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Comparison of macrophage responses to oxidized low-density lipoprotein
and macrophage colony-stimulating factor (M-CSF or CSF-1)
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Modification of low-density lipoprotein (LDL), for example by
oxidation, could be involved in foam cell formation and pro-
liferation observed in atherosclerotic lesions. Macrophage
colony-stimulating factor (CSF-1 or M-CSF) has been implicated
in foam cell development. It has been reported previously that
oxidized LDL (ox.LDL) and CSF-1 synergistically stimulate
DNA synthesis in murine bone-marrow-derived macrophages
(BMM). The critical signal-transduction cascades responsible for
the proliferative response to ox.LDL, as well as their relationship
to those mediating CSF-1 action, are unknown. We report here
that ox.LDL stimulated extracellular signal-regulated protein
kinase (ERK)-1, ERK-2 and phosphoinositide 3-kinase activities
in BMM but to a weaker extent than optimal CSF-1 concen-
trations at the time points examined. Inhibitor studies suggested
at least a partial role for these kinases, as well as p70 S6-kinase,

in ox.LDL-induced macrophage survival and DNA synthesis.
For the DNA synthesis response to CSF-1, the degree of
inhibition by PD98059, wortmannin and rapamycin was signifi-
cant at low CSF-1 concentrations but was reduced as the CSF-
1 dose increased. Using BMM from CSF-1-deficient mice (op/op)
and a neutralizing antibody approach, we found no evidence for
an essential role for endogenous CSF-1 in ox.LDL-mediated
survival or DNA synthesis; likewise, with the same approaches,
no evidence was obtained for an essential role for endogenous
granulocyte/macrophage-CSF in ox.LDL-mediated macrophage
survival and, in contrast with the literature, ox.LDL-induced
macrophage DNA synthesis.

Key words: DNA synthesis, ERK, foam cell, macrophage
survival, phosphoinositide 3-kinase.

INTRODUCTION

Cholesterol ester-filled macrophages or ‘foam’ cells are an early
and prominent feature of atherosclerotic lesions [1]. Evidence
suggests that low-density lipoprotein (LDL), the major
cholesterol-carrying lipoprotein in blood, when modified in some
way, can become atherogenic. LDL oxidation can occur in vivo
and oxidized LDL (ox.LDL) is often considered to be atherogenic
since, for example, it can cause the formation of macrophage-
derived foam cells in vitro [2]. One of the features of athero-
sclerotic lesions in arterial walls is cellular hyperplasia. Reports
of both human and animal studies suggest that the macrophage-
derived foam cells are making a significant contribution to the
cellular proliferation observed, particularly in the early stages
(see [3-8]).

It has been reported that ox.LDL is mitogenic for murine
peritoneal macrophages [9-12] and human macrophages [13].
We have recently found that the survival of an in vitro-derived
murine macrophage population, namely bone-marrow-derived
macrophages (BMM), was maintained by ox.LDL [14]; also the
BMM could proliferate in response to ox.LDL, particularly in
the presence of low concentrations of macrophage colony-
stimulating factor (CSF-1 or M-CSF). Since CSF-1 normally
circulates at such low concentrations [15], it was proposed in that
study that this observation is likely to have relevance in vivo. In
addition to showing enhanced survival, both ox.LDL- and CSF-
I-treated BMM spread and attach to a tissue-culture surface
better than untreated controls [14]. The degree of stimulation of
BMM DNA synthesis by ox.LDL was usually not quite as

marked as that found with optimal CSF-1 concentrations but
there was a dramatic synergistic effect with sub-optimal CSF-1
doses [14]. In BMM, the signalling responses to CSF-1 have been
well studied, including a number of dose-dependent early
biochemical responses [16], such as enhanced phosphoinositide
3-kinase (PI 3-kinase) and extracellular signal-regulated protein
kinase (ERK) activities [17—19]. These two responses have been
widely implicated in growth-factor-mediated cell survival and
proliferation, including in CSF-1-treated monocytes for the PI 3-
kinase activity [20,21]. We therefore chose to determine whether
ox.LDL activated these pathways as CSF-1 does and to determine
their significance for the responses of macrophages to ox.LDL.

Prior to initiating any analysis of the signal-transduction
cascades relevant to the ox.LDL-mediated induction of macro-
phage survival and DNA synthesis, it is important that
the contribution of any endogenously produced CSF-1 or
granulocyte/macrophage CSF (GM-CSF) be determined. If such
an indirect mechanism were significant, then signalling pathways
governing CSF formation and/or action may be studied in-
advertently instead of those relevant to a direct effect of ox.LDL
on macrophage survival and proliferation. CSF-1 and its receptor
have been detected in atherosclerotic plaques [22,23]. These data
and others have led to the suggestion that CSF-1 in the plaque
microenvironment could promote the recruitment and retention
of mononuclear phagocytes and subsequent foam cell formation
[22-28]. Minimally modified ox.LDL can induce CSF-1 in
vascular cells in vitro [24,29] and endogenous CSF-1 can influence
monocyte/macrophage functions in vitro [30]. Therefore endo-
genous CSF-1 in ox.LDL-treated macrophage cultures could
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activated fetal bovine serum; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide; PI 3-kinase, phosphoinositide 3-kinase; ERK,
extracellular signal-regulated protein kinase; MEK, mitogen-activated protein kinase/ERK kinase.
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be responsible for the enhanced survival and induction of DNA
synthesis. It has been reported recently that GM-CSF plays an
essential role in ox.LDL-induced macrophage DNA synthesis
[11,31,32] and that glucocorticoids inhibit such growth by
suppressing GM-CSF expression [33].

In the present study, BMM were usually studied since they
have been widely used to explore CSF-1-dependent signal-
transduction pathways relevant to enhanced survival and pro-
liferation [16-19,34-37]; unlike peritoneal macrophages, they
can be obtained readily in large numbers, they all depend on
CSF-1 for their survival and they commence DNA synthesis
within 10-12h of CSF-1 addition [38]. The last property is
particularly convenient for the analysis of the specific effects of
potentially growth-inhibitory drugs because the chances of long-
term toxic (i.e. non-specific) effects are reduced.

Using BMM from CSF-deficient mice or blocking antibodies,
no evidence could be found in this report for an essential role for
either CSF-1 or GM-CSF in ox.LDL-induced macrophage
survival and DNA synthesis. ox.LDL induced small increases in
ERK and PI 3-kinase activities compared with optimal CSF-1
concentrations. Studies using inhibitors indicated that the
ox.LDL-induced macrophage survival and/or DNA synthesis
are partially dependent on ERK, PI 3-kinase and p70 S6-kinase
activities.

EXPERIMENTAL
Mice

The following mice were used at 812 weeks of age: male CBA
mice (used generally), and male GM-CSF~~ and wild-type
controls (GM-CSF*/*) (Ludwig Institute for Cancer Research,
Parkville, VIC, Australia) [39,40]. Osteopetrotic (op/op) mutant
mice [41] and their littermate wild-type controls, each on the
C57BL/6 and C3HeB/Fel] background, were obtained from
the Ludwig Institute and maintained in micro-isolators within its
animal house facility. Following weaning, the op/op mice, which
lack incisors, were maintained on a diet containing equal amounts
of powdered chow and Ensure nutritional powder (VHA Trading
Co., Mulgrave, Australia), mixed in sterile water.

BMM were generated as adherent cells from their non-adherent
progenitors in bone marrow as described before [16,34]. They
were grown to confluence in 24-well tissue-culture plates (Nunc,
Naperville, IL, U.S.A.) for 5-6 days in RPMI 1640 medium
supplemented with 20 mM Hepes, 159, heat-inactivated fetal
bovine serum (FBS) and 309, L cell-conditioned medium (as a
crude source of CSF-1). For the preparation of the CSF-deficient
BMM and their wild-type controls, a slightly modified procedure
was adopted to ensure comparable initial cell numbers [42]. For
this procedure, non-adherent precursors, generated after 3 days
from CSF-1-treated bone-marrow cells in RPMI 1640/10 9,
FBS, were plated into non-tissue-culture plastic dishes (10 cm
diameter; Disposable Products, Adelaide, South Australia,
Australia) at 1.2 x 10° cells/dish. After a further 3 days of culture
in CSF-1-containing medium (see above), the adherent BMM
were aspirated from the surface, plated at 7.5 x 10* or 10° cells/
well in 24-well tissue-culture plates in the same medium, and
allowed to adhere for another 24 h.

The BMM are a relatively pure and homogeneous population
with > 959, of the adherent cells binding CSF-1 [34,38]. Cells
derived by the two procedures were prepared for experiments by
washing twice with PBS, and recultured in growth medium
without L cell-conditioned medium. BMM at this stage were
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usually ‘starved’ of growth factor for 24 h before use to render
the cells quiescent [34,38].

Resident peritoneal macrophages (RPM)

Peritoneal cells were washed from the unstimulated peritoneal
cavities of mice by lavage with 5 ml of ice-cold sterile PBS [43].
For the generation of the RPM cultures, the peritoneal cells were
plated at 4 x 10° cells/ml of RPMI 1640/59, FBS in 24-well
plates and allowed to adhere for 18 h at 37 °C. Cultures were
washed twice with PBS and cultured in RPMI 1640/5 9, FBS in
the presence of various agents.

DNA synthesis

DNA synthesis was measured as the incorporation of [methyl-
*H]thymidine (*H-TdR; 2 xCi/ml) [34,42]. Uptake was stopped
by removal of the culture medium and solubilization of the
cells in 0.2 M NaOH. The trichloroacetic acid-precipitable
material was recovered using an Inotech cell harvester (Berthold-
Australia, Bundooma, Northern Territory, Australia). The
incorporation of label was estimated using scintillation spectro-

scopy.

Cell numbers

For the quantification of the number of macrophages in cultures,
the medium was removed, and the cells gently scraped. Viable
cells were counted in a haemocytometer using Trypan Blue
exclusion. The proportion of viable cells was confirmed by flow
cytometry by propidium iodide staining using a FACS Caliber
flow cytometer.

ERK activity

Following treatment, BMM were washed in PBS, lysed and
Western-blotted with phospho-ERK-1 and -ERK-2 antibodies
as described previously [19,44].

Pl 3-kinase activity

Following treatment, cells were washed in PBS and then
solubilized in lysis buffer containing 1 9%, Triton X-100 and then
1.0 mg of extract was immunoprecipitated with anti-phospho-
tyrosine antibody (4G10), as reported previously [18]. The
immunoprecipitates were washed and assayed for PI-3 kinase
activity in vitro as described in [17].

LDL preparation

As described in [14,45], human LDL was isolated from healthy
fasting volunteers in the presence of 3mM EDTA by dis-
continuous density-gradient ultracentrifugation in the density
range p = 1.02-1.05. The isolated LDL was sterilized by mem-
brane filtration (0.45 ym), and stored in the dark at 4 °C under
N,. LDL preparations were used within 1 week of isolation. All
materials and solutions were pre-treated to remove endotoxin.

ox.LDL preparation

For the preparation of ox.LDL, LDL was desalted into PBS by
two passages over Sephadex G-25 (PD-10; Pharmacia) in series
to remove KBr and EDTA [14,45]. Copper oxidation was
achieved by incubating LDL (1 mg of protein/ml) in PBS with a
sterile solution of CuCl, (final concentration 20 xM) at 37 °C for
24 h [14,45]. Oxidation was arrested by addition of serum or by
dialysis against PBS to remove excess CuCl,, and the material
was used within 7-14 days of preparation.
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The degree of oxidation was assessed using non-denaturing
agarose-gel electrophoresis on 19, Universal Agarose gels (Ciba-
Corning) in Tris/barbitone buffer (pH 8.6) at 90 V for 45 min.
The LDL band was visualized with Fast Red 7B stain. A relative
electrophoretic mobility of 2-3, using native LDL as a reference,
was considered satisfactory. LDL prepared by this method
contained 225+ 40 nmol of 7-oxocholesterol/mg of LDL pro-
tein. No peroxides were detectable at this stage of oxidation,
being converted to more advanced oxidation products [45,46].

Reagents

The following reagents were obtained commercially: *H-TdR
(80 Ci/mmol; Amersham Corp., Sydney, NSW, Australia); FBS
(CSL, Parkville, Australia); PD98059 and anti-phospho-ERK
antibodies (New England Biolabs, Beverly, MA, U.S.A.); wort-
mannin (Sapphire BioScientific, Alexandria, Australia); rapa-
mycin (Sigma); anti-phosphotyrosine antibody (4G10; Upstate
Biotechnology, Lake Placid, NY, U.S.A.).

The following reagents were obtained as gifts: recombinant
human CSF-1 (M-CSF), which is biologically cross-reactive on
murine cells (Chiron Corporation, Emeryville, CA, U.S.A.);
recombinant murine GM-CSF (specific activity, 2 units/mg;
Novartis, Vienna, Austria) ; purified monoclonal antibody (22E9)
to GM-CSF and purified isotype (IgG2a) control, monoclonal
antibody to f-galactosidase (J. Abrams, DNAX, Palo Alto, CA,
U.S.A.); hybridoma (AFS-98), a source of a blocking antibody
to murine CSF-1 receptor [47] (S.-1. Nishikawa, Kyoto, Japan);
LY294002 (Eli Lilly, Indianapolis, IN, U.S.A.).

All other reagents were of analytical grade. All practical
precautions for minimizing endotoxin contamination were taken.
Solutions were made in pyrogen-free water (Delta West, Bentley,
Australia) and endotoxin levels were routinely monitored by
limulus lysate tests, with the minimum detectable level being
0.01 ng/ml [34].

RESULTS

ox.LDL-induced macrophage DNA synthesis is independent of
endogenous CSF-1

BMM require CSF-1 for their survival and, at higher CSF-1
doses, undergo DNA synthesis within 10—12 h [34,38]. They are
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Figure 1 ox.LDL promotes survival and DNA synthesis in op/op BMM

therefore a suitable macrophage population to examine the effect
of ox.LDL on both of these parameters. We showed previously
that ox.LDL, but not native LDL, can promote BMM survival
and also DNA synthesis, the latter response was generally
weaker than the one with high CSF-1 concentrations [14]. We
attempted to monitor viable cell numbers by MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2 H-tetrazolium bromide]
formazan levels, as has been done in other studies monitoring
macrophage proliferation to ox.LDL [10-12,48]. However, we
found that MTT formazan levels could not be used to monitor
changes in BMM viable cell numbers due to ox.LDL, since
addition of ox.LDL to BMM caused a dramatic enhancement of
the MTT formazan levels even after a 24 h incubation (> 3-fold),
which was obviously not reflected in an increase in cell number
over this short time period [38] (results not shown). Similar
findings were made with murine RPM. CSF-1 did not cause this
dramatic increase in MTT formazan levels in either macrophage
population over this period, highlighting a difference in the
response of macrophages to the two stimuli.

Since we had observed previously [14] that the degree of DNA
synthesis induced by ox.LDL is usually smaller than that seen
with optimal CSF-1 and, since a synergistic effect with sub-
optimal CSF-1 concentrations was noted, it was considered of
interest to compare the respective signal-transduction cascades
activated by the two stimuli. Prior to initiation of such studies it
was deemed important to assess the possible involvement of
endogenous CSF-1, particularly since minimally modified
ox.LDL can induce CSF-1 in aortic endothelial and L cells, as
well as in aortic smooth-muscle cells [24,29]. We have shown
before, using BMM from mice deficient in both CSF-1 and GM-
CSF activities, that neither of these CSFs was required for
ox.LDL-induced DNA synthesis [14]. However, in that type of
experiment the contribution of each CSF could not be assessed
and a comparison with wild-type mice was not made. Using
BMM from op/op (CSF-1-deficient) [41] and littermate-control
mice expressing an active CSF-1, we demonstrate in the two cell
populations that ox.LDL can equally prevent the loss in viable
cell number upon CSF-1 withdrawal from the cultures (Figure
la) and also induce DNA synthesis to a similar extent
(Figure 1b). We showed before that ox.LDL prevented the loss
in CBA-strain BMM cell death which occurs by apoptosis once
the CSF-1 used to grow the cells is removed [14]. As an additional
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Equal numbers of BMM from op/op and littermate-control mice were plated in CSF-1 overnight (see the Experimental section); at this time the cells were washed twice with PBS and were either
untreated or treated with ox.LDL (50 g of protein/ml). (a) Viable cell numbers were measured at this time (= 0; dotted line) and 72 h later. (b) DNA synthesis was measured by SH-TdR
incorporation between 24 and 72 h. Open bars, op/op; solid bars, op/op control littermates. Data are means + S.E.M. from triplicate cultures from a representative experiment that was repeated

twice more.
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Table 1 Lack of effect of anti-CSF-1 receptor antibody on ox.LDL-induced
BMM and RPM DNA synthesis

For the ox.LDL treatment, BMM from CBA mice were deprived of CSF-1 for 24 h (see the
Experimental section) and CBA-strain RPM were prepared by plating 4 x 10° peritoneal cells
from unstimulated peritoneal cavities and allowing them to adhere for 18 h at 37 °C (see the
Experimental section). Both macrophage populations were left untreated or treated with ox.LDL
(50 g of protein/ml), in the absence or presence of a purified monoclonal antibody to the CSF-
1 receptor (see the Experimental section). After 24 h, the cultures were washed twice with PBS
and treated with medium (RPMI 1640/10% FBS), in the absence or presence of the antibody.
DNA synthesis was monitored by pulsing at this time with ®H-TdR for 48 h (BMM) or for 5
days (RPM). Data are means + S.E.M. from triplicate cultures from representative experiments,
which were repeated three (BMM) or four (RPM) times. In order to show the activity of the anti-
CSF-1-receptor antibody, the CSF-1-deprived BMM and the RPM were also treated instead
with CSF-1 (5000 units/ml), in the absence or presence of the antibody. DNA synthesis was
monitored by pulsing at this time with ®H-TdR for 24 h (BMM) or for 5 days (RPM). Data are
means + S.E.M. from triplicate cultures from representative experiments repeated three (BMM)
or four (RPM) times.

$H-TdR incorporation (c.p.m. x 1074

Treatment BMM RPM

No addition 0.940.08 0.2440.01
ox.LDL 25.04+0.6 12401
ox.LDL 4 anti-CSF-1 receptor 258+0.3" 1.0+01"
CSF-1 554+1.6 6.74+0.2

CSF-1 4 anti-CSF-1 receptor 33401 0.2140.02

* Not significant compared with ox.LDL-treated group (P > 0.05).

approach, antibody to the CSF-1 receptor did not suppress the
induction by ox.LDL of CBA-strain BMM or RPM DNA
synthesis even though it blocked the corresponding effect
of CSF-1 (Table 1). The above results indicate that endogenous
CSF-1is neither essential nor appearing to be making a significant
contribution to the promotion of macrophage survival and DNA
synthesis by ox.LDL. For both BMM, native LDL was once
again inactive [14].

RPM are most often used to study ox.LDL-induced macro-
phage proliferation [9-12,31-33]. Some idea of the extent of the
relative proliferative responses of BMM and RPM to CSF-1
(and to ox.LDL) can be obtained from Table 1. The *H-TdR
incorporation in the CSF-1-treated BMM is far higher than the
value for similar numbers of CSF-1-treated RPM in spite of
the *H-TdR pulse being over 5 days for the latter population
and over only 1 day for the former.

ox.LDL stimulates BMM ERK activity

Increased ERK activity is often correlated with enhanced cell
survival and proliferation [20]; we have reported before that
CSF-1 elevates ERK-1 and ERK-2 activities in BMM [19,35,44].
We see in Figure 2 that ox.LDL stimulates ERK-1 and ERK-2
activities both in op/op BMM and in BMM from littermate
controls; a comparison with the effect of an optimal con-
centration of CSF-1 is presented and it can be observed that the
degree of ox.LDL-induced stimulation was less at the time points
examined. This result illustrates the potential usefulness of
macrophages from op/op mice to study ox.LDL-induced sig-
nalling events without the complication of a contribution from
any endogenous CSF-1 synthesized by the cells.

We have published that suppression of BMM apoptosis by
high concentrations of CSF-1, i.e. enhanced survival, was not
reversed by PD98059, the specific inhibitor of MEK (mitogen-
activated protein kinase/ERK kinase) activation, suggesting
that a MEK/ERK pathway is not involved or that the inhibitor
cannot effectively suppress sufficient MEK activity under
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Figure 2 ox.LDL stimulates ERK activities in op/op BMM

BMM from both op/op and littermate-control mice were grown to confluence in 10 cm-diameter
tissue-culture dishes and growth-arrested for 18 h (see the Experimental section). They were
then treated with ox.LDL (50 zg of protein/ml) or CSF-1 (5000 units/ml) for the indicated times
(5,10 and 30 min). ERK-1 and ERK-2 activities were monitored in equal amounts of cell lysates
by Western blotting using phospho-ERK antibody (pERK; see the Experimental section). Data
are from a representative experiment that was repeated twice more.

Table 2 Effect of PD98059 on ox.LDL-induced BMM survival and DNA
synthesis

Growth-arrested CBA-strain BMM (i.e. CSF-1 removed for 24 h) were treated with ox.LDL
(50 g of protein/ml) or with CSF-1 (5000 units/ml), in the absence or presence of PDI8059
(50 £M). Viable cell number and DNA synthesis (*H-TdR incorporation) were measured over
a 24 h period. Values are means+ S.E.M. from triplicate cultures from a representative
experiment, which was repeated a total of six times.

Treatment Cell number (x 107 ®H-TdR incorporation (c.p.m. x 1074
t=0 88406 -

No addition 16402 25403

ox.LDL 83+05 13.5+09

ox.LDL + PD98059 6.440.5" 55403

CSF-1 94402 61.9+28

CSF-1 4 PD98059 86404 41.0+20

* P < 0.001, compared with the ox.LDL-treated group (Student’s ¢ test).

high CSF-1 conditions [35]. We now demonstrate that PD98059
(50 #M) had a partial effect on ox.LDL-induced BMM survival
over a 24 h period (Table 2); the lack of a significant effect on the
survival response due to optimal CSF-1 is also included. We
found previously that CSF-1-stimulated BMM DNA synthesis
was partially inhibited by PD98059, suggesting a role, albeit
partial, for a MEK /ERK-dependent pathway(s) in the control of
the DNA synthesis [35]. A comparison is also made in Table 2
between the effects of PD98059 on ox.LDL-stimulated DNA
synthesis and on DNA synthesis stimulated by an optimal CSF-1
concentration, respectively. A partial inhibition was found for
both stimuli, suggesting some MEK/ERK involvement. For the
experiment in Table 2, the inhibitor was added while ox.LDL
was present; a similar result occurred if cells were preloaded with
ox.LDL prior to inhibitor addition (results not shown).
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Table 3 Effect of Pl 3-kinase and p70 S6-kinase inhibitors on ox.LDL-
induced BMM survival and DNA synthesis

Growth-arrested CBA-strain BMM (i.e. CSF-1 removed for 24 h) were treated with ox.LDL
(50 pg of protein/ml) or with CSF-1 (5000 units/ml), in the absence or presence of wortmannin
(100 nM) or rapamycin (30 nM). Wortmannin was also added again at 12 h because of its
reported lability. Viable cell number and DNA synthesis (*H-TdR incorporation) were measured
over a 24 h period. Values are means + S.E.M. from triplicate cultures from a representative
experiment which was repeated a total of nine times.

Treatment Cell number (x 107 °H-TdR incorporation (c.p.m. x 107%)
=0 97406 -

No addition 34405 0.584-0.04

Ox.LDL 94408 82401

0x.LDL 4 wortmannin 59+0.5" 22401

0x.LDL 4 rapamycin 404021 0.88+0.09

CSF-1 9.8+0.6 487407

CSF-1 4+ wortmannin 72407 371

CSF-1 4 rapamycin 72+03 39.6+0.1

* P < 0.005 and 1P < 0.001, compared with the ox.LDL-treated group (Student's ¢ test).

ox.LDL stimulates Pl 3-kinase activity

We showed before that CSF-1 stimulated PI 3-kinase activity in
BMM in a dose-dependent manner [17,18]. At the time points
examined (10 and 30 min), we report that ox.LDL (50 ug of
protein/ml) can also enhance its activity in BMM (see the
Experimental section), although again to lower levels than those
resulting from the action of optimal CSF-1 (5000 units/ml;
results not shown). Inhibition by wortmannin or L'Y294002 has
been used widely to delineate cellular roles for PI 3-kinase (see
[21] for examples); of particular interest to our studies here is
that both drugs have recently been documented as blocking CSF-
1-mediated human monocyte survival [21]. We see in Table 3 that
wortmannin had a partial effect on ox.LDL-induced BMM
survival over a 24 h period; LY294002 (10 xuM) gave a similar
result (not shown). Wortmannin inhibited slightly the survival
promoted by CSF-1 (5000 units/ml; Table 3). We found before
that both drugs gave only a small inhibitory effect on the BMM
DNA synthesis response to an optimal CSF-1 concentration [49].
However, we see in Table 3 that wortmannin gave a higher
inhibition of ox.LDL-induced DNA synthesis; once again its
relatively weak effects for optimal CSF-1-mediated stimulation
of DNA synthesis [49] can be seen as a comparison. Similar
results were obtained if the cells were pulsed with *H-TdR over
a 20-22 h period after ox.LDL (results not shown). LY294002
(10 uM) was also as active as wortmannin on the ox.LDL-
induced DNA synthesis response.

Inhibition of a cellular function by rapamycin has been viewed
extensively as evidence for a role for p70 S6-kinase activity in
that function (see [49] for examples). We found before that CSF-
1 stimulated p70 S6-kinase activity in BMM and that rapamycin
inhibited only slightly the stimulation of BMM DNA synthesis
by an optimal CSF-1 concentration [49]. It can be seen in Table
3, however, that rapamycin, and similarly wortmannin, had
stronger inhibitory effects on ox.LDL-mediated BMM survival
and DNA synthesis. The weak effect on cell-number maintenance
and on the DNA synthesis response in the presence of a high
CSF-1 concentration [49] is included for comparison.

One interpretation of the results provided in Table 3 is that a
pathway(s) involving PI 3-kinase and p70 S6-kinase is more
critical for the induction of BMM cell-cycle progression by
ox.LDL than for CSF-1. However, since the degree of CBA-
strain BMM DNA synthesis in response to ox.LDL is usually
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Figure 3 Effect of wortmannin and rapamycin on BMM DNA synthesis at
different CSF-1 concentrations

(@) Quiescent (growth-arrested) CBA-strain BMM (see the Experimental section) were treated
with increasing concentrations of CSF-1 either in the absence (O) or presence of wortmannin
(100 nM; [7) or rapamycin (30 nM; ). DNA synthesis was measured after a 24 h 3H-TdR
pulse. Values are means + S.E.M. from triplicate cultures from a representative experiment that
was repeated a total of six times. (b) Data in (a) were replotted as the percentage inhibition
of DNA synthesis by rapamycin (solid bars) or wortmannin (open bars).

less than that occurring in the presence of an optimal CSF-1
concentration ([14]; Tables 1-3), it was reasoned that the potency
of wortmannin and rapamycin may be related instead to the
strength of the stimulus present in the cultures. We therefore
tested the effectiveness of these inhibitors in the presence of
different concentrations of CSF-1. For convenience, the data in
Figure 3(a) are replotted as the percentage inhibition of DNA
synthesis for each drug in Figure 3(b). It can be observed in
Figure 3 that wortmannin and rapamycin are indeed more
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Table 4 Effect of kinase inhibitors on ox.LDL-induced GM-CSF~~ BMM
DNA synthesis

Growth-arrested GM-CSF~/~ and GM-CSF*/* BMM (i.e. CSF-1 removed for 24 h) were treated
with ox.LDL (50 pg of protein/ml) or with CSF-1 (5000 units/ml), in the absence or presence
of wortmannin (100 nM) or PD98059 (50 x«M). DNA synthesis was measured over a 24 h
period. Values are means + S.E.M. from triplicate cultures from a representative experiment,
which was repeated a total of four times.

®H-TdR incorporation (c.p.m. x 1074

Treatment GM-CSF~~ BMM GM-CSF** BMM
No addition 0.18+0.06 0.240.02
ox.LDL 20.14+0.8 132+0.6
0x.LDL 4 wortmannin 78+0.6 55407
ox.LDL+ PD98059 10.7+0.6 84409

effective in suppressing the CBA-strain BMM DNA synthesis
resulting from low CSF-1 concentrations (for example, 625 units/
ml) than from high concentrations (for example, 5000 units/ml).
In the same experiment, both the DNA synthesis levels and the
degree of inhibition of each drug were similar for ox.LDL-
treated BMM cultures and for those treated with 315 units/ml
CSF-1 (results not shown). Even though wortmannin is relatively
labile its effectiveness on high CSF-1 concentrations was not
improved if added at time 1 =0, 4 or 8 h and at either 30 or
100 nM over the 24 h experimental period (results not shown).
When wortmannin (100 nM) or rapamycin (30 nM) was added
to BMM cultures containing both ox.LDL and a low CSF-1
concentration (160—625 units/ml), leading to a synergistic and
dramatic DNA synthesis response [14], then the degree of
inhibition of DNA synthesis was again determined by the extent
of the DNA synthesis found in the absence of the inhibitors. In
other words, the degree of inhibition became more comparable
(i.e. weak) with that found at high CSF-1 concentrations (results
not shown).

ox.LDL-induced macrophage DNA synthesis is independent of GM-
CSF

It is also possible that endogenous GM-CSF could be mediating
the above effects of ox.LDL on BMM survival and DNA
synthesis; it has in fact been reported that endogenous GM-CSF
is required for ox.LDL-induced macrophage DNA synthesis
[11,31,33], with a recent claim that a GM-CSF-independent
pathway accounts for < 209, of ox.LDL-induced macrophage
proliferation [32]. However, using equal numbers of macrophages
from GM-CSF gene-deficient (GM-CSF~/") mice (see the Ex-
perimental section), we showed that, when the response of GM-
CSF~~ BMM to ox.LDL (50 ug of protein/ml) was studied, the
increase in DNA synthesis (over 48 h) was no different from that
found for GM-CSF** BMM (n = 9; results not shown). For
RPM from GM-CSF~/~ mice, DNA synthesis (over 5 days) still
occurred, although to a slightly reduced extent compared with
that found with RPM from wild-type mice (n = 7). The responses
of both macrophage populations to optimal CSF-1 (5000 units/
ml) were also similar for the two mouse strains. Not surprisingly,
given this result for BMM, the ox.LDL-mediated promotion of
BMM survival was also similar for GM-CSF~/~ and GM-
CSF** BMM (see also below). In addition, blocking monoclonal
antibody to GM-CSF (75 ug/ml; see the Experimental section)
did not suppress ox.LDL-induced DNA synthesis for BMM or
RPM (results not shown) in spite of being able to suppress the
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effect of recombinant murine GM-CSF added at an optimal
concentration (5 units/ml; see the Experimental section).

The above studies indicate with these approaches that endo-
genous GM-CSF is not essential for the stimulation of
macrophage survival and DNA synthesis by ox.LDL (or by
CSF-1), nor does it appear to be making a significant con-
tribution.

Endogenous GM-CSF and wortmannin action

It was recently published that wortmannin suppresses ox.LDL-
induced murine macrophage proliferation through inhibition of
the action of endogenous GM-CSF and it was therefore con-
cluded that PI 3-kinase is involved downstream in the signalling
pathway after GM-CSF induction [32]. However, we have
demonstrated here (see above) that in our hands GM-CSF was
not necessary for the induction of macrophage survival and
DNA synthesis by ox.LDL. We see in Table 4 that wortmannin
(100 nM) inhibited the ox.LDL-induced BMM DNA synthesis
over a 24 h period to a comparable degree in GM-CSF~/~ and
GM-CSF** BMM, i.e. to levels similar to what we saw for CBA-
strain BMM (Table 3). Again, as with CBA-strain BMM (Table
3), we found that wortmannin (100 nM) partially inhibited
ox.LDL-promoted BMM survival 24 h after CSF-1 removal to
a similar extent in GM-CSF** and GM-CSF~/~ BMM, i.e. to a
similar degree as we demonstrated for CBA BMM (results not
shown). For the survival and DNA synthesis responses of both
BMM populations, we could find no differences for the effects of
LY294002 (10 xM), rapamycin (30 nM) or PD98059 (50 uM).
The data for the effect of PD98059 on ox.LDL-induced GM-
CSF~~ and GM-CSF** BMM DNA synthesis are provided in
Table 4.

DISCUSSION

Increased survival and even proliferation of macrophage-derived
foam cells [9-14] could provide a significant contribution to their
increased numbers occurring in atheromatous plaques [3-8].
Foam cell development, like BMM development in vitro and that
for certain other macrophage populations in vivo [41], has been
demonstrated to be CSF-1-dependent [50]. We have suggested
before [14] that the increased survival and even proliferation of
ox.LDL-‘loaded” BMM provides evidence for the above concept
regarding enhanced foam cell numbers. Since both ox.LDL and
CSF-1 both promote BMM survival and proliferation, with
synergy being evident at low CSF-1 concentrations for the DNA
synthesis response [14], it is possible that the two stimuli share
some common signal-transduction pathway(s).

If the relevant pathways for ox.LDL action are to be elucidated
then the roles of endogenous CSF-1 and GM-CSF need to be
assessed. As has been reported [11,31-33], it is possible that
activation of a particular pathway by ox.LDL may be involved
in controlling CSF formation and/or action and may not
represent a direct effect of ox.LDL on pathways leading to
macrophage growth. Since we have shown previously that
ox.LDL and CSF-1 act synergistically in promoting proliferation
of BMM [14] and RPM (results not shown), since CSF-1 levels
rise in other cell types in response to ox.LDL [24,29], and since
macrophages can produce CSF-1 [30], it is not unreasonable to
conclude that endogenous CSF-1 may be required for this
particular response to ox.LDL. However, the DNA synthesis
response to ox.LDL of op/op BMM was similar to that for
littermate-control BMM, and blocking antibody to the CSF-1
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receptor failed to suppress the DNA synthesis response of CBA-
strain BMM and RPM to ox.LDL. All of these findings suggest
that endogenous CSF-1 is not necessary for, nor is it making a
significant contribution to, ox.LDL-induced macrophage DNA
synthesis (and obviously survival). Likewise, we had found
before that ox.LDL and GM-CSF synergistically stimulate BMM
DNA synthesis [14] and several papers have implicated endo-
genous GM-CSF as being required and/or as playing a major
role in the proliferative response of RPM to ox.LDL [11,31-33].
However, using both GM-CSF gene-deficient mice and blocking
antibody to GM-CSF we could find no evidence for a requirement
for endogenous GM-CSF in the induction of macrophage DNA
synthesis by ox.LDL. Consistent with this lack of an essential
requirement for or contribution from either CSF, the steady-
state concentration of each CSF in the BMM cultures is
presumably less than the lowest concentrations of added CSF
providing synergy with ox.LDL for the DNA synthesis response,
namely 160 units/ml and 0.1 unit/ml for CSF-1 and GM-CSF,
respectively [14]. Supernatants collected 48 h after BMM treat-
ment with 50 ug/ml ox.LDL failed to stimulate BMM DNA
synthesis when transferred to untreated BMM (results not
shown).

Even though we found that endogenous CSF-1 is not required
for the induction of BMM DNA synthesis by ox.LDL, it is still
possible that endogenous CSF-1 could be contributing to the
activation of a mutual signal-transduction pathway(s). We there-
fore used op/op BMM to demonstrate that ox.LDL can elevate
ERK-1 and ERK-2 activities independently of any endogenous
CSF-1. We have also found that, using BMM from op/op GM-
CSF~/~ mice (i.e. deficient in both CSFs) [14], that GM-CSF was
also not required for induction of ERK activity by ox.LDL
(results not shown). It was also observed that the stimulation of
ERK activity in CBA-strain BMM by ox.LDL was less than that
by optimal CSF-1 at the time points examined (Figure 2).
PD98059 had a partial effect on ox.LDL-induced BMM survival
and DNA synthesis (Table 2), suggesting a partial dependence on
a MEK/ERK-dependent pathway(s). At optimal CSF-1 concen-
trations the inhibitor had no effect on CSF-1-induced survival
but a partial effect on the corresponding DNA synthesis response;
the inhibitory effect on the latter response was more extensive
if the CSF-1 concentration was lowered (results not shown).
Whether PD98059 had any effect on CSF-1-induced survival at
low CSF-1 concentrations was not examined. The conclusions
for the relevance of a MEK/ERK-dependent pathway(s) for
CSF-1-mediated BMM survival and proliferation at high CSF-
1 concentrations agree with our previous report [35].

As for ERK activity, ox.LDL stimulated a weaker PI 3-kinase
response than optimal CSF-1, which was similar to what we
found before with low CSF-1 concentrations [17]. Both wort-
mannin and LY294002 inhibited partially the BMM survival due
to ox.LDL (and CSF-1; Table 3, and results not shown). In a
prior publication we had found that wortmannin and LY?294002,
in contrast with many other growth-factor/cell systems, both
gave weak inhibition of CSF-1-stimulated BMM DNA synthesis
under high (i.e. optimal) CSF-1 concentrations [49]. In contrast,
it was found here that these PI 3-kinase inhibitors blocked
significantly the stimulation of BMM DNA synthesis by ox.LDL,
suggesting that PI 3-kinase may be involved in the DNA synthesis
response (Table 3); reduced cell viability would appear to be
contributing to this suppression. Our data with GM-CSF~/~
BMM do not support the recent conclusion as a general one that
wortmannin suppresses ox.LDL-induced murine macrophage
proliferation through the action of endogenous GM-CSF and
that PI 3-kinase is involved downstream in the signalling pathway
after GM-CSF induction [32].

We also found that wortmannin and LY294002 were more
effective when the CSF-1 concentrations were lowered, indicating
that the inhibitors work best at suppressing BMM DNA synthesis
when the cellular stimulus was sub-optimal, namely at low CSF-
1 concentration or in the presence of ox.LDL. It was noted that
in the presence of wortmannin (and also LY294002 and rapa-
mycin) the BMM spread less and appeared to be less adherent,
particularly in the presence of low CSF-1 concentrations or
ox.LDL. The relevance of these changes to the effects on the
proliferative response (and cell survival) is uncertain. Such a
dependence of the degree of inhibition of BMM DNA synthesis
on the CSF-1 concentration has been published before with
prostaglandin E, as the inhibitor [16].

The effects of rapamycin on ox.LDL and CSF-1-induced
BMM survival and proliferation are similar to what we found in
this study (Table 3) or before [48] with wortmannin, suggesting
a connection. Indeed, we reported previously that wortmannin
suppressed the CSF-1-stimulated increase in p70 S6-kinase
activity [49], indicating that PI 3-kinase activity may lie upstream
as in a number of other cellular systems (see [49] for examples).
It is likely that the same situation will apply to ox.LDL-treated
BMM. It is possible that another pathway(s) becomes more
significant as the stimulus increases through elevation of CSF-1
concentrations or when the BMM are treated with ox.LDL and
sub-optimal CSF-1; alternatively, this PI 3-kinase/p70 S6-kinase
pathway may be activated too strongly for the wortmannin and
rapamycin to be as effective.

Both the MTT and XTT [2,3 bis-(2-methoxy-4-nitro-5-
sulphophenyl)-2 H-tetrazolium-5-carboxanilide] formazan meth-
ods have been used to monitor the proliferative response of
RPM to ox.LDL [10-12,48]. We found a similar rapid induction
of MTT formazan in ox.LDL-treated macrophages, presumably
reflecting enhanced mitochondrial activity; however, we found
no correlation with cell number since this did not increase over
the short time period examined, namely 24 h, for BMM and
RPM. This dramatic increase in MTT formazan levels was not
observed following CSF-1 treatment of BMM and RPM, indi-
cating a difference in the response to the two stimuli. The
inhibitory effect of wortmannin (100 nM) on XTT formazan
levels over a 4 day period has recently been employed to indicate
a role for PI 3-kinase in the induction of RPM growth by
ox.LDL [12]. We could not demonstrate such a suppression in
the ox.LDL-enhanced MTT formazan levels in RPM over a 24 h
period (results not shown); also, in the same experiment (Table
3) wortmannin did not reduce significantly the ox.LDL-enhanced
MTT formazan levels in BMM over the 24 h period examined.
Our data suggest that this assay cannot be used to monitor
macrophage cell number changes in response to ox.LDL.

In conclusion, BMM responses to ox.LDL, for example
enhanced survival, DNA synthesis and PI 3-kinase activity, are
similar to what is found in response to low CSF-1 concentrations;
also the effectiveness of certain signal-transduction inhibitors on
the BMM survival and/or DNA synthesis response to both
ox.LDL and low CSF-1 concentrations would appear to be
similar, with evidence of reduced effectiveness as the strength of
the cellular stimulus is raised, for example, by high CSF-1
concentrations.
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