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Abstract: Macrophages are highly plastic and dynamic cells that exert much of their function
through phagocytosis. Phagocytosis depends on a coordinated, finely tuned, and compartmentalized
regulation of calcium concentrations. We examined the role of mitochondrial calcium uptake
and mitochondrial calcium uniporter (MCU) in macrophage polarization and function. In primary
cultures of human monocyte-derived macrophages, calcium uptake in mitochondria was instrumental
for alternative (M2) macrophage polarization. Mitochondrial calcium uniporter inhibition
with KB-R7943 or MCU knockdown, which prevented mitochondrial calcium uptake, reduced
M2 polarization, while not affecting classical (M1) polarization. Challenging macrophages with E. coli
fragments induced spikes of mitochondrial calcium concentrations, which were prevented by MCU
inhibition or silencing. In addition, mitochondria remodelled in M2 macrophages during phagocytosis,
especially close to sites of E. coli internalization. Remarkably, inhibition or knockdown of MCU
significantly reduced the phagocytic capacity of M2 macrophages. KB-R7943, which also inhibits
the membrane sodium/calcium exchanger and Complex I, reduced mitochondria energization and
cellular ATP levels, but such effects were not observed with MCU silencing. Therefore, phagocytosis
inhibition by MCU knockdown depended on the impaired mitochondrial calcium buffering rather
than changes in mitochondrial and cellular energy status. These data uncover a new role for MCU in
alternative macrophage polarization and phagocytic activity.
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1. Introduction

One of the most important biological functions of macrophages is phagocytosis. By removing
micro-organisms, apoptotic bodies, and foreign particles, macrophages phagocytosis is instrumental
to several physiological and pathological processes. An impairment in the phagocytic capacity of
macrophages favours the spreading of infections [1] and contributes to tissue remodelling in airway
disease [2], delayed wound healing [3], atherosclerosis [4,5], and myocardial infarction [6]. Vice versa,
excess or frustrated phagocytosis can serve as a refuge for microbes or sustain inflammation, as in gout
attacks [7]. Therefore, deciphering the molecular machinery of phagocytosis can reveal new attractive targets.

Calcium ions (Ca2+) are fundamental second messengers in phagocytosis. Imbalances in phagocyte
calcium homeostasis have been linked to susceptibility to infection in diabetes [8] and chronic
kidney disease [9]. An elevation of cytosolic calcium concentration ([Ca2+]c) is required for efficient
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phagocytosis and maturation of the phagosome [10]. Binding to phagocytic receptors on macrophages
triggers the production of calcium-mobilizing second messengers, such as 1,4,5-inositol-triphosphate
and sphingosine-1-phosphate. The ensuing calcium release from the endoplasmic reticulum leads to
store-operated calcium entry from the extracellular space. Mobilization of calcium from lysosomes can
also contribute to spikes of [Ca2+], but the role of mitochondrial calcium uptake in phagocytosis is
largely unknown. The mitochondrial calcium uniporter (MCU) is a channel-forming 40 kDa protein
integral to the mitochondrial inner membrane that allows calcium entry into the matrix [11]. The MCUb
is a paralog and antagonist of MCU [12]. Although MCU is a major driver of mitochondrial calcium
uptake, it has low affinity for calcium such that a high [Ca2+]c is required for a significant calcium entry
into mitochondria. Nonetheless, mitochondria could uptake calcium when [Ca2+]c elevates, such as
during phagocytosis, especially at microdomains of very high [Ca2+]c. Mitochondrial calcium uptake
not only contributes to buffering [Ca2+]c, but also regulates mitochondrial function to determine
cellular metabolism and cell death processes.

Macrophages are highly plastic cells that, upon trigger by extracellular stimuli, can acquire
different activation states. Influx of extracellular calcium has been shown to be required for
macrophage polarization toward the pro-inflammatory M1 phenotype [13], whereas lowering [Ca2+]c
promoted an anti-inflammatory M2 switch [14]. In turn, M1 and M2 macrophages activate distinct
pathways of internalization and signalling and differ in the processes of phagosome maturation [15].
M2 macrophages primed by IL-4/IL-13 were shown to be provided with higher phagocytic capacity
than M1 macrophages primed by LPS/IFN-γ [16]. The role of MCU in these processes is less appreciated.
In a previous study performed in mouse alveolar macrophages, MCU was found to be required for
generation of pro-fibrotic macrophages, which share M2 features [17], by shifting cellular metabolism
to fatty acid oxidation [18].

Based on these premises, we herein evaluated whether mitochondrial calcium uptake affected
polarization of primary human monocyte-derived macrophages and their phagocytic activity.

2. Results

2.1. Mitochondrial Calcium Uptake Modulated Macrophage Polarization

Gene expression of MCU and MCUb was analysed in resting (M0), LPS/IFN-y-stimulated
pro-inflammatory (M1) and IL-4/IL-13-stimulated anti-inflammatory (M2) macrophages. We observed
a significant downregulation of MCU in M1 and M2 versus M0 (Figure 1a) and a trend lower MCUb
gene expression in M2 versus M1 (Figure 1b). As a result, M1 macrophages displayed a significantly
reduced MCU/MCUb gene expression ratio (Figure 1c), which is expected to result in a blunted
mitochondrial Ca2+ uptake [19].

To evaluate whether mitochondrial calcium uptake affected polarization of macrophages,
we blocked MCU with the chemical inhibitor KB-R7943. To confirm that KB-R7943 effectively
inhibited mitochondrial calcium uptake, we imaged resting macrophages pre-loaded with Rhod-2 and
Fluo-4 with or without KB-R7943 pre-treatment, during stimulation with ionomycin. To verify the
mitochondrial specificity of Rhod-2 versus the cytoplasmic Ca2+ green dye Fluo-4, we performed
co-localization experiments of Rhod-2 or Fluo-4 with Mitotracker green or red, respectively. According to
the correlation plot analysis, Rhod-2, but not Fluo-4, co-localized with Mitotracker, thereby confirming
mitochondrial specificity (Figure S1).
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Figure 1. Mitochondrial calcium uniporter and macrophage polarization. Gene expression of MCU
(a) and MCUb (b) was examined in M0 (resting), M1- and M2-polarized macrophages and the ratio
between expression of MCU and MCUb (c) was calculated (* p < 0.05 for the indicated comparison after
ANOVA). Gene expression of The M1 marker IL1B (d) and of the M2 marker MRC (e) was examined in
M0, M1, and M2 macrophage with or without treatment with the MCU inhibitor KB-R7943 (* p < 0.05 for
the indicated comparison after ANOVA). Surface expression of the M1 marker CD80 (f) and of the
M2 marker CD206 (g) was examined by flow cytometry in M0, M1, and M2 macrophages with or
without treatment with the MCU inhibitor KB-R7943 (* p < 0.05 for the indicated comparison after
ANOVA). (h) The ratio of the surface expression of CD80 over CD206, which is considered a proxy
of M1 polarization, was examined in M2-polarized cells, with or without treatment with the MCU
inhibitor KB-R7943 (* p < 0.05). (i) Representative FACS plots of CD80 surface expression in M1 (left)
and CD206 expression in M2 (right) macrophages with or without treatment with the MCU inhibitor
KB-R7943. (j) Efficiency of siRNA-mediated knockdown of MCU in cells transfected with scramble
siRNA or siRNA against MCU (* p < 0.05). (k) The ratio of the surface expression of CD206 over
CD80 was examined in M2-polarized cells, with or without MCU knockdown (* p < 0.05).
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While [Ca2+]m markedly increased as a consequence of [Ca2+]c increase after ionomycin in
control macrophages (Figure S2a), the surge in [Ca2+]m was significantly reduced by KB-R7943-treated
macrophages (Figure S2b). Indeed, the ratio of Rhod-2 vs Fluo-4 signals was significantly lower
in KB-R7943-treated macrophages (Figure S2c). This effect might not be explained by inhibition of
Na+/Ca2+ exchanger (NCX) [20], either direct mode, which should increase both [Ca2+]c and [Ca2+]m,
or reverse mode, which operates only after dissipation of the Na+ electrochemical gradient [21].

The KB-R7943 did not affect the induction of IL1B gene expression in M1-polarized cells (Figure 1d),
but almost completely abolished the induction of MRC (encoding CD206) in M2-polarized cells
(Figure 1e). Similarly, when evaluated by flow cytometry, KB-R7943 significantly reduced surface
expression of the M2 marker CD206 in M0 and during the M2 polarization, without affecting surface
expression of the M1 marker CD80 (Figure 1f,g). As a result, the ratio of CD206 over CD80 expression,
which has been used as a summary statistics of human macrophage polarization [22,23], was significantly
reduced by KB-R7943 to about one-third of the untreated control cells (Figure 1h,i). Since KB-R7943 can
have off-target effects by inhibiting also NCX, we wished to confirm that modulation of MCU expression
with siRNA affected macrophage polarization. Transfection with siRNA against MCU reduced MCU
gene expression by >70% compared to macrophages transfected with scramble RNA (Figure 1j) and
reduced MCU protein expression by >90% (Figure S3). Similar to was what observed with KB-R7943,
MCU silencing reduced mitochondrial Ca2+ buffering occurring during rise in [Ca2+]c induced by
ionomycin (Figure S2d–f). The MCU-silenced macrophages exposed to M2-polarizing stimuli showed
a >2.5-fold reduction in the CD206/CD80 polarization index (Figure 1k).

Altogether, these data suggest that blocking mitochondrial calcium uptake by KB-R7943 or by
knocking down MCU-blunted macrophage polarization towards M2. Next, we hypothesized that
mitochondrial Ca2+ uptake is instrumental to one typical feature of M2, namely, phagocytosis.

2.2. Phagocytosis-Induced Mitochondrial Remodelling and Calcium Uptake

Macrophages were exposed in vitro to green fluorescent Escherichia coli fragments to stimulate
phagocytosis. Live confocal multicolour imaging showed that contact of bacterial fragments elicited
spikes of [Ca2+]m in 49% of macrophages pre-loaded with the mitochondrial calcium red dye Rhod-2
(Figure 2a,b and Supplementary Materials Video S1).

It has been previously shown that phagocytosis of large apoptotic cells (ACs) results in remodelling
of mitochondria, especially close to phagosomes. Since E. coli fragments are considerably smaller,
we wished to verify such finding and used the mitochondrial network analysis (MiNA) tool on
macrophages in resting condition (M0) or polarized toward M1 and M2 and stained with TOMM20 with
or without challenging with E. coli. In unstimulated conditions, M2 macrophages showed a higher
individual/network ratio (Figure 3a), suggestive of the presence of more fragmented mitochondria,
than in M1 and M0 macrophages. After challenging with E. coli, the ratio did not change in M0 and
M1 macrophages, but declined significantly in M2 macrophages, which was suggestive of fusion, rather
than fission (Figure 3b,c). Therefore, contrary to what was observed during phagosome formation
around large engulfed AC, phagocytosis of small bacterial fragments did not appear to induce
mitochondrial fission. Nonetheless, using live imaging, we found that mitochondria rearranged close
to sites of E. coli phagocytosis (Figure 3d), with an increase in TMRM signals close to the internalized
particle relative to a remote cell area (Figure 3e), was more suggestive of localized fusion, rather
than fission.
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Figure 2. Mitochondrial calcium spikes during phagocytosis. Mitochondrial calcium concentrations,
recorded as Rhod-2 fluorescence intensity, were imaged real-time in M2-polarized macrophages in
the unstimulated condition (a) and after challenge with E. coli fragments without (b) or with (c) the
MCU inhibitor KB-R7943 or transfection with siRNA against MCU (d). In each plot, individual lines
represent the fluorescence intensity of regions of interest (ROI) drawn around each macrophage.

Figure 3. Mitochondrial remodelling during phagocytosis. Using the mitochondrial network analysis
(MiNA) tool on macrophages stained with TOMM20, we calculated the ratio between individual
macrophages and a macrophage network. (a) Average individual/network ratio in resting (M0), M1-,
and M2-polarized macrophages (* p < 0.05 after ANOVA). (b) Average individual/network ratio in
resting (M0), M1-, and M2-polarized macrophages before and after challenge with E. coli fragments
(* p < 0.05 after 2-way ANOVA). (c) Representative images of a region of interest (ROI, ~40 µ) set around
one macrophage to show the pattern of TOMM20 staining, result of the skeletonization procedure after
imaging processing, and the analysis with MiNA tool. (d) Time-series obtained during live recording,
cropped around a single M2 macrophage ROI (~40 µ), to show internalization of an E. coli fragment.
Macrophages were stained with Hoechst 33342 and TMRM. The lower lane of images represents
magnifications of the white, dashed insert of images in the upper lane. (e) TMRM fluorescence intensity
over time in the white, dashed insert, where E. coli fragment internalization occurred, after subtraction
of the TMRM fluorescence intensity in an equal remote ROI (black, dashed line).
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2.3. Blocking MCU Inhibited Macrophage Phagocytosis

To evaluate whether mitochondrial calcium uptake had any role in phagocytosis, we blocked
MCU with the chemical inhibitor KB-R7943. When M2 macrophages pre-loaded with Rhod-2 and
treated with KB-R7943 were challenged with E. coli, the vast majority of cells (95%) did not show any
[Ca2+]m spike and, in a small number of cells, spike frequency was much lower and duration longer
than in untreated cells (Figure 2c and Supplementary Materials Video S2).

As expected, macrophages polarized to M1 displayed a significantly lower phagocytosis capacity
compared to resting (M0) and M2 (Figure 4a), as determined by flow cytometry. In all cases, MCU
inhibition with KB-R7943 markedly reduced phagocytosis (Figure 4a): by 87%, in M0, by 90% in
M1 (non-significant due to low baseline phagocytosis rate), and by 92% in M2. In order to avoid
confounding by off-target effects of KB-R7943, we knocked down MCU in resting macrophages by
siRNA. Compared to scramble-transfected cells, cells treated with MCU-siRNA and challenged with E.
coli displayed no [Ca2+]m spikes (Figure 2d). Finally, MCU silencing, compared with scramble siRNA
transfection, resulted in a 50% reduction in phagocytosis capacity (Figure 4b–d).

Figure 4. Blocking MCU inhibited phagocytosis. (a) Phagocytosis of E. coli fragments was quantified
using flow cytometry in resting (M0), M1- and M2-polarized macrophages in the control condition or
after pre-treatment with the MCU inhibitor KB-R7943 (* p < 0.05 after 2-way ANOVA). (b) Phagocytosis
of E. coli fragments was quantified in M2-polarized macrophages transfected with scramble siRNA,
or siRNA against MCU (* p < 0.05). (c) Representative 3D reconstruction of z-stacks collected during
live imaging of M2 macrophages with confocal multiphoton multicolour microscopy. Cells were
stained with the mitochondrial red calcium dye Rhod-2, the nuclear dye Hoechst 33342, while the
green fluorescence derives from E. coli fragments (pH-Rhodo). The 180◦ and 90◦ rotated images are
shown. (d) Representative FACS histograms showing phagocytic capacity of resting (M0), M1- and
M2-polarized macrophages, as well as the effects of the MCU inhibitor KB-R7943 or MCU silencing on
phagocytosis by M2 macrophages. The histogram shows, for each condition, the fluorescence intensity
of the green (Fitc) channel on the x-axis, relative to the normalized cell count on the y-axis.
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The chemical MCU inhibitor KB-R7943 reduced macrophage mitochondrial ∆ψ as evidenced by
the significantly lower TMRM intensity in M0 and M2 cells (Figure 5a), which have more prominent
phagocytic activity compared to M1 (Figure 4a). In addition, cellular ATP levels, which were
significantly higher in M1 versus M0 and M2, were reduced by KB-R7943 in all conditions (Figure 5b).
Using MCU-siRNA in M2 macrophages, we found that neither TMRM signal (Figure 5c) nor cellular
ATP levels (Figure 5d) were affected, thereby ruling out that modulation of phagocytosis depended on
mitochondrial depolarization or impaired energy production.

Figure 5. Effects of MCU blocking on mitochondrial potential and ATP levels. (a) Mitochondrial
membrane potential was evaluated by flow cytometry in resting (M0), M1- and M2-polarized
macrophages loaded with TMRM, with and without the MCU inhibitor KB-R7943: * p < 0.05 for the
comparison between control (set at 1.0) and KB-R7943. (b) Cellular ATP levels were measured by a
luminescence assay in M0, M1, and M2 macrophages with and without the MCU inhibitor KB-R7943
(* p < 0.05 after 2-way ANOVA). (c) Average TMRM fluorescence intensity in M2 macrophages transfected
with scramble siRNA or with siRNA against MCU. (d) Cellular ATP levels in M2 macrophages transfected
with scramble siRNA (set al. 1.0) or with siRNA against MCU.

3. Discussion

In this study, we evaluated the role of mitochondrial calcium uptake in determining macrophage
polarization and function. Our data suggest that change in MCU expression is instrumental to
M2 macrophage polarization and phagocytic activity. Briefly, we found that gene expression of MCU’s
complex components changed according to the macrophage polarization status, suggestive of an overall
reduced mitochondrial calcium uptake in M1. Blocking MCU reduced features of M2 polarization,
evidenced by gene and protein expression of the typical scavenger receptor CD206. These data are in
line with recent observations that MCU affects metabolism of alveolar mouse macrophage, shifting to
a pro-fibrotic M2-like phenotype [17,18]. In turn, we found that M2 macrophages displayed distinctive
phagocytic activity, which could be blunted by pharmacologic inhibition or genetic downregulation
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of MCU. Thus, we herein discovered a novel molecular program that could be used to modulate
phagocytosis by human macrophage.

We wish to underline that most key findings we obtained with the chemical inhibitor KB-R7943 were
confirmed in MCU-silenced cells. This is important because KB-R7943 is also a well-known inhibitor of
NCX [20]. Although NCX isoforms are widely expressed [24], in our experimental setting, we found no
evidence that KB-R7943 increased [Ca2+]c, as it would be predicted by NCX inhibition under normal
Na+ gradients. Also, the literature provides no evidence for a role of NCX in macrophage phagocytic
activity. Rather, we clearly found that KB-R7943 inhibited mitochondrial calcium buffering during
[Ca2+]c overload and induction of [Ca2+]m spikes during phagocytosis. Similar effects on [Ca2+]m
were observed in MCU-silenced macrophages. Importantly, MCU silencing modified features of
M2 polarization and phagocytosis. In spite of these similarities, striking differences were noted when
comparing the effects of KB-R7943 and MCU silencing on mitochondrial energization and cellular
ATP levels. Reduction of TMRM signal and of ATP levels in cells treated with KB-R7943, but not
in MCU-silenced cells, is consistent with the observation that KB-R7943 may also inhibit complex
I [25]. This explains the stronger phagocytosis inhibition obtained with KB-R7943 (about 90%) than
with MCU silencing (about 50%). Therefore, these data suggest that modulation of phagocytosis by
MCU knockdown is unrelated to mitochondrial energization and ATP levels. The exact mechanism
whereby mitochondrial calcium uptake potentiates phagocytosis is presently unclear. It should be
noted that our experimental setting was only suitable to evaluate the early phases of phagocytosis,
leading to internalization of E. coli fragments, whereas we did not assay later stages of phagosome
maturation and processing. Phagosome formation is critically dependent on localized and coordinated
regulation of calcium concentrations, instrumental to cytoskeletal dynamics and membrane fusion [10].
Therefore, we hypothesize that interfering with mitochondrial calcium buffering is sufficient to disrupt
such delicate processes.

Our finding that MCU is required for phagocytosis by macrophages are apparently in contrast with
a recent report that phagocytosis of ACs promoted mitochondrial fission via Drp1, thereby blunting
buffering of reticulum-derived calcium in mitochondria, allowing an increase in [Ca2+]c which was
required for phagolysosome formation and maturation [26]. The MCU silencing counteracted the
defective AC phagocytosis induced by Drp1 deletion, suggesting that excess calcium buffering by
MCU in elongated mitochondria limited the surge in [Ca2+]c induced by ACs in macrophages [26].
To explain these contrasting findings, we first wish to underline that we always used primary
cultures of human monocyte-derived macrophages, which can have different behaviour compared
with bone-marrow-derived murine macrophages. Second, we used E. coli fragments, which are
considerably smaller than AC, and their phagocytosis has likely lower requirements in terms of
energetics, cytoskeletal rearrangement, and membrane dynamics. Finally, Drp1 deletion may have
generated physiologic deviations in cell function wherein MCU might well exert opposing effects on
phagocytosis than in the wild type condition.

Our study has limitations. First, we used a small number of M1 and M2 markers to evaluate
polarization, although they are well validated. Second, we did not uncover the exact mechanism
mediating the effects of MCU on phagocytosis. In addition, the use of human primary macrophage
culture forced us to employ non-ratiometric calcium dyes, somehow limiting the reliability of
quantitative calcium imaging. Further, although MCU silencing achieved 70%−90% knockdown,
residual MCU activity could have interfered with results. Finally, we have no data on whether similar
effects would be observed for the phagocytosis of other biological particles or Gram-positive bacteria.

In summary, we show that mitochondrial calcium uptake is required for alternative polarization
of human macrophages and for their phagocytic activity. While the role for MCU in modulating
macrophage phenotype is being elucidated by others [17,18], our study shows for the first time
that MCU regulates phagocytosis. These findings can have implications for our understanding of
macrophage physiology and for the development of new therapeutics in conditions of insufficient or
frustrated phagocytosis.
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4. Materials and Methods

4.1. Differentiation and Polarization of Human Monocyte-Derived Macrophages

Blood was obtained from anonymized male, non-smoking healthy donors aged 18-35, at the
blood collection clinic of the University Hospital of Padua, following institutional standard operating
procedures. Samples were collected within the Biobank of the Department of Medicine (approved by
the IRB of the University Hospital of Padova on 11/12/2006) and covered by project number 2786P.
The PBMCs from buffy coats were isolated first by Ficoll–Paque (GE Healthcare, Chicago, IL, USA)
density gradient centrifugation at 600 g for 30 min followed by a second high-density hyperosmotic
Percoll gradient (GE Healthcare) at 600 g for 15 min. Monocytes were seeded at 5 × 105/mL in RPMI
1640 medium supplemented with 10% FBS (Invitrogen, Carlsbad, CA, USA), 2 mM l-glutamine,
100 U/mL penicillin, and 100 µg/mL streptomycin in the presence of 20 nM CSF-1 [27]. Cells were
cultured for 7 days at 37 ◦C and 5% CO2, with medium change every 3 days, to obtain human
monocyte-derived macrophages (hMDM). After removing the culture medium, resting macrophages
were polarized toward M1 phenotype by incubation for 48 h with LPS (1 µg/mL, Sigma-Aldrich, St.
Luis, MO, USA) and IFN-γ (10 ng/mL). The M2 polarization was obtained by adding IL-4 (20 ng/mL)
and IL-13 (5 ng/mL; all Immunotools, Friesoyte, Germany) for 48 h, as previously described [28].
At the end of the activation protocol, where indicated, cells were incubated for 30 min with 10 nM
KB-R7943 mesylate (Tocris, Bristol, UK).

4.2. Gene Expression Analysis

Total RNA was isolated from 3 × 105 cells. Cells were harvested, washed once in PBS, and RNA
was extracted using the Total RNA Purification Plus Kit (Norgen Bioteck Corporation, Schmon Pkwy,
Thorold, CA). The cDNA was generated from 500 ng total RNA using SensiFAST cDNA Syntesis Kit
(Bioline, Cincinnati, OH, USA) according to the manufacturer’s instructions. The relative quantification of
the genes of interest was measured by real-time quantitative PCR (qPCR) performed using SensiFAST
SYBR Hi-ROX Kit (Bioline, Cincinnati, OH, USA) with the following settings: 95 ◦C for 2 min (1 cycle),
then 95 ◦C for 5 s, followed by 20 s at 60 ◦C (40 repeats). Oligonucleotide primers were designed using
the online tool for Real-Time PCR Blast and obtained from Invitrogen. Results were normalized to
Actin as housekeeping gene as reference and evaluated using the 2∆∆Ct method. The primer sequences
were as follows: hMCU: FW GCAGAATTTGGGAGCTGTTT; RW GTCAATTCCCCGATCCTCTT.
hMCUb: FW GGCCTTCCCTTGGTAACACT; RW GTTGCCATCTGCTGTGAAGA.
hMRC: FW CCTCTGGTGAACGGAATGAT; RW AGGCCAGCACCCGTTAAAAT. hIL1b:
FW CAGCCAATCTTCATTGCTCA; RW TCGGAGATTCGTAGGTGGAT. hACTB: FW
GGATGCCACAGGACTCCA; RW AGAGCTACGAGCTGCCTGAC.

4.3. Flow Cytometry

Surface antigenic expression of M0-, M1-, and M2-polarized hMDMs was analysed by flow
cytometry. Adherent cells were washed once with PBS, gently scraped and transferred into FACS tubes
(BD Biosciences Pharmigen, San Diego, CA, USA). Cells were then stained with fluorochrome-tagged
monoclonal antibodies (all from BD Biosciences) against surface CD80 (FITC) as M1 macrophage
marker, and against CD206 (APC) as an M2 marker. This panel of M1/M2 markers was based on
previous characterizations [28–30]. Samples were washed, suspended in PBS, and 30,000 events for
each sample were recorded in a FacsCanto II flow cytometer (BD Biosciences). For quantitation of
the TMRM signal, cells were collected as described before and incubated in the dark for 30 min in the
presence of 20 nM TMRM. Cells then were washed and analysed with FacsCanto II flow cytometer.
Data were analysed using the FlowJo software (10.4.2, FlowJo LLC, Ashland, OR, USA).
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4.4. Western Blot

Cells were lysed with RIPA lysis buffer. After centrifugation at 10,000× g for 15 min, supernatants
were harvested for SDS-PAGE and Western blotting. Protein quantification was performed by the BCA
assay (Sigma). Proteins (40 µg) were separated on SDS-PAGE and transferred onto PVDF membranes.
Membranes were then blocked and probed using the following primary antibodies: rabbit anti-MCU
(1:1000; Cell Signaling, Danvers, MA, USA) and mouse anti-GAPDH at 1:5000 (Santa Cruz, Santa Cruz,
CA, USA). After washing, membranes were incubated with appropriate secondary HRP-conjugated
antibodies (Jackson ImmunoResearch, Bar Harbor, ME, USA) at 1:10,000. Bands were detected by
chemiluminescence using the LiteAblot Turbo (Euroclone, Milan, Italy). Images were acquired with
Image Quant Las 4000 (GE Healthcare, Chicago, IL, USA). Densitometric analysis was performed with
Image J 1.47v (NIH, USA).

4.5. Phagocytosis Assays

Phagocytosis assay was performed in resting (M0), M1- and M2-polarized hMDMs treated with
KB-R7943 or after MCU knockdown. After 48 h polarization or silencing, cells were incubated with
fluorescent PhrodoTM Green E. coli bioparticles conjugate (ThermoFisher Scientific, Milan, Italy) for
1 h in serum-free RPMI at 37 ◦C, 5% CO2 [31]. Cells were then washed three times with cold PBS to
remove fluorescent beads that had not been internalised. Finally, macrophages were scraped from the
plate and analysed by flow cytometry or visualized by confocal microscopy.

4.6. ATP Luminescence Assay

The ATP levels were measured in activated macrophages in the presence or absence of MCU
inhibitor, KB-R7943, and after siRNA-mediated MCU silencing. To perform a direct comparison, cells
were harvested and counted, and the same number of cells were re-suspended in 100 µL. The ATPlite
assay was performed according to the manufacturer’s instructions (PerkinElmer, Waltham, MA, USA).
Luminescence was measured with a FLUOstar OPTIMA luminescence plate reader (BMG Labtech,
Ortenberg, Germany).

4.7. Gene Silencing

Scramble siRNA control and oligo-targeting siRNA were transfected into macrophages
using Lipofectamine 2000 (Invitrogen) at 20 nM siRNA in 24-well plates. Macrophages were
incubated for 6 h in RMPI 1640 containing 3 µL Lipofectamine 2000 per 2 × 105 cells
and 75 pM siRNA mix [32]. At the end, the mix was removed and replaced with
RMPI 1640 medium supplemented with 10% FBS and 10 nM CSF-1 with no antibiotics.
Experiments and RNA analysis were conducted 48 hrs later. siRNA sequences were as follows:
hMCU siRNA1 5′-GCCAGAGACAGACAAUACUtt-3′; 3′-ttCGGUCUCUGUCUGUUAUGA-5′;
siRNA-2 5′-GGGAAUUGACAGAGUUGCUtt-3′; 3′-ttCCCUUAACUGUCUCAACGA-5′. sMCUb
siRNA-1 5′-AUACUACCAGUCACACCAUtt-3′: 3′-ttUAUGAUGGUCAGUGUGGU-5′; siRNA-2
5′-UUUCUUCAGUUCUUCCACAtt-3′; 3′-ttAAAGAAGUCAAGAAGGUGU-5′. Scramble:
5′-GCCUAAGAACGACAAAUCAtt-3′; 3′-ttCGGAUUCUUGCUGUUUAGU-5′

4.8. Imaging Experiments

Dye loading. Culture medium was replaced by RMPI 1640 0% FBS and hMDM were loaded with
300 nM Mito-Tracker Green FM (Invitrogen) for 20 min, 1 mg/mL Hoechst 33342 (Sigma–Aldrich)
for 5 min; calcium dyes, 5 µM Rhod-2 AM and 5 µM Fluo-4 AM (ThermoFisher), were loaded in the
presence of 0.1% w/v Pluronic F–127 (Sigma–Aldrich) for 20 min and de-esterified for other 20 min in a
CO2-incubator at 37◦C.

Multi-photon setup. Cells are placed on a custom-made holder and positioned under a 25×
objective optimized for multiphoton imaging (Olympus XLPLN25XWMP2, N.A. 1.05, W.D. 2 mm).
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In all live imaging experiments, we used a modular multiphoton microscope (Bergamo II, Thorlabs)
equipped with a 8 kHz resonant scanner, pulsed laser beams generated by an optical parametric
oscillator pumped by a Ti:Sapphire laser (Chameleon Ultra 2, Coherent), extended-field-of-view
collection optics, 4 independent detection GaAsP photomultipliers (Hamamatsu) in the backward
direction and a fast photodetector for laser scanning Dodt gradient-contrast imaging in the forward
direction. Two-photon microscopy at 800 nm excitation was used to detect simultaneously calcium,
mitochondrial and nuclear dyes and cell shape in transmitted light.

Mitochondrial dye co-localization. Cells double-loaded with 5 µM Rhod-2 AM and 300 nM
Mito-Tracker Green, were simultaneously excited and emitted fluorescence was recorded in two
separated channels. We monitored fluorescence intensity variations due to 10 µM ionomycin
(Sigma) stimulus.

Phagocytosis. We monitored simultaneously the internalization of fluorescent beads (pHrodo™
Green E. coli BioParticles™ Conjugate for Phagocytosis, 1.5 µm diameter) and mitochondrial
calcium activity using Rhod-2 dye, for 1 h in serum-free RPMI at 37◦C. For co-localization analysis,
we used an automatic algorithmic method to measure the amount of co-localization in two-colour,
three-dimensional microscopic images [33]. This method works in Matlab environment (Release
14, The MathWorks, Inc., Natick, MA, USA) and first it measures the probability (p-value) that true
colocalization is present in a selected region. We used a p-value > 95% to indicate true colocalization.
As a second step, colocalized pixels in the selected region were identified using a statistical criterion
based on the two-dimensional histogram of both channels allowing the computation of mitochondrial
dyes being colocalized (white pixels).

Immunostaining. Polarized macrophages were fixed for 30 min in 4% paraformaldehyde at RT
and permeabilized with 0.1 Triton X-100 for 10min. Cells were washed with PBS and stained with
1:200 anti-TOMM20 antibody (Abcam), for 1 h at RT. Secondary antibody staining was performed for 1 h
with 1:200 Alexa-647, 1:60 Alexa Fluor™ 488 Phalloidin and 1mg/mL Hoechst 33342 (Sigma-Aldrich).
Confocal images were collected with a Leica TCS SP5 using a 20× objective (HC PL APO CS
15506513, 0.70 NA, 0.59 mm WD). Optical sections were recorded at 250 nm per vertical step and four
times averaging.

Mitochondrial network analysis. We analysed mitochondrial morphology through ImageJ macro
tool, called Mitochondrial Network Analysis (MiNa). This ImageJ macro tool works using ImageJ
existing plug-ins, pre-processing images making them filtered, binarized and skeletonized [34].
MiNA outputs give information about mitochondrial morphology (branches, punctuates, rods) and
we evaluated mitochondrial fission/fusion during phagocytosis.

Calcium imaging. For calcium spikes analysis, we used an in-house developed analysis software,
which works under Matlab environment and was designed to plot averaged time responses from
specific regions of interest (ROIs) [35]. The fluorescence intensity was plotted as F/F0, where F0 is the
pre-stimulus basal fluorescence. Statistical comparisons were made using the Mann–Whitney U test.

4.9. Statistical Analysis

Experiments were performed at least in triplicate using different donors. Several technical
replicates were performed for each donor. Comparison among two or more groups were performed
using Student’s t-tests or ANOVA, respectively. When two factors had to be analysed, two-way
ANOVA was used. Statistical significance was set at p < 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/19/
4966/s1.
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