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Apoptosis-related mitochondrial dysfunction defines human
monocyte-derived dendritic cells with impaired
immuno-stimulatory capacities
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Abstract

The death of dendritic cells (DCs) can potentially influence immune responses by affecting the duration of DC stimulation of lymphocytes.
Here, we report that cultured mature monocyte-derived DCs manifest early mitochondrial damage (i.e. within 24 hrs), characterized by
mitochondrial membrane potential (yAm) disruption and mitochondrial release of pro-apoptotic factors, followed by reactive oxygen
species (ROS) production and activation of caspases. Afterwards, DCs with mitochondrial alterations are condemned to undergo apoptosis
and necrosis. Macroarray analysis results (validated by real time quantitative-PCR (QRT-PCR) and immunoblotting), showed up-regulation
of the pro-apoptotic member of the Bcl-2 family, Bim, while expression of several anti-apoptotic molecules was down-regulated.
Importantly, pre-apoptotic DCs (characterized by a low Aysm) showed a modified phenotype, with down-regulation.of HLA-DR and of
the co-stimulatory molecules CD80 and CD86. Moreover, sorted viable low ysAm DCs were unable to activate allogeneic T cells, indicat-
ing that pre-apoptotic DCs have already lost some of their immuno-stimulatory capabilities long before any detectable signs of death
occur. Perturbations to mitochondrial respiration with rotenone identified the same modifications to DG immune functions. These data
indicate a strong requirement for mitochondrial integrity for the immuno-stimulatory capacities of DC. Determining A¥m could be a
useful parameter to select “fully’ functional DCs for anti-tumour vaccines.
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Introduction

A delicate balance between cell death by apoptosis and cell sur-
vival is a key mechanism for proper regulation of the immune sys-
tem. Apoptosis has to take place constantly to counterbalance
immune cell activation and proliferation. Hence, lymphocyte apop-
tosis is at the heart of the homeostatic regulation of the immune
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system. However, lessons from animal models indicate that death
of other immune cell types may also be critical for the mainte-
nance of correct immune responses. As dendritic cells (DCs) are
the main antigen presenting cells, with an unequalled capacity for
eliciting immune responses, the control of their number and lifes-
pan might also influence the regulation of the immune system.
Consequently, much attention has been paid recently to the role of
DC apoptosis in the maintenance of proper immune control. In
mice, spontaneous death in DCs regulates the immune response
[1]. As a result, DCs with an increased lifespan induce a stronger
immune response [1-3]. In transgenic mice selectively expressing
apoptosis inhibitors in their DCs, defective DC apoptosis leads to
DC accumulation which, in turn, induces lymphocyte over-activation,
resulting in the onset of systemic autoimmunity [4]. Conversely,
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one can imagine that accelerated clearance of DCs by apoptosis
reduces their duration for stimulating lymphocytes, thereby, lead-
ing to a less effective immune response.

Nuclear alterations accompanying apoptosis are late events of
the apoptotic cascade and occur under the control of two canon-
ical apoptosis pathways. The extrinsic apoptosis pathway is
mediated by death receptors, such as the receptors for Fas and
tumour necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL), and caspase-8, i.e. the major initiator caspase in this
pathway. Several death receptors, including Fas, are expressed in
monocyte-derived DCs. However, DCs are known to be resistant
to Fas-induced cell death through the constitutive expression of
FLICE (caspase-8)-like inhibitory protein (FLIP), a strong
inhibitor of apoptosis initiated by death receptors [5].

The intrinsic apoptosis pathway requires mitochondrial-spe-
cific signalling. Mitochondria initiate apoptosis through mitochon-
drial outer membrane permeabilization and the release of apopto-
genic factors (e.g. cytochrome c, AIF or Smac/Diablo) from the
mitochondrial intermembrane space, leading to cell death through
caspase-dependent and -independent pathways. Signalling cas-
cades can also affect the inner mitochondrial membrane perme-
ability in apoptosis and necrosis. As a consequence, cells also
exhibit a loss of electrical potential across the inner membrane
which is quantifiable by means of potentiometric dyes, a measure
that precedes signs of nuclear apoptosis and cell death [6].
Mitochondrial dysfunction, characterized by marked reduction in
mitochondrial membrane potential (Aym), is an early step of
ongoing DC death that can be triggered by many cytotoxic stimuli
[7-13]. Inner and outer mitochondrial membrane permeabilization
is tightly regulated by the opposing actions of pro- and anti-apop-
totic Bcl-2 family members. Compelling evidence indicates that
mitochondria-related proteins of the Bcl-2 family are crucial DC
death sensors [9, 12, 14-16], substantiating the importance of
mitochondria in DG apoptosis.

Owing to their critical role in the induction of antigen-specific
T-cell responses, DCs are increasingly used in active immunother-
apy of malignant diseases. Gurrently, much effort is being applied
to engineering DCs for active vaccines, which appears to be a
promising approach for the development of anti-tumour immune
responses. The most frequently described method for obtaining
DCs is their ex vivo generation from peripheral blood cells, such
as monocytes. Generally, these monocyte-derived DCs are sub-
jected to a process of maturation prior to their administration to
patients. Several reports recently advocated that the immuno-
stimulatory properties of DC-based vaccines are limited by their
short lifespan [16, 17]. In this context, unveiling the mechanisms
regulating mature monocyte-derived DC death is fundamental for
developing a better understanding of their effects on immune
functions. Therefore, we examined the mechanisms of sponta-
neous apoptosis of DCs by focusing on an early event, mitochon-
drial dysfunction, and clarified the consequences of commitment
to apoptosis on DC immuno-stimulatory functions. Rapid commit-
ment of DCs to apoptosis was associated with impaired capacity
to induce an immune response long before the loss of DC viabil-
ity. These insights are important for further understanding DC
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depletion, as well as for the direct quantitative evaluation of ongo-
ing apoptosis in clinically used DCs. We propose that mitochon-
drial alterations in DCs should be considered, and exploited, for
anti-tumour vaccine development.

Materials and methods

Reagents

Lipopolysaccharide from Escherichia coli serotype 0111:B4 (LPS), propid-
ium iodide (PI), rotenone and carbamoyl cyanide m-chlorophenylhydra-
zone (mCICCP) were obtained from Sigma (Lyon, France). GMCSF and 1L4
were from ProSpec-Tany Techno Gene Ltd. (Le Perray en Yvelines, France).
The 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE)
was from Invitrogen (Cergy Pontoise, France). Z-VAD-fmk was from
Bachem (Budendorf, Switzerland). The 3,3’-dihexyloxacarbocyanine iodide
(DiOC6(3)), hydroethidine (HE), chloromethyl-X-Rosamine (CMX-ROS)
were purchased from Molecular Probes Inc. (Eugene, OR, USA). FITC-VAD-
fmk was from Promega (Madison, WI, USA).

DC generation

DCs were generated from monocytes issued from buffy coats taken from
healthy donors, as previously described [18]. For maturation, DCs were
then cultured with 1pg/ml LPS for 18 hrs in the presence of GMCSF
(800 U/ml) and IL4 (100 U/ml) in six-well plates at 105 cells/ml.
Alternatively, DCs were subjected to maturation with 10 pg/ml poly (I:C)
(Sigma) or 5 pg/ml anti-CD40 mAb (Diaclone, Besangon, France).
Afterwards, mature DCs were washed, analysed or further cultured for
4 days in complete RPMI.

Detection of cell death

Assessment of PS exposure was performed by the binding of annexin
V-FITC, using the protocol outlined in the FITC-Annexin kit (BD Pharmingen,
Le Pont de Claix, France). The frequency of hypoploid cells (sub-G1 cells)
was assessed, as described previously [19]. DNA fragmentation (10 X
10° cells/lane) was determined by horizontal agarose gel electrophoresis,
following published methods [19]. Measurement of the specific activity of
caspases was performed with Caspase-Glo 3/7, Caspase-Glo 8 and Caspase-
Glo 9 assay kits (Promega) following the manufacturers’ instructions.

Cytofluorometric assessment of A¥m
and ROS production

AWm was measured by means of DiOC6(3) or CMX-ROS, as described
[20]. Pilot experiments indicated that both fluorochromes were reliable
probes to monitor Aym in DCs (not shown) and so the choice of fluo-
rochrome used depended on its fluorescence spectrum in order to permit
its use in combination with other fluorescent dyes. DiOC6(3) produces
a single fluorescent emission peak collected through the FL1 detector
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(525+- 5 nm band pass filter allowing combination with the supravital flu-
orochrome PI (5 pg/ml in PBS just before analysis) or with HE (1 pM in
PBS, 15 min. at 37°C) to measure ROS production, both of which emitted
fluorescence signals detected through the FL3 detector (620 + 5 nm band
pass filter). Samples were stored on ice before cytofluorometric analysis.
Control experiments were done in the presence of 10 pmol/l mCICCP, an
uncoupling agent that abolishes Aym, for 15 min. at 37°C. For all cytoflu-
orometric experiments, a minimum of 10,000 cells were analysed on a
Coulter XL cytometer (Beckman-Coulter, Villepinte, France). Assessment of
DC viability and Aysm simultaneously allowed sorting of the viable popula-
tion of DC in relation to their Aym [21]. Immediately after staining, DCs
were sorted flow cytometrically on a Coulter ALTRA cell sorter. The stan-
dard mode ‘ultimate purity’ was used to sort DCs with high purity. The
sorter was operated at 10 psi with sheath fluid. Sort gates were placed
around viable (Pl or YOPRO negative cells), Aym high or Aym low DC
populations. The purity of sorted cell populations was checked by immedi-
ate re-analysis and was always >98%.

Mitochondrial calcium retention capacity

For determination of mitochondrial calcium loading, a procedure described
previously [22] was used with some modifications. At the times indicated,
2 % 10° DCs were suspended in 1 ml of buffer (150 mM KCI, 5 mM
KH2P04, 1 mM MgCI2, 5 mM succinate, 5 mM Tris, pH 7.4) and perme-
abilized with 0.002% digitonin. Calcium concentration changes were con-
tinuously recorded in a multi-port measurement chamber (NOCHM-4, WPI,
Aston, UK) equipped with calcium-sensitive and reference electrodes. At
the end of the incubation period, 10 uM CaClo pulses were performed with
a micro-syringe injector adapted to a Micro4 pump controller (UMPII and
Micro-4, WPI).

Immunofluorescence microscopy

Sub-cellular distribution of AIF and cyt ¢ was revealed by immunofluores-
cence staining and nuclei counterstained with Hoeschst 33342 following
published methods [19].

Cell surface immunostaining

All FITC-conjugated mAbs used were purchased from Becton Dickinson,
(Le Pont de Claix, France). FITC-conjugated antimouse 1gG was from
Jackson Immunoresearch (West Baltimore, MD, USA). For the simultane-
ous assessment of surface markers and Aym, DCs were first stained with
50 nM CMX-ROS at room temperature for 30 min. (fluorescence was
collected through the FL3 detector) and then stained with appropriate
dilutions of FITC-conjugated anti-CD1a, anti-HLA-DR, anti-CD86, anti-
CD80, anti-CD11c or anti-CD83 antibodies for 30 min. on ice prior to flow
cytometric analysis.

Allogenic naive T-cell response

T-cell activation was assessed by flow cytometry measuring CFSE fluores-
cence intensity as described previously [18]. Second, IFN-vy, IL-4 and
IL-10 production by T cells co-cultured with DCs was measured in day 5
co-culture supernatants by ELISA (Diaclone).
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Apoptosis gene superarray

DCs were collected immediately after maturation (DO) or cultured for 24 hrs
in complete RPMI as above (D1). After removing the supernatant, total RNA
was extracted using the Qiagen RNeasy mini Kit Qiagen SA (Courtaboeuf,
France). RNA samples were checked for quality using a 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). Samples were frozen at —-80°C
until use in superarray. For analysis, 3 g of RNA was reverse-transcribed
with Biotin-16-dUTP (Roche Diagnostics, Meylan, France) using a
SuperArray TrueLabeling-RT Enzyme kit (SuperArray, Inc., Frederick, MD,
USA) according to the manufacturer’s instructions. The resulting biotinylated
cDNA probe mixture was allowed to hybridize overnight to the Q Series
Human Apoptosis (Cat no: HS-002, SuperArray, Inc. [see www.superarray.
com for detail]) at 60°C overnight. Data were acquired and analysed accord-
ing to the manufacturer’s protocol. All signal intensities were PUC18 plasmid
DNA (negative control) background subtracted and normalized to cyclophilin
A spots (positive control). Scatter plots were made from normalized sig-
nals. The relative expression level of each gene was based on the ratio
of cyclophilin A. Changes in gene expression were illustrated as a fold
increase/decrease. Experiments were repeated three times.

Real-time quantitative reverse
transcriptase-polymerase chain
reaction

The PCR was carried out with the LC FastStart Masterplus SYBR green
| kit (Roche Applied Science, Mannheim, Germany) using 200 ng of
cDNA in a 10 pl final volume, 0.5 wM of each primer (final concentra-
tion). Primers used for qPCR were: CFLAR (sense) 5'-GTGTGGATCAGACT-
CACTCAGGG-3', (forwards) 5'-CATAGTTCTGA-ATAAAAAACATCTTTGGC-3',
MCL1 (sense) 5'-GCAGC-GCAACC ACGAGA-3' (forwards) 5'-CTAATG-
GTTCGATG-CAGCTTTCT-3’, BCL2L1 (sense) 5'-CATGGCAGCAGTA-AAG-
CAAG-3' (forwards) 5’-ACAATGCGACCCCAGTTT-AC-3’, BCL2L11 (sense)
5’-AAGACAGGAGCCCAGCA-CC-3" (forwards) 5'-TCTTCGGCTGCTTG-
GTAATTATTC-3', RIPK2 (sense) 5’-AACGTCTGCAGCCTGGTATAGC-3" (for-
wards) 5'-TTGAGGTCCTTGTAGGCTTGGTA-3', TNFRSF6 (sense) 5'-
TCTTTCTCAGGCATCAAAAGCAT-3"  (forwards)  5'-TGGAGAGGTG-
GCAAAGCTCTA-3’, GADD45A (sense) 5'-TGCGAGAACGACATCAACAT-3’
(forwards) 5'-TGATCCATGTAGCGACTTTC-3', TNFSF10 (sense) 5'-CTGTG
TGGCTGTAACTTACGTGTACTT-3" (forwards) 5'-TTCTAACGAGCTGACG-
GAGTTG-3', CHEK1 (sense) 5'-AGAATAGAGCCAGACATAGG-3' (forwards)
5’-TCTTCAG AAGTTCTGGAGCA-3’, 18S F-TCCCAGTAAGTGCGGGTCA-3’
(forwards) 5’-GATCCGAGGGCCTCACTAAAC-3'. Quantitative PCR was per-
formed with a Lightcycler (Roche Applied Science). The cycling protocol
consists of pre-incubation at 95°C for 10 min., followed by 40 cycles of
denaturation at 95°C for 10 sec., annealing at 60°C for 20 sec. and exten-
sion at 72°C for 25 sec. Fluorescence was measured at the end of each
extension phase. Immediately after amplification, melting curve data analy-
sis (for dimer primer detection) was performed by measuring the fluores-
cent signal during the following cycling profile: 95°C for 0 sec., 65°C for 15
sec., 95°C for 0 sec. and 40°C for 30 sec. For each sample, the average
crossing-point value (number of cycles at which each sample reached a
threshold fluorescence value) was calculated from triplicate reactions and
is indicated as cycle threshold (Ct). Expression of apoptotic genes are cal-
culated relative to 18s mRNA levels by the comparative ACt method. Ct
value for the apoptotic genes and for 18S was measured. The relative tran-
script levels were calculated as x = 272! in which ACt = Gtgene — Ctigs.
Each Ct value was determined from three parallel real-time PCRs.
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Immunoblotting

To obtain whole-cell lysates, Laemmli’s loading buffer (100 pl/1 0f cells)
was added to harvested cells and samples were boiled for 5 min.
Alternatively, the cytosolic protein fraction was obtained according to
procedures previously described [19]. The release of mitochondrial pro-
teins has been tested on cytosolic protein fractions whereas other
immunoblotting were performed on whole-cell lysates. For all, 50 pg of
protein was loaded onto 12% polyacrylamide gels, electrophoresed,
transferred and detected as previously described [19]. Membranes were
incubated with one of the following primary antibodies overnight at 4°C:
either anti-cytochrome ¢ (1:1000, clone 7H8.2C12, Pharmingen), anti-
AIF (1:1000, sc-13116, Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), anti-Bcl-X (1:1000,clone L-19, Santa Cruz Biotechnology Inc.), anti-
Bcl-2 (1:1000, clone 100, Santa Cruz Biotechnology Inc.), anti-FLIP
(1:1000, clone H-202, Santa Cruz Biotechnology Inc.), anti-Bim (1:1000,
clone H-191, Santa Cruz Biotechnology Inc.), anti-Bax (1:1000,clone N-20,
Santa Cruz Biotechnology Inc.), anti-Bad (1:1000, clone H-168, Santa Cruz
Biotechnology Inc.), anti-Smac/Diablo (1:500 from Calbiochem (San Diego,
USA)), anti-caspase 3 (1:250 from Cell Signaling [Saint Quentin en
Yvelines, France]), anti-XIAP (1:1000 from Stressgen [Michigan,
Germany]), or anti-cytochrome ¢ oxidase (subunit [V 1:500 from Molecular
Probes Inc.). Membranes were stripped and re-probed with anti-actin or
anti G3PDH antibodies (1:1000 from Sigma) to check for equal loading.

Statistical analysis

Data were analysed using GraphPad Prism version 3.00 (GraphPad
Software, San Diego, CA, USA). For comparison of two subgroups of DCs
(Aysm high DCs versus Aym low DCs), a two-tailed Wilcoxon rank test was
employed. Values of P < 0.05 were considered statistically significant.
Kolmogorovi-Smirnov statistical analysis of flow cytometric data were
used according to Expo 32 software (Beckman-Coulter).

Results

Characteristics of spontaneous DC death in culture

The levels of spontaneous cell death in monocyte-derived DCs
were first determined. We cultured freshly matured human mono-
cyte-derived DCs for up to 4 days in complete medium (RPMI
including 10% foetal calf serum) and every day an aliquot of cells
was examined by dual staining flow cytometry with annexin V and
the vital dye PI. Annexin V-positive and Pl-negative cells were
identified as apoptotic DCs and cells that were both Pl-positive
and annexin V-positive identified as dead DCs (secondary necro-
sis) (Fig. 1A). The number of apoptotic DCs increased during the
first days of culture (up to 2 days). This was followed by a plateau
phase, although the number of dead cells then steadily increased,
and after 4 days of culture approximately 50% of DCs were dead
(Fig. 1A). Kinetic studies of sub-G1 cells and Pl uptake, respec-
tively, indicated that the apoptotic percentage was lower than the
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percentage of dead (PI-positive) cells (Fig. 1B), confirming the
results obtained with annexin V/PI (Fig. 1A). Additionally, the
microscopic images of cells stained with MGG demonstrated the
significant presence of apoptotic DCs (i.e. condensed nuclei and
shrunken cytoplasm) occurring after 2 days of culture (Fig. 1C).
This observation of apoptotic cells was confirmed by the presence
of the electophoretic pattern of DNA laddering (Fig. 1D).
Contrasting with the presence of apoptotic features, cellular signs
of primary necrosis, such as cells with loose nuclei and swollen
cytoplasm, were found in 10-20% of DCs in association with cell
debris later, i.e. at day 4 of culture (Fig. 1C). Thus, freshly matured
monocyte-derived DCs underwent constitutive cell death charac-
terized by hallmarks of apoptosis, as well as necrosis.

Apoptotic pathways involved in spontaneous
DC death

To further explore the mechanism of constitutive apoptosis in
DCs, we sought to investigate the role of effector caspases as well
as mitochondria, two main contributors to classical apoptosis. As
previously reported [23], we observed significant caspase-3/-7-
like activity as early as day 0, and which increased twofold after
1 day of culture (Fig. 2A, left part) i.e. before the appearance of
nuclear apoptosis (Fig. 1). This increase was maintained for up to
4 days of culture. This profile was accompanied by enhancement
of the proteolytic activation of caspase-3 (Fig. 2A, right part). The
mitochondrion is a key regulator that

controls cell life and death by releasing several death-promoting
factors into the cytosol [24]. To examine the involvement of mito-
chondria in DC death, cytosolic extracts were prepared at various
times from DCs in culture and subjected to immunoblotting. The
immunoblotting results indicated that the pro-mitochondrial fac-
tors cytochrome ¢, AIF and Smac/Diablo were substantially raised
in cytosolic fractions at day 1 of culture (Fig. 2B). Sub-cellular
distribution of cyt ¢ and AIF was also monitored by immunofluo-
rescence microcopy confirming the spontaneous release of
proapoptotic proteins (Fig. 2B). The cytosolic accumulation of
cytochrome ¢ and AIF was not abrogated by z-VAD.fmk (Fig. 2B)
at concentrations that completely block caspase activity (Fig. 2A),
suggesting that caspases must act downstream of the mitochon-
drial signals. However, it is to note that cytosolic accumulation of
Smac/Diablo was slightly attenuated in z-VAD.fmk treated cells, a
result previously observed in other cell types [25].

In many models of apoptosis, the release of mitochondrial
pro-apoptotic factors is accompanied by a step-wise dysregula-
tion of mitochondrial functions. This mitochondrial dysfunction is
characterized by a loss of Aym, followed by the subsequent gen-
eration of ROS resulting from uncoupling of the respiratory chain
[26]. We performed a kinetic analysis of the appearance of these
mitochondrial alterations in cultured DCs (Fig. 2C). At the times
indicated, an aliquot of DCs was stained with the potential-sensitive
dye DiOC6(3) and with the ROS reactive compound HE (Fig. 2C).
As shown in Fig. 2C, disruption of Aysm measured by the reduc-
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Fig. 1 Spontaneous death of freshly matured human monocyte-derived DCs. Immediately after maturation, human monocyte-derived DCs were cul-
tured under standard conditions for 4 days and an aliquot of cells was collected every day for cell death determination (0, 1, 2, 3 or 4 days of cul-
ture). (A) Flow cytometric analysis of Annexin V-FITC binding and PI staining in cultured DCs at different incubation times (days). The percentage of
DCs in each quadrant is indicated. Similar results were obtained from five separate donors. (B) Flow cytometric determination of the percentage of
sub-G1 cells obtained by cell cycle evaluation and the percentage of Pl permeable cells (Pl +) at different culture intervals (days) is shown. Mean +
S.D. from 5 independent experiments are shown. (C) When indicated, cytospin preparations of DCs were stained with May-Grundwald-Giemsa to
evaluate general DC morphology (Ao: Apoptotic cell; Nc: Necrotic cell). Micrographs were taken under a transmission electron microscope (original
magnification x630). Two independent experiments gave similar results. (D) Agarose gel electrophoresis of DC DNA before (0) and after
(1 or 2 days) culture. Two independent experiments gave similar results.
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Fig. 2 Spontaneous DC death involves caspase activation and mitochondrial dysfunction. Immediately after maturation, human monocyte-derived DCs
were cultured under standard conditions for 4 days and an aliquot of cells was collected every day (0, 1, 2, 3 or 4 days of culture) for determination
of caspase activation (A) and mitochondrial dysfunction (B, C, D). (A) Caspases 3/7 activity was measured (left part) as described in Materials and
Methods. When indicated, DCs were exposed for 1 hr to z-VAD-fmk (100 uM) as a positive control for caspase inhibition. Mean + S.D. from three
independent experiments are shown. Active caspase 3 was identified by Western blotting (right part). Three independent experiments gave similar
results. (B) Cytosolic protein fractions were obtained and cytochrome C, AIF and Smac Diablo mitochondrial release in DCs was evaluated by Western
blotting. (left part). When indicated, DCs were treated for 24 hrs with z-VAD-fmk (100 pM). Equal loading was checked by probing with anti-G3PDH
antibody. Blots were also probed for cyt ¢ oxidase to exlude mitochondria contamination in the cytosol. As a control for detection of cyt ¢ oxidase, a
total lysate was loaded. Fluorescence images (right part) of immunostaining with cytochrome ¢ (green) or AIF (green) and nuclear Hoechst 33342
staining (blue) of DCs at day 0 (D0) or day 1 (D1) of culture. Original magnification <630. (C) Simultaneous assessment of Aysm and ROS production
performed with DiOC6(3) and HE. As a control, DCs were incubated with the protonophore mCICCP (100 pM, 15 min., 37°C) as a negative control for
Di0C6(3) staining. One representative experiment of four is shown. (D and E). Mature DCs were cultured for 36 hrs under standard conditions, and
cells then stained with DiOC6(3) and PI before flow cytometric analysis. Same results were obtained with CMX-ROS and YOPRO-1 staining. These flow
cytometric parameters were used for sorting (D). The left square depicts the viable sorted Aym low subpopulation and the right square represents
the AWm high counterparts. (E) Determination of caspase activity in Aysm-sorted populations as shown in D. Caspases -3/7, -8, and -9 activity was
estimated after short-term culture of sorted viable Aym high and low DC subpopulations (E). Mean + S.D. from three independent experiments are
shown. *Statistically significant between purified Aysm low and Aysm high subpopulations. (F) Mitochondrial calcium retention capacity. At day 0 (DO,
left panel) or day 2 (D2, right panel) of culture, DCs were permeabilized with digitonin and calcium uptake measured with a calcium-sensitive elec-
trode after the addition of calcium (each 10 pM CaCl2 pulse [arrows] was detected as a peak in calcium concentration). Three independent experi-

ments gave similar results.

tion of DiOC6(3) uptake (increase in the% of DiOC6(3) low cells),
occurred in a substantial proportion of DCs after 1 day of culture.
This population had the same flow cytometric pattern of DCs
treated with the protonophore mCICCP, a substance that abolishes
Aym that was used as a positive control (inset in Fig. 2C, left
panel). The spontaneous loss of Aym in cultured DCs was followed
by enhanced ROS formation (at day 2) detected by the oxidation of
HE to the fluorescent product ethidium (HE* cells) (Fig. 2C). Thus,
mature DCs first disrupt their AYm and then hyper-produce ROS,
the same sequence of events that has previously been observed in
a variety of different models of cell death [27].

A double-staining procedure was developed to simultaneously
assess DC AWm and cell viability (Fig. 2D) using the combination of
DiOC6(3) and PI (Fig. 2D). All non-viable DCs (PI- marked DCs) had
low Aym (DiOC6(3) low), whereas viable DCs (Pl-negative) con-
tained two distinct subpopulations, one that exhibited a reduction in
Aysm comparable with non-viable DCs and one that displayed high
Aym (Fig. 2D). Alternatively, the potentiometric fluorochrome CMX-
ROS and the vital dye YOPRO-1 were used and gave the same result
(not shown). These data indicate that the Aysm collapse occurs at
an early stage of spontaneous DC death, before the loss of viability.

This double-staining procedure allowed us to sort the viable
population of DCs in relation to their A¥m. Thus, to univocally
show that A¥m low DCs indeed exhibit features of apoptosis, we
purified viable (Pl-negative) DC populations based on A¥m in a
fluorescence cell sorter followed by short-term culture. Low cas-
pase-3/-7, -9 and -8 activities were found in DCs that still had a
high Aym, whereas DCs that had lost their Aym showed signifi-
cantly higher caspase-3/-7 and caspase-9 activities (Fig. 2E),
demonstrating that apoptosis induction occurs predominantly in
cells with a low Aym. As previously reported [23], caspase-8

© 2009 The Authors

activity remained at low levels in both subpopulations of DCs.
Moreover, when Aym™" and Aym'®” fractions were stained with
annexin V, we observed that almost all of the DCs sorted for
Alpmh'gh (>95%) were annexin V negative whereas many (75 +/—
10%) of the DCs sorted for Aym™” were Annexin V positive.
These data, which confirm previous observations, indicate that
Aym low DCs are primed for spontaneous apoptosis.

To test whether mitochondrial dysfunction measured by Aym
reduction was also associated with perturbations in mitochondrial
calcium homeostasis, we evaluated the calcium retention capacity
of digitonin-permeabilized DCs with a calcium-sensitive electrode.
The accumulation of calcium into mitochondria was assessed after
repeated 10 pM CaClz pulses until mitochondrial permeability tran-
sition (MPT) occurred and the accumulated calcium was released
(Fig. 2F). After 2 days of culture (in comparison to day 0), DCs
showed a markedly reduced mitochondrial ability to accumulate
calcium and a decreased threshold level of calcium uptake, which
is necessary for MPT to occur. Taken together, these data indicate
that mitochondrial dysregulation appears at an early stage of con-
stitutive DC apoptosis.

Regulation of constitutive DC death

To determine whether the caspase family of proteases is neces-
sary for Aym disruption and cell death, cells were incubated with
z-VAD.fmk, a generalized irreversible caspase inhibitor. The z-
VAD.fmk failed to prevent spontaneous Aysm disruption (Fig. 3A,
left panel), confirming that caspases must act downstream of the
mitochondrion. The z-VAD.fmk, at concentrations that completely
block caspase activity, only delayed but did not prevent sponta-
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from five independent experiments are shown.

neous DC death (Fig. 3A, right panel). We also asked whether the
spontaneous reduction of A¥m and nuclear apoptosis could be
reversed if a survival stimulus was applied (Fig. 3B). Thus, when
the level of cytokines (GMCSF + IL-4) was maintained in the
culture medium, Aym disruption and DC death were significantly
delayed during the first days of incubation, confirming the close
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association between the onset of death and mitochondrial dys-
function in DCs. However, this protective effect disappeared after
4 days of culture, even when cytokines were used at higher con-
centrations (data not shown).

To test the influence of maturation on spontaneous DC death,
it was important to document the rate of death for different matu-
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Fig. 4 Analysis of apoptosis-related gene expression during constitutive
DC death. Apoptosis-related gene expression was analysed either
immediately after maturation of human monocyte-derived DCs (day 0,
DO) or at day 1 (D1) of standard culture (A). Gene expression changes
were assessed by comparative filter cDNA macroarray measurements
using a representative apoptosis array of mature DCs at day 0 and day 1
of culture as the example. One representative image of three independ-
ent experiments with separate donors is shown. (B) Expression changes
of one up-regulated and seven down-regulated genes in DCs cultured
for 24 hrs (D1) compared to DCs harvested immediately after
maturation (D0). Similar changes were seen when DCs were compared
via cDNA macroarray (black bars, n = 3) and quantitative (Q-PCR) (white
bars, n = 6) (see Materials and Methods for details). (C) Analysis of DC
apoptosis protein expression by Western blotting immediately after
maturation (DO) or at day 1 (D1) of standard culture. The expression of

several Bcl-2 members (Bim, Bcl-xl, Bad, Bcl-2, Bax) and the inhibitors of apoptosis, XIAP and c-FLIP, was analysed. Actin was used as a standard for equal
loading of protein. One of four independent experiments with separate donors is represented. Four independent immunoblottings were scanned on a den-
sitometer and the relative expression of proteins was determined. The intensity of the values obtained (mean = S.E.M.) were expressed in arbitrary units.

ration agents stimulating DCs. Figure 3C illustrates that both
AW¥m disruption and death occurred in poly (I:C)-stimulated DCs
to an extent very similar to LPS-matured DCs. Conversely, matu-
ration with agonistic antibodies to CD40 significantly reduced the
occurrence of DC death after 3 days of culture, but was unable to
prevent spontaneous mitochondrial dysfunction (Fig. 3C). As a
consequence, it appears plausible that DCs characterized by a low
Aysm are irreversibly programmed to die.

Changes in apoptotic gene expression profile
during constitutive DC death

To gain new insights into the molecular processes that regulate
mature DG apoptosis, we screened 96 apoptotic genes for
changes in their expression profile. Using the apoptosis macroar-
ray, we were able to identify 9 genes that were differentially
expressed (1.5-fold difference) after 1 day in culture (Fig. 4A and
B). Expression of genes encoding eight molecules diminished over
24 hrs in culture (Fig. 4), whereas we found that expression of the

© 2009 The Authors

pro-apoptotic gene BIM was significantly increased (Fig. 4A
and B). Real time quantitative-PCR supported the macroarray
results for c-FLIP, Mcl-1, Bcl-X, Bim, Rip-2, Fas, Gadd45 and
TRAIL, with minor differences only in scale of the down-regulation
and up-regulation levels observed (Fig. 4B). On the basis of these
results, the levels (relative to B-actin) of some important apopto-
sis-related proteins were assayed by Western blot analysis. The
anti-apoptotic proteins c-FLIP and XIAP were down-regulated in
DCs at day 1 of culture compared with day 0 (Fig. 4C). It is known
that the susceptibility of DCs to apoptotic signals is regulated, in
part, by the relative levels and competing dimerizations between
Bcl-2 family members [28]. After 1 day of DC culture, the pro-
apoptotic protein, Bim, was also markedly increased, correlating
with the mRNA profile; however, no change in other Bcl-2 family
protein concentrations was evident (Fig. 4C). These data correlate
well with the apoptotic phenotype determined in the previous
experiments (Figs. 1-3). These results indicate spontaneous mod-
ulations in the expression of apoptosis-related genes in DCs likely
accounts for facilitating spontaneous mitochondrial dysfunction
and cell death to occur.
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Fig. 5 Phenotypic and functional properties of DCs as a function of their Aym. (A) Representative histograms showing the surface expression
of CD1a, CD11¢, CD83, HLA-DR, CD80 and CD86 on two subpopulations of mature DCs obtained from one donor: DCs with high Aym (black
line) and DCs with low Aym (dotted line) (isotype controls = grey lines). Mature DCs were cultured for 48 hrs then harvested for the simulta-
neous determination of surface markers and Aym using the potentiometric dye CMX-ROS. Dead cells and debris were gated out according to
their forward-angle and right-angle light scattering properties. One of 4 independent experiments is presented. D values by Kolmogorov-Smirnov
analysis between Aysm high and low subpopulations of DCs are shown. (B) Pooled data depicting the expression (MFI) of CD1a, CD11c, CD83,
HLA-DR, CD80 and CD86 by Aym high and low subpopulations of DCs as in (A) (Data are from five separate donors, circles represent single
individuals and horizontal bars represent group mean values. *P < 0.05 between the two groups). (C, D) Allo-stimulatory capacity of mature
Aym high and Aym low DCs in activating allo-reactive T cells in an MLR assay. After 48 hrs of culture, mature DCs were stained with CMX-R0S
and YOPRO and subpopulations of viable DCs with high Aym and low Aym sorted flow cytometrically. Then a graded number of Aysm high or
Aym low DCs were co-cultured with allogeneic, naive CD4* T cells stained with CFSE. (C) After 5 days of co-culture, T-cell proliferation was
determined by the percentage of CFSE low cells. The typical representation of proliferation curves determined at a different stimulator:responder
ratio ranging from 1:3000 to 1:10 (DC:T) is shown. Three independent experiments gave similar results. (D) The secretion of IFNy, IL4 and IL10
was measured by ELISA in the supernatants of T cells cultured for 5 days with viable Aysm high DCs (solid bar) or viable Aysm low DCs (open
bar) sorted flow cytometrically (ratio 1 DC:10 T). Mean + S.D. of three independent experiments with separate donors is shown. (*P < 0.05

between the two subpopulations).

Correlation between A¥m reduction and DC
phenotypes and immuno-stimulatory functions

In a further series of experiments we attempted to correlate mito-
chondrial perturbations, as assessed by CMX-ROS staining, with
the phenotye of mature DCs. Viable DCs were gated according to
their forward/side scatter (FS/SS) properties. The combined assess-
ment of antigenic phenotype and Aysm revealed that expression of
the co-stimulatory molecules, i.e. HLA-DR, CD86 and CD80, was sig-
nificantly different between high and low Aysm subpopulations of
DCs (Fig. 5A and B). Although the Aysm low subpopulation did not
display morphological signs of late apoptosis (e.g. cytoplasmic
shrinkage), their expression of HLADR, CD80, and CD886 was sig-
nificantly lower than that observed for Aysm high subpopulation of
DCs (Fig. 5A and B). Conversely, both subpopulations of cells
expressed similar levels of CD1a, CD11¢ and CD83, DC-specific
markers, irrespective of their Aym (Fig. 5A and B).

A more sophisticated approach was then used to corroborate
these findings. Using the double-staining procedure described
above, viable DCs were separated by cell sorting at day 2 of cul-
ture into two subpopulations, consisting of cells possessing
either low or high Aym. Each DC subpopulation purified with dif-
ferent Aysm values was then tested for their immuno-stimulatory
functions (Fig. 5C and D). We first assessed the impact of Aym
on the capacity of mature monocyte-derived DCs to induce the
proliferation of T cells in a mixed allogeneic leucocyte reaction
(Fig. 5C). Therefore, Aym high DCs or Aym low DCs were
co-cultured with allogeneic naive CD4" T cells for 5 days and the
percentage of CFSE low T cells then estimated by flow cytome-
try. The Aym low DCs were far less potent in inducing T-cell pro-
liferation than Aym high DCs (Fig. 5C). We next evaluated the
capacity of both low and high Aym DC subpopulations to induce

© 2009 The Authors

T-cell cytokine production in a mixed allogeneic leucocyte reac-
tion. Aym low or Aym high DC subpopulations were seeded
with purified naive CD4* CD45RA* T cells for 5 days, and the
resultant culture supernatants analysed for production of IL-4,
IL-10 and IFN-y. Consistent with their inability to promote T-cell
proliferation (Fig. 5C), the Aym low DC subpopulation was
unable to induce T-cell cytokine production (Fig. 5D). In con-
trast, the Aym high DC subpopulation significantly induced
secretion of the Th1 cytokine, IFNvy. Secretion of the Th2
cytokines I1L4 and IL10 was not detected (Fig. 5D). As a conse-
quence, the correlation between mitochondrial parameters and
the activation of T cells appears to be coherent. Stimulated by
these observations, we tested whether perturbations of mito-
chondrial function caused by rotenone, a specific inhibitor of
mitochondrial respiratory chain complex I, might impair DC phe-
notype and immuno-stimulatory functions (Fig. 6). Incubation of
DCs with rotenone for 4 hrs greatly reduced Aym (Fig. 6A),
decreased HLA-DR, CD80, and CD86 expression (Fig. 6B), and
significantly reduced T-cell proliferation and IFNy secretion
(Fig. 6C). Overall, these results suggest that mitochondrial
integrity is required for DC immune functions.

Discussion

Apoptosis represents the natural fate of end-stage differentiated
cells including, presumably, monocyte-derived DCs. Apoptosis of
DCs is probably a down-regulatory mechanism to halt excessive
activation of the immune system. In this sense, splenic mouse DC
trigger apoptosis soon after interaction with Ag-specific T cells
[29]. The state of DC differentiation is a determining factor of their
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susceptibility to apoptosis induced by diverse stimuli [7].
Pathogen- and T-cell-derived maturation confers resistance to
environmental (e.g. treatment with glucocorticoids or UVB
[12, 30]) and intrinsic death signals in DCs (such as Fas, TNFR1,
and TRAIL [31]) by up-regulating anti-apoptotic factors [15, 32, 33].
Accordingly, we and others [10] found that spontaneous DC
death, as measured by PI staining, was not important until after
3 days of culture. However, we observed the spontaneous appearance
of closely associated changes including mitochondrial dysfunc-
tion, at early time points of incubation, when nuclear apoptosis
was not yet evident. Thus, these mitochondrial changes appear to
precede cell shrinkage, loss of plasma membrane viability and
nuclear apoptosis, confirming previous similar findings for thymo-
cytes and lymphocytes [34].

Bcl-2 family members regulate the lifespan of DCs [15]. We
observed up-regulation of the pro-apoptotic BH3 protein of the
Bcl-2 family, namely Bim, after 24 hrs of culture and no changes
in the protein levels of any other Bcl-2 family members tested.
Stimulation with LPS induced significant up-regulation of Bim,
which is a crucial factor for spontaneous apoptosis in mice DCs
[1]. Bim induces A¥m loss and cytochrome ¢ release in isolated
mitochondria [35]. Thus, high correlations between Bim and
death-inhibitory members of the Bcl-2 family may reflect an indi-
cation of commitment to death. Concomitantly, natural inhibitors
of caspases, the proteins XIAP and c-FLIP, were down-regulated,
suggesting that caspase activation requires the release of several
physiological ‘brakes’ in DG apoptosis control. We observed a
decrease in XIAP protein content in DCs without a significant
change in XIAP mRNA levels, suggesting that XIAP degradation
occurs in spontaneous DG death. The observed XIAP protein
degradation is presumably dependent on the release of
Smac/Diablo from mitochondria. This observation underlines the
major role of mitochondria (and the mitochondrial Bcl-2 family of
proteins) as the upstream regulator of spontaneous DC death.
Interestingly, it has been demonstrated that, upon TLR engage-
ment, an autocrine loop of IL-10 limited the longevity of DCs
through the dynamic modulation of Bcl-2 protein expression,
thus providing a rational explanation of mitochondrial involve-
ment in DC death [36]. Environmental changes may also influ-
ence spontaneous DC death. Deprivation of growth factors
causes mouse DCs to undergo apoptotic cell death within 48 hrs
[33]. With monocyte-derived DCs from the same donor, the kinet-
ics of apoptosis was delayed more than 24 hrs according to the
batch of serum used for culture (not shown). Similar findings
have been previously described with different batches of serum-
free medium [37]. Nevertheless, in all cases, we observed exactly
the same sequence of events, beginning with mitochondrial
membrane changes.

With these facts in mind, we postulated that mitochondrial
dysfunction represents a hitherto unrecognized mechanism for
premature impairment of DC immune functions. We demon-
strated an important correlation between mitochondrial dys-
function and the ability of DCs to activate naive T cells.

© 2009 The Authors
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Although the exact causal relationship remains elusive, specific
reduced expression of HLA and the co-stimulatory molecules
CD80 and CD86 on A¥m low DCs appears involved. It is note-
worthy that when mature Langerhans cells spontaneously
undergo apoptosis in culture, this process is also accompanied
by reduced expression of various surface molecules, including
CD86 [38]. Interestingly, it has been demonstrated that mito-
chondrial ROS are involved in the up-regulation of CD80 and
CD86 in monocyte-derived DCs [39]. Balancing the mitochon-
drial membrane potential is important for ATP synthesis.
Depolarization of mitochondrial transmembrane potential leads
to disruption of respiratory chain function and ATP synthesis.
It is generally assumed that cell proliferation and its associated
metabolism are energy demanding processes, in contrast to
the relatively low metabolic rate of quiescent cells, such as T
lymphocytes, and probably also mature DCs. Nevertheless, the
requirement of mitochondrial bioenergetics for DC differentia-
tion, maturation and function warrant further investigation.
Irrespective of these unknowns, the present results place a new
emphasis on the putative role of mitochondria in the control of
DC immune functions.

These results may also be of potential clinical relevance.
Spontaneous apoptosis of DCs occurs in vivo and a higher per-
centage of apoptotic blood DCs is observed in patients with
breast cancer compared to healthy volunteers [40]. In a unique
experimental system employed to follow the migration and fate
of DCs, DCs migrated into draining lymph nodes then disap-
peared rapidly (by 48 hrs) from the lymph nodes, probably by
apoptosis [41]. The lifespan of antigen-bearing DCs has been
estimated to be as short as 3 days [29, 42]. Thus, it is tempting
to speculate that mitochondrial dysfunction in early DC apopto-
sis could be a plausible immune escape mechanism responsible
for the failure of DC-based immunotherapy for cancer.
Consequently, the assessment of mitochondrial membrane
potential may allow for a direct estimation of pre-apoptotic DCs
available for use and, thus, may provide a useful tool for the in
vitro/ex vivo evaluation of DC-based vaccines before injection.
The estimation of this mitochondrial parameter exposes a poten-
tially significant subpopulation of pre-apoptotic DCs with
impaired immuno-stimulatory capacities at a moment at which
conventional tests addressing their viability fail to yield function-
ally positive results.
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