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Abstract: During the resolution phase of acute lung injury, apoptotic cells release CX3CL1 as a “find-
me” signal to attract alveolar macrophage transmigration toward apoptotic cells for phagocytosis.
However, it is still not clear whether CX3CL1 has pro-phagocytic activity on alveolar macrophage.
In this study, we investigated the role of apoptotic NB4 cells-derived CX3CL1(+) microparticles
(apo-MP) on the phagocytic activity of NR8383 cells. We demonstrate that exogenous CX3CL1 and
apo-MP enhanced the phagocytic activity of NR8383 cells in a CX3 CR1-dependent manner. The
apo-MP-enhanced phagocytic activity on NR8383 was attenuated when apo-MP and NR8383 cells
were pre-treated with anti-CX3CL1 antibodies and anti-CX3CR1 antibody, respectively, before in-
cubating both for phagocytic assay. Further studies demonstrate that exogenous CX3CL1 and apo-
MP also enhanced NR8383 cells in their surface expression and release of MFG-E8 in a CX3CR1
dependent manner. The enhanced phagocytic activity of CX3CL1-treated NR8383 cells was attenu-
ated when NR8383 cells were pre-treated with an anti-MFG-E8 antibody before CX3CL1 treatment.
We conclude that apoptotic cell-derived CX3CL1(+) microparticles enhance the phagocytic activity
of NR8383 cells by up-regulating their MFG-E8 as a bridge molecule, and these contribute to the
formation of phagocytic synapses between apoptotic cells and alveolar macrophages for the subse-
quent phagocytic clearance of apoptotic cells.

Keywords: CX3CL1; milk fat globule-epidermal growth factor 8 (MFG-E8); microparticles; phago-
cytosis; resolution; apoptosis; acute lung injury

1. Introduction

All-trans retinoic acid (ATRA) is the standard of care in the treatment of acute pro-
myelocytic leukemia (APL) by inducing APL cell differentiation into mature granulo-
cytes. However, this treatment can be complicated by the occurrence of differentiation
syndrome (DS; also known as retinoic acid syndrome or cytokine storm) in up to 25% of
treated patients [1]. DS has the full clinical manifestations of acute lung injury, including
fever, dyspnea, hypoxemia, diffuse pulmonary infiltrate detectable on chest X-ray, and
pleural or pericardial effusion [1-4]. In vitro studies have suggested that ATRA acts
through the aberrant retinoid receptor PML-RARA in APL cells to induce granulocytic
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differentiation, and this is also associated with (a) increased production of many inflam-
matory vasoactive cytokines, including interleukin (IL)-1, IL-6, IL-8, monocyte chemo-
tactic protein—1 (MCP-1), tumor necrosis factor alpha (TNF-a), and CCL2 [5-7]; (b) an
excess release of cathepsin G to enhance capillary permeability and damage [8]; and (c)
upregulation of leukocyte integrins to promote their adherence to capillary endothelium
and organ infiltration [1,6,9]. These events lead to massive ATRA-APL cells transmigra-
tion from blood vessels into alveolar spaces and cause acute lung injury in DS patients.

In the early inflammation phase of acute lung injury, alveolar macrophages (AM)
strategically located in the alveolar space destroy invading pathogens including microor-
ganisms and environmental toxins, while numerous neutrophils are rapidly recruited
from the bloodstream to the alveolar space [10]. Coordinated resolution programs initiate
shortly after the beginning of inflammatory responses to create a favorable environment
for the resolution phase to take place. Upon entering alveolar spaces, the activated neu-
trophils release microparticles (MP) containing pro-resolution mediators (e.g. annexin A1)
to control further granulocyte ingress and turn on the resolution programs in alveolar
spaces [11-13] [14], while many resolution mediators engage in activating apoptosis
among neutrophils by down-regulating their survival pathways [15]. Apoptotic neutro-
phils release pro-resolution mediators such as annexin A1l to promote monocyte recruit-
ment into alveolar spaces while inhibiting neutrophil transmigration [16]. Attenuation of
the effects of pro-inflammatory mediators assists in the successful ‘switching off” of in-
flammation when sufficient numbers of cells have been recruited into alveolar spaces [17].
Regarding this, chemokine proteolysis, sequestration by atypical receptors, and degrada-
tion by neutrophil extracellular traps are important mechanisms to build up chemokine
gradients in restricting the influx of neutrophils. In addition, inflammatory mediators may
also induce a negative-feedback loop by down-regulating the production of pro-inflam-
matory cytokines [18].

In the resolution phase of acute lung injury, the phagocytic clearance of apoptotic
cells by AM, also referred to as efferocytosis, plays the crucial role of bringing the alveolar
space back to its normal function [19]. Efferocytic engulfment of dying cells by macro-
phages requires the formation of the phagocytic synapse between apoptotic cells and
phagocytes, and these are regulated by a network of “find-me”, “eat-me”, and “don’t eat
me” signals; bridging molecules; and specialized phagocytic receptors on the surface of
both cells [20-22], through which apoptotic neutrophils promote their own clearance by
expressing “find-me” and “eat-me” signals to attract macrophage transmigration and al-
low the identification of the dying cell. CX3CL1, also known as fractalkine, is released by
apoptotic cells and acts as a “find-me” signal, which binds to CX3 C-motif chemokine
receptor 1 (CX3CR1) on macrophages to attract their migration toward apoptotic cells
along the chemotactic gradient of CX3CL1 [23]. Recently, we have reported that CX3CL1
and CX3CL1(+) MP released by apoptotic ATRA-APL cells (apo-MP) attract AM migra-
tion toward apoptotic ATRA-APL cells [24,25]. However, whether apoptotic cell-derived
apo-MP have pro-phagocytic activity on AM is still not clear. The aim of this study is to
investigate the role of apoptotic ATRA-APL NB4 (ATRA-NB4) cell-derived apo-MP on
the phagocytic activity of AM-NR8383 cells in the cell—cell interaction between apoptotic
ATRA-NB4 cells and NR8383 cells, this will help us to understand the comprehensive role
of CX3CL1(+)apo-MP in the cell—cell interaction between apoptotic APL cells and AM
during the resolution phase of acute lung injury in APL patients with DS.
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2. Materials and Methods
2.1. Cell Culture and the Preparation of Conditioned Medium (CM)

NB4 cells (a gift from Dr. M. Lanotte [26]) and NR8383 cells (CRL-2192; ATTC, Ma-
nassas, VA, USA) were cultured in RPMI-1640 medium (GIBCO, Grand Island, NY, USA)
and in Ham’s F12 K medium, respectively, as described previously [25]. We treated NB4
cells (1 x 10° cells/mL) with ATRA (1 uM; Sigma, St. Louis, MO, USA) for 3-5 days before
further studies.

2.2. Preparation of Apoptotic Cells

To induce apoptosis, ATRA-NB4 cells were treated with idarubicin (Ida; Pfizer, Mi-
lano, Italy) at 5-50 nM/mL for 4 hours and incubated at 37 °C [27]. Thereafter, the washed,
Ida-treated ATRA-NB4 (Ida-ATRA-NB4) cells were incubated with both annexin V
(NXPE; R&D Systems, Minneapolis, MN, USA) and 7-amino-Actinomycin-D (7-AAD; BD
Bioscience Pharmingen, San Diego, CA, USA) for double staining before analysis by
flowcytometry to measure the percentage of early apoptotic cells and late apoptotic cells,
respectively [28].

2.3. MP Preparation and Flow Cytometry Analysis

We harvested MP from ATRA-NB4 cell cultures as reported by Gasser et al. and Tsai
et al. [29,30]. The MP were stained with annexin V (NXPE; R&D Systems, Minneapolis,
MN, USA) or anti-CX3CL1 (MAB365; R&D Systems, Minneapolis, MN, USA) antibodies
before flow cytometry analysis.

2.4. Assess the Phagocytic Engulfment of Apoptotic Cells by Flowcytometric Analysis

NR8383 cells were first treated with one of the following: CX3CL1 protein (R&D Sys-
tems, Minneapolis, MN,USA), anti-CX3CR1 antibody (R&D Systems, Minneapolis, MN,
USA), MFG-E8 protein (R&D Systems, Minneapolis, MN, USA), Bay11-7082 (InvivoGen,
San Diego, CA, USA) or UO126 (Tocris Bioscience, Bristol, UK). Thereafter, NR8383 cells
were washed with 5% PBS solution twice. Subsequently, the NR8383 cells were incubated
with PKH-26 (Sigma-Aldrich, St. Louis, MO, USA) labeled Ida-ATRA-NB4 cells (2 x109)
for 30 min before determining the amount of phagocytosis using a BD FACScan [24]. A
subset of the Ida-ATRA-NB4 cells was treated with anti-CX3CL1 (R&D Systems, Minne-
apolis, MN, USA) before labeling with PKH-26. The results were expressed either as the
percentage (%) of NR8383 cells with phagocytic activity in engulfing apoptotic cells or as
a phagocytosis index that indicates a fold increase relative to the phagocytic activity of
untreated NR8383 cells.

2.5. Flow Cytometry Analysis of MFG-E8 Expression on NR8383 Cells

Non-permeabilized NR8383 cells were stained with anti-MFG-E8 (Abcam, Cam-
bridge, MA, USA) before analysis by FAC Scan [24].

2.6. Measurement of MFG-E8

The level of MFG-E8 in the CM was measured by using an enzyme-linked immuno-
sorbent assay (ELISA) kit (R&D Systems; Minneapolis, MN, USA).

2.7. Statistical Analysis

The results were evaluated by the Kolmogorov Smirnov test and/or the Shapiro Wilk
test for normal distribution. Thereafter, the results were evaluated by one-way ANOVA
followed by the Fisher’s least significant difference (LSD) procedure where appropriate.
A value of p <0.05 was considered significant. All data were analyzed by using SPSS soft-
ware version 23 (IBM SPSS Statistics, Armonk, NY, USA) . All results are presented as
mean * SD.
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3. Results:
3.1. Apoptotic Cell-Derived MP Have Significant Pro-Phagocytic Activity on NR8383 Cells

We first determined the effect of idarubicin on the induction of apoptosis in ATRA-
NB4 cells. Table 1 demonstrates that treating ATRA-NB4 cells with idarubicin for 4 hours
was able to induce cells to enter the process of apoptosis, during which early apoptotic
cells were found to be increased in a dose-dependent manner (p <0.001), while the number
of late apoptotic cells showed no significant change.

Table 1. Idarubicin Induces ATRA-NB4 Cells to Enter the Process of Apoptosis.

Idarubicin (nM) * Early Apoptosis (%) * Late Apoptosis (%)
0 11.0+0.6 91+0.3
5 21.0+1.0 76+15
50 458 +0.4 6.3+04
p value** p <0.001 NS

* Early apoptosis is defined as cells expressing annexin V but not 7-AAD; late apoptosis is defined
as cells expressing both annexin V and 7-AAD.** ANOVA. NS: not significant.

We recently reported that NR8383 cells can engulf apoptotic ATRA-NB4 cells, as de-
termined by fluorescent microscopic examination [24,31]. In this study, we used flow cy-
tometric analysis to measure the phagocytosis activity of NR8383 cells. Figure 1-A demon-
strates that the phagocytic activity of NR8383 cells was significantly higher when pre-
incubating with apoptotic idarubicin-treated ATRA-NB4 (Ida-ATRA-NB4) cells than that
when pre-incubating idarubicin-untreated ATRA-NB4 cells. In addition, the phagocytic
activity of NR8383 cells when engulfing apoptotic Ida-ATRA-NB4 cells was significantly
inhibited by pre-treatment with cytochalasin D, which is an inhibitor of phagocytosis (Fig-
ure 1A); however, this inhibition of phagocytic activity was not observed when NR8383
cells were incubated with idarubicin-untreated ATRA-NB4 cells. This implies that the
phagocytic activity of NR8383 cells is enhanced when they are pre-incubated with apop-
totic cells but is not enhanced when they are pre-incubated with viable ones. Thereafter,
we harvested the MP from either the CM of apoptotic Ida-ATRA-NB4 cell cultures or from
the CM of viable ATRA-NB4 cells culture to investigate their role in the phagocytic activ-
ity of NR8383 cells. Figure 1-B demonstrates that the phagocytic activity of NR8383 cells
pre-incubated with apo-MP derived from apoptotic Ida-ATRA-NB4 cells was significantly
higher than that of NR8383 cells pre-incubated with vehicle alone, the CM of apoptotic
Ida-ATRA-NB4 cell culture or MP harvested from viable ATRA-NB4 cells (p < 0.05, p <
0.05 and p < 0.05; respectively; Figure 1B). However, as compared with NR8383 cells
treated with vehicle alone, neither the CM from apoptotic Ida-ATRA-NB4 cells culture
nor from viable ATRA-NB4 cells was able to enhance the phagocytosis activity of NR8383
cells. This implies that apoptotic Ida-ATRA-NB4 cell-derived apo-MP possess pro-phag-
ocytic activity on NR8383 cells.
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Figure 1. Apoptotic cell-derived MP enhance the phagocytic activity of NR8383 cells. (A) NR8383 cells were incubated
with either Ida-untreated (blank bar) or Ida-treated (black bar) ATRA-NB4 cells, in the absence or presence of cytochalasin
D, before the phagocytic assay. The results are expressed as the percentage of NR8383 cells engulfing ATRA-NB4 cells.
The results are the means + SD from four independent experiments. a: p < 0.05 vs. NR8383 cells engulfing Ida-untreated
ATRA-NB4 cells in the absence of cytochalasin D treatment (left first blank bar). (B) NR8383 cells were pre-incubated with
vehicle alone (blank bar), CM (grey bar), or MP (black bar) before phagocytic assay. The results were expressed as a phag-
ocytosis index indicating a fold increase relative to the phagocytic activity of NR8383 cells treated with vehicle alone (blank
bar). The results are the means + SD from five independent experiments.

3.2. Apoptotic Cell-Derived CX3CL1(+) MP Enhance Phagocytic Activity of NR8383 Cells.

We further investigated the role of the CX3CL1-CX3CR1 axis in apo-MP enhanced
phagocytic activity in the cell—cell interaction between apoptotic ATRA-NB4 cells and
NR8383 cells. We first determined the role of exogenous CX3CL1 in the phagocytic activ-
ity of NR8383. Figure 2A demonstrates that exogenous CX3CL1 was able to enhance the
phagocytic activity of NR8383 cells in a dose-dependent manner (p < 0.05), and that this
enhancement was significantly inhibited when NR8383 cells were pre-treated with an an-
tibody specific for CX3CR1 before the exogenous CX3CL1 treatment (p < 0.05). Thereafter,
we harvested the MP from the CM of ATRA-NB4 cells culture mediums. Figure 2B
demonstrates that the numbers of MP and CX3CL1(+) MP were both significantly higher
in CM derived from an Ida-ATRA-NB4 cell culture than in CM derived from ATRA-NB4
cell culture (p <0.05 and p < 0.001, respectively), implying that increased quantities of MP
and CX3CL1(+) MP were released by apoptotic Ida-ATRA-NB4 cells. This is in agreement
with our previous study in which ATRA-NB4 cells were induced into apoptosis by UV
irradiation [25]. Further study indicates that apo-MP derived from apoptotic Ida-ATRA-
NB4 cells can significantly enhance the phagocytic activity of NR8383 cells, as compared
with vehicle, when incubated with NR8383 cells (p < 0.05, Figure 2-C). To further support
that CX3CL1-CXCR1 axis contributes to the pro-phagocytic properties of apo-MP derived
from apoptotic Ida-ATRA-NB4 cells, Figure 2C demonstrates that the enhanced phago-
cytic activity of NR8383 cells by apo-MP derived from apoptotic Ida-ATRA-NB4 cells was
significantly inhibited by either pre-treating the apo-MP with an anti-CX3CL1 antibody
or by pre-treating the NR8383 cells with an anti-CX3CR1 antibody before the phagocytic
assay was carried out (p < 0.001 and p < 0.001, respectively). In addition, this phagocytic
activity was further inhibited when NR8383 cells and apo-MP were both pre-treated with
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antibodies specifically for CX3CR1 and CX3CL1, respectively, before the phagocytic assay
was carried out. Taken together, our data indicate that CX3CL1(+) apo-MP released by the
apoptotic ATRA-NB4 cells can enhance the phagocytosis activity of NR8383 cells in a
CX3CL1-CX3CR1 dependent manner.
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Figure 2. Apoptotic cell-derived CX3CL1(+) MP enhance phagocytic activity of NR8383 cells. (A) NR8383 cells were treated
with exogenous CX3CL1 (1-20 ng/mL; black bar) before incubation with apoptotic cells for the phagocytic assay. A subset
of the NR8383 cells was treated with anti-CX3CR1 antibody before exogenous CX3CL1 treatment (striped bar). The results
are expressed as a phagocytosis index, which indicates a fold increase relative to the phagocytic activity of untreated
NR8383 cells (blank bar). The results are the means + SD from five independent experiments a: p < 0.05 vs. blank bar; b: p
< 0.05 vs. NR8383 cells treated with CX3CL1 20 ng/mL only (first right black bar). (B) Flow cytometric analysis of MP
harvested from the CM of either ATRA-NB4 cell cultures (blank bar) or Idarubicin-treated-ATRA-NB4 cell cultures (black
bar). The expression of CX3CL1 and annexin V on the MP was determined by flow cytometric analysis. The total numbers
of MP and CX3CL1(+) MP in the 20 mL of CM were calculated using a known concentration of flow count beads. These
represent the means+ SD from four independent experiments. (C) NR8383 cells were pre-incubated with either vehicle
alone (blank bar) or MP (black bar) before the phagocytic assay. Part of the MP was pre-treated with anti-CX3CL1 antibody
(MP + Anti-CX3CL1) before incubation with the NR8383 cells. The results were expressed as a phagocytosis index, which
indicates a fold increase relative to the phagocytic activity of NR8383 cells treated with vehicle alone (left first blank bar).
The results are the means + SD from four independent experiments. a: p < 0.05 vs. left first blank bar; b: p < 0.001 vs. left
first black bar; c: p <0.001 vs. right first black bar.

3.3. Surface CX3CL1 on Ida-ATRA-NB4 Cells Enhances NR8383 Cells” Phagocytic Activity

We further determined the pro-phagocytic activity of surface CX3CL1 of Ida-ATRA-
NB4 cells on NR8383 cells. Figure 3 demonstrates that the phagocytic activity of NR8383
cells, namely the engulfing of apoptotic Ida-ATRA-NB4 cells, was significantly inhibited
by either pre-treating the NR8383 cells with anti-CX3CR1 antibody or by pre-treating the
apoptotic cells with anti-CX3CL1 antibody before these two cell lines were incubated to-
gether for the phagocytic assay (p < 0.05 and p < 0.05, respectively). This inhibition was
further enhanced when the above two antibody-treated cells were incubated together for
the phagocytic assay. This implies that CX3CL1 on the surface of apoptotic cells also con-
tribute to the promotion of the phagocytic activity of NR8383 cells in engulfing apoptotic
cells on a direct cell—cell contact model.
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Figure 3. Surface CX3CL1 of apoptotic ATRA-NB4 cells enhances the phagocytic activity of NR8383 cells. NR8383 cells
were treated with or without anti-CX3CR1 antibody before incubation with either living cells (blank bar) or apoptotic
ATRA-NB4 cells (black bar) for the phagocytic assay. A subset of the Ida-ATRA-NB4 cells was pre-treated with anti-
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CX3CL1 antibody before incubation with NR8383 cells for the phagocytic assay. The results were expressed as a phago-
cytosis index, which indicates a fold increase relative to the phagocytic activity of Ida-untreated NR8383 cells (blank bar).
The results are the means + SD from four independent experiments a: p < 0.01 vs. blank bar; b: p < 0.05 vs. first left black
bar; c: p <0.05 vs. first right black bar; d: p <0.001 vs. first left black bar.

3.4. CX3CL1 and Apoptotic Cell-Derived CX3CL1(+) MP Enhances NR8383 Cells in Surface
Expression and Release of MFG-ES8

In order to determine the role of MFG-ES8 on the pro-phagocytic activity of CX3CL1
on NR8383 cells, we investigated the effect of CX3CL1 on the surface expression of MFG-
E8 on NR8383 cells and the level of MFG-ES8 in the CM of the NR8383 cell cultures. As
shown in Figure 4, flow cytometric analysis demonstrated that MFG-E8 was constitutively
expressed by NR8383 cells, and its expression was significantly enhanced in NR8383 cells
that had been pre-treated with exogenous CX3CL1 (p < 0.05). Although no significant dos-
age effect was observed, this enhancement on MFG-E8 expression was significantly inhib-
ited when NR8383 cells were pre-treated with an anti-CX3CR1 antibody before the exog-
enous CX3CL1 treatment (Figure 4B). Similarly, the expression of MFG-E8 was also sig-
nificantly enhanced in NR8383 cells after these cells were incubated with apoptotic Ida-
ATRA-NB4 cell-derived apo-MP (p < 0.05; Figure 4-C), and this enhancement was signifi-
cantly inhibited either by pre-treating the apo-MP with an anti-CX3CL1 antibody (p <0.05;
Figure 4-C) or by pre-treating the NR8383 cells with an antibody specific to CX3CR1 be-
fore incubation for the phagocytic assay (p < 0.05; Figure 4C). After this, we harvested CM
from NR8383 cell cultures in order to determine their level of MFG-E8 by ELISA. Figure
4-D demonstrates that MFG-E8 was constitutionally released by NR8383 cells, and its level
was elevated significantly when NR8383 cells were treated with exogenous CX3CL1; this
enhancement was significantly attenuated when NR8383 cells were pre-treated with an
antibody specific to CX3CR1 before exogenous CX3CL1 treatment (p <0.05). However, the
level of MFG-E8 was markedly decreased in the CM of NR8383 cells co-cultured with
either apoptotic Ida-ATRA-NB4 cells or ATRA-NB4 cells (Figure 4D).
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Figure 4. CX3CL1 and apoptotic cell-derived MP enhance NR8383 cells in surface expression and release of MFG-ES.
Surface expression of MFG-E8 on NR8383 cells as determined by flow cytometric analysis. (A,B) NR8383 cells were treated
with exogenous CX3CL1 (B: black bar) or pre-treated with anti-CX3CR1 antibody before CX3CL1 treatment (A: CX3CR1
Ab->CX3CL1; B: striped bar). a; p <0.05 vs. blank bar; b; p <0.05 vs. first right black bar. (A) This is a representative picture
from five independent experiments and (B) presents the bar graph data of those five experiments. (C) NR8383 cells were
incubated with either vehicle alone (blank bar) or Ida-ATRA-NB4 cell-derived apo-MP (black bar); in addition, a subset of
the NR8383 cells was pre-treated with anti-CX3CR1 antibody and some of the MP were pre-treated with anti-CX3CL1
antibody (MP + Anti-CX3CL1) before both were incubated together for flow cytometric analysis. a: p <0.05 vs. blank bar;
b: p <0.05 vs left first black bar. (D) The levels of MFG-E8 were determined by ELISA in (1) the CM of NR8383 cell culture
alone (blank bar); (2) the CM of NR8383 cells treated either CX3CL1, anti-CX3CR1 antibody, or both (black bars); and (3)
the CM of NR8383 cells co-cultured with either ATRA-NB4 cells or Ida-ATRA-NB4 cells. (C,D) The results are the means
+ SD from five independent experiments.

3.5. MFG-E8 Contributes to the CX3CL1-Enhanced Phagocytic Activity of NR8383 Cells

90of 15

Figure 5-A demonstrates that exogenous MFG-ES significantly enhanced the phago-
cytic activity of NR8383 cells during the engulfing of apoptotic ATRA-NB4 cells, and that
this occurs in a dose-dependent manner (p < 0.05); however, exogenous MFG-E8 induced
no significant change on NR8383 cells in the engulfing of viable ATRA-NB4 cells. Figure
5-B further demonstrates that the CX3CL1-enhanced phagocytic activity of NR8383 cells
was significantly inhibited by pre-treating NR8383 cells with either an anti-MFG-E8 anti-
body or an anti-CX3CR1 antibody before exogenous CX3CL1 treatment (p < 0.05 and p <
0.05, respectively), and this inhibition was further enhanced when NR8383 cells were pre-

treated with both antibodies.
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Figure 5. MFG-ES8 contributes to the CX3CL1-enhanced phagocytic activity of NR8383 cells. (A) NR8383 cells were pre-
treated with exogenous MFG-E8 (1-100 ng/mL) before being incubated with either ATRA-NB4 cells (blank bar) or Ida-
ATRA-NB4 cells (black bar); they were then subjected to the phagocytic assay. The results are expressed as percentage of
NR8383 cells found to be engulfing cells. (B) NR8383 cells were first treated with either anti-CX3CR1 antibody or/and anti-
MFG-E8 antibody, which was followed by either CX3CL1 treatment (black bar) or no treatment (blank bar) before incuba-
tion with apoptotic cells for the phagocytic assay. a: p < 0.05 vs. first left blank bar; b: p < 0.05 vs. first right blank bar; c: p
<0.001 vs. first left blank bar; d: p <0.001 vs. first left black bar; e: p < 0.05 vs. first right black bar. (A,B) The results are the
means + SD from five independent experiments.

3.6. CX3CL1 Promotes Phagocytic Activity of NR8383 Cells via the NF-Kb Signal Transduction
Pathway

Finally, we determined the signal transduction pathway underlying the pro-phago-
cytic activity of CX3CL1 on NR8383 cells. Figure 6 demonstrates that the phagocytic ac-
tivity and the MFG-E8 expression of NR8383 cells were both significantly inhibited by
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pre-treating NR8383 cells with BAY11-7052, an NF-«B inhibitor, before subsequent treat-
ment with CX3CL1 (p < 0.05 and p < 0.01, respectively); however, this attenuation was not
observed in CX3CL1-untreated NR8383 cells. Further studies also demonstrate that the
level of MFG-ES8 in the CM of NR8383 cells was also significantly inhibited by pre-treat-
ment with Bay11-7082 in NR8383 cells with or without subsequent CX3CL1 treatment (p
<0.05 and p < 0.05, respectively). In contrast, U0126, an MAPK inhibitor, induced no sig-
nificant change in the phagocytic activity and did not affect MFG-E8 expression of either
CX3CL1-untreated or CX3CL1-treated NR8383 cells, although it did significantly inhibit
the level of MFG-E8 in the CM of CX3CL1-treated NR8383 cells.
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Figure 6. CX3CL1 promotes phagocytic activity of NR8383 cells via the NF-kb signal transducing pathway. (A—C) NR8383
cells were first treated with either Bay (BAY11-7082; a NF-kb inhibitor) or U0126 (a MARK inhibitor), and this was fol-
lowed by either exogenous CX3CL1 treatment (black bar) or no treatment (blank bar), before determining (A) the phago-
cytic activity of NR8383 cells when engulfing apoptotic cells; (B) the expression of MFG-E8 by flow cytometric analysis;
and (C) the level of MFG-ES8 in the CM of NR8383 cell cultures by ELISA. The results are the means + SD from four (A and
C) and five (B) independent experiments.

4. Discussion

The results of the present study demonstrate that apoptotic Ida-ATRA-NB4 cell-de-
rived CX3CL1(+) apo-MP promotes the phagocytic activity of NR8383 cells, and enhanced
production of MFG-E8 by apo-MP-incubated NR8383 cells is responsible for the enhanced
phagocytic activity in the cell—cell interaction between the apoptotic ATRA-NB4 cells and
NR8383 cells.

The pro-phagocytic activity of apoptotic ATRA-NB4 cell-derived CX3CL1 on NR8383
cells is strongly supported by the findings that (a) exogenous CX3CL1 promote the phag-
ocytic activity of NR8383 cells in a CX3CR1-dependent manner; (b) apoptotic ATRA-NB4
cell-derived apo-MP promotes the phagocytic activity of NR8383 cells, which was attenu-
ated by pretreatment with CX3CL1- and CX3CRl-specific antibodies, indicating
CX3CL1(+) apo-MP possesses pro-phagocytic activity on NR8383 cells; (c) surface
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CX3CL1 of apoptotic ATRA-NB4 cells promote the phagocytic activity of NR8383 cells in
a CX3CR1-dependent manner. Collectively, our results suggest that apoptotic ATRA-NB4
cells have profound effects on the promotion of phagocytic activity of NR8383 cells, and
this is through release of CX3CL1 and CX3CL1(+) apo-MP by apoptotic ATRA-NB4 cells
as well as through the surface CX3CL1 of the latter cells.

During the process of efferocytic phagocytosis, phosphatidylserine (PS) on the sur-
face of apoptotic cells is the most potent “eat-me” signal, which binds directly or indi-
rectly, via bridging molecules, to phagocytic receptors (TIM-1,4, BAII, stabilin-2) on the
surface of macrophages, and this contributes to the formation of phagocytic synapse be-
tween apoptotic cells and macrophages [32]. In this study, we demonstrate that MFG-E8
produced by CX3CL1-treated NR8383 cells is responsible for the pro-phagocytic activity
of CX3CL1. To support our proposal, our results demonstrate that (a) CX3CL1 enhances
NR8383 cells in their surface expression and release of MFG-ES; (b) the level of MFG-E8
was markedly decreased in the CM of NR8383 cells when the latter cells were incubated
with apoptotic ATRA-NB4 cells; (c) CX3CL1-promoted phagocytic activity of NR8383
cells was attenuated when the latter cells were pre-treated with anti-MFG-E8 antibody
before performing phagocytic assay; and (d) both enhanced the phagocytic activity and
the MFG-E8 expression on CX3CL1-treated NR8383 were attenuated by pre-treating the
latter cells with an NF-kB inhibitor before CX3CL1 treatment (Figure 6). Collectively, our
results suggest that MFG-E8 produced by CX3CL1-treated NR8383 cells acts as a bridging
molecule by potentially promoting the binding between PS on the surface of apoptotic
cells and phagocytic receptors (a5 integrins) on NR8383 cells, and this contributes to
the formation of phagocytic synapses and subsequent activation of the transducing sig-
nals for cytoskeletal rearrangement and the engulfment signaling pathway for the ef-
ferocytic engulfment of apoptotic ATRA-NB4 cells by NR8383 cells [33,34]. In agreement
with our results, previous studies also reported that apoptotic cell-derived CX3CL1 up-
regulates MFG-ES8 gene expression and enhances phagocytic activity in microglia [35,36].
The crucial role of CX3CL1 and MFG-E8 during the resolution phase of acute inflamma-
tion has been confirmed in previous studies. Miksa et al. also reported that CX3CL1 and
MEFG-E8 work cooperatively in enhancing the clearance of apoptotic cells by peritoneal
macrophages in rats [37]. Impaired clearance of apoptotic cells as well as an excessive
infiltration of apoptotic cells in the germinal centers of the spleen have been reported in a
MEFG-E8 knock-out mice model [38,39]. Parallel to this, we and other groups have reported
that annexin I is recruited from the cytosol and exported to the outer plasma membrane
leaflet in ATRA-NB4 cells, which co-localizes with PS and also acts as a bridge molecule
[30,40]. In addition, DEL-1, Galectin-3 (Gal-3), growth arrest-specific factor 6 (Gas—6), and
protein S also act as bridge molecules in the efferocytic process [32]. Further study is war-
ranted to investigate the role other bridge molecules in CX3CL1-enhanced phagocytic ac-
tivity. Taken together, apoptotic ATRA-NB4 cell-derived CX3CL1 enhance the phagocytic
activity of NR8383 cells by up-regulating MFG-E8 as a bridge molecule and contribute to
the formation of phagocytic synapses between both cells.

Our results also indicate that the NF-«B signal transduction pathway is involved in
the CX3CL1-enhanced MFG-E8 expression and phagocytic activity on NR8383 cells (Fig-
ure 6). Sheridan et al. similarly reported that CX3CL1 transduces several well-character-
ized signaling pathways leading to the activation of NF-kB and the secretion of inflam-
matory cytokines in microglia [41]. The CX3CL1-CX3CR1 interaction also contributes to
the activation of NF-kB through the Akt pathway in an LPS-induced lung injury model
[42,43]. The NF-kB signal transduction pathway also mediates the up-regulation of
CX3CL1, whereby TNF-a, IL-1, and lipopolysaccharide up-regulate CX3CL1 in an NF-
kB-dependent manner during the inflammatory process [44,45]. However, during the pro-
cess of efferocytosis, the binding of MFG-E8 with integrin avfss in macrophages induces
STAT3-mediated SOCS3 activation, leading to the inhibition of the NF-kB signaling path-
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way and suppression of the production of pro-inflammatory cytokines in LPS-TLR4-me-
diated inflammatory responses [46—48]. Collectively, our results suggest the NF-«B signal
transduction pathway plays a crucial role underlying the cooperation of CX3CL1 and
MFG-E8 in promoting the phagocytic clearance of apoptotic cells during resolution phase
of acute lung injury, and this warrants further studies.

In this study, we address the important role of apo-MP in the cell—cell interaction
between apoptotic ATRA-NB4 cells and NR8383 cells during the process of efferocytic
phagocytosis. Mohning et al. reported that MP number in the bronchoalveolar lavage
fluid was greatest at the peak of inflammation and declined as inflammation resolved
during the process of acute lung injury [49]. Soni et al. recently reported that AM were
initially the dominant source of MP in the alveolar space during acute lung injury, fol-
lowed by a large increase in neutrophil-derived MP with the kinetics of neutrophil migra-
tion into the alveolar space [50,51]. Our previous study demonstrated that viable ATRA-
NB4 cells release annexin Al(+) MP with anti-inflammatory properties by inhibiting the
transmigratory and adhesive activity of the recipient cells [30]. In this study, we further
demonstrate that apoptotic ATRA-NB4 cells release a large amount of CX3CL1(+) apo-MP
to orchestrate NR8383 cells transmigration toward apoptotic cells along a CX3CL1 chem-
otactic gradient and to condition NR8383 cells with enhanced surface expression of MFG-
E8, and this contributes to the formation of phagocytic synapses between the apoptotic
ATRA-NB4 cells and N8383 cells before engaging in efferocytic phagocytosis. Addition-
ally, Han et al. reported that AM are able to release anti-inflammatory MP into the alveolar
space, and these MP are taken up by alveolar epithelial cells, leading to transcriptional
suppression of inflammatory genes in an animal asthma model [52]. Phosphatidylserine
on AM-derived MP can even scavenge particulates containing Toll-like receptor ligands
or beta-glucans and direct them away from inflammatory and into non-inflammatory
compartments [53,54].

In the clinical setting, CX3CL1 and MFG-E8 play an important role during the reso-
lution phase of acute lung injury or sepsis. The lower levels of CX3CL1 and MFG-E8 in
the blood, spleen, and liver are associated with an impaired clearance of apoptotic cells
and are linked to a poor outcome in septic rats [37,55]. CX3CL1 treatment in animals is
able to increase the level of circulating MFG-E8 and prevent tissue injury in a septic mice
model, while MFG-ES8 treatment of septic rats is also able to attenuate the systemic inflam-
matory response, enhance the engulfment of apoptotic cells, and improve survival [37,55].
MFG-ES8 also shows a direct anti-inflammatory role independent of the phagocytic engulf-
ment of apoptotic cells. In this context, Aziz et al. reported that recombinant MFG-E8 low-
ered intestinal inflammation by directly regulating TLR4 signaling through its binding
with integrin avf33 [46]. Therefore, our results provide a rationale for the clinical usage of
CX3CL1 and/or MFG-ES8 in treating acute lung injury in patients with DS or acute lung
injury caused by other pathogens, and this also warrants further clinical studies.
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