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Granulocyte-Macrophage Colony-Stimulating Factor (CSF)
and Macrophage CSF-Dependent Macrophage Phenotypes
Display Differences in Cytokine Profiles and Transcription
Factor Activities: Implications for CSF Blockade in
Inflammation1

Andrew J. Fleetwood,2* Toby Lawrence,† John A. Hamilton,* and Andrew D. Cook*

GM-CSF and M-CSF (CSF-1) can enhance macrophage lineage numbers as well as modulate their differentiation and function.
Of recent potential significance for the therapy of inflammatory/autoimmune diseases, their blockade in relevant animal models
leads to a reduction in disease activity. What the critical actions are of these CSFs on macrophages during inflammatory reactions
are unknown. To address this issue, adherent macrophages (GM-BMM and BMM) were first derived from murine bone marrow
precursors by GM-CSF and M-CSF, respectively, and stimulated in vitro with LPS to measure secreted cytokine production, as
well as NF-�B and AP-1 activities. GM-BMM preferentially produced TNF-�, IL-6, IL-12p70, and IL-23 whereas, conversely,
BMM generated more IL-10 and CCL2; strikingly the latter population could not produce detectable IL-12p70 and IL-23.
Following LPS stimulation, GM-BMM displayed rapid I�B� degradation, RelA nuclear translocation, and NF-�B DNA binding
relative to BMM, as well as a faster and enhanced AP-1 activation. Each macrophage population was also pretreated with the other
CSF before LPS stimulation and found to adopt the phenotype of the other population to some extent as judged by cytokine
production and NF-�B activity. Thus, GM-CSF and M-CSF demonstrate, at the level of macrophage cytokine production, dif-
ferent and even competing responses with implications for their respective roles in inflammation, including a possible dampening
or suppressive role for M-CSF in certain circumstances. The Journal of Immunology, 2007, 178: 5245–5252.

T he phenotypic diversity of macrophage lineage popula-
tions leading to divergent functions, for example at sites
of inflammation or immunity, is becoming apparent (1).

These cells are able, through the vast array of mediators that they
are capable of producing, to control both the progression and res-
olution of inflammatory lesions (2, 3). Attempts have been made to
clarify macrophage phenotypes (subsets) and activation states re-
sulting from exposure to the various stimuli. For example, polar-
ization into the so-called M1 and M2 states has been proposed (2,
4) as has alternate activation states characterized by a classical
(proinflammatory) or a nonclassical phenotype (5).

Two cytokines, which appear to be important in controlling the
numbers and function of macrophage lineage populations in in-
flammatory conditions, are GM-CSF and M-CSF; also known as
CSF-1 (6–8). These CSFs are also critical to the proper mainte-
nance of steady-state macrophage development, although with dif-
ferent roles. Studies using mice deficient in functional M-CSF
(op/op mice) revealed that M-CSF plays a role in the steady-state

development of a number of macrophage populations (9, 10). For
mice deficient in GM-CSF, the major pathology is alveolar pro-
teinosis (11). GM-CSF has been shown to be essential for proper
alveolar macrophage maturation (12).

The CSFs are prosurvival/mitogenic factors for macrophage lin-
eage populations; they are also able to “prime” or “activate” mac-
rophages as well as induce their differentiation (7, 13). In vitro studies
of CSF action on monocytes/macrophages have shown that they can
modulate the expression of common and divergent sets of products (6,
14). GM-CSF is often used in the presence of a costimulus such as
IL-4 to generate dendritic cell (DC)3 populations (15) whereas M-
CSF is critical for the control of osteoclast development (10).

There have been studies in the mouse comparing the actions of
these CSFs by generating cell populations via proliferation and
differentiation of bone marrow precursors. The GM-CSF-depen-
dent cells derived in this way differ from their M-CSF-derived
counterparts in a number of ways (16–19). There is also evidence
that when both CSFs are added to the same monocyte/macrophage
population they can compete, leading to a suppression of the cel-
lular response to the other CSF (20, 21). Recently, proinflamma-
tory type-1 and anti-inflammatory type-2 human monocyte-de-
rived macrophage subsets (termed M�-1 and M�-2) have been
generated in the presence of GM-CSF and M-CSF, respectively (1,
22). However, neither the molecular events contributing to the
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different properties of these subsets nor the potential interplay of
the respective CSFs in this system was examined.

In the current study, we generated from murine bone marrow
precursors GM-CSF- and M-CSF-dependent macrophage popula-
tions (GM-BMM and BMM, respectively) and studied, following
LPS activation, both the cytokine expression and some of the mo-
lecular changes that might help to explain differences in such ex-
pression. We also included an analysis of the interplay between the
CSFs on subsequent macrophage activation.

Materials and Methods
Mice

Female C57BL/6 mice (8–12 wk) were supplied by Monash University,
Central Animal Services (Parkville, Victoria, Australia).

Reagents

Reagents were as follows: recombinant murine GM-CSF (PeproTech)
and recombinant human M-CSF (Chiron); Abs against RelA, c-Fos,
JunB, c-Jun, JunD, �-actin, and �-tubulin (Cell Signaling Technology);
p50 Ab (eBioscience); and LPS (Escherichia coli serotype 0127:B8;
Sigma-Aldrich).

Preparation of bone marrow-derived macrophages

Bone marrow-derived macrophages grown in M-CSF or GM-CSF were
generated as previously described (23). On day 7 adherent GM-BMM and
BMM (5 � 105 cells/ml) were stimulated with LPS (100 ng/ml) for the
indicated time points. For “priming” experiments, BMM at day 7 were
stimulated for 16 h with GM-CSF (�GM-CSF; 1000 U/ml GM-CSF and
1000 U/ml M-CSF) or without GM-CSF (�GM-CSF; 1000 U/ml M-CSF).
Similarly, GM-BMM at day 7 were stimulated for 16 h with M-CSF (�M-
CSF; 1000 U/ml M-CSF and 1000 U/ml GM-CSF) or without M-CSF
(�M-CSF; 1000 U/ml GM-CSF). Following pretreatment, BMM and GM-
BMM were stimulated with fresh medium containing LPS (100 ng/ml).

Cytokine ELISAs

TNF-�, IL-6, IL-10, IL-12p70, IL-12p40, and CCL2 (OptEIA ELISA kits;
BD Pharmingen) and IL-23p40/p19 (eBioscience) content were measured
in culture supernatants by ELISA.

Mixed Leukocyte Reaction

The MLR was performed as previously described (24). Briefly, purified T
cells (2 � 105 cells/well) were cultured with BMM and GM-BMM for 96 h

at 37°C in 5% CO2 such that the final E:T ratio was 1:10. Control cultures
contained medium or T cells alone. Before harvesting (16 h), cells were
pulsed with 1 �Ci of [3H]TdR (Amersham Biosciences) and DNA synthe-
sis was measured by [3H]TdR incorporation using a Beckman beta scin-
tillation counter (Beckman Instruments). Results are expressed as the stim-
ulation index above medium alone.

Quantitative PCR (Q-PCR) analysis of gene expression

Quantitative-PCR (Q-PCR) was performed as before (23). Predeveloped
TaqMan probe/primers for TNF-�, IL-6, IL-12p35, IL-12p40, IL-23p19,
IL-10, and CCL2 (Applied Biosystems) were used to calculate the thresh-
old cycle numbers that were transformed using the cycle threshold and
relative value method as described by the manufacturer and expressed rel-
ative to 18S ribosomal RNA. Results are expressed as relative gene ex-
pression for each target gene.

Protein extraction and Western blot analysis

Whole cell extracts were lysed directly and Western blotting was per-
formed by standard techniques (25). Briefly, cells (3 � 106) were lysed in
tissue culture dishes with Nonidet P-40 lysis buffer (20 mM Tris-HCl (pH
7.4), 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1% Nonidet P-40, 10%
glycerol, 1 mM sodium orthovanadate, 0.1 mM sodium molybdate, 10 mM
NaF, 5 mM �-glycerophosphate, and Complete protease inhibitors) for 30
min on ice. Lysates were clarified by centrifugation at 13,000 � g for 10
min at 4°C and protein concentrations were measured with a Bio-Rad assay
kit. All extracts were stored at �80°C until use. Proteins were separated on
a 10% SDS-polyacrylamide gel and transferred onto a nitrocellulose mem-
brane followed by immunoblotting for specific Abs as per the manufac-
turer’s instructions. Densitometry was performed using Kodak EDAS 1D
image analysis software.

EMSA and supershift analysis

Generation of nuclear lysates and EMSAs were conducted as before (26).
Briefly, cells (8 � 106) were lysed in hypotonic lysis buffer (0.0125%
Nonidet P-40, 5 mM HEPES (pH 7.9), 10 mM KCl, and 1.5 mM MgCl2)
and nuclei were harvested by centrifugation (13,000 � g for 10 min).
Nuclear pellets were incubated in hypertonic extraction buffer (0.025%
Nonidet P-40, 5 mM HEPES (pH 7.9), 20% glycerol, 420 mM NaCl, 1.5
mM MgCl2, and 0.2 mM EDTA) for 15 min at 4°C. Nuclear extracts (5 �g)
were incubated with labeled probe (50,000 cpm), and resolved on a gel in
0.5� Tris borate-EDTA at 200 V for 20–30 min. Complexes were visu-
alized using Super RX (Fuji Film). For supershift experiments, nuclear
extracts were pretreated with 1 �l of a particular Ab and DNA binding
complexes were resolved on a nondenaturing 5% (w/v) polyacrylamide gel

FIGURE 1. Differential stimulatory activity and basal
cytokine mRNA expression of GM-BMM and BMM. A,
The stimulatory activity of GM-BMM and BMM was
measured in an allogeneic MLR. GM-BMM and BMM
cells were cultured in triplicate with allogeneic splenic T
cells (2 � 105cells/well) at a ratio of 1:10 for 96 h at 37°C
in 5% CO2. Cultures were pulsed with ([3H]TdR for the
last 16 h to measure DNA synthesis. Control cultures
contained medium or T cells alone. Background counts
per minute for medium alone was 108 � 16. The results
represent the mean � SEM of values from three inde-
pendent experiments. �, p � 0.01, for comparison of the
stimulation index of GM-BMM vs BMM. B, Basal cy-
tokine mRNA expression in GM-BMM and BMM as
measured by Q-PCR. Levels of TNF-�, IL-6, IL-12p35,
IL-23p19, IL-12p40, IL-10, and CCL2 mRNA were
normalized to an endogenous reference (18S) and
calibrated to the lowest expression level for each cy-
tokine. The results represent the mean � SEM of val-
ues from four independent experiments. �, p � 0.01,
GM-BMM vs BMM for TNF-�; †, p � 0.01, BMM vs
GM-BMM for IL-10; ‡, p � 0.05, BMM vs GM-
BMM for CCL2.
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in 0.1% Tris borate-EDTA. Gels were dried onto 3-mm paper (Whatman)
and complexes were visualized as described above.

Statistics

Data are given as mean values � SEM. Statistical significance was eval-
uated over the 24-h LPS stimulation period by two-way ANOVA and p �
0.05 was considered statistically significant.

Results
Phenotyping GM-BMM and BMM

Murine bone marrow cells were cultured in vitro for 7 days in the
presence of GM-CSF or M-CSF and the adherent cells (GM-BMM
and BMM, respectively) were collected. We have shown else-
where (23) that both populations express common macrophage
markers (Mac-1 (CD11b), F4/80, and c-Fms (M-CSFR)), whereas
only GM-BMM express CD11c, an integrin often used in murine
systems to identify DC lineage cells but also found on certain
macrophage populations (e.g., alveolar macrophages (12)). We
have also recently demonstrated that both cell types can be quan-
titatively converted to osteoclast lineage cells (23). In the current
study, we demonstrate that GM-BMM cells, relative to BMM
cells, are potent stimulators of T cell proliferation in a MLR. As
can be seen in Fig. 1A, GM-BMM cells were �30-fold more po-
tent than BMM cells at stimulating allogeneic T cells in a MLR.
We refer here to the GM-CSF-derived adherent cells as GM-BMM
although they are functionally sometimes referred to as DCs (27).

Cytokine production from GM-BMM and BMM following LPS
stimulation

Before LPS stimulation, GM-BMM and BMM cells were un-
able to secrete detectable TNF-�, IL-6, IL-12p70, IL-23, IL-10,

or CCL2 (data not shown), although by Q-PCR we found the
basal mRNA expression levels of TNF-�, IL-10, and CCL2
were significantly different (Fig. 1B). The relative basal mRNA
levels of TNF-� ( p � 0.01; Fig. 1B) were enhanced from GM-
BMM compared with BMM, whereas the relative basal mRNA
levels of the anti-inflammatory cytokine IL-10 ( p � 0.01; Fig.
1B) and the chemokine CCL2 (MCP-1) ( p � 0.05; Fig. 1B)
were enhanced in BMM compared with GM-BMM. There were
no significant differences in the basal mRNA levels for IL-6 or for the
IL-12 and IL-23 subunits (IL-12p35, IL-23p19, and IL-12/IL-23
shared subunit p40) between the two macrophage populations. We
then went on to determine the cell surface expression of TLR4 and
TLR2. As has previously been demonstrated (28), both cell types
were uniformly positive for TLR2 and TLR4 and their mean fluores-
cence intensities were similar (data not shown).

Following LPS stimulation, GM-BMM produced significantly
more TNF-� ( p � 0.01) and IL-6 ( p � 0.01) compared with
BMM (Fig. 2, A and B, respectively). Both IL-12p70 and IL-23 are
composed of two subunits, a common p40 subunit and either a p35
or a p19 subunit, respectively (1). GM-BMM secreted both IL-
12p70 and IL-23 following LPS stimulation whereas BMM failed
to do so over the 24-h period examined ( p � 0.01; Fig. 2, C and
D, respectively). LPS-stimulated BMM produced IL-12p40 but at
levels lower than for GM-BMM (data not shown). In contrast to
the above cytokines and consistent with the basal mRNA expression
pattern (Fig. 1B), LPS-stimulated BMM secreted more IL-10 and
CCL2 ( p � 0.05; Fig. 2, E and F, respectively). The divergent pro-
duction of the above mediators by GM-BMM and BMM correlated
with significantly different LPS-induced mRNA levels of TNF-�, IL-
12p35, IL-23p19, IL-12p40, IL-10, and CCL2 (data not shown).

FIGURE 2. Differential cytokine production
from GM-BMM and BMM following LPS stimula-
tion. TNF-� (A), IL-6 (B), IL-12p70 (C), IL-23 (D),
IL-10 (E), and CCL2 (F) levels from GM-BMM and
BMM following LPS (100 ng/ml) stimulation are
shown. The results represent the mean � SEM of
values from four independent experiments. Where
not visible, error bars are smaller than the symbol.
p � 0.01, GM-BMM vs BMM for TNF-�, IL-6,
IL-12p70, and IL-23 (A–D); p � 0.05, BMM vs
GM-BMM for IL-10 and CCL2 (E and F).
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NF-�B and AP-1 DNA binding activity in GM-BMM and BMM
following LPS stimulation

NF-�B activity. Because NF-�B regulates the expression of mul-
tiple genes important in immunologic and inflammatory responses
(29), we reasoned that there may be differential NF-�B activation.

As can be seen in Fig. 3A, the rate of I�B� degradation was
different between GM-BMM and BMM in response to LPS. I�B�
was completely degraded in GM-BMM within 15 min of LPS
stimulation; I�B� could still be detected in BMM at this time
point. In both GM-BMM and BMM, I�B� levels were restored
after 4 h of LPS stimulation. We next examined translocation of
the RelA subunit into the nucleus. Western blot analysis demonstrated
that maximal GM-BMM RelA nuclear levels peaked at �0.5–1 h
after LPS stimulation (Fig. 3B) and appeared to be slightly greater
than those for BMM; for BMM, maximal nuclear RelA levels were
not reached until �2 h after LPS stimulation (Fig. 3B).

To assess the NF-�B DNA binding activity, EMSAs were con-
ducted on nuclear extracts. Before LPS stimulation, NF-�B DNA
binding complexes could not be detected in either GM-BMM or
BMM (Fig. 4A). However, following LPS addition three distinct
NF-�B DNA binding complexes (designated complexes 1, 2, and
3) were formed in both cell populations. Interestingly, the kinetics
of complex formation differed. Both GM-BMM and BMM rapidly
formed complex 3 within 30 min of LPS stimulation. However, by
1 h of treatment in GM-BMM complex 3 had disappeared and
complexes 1 and 2 had formed, whereas in BMM complex 3 was

still present while the formation of complexes 1 and 2 was delayed
until 2 h after LPS activation. Both complexes 1 and 2 were main-
tained over the duration of the 8-h stimulation period examined in
both cell populations.

To assess the composition of the three complexes, supershift
analysis of GM-BMM treated with LPS for 30 min and 4 h was
conducted. For the 30-min LPS treatment anti-p50 Ab completely
displaced complex 3 (supershift), while anti-RelA failed to super-
shift it (Fig. 4B). This observation is consistent with complex 3
containing p50, most likely as a homodimer (30). Supershift anal-
ysis of GM-BMM following 4 h LPS stimulation was used to help
reveal the composition of complexes 1 and 2. Fig. 4C demonstrates
that the anti-RelA Ab displaced complex 1 (supershift) whereas
anti-p50 Ab displaced both complex 1 and complex 2 (supershift).
Supershift analyses of the corresponding time points for BMM
lysates gave similar results (data not shown).

In summary, following LPS treatment GM-BMM, compared
with BMM, displayed more rapid I�B� degradation, RelA trans-
location and formation of a RelA-containing DNA binding
complex. It is possible that these differences may relate to the
heightened expression in GM-BMM of TNF-�, IL-12p70, and
IL-23 (Fig. 2), for example, the genes of which have been
shown to be regulated by NF-�B activity (29).

AP-1 activity. Cooperation between NF-�B and AP-1 is known to
be important for the activation of certain cytokine promoters (31).

FIGURE 3. I�B� degradation and RelA nuclear translocation in GM-
BMM and BMM following LPS stimulation. A, I�B� degradation was
analyzed by Western blotting of whole cell lysates. B, Nuclear transloca-
tion of RelA was analyzed by Western blotting. �-Actin and �-tubulin
levels were used as loading controls. Densitometric analysis was performed
using Quantity One software and data are expressed as density (OD/mm2)
relative to that for the �-actin/�-tubulin. Representatives of three indepen-
dent experiments are shown.

FIGURE 4. NF-�B and AP-1 DNA binding in GM-BMM and BMM
following LPS stimulation. A, NF-�B DNA binding activity was analyzed
by EMSA. B and C, Supershift analysis of NF-�B DNA binding complexes
with Abs recognizing indicated NF-�B proteins and isotype control (IC)
Ab. D, AP-1 DNA binding activity was analyzed by EMSA. E, Supershift
analysis of the AP-1 DNA binding complex with Abs recognizing the
indicated AP-1 proteins and the isotope control (IC) Ab. Representatives of
three independent experiments are shown.
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As for NF-�B, before LPS stimulation no AP-1 binding could be
detected in either GM-BMM or BMM (Fig. 4D). Following LPS
addition, a single DNA binding complex was evident for both cell
types with the maximal activity being higher in GM-BMM. Sim-
ilar to the NF-�B DNA binding kinetics (Fig. 4A), those for AP-1
DNA binding were also different. AP-1 DNA binding was rapidly
induced within 1 h after LPS treatment in GM-BMM; the formation
of AP-1 DNA binding was delayed in BMM until around 2 h after
LPS addition. In both GM-BMM and BMM, AP-1 DNA binding was
maintained over the 8-h LPS stimulation period examined.

Supershift analysis of GM-BMM following 2 h of LPS treat-
ment was used to assess the composition of the DNA binding
complex. The anti-JunB Ab completely displaced the complex (su-
pershift), while anti-c-Fos, anti-c-Jun, and anti-JunD failed to su-
pershift it (Fig. 4E). This observation is consistent with the AP-1
DNA binding complex containing JunB, which is known to form
transcriptionally active homodimers (32). Supershift analysis of
the corresponding time point for BMM lysates gave similar results
(data not shown).

Effect of the coaddition of GM-CSF and M-CSF on cytokine
production following LPS stimulation

Particularly at sites of inflammation (33, 34) it is likely that mac-
rophage populations in vivo will be exposed to both CSFs. We
next addressed the question as to whether the respective secretory
phenotypes of GM-BMM and BMM could be converted to that of
the other, at least to some extent.

BMM pretreated with GM-CSF. To assess the effect that GM-
CSF has on BMM cytokine production, BMM cells were cultured
for an additional 16 h with or without GM-CSF (M-CSF was also
added to both treatment groups during this period). Following GM-
CSF pretreatment, BMM cells were not significantly altered in
terms of their cell surface Ag expression, at least as judged by
CD11c, TLR2, and TLR4 levels (data not shown). However, fol-
lowing the GM-CSF pretreatment of BMM, basal mRNA levels of
TNF-�, IL-23p19, and IL-12p40 were increased while IL-10
mRNA levels were decreased (data not shown). Consistent with
the altered basal mRNA expression, following LPS stimulation
GM-CSF-treated BMM cells produced increased amounts of
TNF-� ( p � 0.05; Fig. 5A) and were now capable of producing
IL-12p70 (Fig. 5B) and IL-23 (Fig. 5C), albeit at lower levels and
with delayed kinetics compared with that found for GM-BMM
(Fig. 2, C and D). BMM cells pretreated with GM-CSF were also
capable of significantly greater IL-12p40 production after LPS ac-
tivation (data not shown). Interestingly, the levels of IL-10 and
CCL2, the mediators whose levels were higher for BMM com-
pared with GM-BMM following LPS stimulation (Fig. 2, E and F),
were not altered by GM-CSF pretreatment (data not shown).

Western blot analysis demonstrated that GM-CSF pretreatment
of BMM enhanced the nuclear localization of RelA while decreas-
ing that of p50 (Fig. 5D). By EMSA, in BMM pretreated with
GM-CSF there was an increased formation of complex 1 com-
pared with control BMM grown solely in M-CSF at 1 and 4 h
after LPS stimulation (data not shown). Supershift analysis, as

FIGURE 5. Cytokine production and nuclear localization of RelA and p50 from LPS-stimulated BMM following pretreatment with GM-CSF. Day 7
BMM cells were pretreated with or without GM-CSF (1000 U/ml) in the presence of M-CSF for 16 h and then stimulated with LPS. A–C, TNF-� (A),
IL-12p70 (B), and IL-23 (C) production was measured. The results represent the mean � SEM of cytokine values from four independent experiments.
Where not visible, error bars are smaller than the symbol. p � 0.05, �GM-CSF vs �GM-CSF for TNF-� (A); p � 0.01, �GM-CSF vs �GM-CSF for
IL-12p70 (B) and IL-23 (C). D, Nuclear localization of RelA and p50 was measured by Western blotting in lysates from BMM, pretreated with or without
GM-CSF. Densitometric analysis was performed using Quantity One software and data are expressed as density (OD/mm2) relative to that for �-tubulin.
Representatives of three independent experiments are shown.
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in Fig. 4C, revealed that complex 1 contained transcriptionally
active RelA. This increased formation of RelA-containing com-
plexes following GM-CSF pretreatment correlated with the en-
hanced relative nuclear localization of RelA (Fig. 5D).

GM-BMM pretreated with M-CSF. Likewise, GM-BMM cells
were cultured for an additional 16 h with or without M-CSF
(GM-CSF was also added to both treatment groups during this
period). Again, flow cytometry revealed no significant changes
in CD11c, TLR2, or TLR4 levels following pretreatment with
M-CSF (data not shown). However, following the pretreatment,
mRNA levels of TNF-�, IL-23p19, and IL-12p40 were de-
creased while CCL2 mRNA levels were enhanced (data not
shown). These altered basal mRNA levels correlated with the
subsequent diminished LPS-induced production of TNF-� ( p �
0.05; Fig. 6A) and IL-12p70 ( p � 0.05; Fig. 6B) by GM-BMM
cells pretreated with M-CSF; these cells also produced signif-
icantly less IL-23 ( p � 0.05; Fig. 6C). The M-CSF pretreatment
led to significantly greater production of CCL2 ( p � 0.05; Fig.
6D) but once again there was no effect on the production of
IL-10 (data not shown).

GM-BMM pretreated with M-CSF rapidly formed complexes 1
and 2 after LPS stimulation (Fig. 6E, �M-CSF), as did the control
GM-BMM grown solely in GM-CSF (Fig. 6E, �M-CSF). How-
ever, by 4 h after LPS stimulation complex 3 was the major com-
plex present in the GM-BMM cells pretreated with M-CSF,
whereas complexes 1 and 2 were still present in the control GM-
BMM cells grown solely in GM-CSF (Fig. 6E). Supershift studies
of the two treatment groups following 4 h of LPS stimulation re-
vealed that complex 1, formed in the control GM-BMM, contained
RelA whereas complex 3, formed in GM-BMM pretreated with

M-CSF, corresponded to the transcriptionally inactive p50 ho-
modimer (see Fig. 4, B and C).

It was noted that the control GM-BMM cells that received the
additional GM-CSF without M-CSF displayed altered NF-�B
DNA binding kinetics. NF-�B DNA binding complexes 1 and 2
were seen 0.5 h after LPS stimulation in these GM-BMM cells
(Fig. 6E, �M-CSF) whereas in day 7 GM-BMM, which last
received GM-CSF on day 4 of culture, these complexes were
not detected until 1 h after LPS stimulation (Fig. 4A). Similarly,
the control BMM that received the additional M-CSF without
GM-CSF formed NF-�B DNA binding complexes 1 and 2 at 1 h
after LPS stimulation (data not shown), whereas we showed
earlier that in day 7 BMM cells, which last received M-CSF on
day 4 of culture, these complexes were not detected until 2 h
after LPS stimulation (Fig. 4A). The addition of M-CSF to
BMM before LPS activation has been shown to enhance the
NF-�B activity compared with BMM “starved” of M-CSF (35).

In summary, it is possible that the above effects on NF-�B may
relate to the altered expression of, for example, TNF-�, IL-12p70,
and IL-23 from BMM and GM-BMM cells following GM-CSF or
M-CSF pretreatment (Figs. 5 and 6).

Discussion
We showed above that LPS stimulation led to a very different
pattern of cytokine production, with the GM-BMM cells pref-
erentially producing TNF-�, IL-6, IL-12p70 and IL-23 and the
BMM cells preferentially producing IL-10 and CCL2. What
was particularly striking was the lack of production of IL-12p70
and IL-23 from the LPS-stimulated BMM. These findings are
similar to what has been found recently when human monocytes

FIGURE 6. Modulation of cytokine production and
NF-�B DNA binding activity from LPS-stimulated
GM-BMM following pretreatment with M-CSF. Day 7
GM-BMM were treated with or without M-CSF (1000
U/ml) in the presence of GM-CSF for 16 h and then
stimulated with LPS. A–D, TNF-� (A), IL-12p70 (B),
IL-23 (C), and CCL2 (D) production was measured.
The results represent the mean � SEM of cytokine val-
ues from four independent experiments. Where not vis-
ible, error bars are smaller than the symbol. p � 0.05,
�M-CSF vs �M-CSF for TNF-� (A), IL-12p70 (B),
and IL-23 (C); p � 0.05, �M-CSF vs �M-CSF for
CCL2 (D). E, NF-�B DNA binding activity was ana-
lyzed by EMSA using nuclear lysates from GM-BMM
treated with or without M-CSF (1000 U/ml) for 16 h and
then stimulated with LPS. Representatives of three in-
dependent experiments are shown.
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were differentiated by GM-CSF or M-CSF with the resultant
macrophage populations termed M�-1 and M�-2, respectively
(1, 22). In terms of their cytokine profile, GM-BMM resemble
classically activated or M1-polarized macrophages that result in
response to IFN-� or microbial products (5), which is perhaps
not surprising given that GM-CSF and IFN-� have many of the
same “priming” properties on monocytes and macrophages
(36). As for M1 macrophages (4, 5), GM-BMM cells were weak
producers of IL-10.

In contrast, following LPS stimulation BMM cells appear
similar to the M�-2 human monocyte-derived macrophages
with an IL-12lowIL-10high phenotype and with the capability of
high CCL2 production (1, 22). It has been proposed that M�-2
cells may play a role in both attracting, via chemokine activity,
and then suppressing, via IL-10, adaptive immune cells (1, 22).
In the mouse, ligation of a Fc receptor followed by TLR, CD40,
or CD44 stimulation also gives rise to macrophages with an
IL-12lowIL-10high phenotype that are called type II-activated
macrophages (5). BMM cells also seem similar to tumor-asso-
ciated macrophages with a polarized M2 phenotype capable of
high IL-10 production (4, 37). The contribution of endogenous
IL-10 (28) to cytokine protein expression in BMM cells is cur-
rently being examined.

We also analyzed NF-�B and AP-1 activation. Following LPS
stimulation, GM-BMM showed a faster I�B� degradation that cor-
related with the faster nuclear translocation of RelA and the for-
mation of a NF-�B DNA binding complex containing RelA. This
subunit can form homodimers or the classical RelA/p50 het-
erodimer, both of which are potent activators of gene expression
(38). Even though we could not detect NF-�B activity in GM-
BMM in the absence of LPS stimulation there were differences in
basal cytokine mRNA expression from BMM, which might be due
to differences in the levels of NF-�B/Rel family members; in this
context, a study profiling gene expression in DCs, generated by
culturing human monocytes in GM-CSF and IL-4, and in macro-
phages, generated by culturing them in M-CSF, showed that the
expression of several NF-�B/Rel family genes was relatively up-
regulated in the former (39).

The relatively delayed I�B� degradation and RelA nuclear
translocation in LPS-stimulated BMM cells is reminiscent of
the phenotypes of tumor-associated macrophages and MyD88-
deficient macrophages (40, 41), both of which are relatively
poor producers of proinflammatory cytokines. BMM also
showed relatively prolonged formation of a NF-�B DNA bind-
ing complex most likely corresponding to p50 homodimers. p50
lacks a transactivation domain (42). In this context, TNF-�
mRNA levels, which were significantly lower in LPS-stimu-
lated BMM than in LPS-stimulated GM-BMM, are thought to
be reduced by p50 binding to �B elements in the TNF-� pro-
moter (43, 44). Furthermore, p50 has recently been shown to
promote the transcription of IL-10 (45) and we found here that
IL-10 mRNA levels were significantly up-regulated in BMM
compared with GM-BMM following LPS treatment. Interest-
ingly, in that prior study (45) it was shown that macrophages
generated from p50-deficient mice exhibited a skewed cytokine
response to LPS characterized by decreased IL-10 and in-
creased TNF-� and IL-12 production and that RelA and c-rel
primarily regulated the expression of TNF-� and IL-12 but
played little or no role in driving IL-10 expression (45). Con-
sistent with this observation, IL-10 expression was found to
relate to high levels of p50 expression (46), and the inhibition
of RelA-containing complexes up-regulated IL-10 production
(47). Even though further analysis is obviously warranted, it
would appear that our findings are at least consistent with these

studies linking NF-�B DNA binding activity and relative cyto-
kine expression.

GM-BMM cells displayed faster and enhanced AP-1 activation
in response to LPS than did BMM cells. NF-�B regulates the ex-
pression of AP-1 family genes (48) and there appears to be sig-
nificant crosstalk between the two pathways (49). Because AP-1
activity appears to play a role in the regulation of IL-12 (50) and
TNF-� (51), for example, our findings on the relative AP-1 activ-
ities of stimulated GM-BMM and BMM could also help to explain
the relative cytokine profiles.

Given that GM-BMM cells display a proinflammatory profile
upon LPS stimulation and that GM-CSF has been reported to
have many of the same “priming” properties as IFN-� on mac-
rophages (34, 36), we therefore explored the effects of GM-CSF
on the cytokine profile of BMM. The addition of GM-CSF to
BMM cultures of itself did not lead to detectable cytokine pro-
duction. However, with this “priming” protocol the LPS-stim-
ulated BMM cells were now capable of producing IL-12p70 and
IL-23 as well as more TNF-�. In other words, the BMM cells
could be altered to adopt to some extent the pattern of the GM-
BMM cell response. “Priming” of BMM with GM-CSF resulted
in increased RelA nuclear translocation and the formation of a
RelA-containing NF-�B DNA binding complex, possibly help-
ing to explain some of these cytokine changes. Likewise, GM-
BMM, when treated with M-CSF, could also adopt the BMM
phenotype to some degree by producing less IL-12p70, IL-23,
and TNF-� but more CCL2 following LPS stimulation. This
M-CSF pretreatment resulted in the loss of the RelA-containing
NF-�B DNA binding complex, which again may help explain
the observed changes in cytokine production. In contrast, M-
CSF enhanced the production of CCL2 but had no effect on
LPS-induced IL-10 production from GM-BMM cells. Taken to-
gether, these data show that cytokine production joins the list of
responses where GM-CSF and M-CSF can have opposing ac-
tions on macrophage populations (20, 21).

Several of our findings point to a clear “proinflammatory”
function for GM-CSF on macrophage populations, consistent
with it acting at sites of inflammation where its levels are ele-
vated above the normally low steady-state levels (34). In vivo
it is likely that macrophage populations will be normally ex-
posed to the ubiquitously expressed M-CSF, thereby controlling
their numbers in many tissues (9, 52). BMM cells preferentially
expressed IL-10 and, when added to GM-BMM, M-CSF sup-
pressed the elevated TNF-�, IL-12p70, and IL-23 production;
these latter responses of macrophages to M-CSF, as well as
others (20, 21), indicate that it may dampen inflammation in
certain circumstances. Perhaps part of its homeostatic role in
the steady state is to provide “protection” from or “resistance”
to inappropriate proinflammatory signals being imparted to the
macrophage. The influence that each CSF has on the expression
of components of the NF-�B/Rel and AP-1 signaling pathway is
currently under investigation and may help our understanding
of the role of these CSFs in macrophage-dependent inflamma-
tory responses.
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