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Abstract

Clq, the first component of the classical complement pathway, is also a pattern recognition receptor
involved in the recognition and clearance of apoptotic cells. C1q deficiency in humans leads to
development of lupus-like autoimmune disease, and it has been speculated that impaired clearance
of apoptotic cells may contribute to disease development. Since phagocytes initiate specific and
appropriate immune responses as a result of initial ligand-receptor interactions, regulation of gene
expression by C1g may also contribute to the sculpting of an immune response to the ingested “self-
Ags.” Inthis study, the role of C1q in apoptotic cell clearance and subsequent modulation of cytokine
release by phagocytes was assessed including donor matched human monocytes, monocyte-derived
macrophages (HMDMSs), and dendritic cells (DCs). First, C1q binding is much greater to late
compared with early apoptotic cells. Second, C1q binding to apoptotic cells significantly enhanced
the levels of ingestion by monocytes but had no effect on HMDM and DC uptake. Third, in the
presence of serum, C1q bound to apoptoatic cells, activated the complement pathway, leading to C3b
deposition, and enhancement of uptake of apoptotic cells by monocytes, HMDMs, and DCs. Finally,
although C1q, either immobilized on a plate or bound to apoptotic cells, modulates the LPS-induced
cytokine levels released by human monocytes, HMDMs, and DCs toward a more limited immune
response, both the degree and direction of modulation differed significantly depending on the
differentiation state of the phagocyte, providing further evidence of the integration of these cell- and
environment-specific signals in determining appropriate immune responses.

Apoptosis is a form of programmed cell death, which is vital for developmental processes,
maintaining tissue homeostasis, and maintenance of full functional capacity of the immune
system. Billions of cells in the human body die by apoptosis every day, and under normal,
healthy conditions, these cells are rapidly cleared by phagocytes, such as macrophages, without
inducing inflammation. The failure of rapid clearance of these dying cells, however, can result
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in the disintegration of the dying cell(s) and the release of immunogenic or potentially toxic
components into the surrounding tissue, ultimately evoking a proinflammatory response, a
situation that can lead to the breakdown of the state of tolerance and development of
autoimmunity (1). In addition, it is becoming evident that the tissue microenvironment and
recognition mechanisms involved in the uptake of apoptotic cells help shape the immunological
outcome (reviewed in Ref. 2). It is clear that the clearance of apoptotic cells must be a highly
regulated innate immune activity to avoid initiation of a pathologic immune response.

The complement system is a powerful effector mechanism of the innate immune system. It is
composed of proteins found both in circulation and in extracellular fluid. When activated, a
series of proteolytic and protein-protein interactions occur, resulting in the opsonization of
invading pathogens, initiation of a local inflammatory response through the recruitment of
leukocytes to the site of infection or injury, and lysis of the pathogen (3,4). Previous work has
shown that certain collagen family members, such as the complement component C1q and the
collectins mannose binding lectin (MBL) and pulmonary surfactant protein A (SPA), can act
as a type of “costimulatory” molecule to enhance the phagocytosis of suboptimally opsonized
targets (reviewed in Ref. 5). In addition, we showed that the interaction of C1g or MBL with
human monocytes results in the modulation of cytokine production upon TLR stimulation

(6).

It is generally accepted that phagocytic cells can respond to different immune stimuli (from
pathogenic invasion or from injury) to initiate a specific program of events and/or signals that
contribute to and direct an appropriate class of immune response, while also limiting tissue
damage and/or the generation of immune responses to self-Ags (7). Rapid and efficient removal
of apoptotic material by phagocytic cells likely plays an important role in controlling the
immune response to Ags derived from apoptotic cells (8). It is well documented that C1q plays
an important role in the clearance of apoptotic cells in vivo (9,10), and in vitro it has been
shown that C1q can enhance the uptake of apoptotic cells (11-13) and reviewed in Trouw et
al. (14). C1q binds to apoptotic cells and cellular debris through its globular heads (15,16),
recognizing apoptotic cell-associated molecular patterns (ACAMPs)# (17), many of which are
yet unidentified, although phosphatidylserine and DNA are candidates (18,19). Several studies
supportarole for the complement component C1q in influencing the uptake of apoptotic bodies
and/or the subsequent cytokine profile of various phagocytic cells in a context dependent
manner (6,20,21). However, these processes are not well understood, and there remains some
controversy as to 1) the relative importance of the role of C1q, 2) the stage of the apoptotic
cell (early vs late) at which C1q binding is most pronounced and influential in directing
subsequent events, and 3) the influence of the differentiation state of the phagocyte being
engaged. Therefore, we conducted systematic studies to examine the magnitude and quality of
the C1g-mediated effects on these processes as a function of both the differentiation state of
the phagocyte and the stage of apoptosis of the target cell. Our data demonstrate that C1q, in
the absence of other complement components, can enhance the basal level of apoptotic cell
clearance by monocytes but is not sufficient to enhance in vitro-generated human macrophage
and immature dendritic cell (iDC) ingestion of early or late apoptotic cells. Furthermore,
incubation with serum results in C1g-dependent C3 deposition on both early and late apoptotic
cells and enhances apoptotic cell uptake by all phagocytes, although serum factors other than
these complement proteins also contribute to the enhancement of uptake by monocytes. Finally,
C1q evokes an altered class of immune response according to the differentiation state of the
phagocyte. A better understanding of the parameters influencing these processes will be
beneficial when designing therapeutic interventions to 1) promote host defense and/or vaccine

4 Abbreviations used in this paper: ACAMP, apoptotic cell-associated molecular pattern; DC, dendritic cell; HMDM, human monocyte-
derived macrophage; HSA, human serum albumin; iDC, immature DC; mDC, mature DC; MFI, mean fluorescent intensity; MHC I,
MHC class Il; NHS, normal human serum; PI, propidium iodide.
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design, 2) control inflammation, and 3) suppress autoimmunity in a wide range of
pathophysiologic processes.

Materials and Methods

Media and reagents

RPMI 1640, penicillin/streptomycin, DMEM, trypsin-EDTA, and CFSE were purchased from
Invitrogen. HL-1 medium (serum free), Xvivo-15 media, .-glutamine, and versene were
purchased from BioWhittaker and defined FCS from HyClone. GM-CSF was obtained from
Berlex and human recombinant IL-4 from PeproTech. The human serum albumin (HSA) used
for the elutriation buffer was obtained from Talecris Biotherapeutics. Etoposide and LPS (from
Escherichia coli 0127:B8; catalog no. L-3129) were obtained from Sigma-Aldrich. Factor P
and Factor D were purchased from CompTech.

Isolation of C1q and Clqg-depleted serum

Clqg was isolated from plasma-derived normal human serum (NHS) by ion-exchange
chromatography, followed by size-exclusion chromatography according to the method of
Tenner et al. (22) and modified as described previously (23). The C1q preparations used were
fully active as determined by hemolytic titration and homogeneous as assessed by SDS-PAGE.
Protein concentration was determined using an extinction coefficient (E1%) at 280 nm of 6.82
for C1q (24). During the purification of C1q, serum depleted of C1q (C1gD) was collected
after passage of plasma-derived serum over the ion-exchange resin and stored at —70°C until
use. Calcium and magnesium were added to C1gD and plasma-derived serum to 3 mM Ca2*/
10 mM Mg?2* (final concentration) immediately before use.

Cell isolation and culture

The human Jurkat T cell clone A3 (Jurkat) was obtained from American Type Culture
Collection. Jurkat cells were maintained in RPMI 1640 supplemented with 10% FCS, 100 U/
ml penicillin G sodium, 100 xg/ml streptomycin sulfate, and 10 mM HEPES (pH 7.4) (complete
media) at 5% CO,. Apoptosis was induced by the addition of 40 uM etoposide to Jurkat cells
cultured at 0.5 x 108/ml in complete media to obtain a predominantly Annexin V*/propidium
iodide (PI)~ (early apoptotic) phenotype, or by culturing Jurkat cells without serum, at 1 x
108/ml in Xvivo-15 media/1% penicillin/streptomycin, inducing a predominantly Annexin
V*/PI* (late apoptotic) phenotype. Measurement of early/late apoptosis was performed for
every experiment by flow cytometry using the Apoptosis Detection Kit (Biovision) according
to the manufacturer's instruction.

Human peripheral blood monocytes were isolated by counterflow elutriation using a
modification of the technique of Lionetti et al. (25) as described previously (26). All blood
samples were collected in accordance with the guidelines and approval of the University of
California Irvine (UCI) Institutional Review Board. Blood units were collected into CPDA1
at the UCI Institute for Clinical and Translational Science. Greater than 90% of the cells in
each preparation were monocytes according to size analysis on a Coulter Channelyzer.

Human monocyte-derived macrophages (HMDMs) were generated from monocytes by culture
for 7 days in Xvivo-15 media supplemented with 10% heat-inactivated human AB+ serum,
1% -glutamine, and 1% penicillin/streptomycin with 50% volume exchange with fresh media
every 3-5 days. Human monocyte-derived iDCs were generated from monocyte cultures
supplemented with GM-CSF and IL-4 as described previously (27). Briefly, isolated
monocytes were cultured for 6-8 days in RPMI 1640 medium, which had been supplemented
with 10% FCS, 1% penicillin/ streptomycin, 2 mM -glutamine, 1% nonessential amino acids
(Gibco), 1 mM sodium pyruvate, and 50 uM 2-ME. GM-CSF (200 U/ml) and IL-4 (200 U/ml)
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were added on day 0. Every 2-3 days, 50% of the culture media was exchanged with fresh
media containing cytokines. Human monocyte-derived mature DCs (mDCs) were generated
by treatment of iDCs with 1 xg/ml LPS for 24 h. HMDMs, iDCs, and mDCs were harvested
from culture dishes/flasks using versene.

Evaluation of cell phenotypes was performed by standard flow cytometry on a FACSCalibur
(BD Biosciences), using fluorochrome-conjugated mAbs against cell surface markers CD3,
CD11b,CD11c,CD16,CD40,CD54, CD56,CD80, CD83, CD86,CD14, DC-SIGN, and MHC
class Il (MHC I1). The appropriate fluorochrome-conjugated isotype control Abs were used as
negative controls. Fluorochrome-conjugated Abs were obtained from Caltag Laboratories,
with the following exceptions: anti-MHC Il and anti-DC-SIGN (Biolegend); anti-CD3 and
anti-CD14 (eBioscience); and anti-CD80 (BD Biosciences). Flow cytometry data were
analyzed with FlowJo software (Tree Star).

LPS-stimulated cytokine assay

For cytokine analysis, cells were cultured in HL-1 medium supplemented with 1% c-alanyl-.-
glutamine. Four-well LabTek chambers (Nunc) were coated with C1q or HSA control proteins
(8 «g/ml) in coating buffer (0.1 M carbonate (pH 9.6)) and incubated at 37°C for 2 h. After
washing chambers twice with PBS, phagocytic cells resuspended in HL-1 (0.5 ml of 108/ml)
were added to chambers and cultured for 30 min at 37°C in 5% CO, air. Where indicated, LPS
(10-100 ng/ml) was added directly to the cells. Supernatants were harvested for cytokine
analysis 18 h after the addition of LPS, centrifuged to remove cellular debris, and stored at
—70°C until assayed for IL-18, IL-6, IL-8/CXCL-8, IL-10, TNF-a, IL-12p70, MIP-10/CCLS3,
and MCP-1/CCL2 using a multiplex cytokine kit (Linco/Millipore or Invitrogen) according to
the manufacturer's protocol. The microbeads and reporter molecule were read on the
Luminex90 version 1.7 (Luminex). Cytokine concentrations from the mean fluorescence
values obtained were calculated from standard curves of each cytokine tested by using Miraibio
Master Plex QT software (Miraibio).

C1q/C3-binding assay

Live or apoptotic Jurkat cells were washed twice in PBS before being resuspended at 5 x
108/ml in PBS/1% OVA. Purified human C1q was added to a final concentration of 0-300
#g/ml as indicated, or NHS, C1gD, or C1qgD reconstituted with 75 ug/ml purified C1q
(approximate serum concentration) (C1qD+C1q) was added to a final concentration of 10%
in each sample volume. Binding reactions were incubated for 30 min at 37°C, after which cells
were washed twice with FACS buffer (HBSS++/0.2% sodium azide/0.2% BSA). Binding of
Clq or C3 was detected using mAbs to C1q or C3d obtained from Quidel, with secondary
detection using fluorochrome-conjugated secondary Abs (Jackson ImmunoResearch
Laboratories). The appropriate isotype control Abs were used as negative controls. Samples
were analyzed by standard flow cytometry on a FACSCalibur.

Uptake of apoptotic cells

Jurkat cells were labeled with CFSE (Molecular Probes) as follows: cells were washed twice
and resuspended at 2 x 107 cells/ml in HBSS++ and incubated with 5 M CFSE at 37°C for
30 min. Remaining CFSE was quenched with RPMI 1640-10% FCS, and cells were washed
twice in HBSS++ before induction of apoptosis. Live or apoptotic Jurkat cells were added to
monocyte, HMDM, or DC cultures, which were at 108/ml in phagocytosis buffer (RPMI 1640,
25 mM HEPES, and 5 mM MgCly) in LabTek chamber slides. Preliminary experiments
demonstrated optimal uptake at a ratio of 3:1 (Jurkat:monocyte/HMDM) or 1:1 (Jurkat:DC).
Amounts of purified human C1q were added to wells at 15 or 75 xg/ml final concentration or
apoptotic Jurkats preincubated with C1q and washed before addition of targets to the
phagocytes as indicated in the figures. Alternatively, phagocytosis buffer (no serum control),
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NHS, C1gD, or C1gD reconstituted with purified human C1q (C1gD+C1q) was then added to
chambers at a final volume of 10%. Cells in LabTek chambers were centrifuged at 700 rpm
for 3 min and incubated at 37°C, 5% CO5 for 30 min (HMDMs) or 60 min (monocytes and
iDCs), as determined to be optimal in preliminary kinetic studies. After incubation, cells were
harvested from the chamber by incubation with 0.25% trypsin/EDTA at 37°C for 3 min. The
trypsin reaction was stopped with 0.5 ml of medium containing 10% FCS. Cells were pelleted
by centrifugation at 1000 rpm for 10 min, washed with 1 ml of FACS buffer, and resuspended
in 100 pl of FACS buffer for staining. DCs were stained with anti-human MHC I1-PE or mouse
IgG1-PE isotype control and monocytes/HMDMs with anti-human CD11b-PE or mouse 1gG1-
PE isotype control for 1 h on ice. After washing with FACS buffer, cell-associated fluorescence
was measured using a FACSCalibur (BD Biosciences) and analyzed by using FlowJo software
(Tree Star).

For cytokine analysis after the uptake of apoptotic cells, cells were treated essentially as for
the uptake assays described above, with the following exceptions. Unlabeled live or apoptotic
Jurkat cells were incubated with 0 or 300 xg/ml C1q for 30 min at 37°C in PBS/1% OVA.
Cells were washed to remove unbound C1q, before incubation with phagocytic cells as
described above. After ingestion, cells were washed twice with PBS, and phagocytosis buffer
was replaced with HL-1 medium supplemented with 1% .-alanyl .-glutamine. Where indicated,
LPS (30 ng/ml) was added directly to the cells. Supernatants were harvested for cytokine
analysis 18 h after the addition of LPS, centrifuged to remove cellular debris, and stored at
—70°C until analysis. Cytokine levels were subsequently measured by Luminex multiplex
cytokine analysis.

Immulon 2HB plates (Thermo) were coated with affinity purified goat anti-human C1q F(ab)
'> (5 ug/ml) overnight at room temperature (28). Remaining sites were blocked with PBS
containing 1% milk for 2 h at 37°C. Supernatants or purified C1q (100 ul) were incubated for
2 h at room temperature. Wells were washed with PBS/0.01% Tween, before addition of 100
ul of 1H11 monoclonal anti-C1q (0.5 #g/ml) (29) and incubation for 90 min at room
temperature. Wells were washed, and HRP-conjugated secondary Ab (100 I at 1/2000
dilution; Jackson Immunoresearch Laboratories) was added for 30 min at room temperature.
The ELISA was developed by the addition of substrate OPD (Sigma-Aldrich). The
concentration of C1q in culture supernatants was calculated using a standard curve generated
with purified C1q from 0 to 50 ng/ml.

Immobilized C1q differentially modulates LPS-induced cytokines released by human
monocytes, macrophages, and DCs

Monocyte cytokine/chemokine expression in response to LPS is modified by surface bound
C1lg. Because monocytes are the precursors for macrophages and DCs in vivo, the influence
of the differentiation state of the phagocyte on the response to C1q was examined. Freshly
elutriated human monocytes were used to prepare monocyte-derived macrophages (HMDMs),
iDCs, and LPS-activated mDCs. Characterization of the resulting populations by assessing cell
surface markers shown in Table | provided evidence of generation of the expected cell types.

Multiplex cytokine analysis of supernatants from monocytes, HMDMs, and iDCs from the
same donor is presented in Fig. 1, with similar results seen with cells obtained from different
donors. Monocytes, HMDMs, and iDCs cultured in serum-free media for 18 h showed
detectable levels of IL-1p, IL-6, IL-8/CXCLS, IL-10, IL-12p70, TNF-a, MCP-1/CCL2, and
MIP-1a/CCL3 (Fig. 1). Although levels of IFN-y were evaluated, IFN-y production was not
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observed with or without stimulation (data not shown). Activation of these phagocytic cells
with as little as 10 ng/ml LPS triggered a notable enhancement of the levels of all other
cytokines tested. Both quantitative levels and C1g modulation of cytokines differed
substantially with the differentiation state of the phagocyte (Fig. 1). In these studies, the Th1-
associated proinflammatory cytokine IL-15 produced by LPS-stimulated monocytes was
suppressed by C1q as shown previously (6) and was also significantly suppressed by C1q in
LPS-activated HMDMs and iDCs, although absolute levels were low (<50 pg/ml). Similarly,
secreted levels of another Th-1 associated proinflammatory cytokine, TNF-a, were
significantly inhibited by C1q in both resting and LPS-activated monocytes, HMDMs, and
iDCs. In contrast, although C1q significantly enhanced LPS-induced levels of IL-6 in
monocytes and HMDMs, in iDCs there was a slight (though not statistically significant) trend
toward suppression. Additionally, HMDMs and iDCs expression patterns for IL-10 and
MCP-1/CCL2, two other cytokines that have been associated with Th2 polarization (30,31),
were not concordant with that in the monocyte. That is, MCP-1/CCL2 and IL-10 were enhanced
by C1q in unstimulated and LPS-activated monocytes, consistent with our previous report
(6), but were significantly reduced by C1q in LPS-activated iDCs (by 46%). Similar to iDCs,
the LPS-activated levels of IL-10 in HMDMs were suppressed by C1q (by 29%); however,
levels of MCP-1/CCL2 were significantly enhanced in HMDMs by C1q (320%), similar to
that in monocytes (232%). Interestingly, in HMDMs not exposed to LPS stimulation, C1q
suppressed secreted levels of MCP-1/ CCL2 (78%). Baseline levels of IL-8/CXCL8 and the
chemokine MIP-1a/CCL3 were significantly down modulated by C1q in un-stimulated
monocytes (by 96%), HMDMs (by 48%), and iDCs (by 75%) culture supernatants. LPS
triggered high levels of IL-8/ CXCL8 and MIP-1a/CCL3 secretion by these phagocytes (>70
ng/ml), which were significantly down-regulated by C1q interaction with monocytes (by 16%)
and HMDM s (by 76%), but not iDCs. Where seen, C1q modulations of cytokine levels were
similar in phagocytic cells activated with 30 and 100 ng/ml LPS (data not shown) to those
activated with 10 ng/ml LPS. Finally, because LPS was used to activate DCs to the mature
phenotype, subsequent additional incubation of mDCs with LPS in the presence or absence of
C1q did not induce detectable levels of any of the cytokines tested. Taken together, these data
indicate that C1g modulation of chemokine and cytokine production, which contributes to the
type of the subsequent elicited immune response, is dependent on the differentiation state of
the cell but also influenced by other stimuli present in the microenvironment.

Differential and dose-dependent binding of Cl1q to early and late apoptotic cells

Control of cytokine expression may be influential in modulating or suppressing the immune
response to self-Ags upon ingestion of apoptotic cells. C1q has previously been reported to
bind a variety of apoptotic cells and cell blebs (11,15,16,32). To determine the extent to which
C1q could modulate the cytokine expression profile of the ingesting phagocyte, we first
assessed whether the stage of apoptosis of the cell influenced C1q binding quantitatively. Jurkat
cells were treated with etoposide to induce apoptosis in the presence or absence of serum to
obtain cell populations enriched in early (Annexin V*PI7) or late (Annexin V*PI¥) apoptotic
cultures, respectively, as assessed by flow cytometric analysis of annexin V binding and PlI
staining. The resultant populations were 53% (£9%, n = 8) early apoptotic with <39% late
apoptotic cells (range = 23-39%) or 74% (£10%, n = 8) late apoptotic cells (Fig. 2A). Purified
C1q bound apoptotic but not live Jurkat cells in a dose-dependent manner (Fig. 2, B-D),
reaching maximum binding at a C1q concentration of 150 xg/ml. Low levels of C1q binding
were detected when late apoptotic Jurkats were incubated with 10% NHS (Fig. 2D), consistent
with the lack of detectable binding of purified C1q at 7 ug/ml, because the concentration of
C1lq in serum is generally 70 xg/ml (33). Consistent with Nauta et al. (32), C1q bound late
apoptotic cells to a greater extent than early apoptotic cells. C1q binding to early apoptotic
cells is significantly lower than that of late apoptotic cells, which is particularly evident in the
mixed population found in the late apoptotic cells in which the percentage of “low C1q” binding

J Immunol. Author manuscript; available in PMC 2010 November 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fraser et al.

Page 7

cells approaches that of the early apoptotic cells remaining in the population (Fig. 2, A and
B). Conversely, analysis of the histogram binding data revealed that the percentage of cells
that bound the higher amounts of C1q was similar to the percentage of cells that were Annexin
V*/P1* cells in each population, consistent with a preferential binding of C1q to late apoptotic
cells (Annexin V*/PI*) (Fig. 2, A and B). To verify this, apoptotic cells incubated with 75 ug/
ml C1q were double stained with Abs to C1q and Annexin V or Pl. Cells that were positive
for binding to C1q were also PI* as well as Annexin VV* (data not shown), confirming the
preferential stable binding of C1q to late apoptotic cells.

C3b is deposited on the surface of etoposide-induced apoptotic cells predominantly via
classical complement pathway activation

C1q binding to apoptotic cells has previously been reported to activate complement (32). To
confirm this in our system, C3b deposition on early and late apoptotic Jurkats was assessed by
flow cytometry. Early or late apoptotic Jurkat cells, as assessed by measurement of Annexin
V/PI staining by flow cytometry (Fig. 3A), were incubated with 10% C1q-depleted serum
(C1gD) alone or 10% [C1qg D + C1q], in which C1qD had been reconstituted with 75 ug/ml
Clqgtoapproximate serum concentration. Cells were also incubated with 10% NHS as a control.
Interestingly, whereas little C1q binding was detectable on cells incubated with 10% serum,
deposition of C3 was seen on both early and late apoptotic cells in 10% NHS. Because no C3
binding was seen in the absence of C1q (C1qD) (Fig. 3B) but could be completely restored
upon reconstitution of C1g-depleted serum with serum levels of C1q (Fig. 3B), the activation
of complement by apoptotic cells under these conditions is predominantly C1q dependent and
thus is initiated by the classical pathway. The percentage of cells binding C3 in the early
apoptotic cell “population” was 2-fold the percentage of Pl-staining cells, suggesting that at
least some portion of the early apoptotic (Annexin V*PI7) cells are activating complement.
Although the amount of C3 bound to early and late cells was comparable (i.e., peak mean
fluorescent intensity (MFI) = 332 and 316 for early and late apoptotic cells, respectively), the
percentage of cells positive for C3 deposition is much greater in the late apoptotic cell
populations, suggesting that complement activation is enhanced or accelerated on late apoptotic
cells relative to early apoptotic cells (Fig. 3B).

Clg enhances monocyte but not macrophage or DC uptake of apoptotic cells in the absence
of other complement components

To assess specifically the effect of C1q acutely bound to the dying cell, apoptotic Jurkat cells
in the presence or absence of 15 or 75 ug/ml C1q were incubated with monocytes, HMDMs,
and iDCs as described above. The basal level of uptake (i.e., in the absence of C1q) of late
apoptotic cells by monocytes was significantly greater, by ~2-fold, than that of early apoptotic
cells (Fig. 4A). In contrast, although basal levels of uptake by iDCs and HMDMs were higher
relative to monocytes, levels of uptake of early and late apoptotic cell populations by iDCs and
HMDMs were not substantially different (Fig. 4A). Analysis of the fold enhancement of uptake
by C1q showed a small but significant dose-dependent enhancement of the uptake of apoptotic
cells by monocytes, but C1q had no effect on the uptake of apoptotic cells by HMDMs or iDCs
(Fig. 4B). Although the basal level of uptake was ~2-fold higher for late apoptotic cells (Fig.
4A), the relative C1q enhancement of uptake of early apoptotic cells by monocytes was similar
to the C1qg enhancement of uptake of late apoptotic cells by this phagocyte population. The
results did not differ when apoptotic cells were preopsonized for 30 min with similar amounts
of C1q, washed, and added to the phagocytes (data not shown).
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Clq contributes to the serum enhancement of apoptotic cell clearance by macrophages,
monocytes, and DCs

Because multiple serum components have been implicated in the uptake of apoptotic cells, the
relative contribution of C1q to serum-mediated enhancement of apoptotic cells was
investigated. As expected, addition of NHS significantly enhanced the uptake of early and late
apoptotic Jurkat cells by monocytes, HMDMs, and iDCs (Fig. 5) with ingestion of apoptotic
cells confirmed by confocal microscopy (data not shown). This enhancement of ingestion was
not seen with the addition of C1qg-depleted serum (C1gD) to HMDM or iDC and was only
partially seen with the addition of C1gD to monocytes, suggesting that C1q plays a role in the
serum-mediated enhancement of apoptotic cell clearance by these phagocytes. Interestingly,
although reconstitution of C1gD with serum levels of C1q (C1gD+C1q) was able to fully
restore classical pathway activity as measured by hemolytic titer and C3d deposition on the
apoptotic cells (data not shown and Fig. 3), addition of C1gD+C1q restored serum-mediated
uptake of apoptotic cells by HMDMs completely but only slightly increased ingestion by
monocytes or iDCs, implying involvement of a further serum factor in these cell populations,
which may be lost during the depletion of C1q. C1gD serum used here is generated by ion-
exchange chromatography under conditions in which only highly basic proteins such as C1q
(isoelectric point > 9) are removed. Although levels of MBL, as measured by ELISA (34),
were found to be unaffected by the process of C1q removal (data not shown), levels of similarly
charged alternative pathway components, factor P/properdin and factor D in our C1g-depleted
serum, were determined to be much lower than in matched NHS (1 and 7%, respectively) (P.
Giclas, unpublished observation). Incubation of late apoptotic cells with 10% C1qD
reconstituted with C1q, factor P, and factor D to 2x normal serum levels show similar levels
of apoptotic cell uptake by monocytes to those seen with cells incubated in the presence of
10% NHS (to 97 + 7%) (Fig. 5B), thus suggesting these molecules are candidates for the missing
components. As expected, basal levels of apoptotic cell uptake by mDCs were substantially
lower than iDCs (Fig. 4A) and not significantly enhanced by serum above basal levels (data
not shown).

Clqg modulates cytokine release during the uptake of apoptotic cells

It has previously been shown that apoptotic cells have immunomodulatory effects on cytokine
production and intracellular signaling molecules by phagocytic cells (35-38). However,
because many of these studies have investigated a single phagocytic cell type at a time, we
chose to isolate monocytes and subsequently generate HMDMSs and iDCs from the same donor
and assess the influence of apoptotic cells on unstimulated and LPS-triggered cytokine
expression in each of these populations. Levels of IL-10, IL-18, IL-6, MCP-1/CCL2,
MIP-1a/CCL3, and TNF-a were measured by Luminex analysis. LPS significantly enhanced
the secreted levels of all cytokines tested. In general, apoptotic cells slightly diminished the
levels of most cytokines and chemokines secreted by HMDMSs and robustly suppressed IL-10
and TNF-a in HMDMs. Although levels of TNF-a secreted by iDCs were modest compared
with macrophage levels, this cytokine was also significantly depressed by apoptotic cells. In
contrast, where signifi-cant LPS-induced modulations were observed, the presence of apoptotic
cells slightly enhanced the production of cytokines and chemokines by monocytes, with the
notable exception of proinflammatory cytokine IL-1/, which was significantly suppressed in
monocytes by apoptotic cells (Fig. 6A and Table I1).

Next, we determined the effect of C1q bound to apoptotic cells on the LPS-induced cytokine
responses by these phagocytes (Fig. 6B). The influence of apoptotic cells on LPS-induced
levels of IL-1p or IL-6 was not significantly altered by the presence of C1q on those dying
cells in any of the phagocytic cells tested (Fig. 6B). In contrast, secretion of IL-10 and MCP-1/
CCL2 by all phagocytes was significantly enhanced by C1q opsonization of late apoptotic cells
but did not reach statistical significance by opsonization of early apoptotic cells. C1q restored
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levels of IL-10 to 80% (* 4%) or 101% (+ 40%) of the levels released by LPS-stimulated
HMDMs and iDCs in the absence of apoptotic cells, respectively, whereas levels of MCP-1/
CCL2 released by HMDMs and iDCs were enhanced 1.3- to 1.6-fold by C1q above the LPS-
stimulated levels, respectively. Interestingly, levels of TNF-a and MIP-10/CCL3 were
differentially modulated upon ingestion of C1g-opsonized late apoptotic cells, depending on
the differentiation state of the phagocyte. Levels of TNF-« released by LPS-stimulated
monocytes and iDCs, which had ingested late apoptotic cells, were enhanced 1.3- to 1.4-fold
by the presence of C1q but were significantly reduced (by 60%) in HMDMs. In contrast,
although the presence of C1q triggered an enhanced release of LPS-induced MIP-1¢/CCL3
from monocytes ingesting late apoptotic cells, levels were unaffected in HMDM and
significantly reduced by 40% in iDCs (Fig. 6B). Since we have confirmed that C1q binds late
apoptotic cells to a greater extent than early apoptotic cells (Fig. 2), it is perhaps not surprising
that ingestion of C1g-opsonized late apoptotic cells modulated the cytokines from monocytes,
HMDMs, and iDCs to a greater extent than C1g-opsonized early apoptotic cells, although there
was no difference in the direction of modulation between early or late apoptotic cells.

Secretion of Clq is regulated by the differentiation state of the phagocyte

Studies have shown that cells of the monocyte/macrophage lineage can be the major source of
C1q biosynthesis (39). To determine the levels of C1q secreted by monocytes, HMDMs, and
DCs under our assay conditions, levels of C1q were measured by Ag capture ELISA in the
supernatants of cells cultured on LabTek chamber slides coated with control protein (HSA) or
C1q with or without stimulation with LPS for 18 h. In this assay, monocytes in HL-1 did not
secrete detectable levels of C1g. C1q was detectable in the supernatant of culture-generated
HMDMs only after 7-9 days of culture (data not shown), consistent with earlier observations
(28). However, iDCs and mDCs did secrete detectable and similar levels of C1q (100-250 ng/
ml) (Fig. 7). C1qg expression was not significantly altered by the addition of LPS; however,
Clqitself triggered enhanced levels of C1q released by iDCs at the highest level of LPS tested
(100 ng/ml). Levels of C1qg were undetectable in identical C1g-coated control wells that did
not contain phagocytic cells (data not shown), suggesting that the detected C1q was not due to
contaminating coating protein. These data are consistent with a previous report that iDCs
secrete functionally active C1q at similar levels (112 + 21 ng/ml) (40).

Discussion

The orderly uptake of apoptotic cells is important in a wide variety of physiologic processes
to prevent the release of immunogenic and/or toxic components into the surrounding tissue,
potentially evoking a proinflammatory response and leading to autoimmunity (8,41). The
physiologic clearance of apoptotic cells involves processes designed to prevent inflammation
and autoimmunity while also limiting tissue toxicity. Indeed, this process has been postulated
to induce active microenvironment suppression of inflammation (35). Although various groups
have studied the interactions of C1q with apoptotic cells and the role C1q may be playing in
the ingestion of these dying cells by phagocytes, they have used a variety of experimental
designs and phagocytic cells (10,11,13,15,16,18 20,32,42-45). To our knowledge, this is the
first study to perform a comparative analysis of how C1g modulates the response of multiple
differentiation states of monocyte-derived phagocytes by using donor-matched monocytes,
monocyte-derived macrophages, and DCs (Figs. 1 and 6). Our data demonstrate first that while
C1q aids in the uptake of apoptotic cells, the contribution to the clearance of apoptotic cells
differs with the phagocyte phenotype. Second, the influence of C1q on the program of cytokine
production that is induced upon engagement of apoptotic cells varies with the differentiation
state of the phagocytic cell but generally appears to generate mediators that could modulate
either the Th class of immune response toward an enhanced Th2-biased immune profile or
promote an “anti-inflammatory” state.
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Schwaeble et al. (46) were able to detect C1q in the interdigitating cells of the spleen (mDCs
in vivo), which is consistent with our findings (Fig. 7) and that of Cao et al. (47) that mDCs
secrete detectable C1q. In this study, we further document the synthesis of C1q in differentiated
HMDMs similar to reports by other groups (48). In the CNS, in addition to synthesis by
microglia, it has been shown that C1q is synthesized by neurons in response to injury (reviewed
in Ref. 49). Thus, local synthesis of C1q in the tissue microenvironment can be the source of
C1q to promote enhanced ingestion of apoptotic cells, without the need for or before
recruitment of plasma-derived complement.

Similar to other studies, our data demonstrate that C1q binds directly and stably to late apoptotic
cells, much less to early apoptotic cells, but not to live cells (15,16,32). Although significant
and substantial C1g-mediated enhancement of uptake by monocytes was seen, no such
enhancement of uptake was seen by HMDMs or human immature DCs when purified C1q was
bound to either early or late apoptotic cells, perhaps reflecting differences in the location and
function of phagocytic monocytes. Monocytes undergo rapid mobilization into tissues upon
injury, and enhanced clearance of apoptotic cells and cellular debris stimulated by C1q, which
may be synthesized in these regions in the absence of other complement components, may play
an important role in wound healing and tissue homeostasis. Indeed, in a recent study (50),
reservoirs of splenic monocytes were shown to accumulate at sites of injury and participate in
tissue repair and wound healing after myocardial infarction in mice.

The lack of influence of C1q alone on iDC ingestion differs from a previous report in which
C1q did enhance uptake (20). The discrepancy between our results and previous reports of in
vitro experiments could be due to the presence of C1qg during the induction of apoptosis and/
or to the difference in how the phagocyte populations were generated and thus to the
differentiation and activation state of the phagocytic cell (20). We routinely use elutriation as
a means to isolate monocytes, because this method does not activate monocytes and quickly
removes contaminating platelets, whereas other studies have made use of monocyte isolation
from PBMCs by their adherence to tissue culture plates. The adherence method for isolating
monocytes from PBMCs results in a less pure population, with the presence of some
lymphocytes as well as contaminating platelets, which may provide a source of other activating
components and/or promote phagocytosis (51). Our studies with elutriated monocytes
eliminate or minimize those confounding factors.

Because clearance of apoptotic cells and cellular debris is such a critical continuous process,
it is not surprising that in in vivo settings, there would be multiple factors present that may
directly or synergistically modulate uptake of apoptotic cells. The presence of serum during
the course of apoptotic cell ingestion in our experiments resulted in C3 deposition on the
apoptotic cells via activation of the classical complement pathway. Apoptotic cell up-take was
enhanced compared with the absence of serum for all phagocytic cells tested, albeit to differing
degrees, with the exception of mDCs. This is not surprising since the primary role of mDC is
Ag presentation of already ingested material rather than continued phagocytosis. Because the
addition of C1q reconstituted C3 deposition by C1gD (Fig. 3B), the fact that the level of uptake
by monocytes and iDCs cannot be completely restored by the addition of C1q alone to C1qD
(Fig. 5A) indicates that other serum factors have a substantial influence on these cell types.
Indeed, monocyte incubation with C1gD reconstituted with C1q, factor P, and factor D shows
similar levels of apoptotic cell uptake to those seen with cells incubated in the presence of 10%
NHS (Fig. 5B), supporting a contribution of alternative complement pathway components and/
or a direct effect of properdin/factor P on apoptotic cell uptake by these cells, as has been
reported previously (51,52). Opsonization with iC3b has previously been shown to enhance
uptake of apoptotic cells by human but not murine iDCs (53,54). However, the ratio of C3b to
iC3b on the target may also be important in mediating uptake by monocytes and iDCs, because
complement receptor 1 (CR1/CD35), the receptor for C3b on these cells, requires activation
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before monocytes and iDCs are able to phagocytose C3b-opsonized targets (Ref. 55; D. A.
Fraser, unpublished observations). Although others have suggested a role for MBL in the
clearance of apoptotic cells (56), MBL levels in our C1gD remained intact (data not shown),
suggesting that the lectin pathway is not involved in the clearance of apoptotic Jurkat cells by
HMDM and iDC.

There is an increasing awareness of the role of the differentiation state of the phagocyte and
the sum of the signals present in the microenvironment in shaping immunological outcomes
(reviewed in Ref. 2). With the exception of the Th2-associated anti-inflammatory cytokine
IL-10, which was induced by immaobilized C1qg from human monocytes, as has previously been
shown (6), all other cytokines tested were similarly regulated by immobilized C1q in
monocytes and HMDMs, including a reduction in LPS-induced levels of proinflammatory (and
Thl-associated) cytokines TNF-a, IL-18, and MIP-1a, and enhancement of LPS-induced levels
of the chemokine MCP-1/CCL2 (Fig. 1 and Table Il). MCP-1/CCL2 is a potent chemokine,
capable of attracting monocytes, T lymphocytes, and DCs (57,58), and enhancing phagocytosis
and clearance of cellular debris in vivo (59), although it alone does not appear to alter cytokine
production in these cells (60), allowing the microenvironment (including target associated
triggers) to further dictate responses. In contrast, the presence of immobilized C1q suppressed
the LPS-induced iDC production of all the cytokines tested, with the exception of IL-8/CXCL8
and MIP-1a/CCL3 (Fig. 1 and Table II). This may reflect important functional distinctions
between the differentiated phagocytes. Because DCs play a primary role in Ag presentation,
upon danger signal stimulation, iDCs become activated and acquire the mature phenotype en
route to secondary lymphoid tissue. Although it is known that activated DCs produce increased
levels of many cytokines, C1q, in the absence of other signals on ingested targets, may dampen
the LPS-induced cytokine production in DCs to prevent the activation and chemotactic
response of immature nonactivated macrophages residing in the periphery. This is consistent
with the concept that chemokines are involved in mobilization of iDCs to become activated
and migrate to secondary lymphoid tissues, as described by Mantovani and colleagues (61).
Finally, none of the cytokines assayed was produced by mDCs with our experimental design,
which is concordant with the literature. IL-10 produced by activated DCs can also induce DC
cytokine “exhaustion” (62) and may be important in switching DCs from a Thl- to a Th2-
inducing mode (63).

A scenario in which a regulated immune response is particularly warranted is in the clearance
of apoptotic cells, as an immune response to self-Ags presented by phagocytosing professional
APCs would lead to the dire consequence of autoimmunity. Thus, multiple pathways are
induced to provide checkpoints and brakes on a potentially detrimental activation of immune
responses. First, either due to an absence of other downstream complement components (e.g.,
C1q synthesis is known to be induced rapidly in response to injury in the CNS in the absence
of other complement components) or to endogenous regulators of the complement cascade that
limitactivation in the absence of a danger signal, there is limited to no activation of the terminal
complement cascade, thus preventing the lytic membrane attack complex formation and
premature release of potentially inflammatory intracellular contents (14). Second, Clq
opsonization of apoptotic cells alters the direction and extent of cytokine secretion after
ingestion of these dying cells by phagocytes. In all phagocytes tested, C1q triggers cells to
secrete chemokines (MCP-1/CCL2) resulting in the recruitment of more phagocytic cells for
cleanup of debris, and in the absence of additional “danger” signals, C1q induces cytokines
such as 1L-10 that can suppress Th1-type responses. C1q also significantly suppressed the high
levels of LPS-induced Th1-type cytokine TNF-a produced by HMDMs, which were over 10-
fold higher in HMDMSs than monocytes or iDCs (Fig. 6A). These high levels of LPS-induced
TNF-a in HMDMSs, while decreased by 80% by late apoptotic cells alone, were significantly
further inhibited by C1q (to 5% of LPS-induced levels). These results are consistent with a role
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for C1q in the prevention of autoimmunity, maintaining an immunosuppressive
microenvironment and/or promoting a Th2 environment during the clearance of apoptotic cells.

It has been previously demonstrated that C1q contributes inhibitory and/or competing signals
to human monocytes by the generation of inhibitory NFxB complexes (p50p50) and enhancing
CREB phosphorylation, which modulate cytokine production at the mRNA and protein levels
(38). Further studies are required to dissect the molecular mechanisms of the action of C1qg on
directing cellular responses in HMDMs and iDCs to identify common and divergent signaling
pathways in the different cell types. Indeed, recent studies have shown that activation of a
common intracellular signaling molecule (cCAMP) can differentially regulate inflammatory
mediator production in response to LPS in distinct phagocytic cell types via alternative
intracellular signaling molecules (64). Thus, pleiotropic intracellular signaling molecules
generated in response to extracellular signals can modulate a number of diverse cellular
functions according to the differentiation state of the cell and the nature of the extracellular
signals it receives.

In summary, although it is important to stress that the presence of C1q alone does not
necessarily avoid autoimmunity (65), these data demonstrate that C1q alone is sufficient to
mediate enhanced apoptotic cell clearance by monocytes. We further show that C1q modulates
phagocyte cytokine responses toward a more Th2-biased state and dampened Th1 response,
and thus, this may be at least partially responsible for the autoimmune phenotypes of both
human and mice genetically deficient in C1q. These responses appear to be fine-tuned
according to the differentiation state of the phagocyte and other target-expressed signals
received by the phagocyte. These findings clarify and extend the evidence for the importance
of differentiation-specific myeloid cell responses in determining the nature and potency of the
subsequent immune responses (64,66) and distinctively provide further support for the role of
C1lg in immune homeostasis. Additional identification of the molecular basis/pathways for
these cellular and environmental differences should provide novel therapeutic targets for host
defense, vaccine design, and suppression of, or resolution of, inflammation and autoimmunity.
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FIGURE 1.

Immobilized C1q differentially modulates LPS-induced cytokine release by human phagocytic
cells according to their differentiation state. Cytokine levels were measured by Luminex
multiplex analysis of the supernatant of phagocytic cells plated on LabTek chamber slides
coated with 8 ug/ml C1q (o) or HSA control (m) and stimulated with 0 or 10 ng/ml LPS for 18
h. Data are mean values from a single experiment using donor-matched monocytes, HMDMs,
and iDCs, performed in triplicate £ SD, and representative of data obtained in three experiments
using different donors. *, p < 0.05; **, p < 0.005, Student's t test.
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FIGURE 2.

C1q binds dose-dependently to apoptotic Jurkats but not to live cells. A, Characterization of
apoptotic cells. Apoptosis of Jurkat cells was induced in complete media (early apoptotic) or
Xvivo serum-free media (late apoptotic). Cells were stained with Annexin V and PI and
analyzed by flow cytometry. Data are from one experiment, representative of at least 10. B,
Live, early apoptotic, or late apoptotic Jurkat cells were incubated with 0 ug/ml (filled
histogram) or 75 ug/ml (open histogram) C1q. C, Cultures of live (@), early apoptotic (m), or
late apoptotic (o) Jurkat cells were incubated with 0-300 x«g/ml human C1q for 30 min at 37°
C before being washed. C1q binding was measured by the MFI of fluorescently labeled
secondary Ab detection of anti-human C1q using flow cytometry. D, A typical dose-response
histogram of C1q binding to late apoptotic Jurkats when incubated with purified C1q or 10%
NHS. Data (B-D) are from a single experiment, representative of three.
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FIGURE 3.

C3b deposition on apoptotic cells. Early and late apoptotic Jurkats, as assessed by Annexin V/
P1 staining (A), were incubated with no serum, 10% NHS, 10% C1g-depleted serum (C1gD)
(generated from the same NHS), or 10% [C1qD + 75 ug/ml C1q] for 30 min at 37°C and
subsequently washed and probed with anti-C3 as described in Materials and Methods. C3
deposition was assessed by flow cytometry. Data shown are a typical histogram depicting the
MFI from a single experiment, representative of three (B).
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FIGURE 4.

Uptake of early and late apoptotic Jurkats by monocytes, HMDMs, and iDCs. Jurkat cells were
labeled with CFSE and treated with 40 M etoposide for 16 h to induce apoptosis in complete
media (early apoptotic) or serum-free Xvivo (late apoptotic). Apoptotic cells were fed to
phagocytes at a ratio of 3:1 (Jurkat: monocyte/HMDM) or 1:1 (Jurkat:DC) for 30 min
(HMDMs) or 60 min (monocytes and iDCs) at 37°C and the basal percent uptake determined
by flow cytometry (A). Data are the mean + SD. *, p < 0.05, Student's t test (n = 3). B, Uptake
of early and late apoptotic cells was assayed in the presence or absence of C1q as indicated.
Uptake was expressed as fold enhancement of percent apoptotic cell uptake over control levels
(no C1q). Data are the mean = SD. *, p < 0.05; **, p < 0.005, ANOVA, (n > 3).
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FIGURE 5.

Serum enhances uptake of early and late apoptotic cells. A, Early or late apoptotic Jurkat cells
labeled with CFSE were incubated with phagocytes at a ratio of 3:1 (Jurkat:monocyte/HMDM)
or 1:1 (Jurkat:DC) for 30 min (HMDMSs) or 60 min (monocytes and iDCs) at 37°C in the
absence or presence of 10% NHS, 10% C1g-depleted serum (C1gD) (generated from the same
NHS), or 10% [C1gD + 140 g/ml C1q] (C1gD+C1q). Uptake was assessed by flow cytometry
and plotted as the fold uptake over no serum control. Data are the mean £ SD. *, p < 0.05; **,
p < 0.005, ANOVA (n = 3, monocytes and iDCs; n = 5, HMDMs). B, Late apoptotic Jurkat
cells (prelabeled with CFSE) were incubated in the absence or presence of 10% NHS, 10%
ClgD, 10% [C1gD + 140 ug/ml C1q] (C1gD+C1q), 10% [C1gD + 10 ug/ml fP + 4 ug/ml fD]
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(C1gD +fP +fD), or 10% [C1gD + 140 xg/ml C1q + 10 xg/ml fP + 4 ug/ml fD] (C1gD +Clq

+fP +fD) as indicated. Data are expressed as the mean percent uptake relative to that in the
presence of 10% matched NHS of two experiments + SD.
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C1qg modulation of cytokines released from phagocytes during the uptake of apoptotic cells.
A, Cytokine levels were measured by Luminex multiplex analysis of the supernatant of
monocytes, HMDMs, or iDCs from the same donor, plated on LabTek chamber slides, and fed
early or late apoptotic cells as described in Materials and Methods and stimulated with 0 or 30
ng/ml LPS for 18 h. Data are the average concentrations = SD from measurements of triplicate
wells from a single experiment, representative of three. B, Cytokine levels were measured in
the supernatant of monocytes, HMDMs, or iDCs, which had been incubated with early or late
apoptotic cells opsonized with 300 xg/ml C1q for 30 min and subsequently stimulated with 30
ng/ml LPS for 18 h. Results are expressed as fold difference in expression compared with
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control levels from LPS-stimulated phagocytes, which had ingested apoptotic cells in the
absence of C1g. Data are plotted as average fold differences + SD from three experiments. *,
p <0.05; **, p < 0.005, C1g-treated levels vs control levels in the absence of C1q, Student's
t test.
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FIGURE 7.

Cultured DCs secrete C1q. Secreted levels of C1q were measured by ELISA analysis of the
supernatant of iDCs and mDCs plated on LabTek chamber slides coated with 8 xg/ml C1q (o)
or HSA (m) control and stimulated with 0-100 ng/ml LPS for 18 h. Results are average
concentration = SD of three separate experiments. *, p < 0.05, ANOVA.
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Phenotype of monocytes, macrophages, and dendritic cells?
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Relative Expression Level of Phenotypic Markers

Monocytes Macrophages Immature DC Mature DC

MHC I ++ ++/+++ +++ +++
cD3 - - - -
CD1lc + + + +
CD14 ++ + +- -
CD40 + + + ++
CD54 + + + ++
CD80 - + + +/++
CD83 - - - +
CD86 + + + ++
DC-SIGN - - + +

a . ] . .
Human monocytes, macrophages, and DCs were stained with fluorophore-conjugated Abs to the listed cell surface Ags and assessed by flow
cytometry. The relative expression level for each marker is given and, in all cases, was consistent with the literature.
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