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Abstract

Lysophospholipid acyltransferases (LPLATs) regulate the diversification of fatty
acid eomposition in biological membranes. Lysophosphatidylcholine acyltransferases
(LPCATS) are members of the LPLATS that play a role in inflammatory responses. M1

macrophages differentiate in respomse to lipopolysaccharide (LPS) and are

pro-inflammatory;” Whereas M2 macrophages, which differentiate in response to

interleukin-4 (IL-4), “are ;anti-inflammatory and involved in homeostasis and wound

healing. In the present tud;?, we, showed that LPCATs play an important role in
S changed the shape of PMA-treated U937 cells

from rounded to spindle shaped and gulated the mRNA and protein expression of

the M1 macrophage markers CXCLi IN E-a, and IL-1P. iL-4 had no effect on the

shape of PMA-treated U937 cells and upregulatéd the M2 macrophage markers CD206,

ults suggest that LPS and TL-4

IL-1ra, and TGF-§ in PMA-treated 1J937 cells. Th
promote the differentiation of PMA-treated U9?;7"C§ nto, M1- and M2-polarized
macrophages, respectively. LPS significantly downregulat - mRNA expression of
linoleoyl-CoA and arachidonoyl-CoA in U937 cells. LPCAT3 k oci(down induced a
spindle-shaped morphology typical of M1-polarized macrophages, and increased the
secretion of CXCL10 and decreased the levels of CD206 in IL-4-activated U937 cells.
This indicates that knockdown of LPCAT3 shifts the differentiation of PMA-treated
U937 cells from M2- to M1-polarized macrophages. Our findings suggest that LPCAT3

plays an important role in M1/M2-macrophage polarization, providing novel potential

therapeutic targets for the regulation of immune and inflammatory disorders.
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Introduction

Glycerophospholipids are the major phospholipids in biological membranes and
play an important role as the precursors of lipid mediators, including eicosanoids
(Ishibashi et al., 2013), lysophospholipids (Kremer et al.,, 2010} and platelet-activating

factor (PAF) (Snyder, 1989} (Ishii and Shimizu, 2000) in the inflammatory response.

Glycerophospholipids, are synthesized from glycerol-3-phosphate in the de novo

pathway (Kennedy pathway) (Kennedy and Weiss, 1956) and mature in the remodeling
pathway called Lands’ cyéle (Lands, 1958). In these processes, the recently identified

lysophospholipid acyltransferases (LPLATs) play a major role in the configuration of

the cellular membrane (Shindou eta 009) (Haravama et al., 2014), Through these

pathways, phospholipids acquire diversi 1d asymmetry (sn-1 vs sn-2) by reacylation

and deacylation reactions catalyzed by LPLATS and phospholipases A,s, respectively.
Lysophosphatidylcholine acyltransferases (LPCATs), which are members of
LPLATs, are localized in the endoplasmic reticﬁluﬁ} :E('ER)____Qf many cell types and

incorporate various fatty acids into the s#-2 position of 1ysophosphatidyicholine (LPC)

to produce phosphatidylcholine (PC). Four LPCATs (LPCAT Th_ave been identified

and functionally characterized to date (Shindou et al., 2009} (H kéﬁa et al., 2014),
Several studies have shown that LPCATs exert various biological functions. LPCATI,
which selectively incorporates palmitoyl-CoA into LPC as a substrate in addition to its
involvement in pulmonary surfactant production (Harayama et al., 2014; Nakanishi et
al., 2006}, affects the progression of hepatocellular carcinoma (Morita et al., 2013).
LPCAT?2 is activated by lipopolysaccharides (LPS) and produces the inflammatory lipid

mediator PAT in mouse peritoneal macrophages (Shindou et al., 2007). LPCATS3, which

John Wiley & Sons, Inc.
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preferably incorporates linoleoyl-CoA and arachidonoyl-CoA into LPC (Hishikawa et
al., 2008) (Zhao et al., 2008) (Kazachkov et al., 2008) , upregulates the expression of
peroxisome proliferator-activated receptor y (PPARy) and might be associated with
adipocyte differentiation (Eto et al., 2012). The liver X receptors (LXRs)-LPCAT3
pathway is an important modulator of inflammation (Rong et al., 2013). LPCAT4 is
involved in the deregu}ation of PC in colorectal cancer (Kurabe et al., 2013).
Macrophageé are divided into at least two main classes known as M1 and M2
{Solinas et al., 2009).:Wﬁen macrophages are exposed to LPS or interferon-y (IFN-y),
they are polarized into Ml.maggg.phages (Mosmann and Coffman, 1989), whereas
exposure to interleukin-4 (}1;“'1‘:1') of. IL-13 polarizes the cells into M2 macrophages
(Abramson and Gallin, 1990). Ml-p.o._l_ar___ized macrophages produce pro-inflammatory
cvtokines and chemokines, such as tﬁrﬂér necrosis factor-o (TNF-a), interleukin-1§
(IL-1B), and C-X-C motif ligand 10 (CXCLIO);:.and infiltrate into injured tissue soon
after damage (Amold et al., 2007). M2-polarized macrophages, whose markers are
CD206, interleukin-1 receptor antagonist (IL-1ra), and transforming growth factor-f
(TGF-B), are major resident macrophages and appear during the late stages of tissue

repair and remodeling in injured tissue (Biswas and Mantovani,%d_l_})

Macrophages can switch from M1 to M2 or from M2 to Ml phenotypes
according to their microenvironment or in response to certain stimuli (Biswas and
Mantovani, 2012; Gordon and Martinez, 2010; Sica and Mantovani, 2012; Zhang et al.,
2015). Several mechanisms of M1/M2-macrophage polarization have been reported.
The transcription factor nuoclear factor-kappa-B (NF-«kB) is a key player in

M1/M2-macrophage polarization (Biswas and Lewis, 2010). M2-polarized macrophages

are epigenetically regulated by histone H3 lysine-4 and histone H3 lysine-27

John Wiley & Sons, Inc.
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methylation (Ishii ¢t al., 2009). PPARy promotes the differentiation of human
monocytes to M2-polarized macrophages (Bouhlel et al., 2007). We speculated that
MI1/M2-macrophage polarization might be associated with LPCATs, as LPCATs and
M1/M2-polarized macrophages play important roles in inflammatory responses, The
relationship betweenn LPCATs and MI1/M2-macrophage polarization has not been

reported to date.

In the presf':r-;l study, we investigated the physiological role of LPCAT3 in
M1/M2-macrophage pola .z:c.ltion and the underlying mechanism using human U937
cells. LPCAT3 mRNA égﬁ;éssi_pg was downregulated in LPS-activated U937 cells.
Knockdown of LPCAT3 i U937 cells resulted in a shift from M2- to M1-polarized

macrophages. Our results suggest that LPCAT3 exerts important anti-inflammatory

John Wiley & Sons, inc.
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Materials and methods

Reagents

Recombinant human IL-4 was purchased from R&D Systems (Minneapolis, MN,
USA). LPS from Escherichia coli 0111:B4 and phorbol 12-myristate 13-acetate (PMA)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies and their
respective sources were as follows: anti-IL-1f monoclonal antibody (Cell Signaling,
Beverly, MA, USA é;;ti-CD206 polyclonal antibody (R&D Systems), anti-IL-1ra

monoclonal antibody (g'éﬁta Cruz Biotechnology, Dallas, TX, USA), anti--actin

monoclonal antibody (Sigm Aldf:ich), anti-goat IgG (Santa Cruz Biotechnology),

anti-mouse 1gG (GE Healthcare, 'L Chalfont, UK). Deuterium-labeled 16:0 LPC,

16:0-, 18:1-, 18:2-, 20:4-, 22:6-CoA a ryl-PC were purchased from Avanti Polar

Lipid (Alabaster, AL, USA).

Cell culture and differentiation

Human monocytic leukemia U937 cells (RIKEN#REBE435) were cultured at

37°C in a humidified atmosphere of 5% CO; in RPMI 1640 supplemented with 10%

heat-inactivated fetal bovine serum (FBS), 100 units/ml peniéill:in and 100 pg/mi
streptomycin. U937 cells were seeded at a density of 5 x 10° cells/well into 6-well plates
with RPMI1640 containing 5% FBS and 100 ng/ml PMA. After 12 h of culture, the
cells were washed with phosphate-buffered saline (PBS, pH 7.2) and incubated with

LPS (100 ng/ml) or IL-4 (20 ng/ml) for the indicated times.

Morphological characterization and quantification

John Wiley & Sons, Inc.
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Images of cells were acquired by phase-contrast microscope (Olympus TX71,
Tokyo, Japan). Cells were washed with PBS and further cultured in RPMI 1640
containing 5% FBS for 72 h. The quantification of morphological changes was
performed based on the criteria used in the analysis of neurite outgrowth (Shea and
Beermann, 1994), Cells with more than twice the ratio of major axis to minor axis were

defined as spindle-shaped cells. Spindle-shaped cells were counted in three randomly

selected fields of:-ftnp____hcate cultures. Data are presented as a percentage of the total

number of cells in theé fiel

Quantitative real-time reverse ti‘an_scription polymerase chain reaction (RT-PCR)
Total cellular RNA was extracted with an RNeasy® Mini Kit (Qiagen, Valencia,

CA, USA), according to the manufacturer’s-instructions. cDNA was synthesized with

g-Script™ ¢DNA SuperMix reagents (Quanta ciences, Gaitherburg, MD, USA).

qRT-PCR analysis was performed by StepOneT ' Real-Time PCR Systems (Applied
Biosystems, Foster City, CA, USA). The reaction for each gene was performed using
Fast SYBR® Green Master Mix (Applied Biosystems). Relative quantification was

calculated as a ratio of gene expression to the reference house.ke__e:“'r;g gene, 185 tRNA.

The sequences of the primer pairs used in this analysis are presentéd in Table 1.

Phagocytosis assay

Macrophage phagocytic activity was quantified using a Phagocytosis Assay Kit,
IgG FITC (Cayman Chemical, Ann Arbor, M1, UUSA). Briefly, cells were seeded into
6-well plates at a density of 5 x 10° cells/well and treated with PMA (100 ng/ml) for 12

h. The cells were washed twice with PBS and stimulated with LPS or IL-4. After 48 h
10

John Wiley & Sons, inc.
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of culture, 100 pl of the latex beads-rabbit IgG-FITC solution was added to each well.
The cells were incubated for 24 b and then washed twice with PBS to remove the latex
beads. All cells were analyzed using an EPICS XL (Beckman Coulter, Fullerton, CA,

USA). Flow cytometric measurement was performed in the FL-1 channel.

Flow cytometry B

PMA-treated U937 cells (5 = 10° cells) were cultured with IL-4 (20 ng/ml) for 72
h. After washing with PBS supplemented with 1% heat-inactivated FBS and 0.01%
NaN;, cells were resuspen.cle:et..i;.in PBS Cells were then incubated in Clear Back (human
Fc receptor blocking reagent) (MBL;_Nagoya, Japan) for 10 min followed by incubation
with FITC-Mouse Anti-Human -CD206 (BD Biosciences) for 30 min at room
temperature in the dark. After the final X\{ashing step, labeled cells were analyzed by
flow cytometry. |

Western blot analysis &

Cells were lysed in sodium dodecyl sulfate (SDS) buffer (50 mM Tris-HC1, 2%
SDS; pH 6.8), and the protein concentration of the lysate W.as_.measured using a
DC-protein assay kit (Bio-Rad, Hercules, CA, USA). Lysates we'r.;b;;led at 95°C for 5
min in SDS loading buffer. Electrophoretic separation (10-25 pg protein/lane) was
carried out on 7.5-15% polyacrylamide gels and then proteins transferred to PVDF
membranes (Millipore, Bedford, MA, USA). The membranes were blocked for 30 min
at room temperature with Blocking One (NACALAI TESQUE, Inc., Kyoto, Japan) and
incubated overnight at 4°C with 0.1% Tween-20 in PBS (PBS-T) containing the

primary antibody. After washing with PBS-T, the membranes were coated with
11
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secondary antibody in PBS for 1 h at room temperature. After washing the membranes
with PBS-T, chemiluminescence detection was performed using ECL reagent
(Amersham Pharmacia Biotech, Uppsala, Sweden). Results were visualized using a
Molecular Imager® ChemiDoc™ XRS Plus system (Bio-Rad). Densitometric analysis
of protein bands was performed using Image Lab® (Bio-Rad, Munich, Germany).
Relative expression was calculated by dividing the band intensities of the proteins of

interest by that of p-actin.

Enzyme-linked immunosorbent assay (ELISA)

PMA-treated U937 cells (575 10° cells) were cultured with or without LPS (100

ng/ml) or IL-4 (20 ng/ml). The super

ants from stimulated U937 cells were collected

at 72 h. The concentrations of CXCL10, TNF-a and TGF-p in the culture supernatants
were determined using an ELISA kit (R&D systems) according to the manufacturer’s

instructions.

Protein preparation and measurement of LPCAT ac-ti

U937 cells were scraped into 1 ml of ice-cold buffer cont : ng 20 mM Tris-HC]
(pH 7.4), 300 mM sucrose, and proteinase inhibitor cocktail (C(;hlp ete Roche, Basel,
Switzerland). The cells were sonicated on ice three times for 30 seconds using a probe
sonicator (Ohtake Works, Tokyo, Japan). After centrifugation at 9,000 = g for 10 min,
the supernatants were centrifuged at 100,000 x g for 1 h. Resultant pellets were
suspended in buffer containing 20 mM Tris-HCI (pH 7.4}, 300 mM sucrose, and 1 mM

EDTA, and protein concentration was measured using the Bio-Rad Protein Assay

(Bio-Rad) with bovine serum albumin as a standard. LPCAT activity was measured
12

John Wiley & Sons, Inc.
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according to Harayama et al. (Harayama et al., 2014). Briefly, 0.01 pg protein was
added to equal volumes of reaction mixtures containing 200 mM Tris-HCI (pH 7.4), 4
mM CaClo, 2 mM EDTA, 0.03% Tween-20 (Wako Pure Chemical Industries, Osaka,
Japan), 2 uM each of 16:0-CoA, 18:1-CoA, 18:2-CoA, 20:4-CoA, and 22:6-CoA, and
50 pM deuterium labeled 16:0 LPC in a total volume of 0.1 ml. After incubation at
37°C for 10 min, reactions were stopped by the addition of 03 mi of
chloroform:methanol (1:2, vol/vol) containing dilauryl-phosphatidylcholine as an
internal standard. Totr:il lipids were extracted by the method of Bligh and Dyer (Bligh
and Dyer, 1959) and measur(;i by an Acquity ultra performance liquid chromatography
system (Waters, Milford, MA, USA) and a TSQ Vantage triple stage quadrupole mass

spectrometer (Thermo Fisher Scientific, Waltham, MD, USA) (LC-MS).

Small interfering RNA transfection
Small interfering RNA (siRNA) targetiﬁg was used to knockdown LPCAT3
expression in U937 cells. siRNA against human "I_.',P_CATS and siRNA control were

purchased from Santa Cruz Biotechnology. LPCAT3 siRNA consisted of a pool of three

target-specific 19-25 nt siRNAs designed to knock down generré? ssion. U937 cells

were transfected using Lipofectamine® RNAi MAX (Invitrogen, jé;lisbad, CA, USA)
according to the manufacturer’s instructions. In brief, cells (5 x 10° cells/well) were
seeded into 6-well plates in 2 mi of RPMI supplemented with 5% FBS and treated with
PMA (100 ng/ml) for 12 h. After washing with PBS, the cells were resuspended in 2 mi
of RPMI supplemented with 5% FBS. Lipofectamine® RNAi MAX was first diluted in

Opti-MEM (150 pl; Invitrogen) for 5 min before mixing with an equal volume of

Opti-MEM containing the siRNA (12.5 nM). After 20 min of incubation, 250 pl of the
13
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resulting RNAIMAX/siRNA was added directly onto the cells, After 24 h of incubation
at 37°C (5% CO;atmosphere), the cells were rinsed with 2 ml of RPMI supplemented

with 5% FBS and treated with IT-4 (20 ng/ml).

Statistical analysis
Statistical analyses were performed using Student’s t test (two groups) or
ANOVA (> two groups) followed by post hoc tests, the Tukey-Kramer test. A P value

of < 0.05 was considéféd statistically significant. All statistical calculations were

performed using EZR™ (E;lsy__. R, Saitama Medical Center, Saitama, Japan;

http://ww.jichi.ac.jp/saitamg-scthaltamaHP.ﬁles/statmedEN.htmI), which is based on

R and R commander (Kanda, 2013).

14
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Results

PMA promotes the differentiation of human U937 monocytic cells into
macrophage-like cells
Human U937 monocytic cells are non-adherent cells. After treatment with PMA

(100 ng/ml) for 12 h, U937 cells attached to the culture dish and developed elongated

projections (Fig.:1A}; PMA treatment significantly increased the mRNA expression of

the macrophage marker €D68 (Fig. 1B} and the phagocytic activity compared with

those of DMSO-treated U937 cells (Fig. 1C). These results suggest that PMA promotes

the differentiation of U937 cells into macrophage-like cells.

LPS promotes the differentiation of* PMA-treated U937 cells into M1-polarized

macrophages

LPS changed the shape of PMA-treat 937 cells from rounded to

spindle-shaped (Fig. 2A, upper leff), whereas IL-4 ffe_gt (Fig. 2A, upper right).
LPS-activated U937 cells showed a significantly higher ='rc)_g.)o_rtion of spindle-shaped
cells than IL-4-activated U937 cells (Fig. 2A, lower). LPS ﬁ%qf:r}qted the phagocytic
activity of PMA-treated U937 cells, whereas I1.-4 had no effect.(F: 1g QB). These results
suggest that PMA-treated U937 cells themselves seem to be polarized into
M2-polarized macrophages and that LPS may induce MI-polarized macrophages in
PMA-treated U937 cells.

LPS upregulated the mRNA expression of the M1 markers CXCL10, TNF-q,

and IL-IB at 12-24 h in PMA-treated U937 cells (Fig. 3A-C, leff), increased the

secretion of CXCL10 and TNF-a (Fig. 3A and B, right), and upregulated the protein
15
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expression of IL-1§ at 12-72 h (Fig. 3C, righ/). These results indicate that LPS
promoted M1-polarization of macrophages in PMA-treated U937 cells.

In PMA-treated U937 cells, which show certain properties of M2-polarized
macrophages, IL-4 upregulated the mRNA expression of the M2 markers CD206,
IL-1ra, and TGF-p at 24-72 h (Fig. 4A—C, left ), and upregulated the protein expression

of CD206 and TL-1ra (Fig. 4A, middle and 4B, righ). Flow cytometric analysis showed

that I1-4-activated 1937 cells expressed the surface marker CD206 (Fig. 4A, right).

However, TL-4 did not affect the secretion of TGF-§ (Fig. 4C, righ), indicating that
1L-4 increased expressioﬁwof M2-markers, not all, in PMA-treated 1937 cells. These

results suggest that IL-4 enhanced M2-polarization in PMA-treated U937 cells, which

were in nature M2-polarized macrophag

LPS downregulates LPCAT3 in PMA-treate,
The gene expression profiles of LPCATs in-LPS or IL-4-activated U937 cells
were examined by real time gRT-PCR. LPS sigﬁiﬁcaﬁﬂy downregulated the mRNA

expression of LPCATI, LPCAT2, and LPCAT3 at 12-72 h and that of LPCAT4 at {2 h

in PMA-treated U937 cells (Fig. 5A). The LPS-induced domé i
U937 cells differed from the previousty-reported upregulation of 'P(:ZAT2 by LPS in
mouse peritoneal macrophages; this discrepancy could be due to differences between
the U937 cell line and primary macrophages. LPCAT3 mRNA expression in
LPS-activated cells was reduced to one-tenth of that in untreated cells. IL-4 treatment
caused a mild upregulation of LPCAT1 and LPCAT3 mRNA expression at 24—48 h and
of LPCATH4 at 24 h. LPS significantly decreased LPCAT activity toward linoleoyl-CoA

and arachidonoyl-CoA, whereas I1.-4 did not (Fig. 5B). Neither LPS nor IL-4 changed
16
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LPCAT activity toward palmitoyl-CoA, oleoyl-CoA, and docosahexaenoyl

(DHA)-CoA.

Knockdown of LPCAT3 in PMA-treated U937 cells decreases LPCAT activity

toward lincleoyl-CoA and arachidonoyl-CoA

PMA-treated U937 cells were transfected with control siRNA or LPCAT3 siRNA.

Transfection of i',PCfATB siRNA into PMA-treated U937 cells -efficiently

downregulated the mRNA expression of LPCAT3 compated with the control siRNA
(Fig. 6A). LPCAT activities toward linoleoyl-CoA and arachidonoyl-CoA were

significantly decreased in LPCAT RNA-transfected cells (Fig. 6B).

Knockdown of LPCATS3 shifts polarizat ldh;;,,from M2 to M1 in PMA-treated U937
cells

LPCAT3 siRNA-transfected cells showed: a-spindle-shaped morphology similar

to that of M1-polarized macrophages, whereas confiﬁ[ éﬁQNAftransfected cells showed

a rounded morphology typical of M2-polarized macrophages-(Fig. 7A, lefl). LPCAT3
siRNA-transfected cultures had a significantly higher proport;oé}c;)f spindle-shaped cells
than control siRNA-transfected cultures (Fig. 7A, right). AnaIYsis.of the mRNA and
protein expression of the M1/M2 markers CXCL10 and CD206, which showed the
highest expression among the investigated markers, indicated that LPCAT3 knockdown
significantly increased the secretion of CXCLI10, even after the IL-4 induced complete
polarization of PMA-treated U937 cells into M2 macrophages at 48 h (Fig. 7B).
Knockdown of LPCAT3 suppressed the I1.-4 induced upregulation of CD206 protein

expression (Fig. 7C). These results suggest that knockdown of LPCAT3 shifis
17
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PMA-treated U937 cells from M2- to M1-polarized macrophages.
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Discussion

MI1- and M2-polarized macrophages are distinguished by their cellular
morphology (Pelegrin and Surprenant, 2009; Zhang et al., 2015), surface antigen
presentation, production of cytokines and chemokines (Biswas et al,, 2006; Umemura et

al., 2008), and phagocytic activity (Vereyken et al., 2011). CXCL10, TNF-a, and IL-1p

are known to bé“released by Ml-polarized macrophages and are referred to as
M1-markers (Martin I., 2006; Muller-Quernheim et al.,, 2012). The macrophage
mannose receptor CD206, IL-lra, and TGF-p are anti-inflammatory and
M2-macrophage markers. Thé mRNA and protein expression of CD206 is well known
1o be potently upregulated by IL-4. ulation (Porcheray et al., 2005; Stein et al.,

1992). However, some studies descri ___t__h'é_it_.-:;_CDZ()ﬁ was not always good marker for

human M2-macrophages (Daigneault et ak., 2010; Jaguin et al., 2013). To confirm that

CD206 is a proper marker of M2-polarized macrophages, we examined the surface

expression of CD266 in IL-4-activated U937 cells byﬂow cytometry (Fig. 4A, right).

Our results certainly showed that IL-4 increased the .expression of CD206 in
PMA-treated U937 cells.

A previous study suggested that the M1/M2-polarization lfiéiﬁem depends on the
characteristics of the tissue microenvironment in U937 cells (Sanchez-Reves et al.,
2014). In the present study, we showed that PMA-treated U937 cells stimulated with
LPS and IL-4 are fully polarized to M1- and M2-macrophages, respectively, indicating
that M1/M2-macrophage polarization in U937 cells may be a useful model for the
investigation of macrophage function. Human monocytic THP-1 cells are reported to

differentiate into M2-polarized macrophages in response to PMA treatment (Tjiu et al.,
19
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2009). In the present study, PMA-treated 1J937 cells showed low levels of CXCLI10,
TNF-a, and IL-1( and the typical ceflutar morphology and phagocylic activity of
M2-polarized macrophages. These results suggest that PMA-treated U937 cells, which
are in nature polarized toward M2-macrophages, fully shift into M2-polarized
macrophages in response to IL-4.

Accumuiation of saturated fatty acids, such as palmitic acid, causes lipotoxicity

and induces inflamimation, ER stress, and cell death (Ariyama et al., 2010; Prieur et al.,

2011). By contrast, p(:).:l.}:f._l._msaturated fatty acids, such as linoleic acid, arachidenic acid

and docosahexaenoic acid, reduce inflammation and ER stress induced by palmitic acid

(Ishiyama et al., 2011; Rong et al.; 2013). Furthermore, saturated fatty acids induce the

expression of M1 markers, whefe,a,sv Iyunsaturated fatty acids strongly induce the

expression of M2 markers in adip ssue macrophages (Prieur et al, 2011).

Sphingolipids, which are one of the essential lipid components of cellular membranes,
regulate the differentiation of monocytes into macrophages in U937 cells (Yamamoto et

al., 2011). LPCAT3 is reported fo be a major cont'r:ibu_t:o;f_to___i_ncrease polyunsaturated

fatty acids, including linoleic acid and arachidonic dcidzsand is associated with

inflammatory responses in human primary macropbages (L hi et al, 2013).

Therefore, among various LPCATs, LPCAT3 may : particularly  affect
M1/M2-macrophage polarization associated with inflammation. In the present study, we
showed that LPCAT3 mRNA expression was strongly downregulated and LPCAT
activity toward linoleoyl-CoA and arachidonoyl-CoA was reduced in MI-polarized
macrophages (Fig. 5).

Induction of LPCAT3 activity increases the abundance of polyunsaturated PCs

and downregulates the expression of inflammatory mediators such as CXCL10, TNF-g,
20
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and IL-1p in mouse primary macrophages. By contrast, knockdown of LPCAT3
decreases the abundance of polyunsaturated PCs and induces inflammatory responses
(Rong et al., 2013). We showed that knockdown of LPCAT3 significantly increased the
secretion of the M1 macrophage marker CXCL10 in PMA-treated U937 cells and
M2-polarized macrophages. In addition, knockdown of LPCAT3 suppressed the

expression of the M2 macrophage marker CD206, even after full M2-polarization by

IL-4 (Fig. 7). Ouf re_§tilts suggest that knockdown of LPCAT3 induces a phenotypic

shift from M2- to M1 i;ériz&d macrophages.

Polyunsaturated fa acids increase membrane fluidity and the flexibility of
cellular membranes (Holzer o al, 2011), whereas excessive contents of saturated fafty

acids reduce membrane fluidity. Thé'd crease in the content of PCs containing linoleic

acid or arachidonic acid in biological me

may influence membrane fluidity, curvahﬁe and ﬁinction. In fact, LPCAT3 knockdown
in HEK293 cells was teported to have a reme-lrkal:gic:_ effect on cell morphology (Jain et
al., 2009). Therefore, LPCAT3 induced alteratigﬁé :_;nay also cause morphological
changes, such as those of Ml-polarized macrophages, in LPCAT3 siRNA-transfected

cells.

In summary, we showed that modulation of LPCAT3 expression regulates
MIl-macrophage polarization. This study supports the development of new
anti-inflammatory drugs capable of altering macrophage phenotypes via the remodeling

pathway of glycerophospholipids.
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Figure legends

Fig. 1 PMA promotes the differenfiation of human U937 menocytic cells into
macrophage-like cells
U937 cells (5 x 10° cells/well) were seeded into 6-well plates and treated with DMSO

or PMA (100 ng/ml) for 12 h,

A: Representative Lmages of DMSO-treated U937 cells (DMSO) and PMA-treated
U937 cells (PMA). Scale bar = 50 um.

B: The mRINA expression of the macrophage differentiation marker CD68 was analyzed
by quantitative real-time PCR. Dgta are presented as the mean + SD of three

independent experiments. *p < 0.01 VS ‘DMSO.

C: Phagocytic activity was measured by floiw.cytometry. Filled and unfilled histograms
represent DMSO-treated 1937 cells (DMSO) "ﬁﬁd_;_PMA-tt'eated U937 cells (PMA),

respectively. The experiment was performed three times. Similar results were obtained

for each experiment and a representative histogram is shown.

Fig. 2 LPS and 1L-4 alter the morphology and function MA-treated U937

cells
U937 cells (5 x 10° cells/well) were seeded into 6-well plates and treated with PMA
{100 ng/ml) for 12 h. After washing with PBS, the samples were stimulated with LPS
(100 ng/ml) or IL~4 (20 ng/ml}) for various periods of time (12, 24, 48 and 72 h).

A: Representative images of M1- and M2-polarized macrophages (upper). Scale bar =
50 pum. The percentage of spindle-shaped cells (positive cells) was quantified as

described in the materials and methods section (lower). *p < 0.0} vs. IL-4.
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B: Phagocvtic activity was measured by flow cytometry. Filled, black, red and blue
histograms represerit DMSO-treated U937 cells (DMSO), PMA-treated U937 cells
(Control), LPS-activated U937 cells (LPS) and IL-4-activated U937 cells (IL-4),
respectively. The experiment was performed three times. Similar results were obtained
for each experiment and a representative histogram is shown.

Data are presented as the mean + SD of three independent experiments.

Fig. 3 LPS induces the__expression of M1 markers

A, B and C: The mRNA expressmn of the M1 macrophage markers CXCL10, TNF-a,
and [L-18 was analyzed by qu.e.mti&:i.._:tiye real-time PCR. *p < 0.01 vs. LPS at 0 h (left
panels). The secretion of CXCLIO émd_TNF—u in culture after 72 h was analyzed by
ELISA. *p < 0.01 vs. control, *p < 0.01 vé. IL-4 (A and B, right panels). The protein
expression of IL-1B was analyzed by western blottlng The experiment was performed
three times. Similar results were obtained for ea;:h' :experiment and a representative

immunoblot is shown (C, right).

Fig. 4 IL-4 induces the expression of M2 markers

A, B and C: The expression of M2 macrophage markers CD206, IL-1ra and TGF-p was
analyzed by quantitative real-time PCR. #p < (.01 vs. IL-4 at 0 h (left panels). The
protein expression of CD206 and IL-lra was analyzed by western blotting. The
experiment was performed three times. Similar results were obtained for each
experiment and representative immunoblots are shown (A, middle and B, right panels).

CD206 membrane expression was measwred by flow cytometry. Filled and black

histograms represented DMSO-treated 1937 cells (DMSO) and IL-4-activated U937
33
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cells {(IL-4), respectively. The experiment was performed three times. Similar results
were obtained for each experiment and a representative histogram is shown (A, right).

The secretion of TGF-fi in culture after 72 h was analyzed by ELISA (C, right).

Fig. 5 LPS significantly decreases the mRNA expression of LPCATs and their
enzymatic activities
A: The mRNA expreésib’n of LPCAT1, LPCAT2, LPCAT3 and LPCAT4 was analyzed

by quantitative real-time PCR. *p<0.01 vs. LPS at 0 h. iHp <0.01 vs. Il.-4 at O h.

B: LPCAT activity was measured using LC-MS/MS. *p < 0.01 vs. control, #n<0.01 vs.
IL-4.
Data are presented as the mean + SD of three independent experiments.

DPPC, dipalmitoyl phosphaticlylcholine;.;E_:’_OP:_C, palmitoyl oleoyl phosphatidylcholine;

PLPC, palmitoyl linoleoyl phosphatidylcholitie;z PAPC, palmitoyl arachidonoyl

phosphatidylcholing; PDPC, palmitoyl docosaheXaeno 1 phosphatidyicholine.

Fig. 6 Kunockdown of LPCAT3 in PMA-treated U937 cells decreases LPCAT
activity toward linoleoyl-CoA and arachidonoyl-CoA |

U937 cells (5 x 10° cells/well) were seeded into 6-well plates alld;reated with PMA
(100 ng/ml) for 12 h. After washing with PBS, the samples were transfected with
control siRNA (siControl) and LPCAT3 siRNA (siLPCAT3) using Lipofectamine®™
RNAI MAX and incubated for 43 h,

A: The mRNA expression of LPCAT3 was analyzed by quantitative real-time PCR.

B: LPCAT activity was measured using LC-MS/MS.

Data are presented as the mean + SD of three independent experiments. *p < 0.01 vs.
34
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control siRNA-transfected cells.

Fig. 7 Knockdown of LPCAT3 shifts PMA-treated U937 cells from M2~ to
Mi-polarized macrophages

A: Representative images of control siRNA (siControl) and LPCAT3 siRNA
(siLPCAT3) in PMA-treated U937 cells (left panels). Scale bar = 50 pm. The
percentage of spiﬁallc;shaped cells was quantified as described in the materials and

methods section (r:ght)*p < 0.01 vs. control siRNA-transfected cells.

B: 1937 cells (5 x 10° cé-i"fs/wen) were seeded into 6-well plates and treated with PMA
(100 ng/ml) for 12 h, Aﬂei‘*z:\:k.r;aishing with PBS, the samples were transfected with

control sSiRNA and LPCAT3 siRl\:T:A_:'for__2_4 h. The cells were rinsed with 2 ml of RPMI

incubated for 48 h. The secretion of CXCL,

":;{v__z:ls analyzed by ELISA. Data are

riments. *p < 0.01 vs. control

presented as the mean = SD of three independent:é:

siRNA-transfected cells with 1L-4 at 48 h.

C: CD206 protein expression was analyzed by western-blotting. The experiment was
performed three times. Similar resuits were obtained for each experiment and a
representative immunoblot is shown. Band intensity levels were 'gldnnalized 1o f-actin,
Data are presented as the mean + SD of three independent experiments. *p < 0.01 vs.

LPCAT3 siRNA-transfected cells stimulated with IL-4.
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Tablel.
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The sequences of the primer pairs used in this analysis are indicated.

Name

OWEeo~ @AW

Sense primer, 5--3'

Antisense primer, 5'--3'

10 185 rRNA

CGAACGTCTGCCCTATCAACTT

ACCCGTGGTCACCATGGTA

11 CD6]

AGGCTGTGGGTGGGATCA

CTTGGAAAGGAGGAAATGAAAGTC

13 CXCLI10

TTCCTGCAAGCCAATTTTGTC

TCTICTCACCCTTCTTTTTCATTGT

CD206

CGCTACTAGGCAATGCCAATG

GCAATCTGCGTACCACTTGTTTT

16 TNF-o

GCAGGTCTACTTTGGGATCATTG

GCOTTTGGGAAGGTTGGA

I-1p

TCAGCCAATCTTCATTGCTCAA

TGGCGAGCTCAGGTACTTCTG

19 TGE-p

CGCHTGCTAATGGTGGAAA

GCTGTGTGTACTCTGCTTGAACTTGT

IL-1ra

CTGCACAGCGATGGAAGCT

GCCTTCGTCAGGCATATTGG

22 LPCATI1

TIGCTTCCAATTCGTGTCTTATT

ATCCCATTGAAAAGAACATAGCA

24 LPCAT2

CCTCATGACACTGACGCTCTTC

CAGGAAGTCCACAACCTTCCTC

25 LPCAT3

CATTGCCTCATTCAACATCAACA

AGGAATTCCATCTGGAAGCAGAC

27 LPCAT4

CCCAGCCTTCCGAAGCA

AAGGTGGCGTTGCAACCA
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