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Abstract
Toll-like receptors (TLR) are crucial sensors of microbial agents such as bacterial or viral

compounds. These receptors constitute key players in the induction of inflammation, e.g. in

septic or chronic inflammatory diseases. Colony-stimulating factors (CSFs) such as granu-

locyte-macrophage-CSF (GM-CSF) or granulocyte-CSF (G-CSF) have been extensively

investigated in their capacity to promote myelopoiesis in febrile neutropenia or to overcome

immunosuppression in patients suffering from sepsis-associated neutropenia or from

monocytic immunoincompetence. We report here that GM-CSF, downregulates TLR1,

TLR2 and TLR4 in a time- and dose-dependent fashion in human monocytes. Diminished

pathogen recognition receptor expression was accompanied by reduced downstream p38

and extracellular-signal-regulated kinase (ERK) signaling upon lipoteichoic acid (LTA) and

lipopolysaccharide (LPS) binding—and accordingly led to impaired proinflammatory cyto-

kine production. Knockdown experiments of the transcription factors PU.1 and VentX

showed that GM-CSF driven effects on TLR regulation is entirely PU.1 but not VentX

dependent. We further analysed monocyte TLR and CD14 expression upon exposure to

the IMID® immunomodulatory drug Pomalidomide (CC-4047), a Thalidomide analogue

known to downregulate PU.1. Indeed, Pomalidomide in part reversed the GM-CSF-medi-

ated effects. Our data indicate a critical role of PU.1 in the regulation of TLR1, 2, 4 and of

CD14, thus targeting PU.1 ultimately results in TLR modulation. The PU.1 mediated immu-

nomodulatory properties of GM-CSF should be taken into consideration upon usage of

GM-CSF in inflammatory or infection-related conditions.

Introduction

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a cytokine with pleiotropic
effects. It mainly acts on development and maturation of monocyte/macrophages and granulo-
cytes. Originally this factor was found to promote myelopoiesis [1], still its overall importance
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for the haematological and immune system has to be discussed as mice homozygous for a dis-
rupted GM-CSF gene develop normally and show no major perturbation of haematopoiesis.
However, these mice develop lung pathology indicating that GM-CSF plays an essential role in
normal lung development and—if disrupted—results in local risk to acquire infections. Consis-
tent with latter findings, deletion of the GM-CSF receptor gene results in no relevant deficiency
of myelopoiesis but in the development of pulmonary proteinosis [2]which is classified as a pri-
mary immunodeficiency[3]. Indeed, growing body of evidence suggests that GM-CSF plays an
important role in infection control by maintaining emergency granulopoiesis and by improv-
ing microbicidal functions of monocytes and granulocytes [4–6]. With the aim to reduce infec-
tious complications, CSFs have been extensively investigated in their use to promote
granulopoiesis in febrile neutropenia, in myeloid reconstitution after induction and consolida-
tion therapy of acute myeloid leukaemia (AML) or in order to accelerate reconstitution of bone
marrow myeloid progenitor cells after bone marrow transplantation [7, 8]. Moreover, an influ-
ence of GM-CSF on monocytic immunocompetence during sepsis has been postulated [9].

In the clinical entity of sepsis the usage of recombinant CSFs remain controversial. Although
rhG-CSF and rhGM-CSF appear to have no adverse side effects, their usefulness in treating and
preventing sepsis in both adults and infants remains uncertain as CSF treatment had no impact
on mortality [10]. Yet, in a monocyteHLA-DR guided pilot study immunotherapy with
GM-CSF in the immunosuppressive phase of sepsis resulted in the reversal of the characteristic
monocyte deactivation by restoring TLR-2 and -4 induced cytokine production [9]. While infants
with severe neutropenia seem to profit from a white blood cell reconstitution, no significant
reduction of mortality was observed in newbornswho received GM-CSF either given prophylac-
tically or as a treatment of an already established systemic infection [11, 12].

A growing body of evidence suggests that GM-CSF also plays an important role in the mod-
ulation of immune responses to invading pathogens [13–15]. Foreign microorganisms are
detected by pathogen recognition receptors such as TLRs in the very initial phase of infection,
which trigger downstream signaling cascades that converge to activate important transcription
factors such as nuclear factor-κB (NF-κB) ultimately leading to production of pro-inflamma-
tory cytokines [16].

We therefore sought to analyse the impact and mode of action of GM-CSF on innate immu-
nity receptors sensing foreign bacteria on primary blood-derivedhuman monocytes.We show
that GM-CSF, but not G-CSF, downregulates major bacterial pattern recognition receptors
including TLR1, TLR2, TLR4 and CD14 on human monocytes and that this modulation of sur-
face receptors results in impaired downstream TLR signaling—e.g.MAPK phosphorylation.
We further investigated the effects of GM-CSF on cytokine production in human monocytes
upon challenge with bacterial agents such LPS or LTA.

Monocyte/macrophage differentiation is tightly regulated by transcription factors such as c-
fos or PU.1 and consistently, PU.1 deficient mice show an arrest in myeloid development [17].
IMiDs1 compounds (immunomodulatory drugs) pomalidomide and lenalidomide have been
demonstrated to downregulate PU.1 and induce myeloid maturation arrest and neutropenia
[18]. Thus, we further investigated whether pomalidomide (CC-4047) influencesGM-CSF trig-
gered TLR modulation in order to delineate the mechanisms of GM-CSF—TLR interaction
and investigate possible interventions harbouring relevance for clinical use.

Materials and Methods

Cell isolation and culture

Heparinized whole blood was drawn from healthy adult volunteers. Human monocytes were
separated by density gradient centrifugation and by means of magnetic cell sorting (Monocyte
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isolation kit II; Milteny Biotec, Bergisch Gladbach, Germany). Monocyte purity of negatively
selected cells was> = 95% as determined by flow cytometry. Cells (1×106/mL) were seeded in
Teflon-coated hydrophobic culture plates (PetriPerm hydrophobic; Vivascience, Vienna, Aus-
tria) and cultured in RPMI 1640 supplemented with 10% FCS and 2 mM glutamine in the pres-
ence or absence of indicated GM-CSF concentrations.

GM-CSF, G-CSF, pomalidomide and innate immunity ligands

GM-CSF and G-CSF was purchased from Peprotech (PeproTech GmbH, Hamburg, Germany).
A stock solution of 100μg/ml was prepared in destilledwater and stored in small sterile aliquots
at -20°C. Effects on cell viability by high concentrations of GM-CSF were assessed by Annexin
V-PE/7-AAD (Trevigen, Gaithersburg, MD) staining. The thalidomide analogue pomalido-
mide (CC-4047) was kindly provided by Celgene (Summit, NJ) and a stock solution of 20 mM
was dissolved in DMSO. Further dilutions were made in RPMI 1640 shortly before administra-
tion to cell culture. LPS purified from Escherichia coli R515 was obtained from Alexis Coopera-
tion (Lausen, Switzerland) and proven by the manufacturer to activate exclusively TLR4 as
determinedwith splenocytes and macrophages from TLR4-deficientmice. Staphylococcus
aureus-derived LTA (Sigma-Aldrich)was diluted in sterile distilled pyrogen-free water and
stored according to manufacturer's suggestions.

Evaluation of surface receptors by antigen staining & flow cytometry

PE-labeled anti-human TLR4 (HTA125, mouse IgG2a), TLR2 (TL2.1, mouse IgG2a), TLR1
(GD2.F4, mouse IgG1) as well as corresponding isotype antibodies were purchased from
eBioscience (San Diego, CA). Anti-CD14-mAb (My4-FITC; Beckman Coulter, Fullerton, CA)
was used to define the monocyte population. Antibody incubation was performed on RT for 30
min. Monocytes were washed twice with Hanks balanced salt solution (HBSS; Bio Whittaker,
Verviers, Belgium) containing 0.1% NaN3, 0.3% BSA, and a total of 2×104 CD14+ cells were
analyzed by flow cytometry on a Coulter FC 500 equipped with EXPO32 software (Beckman-
Coulter, Brea, CA).

Investigation of cytokine production by intracellular cytokine staining

Intracellular tumor necrosis factor (TNF)-α cytokine staining of CD14+ cells following after
4-h incubation with LPS or LTA was performedwith a PE-conjugated anti-human TNF-α
mAb (mAb11, mouse IgG1). All reagents needed for detection of intracellular cytokines were
purchased from BD Biosciences (San Jose, CA) and intracellular staining was performed
according to manufacturer's suggestions. Intracellular TNF-α production (mean fluorescence
intensity, MFI) was measured as described above by flow cytometry.

Quantification of TLR-mediated signaling events by i.c. phospho-

staining

Intracellular phospho-specific analysis of SAPK was undertaken as describedpreviously [19].
Briefly, positively selectedmonocytes were either left untreated or stimulated with LPS (100
ng/mL) or LTA (10 μg/mL) for 10 min at 37°C. Fixation of phospho-epitopes was achieved
using BD Phosflow Fix Buffer for 10 min at 37°C, followed by permeabilizationwith ice-cold
90% methanol for 30 min on ice. Cells were washed twice with staining buffer and the follow-
ing phospho-specificmAb were added for 30 min at room temperature: Alexa 647-phospho-
p38 (pT180/pY182, mouse IgG1, clone 36), PE-phospho-ERK1/2 (pT202/pY204, mouse
IgG1), PE-phpspho-NFκB p65 (pS529, mouse IgG2b, clone K10-895.12.50) were obtained
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from BD Biosciences.Monocytes were stained with CD14-FITC (mouse IgG2a, clone
UCH-M1; Santa Cruz Biotechnology, Santa Cruz, CA).

RNA interference

Human primary monocytes were transfected using the Human Monocyte Nucleofector Kit
(Lonza) according to the manufacturer’s instructions. Briefly, 5 × 106 monocytes were resus-
pended into 100 μl Nucleofector solution with 0.5 nmol of either PU.1 siRNA (Darmacon,
Lafayette, CO) or non-effectiveGFP siRNA (forward: 50-UGACCACCCUGACCUACGGCG
UGCAGUGC-30; 50-reverse: GCACUGCACGCCGUAGGUCAGGGUGGUCA-30) before
electroporation with the Nucleofector II Device (Lonza). Cells were then immediately removed
from the device and incubated overnight with 1 ml prewarmed Human Monocyte Nucleofector
Medium containing 2 mM glutamine and 10% FBS. Cells were then resuspended in complete
RPMI medium and treated with appropriate cytokines to induce differentiation into
macrophages.

Quantitative TaqMan Real Time PCR

The ABI PRISM 7500HT Sequence Detection System (Applied Biosystems, NY) was used for
qt-RT-PCR analysis. Primer-probes sets for TLR1, TLR2, TLR4 and PU.1 (all FAMTM) and
18S rRNA VIC1 were obtained predesigned from Applied Biosystems and tested for primer
efficacy (gene expression assays: Hs99999901_s1 18S VIC1, Hs00413978_m1 TLR1,
Hs01872448_s1 TLR2, Hs00152939_m1 TLR4, Hs00162150_m1 PU.1). Multiplex amplifica-
tion was carried out in a total volume of 20 μl for 40 cycles of 3 seconds at 95°C, 30 seconds at
60°C. Initial denaturation was performed for 3 min at 95°C. Target gene expression was nor-
malized to 18s rRNA house keeping gene expression. Normalized target gene expression was
analysed by the comparative ΔΔ-CT method and calculated as x-fold expression.

Statistical analysis

Data are presented as mean ± standard deviation. Statistical analysis was performedwith IBM
SPSS 21. Null hypothesis was tested with one-way ANOVA adjusted according to Tukey-Kra-
mer. P values are two-sided and p<0.05 was considered statistically significant. The study was
approved by the Ethics Commission of the Medical University Vienna.

Results

TLR1, TLR2, TLR4 and CD14 expression profiles on GM-CSF treated

human monocytes

To investigate the influence of GM-CSF on TLR1, TLR2, TLR4 and CD14 protein expression,
human monocytes were exposed to 100 U/ml GM-CSF in a time course of 12, 24, 48 and 72 h.
GM-CSF markedly decreasedTLR1, TLR2 and TLR4 expression which was accompanied by
reduced CD14 levels (Fig 1A–1D). A significant effect was observed initially at 12 h and
reached a maximum after 48 h (p<0.01). TLR baseline expression of untreated cells remained
stable during the 48 h time period. Representative flow cytometry dot-plots and histograms are
presented in Fig 1E–1G.

We further conducted real-time PCR to analyse TLR2 and TLR4 mRNA levels in human
monocytes after GM-CSF exposure for 2, 4 and 8 hours (Fig 1H and 1I). A significant reduc-
tion of both gene transcripts was observed after 8 hours. Notably, TLR4 mRNA (and to a lesser
extend TLR2 mRNA) expression was initially increased at the time point of 2 hours, followed
by an up to 2-fold decrease after 8 hours of GM-CSF administration.

GM-CSF and TLRs
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We next treated cells with increasing concentrations of GM-CSF ranging from 0.1–1000 U/
ml for 48 h. Our results show that the effect of GM-CSF on TLR and CD14 expression is con-
centration-dependent (Fig 2). Down-regulation of TLR1, TLR2 and TLR4 was barely detectable
at a concentration of 1 U/ml, and reached the strongest levels at a dose of 100 U/ml In contrast,

Fig 1. GM-CSF downregulates TLR1, TLR2, TLR4 and CD 14 in a time-dependent fashion. (a-d) Monocytes were cultured in presence or absence of

100 U/ml GM-CSF in a time course from 6,12, 24, to 48 h. TLR and CD14 mean fluorescence intensities (MFI) on human monocytes were determined by

flow cytometry. Changes of mean fluorescence intensities (MFI) over time were calculated at each time point (MFIGM-CSF−MFImedium) and compared to

baseline expression at the time point 0. Data in Fig 1 a-d represent means ± SD; *** p<0.001. (e-g) Representative flow cytometry dot plots and overlay

histograms of GM-CSF treated (red) und untreated (black) CD14+ cells are shown for TLR1 (e), TLR2 (f) and TLR 4 (g). (h and i) mRNA transcription of

TLR2 and TLR4 genes in monocytes was quantified by multiplex real-time PCR in presence or absence of 100 U/ml GM-CSF in a time course of 2, 4 and 8

hours. TLR mRNA levels were normalized to 18S house keeping gene expression and changes over time were compared to mRNA baseline expression at

time point 0 which was set to 1. Data of 3 individually performed experiments show fold change ± SD; * p<0.05.

doi:10.1371/journal.pone.0162667.g001
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CD11b was inversely regulated with highest fluorescence intensities at a concentration of 100
U/ml (Fig 2E and 2F). Administration of G-CSF neither changed TLR nor CD 14 expression
(S1 Fig).

TLR-induced p38, ERK 1/2 and p65 (RelA) phosphorylation is reduced

in GM-CSF-treated monocytes

Engagement of TLR transmembrane proteins results in activation of a divergent network of
downstream signaling events including phosphorylation of p38, ERK1/2 and the NFκB subunit
p65. Using phospho-specific antibodies, we analyzed the signaling network in purifiedmono-
cytes stimulated with ligands for TLR2 and TLR4, respectively. Monocytes pretreated with
GM-CSF and stimulated with either LPS or LTA showed strikingly lower levels of phospory-
lated p38, ERK1/2 and p65 than GM-CSF untreated cells (Fig 3A), suggesting that TLR down-
regulation by GM-CSF consequently impacts downstream SAPK phosphorylation.

GM-CSF-treated monocytes show diminished proinflammatory cytokine

production

Since TLR involvement ultimately leads to production of inflammatory cytokines we sought to
investigate the effect of bacterial cell wall components on GM-CSF-treated monocytes.Mono-
cytes were pretreated for 48 h with increasing concentrations of GM-CSF (0.1–1000 U/ml) and

Fig 2. TLR and CD14 downregulation by GM-CSF is dose-dependent. Monocytes were treated with increasing doses of GM-CSF from 0.1 to

1000 U/ml for 48 hours and TLR1 (a), TLR2 (b), TLR4 (c) and CD14 (d) mean fluorescence intensities (MFI) were analysed by flow cytometry. Data

of four individual experiments were analysed, error bars show means of MFI ± SD.

doi:10.1371/journal.pone.0162667.g002
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afterwards incubated with either 10 μg LTA (Fig 3B) or 10 ng LPS for 4 h (Fig 3C). TNF-α, as
the surrogate cytokine of efficient TLR4 trigger, was determined by intracellular cytokine stain-
ing of CD14+ cells on single cell level. In GM-CSF pretreated monocytes TNF- α levels were
strikingly reduced upon TLR engagement with either LPS or LTA. GM-CSF administration
had no impact on cell viability (S2 Fig).

Gene knockdown of PU.1 but not VentX abrogates GM-CSF induced

TLR and CD14 downregulation

Multiple transcription factors have been implicated in monocyte activation and therefore
might also govern TLR expression. To elaborate the mechanisms underlying GM-CSF-

Fig 3. Decreased of downstream signalling protein phosphorylation and intracellular TNF-α production in GM-CSF treated CD14+ cells

upon TLR ligand induction. (a) Negatively depleted CD14+ cells were stimulated for 10 min with 100 ng LPS. Cells were fixed, permeabilized and

stained with phospho-specific mAb to determine p-p38, p-ERK 1/2 and p-p65 activation. Dark-gray histograms show cells treated with medium only

while shaded histograms show cells challenged with LPS. GM-CSF treatment prior to TLR engagement (100U/ml, red histograms) resulted in

markedly reduced phosphorylation of p38, p65 and ERK1/2. Histograms shown are representative of three individually performed experiments. (b

and c) Monocytes were incubated for 48 h in absence or presence of 100 U/ml GM-CSF and afterwards stimulated for 4 h with 10 μg/mL LTA (b) or

100 ng/mL LPS (c), respectively. Cells were double-stained with CD14-FITC, TNF-α-PE or with corresponding isotype antibodies and analyzed by

flow cytometry. Dot plots presented are representative from three individually performed experiments.

doi:10.1371/journal.pone.0162667.g003

GM-CSF and TLRs
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mediated TLR regulation, we employed siRNA technology to knock down the transcription
factors PU.1 and VentX expression in primary monocytes. As shown in Fig 4A silencing PU.1
resulted in 3-fold downregulation of PU.1 RNA levels within a 24 hours time frame. Remark-
ably, PU.1 silenced cells were unresponsive to GM-CSF in terms of TLR1, TLR2, TLR4 and
CD14 expression patterns (Fig 4B). PU.1 silencing alone did not change TLR expression levels
(data not shown). In contrast, knock down of the homeobox transcription factor VentX, did
not revert the GM-CSF-induced TLR downregulation (Fig 4C).

Pomalidomide partly reverses TLR and CD14 downregulation

We next questioned whether pharmacological agents that regulate the transcription factor
PU.1 also affect GM-CSF-mediated TLR downregulation. The IMiD Pomalidomide has been
shown to down-regulate PU.1 in leukocytes both in vitro and in vivo [18] and to arrest myeloid
maturation. We therefore pretreated primary monocytes with pomalidomide (10 μM) for 4
hours prior to GM-CSF administration for 48 hours. As shown in Fig 5 addition of pomalido-
mide before GM-CSF treatment significantly inhibited the GM-CSF effects and in part reverted
TLR1 (a), TLR2 (b), TLR4 (c) and CD14 (d) downregulation. Accordingly, no differences in
intracellular TNF-α production were observed in cells cultured with both pomalidomide and
GM-CSF (e and f).Pomalidomide alone did neither change TLR nor CD14 expression
patterns.

Discussion

Toll-like receptors are of major importance in their function as PRRs and thus fulfil the recog-
nition of microbial agents with concomitant immunological stimulation. They have been
widely shown to induce an inflammatory response upon pathogen-associatedmolecular patters
(PAMP)- and damage-associated molecular patters (DAMP)-contact and they bridge signal-
ling events between the innate and the adaptive immune response [20, 21]. However, intrinsic
and extrinsic regulation of TLRs is far from being understood in detail.

Fig 4. PU.1 knock down reverses CD14 and TLR downregulation in human monocytes. (a) Silencing of PU.1 results in almost 70% reduction of PU.1

mRNA levels after a time period of 24 hours. (b) Overlay histograms of GM-CSF treated human monocytes GM-CSF-induced TLR downregulation (dark-

grey histograms) is abrogated in PU.1 silenced cells (blue histograms). Shaded histograms represent TLR baseline expression in untreated cells. (c)

Silencing of VentX, however, did not reverse GM-CSF induced TLR-downregulation in human monocytes. Overlay histograms shown are representative for

three individually performed experiments.

doi:10.1371/journal.pone.0162667.g004
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Since the discovery of the human Toll homologues in the mid 1990s a considerable number of
TLR-modifying agents have been described.We previously showed that 1,25-cholecalcitriol—via
the Vitamin-D-receptor pathway—is a potent down-regulator of TLR2 and TLR4 in mononu-
clear cells [22]; other agents that modulate TLR downstream signalling include a number of
microRNAs (e.g. miR-146a) [23] or all-trans retinoic acid [24]. The three colony-stimulating fac-
tors, granulocyte/macrophage colony-stimulating factor (GM-CSF), macrophage colony-stimu-
lating factor (M-CSF), and granulocyte colony-stimulating factor (G-CSF), have been regarded
as immunostimulators because of their role in myeloid hematopoiesis and immune function.
Here we show that GM-CSF also possesses distinct immunosuppressive effects on human mono-
cytes by hampering cytokine production through the TLR axis. Regarding the pleiotropic effects

Fig 5. Pomalidomide counters GM-CSF-triggered CD14 and TLR downregulation and partly reverts the GM-CSF-induced effects on cytokine

production. (a-d) Treatment with pomalidomide alone did not change monocyte TLR and CD 14 but revert the GM-CSF-induced downregulation of TLR1

(a), TLR2 (b), TLR4 (c) and CD14 (d). (e and f) Cytokine staining on single cell level by flow cytometry shows that presence of GM-CSF (dark grey

histograms) inhibited TNF-α cytokine production in CD14+ monocytes upon LPS (e) or LTA (f) stimulation. Additional administration of pomalidomide prior

to GM-CSF partly reverted the GM-CSF-induced dampening of proinflammatory cytokine production after LPS or LTA challenge (open black histograms).

Shaded histograms show robust TNF-α production in monocytes stimulated with LTA or LPS alone. Histograms shown are from three individually

performed experiments.

doi:10.1371/journal.pone.0162667.g005

GM-CSF and TLRs
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of GM-CSF in humans an essential impact of GM-CSF applications in-vivo on processes from
hematopoesis, to angiogenesis, to cellular functionality harbour relevant implications [25].
Recent reports argue that the function of colony stimulating factors, including GM-CSF, should
be differentiated in autocrine and paracrine functions.Moreover, a functional discrimination
appears to be necessary depending on the tissue of action [15, 26]. All these caveats have to be
taken into account when considering GM-CSF as immunomodulator in a clinical setting.
GM-CSF unfolds its biological effects through a number of transcription factors, among these are
c-fos, PU.1 and VentX [27]. In pulmonary macrophages both phagocytosis and response to LPS
is regulated by GM-CSF via PU.1 [14, 15] and indeed, targeting PU.1 preservedGM-CSF medi-
ated TLR downregulation. Remarkably, analysis of 5'-proximal promotor region of the human
TLR4 gene revealed a PU.1 binding site, indicating that PU.1 participates in the basal regulation
of TLR4 [28]. Alongside, the homeobox transcription factor VentX has recently been shown to
strongly impact the proinflammatory properties of macrophages and to impair their differentia-
tion. However, in our experiments we didn’t find any evidence that VentX is additionally
involved in GM-CSF-promoted TLR regulation. VentX silencing did not influenceTLR expres-
sion indicating that this transcription factor is involved in the M-CSF and G-CSF rather than the
GM-CSF signaling route.

The ever expanding knowledge of the role of TLRs in the pathogenesis of various human
diseases make TLRs promising therapeutic targets. The contribution of TLRs in the pathogene-
sis of atherosclerosis or inflammatory bowel diseases is well documented. [29, 30] In the initial
phase of sepsis, where an overwhelming number of pathogens leads to a severe systemic
inflammatory response, it might prove beneficial to hamper the inappropriately overactive
inflammation. On the other hand, in patients suffering from sepsis who have entered the
immnosuppressive state of the disorder—as identified by reduced HLA-DR expression and by
diminished ex vivo LPS-driven TNF-α production—administration of GM-CSF led to a resto-
ration of the monocyte function. In these patients, an increase of monocyte HLA-DR expres-
sion and a restored stimulatory capacity measured by TNF-α production upon LPS contact
could be detected [9]. Therefore, GM-CSF might prove its worthiness in biomarker-guided
treatment in patients with sepsis by its immunomodulatory properties and by restoring white
blood cell numbers in neutropenia patients.

Pomalidomide (CC-4047) is a thalidomide analogue with immunomodulatory properties.
IMiD1 compounds pomalidomide and lenalidomide are currently experiencing a renaissance
as anti cancer agents for treatment of myelodysplastic syndromes (MDS) and for treatment of
patients with multiple myeloma in combination with dexamethasone. These drugs exhibit a
range of interesting clinical properties, including anti-angiogenic and anti-proliferative activi-
ties although exact cellular targets are only partly understood. Lenalidomide and pomalido-
mide strongly inhibit T-regulatory cell proliferation and suppressor-function [31]. Also, anti-
inflammatory effects on LPS-stimulated monocytes such as decreasedTNF-α production have
already been described. In our experiments pomalidomide counter regulated GM-CSF modu-
lated responsiveness to LPS and LTA in primary human monocytes. Pomalidomide has been
shown to downregulate PU.1 in both human osteoclasts and human granulocytes [18, 32].
Most likely, the diminished response to PAMPs such as LPS or LTA is mediated by TLR2 and
TLR4 downregulation, which is PU.1 transcription factor-driven.

In summary, our findings indicate a critical role of PU.1 in the regulation of TLR1, 2, 4 and
of CD14, thus targeting PU.1 ultimately results in TLR modulation. Thus, we identified a novel
immunomodulatory function of GM-CSF in human blood derived monocytes. The dampening
of proinflammatory TLR signaling pathways might be beneficial in diseases where excessive
inflammation leads to harmful outcome. These mechanisms of GM-CSF and TLR interaction
might be of relevance for the clinical use of a pleiotropic colony stimulating factor.

GM-CSF and TLRs
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Supporting Information

S1 Fig. G-CSF does neither alter CD14 nor TLR surface expression on humanmonocytes.
Monocytes were isolated as described in methods and incubated for 48h in the presence or
absence of recombinant G-CSF. Cells were harvested and analyzed for CD14, TLR1, TLR2 and
TLR4 surface protein by flow cytometry. Error bars show mean fluorescence intensities (MFI)
± SD of three individual experiments.
(TIF)

S2 Fig. GM-CSF does not change cell viability. Monocytes were incubated with or without
GM-CSF for 48 hours and Annexin V / 7 AAD staining was performed. Flow cytometry dot
plots shown are representative of three individually performed experiments.
(TIF)

Acknowledgments

This work was supported in part by the Austrian National Bank “Jubiläumsfond” (grant Num-
ber 13071 to KS and EFW) and in part by the ‘Hygiene Fonds’ of the Medical University of
Vienna. The authors would like to acknowledge Celgene Corporation (www.celgene.com) for
kindly providing the substance pomalidomide. The authors have no conflicting financial
interests.

Author Contributions

Conceptualization:KS MS AP EFW AS.

Formal analysis:KS LW AS.

Funding acquisition:KS AP EFW AS.

Investigation: KS LW IW SCD SS CD AH MS AS.

Methodology:KS LW IW SCD SS CD AH MS EFW AS.

Resources:KS AP EFW AS.

Validation: KS LW IW SCD SS CD AH MS EFW AS.

Visualization: KS LW AS.

Writing – original draft:KS LW EFW AS.

Writing – review& editing:KS LW SCD MS AP EFW AS.

References
1. Stanley E, Lieschke GJ, Grail D, Metcalf D, Hodgson G, Gall JA, et al. Granulocyte/macrophage col-

ony-stimulating factor-deficient mice show no major perturbation of hematopoiesis but develop a char-

acteristic pulmonary pathology. Proceedings of the National Academy of Sciences of the United States

of America. 1994; 91(12):5592–6. Epub 1994/06/07. doi: 10.1073/pnas.91.12.5592 PMID: 8202532;

PubMed Central PMCID: PMC44042.

2. Martinez-Moczygemba M, Doan ML, Elidemir O, Fan LL, Cheung SW, Lei JT, et al. Pulmonary alveolar

proteinosis caused by deletion of the GM-CSFRalpha gene in the X chromosome pseudoautosomal

region 1. The Journal of experimental medicine. 2008; 205(12):2711–6. Epub 2008/10/29. doi: 10.

1084/jem.20080759 PMID: 18955567; PubMed Central PMCID: PMC2585851.

3. Al-Herz W, Bousfiha A, Casanova JL, Chatila T, Conley ME, Cunningham-Rundles C, et al. Primary

immunodeficiency diseases: an update on the classification from the international union of immunolog-

ical societies expert committee for primary immunodeficiency. Frontiers in immunology. 2014; 5:162.

GM-CSF and TLRs

PLOS ONE | DOI:10.1371/journal.pone.0162667 October 3, 2016 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162667.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162667.s002
http://www.celgene.com/
http://dx.doi.org/10.1073/pnas.91.12.5592
http://www.ncbi.nlm.nih.gov/pubmed/8202532
http://dx.doi.org/10.1084/jem.20080759
http://dx.doi.org/10.1084/jem.20080759
http://www.ncbi.nlm.nih.gov/pubmed/18955567


Epub 2014/05/06. doi: 10.3389/fimmu.2014.00162 PMID: 24795713; PubMed Central PMCID:

PMC4001072.

4. Fleetwood AJ, Cook AD, Hamilton JA. Functions of granulocyte-macrophage colony-stimulating factor.

Critical reviews in immunology. 2005; 25(5):405–28. Epub 2005/09/20. PMID: 16167889.

5. Chatta GS, Price TH, Allen RC, Dale DC. Effects of in vivo recombinant methionyl human granulocyte

colony-stimulating factor on the neutrophil response and peripheral blood colony-forming cells in

healthy young and elderly adult volunteers. Blood. 1994; 84(9):2923–9. Epub 1994/11/01. PMID:

7524759.

6. Kuritzkes DR. Neutropenia, neutrophil dysfunction, and bacterial infection in patients with human

immunodeficiency virus disease: the role of granulocyte colony-stimulating factor. Clinical infectious

diseases: an official publication of the Infectious Diseases Society of America. 2000; 30(2):256–60.

Epub 2000/02/15. doi: 10.1086/313642 PMID: 10671324.

7. Cashen AF, Link D, Devine S, DiPersio J. Cytokines and stem cell mobilization for autologous and allo-

geneic transplantation. Curr Hematol Rep. 2004; 3(6):406–12. PMID: 15496273.

8. Lonial S, Hicks M, Rosenthal H, Langston A, Redei I, Torre C, et al. A randomized trial comparing the

combination of granulocyte-macrophage colony-stimulating factor plus granulocyte colony-stimulating

factor versus granulocyte colony-stimulating factor for mobilization of dendritic cell subsets in hemato-

poietic progenitor cell products. Biol Blood Marrow Transplant. 2004; 10(12):848–57. doi: 10.1016/j.

bbmt.2004.07.008 PMID: 15570253.

9. Meisel C, Schefold JC, Pschowski R, Baumann T, Hetzger K, Gregor J, et al. Granulocyte-macro-

phage colony-stimulating factor to reverse sepsis-associated immunosuppression: a double-blind, ran-

domized, placebo-controlled multicenter trial. American journal of respiratory and critical care

medicine. 2009; 180(7):640–8. Epub 2009/07/11. doi: 10.1164/rccm.200903-0363OC PMID:

19590022.

10. Bo L, Wang F, Zhu J, Li J, Deng X. Granulocyte-colony stimulating factor (G-CSF) and granulocyte-

macrophage colony stimulating factor (GM-CSF) for sepsis: a meta-analysis. Critical care. 2011; 15

(1):R58. Epub 2011/02/12. doi: 10.1186/cc10031 PMID: 21310070; PubMed Central PMCID:

PMC3221991.

11. Ahmad A, Laborada G, Bussel J, Nesin M. Comparison of recombinant granulocyte colony-stimulating

factor, recombinant human granulocyte-macrophage colony-stimulating factor and placebo for treat-

ment of septic preterm infants. The Pediatric infectious disease journal. 2002; 21(11):1061–5. Epub

2002/11/21. doi: 10.1097/01.inf.0000036091.75362.b9 PMID: 12442030.

12. Carr R, Brocklehurst P, Dore CJ, Modi N. Granulocyte-macrophage colony stimulating factor adminis-

tered as prophylaxis for reduction of sepsis in extremely preterm, small for gestational age neonates

(the PROGRAMS trial): a single-blind, multicentre, randomised controlled trial. Lancet. 2009; 373

(9659):226–33. doi: 10.1016/S0140-6736(09)60071-4 PMID: 19150703.

13. Shiomi A, Usui T. Pivotal Roles of GM-CSF in Autoimmunity and Inflammation. Mediators Inflamm.

2015; 2015:568543. doi: 10.1155/2015/568543 PMID: 25838639; PubMed Central PMCID:

PMC4370199.

14. Berclaz PY, Shibata Y, Whitsett JA, Trapnell BC. GM-CSF, via PU.1, regulates alveolar macrophage

Fcgamma R-mediated phagocytosis and the IL-18/IFN-gamma -mediated molecular connection

between innate and adaptive immunity in the lung. Blood. 2002; 100(12):4193–200. doi: 10.1182/

blood-2002-04-1102 PMID: 12393686.

15. Berclaz PY, Carey B, Fillipi MD, Wernke-Dollries K, Geraci N, Cush S, et al. GM-CSF regulates a

PU.1-dependent transcriptional program determining the pulmonary response to LPS. American jour-

nal of respiratory cell and molecular biology. 2007; 36(1):114–21. Epub 2006/08/19. doi: 10.1165/

rcmb.2006-0174OC PMID: 16917076; PubMed Central PMCID: PMC1899305.

16. Medzhitov R, Preston-Hurlburt P, Janeway CA Jr. A human homologue of the Drosophila Toll protein

signals activation of adaptive immunity. Nature. 1997; 388(6640):394–7. doi: 10.1038/41131 PMID:

9237759.

17. Dakic A, Metcalf D, Di Rago L, Mifsud S, Wu L, Nutt SL. PU.1 regulates the commitment of adult

hematopoietic progenitors and restricts granulopoiesis. The Journal of experimental medicine. 2005;

201(9):1487–502. doi: 10.1084/jem.20050075 PMID: 15867096; PubMed Central PMCID:

PMC2213186.

18. Pal R, Monaghan SA, Hassett AC, Mapara MY, Schafer P, Roodman GD, et al. Immunomodulatory

derivatives induce PU.1 down-regulation, myeloid maturation arrest, and neutropenia. Blood. 2010;

115(3):605–14. Epub 2009/12/08. doi: 10.1182/blood-2009-05-221077 PMID: 19965623.

19. Perez OD, Nolan GP. Simultaneous measurement of multiple active kinase states using polychromatic

flow cytometry. Nature biotechnology. 2002; 20(2):155–62. Epub 2002/02/01. doi: 10.1038/nbt0202-

155 PMID: 11821861.

GM-CSF and TLRs

PLOS ONE | DOI:10.1371/journal.pone.0162667 October 3, 2016 12 / 13

http://dx.doi.org/10.3389/fimmu.2014.00162
http://www.ncbi.nlm.nih.gov/pubmed/24795713
http://www.ncbi.nlm.nih.gov/pubmed/16167889
http://www.ncbi.nlm.nih.gov/pubmed/7524759
http://dx.doi.org/10.1086/313642
http://www.ncbi.nlm.nih.gov/pubmed/10671324
http://www.ncbi.nlm.nih.gov/pubmed/15496273
http://dx.doi.org/10.1016/j.bbmt.2004.07.008
http://dx.doi.org/10.1016/j.bbmt.2004.07.008
http://www.ncbi.nlm.nih.gov/pubmed/15570253
http://dx.doi.org/10.1164/rccm.200903-0363OC
http://www.ncbi.nlm.nih.gov/pubmed/19590022
http://dx.doi.org/10.1186/cc10031
http://www.ncbi.nlm.nih.gov/pubmed/21310070
http://dx.doi.org/10.1097/01.inf.0000036091.75362.b9
http://www.ncbi.nlm.nih.gov/pubmed/12442030
http://dx.doi.org/10.1016/S0140-6736(09)60071-4
http://www.ncbi.nlm.nih.gov/pubmed/19150703
http://dx.doi.org/10.1155/2015/568543
http://www.ncbi.nlm.nih.gov/pubmed/25838639
http://dx.doi.org/10.1182/blood-2002-04-1102
http://dx.doi.org/10.1182/blood-2002-04-1102
http://www.ncbi.nlm.nih.gov/pubmed/12393686
http://dx.doi.org/10.1165/rcmb.2006-0174OC
http://dx.doi.org/10.1165/rcmb.2006-0174OC
http://www.ncbi.nlm.nih.gov/pubmed/16917076
http://dx.doi.org/10.1038/41131
http://www.ncbi.nlm.nih.gov/pubmed/9237759
http://dx.doi.org/10.1084/jem.20050075
http://www.ncbi.nlm.nih.gov/pubmed/15867096
http://dx.doi.org/10.1182/blood-2009-05-221077
http://www.ncbi.nlm.nih.gov/pubmed/19965623
http://dx.doi.org/10.1038/nbt0202-155
http://dx.doi.org/10.1038/nbt0202-155
http://www.ncbi.nlm.nih.gov/pubmed/11821861


20. Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune responses. Nat Immunol.

2004; 5(10):987–95. doi: 10.1038/ni1112 PMID: 15454922.

21. Pasare C, Medzhitov R. Toll-like receptors: linking innate and adaptive immunity. Adv Exp Med Biol.

2005; 560:11–8. doi: 10.1007/0-387-24180-9_2 PMID: 15932016.

22. Sadeghi K, Wessner B, Laggner U, Ploder M, Tamandl D, Friedl J, et al. Vitamin D3 down-regulates

monocyte TLR expression and triggers hyporesponsiveness to pathogen-associated molecular pat-

terns. European journal of immunology. 2006; 36(2):361–70. Epub 2006/01/13. doi: 10.1002/eji.

200425995 PMID: 16402404.

23. Lederhuber H, Baer K, Altiok I, Sadeghi K, Herkner KR, Kasper DC. MicroRNA-146: tiny player in neo-

natal innate immunity? Neonatology. 2011; 99(1):51–6. Epub 2010/07/10. doi: 10.1159/000301938

PMID: 20616571.

24. Liu PT, Krutzik SR, Kim J, Modlin RL. Cutting edge: all-trans retinoic acid down-regulates TLR2

expression and function. J Immunol. 2005; 174(5):2467–70. doi: 10.4049/jimmunol.174.5.2467 PMID:

15728448.

25. Hamilton JA, Achuthan A. Colony stimulating factors and myeloid cell biology in health and disease.

Trends in immunology. 2013; 34(2):81–9. Epub 2012/09/25. doi: 10.1016/j.it.2012.08.006 PMID:

23000011.

26. Parajuli B, Sonobe Y, Kawanokuchi J, Doi Y, Noda M, Takeuchi H, et al. GM-CSF increases LPS-

induced production of proinflammatory mediators via upregulation of TLR4 and CD14 in murine micro-

glia. Journal of neuroinflammation. 2012; 9:268. Epub 2012/12/14. doi: 10.1186/1742-2094-9-268

PMID: 23234315; PubMed Central PMCID: PMC3565988.

27. Wu X, Gao H, Ke W, Giese RW, Zhu Z. The homeobox transcription factor VentX controls human mac-

rophage terminal differentiation and proinflammatory activation. The Journal of clinical investigation.

2011; 121(7):2599–613. Epub 2011/06/15. doi: 10.1172/JCI45556 PMID: 21670496; PubMed Central

PMCID: PMC3223833.

28. Rehli M, Poltorak A, Schwarzfischer L, Krause SW, Andreesen R, Beutler B. PU.1 and interferon con-

sensus sequence-binding protein regulate the myeloid expression of the human Toll-like receptor 4

gene. The Journal of biological chemistry. 2000; 275(13):9773–81. Epub 2000/03/29. doi: 10.1074/jbc.

275.13.9773 PMID: 10734131.

29. Erridge C. The roles of pathogen-associated molecular patterns in atherosclerosis. Trends Cardiovasc

Med. 2008; 18(2):52–6. doi: 10.1016/j.tcm.2007.12.003 PMID: 18308195.

30. Hausmann M, Kiessling S, Mestermann S, Webb G, Spottl T, Andus T, et al. Toll-like receptors 2 and 4

are up-regulated during intestinal inflammation. Gastroenterology. 2002; 122(7):1987–2000. doi: 10.

1053/gast.2002.33662 PMID: 12055604.

31. Galustian C, Meyer B, Labarthe MC, Dredge K, Klaschka D, Henry J, et al. The anti-cancer agents

lenalidomide and pomalidomide inhibit the proliferation and function of T regulatory cells. Cancer

immunology, immunotherapy: CII. 2009; 58(7):1033–45. Epub 2008/11/15. doi: 10.1007/s00262-008-

0620-4 PMID: 19009291.

32. Anderson G, Gries M, Kurihara N, Honjo T, Anderson J, Donnenberg V, et al. Thalidomide derivative

CC-4047 inhibits osteoclast formation by down-regulation of PU.1. Blood. 2006; 107(8):3098–105.

Epub 2005/12/24. doi: 10.1182/blood-2005-08-3450 PMID: 16373662.

GM-CSF and TLRs

PLOS ONE | DOI:10.1371/journal.pone.0162667 October 3, 2016 13 / 13

http://dx.doi.org/10.1038/ni1112
http://www.ncbi.nlm.nih.gov/pubmed/15454922
http://dx.doi.org/10.1007/0-387-24180-9_2
http://www.ncbi.nlm.nih.gov/pubmed/15932016
http://dx.doi.org/10.1002/eji.200425995
http://dx.doi.org/10.1002/eji.200425995
http://www.ncbi.nlm.nih.gov/pubmed/16402404
http://dx.doi.org/10.1159/000301938
http://www.ncbi.nlm.nih.gov/pubmed/20616571
http://dx.doi.org/10.4049/jimmunol.174.5.2467
http://www.ncbi.nlm.nih.gov/pubmed/15728448
http://dx.doi.org/10.1016/j.it.2012.08.006
http://www.ncbi.nlm.nih.gov/pubmed/23000011
http://dx.doi.org/10.1186/1742-2094-9-268
http://www.ncbi.nlm.nih.gov/pubmed/23234315
http://dx.doi.org/10.1172/JCI45556
http://www.ncbi.nlm.nih.gov/pubmed/21670496
http://dx.doi.org/10.1074/jbc.275.13.9773
http://dx.doi.org/10.1074/jbc.275.13.9773
http://www.ncbi.nlm.nih.gov/pubmed/10734131
http://dx.doi.org/10.1016/j.tcm.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18308195
http://dx.doi.org/10.1053/gast.2002.33662
http://dx.doi.org/10.1053/gast.2002.33662
http://www.ncbi.nlm.nih.gov/pubmed/12055604
http://dx.doi.org/10.1007/s00262-008-0620-4
http://dx.doi.org/10.1007/s00262-008-0620-4
http://www.ncbi.nlm.nih.gov/pubmed/19009291
http://dx.doi.org/10.1182/blood-2005-08-3450
http://www.ncbi.nlm.nih.gov/pubmed/16373662

