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Maturation of dendritic cells abrogates C1q production in vivo and in vitro

Giuseppe Castellano, Andrea M. Woltman, Alma J. Nauta, Anja Roos, Leendert A. Trouw, Marc A. Seelen,
Francesco Paolo Schena, Mohamed R. Daha, and Cees van Kooten

Dendritic cells (DCs) and complement are
essential components of the innate im-
mune system. Immature DCs (immDCs)
and mature DCs (mDCs) can migrate to
lymphoid areas inducing, respectively, tol-
erance and immune responses. Primary
deficiency of complement component Clqg
(C1q) leads to autoimmunity, suggesting
arole in the maintenance of tolerance. In
the present study, we investigated the
production of Clq by immDCs, mDCs,
and macrophages. We demonstrated that

monocyte-derived and CD34*-derived in-
terstitial DCs are a rich source of Clq.
Clqg produced by immDCs is functionally
activein complement activation and bind-
ing to apoptotic cells. The production of
Clqg is completely down-regulated upon
DC maturation in vitro. Moreover, we
found that DC differentiation in the pres-
ence of interferon-a (IFN-a) accelerated
DC maturation and strongly impaired
overall C1q production. Finally, we dem-
onstrated the presence, in significant

numbers, of DC-SIGN*/Clg* cells in
T-cell areas of tonsils, next to DC-LAMP*
mDCs lacking Clqg. We conclude from
these results that immDC, a cell with
tolerogenic properties, is arich source of
active Clqg in vitro and in vivo, which is
down-regulated on maturation. There-
fore,immDCs may be considered an addi-
tional source of C1q in humans. (Blood.
2004;103:3813-3820)
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Introduction

Dendritic cells and complement are essential components of the
innate immune system.2 DCs are the most powerful antigen-
presenting cells that have a key role in inducing the primary
immune response and in tolerance.® In peripheral tissues, DCs
reside in an immature form characterized by a high phagocyte
capacity. DCs are able to capture and process foreign material and
self-antigens derived from normal tissue turnover. When immDCs
encounter apoptotic cells, they are able to engulf and process them
and to present self-antigensin association with major histocompat-
ibility complex (MHC) on their surfaces*®> Once migrated to
draining lymph nodesin theimmature or the semimature state, DCs
are able to induce tolerance by deleting autoreactive T cells or by
inducing regulatory T cells.87 In contrast, on encountering proin-
flammatory signals (bacteria products, cytokines), DCs not only
migrate, but also start to mature and acquire a strong T cell—
stimulatory capacity to initiate an immune response. Specific
differences have been described between these 2 activation states
of the same cell, including phagocyte activity, cytokine production,
surface expression of costimulatory molecules, and cellular distri-
bution of MHC-antigen (MHC-Ag) complexes.®

Complement component C1q (C1q), together with C1r and C1s,
is the initiating protein of the classical pathway of complement
activation. It has amolecular weight of 460 kDawith 3 polypeptide
chains (A, B, and C) linked together to form atriple-helix structure
repeated 6 times. Clq is formed by C-terminal globular head
regions and N-termina collagen-like regions,’® allowing Clq to
interact with different types of antigens. C1q can bind to self and

foreign material, leading to complement activation and to cellular
activation through different C1q receptors.! It has been demon-
strated that C1g can bind to apoptotic cells.*213 Primary Clq
deficiency in humans is the strongest susceptibility factor for the
development of systemic lupus erythematosus (SLE), the prototype
of autoimmune diseases.*4*> An SLE-like disease also occurs in
Cl1q~/~ mice with evidence of an impaired clearance of apoptotic
cells by macrophages.1617

In contrast to most other complement components, which are
mainly liver derived, macrophages are thought to be the major
source of C1q.181° Recently, it has been demonstrated that bone
marrow transplantation from wild-type mice with sufficient C1q
into C1g~/~ mice was able to restore the norma serum levels of
Clq, suggesting that other weak sources, such as epithelial cells or
fibroblasts, do not contribute significantly to the total amount of
Clqg in serum.’® Recently, it has been suggested that DCs can
secrete C19.%

In view of theinvolvement of DCs and C1q in the maintenance
of tolerance?! the aim of our study was to investigate the
production and regulation of C1q by DCs. We generated monocyte-
derived DCs and macrophages from monocytes derived from the same
donors. Moreover, we analyzed CD34+-derived DCs. We demonstrated
that DCsin theimmature stage are an important source of C1q, whereas
fully mature mDCs are completely devoid of Clq production. In
addition, IFN-« was identified as a potent inhibitor of Clq production.
Finaly, we showed the occurrence of specific DC-SIGN*/C1q* and
DC-LAMP*/C1g~ DCsin humantonsis.
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Materials and methods

Generation of monocyte-derived DCs and macrophages

Monocytes were isolated from buffy coats obtained from healthy donors
using Ficoll-Hypague (Sigma, St Louis, MO) and Percoll (Pharmacia,
Uppsala, Sweden) density gradient centrifugation. After 2 hours of culture
in 6-well culture plates (1.1 X 106 cells/mL; Costar, Cambridge, MA), the
nonadherent cells were removed by 2 washing steps with phosphate-
buffered saline (PBS).

Monocyte-derived DCs were generated as previously described.?
Briefly, monocytes were cultured in RPMI 1640 supplemented with 10%
heat-inactivated fetal calf serum (FCS), penicillin/streptomycin (P/S) (al
from Gibco/Life Technologies, Breda, The Netherlands), 5 ng/mL granulo-
cyte macrophage—colony stimulating factor (GM-CSF; Sandoz, Uden, The
Netherlands), and 10 ng/mL interleukin-4 (I1L-4; Peprotech, Rocky Hill, NJ)
for 7 days (more than 95% of DCs were CD1a"/CD147).2 In some
experiments, the cells were differentiated in the same medium supple-
mented with 200 U/mL IFN-a (Intron A; Schering-Plough, Brussels,
Belgium). Monocyte-derived macrophages were generated by culturing
monocytesin RPMI 1640 with 15% FCS, P/S, and 2 mM L-glutamine for 7
days. These cells have been demonstrated to be strong producers of C1q.2
The medium was changed every 2 to 3 daysin each type of cultures.

At day 7, DCs and macrophages were harvested, analyzed for pheno-
type, and cultured for 48 hoursin their respective medium, asdescribed, at a
density of 1 X 10° cellsmL. For maturation experiments, day-7 immDCs
were harvested and cultured for 48 hours in the presence of different
maturation stimuli: 50 ng/mL TNF-a (R&D Systems, Abingdon, United
Kingdom), 200 ng/mL lipopolysaccharide (LPS from Salmonella typhosa;
Sigma), or CD40L in the DC medium described. CD40L activation was
performed using a coculture system with CD40L-transfected L cells
(L-CD40L) in a DC/L-CD40L ratio of 4:1.2% Nontransfected L cells were
used as control (L cell).

Generation of CD34*-derived DCs

CD34" progenitor cells were isolated from cord blood samples to generate
immDCsas previously described.? Briefly, CD34" cellswereisolated from
the mononuclear fraction through positive selection using anti-CD34—
coated microbeads and Midi-Macs separation columns (both from Miltenyi
Biotec, Bergish Gladbach, Germany). After cryopreservation, cells were
cultured in RPMI 1640 containing 10% FCS, 10 mM HEPES (N-2-
hydroxyethyl piperazine-N’-2-ethanesulfonic acid), 2 mM L-glutamine,
50 mM B2-mercaptoethanol, P/S, 100 ng/mL GM-CSF, 25 ng/mL stem
cell factor (R&D Systems), 2.5 ng/mL TNF-a, and 5% AB* pooled
human serum.

After 6 days of culture, cellswere collected and labeled with fluorescein
isothiocyanate (FITC)—conjugated anti-CDla (HI149; BD PharMingen,
San Diego, CA) and phycoerythrin (PE)—conjugated anti-CD14 (Leu-M3;
Becton Dickinson, San Jose, CA). Cells were separated according to CD1a
and CD14 expression into CDla CD14" and CDla"CD14~ fractions
using a FACStarPlus (BD Biosciences). Sorted cells were further cultured
for 7 daysin the presence of GM-CSF, P/S, and 10% FCS.

Phenotypic FACS analysis

Cellswere harvested and washed twice in PBS containing 1% bovine serum
albumin (BSA) and 0.02% NaNj3. Fluorescence-activated cell sorter (FACS)
analysis was performed using monoclona antibodies (mAbs) against the
following surface markers: CD1a (Leu-6), CD14 (Leu-M3) (both Becton
Dickinson), CD86 (IT2.2; PharMingen), CD83 (HB15A; Immunotech,
Marseilles, France), and HLA-DR (clone B8.11, 2). For the detection of the
membrane-bound form of C1q (mC1q), an mAb directed against the C1q
globular head regions (mAb 22042%; kindly provided by Prof C. E. Hack,
Sanquin Research, Amsterdam, The Netherlands) was used. Staining was
visualized using PE-conjugated goat-antimouse immunoglobulins (DAK O,
Glostrup, Denmark). Cells were assessed for fluorescence using a FACScan
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(Becton Dickinson). Data obtained were analyzed using WinM DI software
(http://facs.scripps.edu).

RNA isolation and RT-PCR analysis

Total RNA was isolated using RNAzol (Campro, Veenendaal, The Nether-
lands) according to the manufacturer’s instructions. After quantification,
1 g RNA was reverse transcribed into cDNA by oligo (dT) priming using
Moloney murine leukemia virus reverse transcriptase (RT; Life Technolo-
gies). The amplification of cDNA by polymerase chain reection (PCR) was
performed using primers for the Clq A chain'® (forward, 5'-ATG GTG ACC
GAG GAC TTG TG-3'; reverse, 5'-GTC CTT GAT GTT TCC TGG GC-3')
(276-bp product) and for GAPDH (forward, 5'-ACCACA GTC CAT GCCATC
AC-3'; reverse, 5-TCCACCACC CTG TTG CTG TA-3') (500-bp product).

Clq isolation

Clq wasisolated from human donor plasma.l® In brief, a protein precipitate
was made from recalcified human plasma by adding polyethylene glycol
6000 (3% [wt/vol]; Sigma) and incubating for 1 hour on ice. After
centrifugation, the precipitate was dissolved in 2.5 X Veronal-buffered
sdine (VBS: 1.8 mM Na-5,5-diethylbarbital, 0.2 mM 5,5-diethylbarbituric
acid, 145 mM NaCl) containing 10 mM EDTA (ethylenediaminetetraacetic
acid) and loaded on an affinity column consisting of Sepharose-coupled
human immunoglobulin G (1gG) previously incubated with rabbit 1gG
directed against human 1gG. After washing, the column was eluted using
1 M NaCl in PBS/10 mM EDTA. Peak fractions containing Clq, as
assessed by a C1g hemolytic assay, were pool ed, concentrated, and dialyzed
against PBS containing 4.5 mM EDTA. The solution was applied on a
cation exchange Biorex 70 column (Bio Rad Laboratories, Hercules, CA).
A salt gradient was applied to elute C1g, and the C1g-containing fractions,
determined with a hemolytic assay, were pooled and concentrated. The
purity of Clq preparation was approximately 99% as assessed by sodium
dodecy! sulfate—polyacrylamide gel electrophoresis (SDS-PAGE). Clqwas
stored at —80°C before use.

ELISA

A specific enzyme-linked immunosorbent assay (ELISA) for the detection
of human Clq was developed. ELISA was performed using 96-well
Maxisorb plates (Nunc, Roskilde, Denmark). The Clg-specific mAb 220426
(0.5 pg/mL) was incubated in coating buffer (100 mM NaCOs/NaHCOs,
pH 9.6) for 2 hours at 37°C. A blocking step was performed using 3% BSA
in PBSfor 1 hour at 37°C.

Highly purified serum Clqwas used as astandard. After adding samples
and incubating for 1 hour at 37°C, purified rabbit 1gG antihuman Clq
(5 wg/mL)?” was used for 1 hour at 37°C, followed by horseradish
peroxidase (HRP)—conjugated goat-antirabbit 1gG (Jackson ImmunoRe-
search, West Grove, PA) for 1 hour at 37°C; al these steps were performed
in ELISA buffer (PBS, 1% BSA, 0.05% Tween 20). Each step was followed
by 3 washes with PBS/0.05% Tween 20. Enzyme activity was assessed by
the addition of ABTS (2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt; Sigma) and H,0,. The optical density (OD) at 415
nm was measured using a microplate biokinetics reader (EL312e; Bio-Tek
Instruments, Winooski, VT). The sensitivity of the ELISA was 1 ng/mL.

Clg-ELISA specificity was confirmed by measuring C1q in different
sera from healthy donors. Moreover, Clg-depleted sera and sera from 2
Clg-deficient donors emitted no signal in the ELISA. As an additional
control, we used normal rabbit 1gG instead of rabbit 1gG from animals
immunized with human Clg; this did not result in a detectable signd in the
ELISA. For |L-6 detection, the same ELISA was used as described previoudy.?8

Clg hemolytic assay

For hemolytic assays, sheep red blood cells (SRBCs) were sensitized using
rabbit anti-SRBC antibodies (antibody-coated erythrocyte [EA]), as de-
scribed previously.?® Briefly, EA (1 X 108) were mixed with C1g-depleted
human serum (diluted 1:75) in afinal volume of 100 p.L. Subsequently, 100
L immDC culture medium or purified C1qwas added in different dilutions
and incubated at 37°C for 60 minutes with shaking. After adding 1.5 mL

20z Aey 81 uo 1sanb Aq ypd-€1.8£00¥00108UZ/0LZL69L/ELBE/0L/E0LHPd-B]0IE/POO|GARU sUOREdlqndysE//:diy Wwou) papeojumoq



BLOOD, 15 MAY 2004 - VOLUME 103, NUMBER 10

PBS followed by centrifugation, hemolysis was assessed by measuring OD
at 414 nm. The lytic activity of each condition was expressed in Z values.?

Phagocytosis assay

Jurkat cells were washed with PBS and stained with 5 uM carboxyfluores-
cein diacetate succinamidyl ester (CFSE; Molecular Probes, Leiden, The
Netherlands). After staining, the cells were washed with RPMI 1640
containing 10% FCS and were resuspended in serum-free AIMV culture
medium (Gibco). Jurkat cells were opsonized by incubation for 18 hours
with 30 pg/mL purified human Clq in the presence of 40 .M etoposide to
induce apoptosis, as described.!® Labeled apoptotic cells were incubated
with day-7 immDCs for 2 hours at 37°C or 4°C in 250 pL AIMV culture
medium (DCl/apoptotic cell ratio, 1:1). ImmDCs were labeled with anti—
HLA-DR and PE-conjugated goat-antimouse immunoglobulin antibodies
(DAKO). Uptake was analyzed by flow cytometry using a FACScan. Data
from 10* events were acquired.

Immunofluorescence analysis

Human tonsils were analyzed for DCs and C1q through single and double
staining. Cryostat sections of 3 um were treated with PBS containing 0.9%
H,0, and 1% NaN3 for 20 minutes to block endogenous peroxidase activity,
washed, and incubated with mouse antihuman DC-SIGN (AZN-D1; kindly
provided by Drs Yvette van Kooyk and Teunis B. H. Geijtenbeek, Free
University Medical Center, Amsterdam, the Netherlands),?® mouse antihu-
man DC-LAMP (kindly provided by Dr Serge L ebecque, Schering-Plough,
Dardilly, France),% or rabbit antihuman C1q.27 After washing, mouse 1gG
was detected using goat—antimouse-HRP (DAKO), and rabbit 1gG was
detected using goat—antirabbit 1gG-HRP (DAKO). The goat—antimouse-
HRP- or goat—antirabbit 1gG-HRP-treated sections were then incubated
with Tyramide-FITC in Tyramide buffer (NEN—-Dupont Research Products,
Boston, MA). Double-staining experiments were performed detecting
rabbit 1gG by goat—antirabbit IgG-TRITC (Nordic, Tilburg, The Nether-
lands). All incubation steps were performed using PBS/BSA 1% as a buffer
for 60 minutesin adark, humid incubator at room temperature.

Statistical analysis

Data were presented as mean = SD of duplicate or triplicate analysis,
representing experiments with up to 7 independent donors, as indicated.
Statistical analysis was performed using one-way analysis of variance
(ANOVA) with Bonferroni correction for multiple comparison, 2-way
ANOVA, and paired Student t test as indicated. The normal distribution of
the data was verified by using the Kolmogorov-Smirnov test. Differences
were considered statistically significant at a P valuelessthan .05. Datawere
analyzed using GraphPad Prism (GraphPad, San Diego, CA) software.

Results

Analysis of C1q in immDCs and macrophages derived
from the same donor

DCs and macrophages were generated from peripheral blood
monocytes. At day 7, RNA was extracted, and RT-PCR analysis
showed abundant expression of C1qinimmDCs, comparableto the
expression in macrophages (Figure 1A). DCs were phenotypically
characterized and showed a typical pattern of CDlatCD14~
(Figure 1B). ImmDCs were CD83~ with low expression of CD86
and HLA-DR, typical of the immature stage (data not shown).
Using mAb 2204 directed against the globular heads of Clq,
immDCs and macrophages showed the expression of amembrane-
bound form of C1q (mC1q) on their surfaces (Figure 1B), afeature
described earlier for macrophages.18:31

To evaluate the production of soluble C1q at the protein level, a
specific ELISA for Clq was developed using a sandwich of
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Figure 1. Analysis of Clq production in monocyte- and CD34*-derived DCs
and macrophages. Day-7 immDCs and macrophages were lysed for mRNA
extraction (A) or analyzed using FACS (B). For RT-PCR analysis, specific primers for
the C1q A chain were used. While histograms indicate isotype control. (C) Detection
of Cl1q purified from serum using a sandwich ELISA. (D) Day-7 macrophages and
immDCs were generated from the same monocyte population of 7 independent
donors, and C1q production was analyzed in duplicate in 48-hour culture superna-
tants. Each line represents the mean C1q production in the 2 cell types of 1 donor.
The difference between macrophages and DCs was statistically significant (P = .0035,
paired Student t test). (E) Freshly isolated CD34% cord blood hematopoietic
progenitors were cultured for 6 days and then FACS-sorted into CD1a*CD14~ and
CDla CD14" cells. Sorted cells were then cultured independently for 48 hours.
Supernatants were collected (day 8) and used in C1g-specific ELISA. Alternatively,
sorted cells were cultured until day 13. At day 13, cells were harvested and then
cultured for 48 hours. Supernatants were collected (day 15) and used in C1g-specific
ELISA. Results are shown as mean =+ SD of an experiment performed in triplicate.
Similar results were obtained in 2 different donors. *P < .0001 compared with
Langerhans cells; 2-way ANOVA of 2 experiments.

monoclonal and polyclona anti-C1lq antibodies (“Materials and
methods”). Using highly purified serum Clq, the detection limit of
this assay was found to be 1 ng/mL (Figure 1C). Culture
supernatants (48 hours) of macrophages and DCs, generated in
parallel from the same monocytes, were quantified for C1q content
in seria dilutions of the supernatants. ImmDCs produced signifi-
cantly more C1q (mean, 318.4 ng/mL; range, 100-679 ng/mL)
compared with macrophages (mean, 64.6 ng/mL; range, 2-148
ng/mL) (Figure 1D). The C1q production by immDCswas 2.5 to 50
times higher than that of macrophagesin 7 different donors.
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Figure 2. Functional analysis of C1q produced by DCs and phagocytosis experiments. (A) The hemolytic activity of C1q present in DC culture media was investigated
using SRBCs and supernatants derived from immDCs in culture (days 7-9). The amount of C1qg quantified in ELISA was, respectively, 6.4 ng/mL (purified C1q), 339 ng/mL
(DC1),103.5 ng/mL (DC Il), and 50 ng/mL (DC Ill). Results are shown as mean = SD of triplicate analysis of DC supernatants from 3 different donors. *P < .001 compared with
medium (ANOVA with Bonferroni correction). (B) 48-hour immDC supernatants were incubated for 2 hours with apoptotic Jurkat cells. Purified C1q (5 pg/mL) and fresh DC
medium were used as controls. Binding of C1q was detected by flow cytometry using the mAb 2204. (C) CFSE-stained apoptotic cells were opsonized with purified C1q in
serum-free medium overnight. After extensive washing, apoptotic cells were coincubated with immDCs for 2 hours each at 37°C and 4°C (DC/apoptotic cell, 1:1 ratio). As
control, apoptotic cells cultured in medium alone were used. ImnmDCs were stained with anti-HLA-DR. FACS analysis was performed considering the percentage of
HLA-DR*/CFSE™ cells. Data are presented as mean + SD of an experiment performed in triplicate. *P = .0072 compared with nonopsonized apoptotic cells (Student t test).

Similar results were obtained in 4 experiments.

Analysis of C1q production in CD34*-derived DCs

We next investigated Clq production in DCs generated from
CD34" cord blood progenitors cultured in the presence of GM-
CSF and TNF-a. During the first week of culture, 2 subsets of DC
precursors developed and were subsequently separated according
to CDl1a and CD14 expression using FACS.2> Culture of sorted
cellsfor 48 hours showed that Langerhans cell precursors (CD1a")
and interstitial DC precursors (CD14") had the capacity to produce
C1q (Figure 1E). The 2 precursor populations were further cultured
to giverise to fully differentiated Langerhans cells and interstitial/
dermal DCs. Cells were collected at day 13, washed, and cultured
for another 48 hours. Analysis of these supernatants showed that
at the final differentiation stage, interstitial/dermal DCs had a
significant higher capacity to produce Clq than Langerhans
cells (Figure 1E).

Functional analysis of C1q produced by immDCs and
phagocytosis experiments

Because Clq produced by some cultured cells, such as fibro-
blasts,? is unable to induce activation of the complement cascade,
we investigated the functional activity of Clq produced by
immDCs in a Clg-dependent hemolytic assay. Adding culture
supernatants from 48-hour—cultured immDCs to Clg-deficient
serum resulted in lysis of SRBCs sensitized with rabbit anti-SRBC
antibody (Figure 2A; analysisin 3 donors), indicating activation of
the classical pathway. The hemolytic activity of immDC-Clqg was
lower than that of purified Clq, as previously described for
macrophages.?*33

Biologically active C1q can bind to apoptotic cellst?® and
enhance the phagocytosis of apoptotic cells by macrophages.®*
Therefore, apoptotic Jurkat cells were incubated with the super-
natant of immDCs, and Clq binding was analyzed using an
anti-C1q mAb.13 Clq in the immDC supernatant and purified C1q
from serum showed a specific binding to apoptotic Jurkat cells
(Figure 2B).

To assess whether the presence of Clg might influence the
phagocytic activity of immDCs, we performed phagocytosis experi-
ments using CFSE-labeled apoptotic cells opsonized with highly
purified serum C1q. After 2 hours of coincubation, the degree of
phagocytosis was analyzed using flow cytometry. The percentage
of CFSE™ cells within the HLA-DR* DC population was defined
as the percentage of phagocytosis. Opsonization of apoptotic cells
with Clq (Figure 2C, right) resulted in statistically significantly
increased phagocytosis by immDCs compared with nonopsonized
apoptotic cells (Figure 2C, left). Control conditions at 4°C did not
show significant differences. Effective phagocytosis was confirmed
using confocal microscopy (not shown).

Modulation of C1q production and expression during
DC maturation

Exposing immDCsto LPSisaknown stimulus for DC maturation,
as shown by an increased expression of CD86 (Figure 3A), CD83,
and HLA-DR (data not shown). Analysis of mClg showed a
decrease in the expression of mC1q on DC maturation (Figure 3A).
Activating DCs with LPS also resulted in significantly decreased
C1q production in the supernatant (Figure 3B). This decrease was
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Figure 3. LPS maturation inhibits C1q production and expression in mDCs. Day-7 inmDCs and macrophages were cultured for 48 hours in the presence or absence of
LPS. (A) Maturation after culture with LPS was confirmed by increased CD86 expression. To detect the mC1q, the mAb 2204 was used. White histograms indicate isotype
control. 48-hour supernatants were tested for C1q (B) and IL-6 (C). Data presented (B-C) are mean = SD of triplicate analysis in 1 donor (representative of 3 donors).
*P < .0001 LPS stimulation compared with culture in normal medium (2-way ANOVA of 3 experiments).
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Figure 4. Different maturation stimuli inhibit the expression and production of
Clqgin mDCs. Day 7immDCs were cultured for 48 hours in DC medium alone or with
control L cells or in the presence of stimuli inducing maturation (LPS, TNF-a, or
CD40L-transfected L cells). FACS was used to analyze cells for CD86 expression (A).
Similar results were obtained for HLA-DR and CD83 expression (not shown). To
detect mC1q, mAb 2204 was used (B). Supernatants were harvested (day 9) and
tested for C1q using ELISA (C). All data shown are mean =+ SD of triplicate analysis
from a representative experiment with a single donor. LPS and TNF (*P < .0001)
compared with immDCs; CD40L (*P < .0001) compared with L cell-immDCs (2-way
ANOVA of 3 independent experiments). (D-E) At the end of 48-hour maturation
experiments, mDCs and immDCs were collected, washed, and analyzed using flow
cytometry. mDCs derived from culture with LPS, TNF-a (D), or CD40L-expressing
cells (E) were then put in a secondary culture in medium only with GM-CSF as a
survival factor without maturation stimuli. As a control, inmDCs cultured in normal
medium or derived from coculture with control L cells were used. Supernatants were
harvested at indicated time points and tested for C1q. At the end of 24 hours (D) or 70
hours (E), cell viability was shown to be similar between immDCs and mDCs. Results
are representative of at least 3 experiments, performed in duplicate or triplicate, with
different donors.

specific for C1q because DCs showed a strong induction of IL-6
production on LPS exposure (Figure 3C). In contrast, activating
macrophageswith L PSresulted in the increased production of Clq,
as described previously (Figure 3B).%°
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Next we investigated whether other maturation stimuli, such as
TNF-a and CD40L (Figure 4A), were able to modulate Clq
expression. As found with LPS, both TNF-a and CD40L down-
regulated the expression of mC1q (Figure 4B) (mean reductions of
53%, 46%, and 63%, respectively; n = 7). Finally, we tested the
production of C1q by maturing DCs. All 3 stimulatory conditions
resulted in marked down-regulations of C1q production of 46%,
36%, and 44% (mean of 7 donors) for LPS, TNF-«,, and CD40L,
respectively (Figure 4C). Nontransfected L cells, as a control for
CDA40L, had no effect on C1q production.

Fully mature DCs do not produce C1q

Experiments described here showed decreased levels of Clq in
supernatants during 48 hours of DC maturation. Therefore, we
investigated the capacity of fully mature DCsto produce Clg. DCs
were collected 48 hours after the induction of maturation, washed,
and put back in culture in fresh medium containing GM-CSF as a
survival factor but without maturation stimuli. ImmDCs at day 9 of
culture retained the capacity to produce Clg, which became
detectable within 2 hours and strongly increased in a 24-hour
culture period (Figure 4D). In contrast, mDCs obtained after
TNF-a or LPS maturation completely lost the capacity to produce
Clq (Figure4D). Similarly, DCs cultured in the presence of control
L cells showed strong C1qg production, whereas CD40L-matured
DCs did not produce detectable levels of Clq, even after 70 hours
of culture (Figure4E). Lack of C1q production was not the result of
a decreased cell viability of mDCs (viability greater than 85% as
determined by trypan blue exclusion).

Effect of IFN-a on C1q production by DCs

Recently, it has been demonstrated that proinflammatory factors
such as IFN-a can skew monocyte differentiation toward DCs, also
inducing DC activation.3637 Therefore, we investigated the effect of
IFN-a on Clqg production by DCs. DCs were generated with
GM-CSF and IL-4 in the absence or presence of IFN-«. Supernatants
collected during the initid culture time (day 5 and day 7) showed a
reduced capacity to produce C1q by DCs developing in the presence of
IFN-a compared with DCs cultured in norma medium (Figure 5A). At
day 7, IFN DCsshowed atypica phenotype of mDCswith anincreased
expresson of CD86 and HLA-DR (Figure5B). Finaly, day-7 cellswere
harvested and, after extensive washing, were put in normal culture
medium. DCs generated in the presence of IFN-a were strongly
impaired in thelr capacity to produce C1q, even after 48 hours of culture
in norma medium (Figure 5C).

Cc

HLA-DR 1600

-

18 24 48
Culture time (h)

~-immDC -4-IFN-DC

C1q ng/mL

Figure 5. IFN-a inhibits C1q production in DCs inducing DC maturation. DCs were differentiated in regular medium (“Materials and methods”) in the presence or absence
of IFN-a.. Culture media were collected during culture and tested for C1q (A) (results shown are mean = SD of 1 of 3 similar experiments [with 3 different donors] performed in
triplicate). *P < .0001 compared with immature DCs (2-way ANOVA of 3 experiments). At day 7, DCs were harvested and analyzed using FACS (B). White histograms indicate
isotype control. After extensive washing, day-7 DCs differentiated in the absence or presence of IFN-a were cultured in normal DC medium for 48 hours (C). Media were
collected at different time points. Results are from triplicate experiments in 1 donor and are representative of those from 3 different donors. Error bars represent SD.
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Analysis of DC-SIGN* and DC-LAMP* DCs for C1q in situ

We next investigated whether this dichotomy in C1q expression
between immDCs and mDCs also exists in vivo between immature
and mature myeloid DCs. Using arabbit antihuman C1q antibody,
we found C1g™ cells localized in the T-cell areas of human tonsil
(Figure 6A-B). Moreover, some Clq positivity was observed
within the B-cell folliclesin a profile resembling the follicular DC
network (Figure 6A).%8 Two specific DC markers were used to
identify DCs in human tonsil sections: DC-SIGN, a C-type lectin
expressed in immature and mature myeloid DCs, 2% and DC-
LAMP, a marker of mDCs.%° Although both DC-SIGN* (Figure
6C) and DC-LAMP* (Figure 6D) cells were exclusively observed
in T-cell areas, as previously demonstrated, % DC-LAMP* cells
were less abundant.

Double-staining experiments confirmed the occurrence of DC-
SIGN*/C1q* cells within the T-cell area (Figure 6E-F). Moreover,
double staining of DC-LAMP and C1q showed the presence of
DC-LAMP* but C1q~- DCs (Figure 6G-H), indicating the occur-
rence of mDCsthat lacked C1q.

Figure 6. Detection of C1lgq* and Clq~ DCs in human tonsils. Cryostat tonsil
sections were analyzed for DC markers and C1q through single staining. Sections
were incubated with rabbit antihuman C1q (A; original magnification, X 100)
(B; original magnification, X 400), mouse antihuman DC-SIGN (C; original magnifica-
tion, X 100), and mouse antihuman DC-LAMP (D; original magnification, X 100), as
described in “Materials and methods.” Cryostat tonsil sections were also analyzed
through double staining (E-H; original magnifications, X 630). Sections were incu-
bated with mouse antihuman DC-SIGN and rabbit antihuman C1q (E-F, respectively)
or mouse antihuman DC-LAMP and rabbit antihuman Clqg (G-H, respectively).
B indicates B-cell follicle; T, T-cell zone.
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Discussion

The present study demonstrates that, together with macrophages,
human DCs are a rich source of functionally active Cl1q. Impor-
tantly, C1q production is a specific feature of immDCs because
fully mature DCs amost completely lack the ability to produce
Clg. Moreover, we demonstrated that DC differentiation in the
presence of IFN-« leads to the suppression of Clq synthesis by
DCs. Finaly, we found DC-SIGN*/C1g*" and DC-LAMP*/C1q~
DCsin human tonsils.

In contrast to other components of the complement system,
which are mainly liver derived, the production of C1q seemsto be
extrahepatic.32%° The relevant role of bone marrow—derived cellsin
Clq synthesis has been shown recently because bone marrow
transplantation from C1q*/* mice into C1q~/~ mice was sufficient
to restore the norma serum levels of the protein.’® Notably,
macrophages have been shown to produce significant amounts of
Cl1g.2*4t It has recently been suggested that immDCs secrete
detectable amounts of C1q in supernatants.®® Here we generated
DCs and compared them with macrophages derived from the same
donors. Our in vitro analysis showed that, on a per cell basis, DCs
are more potent than macrophages as C1q producers. These results
indicate that immDCs may be considered an additional important
source of C1q.

In humans, at least 3 different subsets of DCs can be recognized.
These subsets are characterized by different cell surface receptors
and functional capacities, and they includeinterstitial DCs, Langer-
hans cells, and plasmacytoid DCs*? Therefore, we have aso
investigated interstitial DCs and Langerhans cells generated from
CD34" cord blood progenitors.?®> At the precursor level, both
subsets produced low amounts of C1qg. However, we found that in
fully differentiated DCs, interstitiadl DCs produced significantly
more C1q than Langerhans cells. Finally, microarray analysis has
also shown the presence of C1q mRNA in plasmacytoid DCs, albeit
at low abundance compared with myeloid DCs (F. Briere, personal
written communication, June 2003). Given that C1q seemsto play
arolein the uptake of antigen and apoptotic cells,3* this differential
expression of Clg in DC subsets might be analogous to the
different expression of C-type lectins, present on specific DC
subsets, that are also involved in antigen uptake.*®

Next we investigated the regulation of C1q during DC activa-
tion. Contrary to macrophages, for which LPS induced an in-
creased release of C1q, the production was clearly suppressed in
mDCs. Maturation by TNF-a and CD40L had the same effect.
Moreover, fully mature DCs were unable to produce Clg, even up
to 70 hours after the removal of stimuli. Thesein vitro findings are
in agreement with previously obtained microarray data. Using
monocyte-derived DCs, strongly increased expression of the C1q B
chain was found in DCs compared with monocytes.** Similarly,
using mouse D1 cells, al 3 chains of Clg were expressed in
immature D1 cells and were strongly suppressed on LPS matura-
tion.#> We found a similar down-regulation for the membrane-
associated form of Clg on DCs, which has been previously
described in macrophages.’® Membrane-bound C1q is thought to
be oriented with exposure of the globular heads exhibiting the same
binding capacity of released C1q (eg, Fc-binding activity).1831

Using specific human DC markers, we investigated the occur-
rence of C1g* DCs in situ. Previous reports showed that next to
follicular DCs, interdigitating cells with a dendritic morphology
stained positively for Clq in rat spleen.3® Similar staining was
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observed in mouse lymphoid tissue.*® However, these studies
lacked specific DC markers. Recently, weidentified CD11c*, C1q™*
DCsinmurinekidney (L.A.T., manuscript in preparation). Herewe
show the presence of DC-SIGN*/C1g* DCs in human tonsils,
indicating the occurrence of DCs with the capacity to produce C1q
in vivo. Interestingly, using double staining with the specific
maturation molecule DC-LAMP3 we demonstrated the presence
of DC-LAMP* but C1q~ DCs. Therefore, it seems that the in vivo
maturation of DCs is aso accompanied by the inhibition of
C1q production.

Experiments described in this article suggest that under physi-
ologic conditions, immDCs have arolein the production of Clq, a
process that might be altered under pathologic conditions. Several
factors can skew monocyte differentiation toward DCs or macro-
phages.®”47 IFN-a, a potent immunostimulatory cytokine, has been
shown to differentiate monocytes into activated DCs.%63" Here we
show that IFN-« acts as a potent inhibitory factor of C1q synthesis
on differentiating DCs. Therefore, it is tempting to speculate that
this activity of IFN-a might contribute to the low levels of Clq
frequently observed in SLE,*® adisease in which IFN-« is thought
to play apathogenic role.#>-51

As mentioned, C1q~/~ mice are characterized by an accumula-
tion of apoptotic cells in tissue, and impaired clearance was
demonstrated in peritoneal macrophages.16” C1q has been demon-

C1qg PRODUCTION AND MODULATION INHUMAN DCs 3819

strated to bind apoptotic cells and blebs.121352 |n vitro studies have
shown the importance of C1q and the calreticulin-CD91 receptor
complex for the uptake of apoptotic material.3* This has led to the
waste disposal hypothesis.?? According to this hypothesis, as a
consequence of impaired clearance by macrophages, apoptotic
cells accumulate, become engulfed by DCs, and are presented as
autoantigens by DCs to activate autoreactive T cells.?! However,
this model is now extended by our findings that immDCs aso
produce active C1q that increases the uptake of apoptotic cells by
immDCs. In recent years, it has become clear that DCs are critical
not only for the induction of immunity but, in their immature form,
for their tolerogenic properties.® In addition, activation products of
complement, such as iC3b, have been implicated in the increased
phagocytosis by DCs and the induction of a tolerogenic pheno-
type.535* Therefore, it is tempting to speculate that the absence of
Clq in primary or secondary deficiencies might influence local
immDC functions.

In conclusion, we have shown that functionally active C1q can
be strongly produced by immDCs. In contrast, mDCs completely
lack the capacity to produce C1g. This is reflected in vivo by the
presence of DC-SIGN*/Clgq* and DC-LAMP*/Clg- DCs in
human tonsils. Finally, we identified IFN-a as a potent inhibitory
factor for C1q production by DCs. These results suggest a potential
rolefor C1qin DC biology.
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