribosomal protein, and 4E-BP1 translation initiation
factor (Figure 3B-C). Similar results were obtained for cells
cultured in M-CSF, but not cells cultured in G-CSF (supplemental
Figure 5A). Accordingly, Ly-6G1 granulocytic cells were poorly
activated by GM-CSF (Figure 3C). The functional relevance of the
PI3K/AKT and mTORC1/mTOR signal pathways was confirmed
because specific inhibitors abrogated T cell–suppressive potential
(Figure 3D-E) and NO release but not mRNA production for IRF-1
or iNOS (supplemental Figure 6). A functional role of STAT3 but
not STAT1 or STAT5 described before for MDSC function37,38

was confirmed in L-Mono using specific inhibitors (Figure 3F).

GM-CSF and M-CSF induce IFN-gR platforms to allow

IRF-1 control of suppression

Western blot analyses comparing fresh monocytes and L-Mono
revealed no differences in IFN-g signaling with respect to phos-
phorylation of STAT1 and STAT3; therefore, elevated levels of
IFN-g–dependent transcription factor IRF-1 in L-Mono cannot be
explained by STAT1 or STAT3 signaling (Figure 3B; supplemental
Figures 4 and 5). An important role for IFN-g in inducing NOS2/iNOS
is well established,5,39 but the observed effect of GM-CSF on IRF-1 is
novel and led us to the hypothesis that fresh monocytes and L-Mono
were qualitatively different in IFN-g signaling at the level of its
receptors IFN-gR1 and IFN-gR2. Kinetic analysis indicated that
GM-CSF licensing upregulated IFN-gR1 and IFN-gR2 protein
expression in L-Mono within 3 days (Figure 4A). Confocal microscopy
showed that GM-CSF and M-CSF, but not G-CSF and Flt3L, induced
IFN-gR1/R2 colocalization and reorganization on the cell surface
(Figure 4B) that was associated with a general upregulation of both
receptors at the cell surface on Ly6Chigh monocytes (Figure 4C;
supplemental Figure 5B). These data indicate that GM-CSF licensing
promotes the formation of IFN-gR1/2 signaling platforms on the
surface of CD11b1 Ly-6Chigh monocytes to enhance and accelerate
T cell–derived IFN-g–mediated downstream signals.

IFN-g–mediated induction of iNOS in myeloid cells is dependent on
the transcription factor IRF-1.40-42 When fresh BM cells were treated
with IFN-g, IRF-1 was undetectable by confocal microscopy in cells
with monocytic or granulocytic nuclear morphology. However, IFN-g
treatment of L-Mono, but not granulocytic cells, induced expression
and nuclear translocation of IRF-1 (Figure 4D). Functional studies
revealed that IRF-1–deficient L-Mono lacked T cell–suppressive
potential (Figure 4E) and was incapable of NOproduction (Figure 4F)
in vitro. When mice were injected daily with GM-CSF before and
during induction of EAE, the clinical score was strongly reduced,
whereas in Irf12/2 mice, this effect was completely abrogated
(Figure 4G). Thus, GM-CSF licensing of monocytes modified IFN-g
signaling platforms enabling the synthesis and translocation of IRF-1
to the nucleus, which is required for suppressive NO release in vitro
and in vivo.

GM-CSF licensing of human CD141 monocytes

When human CD141 monocytes were cultured for 7 days in GM-
CSF, the licensing markers pS6 and pAKT were upregulated as
compared with day 1 (Figure 5A). pS6 could be further induced by
IFN-g. IRF-1 was only weakly expressed and IDO was not detectable
in GM-CSF licensed CD141 monocytes; however, both were
strongly induced after treatment with IFN-g (Figure 5B). Culture of
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human L-Mono with the mTORC1 inhibitor rapamycin blocked the
upregulation of pS6 and pAKT, whereas IRF-1 and IDO still remained
negative in the absence of IFN-g (Figure 5C). GM-CSF licensing
of human monocytes also required 3 days to reach its full
suppressive potential (Figure 5D). Suppression could be reverted
partially by rapamycin (Figure 5E), indicating that the mTORC1
signaling cascade affected also human monocytic suppressor
activity.

Taken together, our data show that GM-CSF signaling involves
the upregulation of important factors for transcription, translation,
or signaling molecules that are functionally relevant for T-cell
suppression by monocytes. The data further suggest that IDO in

human monocytic suppressor cells plays an analogous role to iNOS
in their murine counterparts.

Licensing of monocytes from tumor patients

Monocytes from patients with primary or relapsed high-grade gliomas
displayed a CD141HLA-DRlow phenotype, which is consistent with a
human monocytic suppressor cells phenotype (Figure 5F). Analyses
of the licensing markers p-AKT, p-mTOR, and p-S6 within this cell
population indicated elevated expression of all 3 markers com-
pared with healthy individuals (Figure 5G). The suppressive effector
molecule IDO was not detectable in healthy or patient blood samples
(Figure 5G), suggesting that these CD141 HLA-DRlow cells
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represent L-Mono but not monocytic suppressor cells. Clearly, these
data are compatible with longstanding observations with human
M-MDSC that required activated T cell–derived factors to achieve
their full suppressive potential in vitro and in vivo. However,
upregulation of 1 of the serum cytokines GM-CSF (Figure 5H) or
M-CSF (Figure 5I) was not universally observed in serum sam-
ples of our patient cohort, possibly indicating a redundancy with
other cytokines or production within the tissues. Because the
elevated expression of “licensing” markers p-AKT, p-mTOR, and
p-S6 is consistent, they may be of prognostic value for identifying
M-MDSC development in glioma patients to discriminate between
p-AKT/mTOR/S6low/neg IDOneg fresh blood monocytes (healthy
individuals) from p-AKT/mTOR/S6high IDOneg L-Mono in the blood
of cancer patients.

Discussion

There are numerous examples of anti-inflammatory43 or pro-
inflammatory activity of GM-CSF.30 The evolutionarily developed
role of suppressor monocytes is presumably to limit evolving T-cell
responses against pathogenic challenges. Our results suggest a
model of suppressor monocyte activity that involves an essential
time delay in their development. Early in an immune response,
when monocytes encounter activated T cells producing GM-CSF
and IFN-g at inflammatory sites, they differentiate into activated
macrophages or dendritic cells and accentuate the response.44,45

Conversely, we found previously that suppressor activity of 3-day
GM-CSF myeloid cell cultures was abrogated by adding LPS or
IFN-g or both during the whole 3-day culture period.6 Later in a
response, monocytes residing in the BM or SP and exposed to
systemically elevated GM-CSF levels for at least 3 days before
encountering IFN-g–producing T cells are licensed to become
MDSC, hence suppressing the response. We contend that such a
feature of suppressor monocyte function would allow a vigorous
immediate T-cell reaction and subsequent containment.

Clearly, time-dependent monocyte licensing has important implica-
tions for the balance of immunogenic and suppressive effects of
GM-CSF treatment in vivo. Low doses of local GM-CSF exerted
immunogenic adjuvant effects, whereas systemic availability of high
GM-CSF doses resulted in no or tolerogenic effects in human
tumor patients.46 Similarly, early GM-CSF administration has been
reported to protect against septic shock in Candida infection.47

Others have shown that GM-CSF production by Th17 and Th1 cells
during the effector phase of EAE exacerbates the clinical symptoms
by stimulating myeloid cell infiltrates into the central nervous system,
which can be reversed by GM-CSF blockade.44,45 Importantly,
GM-CSF signaling in monocytes was critical for their development
into inflammatory dendritic cells and to promote EAE disease.48 In
contrast to these reports, very early it had been observed that tumor
cells secreting GM-CSF induced Gr-11 CD11b1 MDSC that
impaired tumor cell killing by CD81 T cells and promoted CD81

T-cell apoptosis.14 Recently, blocking of GM-CSF has been shown
to effectively inhibit MDSC function in vitro.49 We found that GM-CSF
administration before or during EAE induction was suppressive. The
protective effect of GM-CSF treatment in our model was dependent
upon IRF-1–mediated IFN-g signaling. Others demonstrated that
tumor-induced MDSC suppression was dependent on IFN-g and
its receptor and IRF-1 leading to NO production.50

Together, we interpret these findings as evidence of a time-
dependent GM-CSF licensing of monocytes to become suppressive

in vivo. Our model suggests that GM-CSF will have suppressive
functions if administered to recipients in the absence of inflammation,
but will otherwise worsen disease, at least for some period.

Appreciating that monocytes undergo a time-dependent licensing
before suppressor functions can be activated, offers a possible
resolution to controversies surrounding the generation of M-MDSC,
Mreg, or suppressor macrophages. In our model, the L-Mono may
serve as the precursor of such suppressor cells, but both
ultimately derive from classical monocytes. In our view, this also
explains why monocytes and M-MDSC share such similar marker
profiles. An important corollary of our work is the identification of
L-Mono in peripheral blood using p-AKT, p-mTOR, and p-S6 as
biomarkers.

Our data confirm the tolerogenic effects of GM-CSF on monocytes
and extend these findings by defining novel proliferation-independent
signaling pathways at low doses of GM-CSF through which mono-
cytes transit to L-Mono and then further to suppressive monocytes.
Our data identify another low-dose function of GM-CSF that so far
has been described only of mediating anti-apoptotic signals.34

In this study, we discovered that murine Ly-6Chigh and human
CD141 classical monocytes can be converted into M-MDSC via a
2-step mechanism. In the first step, classical monocytes treated
with GM-CSF undergo “licensing,” consisting of several compo-
nents that have been unraveled in this study, including: (1) formation
of functional IFN-gR1/2 signaling platforms on the cell surface that
increases synthesis of IRF-1 and allows its nuclear translocation,
which in turn facilitates iNOS or IDO transcription; (2) activation of
the PI3K pathway leading to phosphorylation of AKT, mTOR, S6,
and 4E-BP1 to potentiate protein translation or posttranslational
stabilization of iNOS or IDO; and (3) upregulation of RelA p65, NF-kB
p100, and MyD88 required for Toll-like receptor and inflammatory
cytokine signaling. In the second step, stimulation of L-Mono with
IFN-g or IFN-g/LPS drives the IRF-1–dependent expression of the
iNOS gene in mice, or IDO gene in humans; critically, however, this
stimulation of L-Mono does not lead to induction of a pro-
inflammatory program.

In the second step, IFN-g has long been known as a critical factor
for activating suppressor function; however, its dichotomous effects
in activating monocytes51 and promoting suppressor function were
not mechanistically understood. IFN-g signaling is initiated by
binding of a single IFN-gmolecule to constitutively surface-expressed
IFN-gR1.52 This first signal leads to recruitment of IFN-gR2 from
intracellular stores or distant surface areas to bind a second
IFN-g molecule, which finally forms the functional IFN-gR1/2
complex.53 We found that GM-CSF or M-CSF, but not G-CSF or
Flt3L, increased surface expression of both IFN-gR1 and IFN-gR2
and promoted the formation of IFN-gR1/2 signaling platforms on the
surface of CD11b1 Ly-6Chigh monocytes to improve and accelerate
IFN-g–mediated signals.

In freshly isolated human and mouse monocytes, IRF-1 protein
synthesis was not altered and nuclear translocation not observed
upon IFN-g stimulation. By contrast, 1 hour’s treatment of L-Mono
with IFN-g led to nuclear relocation of IRF-1. Treatment of IFN-g–
stimulated L-Mono with LPS further induced NO release, similar to
a previous report that IFN-g signals enhanced nuclear transport
and MyD88 binding of IRF-1, leading to accelerated cytokine and
NO release.42 IRF-1 mRNA could be readily induced by IFN-g in
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Figure 5. (continued) examples of the indicated staining. The bar graph summarizes MFI values of the indicated markers with background-subtracted DMFI values from
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mouse monocytes and L-Mono, whereas only L-Mono also produced
iNOS mRNA after IFN-g/LPS exposure. In the human, GM-CSF
weakly induced IRF-1 protein expression in L-Mono but little in fresh
monocytes; in contrast, IFN-g upregulated IDO protein only in human
L-Mono, not in freshly isolated monocytes. These results show that
GM-CSF–mediated licensing leads to adaptations of the IFN-g
signaling pathway in L-Mono that result in preferential expression
of suppressive molecules (iNOS in mice or IDO in humans). The
central importance of the PI3K/mTOR/AKT pathway was func-
tionally confirmed using rapamycin treatment. Recently, PI3K has
been found to represent a transcriptional switch in human tumor-
associated macrophages toward immune suppression,18 and mTOR
plays decisive roles for M-MDSC function in murine allograft and tumor
models.19 Expression of mouse iNOS protein-dependent release of
NO and suppressor activity of mouse suppressor monocytes, as
well as IDO protein expression and suppressor function of human
suppressor monocytes, was impaired by rapamycin treatment.
This suggests a critical role for mTOR in iNOS and IDO protein
translation or stabilization.

Although human cells are able to produce iNOS-dependent NO,
major differences to murine cells in their responsiveness on
IFN-g/LPS have been identified, including the promoter structure,
epigenetic silencing, histone modifications, and chromatin com-
paction.54 Overexpression of IDO in human macrophages resulted
in a deficit to generate superoxide anions and NO,55 indicating a
regulatory effect of IDO on iNOS in human cells. Thus, although
the same signaling machinery is used to initiate suppression of
human and mouse monocytes, the final effector strategies differ in
the use of enzymes catabolizing either arginine or tryptophan to
induce metabolic starvation of T cells.4,56

In conclusion, we identified novel signaling pathways of GM-CSF in
human and mouse monocytes. These signals induce monocyte

licensing, an essential prerequisite to acquire suppressor function
by subsequent activation signals. Monocyte licensing includes
transcriptional and translational modifications. The licensing pro-
cess requires only very low doses of GM-CSF, whereas high doses
allow cell proliferation functioning as a growth factor. The ability
to identify L-Mono in peripheral blood through p-AKT, p-mTOR, and
p-S6 upregulation should be valuable in cancer research and
diagnostics, and has significant implications for clinical studies with
MDSC-based cell therapy and the use of rapamycin.
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