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Abstract

C1qg has been shown to recognize apoptotic cells, to en-
hance their uptake and to modulate cytokine release by
phagocytes and thus promote immune tolerance. Surface-
exposed calreticulin (CRT), known as a C1q receptor, is also
considered to be an early eat-me signal that enhances the
phagocytosis of apoptotic cells and is capable of eliciting an
immunogenic response. However, the molecular mecha-
nisms that trigger these functions are not clear. We hypoth-
esized that CRT and C1g might act together in these pro-
cesses. We first showed, by means of fluorescence resonance
energy transfer (FRET), that CRT interacts with the C1q glob-
ular region at the surface of early apoptotic cells. Next, we
pointed out that knockdown of CRT on early apoptotic HelLa
cells impairs the enhancement effect of C1q on their uptake
by THP-1 monocyte-derived macrophages. Furthermore, a
deficiency of CRT induces contrasting effects on cytokine re-
lease by THP-1 macrophages, increasing interleukin (IL)-6

and monocyte chemotactic protein 1/CCL2 and decreasing
IL-8. Remarkably, these effects were greatly reduced when
apoptotic cells were opsonized by C1q, which counterbal-
anced the effect of the CRT deficiency. These results demon-
strate that CRT-C1q interaction is involved in the C1q bridg-
ing function and they highlight the particular ability of C1q
to control the phagocyte inflammatory status, i.e. by inte-
grating the molecular changes that could occur at the sur-

face of dying cells. ©2014'S. Karger AG, Basel

Introduction

The well-known complement component Clq [1-4]
was described in the last decade for its role in the recog-
nition and removal of apoptotic cells. Clq acts as an
opsonin and, by itself, facilitates the uptake of unwanted
self-cells by phagocytes [5-9]. Numerous studies have
also shown that Clq, which is predominantly synthe-
sized by macrophages and dendritic cells, influences the
phagocyte ‘status’ by modulating its differentiation and
regulating its cytokine expression [5, 6, 10-12]. Accord-
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ingly, mutations in C1q and Clq deficiency are linked
to systemic lupus erythematosus autoimmune disease.
In addition, genetic variants of C1q are associated with
the development of rheumatoid arthritis [9, 13, 14]. The
binding of C1q to the apoptotic cell surface is a multi-
molecular event which has not yet been completely de-
ciphered. We and others have characterized a number
of the molecules that mark the apoptotic cell and serve
as Clq ligands via interaction with its globular regions
(C1qGR), such as phosphatidylserine (PS) [15], DNA
[16, 17], annexins [18], GAPDH [19] and calreticulin
(CRT) [20]. To add complexity, some of these mole-
cules have been shown to interact, e.g. PS with CRT or
annexins [20-22]. How these interactions modulate
apoptotic cell uptake and/or the immune response initi-
ated by the phagocyte is a major question that needs to
be solved in order to understand the fragile balance be-
tween tolerance and immunogenicity. Recently charac-
terized as an early eat-me signal that enhances the
phagocytosis of apoptotic cells [23], surface-exposed
CRT (ectoCRT) has been known for a long time to be
associated with CD91 at the phagocyte surface and
serves as a Clq collagen tail coreceptor, although the
consequence of this interaction is still not clear [24, 25].
The way CRT plays out its functions on each side of the
phagocytic synapse has still to be elucidated. Interest-
ingly, recent studies have revealed the immunogenic
consequences of CRT exposure at the surface of dying
cells, and have demonstrated that CRT could trigger an
immunogenic response in reaction to proapoptotic/an-
ticancer drugs [26]. The apparent opposite effects of
Clq viewed as tolerogenic correlated to the immuno-
suppressive behavior of apoptotic cells and of CRT
mostly described as immunogenic are open to question.
They prompted us to examine the combined effect of
both proteins on the phagocyte response to apoptotic
cells. In a previous study, we demonstrated that CRT
binds with a high affinity to C1qGR but also to PS,
which is well-recognized by Cl1q at the surface of early
apoptotic cells. Notably, CRT knockdown obtained by
specific siRNA, reducing exposure of CRT at the surface
of HeLa cells, induces an increase of apoptotic cell bind-
ing to Clq [20].

In order to gain insight into the mutual effect of Clq
and ectoCRT on the uptake of apoptotic cells, we exam-
ined the direct C1qGR-CRT interaction at the surface of
apoptotic HeLa cells and measured how full-length Clq
(used as an opsonin) and CRT impact the phagocytosis
mediated by THP-1-derived macrophages and their cyto-
kine profile.

Clg, Calreticulin and Apoptotic Cell
Phagocytosis

Materials and Methods

Media, Reagents and Antibodies

Glutamax Dulbecco’s modified Eagle’s medium (DMEM),
RPMI 1640, penicillin/streptomycin, trypsin-EDTA, phosphate-
buffered saline (PBS) and carboxyfluorescein diacetate succinimi-
dyl ester (CFSE) were purchased from Invitrogen. The fetal calf
serum was obtained from Dutscher. Dimethyl sulfoxide (DMSO),
phorbol 12-myristate 13-acetate (PMA), cytochalasin D and lipo-
polysaccharide (LPS; from Escherichia coli 055:B5) were purchased
from Sigma-Aldrich. PA1-902A, a chicken polyclonal antibody di-
rected against the N-terminus of CRT, was obtained from Affinity
Bioreagents. SPA-601, a mouse monoclonal antibody against CRT,
was from Stressgen and rabbit polyclonal antibodies directed
against human C1q were from the Immune Response to Pathogens
and Altered-Self Group (Institut de Biologie Structurale, Greno-
ble). Alexa-488-conjugated donkey anti-chicken IgY and cyanine-
3-conjugated goat anti-rabbit IgG were from Jackson Immunore-
search. Clq and C1qGRs were purified from human serum and
were prepared and quantified as described previously [27].

Cell Culture, Apoptosis Induction and THP-1 Differentiation

HeLa cells (American Type Culture collection, No. CCL2) were
grown in Glutamax DMEM supplemented with 10% (v/v) fetal calf
serum, penicillin (2.5 U/ml) and streptomycin (2.5 pg/ml) at 5%
CO,. THP-1 cells (American Type Culture collection, No. TIB-
202) were cultivated in RPMI supplemented with 10% (v/v) fetal
calf serum, penicillin (2.5 U/ml) and streptomycin (2.5 pug/ml) at
5% CO,. The cells were regularly tested for Mycoplasma contami-
nation (Mycoalert detection kit, Lonza). The apoptosis of HeLa
cells cultured at 60-80% confluence was induced by UVB irradia-
tion (1,000 mJ/cm?) at 312 nm in fresh DMEM as previously de-
scribed [15]. Cells were then incubated for the indicated times at
37°C and 5% CO,. Measurement of early/late apoptosis was per-
formed by flow cytometry using the Annexin V-FITC kit (MACS
Miltenyi Biotec) according to the manufacturer’s instructions. Up
to 6 h after the UV irradiation, the cell population was considered
to be early apoptotic as propidium iodide labeling had not in-
creased significantly at this time point. Early apoptotic cells har-
vested 4 or 6 h after UV irradiation were used for the phagocytosis
assay and the fluorescence resonance energy transfer (FRET) anal-
ysis, respectively. Late apoptotic cells were obtained 20 h after the
UV irradiation. To induce the differentiation of THP-1 monocyte
cells to macrophages, the cells were treated with 10 nM PMA for
72 h [28,29]. Evaluation of cell phenotypes was performed by stan-
dard flow cytometry using fluorochrome-conjugated antibodies
against the cell surface markers CD14, CD11b, CD11¢, CD54 and
HLA-DR. The appropriate fluorochrome-conjugated isotype con-
trol antibodies were used as negative controls. Fluorochrome-con-
jugated antibodies were obtained from eBioscience for anti-CD11c
and anti-CD14. Anti-CD11b, anti-CD54 and anti-HLA-DR were
from BD Pharmingen. Flow cytometry data were analyzed with a
FACScan flow cytometer using CellQuest software (BD Bioscienc-
es) or Flowing software (Turku Center for Biotechnology, Fin-

land).

RNA Interference

Cells were transfected with siRNA as described previously [20].
Briefly, HeLa cells were transfected with lipofectamine RNAIMAX
(Invitrogen) by siRNA specific for CRT or by its complementary
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inverse sequence as a control at a final concentration of 10 nM.
Forty-eight hours after each transfection, cells were systematically
assessed for their CRT content by Western blotting of total cell ly-
sate using mouse anti-CRT monoclonal antibody SPA-601
(1:1,000). As demonstrated previously [20], siRNA CRT treatment
induces a decrease of 49-79% in surface-exposed CRT (i.e. it cor-
responds to a lower surface exposure of CRT of about 2- to 5-fold
depending on the variability observed after transient cell transfec-
tions).

Confocal Microscopy and FRET Quantification

Cells were washed in PBS and fixed for 15 min with 4% para-
formaldehyde at 37°C (EM Grade, Electron Microscopy Science).
HeLa cells were then incubated with C1qGR or Clq (10 pg/ml) in
PBS-1% BSA for 1 h at room temperature. CRT and bound C1qGR
were then detected by indirectimmunofluorescence with the PA1-
902A chicken polyclonal anti-CRT antibody at 10 ug/ml and a rab-
bit polyclonal anti-C1q antibody was diluted 1:100. Bound anti-
bodies were visualized with Alexa-488-conjugated donkey anti-
chicken IgY and cyanine-3-conjugated goat anti-rabbit IgG; both
secondary antibodies were diluted 1:200. Cells were mounted on
glass slides with Vectashield HardSet solution (Vector Laborato-
ries) and were visualized with a laser confocal fluorescence micro-
scope LSM 710 (Zeiss) using a Plan-Apochromat 63x/1.4 oil with
a 512 x 512 pixels scan. The efficiency of FRET is measured as a
relative increase in donor fluorescence (Alexa-488) following the
specific photobleaching of the acceptor fluorophore, which is cya-
nine-3. Several photobleaching steps with moderate laser power
were performed and the data obtained were extrapolated by the
linear regression fit to a zero-acceptor point in order to get more
reliable estimation of FRET efficiency, independent of the degree
of acceptor photobleaching or local variations of pixel intensities.
The analysis of the fluorescence intensity of the fluorophore and
the FRET efficiency were evaluated with the Volocity software
(Perkin Elmer). Control FRET experiments using the antibodies
(i.e. anti-Clq and anti-CRT plus the secondary-conjugated anti-
bodies) in the absence of C1qGR showed no colocalization. In ad-
dition, the use of secondary antibodies alone in the presence of
C1qGR indicated that none of the secondary antibodies interacted
nonspecifically.

Uptake of Apoptotic Cells

The protocol was adapted from Fraser et al. [5]. HeLa cells
were labeled with CFSE as follows: they were washed twice and
then resuspended at 1 x 106 cells/ml in PBS and incubated with
5 uM CFSE at 37°C for 15 min. The remaining CFSE was quenched
with DMEM-10% FCS, and the cells were then washed 3 times
before the induction of apoptosis or siRNA transfection. Prior to
phagocytosis, live or apoptotic HeLa cells were preincubated with
0 or 25 pg/ml Clq in RPMI 1640-10% FCS for 30 min at 37°C,
washed and then added to THP-1-derived macrophages at a ratio
of 1:1. The cells were then placed in contact for 1 h at 37°C and
5% CO, after centrifugation for 5 min at 300 g. After incubation,
cells were harvested with 0.25% trypsin/EDTA. The trypsin reac-
tion was stopped with medium containing 10% FCS. Cells were
pelleted by centrifugation at 300 g for 5 min, washed with PBS and
resuspended in PBS-1% BSA for staining. THP-1 macrophages
were stained with mouse anti-human CD11c-phycoerythrin (PE)
or mouse IgG1-PE isotype control for 1 h on ice. The cells were
then fixed with 4% paraformaldehyde for 15 min at room tem-
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perature, and then resuspended in PBS before FACS analysis.
Phagocytosis was calculated as the percent of the double CFSE and
CD11c-PE-labeled cells in the THP-1 macrophage population
(CD11c-PE-positive cells). Phagocytosis negative controls per-
formed at 4 or 37°C in the presence of 5 uM of cytochalasin (to
block the uptake) showed <5% of the double CFSE and CD11c-
PE-labeled cells.

Quantification of Cytokine Release

Cells were treated essentially according to the uptake assays
described above, but unlabeled live or apoptotic HeLa cells were
used. After the uptake of apoptotic cells, phagocytic cells were
washed with PBS and resuspended in RPMI 1640-10% FCS. Super-
natants were harvested for cytokine analysis 18 h after the phago-
cytosis assay (and in some conditions, after the addition of 30 ng/
ml LPS), centrifuged to remove cellular debris and stored at -80°C
until analysis. Cytokine production was analyzed in the same sam-
ple using a BD Cytometric Bead Array (BD Biosciences) for the
detection of interleukin (IL)-1a, IL-1f, IL-6, IL-8, IL-10, IL-12p70,
tumor necrosis factor-alpha (TNFa) and monocyte chemotactic
protein 1 (MCP-1/CCL2) [30]. Analyses were performed at the
Etablissement Frangais du Sang, Grenoble.

Results

The Clq Globular Regions and Calreticulin Interact at

the Surface of Early Apoptotic Cells

We developed a FRET strategy to detect C1qGR inter-
action with endogenous ectoCRT. With our approach,
exogenous C1qGR and cell-surface CRT were detected
using specific antibodies. Analyses were performed on
viable and UV-treated apoptotic HeLa cells. FRET was
evaluated after acceptor photobleaching (Cy-3 dye,
C1qGR labeling) by measuring donor fluorescence in-
crease (Alexa-488 dye, CRT labeling). Representative
images of C1qGR-CRT colocalization areas detected on
early apoptotic cells (6 h after UV irradiation) and the
corresponding FRET efficiency curves are shown in fig-
ure 1. On cells without visible membrane bleb, a signifi-
cant FRET efficiency of about 6-12% was measured on
all colocalization areas. The presence of a FRET signal, in
spite of the spacing created by the antibodies, indicates
the close proximity of the fluorophores and the direct
interaction of the labeled proteins. An example of C1gGR
and CRT colocalization and the corresponding FRET
analysis (displaying a FRET efficiency of about 8%) is
shown in figure 1a. Interestingly, for cells displaying the
characteristic surface blebs (fig. 1b), which indicates that
cells are in a more advanced stage of apoptosis, the result
was heterogeneous. Indeed, some patches presented a
FRET-positive signal similar to that observed previously
(fig. 1a), but for most of the areas, no FRET signal could
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Fig. 1. FRET study of C1qGR and CRT at the surface of apoptotic
HeLa cells. FRET efficiency was estimated by photobleaching of
the acceptor dye (Cy-3) on nonpermeabilized cells incubated with
C1qGR and immunolabeled for CRT (Alexa-488) and C1qGR
(Cy-3) as described in Materials and Methods. a Apoptotic cell
without visible membrane bleb. b Apoptotic cell with characteris-
tic membrane blebs. Regions used for the acceptor photobleaching

be detected (fig. 1b). This suggests that C1qGR-CRT in-
teraction is mostly a feature of the earlier stages of apo-
ptosis.

Downregulation of Calreticulin on Apoptotic

Cells Impacts Their Uptake and the C1q Effect on

Phagocytosis

In order to analyze the CRT effect on the uptake of
apoptotic HeLa cells by macrophages, we measured the
capacity of PMA-stimulated THP-1 cells to phagocyte
siRNA-treated HeLa cells. siRNA-CRT treatment in-
duced a very efficient knockdown of CRT (fig. 2), result-
ing in a decrease in the amount of surface CRT of about
2- to 5-fold when compared to control cells (as deter-
mined previously after biotinylation of cell-surface pro-
teins [20]). Viable or apoptotic Hela cells labeled with
CFSE and partially depleted for CRT were submitted to
differentiated THP-1. The percentage of CD11c-positive

Clg, Calreticulin and Apoptotic Cell
Phagocytosis

and FRET analysis are shown. Bars: 5 pum. Middle: curves corre-
sponding to the normalized fluorescence intensities of both dyes
(Cy-3 inred and Alexa-488 in green) expressed as a percent of the
signal measured before the gradual photobleaching started (blue
arrow). Right: FRET efficiency (percent of acceptor fluorescence
intensity increase) is expressed as a function of the percent of the
normalized acceptor fluorescence intensity.

macrophages, which had engulfed HeLa cell(s), was de-
termined by flow cytometry as described in Materials and
Methods. To assess specifically the effect of C1q on phago-
cytosis, and because its globular regions alone do not pro-
mote cell-cell bridging, whole C1q (25 pg/ml) was used to
opsonize apoptotic HeLa cells prior to the macrophage-
target cell contact. As illustrated for a representative ex-
periment (fig. 2), HeLa cells were efficiently engulfed by
THP-1 macrophages and the phagocytosis increased with
the development of apoptosis. CRT-deficient apoptotic
cells (siRNA CRT) were significantly less engulfed than
control siRNA-treated cells (siRNA ct), at either an early
or a late stage of apoptosis (i.e. 4 or 20 h after UV irradia-
tion). As expected from the published data [5], C1q only
slightly but specifically enhanced the phagocytosis of ear-
ly apoptotic cells. Remarkably, this was not observed for
CRT-deficient cells. In our assays, C1q had no effect on
the phagocytosis of late apoptotic cells.
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Fig. 2. Effect of CRT deficiency and of exogenous Clq on the up-
take of early and late apoptotic cells. Early or late apoptotic HeLa
cells labeled with CFSE, opsonized or not with Clq (25 pg/ml),
were incubated with PMA-treated THP-1 cells at a ratio of 1:1 for
1hat37°C. THP-1 macrophages were labeled with an anti-CD11c-
PE antibody just prior to flow cytometry analysis. a Dot-plot of a
negative control phagocytosis performed at 4°C (negative con-
trol). b Dot-plot of the phagocytosis at 37°C (corresponding to late
apoptotic CRT-deficient cells). a, b Inset shows macrophages that

Clq and CRT Act Together in Regulating the Cytokine

Profile

As it has already been shown that apoptotic cells, Clq
and CRT have immunomodulatory effects on phagocytic
cells, we next investigated IL-1a, IL-1p, IL-6, IL-8, IL-10,
IL-12, MCP-1/CCL2 and TNFa cytokine production in
our model. This analysis was performed under sterile
conditions (i.e. in the absence of a microorganism com-
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had engulfed HeLa cells (double-labeled cells). ¢ Phagocytosis is
expressed as the percent of the double-labeled cells in the macro-
phage population (i.e. CD11c-positive cells). Data are the mean +
SD of triplicates of a representative experiment of 5. * p < 0.05,
** p £ 0.005, ANOVA 1-way test. d Representative SDS-PAGE
analysis and immunoblotting of CRT expressed on siRNA-treated
HeLa cells; 20 pg of soluble proteins were analyzed. The molecular
mass markers (expressed in kilodaltons) are shown.

ponent) to avoid the influence of other cytokine modulat-
ing factors. Under these conditions, IL-10 and TNFa were
not detected, and IL-1a, IL-1B and IL-12 were only de-
tected at a low level (data not shown). In contrast, the
proinflammatory IL-6, IL-8 and MCP-1/CCL2 cytokines
were efficiently produced and modulated by THP-1 mac-
rophages after incubation with HeLa cells. As a result of
the uptake of viable HeLa cells (fig. 2), THP-1 cells im-

Verneret et al.


http://dx.doi.org/10.1159%2F000358834

pressively enhanced the production of IL-6, MCP-1/
CCL2 and IL-8 (fig. 3). When apoptotic cells were en-
gulfed, these increases were significantly reduced. In ad-
dition, efficient CRT knockdown obtained by siRNA
CRT treatment (fig. 2d) clearly reduced this anti-inflam-
matory effect by increasing the release of IL-6 and MCP-
1/CCL2 but not IL-8 (fig. 3). Indeed, concentrations of
IL-6 and MCP-1/CCL2 were 7.9- and 4.1-fold higher for
siRNA CRT early apoptotic cells, compared to siRNA ct
cells. Similarly, increases were also observed for late apo-
ptotic cells (14.1- and 2.2-fold for IL-6 and MCP-1/CCL2,
respectively). When early apoptotic cells were first opso-
nized by exogenous Clgq, the differences between siRNA
CRT and siRNA ct conditions were clearly of a lesser ex-
tent for both IL-6 and MCP-1/CCL2 cytokine levels. This
suggests that the presence of Clq could compensate for
the CRT deficiency. If IL-8 release was not affected by
CRT on early apoptotic cells (fig. 3), it nevertheless sig-
nificantly decreased following the uptake of late apo-
ptotic CRT-deficient cells (i.e. late siRNA CRT vs. late
siRNA ct cells). Interestingly, the level of IL-6 was differ-
entially modulated by Clq, depending on the CRT ex-
pression on the early apoptotic cells (fig. 4a). The decrease
of IL-6 was noticeably more marked for CRT-deficient
cells than for control cells. No significant change was ob-
served in response to the uptake of late apoptotic cells. To
the contrary, the effect on IL-8 level was observed only for
macrophages fed with late apoptotic cells, but, opposite
to what we measured for IL-6, Clq affected the level of
IL-8 in the phagocytosis of control cells more efficiently
than that of CRT-deficient cells (fig. 4b). Finally, the em-
blematic IL-10 anti-inflammatory cytokine was only pro-
duced after LPS-stimulation of THP-1. Even under this
condition, the level of IL-10 remained weak and appeared
unaffected by CRT and C1q. The same observation was
made for TNFa (data not shown).

Fig. 3. Cytokines released from THP-1 macrophages during the
uptake of CRT-deficient apoptotic cells. Cytokine production of
PMA-treated THP-1 monocytes was analyzed using BDBioscienc-
es Cytometric BeadArray in the supernatant of macrophages fed
with early or late apoptotic cells deficient or not for CRT (i.e.
siRNA CRT or siRNA ct cells). When indicated, early or late apo-
ptotic cells were opsonized by Clq. Supernatants were collected
18 h after the phagocytosis assay. Data are the average concentra-
tions £ SD from measurements of 3 independent experiments.
* p < 0.05, Student t test. Control cytokine levels produced by
THP-1 alone or fed with viable cells are shown. Fold modulation
of the cytokines released in the siRNA CRT versus siRNA ct condi-
tions is reported when differences were statistically significant.
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Fig. 4. C1q modulation of IL-6 and IL-8 released from macro-
phages during the uptake of apoptotic cells. Cytokine levels were
measured by analysis of the supernatant of differentiated THP-1
macrophages and fed with early (IL-6) or late (IL-8) apoptotic cells
as described for figure 3. Selected results of figure 3 are expressed
as fold difference in cytokine concentration (a IL-6 and b IL-8)
compared to control levels from phagocytes, which had ingested
apoptotic cells in the absence of C1q. Data are plotted as average
fold decreases + SD from 3 experiments. * p < 0.05 (Clg-treated
levels vs. control levels in the absence of Clq, Student t test).
CRT+ = siRNA control-treated cells; CRT- = siRNA CRT-treated
cells.

Discussion

The Clq globular region binds with high affinity to
purified CRT and C1qGR partially colocalizes with ec-
toCRT at the surface of apoptotic cells; this raises the pos-
sibly that CRT and Clq act together to modulate the
phagocytosis event by their interaction at the apoptotic
cell surface. Accordingly, we have previously demon-
strated that PS is a common Clq and CRT partner and
that CRT knockdown increased C1q binding to apoptot-
ic cell binding, possibly via its interaction with PS [20].
Here, we focused on C1q/CRT interactions that occur at
the apoptotic cell surface and their effect on the phago-
cyte function. We first demonstrated by FRET that
C1qGR binds directly to CRT exposed at the apoptotic
cell surface, and our observation suggests that this inter-
action could be dependent on the apoptotic stage. Sec-
ondly, we analyzed the consequence of CRT deficiency on
the uptake of the cells undergoing apoptosis by THP-1
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macrophages. As expected from reports showing that
CRT could be an early eat-me signal in the uptake of
apoptotic cells, we have shown that CRT-deficient apo-
ptotic HeLa cells were, in effect, less engulfed than control
cells. We also observed that CRT deficiency abolished the
Clq enhancement of the phagocytosis of early apoptotic
cells. This result is logically supported by the direct CRT-
Clq interaction and provides evidence that CRT isa Clq
ligand involved in the C1q enhancement of apoptotic cell
uptake at the early stage of apoptosis. However, together
with our previous observation that reducing surface CRT
exposure on early apoptotic cells induces a significant in-
crease of Clq binding [20], this indicates that the pres-
ence of Clq at the cell surface is not sufficient for its
bridging function. This also underlines that functions
supported by C1q are dependent on the accessibility of its
ligands on the apoptotic cell, and suggests that binding
events could modulate responses triggered by C1q. To get
an insight into Clq function in signaling and its possible
partnership with ectoCRT in this process, we have quan-
tified cytokines released from phagocytic THP-1 macro-
phages. Our findings indicated that, if apoptotic cell en-
gulfment has anti-inflammatory consequences as IL-6,
MCP-1/CCL2 and IL-8 levels are dramatically reduced,
CRT deficiency on apoptotic cells induces contrasting ef-
fects on cytokine production, increasing IL-6 and MCP-
1/CCL2 and decreasing IL-8. We conclude that CRT ex-
posed at the apoptotic cell surface led to a downregulation
of the expression of IL-6/MCP-1 and an upregulation of
IL-8, thus suggesting that the global inflammatory re-
sponse triggered by CRT is a complex equilibrium. More-
over, this should be dependent on the phagocyte differ-
entiation. Interestingly, MCP-1/CCL2 and IL-6, which
are among the most prevalent cytokines in the tumor mi-
croenvironment, have been shown to promote the sur-
vival of mononuclear cells and induce anti-inflammatory
M2-type macrophage polarization [31]. Their downregu-
lation mediated by CRT exposed at the surface of dying
cells could be in favor of a more efficient immunogenic
response. Remarkably, when apoptotic cells were opso-
nized by Clq, the CRT deficiency effects were greatly re-
duced, either with an IL-6 increase or an IL-8 decrease.
Besides, we showed that Clq differentially modulated
IL-6 and IL-8 releases by THP-1 macrophages during the
phagocytosis of normal or CRT-deficient cells. Its anti-
inflammatory effect is significantly higher on CRT-defi-
cient cells with regard to the IL-6 release and is more ef-
ficient on normal cells for the IL-8 release (fig. 4), thus
counterbalancing the effect of the CRT deficiency (fig. 3).
It should be noted that C1q is also known to enhance IL-8
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production by human umbilical vein endothelial cells in
a CRT-dependent way [32]. Accordingly, we have ob-
served that C1q enhances the production of IL-8 and IL-6
by HeLa cells (data not shown). This represents <1.5% of
the amount of cytokines measured during phagocytosis
and could thus not significantly influence our conclusion.

In this study, we focused on the C1q/CRT interaction
at the apoptotic cell surface known to be mediated by the
Clq globular region. We analyzed how this impacts on
the phagocyte response. However, it should be kept in
mind that CRT is also present at the macrophage surface,
and it was proposed to act with CD91 as a coreceptor of
the collagen tail of C1q. The functional consequence of
this interaction is still unclear and needs further elucida-
tion.

In our opinion, a key element is likely the C1q/PS/CRT
partnership. Indeed, PS which is well-known for being
linked to the anti-inflammatory effects triggered by apo-
ptotic cells [33], interacts with both CRT and Clq. Our
previous study suggested that surface CRT level could
modulate C1q/PS binding, thus possibly modifying PS
recognition by other phagocyte receptors and bridging
molecules, and consequently affecting the downstream
signaling events. To add complexity, other serum PS-
binding molecules have been shown to regulate C1q func-
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