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Abstract
Backgrounds/Aims: Apoptotic macrophages are removed by neighboring phagocytes (efferocytosis),
which is an important event in advanced atherosclerosis. We reported the long pentraxin 3 (PTX3) located
at the membrane of late apoptotic macrophages, mediates efferocytosis in a cell model of advanced
atherosclerosis. However, the mechanism underlying PTX3-mediated apoptotic cell clearance in
atherogenesis is unclear.
Methods: We modeled macrophage apoptosis in advanced plaques by incubating macrophages
(peritoneal macrophages isolated from C57 mice) with free cholesterol (free cholesterol-induced
apoptotic macrophages, FC-AMs). FC-AMs were added to a monolayer of fresh phagocytes
（macrophages） to study the engulfment response. The percentage of phagocytes that ingested FC-AMs
was quantified by using confocal microscopy. C1q and C3b were detected by using fluorescenceactivated cell sorter (FACS) and the confocal microscopy.
Results: We found that PTX3 significantly enhances complement C1q binding on FC-AMs and was
correlated with improved activating of classic complement pathway. C3b was the characteristic
component of activating of classic complement pathway, displayed the increased deposition on FC-AMs
and mediated the phagocytosis of FC-AMs. This study replicated the role of PTX3-mediated efferocytosis,
explored the mechanism of PTX3 involving efferocytosis in detail and provided theoretical evidences for
PTX3-mediated cardio-protective functions in atherosclerosis.
Conclusion: PTX3 activated classic complement pathway and mediated phagocytosis of cholesterolinduced apoptotic macrophages in atherosclerosis.

Background
Immune responses participate in several phases of atherosclerosis[1]. Both adaptive immunity and innate
immunity are believed to tightly regulate atherogenesis. PTX3, an essential component of the humoral
arm of innate immunity, is a super-family of acute-phase proteins highly conserved during evolution and
involves the development of atherosclerosis[2]. PTX3 is rapidly produced and released by several cell
types, particularly mononuclear phagocytes, dendritic cells, fibroblasts, osteoblasts and endothelial
cells[3,4]. PTX3 is produced obviously by macrophages and endothelial cells in advanced atherosclerotic
lesions[2,5]. Mice lacking PTX3 showed more pronounced inflammatory profile in the vascular wall, an
increased macrophage accumulation within the plaque, a greater no-reflow area in a model of acute
myocardial infarction, however, all of which could be reversed by exogenous PTX3[6,7]. The above data
support the cardio-protective function of PTX3.
However, the mechanism underlying PTX3-mediated cardio-protective function is also unclear. Our
previous studies modeled macrophage apoptosis in advanced plaques by incubating macrophages
(peritoneal macrophages isolated from C57 mice) with free cholesterol (free cholesterol-induced
apoptotic macrophages, FC-AMs)[8]. Our results showed PTX3 was located at the membrane of late
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apoptotic macrophages and mediates the phagocytosis of apoptotic macrophages(efferocytosis)[8].
However, the components interacting with PTX3 and mediating phagocytosis are also unknown till now.
Complement plays a key role in atherosclerosis[9]. Cholesterol crystals can activate the complement
system and induce an inflammatory response in the development of atherosclerosis[10]. In
atherosclerotic lesions, expression of C1q occurs during differentiation of monocytes to DCs and
macrophages and found be important in playing a protective role in early lesion formation in LDL
receptor deficient mice[11]. C1q promotes macrophage survival during ingestion of excess cholesterol, as
well as improves foam cell efferocytic function[12]. Surface-immobilized monomer C-reactive protein was
able to initiate classical pathway activation and lead to C3 turnover[13]. A cell surface receptor for C3b is
also expressed by macrophages in human atherosclerosis, which is involved in the clearance of
circulating opsonized particles by hepatic Kupffer cells from the circulation[14,15]. If PTX3 interacts with
complement and mediates phagocytosis are also unknown till now.
In this study, we would explore the mechanism of PTX3 activates C1q-mediated classic complement
pathway and mediates phagocytosis of cholesterol-induced apoptotic macrophages, which may be
important in providing insight into the protective role of PTX3 in atherosclerosis.

Materials And Methods

Reagents
PTX3 was purchased from Sigma-Aldrich (Cat. No. SRP6323, St. Louis, Missouri, USA). Anti-PTX3
monoclonal antibody (mAb) was purchased from Lifespan Bioscience Inc. (Cat. No. LS-C198038,
Seattle,WA, USA), Abcam Biotech. (Cat. No. ab125007, Cambridge, Massachusetts, USA), and Santa Cruz
(Cat. No. sc-373951, Biothch., Santa Cruz, CA, USA). ACAT inhibitor, S-58035, was purchased from SigmaAldrich (Cat. No. S9318, St. Louis, Missouri, USA). Acetyl-LDL was purchased from Yeasen biotech Co.,
Ltd. (Shanghai, China). Roswell park memorial institute 1640 (RPMI-1640) was purchased from Gibco
BRL. Co. Ltd. (Grand Island,New York, USA). C1q protein was purchased from Fitzgerald Industries
International (Cat. No. 32-AC02, Bremerton, WA, USA). Anti-C1q mAb was purchased from Santa Cruz
(Cat. No. sc-58920 PE, Santa Cruz, CA, USA) and Abcam Biotech. (Cat. No. ab182451, Cambridge,
Massachusetts, USA). C1q-Deficient Normal Human Serum (C1qD NHS) was purchased from Calbiochem
(Cat. No. 234401, Merck, KGaA, Darmstadt, Germany). Anti-C3b mAb was purchased from Bioss (Cat. No.
bs-4871r, Shanghai, China). Alexa Fluor-labeled IgG was purchased from Abcam Biotech. (Cat. No.
ab150079, Cambridge, Massachusetts, USA). Cy3-labeled IgG, the membrane probe DiL and nucleic acid
staining agent 4’,6-diamidino-2-phenylindole (DAPI) were purchased from Beyotime Biotech Co. Ltd. (Cat.
No. A0521, Shanghai, China). Non-enzymatic cell dissociation solution was purchased from M&C Gene
Technology (Beijing, China).

Cells
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Concanavalin A-elicited macrophages were obtained from Female C57BL6/J mice (8–10 weeks of age)
that were intraperitoneally injected with 0.5 ml of phosphate-buffered saline (PBS) containing 40 µg of
concanavalin A[16]. All animal care and experimental procedures were approved by the ethical committee
of Tongji Medical College, Huazhong University of Science and Technology, and followed the institutional
guideline and ethical standard. Macrophages were harvested 3 days later by the peritoneal lavage. The
macrophages were cultured in RPMI 1640 supplementing with 10% fetal bovine serum for 24–48 h until
reaching the confluence. Live macrophages were obtained from macrophages that were cultured for 24–
48 h. FC-AMs were generated by incubating the macrophages with 100 µg/ml of acetyl-LDL and 10 µg/ml
of the compound 58035 for 16–20 h.

Fluorescence-activated Cell Sorter (FACS) Analysis
Detection of C1q
The binding of C1q to FC-AMs was analyzed in the presence of C1q, PTX3 or anti-PTX3 mAbs. To harvest
these FC-AMs, a nonenzymatic cell dissociation solution was used to treat FC-AMs at 37 °C for 5–10 min.
Next the FC-AMs were incubated independently with C1q, PTX3 or anti-PTX3 mAbs for 30 min at 4 °C.
Then the FC-AMs were washing with RPMI 1640 supplementing with 10% fetal bovine serum. After
incubating with goat serum, the FC-AMs were incubated with anti-C1q mAbs for 30 min at 4℃. After
washing, the FC-AMs were incubated with Alexa Fluor-labeled IgG or Cy3-labeled IgG at 4℃ for 30 min.
C1q on FC-AMs was analyzed using FACS.

Confocal Microscopy Analysis
Detection of C1q and C3b
Immunofluorescence assay was analyzed according to the manufacturer’s instructions. FC-AMs were
fixed with 4% paraformaldehyde for 15 min at room temperature. After incubation with goat serum, FCAMs were incubated with anti-C1q mAbs or anti-C3b mAbs for 12 h at 4℃. After washing, FC-AMs were
incubated with Alexa Fluor-labeled or Cy3-labeled IgG at room temperature for 60 min. FC-AMs were
washed with PBS for three times. Confocal microscopy was used to analyze the fluorescence.

Phagocytosis
FC-AMs were labeled with the membrane probe DiL at room temperature for 15 min. Then, they were
added to a monolayer of fresh phagocytes (macrophages). After incubation with the phagocytes at 37℃
for 30 min, non-ingested FC-AMs were removed by vigorous washing. The phagocytes were labeled with
DAPI and fixed with 4% paraformaldehyde and viewed by using the confocal microscopy. The percentage
of phagocytes that ingested FC-AMs was quantified by confocal microscopy (blind counting).
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Statistical Analysis
The data were leveled as the mean ± standard deviation and the comparisons between the groups were
performed using the independent sample’t tests. The statistical significance was defined as P < 0.05.

Results

Binding of C1q to apoptotic cells
The binding of C1q to apoptotic cells was analyzed in the absence or presence of C1q with FACS and
Confocal Microscopy analysis. We used the anti-C1q-mAbs to bind the membrane surface protein C1q.
These antibodies were recognized using goat anti-mouse-Cy3-labeled IgG (red-orange). The mean optical
density representing C1q levels were higher with pre-incubation with C1q as shown in Fig. 1A-D. The
percentages of C1q positive cells were increased with pre-incubation with C1q (Fig. 1E).

PTX3 enhances C1q binding on apoptotic cells
We observed the effects of PTX3 on C1q binding on apoptotic cells in the presence of PTX3 or anti-PTX3
mAbs by confocal microscopy and FACS. Mean optical density representing C1q levels in pre-incubation
with PTX3 groups was 20.06 ± 3.0, higher than FC-AMs groups’ (the mean optical density was 13.45 ±
2.54) (Fig. 2A-D). This observation was in keeping with the result of the FACS. FC-AMs pre-incubated with
PTX3 showed more percentages of C1q positive cells. These effects could be reversed by the preincubation with anti-PTX3 mAbs. Compared to the FC-AMs groups (the percentage of C1q positive cells
was 0.81% ± 0.04%), the percentage of C1q positive cells (pre-incubation with PTX3 groups and antiPTX3 mAbs groups) was 0.90%±0.29% and 0.75%±0.44%, respectively (mean ± SE, n = 3, P < 0.01)
(Fig. 2E). It suggested that PTX3 enhances C1q binding on apoptotic cells.

C1q-mediated Activating Of Classic Complement Pathway
We incubated FC-AMs alone or with NHS, C1q D NHS, anti-C1q mAbs, C1q and assessed the C3b
deposition. Pre-incubation with C1q resulted in obvious C3b deposition on the FC-AMs. When the cells
were incubated concomitantly with C1q D NHS and anti-C1q mAbs, an obvious decrease in C3b
deposition was observed (Fig. 3).

PTX3 Enhances C1q-mediated Activating Of Classic
Complement Pathway
We observed the complement activation by evaluating the C3b deposition in the presence of PTX3 or antiPTX3 mAbs. These results were expressed by mean optical density (red-orange). Pre-incubation with
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PTX3 resulted in significant C3b deposition on the FC-AMs (Fig. 4B). The process was reversed by the
anti-PTX3 mAbs, leading to the reduced C3b deposition (Fig. 4C). The statistical results of mean optical
density presented as mean ± SD were shown in Fig. 4E.

The activating of classic complement pathway mediates
phagocytosis of FC-AMs
We studied the role of the classical complement activation component C3b on the phagocytosis of FCAMs by employing the macrophage. Pre-incubation with anti-C3b mAbs resulted in phagocytosis decline
of FC-AMs (Fig. 5A, B). In control groups, the percentage of phagocytosis was 94%±1%. Compared to the
control groups, the percentage of phagocytosis in anti-C3b mAbs groups was lower significantly (83% ±
2%) (mean ± SE, n = 2, P < 0.05) (Fig. 5B).

Discussion
LDL is engulfed by the macrophages in vascular wall. Free cholesterol-induced apoptotic macrophages
are formed and express the PTX3 on their membrane. Increased PTX3 recruits the binding of C1q (the
initial component of complement). The next changing of C1q structure activates the classic complement
pathway, and the increased C3b is deposited on the membrane of apoptotic cells (FC-AMs). C3b is
recognized by the complement receptor 1 (CR1) on phagocytes and mediates the process of the
phagocytosis. The series processes are summarized in the Fig. 6.
Emerging evidence indicates the preserved roles of efferocytosis in atherosclerosis throughout the
healthy human body[17,18]. It is not yet understood why efferocytosis is dysfunctional within the
atherosclerotic plaque. Just as the previously study reported that there are three following aspects: (1)
overwhelming apoptosis within the plaque, (2) impairment in the phagocytic capacity of lesional
macrophages or (3) reduced edibility of apoptotic vascular cells[19].
Several bridging molecules involving in the reduced edibility of efferocytosis have now been
experimentally linked to the growing of atherosclerotic plaque. These factors include complement C1q,
growth arrest specific 6 (gas-6), milk fat globule-epidermal growth factor 8 (mfge8) and transglutaminase 2 (tg2)[20]. Complement C1q, the first component of the classical pathway, initiates the
activation of the classic pathway[21]. Then, pyrolysis components, C3b and C4b, produced from the
complement activation accumulate on the apoptotic cells, mediate the efferocytosis of apoptotic
cells[22]. C1q gene-targeted mice confirmed that the classic complement pathway plays a role in
apoptotic cell clearance in atherosclerosis[23]. Meanwhile, the defective apoptotic cell clearance
increases the lesion development[23]. PTX3 and C1q belong to the humoral arm of the innate immune
system. PTX3 enhances C1q deposition and triggers the subsequent complement activation on apoptotic
cells[24]. These are consistent with our study that showed that PTX3 enhanced the C1q binding on FCAMs in atherosclerotic cell model.
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In atherosclerotic cell model, we also observed the C1q involved activation of C3. We found that the
activated complement C3b was increased on FC-AMs when C1q was present. PTX3 enhanced the
process of C1q involved activation of C3. The PTX3 enhanced activation of classic complement pathway
were also confirmed in the other previous studies[24,25].It gave an evidence for the theory that PTX3
binding C1q mediates activation of classic complement pathway in atherosclerosis. However it is not
clear the effect of classic complement pathway activation on atherosclerosis. Then we observed the
effect of classic complement pathway activation on efferocytosis of FC-AMs. The levels of pyrolysis
components C3b and C4b, the central hub of the complement system, represented the activation of
classic complement pathway[23]. C3b/C4b on desialated sheep erythrocytes involved in their
phagocytosis when binding on C3b/C4b receptor (CR1) on macrophages. The process was inhibited by
treating macrophages with a monoclonal antibody to CR1[7,26,27]. We also observed that C3b played an
important part in efferocytosis of FC-AMs, however, which was inhibited by a monoclonal antibody of
C3b. Taken together, there is convincing evidence to suggest that PTX3 mediates phagocytosis of
apoptotic macrophages by activating classic complement pathway in an atherosclerotic cell model.

Conclusion
Efferocytosis has tremendous potential as both a therapeutic and diagnostic target[28]. The processes of
macrophage apoptosis and defective efferocytic clearance of these apoptotic cells may play a critical
role in plaque progression of coronary artery disease (CAD)[20]. Our previous study confirmed that PTX3
is located at the membrane of late apoptotic macrophages and mediates phagocytosis of apoptotic
macrophages[8], which is associated with activating classic complement pathway in an atherosclerotic
cell model. Understanding of the indepth molecular and cellular biology of efferocytosis would be
beneficial to the open up novel opportunities for mechanism-based therapy. Our another published study
showed that PTX3 promoter methylation is associated with the PTX3 plasma levels in CAD[29].
Compared to neutrophil to lymphocyte ratio, matrix metalloprotein 9, and interleukin-6, PTX3 displayed
greater area under the receiver operating characteristic curve and association with CAD. PTX3 may
become a potentially powerful inflammatory biomarkers for the CAD[30,31]. It may provide a possibility
for early screening of CAD patients independently of all classical risk pathways[32]. PTX3, a novel
therapeutic and diagnostic target may provide an actionable opportunity for the precision cardiovascular
medicine[33].

Abbreviations
MFGE8 Milk fat globulin E8
FC-AMs Free cholesterol-induced apoptotic macrophages
PTX3 Pentraxin 3
CR1 Complement receptor 1
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LDL Low-density Lipoprotein
tg2 trans-glutaminase 2
CAD Coronary artery disease
DCs Dendritic cells
GAS6 Growth arrest-specific protein 6
ACAT Acyl-CoA: cholesterol O - acyltransferase
PBS Phosphate-buffered saline
FACS Fluorescence-activated cell sorter
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Figures

Figure 1
Fig. 1. Binding of C1q to FC-AMs. FC-AMs were generated by incubating C57BL6/J mice macrophages
with 100 μg/ml of acetyl-LDL and 10 μg/ml of the compound 58035. To harvest these FC-AMs, a
nonenzymatic cell dissociation solution was used to treat FC-AMs at 37°C for 5–10 min. Next the FC-AMs
were incubated with C1q for 30 min at 4°C. The control group was treated in the absence of C1q. Then
the FC-AMs were washing with RPMI 1640 supplementing with 10% fetal bovine serum. After incubating
with goat serum, the FC-AMs were incubated with anti-C1q mAbs for 30 min at 4℃. The membrane
surface protein C1q were recognized with anti-C1q mAbs and the secondary antibody (goat anti-mouseCy3-labeled IgG) (red-orange). C1q was detected on the membrane surface of FC-AMs (A). Strong binding
of C1q was detected when FC-AMs were incubated with C1q (B). As a negative control isotype (isotypematched control mAb of C1q), the fluorescence intensity of cells was lowest (C). The levels of C1q were
reflected by the mean optical density, which was analyzed using Image-Pro Plus software. The statistical
results were shown in D. Scale bar represents 25 μm in all images. Bars indicate the mean ± SE. As
expected, C1q levels were higher in pre-incubation with C1q group in FACS (E).
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Figure 2
PTX3 enhances C1q binding on apoptotic cells. FC-AMs were incubated with PTX3 or anti-PTX3 mAbs for
30 min at 4°C. Then the FC-AMs were washing with RPMI 1640 supplementing with 10% fetal bovine
serum. After incubating with goat serum, the FC-AMs were incubated with anti-C1q mAbs for 30 min at
4℃. The membrane surface protein C1q were recognized with anti-C1q mAbs and the secondary
antibody (goat anti-mouse-Cy3-labeled IgG) (red-orange). The mean optical density of C1q (red-orange) in
FC-AMs groups was 13.45±2.54(A), lower than that in FC-AMs+PTX3 groups (20.06±3.00)(B), and more
than Isotype (2.36±1.03)(C) . The statistical results were shown in D. It showed more percentages of C1q
positive cells pre-incubated with PTX3. Scale bar represents 25 μm in all images. As expected, C1q levels
were highest in pre-incubation with PTX3 group in FACS (E). The effects of PTX3 on C1q binding on
apoptotic cells were reversed with anti-PTX3 mAbs. Compared to the FC-AMs+PTX3 groups (the
percentage of C1q positive cells was 0.90%±0.29%), the percentage of C1q positive cells (pre-incubation
with anti-PTX3 mAbs groups) was 0.75%±0.44% (mean ± SE, n=3, P<0.01).
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Figure 3
C1q-mediated activating of classic complement pathway. FC-AMs were treated with NHS, C1q D NHS,
anti-C1q mAbs and C1q. MAbs to C3b was used to detect C3b deposition on the FC-AMs. FC-AMs alone
(A). FC-AMs with NHS (B), FC-AMs with C1q D NHS (C), FC-AMs with anti-C1q mAbs (D), FC-AMs with C1q
(E), Isotype as a negative control (F). The C3b deposition was inhibited signiﬁcantly in the absence of
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C1q (C, D). It was reversed by incubating with C1q (E). Scale bar represents 25 μm in all images. The
statistical results presented as mean ± SD were shown in G.

Figure 4
PTX3 enhances C1q-mediated C3b deposition. FC-AMs were incubated with PTX3 or anti-PTX3 mAbs for
30 min at 4°C. Then the FC-AMs were washing with RPMI 1640 supplementing with 10% fetal bovine
serum. MAb to C3b was used to detect C3b deposition on the FC-AMs(A). C3b deposition was increased
Page 15/17

when incubating FC-AMs with PTX3(B). Pre-incubation with anti-PTX3 mAbs resulted in significant C3b
decline on the FC-AMs(C). Isotype as a negative control (D). Scale bar represents 25 μm in all images.
The statistical results presented as mean ± SD were shown in E.

Figure 5
Inhibitory effect of anti-C3b mAbs on the phagocytosis of FC-AMs by macrophages. A, FC-AMs were prelabeled with the membrane probe DiL(red-orange). FC-AMs were added to a monolayer of phagocytes for
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30 min. Non-ingested cells were removed by thorough washing, and then they were stained with
DAPI(blue) and fixed, viewed by confocal fluorescence microscopy. Scale bar represents 25 μm in all
images. B, The effect of anti-C3b mAbs on the phagocytosis of FC-AMs by peritoneal macrophages.
Phagocytosis was scored by counting the number of ingested FC-AMs. The percentage of phagocytes
that ingested FC-AMs was quantified. It showed phagocytosis was inhibited by anti-C3b mAbs. Asterisks
refer to the statistical signiﬁcance versus control groups: *P<0.05.

Figure 6
The series processes.
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