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Antibody Cross-Linking of CD14 Activates MerTK

and Promotes Human Macrophage Clearance of Apoptotic
Neutrophils: the Dual Role of CD14 at the Crossroads
Between M1 and M2c Polarization

Gaetano Zizzo'?” and Philip L. Cohen"*?

Abstract— Mer receptor tyrosine kinase (MerTK) is key for efficient phagocytosis of
apoptotic neutrophils (ANs) and homeostasis of IL-10 production by human anti-
inflammatory M2c monocytes/macrophages. We asked whether stimulation of M2c surface
receptors contributes in turn to MerTK activation. For this purpose, human monocytes/
macrophages were differentiated under M1, M2a, and M2c¢ polarizing conditions. The effects
of antibody-mediated cross-linking of M2c receptors (i.e., CD14, CD16, CD32, CD163,
CD204) on MerTK phosphorylation and phagocytosis of ANs were tested. MerTK expression
was also studied by flow cytometry and western blot in the presence of LPS and in M2c-derived
microvesicles (MVs). Antibody cross-linking of either CD14 or CD32/FcyRII led to Syk
activation and MerTK phosphorylation in its two distinct glycoforms (175-205 and 135-
155 kDa). Cross-linked CD14 enhanced efferocytosis by M2¢c macrophages and enabled M1
and M2a cells to clear ANs efficiently. In M1 conditions, LPS abolished surface MerTK
expression on CD14°&" cell subsets, so disrupting the anti-inflammatory pathway. In M2c
cells, instead, MerTK was diffusely and brightly co-expressed with CD14, and was also
detected in M2c¢ macrophage-derived MVs; in these conditions, LPS only partially downreg-
ulated MerTK on cell surfaces, while the smaller MerTK glycoform contained in MVs
remained intact. Altogether, cooperation between CD14 and MerTK may foster the clearance
of ANs by human monocytes/macrophages. CD14 stands between M1-related LPS co-receptor
activity and M2c-related MerTK-dependent response. MerTK interaction with CD32/FcyRII,
its detection in M2c MVs, and the differential localization and LPS susceptibility of MerTK
glycoforms add further new elements to the complexity of the MerTK network.
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Dying neutrophils, if not rapidly removed, can
release large amounts of danger signals, nucleic acids,
and other antigenic material, so triggering the develop-
ment of chronic inflammation and autoimmunity [1].
Macrophage-expressed Mer receptor tyrosine kinase
(MerTK), through its ligands growth arrest-specific 6
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(Gas6) and protein S, is of key importance for the
prompt clearance of apoptotic neutrophils (ANs) and
resolution of innate inflammation. In humans, MerTK
is preferentially expressed on discrete populations of
anti-inflammatory macrophages called M2c cells, phe-
notypically characterized as CD14"""€"CD16*CD163*
CD204*~CD206*CD209 ", as well as in minor M2c-like
cell subsets differentiated in M1 and M2a conditions,
and in circulating CD14°"€"CD16* M2c-like mono-
cytes [2]. M2c cells are elicited in vitro under anti-
inflammatory conditions (e.g., in the presence of M-
CSF plus IL-10, M-CSF plus serum, M-CSF plus glu-
cocorticoids, or glucorticoids alone), or upon interven-
tion of anti-inflammatory stimuli onto inflammatory
contexts (e.g., addition of IL-10 or glucocorticoids to
pre-existing GM-CSF or IL-17) [1, 2]. These special-
ized cells utilize MerTK to promote efficient phagocy-
tosis of ANs in the presence of protein S or protein S-
containing serum [2, 3]. Moreover, the MerTK ligand
Gas6 is produced in an autocrine fashion by M2c¢ cells
and stimulates, in turn, macrophage production of IL-
10, thereby tracing a positive loop in which MerTK
further amplifies M2c¢ polarization and is closely in-
volved in M2c cell homeostasis [2].

In murine macrophages, MerTK was shown to
synergize and interact, either physically or functional-
ly, with other receptors and ligands involved in mac-
rophage phagocytosis of apoptotic cells (ACs), such as
o, Ps integrin, T cell immunoglobulin mucin protein 4
(Tim-4), scavenger receptor A (SR-A)/CD204, and
Clq [4-7]. However, these synergistic interactions
have not been confirmed in humans [8, 9] or, at least,
do not occur in human glucocorticoid-treated (i.e.,
M2c¢) macrophages [10].

In the present study, conducted on human mono-
cytes/macrophages, we asked whether, in parallel with
MerTK’s contribution to M2c anti-inflammatory re-
sponses, the engagement of M2c receptors themselves
may in turn contribute to MerTK activation. We iden-
tified MerTK interactions with either CD14 or CD32
receptors as two novel mechanisms that may facilitate
phagocytosis of ANs and restoration of anti-
inflammatory conditions, following LPS removal in
bacterial infections or upon glucocorticoid therapy in
immune-complex diseases, respectively. We also dis-
covered that, whereas LPS downregulates MerTK
while preserving its co-receptor CD14 on the surface
of proinflammatory M1 cells, regulatory M2c cells can
release an LPS-resistant MerTK glycoform through
their microvesicles (MVs).

2207

MATERIALS AND METHODS

Cell Cultures

Human monocytes from buffy coats of healthy blood
donors were isolated by Ficoll-Paque™ Plus gradient (GE
Healthcare Life Sciences, Pittsburgh, PA, USA) and mag-
netic separation, using a kit for human monocyte enrich-
ment by negative selection (EasySep™, StemCell Tech-
nologies, Vancouver, BC, Canada), according to the man-
ufacturer’s instructions. Monocytes were then cultured in
non-tissue culture treated 24-well plates at 0.8 x 10° cells/
ml, in serum-free X-Vivo™15 medium formulated with L-
glutamine, gentamicin, and phenol red (Lonza,
Walkersville, MD, USA) for 48 h, in the presence of
dexamethasone (100 nM, ex-Sigma-Aldrich, EMD
Millipore, Billerica, MA, USA), with or without M-CSF
(50 ng/ml, Peprotech, Rocky Hill, NJ, USA). For longer
incubations, in some experiments, cells were cultured in
serum-containing medium, with human AB serum 5-10%
(Mediatech, Manassas, VA, USA), heat-inactivated fetal
calf serum (FCS) 5% (to avoid formation of clumps in-
duced by autologous serum), and X-Vivo™15 medium for
7 days, with or without growth factors and/or cytokines
orientating differentiation towards M1 (GM-CSF
100 ng/ml, Peprotech; and/or IFNy 2.5 ng/ml, R&D Sys-
tems, Minneapolis, MN, USA), M2a (IL-4 20 ng/ml,
Novus Biologicals, Littleton, CO, USA), or M2¢ (M-CSF
50 ng/ml plus serum, or M-CSF plus IL-10 37.5 ng/ml,
Peprotech), as specified in the text. Prior to participation,
all subjects gave informed consent to donate their blood.
The study was approved by the Institutional Review Board
of Temple University.

Cell Stimulation with Antibody Cross-Linking and
MerTK Ligands

Ab cross-linking of membrane receptors was per-
formed by resuspending the cultured cells in fresh medium
in the presence of one of the following primary mouse anti-
human monoclonal Abs (mAbs, 5 pug/ml): anti-CD14
(LEAF™ purified clone MSE2 or clone HCD14, both from
Biolegend, San Diego, CA, USA), anti-CD16 (LEAF™
purified clone 3G8, Biolegend), anti-CD32 (clone FUN-2,
Biolegend; or clone 3D3 mIgGl, BD Biosciences, San
Jose, CA, USA), anti-CD163 (clone EDHu-1, Novus Bio-
logicals), anti-MerTK (clone 125518, R&D Systems), anti-
SR-A/CD204 (clone 351620, R&D Systems), and murine
IgG1 or IgG controls (Southern Biotech). After 20 min,
cells were incubated with a goat anti-mouse (GAM) IgG
(H + L) (15 pg/ml, Southern Biotech) for an additional
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20 min. In other experiments, cells were stimulated with
(protein S containing) AB serum 2—10%, or with recombi-
nant human Gas6 (thGas6 1 pg/ml, R&D Systems), in the
presence or absence of a neutralizing goat polyclonal anti-
human Gas6 Ab (10 pg/ml, R&D Systems), or with a goat
polyclonal anti-MerTK Ab (5 pg/ml, R&D System) or
appropriate isotype control (5 pg/ml, Southern Biotech)
for 40 min. Phosphorylation of MerTK was then investi-
gated by western blot.

Western Blot

Cell lysates were obtained in a buffer containing
50 mM Hepes, 150 mM NaCl, 10% glycerol, 1% Triton
X-100, and freshly added cocktails of protease and phos-
phatase inhibitors (Sigma-Aldrich, EMD Millipore). Ly-
sates were resolved on a SDS-PAGE 8% polyacrylamide
gel. Proteins, transferred to PVDF membranes (EMD
Millipore), were probed with: biotinylated goat polyclonal
anti-human MerTK (R&D Systems), recognizing amino
acid sequence Arg26-Ala499 (corresponding to N-terminal
extracellular region and possibly part of a transmembrane
segment [11]), followed by horseradish peroxidase (HRP)-
conjugated streptavidin (Biolegend); rabbit polyclonal
anti-phospho-MerTK (Fabgennix, Frisco, TX, USA),
raised against a synthetic peptide mapping amino acids
746757 (corresponding to C-terminal intracellular region
[11]); rabbit polyclonal anti-Syk (Cell Signaling Technol-
ogy, Beverly, MA, USA); rabbit polyclonal anti-phospho-
Syk (Cell Signaling Technology); rabbit anti-{3-actin
(Santa Cruz Biotechnology, Dallas, TX, USA); all of them
followed by secondary HRP-conjugated goat anti-rabbit
AD (Santa Cruz Biotechnology). Immunoblots were devel-
oped and visualized by enhanced chemiluminescence
using Amersham ECL™ reagents (GE Healthcare). Den-
sitometry of phosphorylated MerTK bands was calculated
using ImagelJ software (imagej.nih.gov), and normalized to
[3-actin expression.

Phagocytosis of Apoptotic Neutrophils

Human neutrophils were isolated from Ficoll-
Hypaque pellets through dextran (20%) erythrocyte
sedimentation followed by lysis of contaminating
erythrocytes, by incubation with ice-cold ammonium
chloride (0.15 M) and potassium bicarbonate (0.01 M)
solution. They were then resuspended at 1 x 10° cell/ml
in 10% FCS-RPMI in the presence of 1% penicillin
and streptomycin, labeled with 2.5 uM carboxyfluo-
rescein succinimidyl ester (CFSE, Sigma-Aldrich,
EMD Millipore), and incubated for 20 h at 37 °C in
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5% CO,. ANs were co-incubated for 60 min with 7-
day differentiated macrophages, at a 5:1 ratio. In some
experiments, macrophages were pre-treated for 40 min
with an anti-CD14 Ab (clone M5E2), or an IgG control
(5 pg/ml), and secondarily with a GAM Ab (H + L)
(15 pg/ml) to obtain cross-linking of CD14. Flow
cytometry was used to quantify the percentages of
CD14-labeled macrophages that phagocytosed CFSE-
labeled ANs.

Flow Cytometry

Flow cytometry was carried out after washing the
cells in 2% bovine serum albumin-containing buffer.
Surface expression of CD14 and MerTK was detected
using a PE-Cy7-labeled anti-CD14 (Biolegend) and a
PE-labeled anti-MerTK ab (R&D Systems, clone
125518), respectively, along with appropriate isotype
controls (Biolegend). Viable monocytes in cell cultures
were quantified as double negative for APC-conjugated
annexin-V (BD Biosciences) and propidium iodide
(Sigma-Aldrich). Efferocytic macrophages were mea-
sured as percentages of CD14 (PeCy7) and CFSE
(FITC) double positive macrophages. Cells were ana-
lyzed using FACSCalibur™ (BD Biosciences) and
FlowJo software (Tree Star, Ashland, OR, USA).

Isolation of Macrophage-Derived Microvesicles

Cells were cultured for 7 days in serum-containing
medium in the presence of M-CSF. In some experiments,
cells were subsequently co-incubated with LPS (10 pg/ml,
Sigma-Aldrich) or unesterified cholesterol (100 pg/ml, a
gift from Drs. Ming-Lin Liu and Kevin J. Williams) for an
additional 24 h. Culture supernatants, including two
washes with PBS to remove residual MVs still adhering
to the cell surfaces and to the wells, were ultracentrifuged
at 100,000xg for 1 h to precipitate MVs.

Statistical Analysis

Data are expressed as mean + standard deviation
(SD). Statistical differences among different cell treat-
ments were calculated by one-way repeated measures
ANOVA with Newman-Keuls multiple comparisons
test or by paired ¢ test. Statistical significance was
defined as P <0.05. Analysis and graphing of the data
were performed using GraphPad Prism™ 7 software
(La Jolla, CA, USA).
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RESULTS

Ab cross-linking of CD14 and CD32 induces MerTK
phosphorylation

Among human circulating monocytes, the CD16"
subsets are considered more mature cell types which can
recognize and phagocytose ANs [12]. While
CD14%™CD16% (“non-classical”) monocytes mostly
utilize CD36 to uptake ANs [12], the minor population of
M2c-like CD14*#"CD16" (“intermediate™) monocytes
expresses and utilizes MerTK to phagocytose ANs [2]. We
asked whether MerTK activation in monocytes was itself
favored by the engagement of CD14 or CD16. To address
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this question, we coincubated monocytes in the presence or
absence of purified anti-CD14 mAb (clone MSE2) or anti-
CD16 mAb (clone 3G8), and measured MerTK phosphor-
ylation by western blot. We found that Ab engagement of
CD14, but not CD16, provoked MerTK phosphorylation.
This phenomenon was more obvious when cell cultures
were secondarily co-incubated with a GAM (H + L) Ab to
further cross-link the anti-CD14 Abs (Fig. 1a).

We then expanded our study to include a panel of
surface receptors known to be induced by M-CSF and IL-
10 or glucocorticoids, and to be specifically upregulated on
MerTK-expressing M2¢ monocytes/macrophages, thereby
including CD163, CD204, and CD32, in addition to CD14
and CDI16 [2, 13]. In these experiments, we cultured cells
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Fig. 1. Antibody cross-linking of CD14, but not CD16, on human monocytes elicits MerTK activation. a Fresh human monocytes were plated and soon co-
incubated in the presence of mouse anti-human CD14 (clone M5E2) or anti-CD16 (clone 3G8) monoclonal antibodies (mAbs). When indicated, after 20 min,
cells were co-incubated with a goat anti-mouse (GAM) Ab (H+ L) (15 pg/ml), for an additional 20 min. Phosphorylated MerTK (P-Mer) was then studied by
western blot, and densitometric areas of P-Mer bands were calculated. b Viability of monocytes in 48-h cell cultures, in the presence or absence of
dexamethasone (100 nM), was quantified by flow cytometry. Viable cells showed higher forward scatter (FSC), and were double negative for annexin-V
(early and late apoptosis marker) and propidium iodide (late apoptosis and necrosis marker). For better clarity, the experiment shown also includes a 96-h
assessment of living and dying cells. Data are representative of three independent experiments.



2210

in the presence of dexamethasone in order to upregulate
M2c receptors on their membranes and obtain more signal
in case Ab-mediated stimulation had induced MerTK
phosphorylation. To keep good viability in serum-free
conditions, cells were cultured for 2 days only (Fig. 1b).
Also, in this set of experiments, we confirmed that Ab
cross-linking of CD14 led to MerTK phosphorylation
(Fig. 2a). A lesser degree of phosphorylation of MerTK
was also observed in the presence of the mouse 1gG con-
trol. In this regard, phosphorylation of human MerTK was
also previously reported in the presence of rat IgG [6]. In
these cases, MerTK activation was likely mediated by Fc-
gamma receptors (FcyRs); specifically, we observed that it
was the cross-linking of IgG receptor CD32 or FcyRII (by
means of anti-CD32 mAb clone FUN-2) to account for a
certain amount of MerTK phosphorylation (Fig. 2a). On
the other hand, because control IgG purified from mouse
serum is aggregated and polyclonal, it might have a more
potent effect than the IgG monoclonals for which it served
as control. In contrast, MerTK activation was not seen
upon CD16 (FcyRII) cross-linking, while we did not test
the effects of CD64 (FcyRI) cross-linking, since this re-
ceptor is not upregulated under M2c polarizing conditions
[13]. Contrary to what was previously reported in mice [6],
no synergism between CD204 and MerTK was observed,
nor we detect any MerTK phosphorylation by cross-
linking CD163. In our hands, Ab cross-linking of MerTK
(by means of anti-MerTK Ab clone 125518) provoked the
appearance of multiple bands at lower molecular weights
(MWs) corresponding to the MWs of poorly or non-
glycosylated MerTK isoforms [14—-16], thus suggesting
that membrane receptor internalization and deglycosyla-
tion may have occurred upon engagement (Fig. 2a).

MerTK phosphorylation occurs irrespective of the
clone and isotype used for Ab cross-linking, and is
statistically significant

We wanted to rule out the possibility that CD14 and
CD32 cross-linking effects on MerTK phosphorylation
were dependent on the clone or the isotype of the antibod-
ies used. For this purpose, we repeated the experiments
using other anti-CD14 and anti-CD32 mAbs targeting
different epitopes (clones HCD14 and 3D3, respectively)
and possessing the poorest Fc receptor binding affinity
isotype (i.e., IgG1 class). Even in these cases, either
CD14 or CD32 stimulation was confirmed to provoke
intense MerTK phosphorylation (Fig. 2b, c). Whereas
MerTK phosphorylation induced by anti-CD32 Abs was
similar to that obtained by control IgG (Fig. 2c, e),
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probably due to control IgG-induced MerTK phosphory-
lation via CD32, MerTK phosphorylation induced by anti-
CD14 Abs was visibly and statistically stronger compared
to unstimulated and control IgG-stimulated conditions
(Fig. 2b, d), while MerTK phosphorylation induced by
control IgG was not statistically different compared to
unstimulated conditions (Fig. 2d, e).

MerTK can be phosphorylated in both its glycoforms,
localized at 175-205 KDa and 135-155 kDa

The MW of MerTK varies depending on glycosyl-
ation rates, and at least two differentially glycosylated
isoforms of MerTK are well recognized [14, 15]. The
standard, fully glycosylated, membrane MerTK isoform
(or full MerTK glycoform) is clearly expressed on the
surface of macrophages [16] and is upregulated by M2c
polarizing conditions (e.g., M-CSF + IL-10 or serum,
IL-10 + GM-CSF or IL-17, glucocorticoids, PPARy-
antagonist GW9662), as previously assessed by flow
cytometry in non-permeabilized cells [1, 2, 17]. The
partially glycosylated MerTK isoform (or partial
MerTK glycoform) is instead poorly expressed on the
cell surface, and is upregulated by prolonged cell expo-
sure (>2—4 h) to exogenous Gas6 [16] or by discrete
cytokine microenvironments (e.g., IL-4 + M-CSF or
GM-CSF, IL-10 + M-CSF or GM-CSF, glucocorticoids
+ IL-4 or IL-17) previously reported to stimulate en-
dogenous Gas6 release by monocytes/macrophages [1,
2]. Also, it might be possible that certain amounts of
the partial glycoform are generated upon internaliza-
tion and deglycosylation of the membrane MerTK
(Fig. 2a). During our present experiments, MerTK
phosphorylation was observed at the 175-205 kDa
glycoform level (Figs. la and 2c) or in both 175-205
and 135-155 kDa glycoforms (Fig. 2a, b). Presumably,
slight differences in the timing and/or duration of Ab
stimulation among the several experiments could ac-
count for variable MerTK internalization and/or glyco-
sylation rates. To further demonstrate that the 135—
155 kDa bands we observed were truly corresponding to
the phosphorylated partial MerTK glycoform, we stimulat-
ed MerTK by co-incubating (for 40 min only) cell cultures
with either MerTK ligands rhGas6 and protein S-
containing serum, or with a polyclonal MerTK Ab, and
then looked at MerTK glycoform phosphorylation. Detec-
tion of phosphorylated 135-155 kDa MerTK bands was
observed in the presence of either bioactive concentrations
of protein S (contained in 10%, not 2%, human AB serum-
supplemented medium) or rhGas6. Accordingly, addition
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Fig. 2. Antibody cross-linking of either CD14 or CD32 on M2c cells induces a significant increase in MerTK phosphorylation, irrespective of the antibody
clones and isotypes used. a Monocytes were cultured in the presence of M-CSF (50 ng/ml) and dexamethasone (100 nM) for 48 h; subsequently, cells were
co-incubated with anti-MerTK (clone 1255128), anti-CD204 (clone 351620), anti-CD163 (clone EDHu-1), anti-CD14 (clone MSE2), anti-CD16 (clone
3G8), or anti-CD32 (clone FUN-2) mAbs or mouse (m)IgG control (5 pg/ml). b, ¢ Monocytes were cultured in the presence of dexamethasone (100 nM) for
48 h; cells were subsequently co-incubated in (b) with different anti-CD14 mAbs (clone MSE2 mIgG2a and clone HCD14 mlgG1) and in (¢) with different
anti-CD32 mAbs (clone FUN-2 mIgG2b and clone 3D3 mlIgG1) (5 pg/ml) for 20 min; cells were finally co-incubated with GAM (H + L) (15 pg/ml), for an
additional 20 min. Phosphorylated MerTK (P-Mer) was then studied by western blot, and densitometry of P-Mer bands was calculated. d, e Densitometric
values of P-Mer bands were assessed in unstimulated conditions and upon stimulation with anti-CD14 (d) or anti-CD32 (e) and IgG controls, and corrected
for beta-actin densitometry. The MerTK phosphorylating effect of Ab cross-linking was calculated as fold increase in P-Mer densitometry compared to
unstimulated conditions (mean =+ standard deviation). Note: as one western blot sample of the three experiments represented in (e) had particularly low
background and the P-Mer densitometry of unstimulated cells was very low (i.e., around 1/200 compared to the area percent values of the other two
experiments), we arbitrarily multiplied the corresponding densitometric absolute value by 200, in order to attenuate data variability and detect potential
statistical significances among the pooled data. Each set of data is representative of three independent experiments. Double asterisks indicate P <0.01.
Asterisk indicates P < 0.05.

of an anti-Gas6 neutralizing antibody attenuated the 135— polyclonal anti-MerTK Ab induced the 175-205 kDa
155 kDa band intensity (Fig. 3a). On the other hand, the MerTK glycoform phosphorylation.
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In contrast to what was observed using the C-terminal
phospho-MerTK Ab, the partial MerTK glycoform was not
easily detectable by the N-terminal MerTK Ab in these 2-day
serum-free cultured monocytes/macrophages. On the other
hand, in our previous experiments conducted on cells cul-
tured for 4-8 days or in the presence of serum-supplemented
medium, such anti-MerTK antibody was instead able to
recognize the smaller MerTK isoform [1]. Therefore, we
presume that optimal detection of the partial MerTK
glycoform by this antibody needs some post-translational
modifications which may occur later during differentiation,
and/or in the presence of certain nutrients contained in serum.
Nevertheless, a longer film exposure still allowed the detec-
tion, by western blot, of the whole range of MerTK MWs
encompassing both glycoforms (Fig. 3a).

As a further proof that MerTK glycoform binding
affinity differed between the two antibodies, we noted that,
by means of the N-terminal MerTK Ab, we could detect
the full MerTK glycoform being upregulated by IL-10
(consistent with the previously reported IL-10-induced
MerTK upregulation on cell surfaces by flow cytometry
[2]), whereas, by means of the C-terminal phospho-MerTK
Ab, we could detect the partial MerTK glycoform being
strongly phosphorylated by IL-4 (consistent with the

Zizzo, and Cohen

previously reported strong IL-4 induction of Gas6 release
in cell culture supernatants [1, 2]) (Fig. 3b).

Altogether, we verified that the bands detected by the
C-terminal phospho-MerTK Ab at both 175-205 and 135—
155 kDa glycoform levels were actually corresponding to
the phosphorylated MerTK glycoforms; however, the two
detection antibodies we used preferentially recognized dif-
ferent MerTK glycoforms, and in 2-day serum-free cell
cultures, the poorly N-glycosylated 135-155 kDa isoform
(i.e., the partial MerTK glycoform) was probably not suf-
ficiently modified (e.g., N-glycosylated) to be clearly rec-
ognized by the N-terminal MerTK detection Ab.

Ab cross-linking of CD14 improves macrophage clear-
ance of apoptotic neutrophils

MerTK is crucial for anti-inflammatory clearance of
ANs by M2c¢c monocytes/macrophages [2]. A role for
CD14 in tethering ACs has been clearly demonstrated for
apoptotic lymphoid cells, but not for ANs [12, 18-23].
Since CD14 is upregulated in M2c conditions [2, 24], is
co-expressed with MerTK, and is here found to promote
MerTK activation, we wanted to further investigate wheth-
er CD14 stimulation favored the clearance of ANs as well.
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Fig. 3. The C-terminal phospho-MerTK antibody is more sensitive than the N-terminal MerTK antibody in detecting the (poorly N-glycosylated) partial
MerTK glycoform. a Monocytes were cultured in the presence of M-CSF (50 ng/ml) and dexamethasone (100 nM) for 48 h. Cells were then stimulated with
increasing amounts of (protein S containing) AB serum (2—-10%), or with recombinant human Gas6 (thGas6, 1 pg/ml), in the presence or absence of a
neutralizing Gas6 Ab (10 pg/ml), or with a polyclonal anti-MerTK Ab or an appropriate isotype control (5 pg/ml), for 40 min. b Monocytes were cultured in
M1 conditions in the presence of GM-CSF (100 ng/ml); in some experiments, IL-4 (20 ng/ml) or IL-10 (37.5 ng/ml) was added to switch cells into M2a or
M2c conditions. MerTK expression and phosphorylated MerTK (P-Mer) were then studied by western blot. Shorter or longer exposure refers to duration of
film exposure during immunoblot development. The figure represents two independent experiments.
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For this purpose, monocytes were differentiated into M1,
M2a, and M2¢ macrophages, and then co-incubated with
anti-CD14 mAb and GAM (H + L) Ab, prior to co-
incubation with CFSE-labeled ANs. In fact, we observed
that Ab cross-linking of CD14 increased the amounts of
efferocytic (CFSE™) macrophages compared to non-
crosslinked cells (Fig. 4a, b).
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CD14"€"MerTK* M2c-like cells still emerged [2].
Accordingly, here we found that Ab cross-linking of
CD14 enabled macrophages to clear ANs efficiently
even under M1 and M2a differentiating conditions. In
these settings, in fact, the efferocytic (CSFE™)
macrophages powered by cross-linking CD14 were
characterized by a brighter expression of CD14

(Fig. 4a), and the gain of efferocytosis in M1 and
M2a conditions was indeed superior to that acquired

We had previously shown that, even in M1 and
M2a polarizing conditions, minority populations of

a No ACs No Abs Anti-CD14 (M5E2) Ig control b No ACs No Abs Anti-CD14 Ig control
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Cc MeantSD
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Control Ig 23.5%+1.8
M1 A=+62.8% 23.5+3.3
anti-CD14 38.3+3.6
Control Ig 27.5%+3.0
M2a A=+58.4% 25.1+1.7
anti-CD14 39.8+2.6
Control Ig 31.0+3.3
M2c A=+20.4% 41.9+2.3
anti-CD14 50.4+3.1
Control Ig 35.312.2

0 5 10 15 20 25 30 35 40 45 50 55 60

Efferocytic (CFSE+) macrophages (%)
Fig. 4. Antibody cross-linking of CD14 enhances macrophage clearance of apoptotic neutrophils. Macrophages were differentiated for 7 days in the presence
of cytokines polarizing M1 (IFNy 2.5 ng/ml), M2a (IL-4 20 ng/ml), or M2¢ (M-CSF 50 ng/ml and IL-10 37.5 ng/ml) conditions. In some experiments,
macrophages were pre-treated with anti-CD14 Ab (clone M5E2) or IgG control (5 pg/ml) for 20 min, and secondly with GAM (H + L) (15 pg/ml) for 20 min,
prior to co-incubation with apoptotic neutrophils (ANs). Macrophages were then co-incubated with AN, at a 1:5 ratio, for 60 min. Efferocytic cells were
measured by flow cytometry as percentages of CD14-labeled macrophages that phagocytosed CFSE-labeled ANs. a Representative dot plots are shown.
Dashed lines and small red arrows indicate CD14°"h* efferocytic cell subsets in M1 and M2a conditions. b Representative histograms referring to CD14" cell
gates (depicted in a) are shown, whereby peaks on the right correspond to percentages of CSFE* efferocytic macrophages. ¢ Data representative of two
independent experiments are shown as mean + standard deviation. Changes in percentages of efferocytic cells among CD14-stimulated and unstimulated cells
are also calculated.
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Fig. 5. LPS reshapes the CD14/Syk endocytosis pathway by suppressing MerTK in CD14°%€" M1 cells, whereas it poorly affects MerTK expression in M2¢
cells and M2c-derived microvesicles. a Syk expression and phosphorylation (P-Syk) was assessed in monocytes, cultured for 48 h in the presence of M-CSF

(50 ng/ml) and dexamethasone (100 nM), upon Ab cross-linking of M2c receptors. b CD14 and MerTK expression was studied by

flow cytometry in M1

(GM-CSF 100 ng/ml) and M2 (M-CSF 50 ng/ml) conditions, in the presence or absence of LPS (10 pg/ml). Arrows indicate disrupted MerTK expression
following LPS exposure in M1 conditions, occurring specifically in the CD14"€" cell subset. ¢ M2c macrophages were differentiated for 7 days in the
presence of M-CSF (50 ng/ml) and 10% human AB serum, with or without LPS (10 pg/ml) or unesterified cholesterol (UC) (100 pg/ml) for an additional
24 h. Microvesicles (MVs) were isolated by ultracentrifugation of cell culture supematants at 100,000xg for 1 h. MerTK expression was then studied in

M2c cells and in constitutively released M2c MVs by western blot. The figure represents three independent experiments.
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under M2c or unpolarized conditions (= + 60% versus
+20%) (Fig. 4c).

Taken together, CD14 acts to phosphorylate MerTK
and to foster the clearance of ANs, thus facilitating human
macrophages to reach the optimal efferocytic capacity that
is characteristic of specialized M2c cells.

LPS redirects the CD14/Syk endocytosis pathway by
suppressing MerTK in CD14""8" M1 cell subsets, yet it
poorly impairs MerTK in M2c cells and M2c-derived
MVs

CD14 is an anchored—not a transmembrane—surface
molecule [25]; therefore, it needs to recruit downstream
docking molecules for signaling transduction. Among these,
in the presence of LPS, CD14 was shown to recruit spleen
tyrosine kinase (Syk), which is needed for toll-like receptor
(TLR) 4 endocytosis and TIR-domain-containing adapter-
inducing interferon-3 (TRIF) activation [26]. CD32 is also
known to signal via Syk, which is required for FcyR-induced
phagocytosis [27, 28]. Here, we observed that, even in the
absence of LPS, Ab cross-linking of CD14 could still activate
Syk, as could cross-linking of CD32 (Fig. 5a).

On the other hand, in the presence of LPS, a
disintegrin and metallopeptidase domain 17
(ADAM17) has been reported to cleave surface MerTK
into soluble Mer ectodomain (sMer) [29]. Here, we
pointed out that co-incubation of cells with LPS under
inflammatory M1 differentiating conditions (i.e., in the
presence of GM-CSF and IFNvy) abolished surface ex-
pression of MerTK specifically in the minor CD14°"™
cell population, whereas the expression of its co-
receptor CD14 was preserved (Fig. 5b). Altogether, by
disrupting the anti-inflammatory CD14/MerTK axis in
CD14°7€ cells, LPS may thus redirect the CD14/Syk
endocytosis pathway towards proinflammatory TLR4
internalization rather than anti-inflammatory AC
phagocytosis.

In M2c¢ conditions (e.g., in the presence of M-CSF
and IL-10, or M-CSF and serum), MerTK was instead
brightly expressed along with CD14 on the membranes
of the great majority of cells (Fig. 5b), and its expression
was only partially downregulated by LPS (Fig. 5c). Re-
markably, MerTK was also detected in M2¢ macrophage-
derived MVs. Of note, LPS partially reduced the amounts
of the full MerTK glycoform expressed on cell surfaces,
but did not impair the partial MerTK glycoform discovered
in M2c MVs (Fig. 5¢). LPS is known to induce macro-
phage release of proinflammatory MVs [30-33]. Here,
LPS downregulation of MerTK on cell surfaces proved
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not to be related with increased release of MerTK into
MVs (Fig. 5¢). Also, unesterified cholesterol (UC) was
previously shown to induce proinflammatory M Vs, at least
in part, by eliciting macrophage apoptosis [34]. By light
microscopy, we did observe a clear secretion of MVs or
apoptotic debris following UC treatment (not shown), yet
these particles did not express MerTK, as their presence
did not enhance global MerTK expression in MVs. In fact,
by treating macrophages with either LPS or UC, the
amounts of MerTK* MVs constitutively released by M2c
cells were not significantly altered (Fig. 5¢). Taken togeth-
er, here, we revealed the existence of MerTK" M2c MVs,
which seem to differ from LPS and UC-induced proinflam-
matory MVs.

DISCUSSION

Apart from recognizing pathogen-associated molecu-
lar patterns (PAMPs) and serving as LPS co-receptor [35],
CD14 is believed to recognize putative AC-associated
molecular patterns (ACAMPs), likely certain
phosphatidylinositides exposed on the AC surface [23,
36, 37], and act in a phosphatidylserine (PS)-independent
manner to tether ACs, a first step in the efferocytic process
that precedes AC engulfment [38—40]. By using discrete
blocking anti-CD14 mAb clones, CD14 was previously
shown to tether apoptotic lymphoid cells of either human
or murine T and B cell lines [18-20], yet not human ANs
[12, 21-23]. MerTK is crucially involved in both tethering
and engulfiment of ACs, and is key in regulation of innate
immunity [2, 41, 42]. It binds to ACs in a PS-dependent
manner, by means of protein S or Gas6 [3, 10, 43], and is
required for phagocytosis of both apoptotic lymphoid cells
[41, 42] and ANs [1-3, 10]. Although the Mer kinase
activity is necessary only for AC engulfment, MerTK
probably already undergoes phosphorylation during the
tethering stage [10]. CD14 KO mice show impaired AC
recognition and binding, and accumulate large amounts of
ACs in multiple tissues [44]. However, unlike MerTK Kd
mice, whose tyrosine kinase activity, AC engulfment, and
anti-inflammatory transduction signal are impaired [41,
42], these mice do not develop autoimmunity [44], thus
confirming that CD14’s role in anti-inflammatory clear-
ance of ACs is complementary to the central role of
MerTK.

Here, we discovered that co-expression of CD14 and
MerTK, a condition that occurs in human M2c¢ macro-
phages, as well as in minor M2c-like subsets such as
CD14°8" M1 and M2a cells and circulating
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CD14°"CD16" monocytes [1, 2], predisposes the
cooperation between these two receptors, apt to ensure an
efficient clearance of ANs. Specifically, we show that
CD14 engagement, by means of Ab cross-linking,
provokes Syk activation and MerTK phosphorylation.
This event is associated with increased macrophage
phagocytosis of ANs, to the extent that even cells
obtained in M1 and M2a conditions reach the optimal
efferocytic capacity of specialized M2c cells. As is seen
for conventional M2c cells, in fact, the efferocytic M2c-like
macrophage subsets observed in M1 and M2a conditions
show a brighter expression of CD14 compared to the other
cells. In our experimental conditions, Ab cross-linking
would then mimic certain PS-independent interactions be-
tween CD14 and ACAMPs that might concur to stabilize
PS and MerTK-dependent binding to early ACs and, in any
case, act to promote MerTK phosphorylation and efficient
phagocytosis. Therefore, although CD14 seems not to be
directly involved in tethering ANs [12, 21-23], it still has a
role in the clearance of ANs by human M2c¢ or M2c-like
cells through its cooperation with MerTK. Because our lab
is now no longer active, we could not assess the direct role
of MerTK in CD14-stimulated clearance of ANs, e.g., by
using MerTK inhibitors. Nevertheless, since we showed
that CD14 cross-linking stimulates MerTK activation, that
CD14 cross-linking elicits AC clearance, and that MerTK
is key for AC clearance, we conclude that CD14 cross-
linking is likely to elicit AC clearance via MerTK. Such
interaction might also concern other myeloid phagocytes
that express CD14 and utilize MerTK for AC clearance,
like dendritic cells (DCs) [45] and microglia [46].

The downstream molecule Syk, so far known to me-
diate CD14-dependent endocytosis in the presence of LPS
[26], is here shown to be activated by CD14 even in the
absence of LPS. In M1 conditions, however, the presence
of LPS abolishes membrane expression of MerTK in the
efferocytic CD14™" cells, while preserving CD14 and
Syk expression. Therefore, in this context, LPS disrupts the
anti-inflammatory CD14/MerTK axis by redirecting the
CD14/Syk endocytosis pathway towards TLR4 internali-
zation and activation of the endosomal TLR pathway [26],
rather than AC phagocytosis.

Although LPS downregulates surface MerTK and
promotes TNFax secretion, in both cases by activating
ADAMI17 [29, 47-49], on the other hand, MerTK con-
tinues to signal even in the presence of LPS. When Gas6 is
co-added to LPS, in fact, MerTK acts to mitigate LPS-
stimulated TNFx production [50, 51], while enhancing
LPS-stimulated IL-10 production [2]. It was shown that
Gaso6 is able to induce de novo synthesis of a poorly N-
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glycosylated MerTK isoform, which is barely expressed on
cell surfaces [1, 16], and is thereby scarcely susceptible to
LPS-triggered cleavage. Here, we show that Gas6 specifi-
cally phosphorylates the partial MerTK glycoform, while
Ab cross-linking of CD14 induces phosphorylation of both
glycoforms. Thus, the Gas6/MerTK axis counterbalances
the proinflammatory effects of LPS stimulation and might
interfere with LPS through a CD14-mediated phosphory-
lation of the Gas6-inducible partial MerTK glycoform. In
fact, both surface and intracellular MerTK glycoforms
were shown to localize into nuclei and modify gene ex-
pression [16]. Schematic representations of the interactions
herein suggested to occur between CD14 and MerTK, in
the presence of ACs, LPS, and/or Gas6, are illustrated in
Fig. 6.

Remarkably, for the first time, we also report that
MerTK, specifically its partial glycoform, is present in
M2c macrophage-derived MVs. In M2c conditions, LPS
partially downregulates the full MerTK glycoform expres-
sion on cell surfaces, but does not affect the MV-associated
isoform. By stimulating macrophage activation or apopto-
sis [32, 34], LPS and unesterified cholesterol (UC) are
known to induce macrophage release of proinflammatory,
proapoptotic, and oxidative MVs [30-34, 52]. Here, we
observed that neither LPS nor UC increase the amounts of
MerTK* MVs, which are constitutively released by M2¢
cells. In accordance with the anti-inflammatory, anti-
apoptotic, and anti-oxidant roles exerted by MerTK [2,
53], MerTK" M2c MVs would thus be antithetic to LPS
or UC-induced MVs. Nonetheless, the mechanisms by
which MerTK is released into M2c MVs and therein acts
remain obscure. Further investigation will be required to
assess whether such MerTK™ MVs may transfer certain
immune regulatory capacities to other cells or have a role,
for instance, in determining free protein S levels in the
circulation of lupus and HIV-positive patients [54-56],
antagonizing complement and endothelial activation in-
duced by other MVs [33, 52], modulating lipoprotein
macrophage metabolism in metabolic syndrome and ath-
erosclerosis [17], or competing for Gas6 with MerTK-
expressing platelets and tumor-associated macrophages in
regulation of platelet aggregation [57] and cancer immune
surveillance [58], respectively.

Finally, in this study, we show that antibody cross-
linking of CD32/FcyRIl is able to activate MerTK. As for
CD14, in fact, CD32 cross-linking phosphorylates Syk,
which is known to be critical for FcyR-mediated phagocy-
tosis [27, 28]. Whether Syk, previously shown to physical-
ly associate with CD32 as well as with the CD14/TLR4
complex [27, 59], may serve as an adaptor molecule for
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Fig. 6. MerTK cooperation with CD14 in anti-inflammatory conditions. a In M2c¢ polarizing conditions, such as in the presence of M-CSF, IL-10, and/or
glucocorticoids (GCs) [2], CD14 engagement by certain apoptotic cell (AC)-associated molecular patterns (ACAMPs), possibly some phosphoinositides
exposed on the AC surface [23, 36], leads to Syk activation and MerTK phosphorylation, thereby favoring phosphatidylserine-dependent, Gas6 or protein S
mediated, clearance of ACs by MerTK. Collaterally, by stimulating autocrine Gas6 release [1, 2], M2c polarizing agents, as well as M2a cytokine IL-4, also
stimulate macrophage production of the partial MerTK glycoform, which is distributed intracellularly and less expressed on the cell membrane [16]. Both full
and partial MerTK glycoforms can be phosphorylated upon CD14 engagement. In anti-inflammatory conditions, the CD14/Syk pathway would therefore
serve to foster MerTK-driven AC endocytosis by M2c¢ (or M2c-like) cells. b In M1 polarizing conditions, such as in the presence of LPS, CD14 engagement
by the pathogen-associated molecular pattern (PAMP) LPS itself leads to Syk activation as well, but in this case, the CD14/Syk pathway will serve to foster
LPS-driven TLR4 endocytosis [26]. This step is required for TLR4 to induce the TRIF-dependent signal leading to IFN« production [26], while membrane
TLR4 activates the MyD88-dependent cascade that accounts for IL-6 and proTNFe production. In proinflammatory conditions, LPS also stimulates
membrane sheddase ADAM17 to cleave both proTNF«, so allowing TNF«x secretion [49], and full MerTK glycoform ectodomain, so generating soluble
Mer (sMer) [29] and disrupting the CD14-MerTK axis driving AC clearance. CD14 interactions with either ACAMPs (e.g., phosphoinositides) or PAMPs
(i.e., LPS) would therefore provoke opposite and mutually exclusive effects in monocytes/macrophages, with CD14 being placed between M2c-related
MerTK-dependent response and M1-related TLR4-dependent response, respectively. ¢ In M2c cells, Gas6 enhances LPS-stimulated IL-10 production [2],
while it inhibits LPS-stimulated TNFo production [2, 50, 51]. These effects might be due to LPS binding to CD14, which can in turn promote, possibly via
Syk, the phosphorylation of the Gas6-induced partial MerTK glycoform (i.e., mostly intracellular and non-susceptible to LPS-triggered ectodomain
cleavage), so that the latter [16] can translocate to the nucleus and modulate gene expression. Furthermore, the partial MerTK glycoform may exert
additional anti-inflammatory effects from inside the microvesicles (MVs) that are constitutively released by M2c macrophages.

these receptors to recruit and activate MerTK is a fascinat- of TLR4 [26, 48]; moreover, Syk is required for LPS-
ing hypothesis for which additional studies will be re- stimulated macrophage production of IL-10 [59], a process
quired. In favor of this hypothesis, CD14 interaction with that in M2c conditions is specifically enhanced by Gas6 via

ACs and CD14 activation of Syk can occur independently MerTK [2]. CD32 (FcyRII) is involved in pathological
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Fig. 7. MerTK cooperation with CD32 in anti-inflammatory conditions. a In anti-inflammatory conditions, apoptotic cells (ACs) release sphingosine-1-
phosphate (S1P), which induces CD32 on the macrophage surface [67]. At the same time, macrophage exposure to ACs activates liver X receptors (LXRs),
thereby inducing MerTK [2, 17]. M2c polarizing agents, such as M-CSF and IL-10 or glucocorticoids, may further enable anti-inflammatory macrophages to
co-express CD32 and MerTK [2, 13]. CD32 engagement by immunoglobulin (Ig)-opsonized ACs may then result, possibly through Syk activation, into
MerTK phosphorylation and anti-inflammatory clearance of early ACs by M2c cells, which is associated with IL-10 production. b By contrast, in
proinflammatory conditions and autoimmune diseases, toll-like receptor (TLR) agonists (e.g., LPS, ssDNA, dsDNA, or DNA-containing immune
complexes) would enable ADAM17 sheddase to generate the soluble MerTK ectodomain (sMer) [29], thus inactivating MerTK and disrupting the CD32-
MerTK axis. Accumulating ACs therefore stimulates the formation of autoantibodies (e.g., anti-DNA and anti-phospholipoproteins), so that autoantibody and
immune complex-opsonized late ACs will be subject to a CD32-mediated proinflammatory clearance, exerted by M1/M2b macrophages or dendritic cells
(DCs), and associated with TNF«, IL-6, and IFN« production [60, 62, 65].

clearance of ACs in lupus [60, 61], probably mediated by (e.g., LPS or DNA-containing immune complexes) and
M2b and/or altered M2c macrophages [55, 62]. In the cytokines (e.g., TNF«) elicit M2b differentiation [62] and
presence of immune complexes, in fact, TLR agonists impair M2c activity through ADAM17-mediated cleavage
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of'the M-CSF receptor [63], MerTK [29], and CD163 [64].
In the absence of MerTK, CD32 drives a proinflammatory
clearance of antinuclear antibody-opsonized late ACs and
remnants, leading to further release of TNFx and IL-6 from
macrophages [60] and IFN« from DCs [65]. By contrast,
in healthy conditions and in the absence of inflammation,
CD32 may synergize with undisrupted MerTK, so foster-
ing anti-inflammatory clearance of early ACs by intact
M2c macrophages. Interestingly, ACs release
sphingosine-1-phosphate (S1P), which in turn elicits mac-
rophage production of IL-10 [66] and upregulates CD32
[67]. As for CD14, in fact, IL-10 is required for upregula-
tion and co-expression of CD32 with MerTK in M-CSF-
conditioned macrophages [2, 13], and may thus allow their
cooperation in M2c cells. The presence or lack of interac-
tion with MerTK may therefore account for two
counterposed CD32 pathways, depicted in Fig. 7.

In conclusion, the herein recognized interactions of
MerTK with CD14 and CD32 further support the complex
and central role of MerTK in efficient efferocytosis. Al-
though CD14 serves as LPS co-receptor during acute bac-
terial inflammation, once bacteria have been neutralized
and LPS cleared, cooperation between CD14 and MerTK
may subsequently promote the prompt removal of dying
and ANs, needed for complete resolution of inflammation
and prevention of post-infectious autoimmune disorders.
In addition, the CD14/MerTK interaction may represent
the molecular basis through which the Gas6/MerTK axis
modulates LPS-induced cytokine release, so preventing
excessive inflammation and endotoxic shock mortality.
CD14 is therefore implicated in both pathogen surveillance
and tissue homeostasis, and stands at the crossroads be-
tween LPS-induced proinflammatory M1 activation and
MerTK-dependent anti-inflammatory M2c response.
Moreover, cooperation between CD32 and MerTK in
glucocorticoid-treated M2c cells may explain the benefi-
cial effects of glucorticoid therapy in autoimmune and
immune-complex diseases, by promoting an early and
anti-inflammatory, instead of a late and proinflammatory,
clearance of Ig-opsonized ACs. Finally, detection of
MerTK in M2c-derived MVs opens new scenarios for a
deeper comprehension in the near future of the mecha-
nisms by which MerTK and M2c cells regulate autoimmu-
nity, infections, atherosclerosis, and cancer.
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