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Abstract

We previously showed that survival signaling in TNFa-treated, human THP1-derived
macrophages (TDMs) has an obligatory requirement for constitutive Ca2* influx through a
mechanism involving calmodulin/calmodulin kinase 1l (CAM/CAMKII). We also demonstrated
that such requirement also applies to the protective actions of TNFa in murine bone marrow-
derived macrophages (BMDMs) and that TRPC3 channels mediate constitutive Ca2* influx. Using
a pharmacological approach we here examined if in BMDMs, similarly to TDMs, TNFa-induced
survival signaling also involves CAM/CAMKII. In BMDMs, TNFa induced rapid activation of
the survival pathways NFkB, AKT and p38MAPK. All these routes were activated in a PI3K-
dependent fashion. Activation of AKT and NFkB, but not that of p38MAPK, was abrogated by the
CAM inhibitor W7, while KN-62, a CAMKII inhibitor, prevented activation of AKT and
p38MAPK but not that of NFKB. Inhibition of CAM or CAMKII completely prevented the
protective actions of TNFa. Our observations indicate that in BMDMs CAM and CAMKII have
differential contributions to the components of TNFa-dependent survival signaling and
underscore a complex interplay among canonical survival routes. These findings set a signaling
framework to understand how constitutive Ca2* influx couples to macrophage survival in
BMDMs.
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INTRODUCTION

Macrophages are critical players during inflammation resolution and as such, they are
determinant to the progression of inflammatory vascular disease such as atherosclerosis [1].
In fact, within the context of the cellular and molecular events that underlie atherosclerotic
lesion formation and progression, the balance between survival and apoptosis of lesional
macrophages and their timely clearance from the lesion site by resident phagocytes —
efferocytosis- shape the lesion cellularity and thus its progression and fate. A rapidly
growing area of research in the field is focused on characterizing mechanisms that regulate
macrophage survival, apoptosis and efferocytosis during atherogenesis with the hope of
identifying novel targets to develop alternative strategies to manage the disease [1; 2]. In
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cells other than macrophages some of the typical cell survival pathways —i.e., the
phosphatidylinositol-3-kinase (PI3K)/AKT axis and Nuclear Factor kappa B (NFxB)- are
modulated, directly or indirectly, by Ca?* influx [3; 4; 5]. While studying the actions of the
atherorelevant cytokine tumor necrosis factor alpha (TNFa) on macrophage survival and
apoptosis, we recently showed for the first time that in human, THP-1-derived macrophages
(TDMs), as in other cell types, Ca2* influx is also critical to support survival signaling [6].
In that instance we found that constitutive, non-regulated Ca2* influx couples to cell survival
through a calmodulin/calmodulin-dependent kinase 11 (CAM/CAMKII) axis [6]. In TDMs
however, TNFa-induced survival signaling is the result of a compensatory response of the
macrophages against the pro-apoptotic actions of the cytokine. In more recent work using
murine bone marrow-derived macrophages (BMDMSs), in which TNFa exerts an
unambiguous pro-survival effect [7; 8], we found, once again, that a Ca?* influx dependent
mechanism exists and that TRPC3, a member of the TRPC family of Ca%*-permeable cation
channels [9; 10], is the channel responsible for mediating constitutive Ca?* influx in these
cells [11]. However, if a CAM/CAMKII-dependent mechanism also operates in BMDMSs
remains to be determined. To examine this, in the present work we explored TNFa.-
dependent activation of survival pathways in BMDMs and the impact of selective inhibitors
of CAM and CAMKII on cell survival and apoptosis.

MATERIALS AND METHODS

Preparation of bone marrow-derived macrophages

In our recent studies on the role of TRPC3 channels in macrophage constitutive Ca2* influx
we used BMDMs derived from 129SvTrpc3~/~ mice, while BMDMs from 129SvTrpc3!ox/1ox
mice were used as control cells. Although in pilot studies we did not find any significant
differences in the phenotype of macrophages from 129SvTrpc3!2%/10X mice compared to
those from wild-type animals, for consistency, in the present work all BMDMs used for
experiments were obtained from 129SvTrpc3!2X/19% (provided by Dr. Lutz Birnbaumer,
NIEHS, NC). Generation and full characterization of these mice have been previously
described [12]. All animal procedures were approved by University of Toledo IACUC. Bone
marrow-derived macrophages were obtained essentially as described by us in [11]. Briefly,
femurs and tibias were flushed with sterile RPMI (containing 2% FBS + 5 U/ml heparin +
1% penicillin/streptomycin) and cells were plated with L929-conditioned medium for 7 days
(37°C, 5% CO, atmosphere); after that, cells were recovered with ice-cold phosphate-
buffered saline solution (PBS) and replated in 6- (immunablots) or 96-well (TUNEL) plates
for experiments. Macrophage phenotype was confirmed as we described in [6] (not shown).
Immunoblotting conditions were as we described in [6; 11]. Briefly, following cell lysis,
solubilized proteins were separated in 10% acrylamide gels, electrotransferred to PVDF
membranes and immunoblotted with the indicated primary antibody. After incubation with
appropriate HRP-conjugated secondary antibodies, immunoreactive bands were visualized
by ECL (Amersham, PA). Phosphorylation of IxBa is immediately followed by its
degradation; therefore, immunodetection of phospho-IxBa was normalized against GAPDH
(see also [6]). Primary antibodies used were: cleaved PARP (Asp214, clone 7C9), phospho-
IxBa (Ser32/36, clone 5A5), phospho-AKT (Ser473, clone 587F11), total AKT, phospho-
GSK3p (Ser9, clone D85E12), total GSK3p (clone 27C10), phospho-p38 MAPK (Thr180/
Tyrl82, clone D3F9), total p38MAPK, all from Cell Signaling (MA); anti-GAPDH (clone
0411) was from Santa Cruz (CA).

TUNEL assay

apoptosis was assayed by using the in situ cell death detection kit, TMR red (Roche, IN) as
described in [13]. Macrophages were grown on 96-well plates under the culture conditions
described above; visualization and analysis was performed by fluorescence microscopy.
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Hoechst co-staining was used to count total cells. TMR-positive cells in 5 fields were
counted and expressed as % of total cells.

Statistical analysis

Comparison of mean values was by using a two-tailed #test for two means, using Graph Pad
InStat version 3.00 for Windows 95 (Graph Pad Software, San Diego CA,
www.graphpad.com). All biochemical experiments were repeated at least 3 times. P<0.05
was considered significant.

RESULTS

We recently showed that in THP-1-derived macrophages (TDMs) CAM and CAMKII are
critical players within the compensatory survival signaling that takes place in response to the
pro-apoptotic actions of TNFa [6]. Contrarily to the actions of this cytokine in TDMs, in
bone marrow-derived macrophages (BMDMs) TNFa exerts an unambiguous pro-survival
effect [7; 8] (see also Discussion). Yet, similar to TDMs, survival signaling in BMDMs also
exhibits an obligatory requirement for constitutive Ca2* influx [11] (and see Supplementary
figure 1). To determine if in BMDMs the survival mechanism underlying the protective
actions of TNFa is similar to that mediating compensatory survival in TDMs, we first
examined the contribution of different survival pathways to the protective actions of TNFa
against apoptosis induced by macrophage-colony stimulating factor (M-CSF) withdrawal —
i.e., serum free RPMI-. BMDMs were incubated for 24 hours in complete growth medium,
serum free medium (RPMI) or RPMI containing TNFa (10ng/ml) in the presence or absence
of inihibitors that selectively target PI3K/AKT, NFxB or p38MAPK —typical macrophage
survival molecules-, or in the presence or absence of selective inhibitors of CAM and
CAMKII. Following treatments apoptosis was examined by terminal deoxynucleotidyl-
transferase-dUTP-nick end labeling (TUNEL) assay, as we described in [6]. As previously
shown by others [7; 8], TNFa treatment exerted a clear protective action against M-CSF
withdrawal-induced apoptosis, manifested by a significant reduction in the number of
TUNEL-positive cells when compared to the control (Figure 1A). Notably, when
macrophages were pre-treated with selective inhibitors for PI3-kinase (LY294002, 10 pM),
calmodulin (W7, 10 M), CAMKII (KN62, 25 uM), p38MAPK (SB203580, 10 M) or the
IxBa kinase IKK (hypoestoxide, 50 M), the protective effect of TNFa was completely
abrogated and the number of apoptotic cells increased by 2—4 fold, clearly indicating the
involvement of these pathways in both basal and cytokine-dependent survival of the
macrophages. Unlike to what we observed upon inhibition of PI3K, CAM, CAMKII or IKK,
inhibition of p38MAPK did not affect apoptosis induced by M-CSF withdrawal. All these
observations were positively correlated with increased levels of cleaved poly (ADP-ribose)
polymerase (PARP; Fig. 1B).

We next examined if treatment of BMDMSs with TNFa promoted activation of survival
signaling pathways. Canonical survival mechanisms in macrophages, as in other cell types,
involve rapid, sometimes transient activation but with a long lasting impact in anti-apoptotic
mechanisms [6; 11]. BMDMs were exposed to TNFa (10 ng/ml) for 5, 10, 15, 30 or 60 min;
following treatments, cells were lysed and cellular proteins processed for immunoblotting to
examine the phosphorylation status of typical survival molecules. NFxB is a key regulator
of survival gene expression in macrophages [14], and we have previously shown that the
phosphorylation status of 1xBa, rather than its degradation, is a more reliable indicator of
rapid activation of the NFxB route [6; 11]. Treatment of BMDMs with TNFa caused a rapid
(within 5- min) and transient phosphorylation of 1xBa (Fig. 2A). Activation of AKT,
another critical regulator of macrophage survival [13; 15] occurs in a strictly PI3K-
dependent manner and is evidenced by phosphorylation of AKT on Ser473 [15]. Figure 2B
shows that TNFa treatment resulted in a time-dependent activation of AKT (10-15 min)
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which declined to pre-stimulation levels after 60 min of treatment. No significant changes
were observed in the amount of total AKT. The PI3K inhibitor LY294002 (10 nM)
completely abrogated TNFa.-dependent phosphorylation of AKT (Fig. 2C) confirming
activation downstream of PI3K. As we recently described in TDMs [6], pre-treatment of
BMDMs with LY294002 abrogated TNFa-dependent IxBa phosphorylation (Fig. 2D)
supporting the notion that AKT and NFxB can crosstalk to promote macrophage survival
[3]. The mitogen-activated protein kinase p38MAPK also represents an important player in
macrophage survival [16]. As shown in Fig. 2E, TNFa treatment promoted a robust and
transient (5-15 min) increase in phosphorylation of p38MAPK (Thr180/Tyr182). Total
levels of p38MAPK remained unchanged. Similarly to what we observed for AKT and
IxBa., inhibition of PI3K with LY294002 resulted in marked reduction of TNFa-dependent
phosphorylation of p38MAPK (Fig. 2F).

In TDMs we have shown that constitutive Ca2* influx is an obligatory component of
survival signaling through a mechanism that involves the calmodulin (CAM)/CAM-
dependent kinasell (CAMKII) axis [6]. In more recent work we demonstrated that TRPC3-
mediated constitutive Ca2* influx is also mandatory for survival of BMDMs [11]. However,
if CAM and/or CAMKII are required in the survival mechanism that operates in BMDMSs
remained to be determined. To specifically address this issue, we examined TNFa.-
dependent activation of survival pathways in the presence of selective inhibitors of CAM
and CAMKII. As shown in Figure 3, TNFa-induced phosphorylation of IxBa and AKT, but
not that of p38BMAPK, were suppressed when macrophages were pre-treated with the CAM
inhibitor W7 (10 pM). Notably, the CAMKII antagonist KN62 (25 wM) significantly
reduced TNFa-induced phosphorylation of AKT and p38MAPK but did not affect IxBa
phosphorylation (Fig. 4). Neither W7 nor KN62 affected the basal phosphorylation status of
AKT (“Control” in Figures 3A and 4A). GSK3p is a downstream target of AKT and AKT-
mediated phosphorylation of Ser9 inhibits GSK3p pro-apoptotic actions [17]. Notably,
GSK3p exhibited constitutive phosphorylation of Ser9 over the time course examined, and
this was not significantly increased by TNFa treatment (Supplementary figure 11A). As
expected, pre-treatment with L'Y294002 completely abrogated GSK3p phosphorylation on
Ser9 (Supplementary figure 11B).

DISCUSSION

In recent work from our laboratory we showed that in TDMs constitutive Ca2* influx, acting
through CAM and CAMKI|, is mandatory for proper operation of survival signaling [6]. In
TDMs however, activation of survival mechanisms in response to TNFa mostly results from
a compensatory response of the cells against the pro-apoptotic actions of the cytokine. In
BMDMs, unlike TDMs, TNFa exerts a pro-survival, protective action [7; 18]. Yet, we
recently found that constitutive Ca2* influx is also obligatory for TNFa-dependent
activation of survival molecules in BMDMs and that TRPC3, a member of the TRPC family
of non-selective Ca%*-permeable channels, is responsible of mediating such constitutive
Ca?* entry [11]; however, it remained to be determined if a CAM/CAMKII-dependent
mechanism was also operational in BMDMs. In the present work we addressed this
important question by examining the impact of selective inhibition of CAM and CAMKII on
M-CSF withdrawal-induced apoptosis of BMDMs and on TNFa-dependent activation of
survival molecules. Our findings show that treatment of BMDMSs with TNFa results in
reduced number of apoptotic cells in response to M-CSF withdrawal, confirming the
observations by others that in BMDMSs TNFa exerts a protective action. This pro-survival
effect of the cytokine was positively correlated with activation of typical survival routes
such as NFxB, AKT and p38MAPK. Notably, although based on a pharmacological
approach, our findings suggest that in BMDMs CAM and CAMKII also contribute, although
differentially, to TNFa-dependent activation of these survival molecules. Therefore,
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similarly to our findings in TDMs [6], CAM and CAMKII presumably couple TRPC3-
mediated constitutive Ca2* entry to intracellular survival mechanisms. When CAM or
CAMKII were selectively inhibited, not only was TNFa-dependent activation of survival
signaling markedly reduced but it also augmented the apoptosis rate of BMDMS. This was
accompanied by a two-fold increase in the levels of cleaved PARP, which is a direct
substrate of caspase-3, a key player in the execution stages of macrophage apoptosis [19].
Interestingly, inhibition of CAM but not CAMKII some prevented TNFa-dependent
phosphorylation of 1xBa, suggesting that in BMDMs CAM can promote NF«xB activation
independently of CAMKII, as it has been shown in certain non-macrophage cell types [20;
21]. On the other hand, inhibition of CAMKII, but not CAM, significantly reduced TNFa-
induced phosphorylation of p38MAPK. Whereas inhibition of CAM and CAMKII both
completely prevented TNFa-dependent activation of AKT, neither W7 nor KN62 affected
the basal phosphorylation level of AKT; such constitutive AKT activity, which is not a rare
finding in macrophages from different sources and species [6; 13; 15], might explain the
constitutive phosphorylation of GSK3p which was not modified by TNFa treatment but
completely suppressed by inhibition of PI3K, an obligatory upstream regulator of AKT. The
transcription factor p-catenin can promote cell survival by directly regulating expression of
survival genes [22]. Phosphorylation of p-catenin by GSK3p targets p-catenin for
ubiquitination and proteasomal degradation [23] and thus, signals that abrogate GSK3-
mediated p-catenin phosphorylation —such as AKT mediated phosphorylation of GSK3p on
Ser9, which inactivates GSK3p- result in B-catenin dependent cell survival. Our findings
therefore suggest that constitutive, AKT-mediated phosphorylation of GSK3p on Ser-9 in
BMDMs can promote B-catenin accumulation and probably help in keeping a tonic survival
status of the macrophage (see model in Supplementary figure 111). Importantly, results
derived from TUNEL assays confirm a critical role of PI3K/AKT and NFxB pathways in
survival of BMDMs. Interestingly our data indicate that a pro-survival action of p38 MAPK
may require concomitant activation of other survival routes. This is suggested by the
observation that treating BMDMs with SB203580, a selective inhibitor of the p38a. and
p38p isoforms of MAPK [24], was not able to rescue macrophages from apoptosis induced
by M-CSF withdrawal but it did prevent the protective actions of TNFa. Also, there was a
significant reduction in p38MAPK phosphorylation when BMDMSs were treated with the
PI3K inhibitor LY294002, indicating partial dependence upon the PI3BK/AKT axis. Previous
studies aimed at understanding the mechanism underlying oxidized-LDL induced survival of
BMDMs unraveled a pro-apoptotic role of p388MAPK through phosphorylation and
inhibition of eukaryotic elongation factor-2 (eEF2) kinase, a pro-survival molecule [25].
However, the p38a and p38p isoforms of p38MAPK had no effect on eEF2 kinase activity
[25]. Our findings showing that selective inhibition of p38a and p38p isoforms of MAPK
with SB203580 impairs the ability of TNFa to protect BMDMs from M-CSF withdrawal-
induced apoptosis, suggest that different isoforms of p38MAPK —i.e., p38a/p38p vs. p386-
may play quite opposite roles in the context of macrophage survival. Because TNFa.-
induced phosphorylation of p38MAPK was drastically reduced by inhibition of PI13K or
CAMKII, it is possible that in BMDMs either both kinases contribute to p38MAPK
activation, or CAMKII acts upstream of AKT which then promotes p38MAPK activity. Of
note, our results are in agreement with those from Tabas’s group showing a critical role of
p38aMAPK in suppressing macrophage apoptosis [26]. Because the antibody used in our
experiments only detects phosphorylation of GSK3p on Ser9 —target site for AKT- it
remains to be determined if in BMDMSs p38MAPK survival actions are in part mediated by
p38MAPK-mediated phosphorylation and inhibition of GSK3p, a recently described novel
mechanism of p38MAPK-mediated, p-catenin-dependent cell survival [27].

Identifying and characterizing components of signaling mechanisms that mediate
macrophage survival is of most importance to identify novel targets for pharmacological
manipulation of inflammation resolution. The present findings represent a contribution to
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that goal, and provide evidence for the first time of CAM and CAMKII involvement in
TNFa-induced survival of BMDMs, drawing a potential mechanism by which constitutive
Ca%* influx can couple to survival mechanisms in these cells. We have recently identified
TRPC3 as the channel responsible for most of the constitutive Ca2* influx that supports
survival signaling in BMDMs [11]. Additional pharmacological and molecular studies are
now required to determine the molecular determinants that link channel constitutive activity
to CAM/CAMKII function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) Bone marrow-derived macrophages were incubated for 24 hours in complete growth
medium (CM), serum-free RPMI medium (RPMI) or RPMI containing TNFa (TNF, 10 ng/
ml) in the presence or absence of selective inhibitors of PI3K (LY294002 or LY, 10 pM),
CAM (W7, 10 pM), CAMKII (KN62, 25 uM), p38MAPK (SB203580 or SB, 10 M) or
IkBa (hypoestoxide, “Hypo”, 50 wM). Alternatively, cells were incubated (24 h) in RPMI
containing those inhibitors but in the absence of TNFa. Following treatments macrophages
were processed for evaluation of apoptosis by TUNEL assay (see details in Materials and
Methods). *P<0.05, **P<0.0001, respect to RPMI; ***P<0.0003 respect to RPMI+TNF.
“ns”: not statistically significant difference. Averages are from four independent
experiments.

B) Bone marrow-derived macrophages were incubated for 24 hours in serum-free RPMI
medium (RPMI) or RPMI containing inhibitors of survival pathways at the concentrations
indicated in panel “A”. Following treatments cells were processed for immunodetection of
cleaved PARP (89 kDa) in whole cell lysates. Membranes were reprobed for GAPDH to
control for protein loading. Shown is a blot representative of three independent experiments
and its corresponding densitometric analysis.
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Bone marrow-derived macrophages were treated for the indicated times with TNFa (TNF,
10 ng/ml) in the absence (A, B, E) or presence (C, D, F) of LY294002 (LY, 10 .M) and
then processed for immunodetection of phospho-l1xBa (Ser32/36, 40 kDa, A, D), phospho-
AKT (Ser473; 60 kDa, B, C), or phospho-p38MAPK (pP38, Thr180/Tyrl182; 43 kDa, E, F)
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in whole cell lysates. Membranes were reprobed for GAPDH, total AK or total p38MAPK

(P38) to control for protein loading. Blots are representative from three independent
experiments.
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Figure 3.

Bone marrow-derived macrophages were pre-incubated for 15 min with the calmodulin
inhibitor W7 (25 nM), treated with TNFa (TNF, 10 ng/ml) for the indicated times and then
processed for immunodetection of phospho-AKT (Ser473; 60 kDa, A), phospho-IxBa
(Ser32/36, 40 kDa, B) or phospho-p38MAPK (pP38, Thr180/Tyr182Ser473; 43 kDa, C) in
whole cell lysates. Membranes were reprobed for total AKT, GAPDH or total p38MAPK to
control for protein loading. Blots are representative from three independent experiments.
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Figure 4.
Bone marrow-derived macrophages were pre-incubated for 15 min with the calmodulin-

dependent kinase Il inhibitor KN62 (10 M), treated with TNFa (TNF, 10 ng/ml) for the
indicated times and then processed for immunodetection of phospho-AKT (Ser473; 60 kDa,
A), phospho-1xBa (Ser32/36, 40 kDa, B) or phospho-p38MAPK (pP38, Thr180/
Tyr182Ser473; 43 kDa, C) in whole cell lysates. Membranes were reprobed for total AKT,
GAPDH or total p38MAPK to control for protein loading. Blots are representative from
three independent experiments.
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