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SYK regulates macrophage MHC-II expression
via activation of autophagy in response
to oxidized LDL

Soo-Ho Choi, Ayelet Gonen, Cody J Diehl, Jungsu Kim, Felicidad Almazan, Joseph L Witztum, and Yury | Miller*

Department of Medicine; University of California, San Diego; La Jolla, CA USA

Keywords: autophagy, MHC-II, OxLDL, oxidation-specific antibodies, ROS, SYK

Abbreviations: 3MA, 3-methyladenine; APCs, antigen-presenting cells; BCR, B cell receptor; BMDM, bone marrow-derived
macrophage; DPI, diphenylenciodonium; Baf, bafilomycin A;; FCGR, Fc fragment of IgG; low affinity, receptor; GEFP,
green fluorescent protein; HED, high-fat diet; IgG, immunoglobulin G; IgM, immunoglobulin M; IL2, interleukin 2; ITAM,
immunoreceptor tyrosine-based activation motif; MAPK, mitogen-activated protein kinase; MAP1LC3/LC3, microtubule-associated
protein 1 light chain 3; LPS, lipopolysaccharide; MAA-LDL, malondialdehyde-acetaldehyde modified low density lipoprotein;
MDA-LDL, malondialdehyde modified low density lipoprotein; MHC-II, major histocompatibility complex class II
mmLDL, minimally modified low density lipoprotein; NOX, NAPDH oxidase; OSE, oxidation specific epitopes; OxLDL, oxidized
low density lipoprotein; PBS, phosphate-buffered saline; PIC, piceatannol; ROS, reactive oxygen species; SYK, spleen tyrosine kinase
TCR, T cell receptor; TLR4, toll-like receptor 4; TNF, tumor necrosis factor.

Adaptive immunity, which plays an important role in the development of atherosclerosis, is mediated by major
histocompatibility complex (MHC)-dependent antigen presentation. In atherosclerotic lesions, macrophages constitute
an important class of antigen-presenting cells that activate adaptive immune responses to oxidized low-density
lipoprotein (OxLDL). It has been reported that autophagy regulates adaptive immune responses by enhancing antigen
presentation to MHC class Il (MHC-I). In a previous study, we have demonstrated that SYK (spleen tyrosine kinase)
regulates generation of reactive oxygen species (ROS) and activation of MAPK8/JNK1 in macrophages. Because ROS and
MAPK8 are known to regulate autophagy, in this study we investigated the role of SYK in autophagy, MHC-Il expression
and adaptive immune response to OxLDL. We demonstrate that OxLDL induces autophagosome formation, MHC-II
expression, and phosphorylation of SYK in macrophages. Gene knockout and pharmacological inhibitors of NOX2 and
MAPK8 reduced OxLDL-induced autophagy. Using bone marrow-derived macrophages isolated from wild-type and
myeloid-specific SYK knockout mice, we demonstrate that SYK regulates OxLDL-induced ROS generation, MAPK8
activation, BECN1-BCL2 dissociation, autophagosome formation and presentation of OxLDL-derived antigens to CD4" T
cells. Idir”= syk”’~ mice fed a high-fat diet produced lower levels of IgG to malondialdehyde (MDA)-LDL,
malondialdehyde-acetaldehyde (MAA)-LDL, and OxLDL compared to Idlr”~ mice. These results provide new insights
into the mechanisms by which SYK regulates MHC-II expression via autophagy in macrophages and may contribute to
regulation of adaptive immune responses in atherosclerosis.

Introduction

Macrophages in atherosclerotic lesions are an important class
of antigen-presenting cells (APCs), initiating an adaptive
immune response to oxidized LDL (OxLDL) antigens.1 Many
studies suggest that adaptive immunity profoundly modulates
atherosclerosis, but its impact on atherogenesis is complex, likely
reflecting the many different arcs of adaptive immune responses,
and the differing contexts in which these occur.”> On the one
hand, active immunization with oxidation-specific epitopes
(OSE) of OxLDL, which leads to high IgG titers to OSE, results
in atheroprotection,”™ yet in contrast, abrogation of endogenous
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adaptive responses, for example by gene targeting of CD74, the
major histocompatibility complex (MHC) class 1T (MHC-II)
associated invariant chain of APCs, also leads to atheroprotec-
tion.® Tt has been shown that hapten-specific IgG antibody
responses to immunization with OSE of OxLDL, such as occur
with MDA-LDL immunizations, are MHC-II-dependent in pro-
fessional APCs.”

Recent studies suggest an important role of autophagy, a pro-
cess of degradation of cytoplasmic compartments for recycling of
bioenergetic components, in regulation of adaptive immunity.
Autophagy regulates adaptive immune responses by strongly
enhancing intracellular antigen presentation to MHC-IL® Yet,
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cell types. In addition to its function in

transducing signals from immunoreceptor

tyrosine-based activation motifs (ITAMs),'® our recent studies
have demonstrated the role of SYK in macrophage macropinocy-
tosis and lipoprotein uptake, as well as in expression of proin-
flammatory cytokines.””"” Importantly, SYK is involved in
signaling from CD36, a major receptor for OxLDL, in
platelets.'®"?

In this study, we demonstrate that SYK-induced ROS genera-
tion and MAPK8 (mitogen-activated protein kinase 8)/JNKI1-
MAPK9/JNK2 activation in response to OxLDL play an impor-
tant role in autophagosome formation and MHC-II expression
in macrophages. The effects of OxLDL on macrophage autoph-
agy and MHC-II expression were diminished in macrophages
from myeloid-specific SYK-deficient mice. Moreover, ‘generation
of IgG against’ OSE was decreased in nonimmunized "~
xy/e_/_ mice fed a high-fat diet (HFD). Our findings suggest that
SYK plays an important role in OxLDL-induced autophagy and
MHC-II expression in macrophages and may contribute to the
development of adaptive immune responses in atherosclerosis.

Results

OxLDL induces expression of MHC-II on the surface
of macrophages

The first question we asked was whether OxLDL induces sur-
face expression of MHC-II in vitro. Incubation of bone marrow-

derived macrophages (BMDM) isolated from wild-type C57BL/
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6 mice with a low dose (25 pg/ml) of OxLDL resulted in
increased surface expression of MHC-II (Fig. 1A and B), while
mRNA and protein levels of MHC-II did not change (Fig. S1).
To validate this result in vivo, we injected OxLDL intraperitone-
ally into C57BL/6 mice and harvested peritoneal cells following
a 24-h exposure. As shown in Figure 1C and D, MHC-II surface
expression on ADGRE1/F4/80-positive peritoneal macrophages
was significantly increased in OxLDL-injected mice compared to
control mice.

OxLDL induces autophagy in macrophages

Autophagy has been suggested to regulate MHC-II-antigen
presentation via endosomal/lysosomal degradation of internalized
antigens.zo‘23 Thus, we tested whether OxLDL induced autoph-
agy in macrophages. RAW264.7 cells were incubated with
OxLDL and the autophagosome formation was detected by
immunoblotting cell lysates with an antibody against
MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3,
whose yeast ortholog is Atg8).24 As shown in Figure 2A, the
incubation with OxLDL increased abundance of the lipidated
form of LC3 (LC3-II), which is associated with autophago-
somes.”” To further study autophagy, we generated a RAW264.7
cell line stably expressing GFP-LC3B. As shown in Figure 2B,
OxLDL induced punctate appearance of the LC3 signal, also
indicative of autophagy. To validate these results in primary cells,
we incubated BMDM with OxLDL and found that OxLDL
induced LC3 localization to autophagosomes in BMDM as well
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Figure 2. OxLDL induces autophagy in macrophages in vitro and in vivo. (A) RAW264.7 cells were incubated with 25 pg/ml of OxLDL for 18 h. LC3 and
GAPDH were detected by immunoblot. (B) RAW264.7 cells stably expressing GFP-LC3B were incubated with 25 pg/ml OxLDL for 18 h. The pattern of
GFP-LC3B localization was visualized by deconvolution microscopy. Hoechst 33358 was used to visualize nuclei (blue). (C and D) BMDM isolated from
C57BL/6 mice were pretreated with or without 100 nM Baf for 1 h and then incubated with 25 pwg/ml OxLDL for 18 h. Cell lysates were immunoblotted
with the indicated antibodies, and the band densities were quantified. (E) BMDM incubated with OxLDL as in panel C were stained with anti-LC3 and
anti-SQSTM1 antibodies and Hoechst 33358. (F to I) C57BL/6 mice were intraperitoneally injected with 0.2 ml of PBS or 0.2 ml of 500 .g/ml OxLDL. After
24 h, peritoneal cells were isolated and plated for 2 h. (F and G) Cell lysates were immunoblotted with the indicated antibodies and band intensities
were quantified. (H and 1) Cells were stained with an anti-LC3 antibody and Hoechst 33358 and the numbers of LC3 puncta per cell were counted.
Mean + SE;n=3 —4.* P < 0.05; **, P < 0.005; ***, P < 0.0005. Scale bar: 10 pm.

(Fig. 2C-E). OxLDL-treated cells displayed increased levels of
the autophagosome cargo SQSTM1/p62, which colocalized with
LC3 (Fig. 2C-E). Inhibition of fusion between autophagosomes
and lysosomes with bafilomycin A; (Baf) resulted in further accu-
mulation of LC3-II and SQSTM1 (Fig. 2C and D). Further,
intraperitoneal injections of mice with OxLDL resulted in LC3-
detected autophagy in peritoneal macrophages in vivo (Fig. 2F-I).

Involvement of SYK, ROS, and MAPKS in OxLDL-induced
autophagy

OxLDL induced SYK phosphorylation in BMDM (Fig. 3A).
To test whether SYK is involved in OxLDL-induced autophagy,
the RAW264.7 cells that stably express GFP-LC3B were pre-
treated with the SYK inhibitor piceatannol and then incubated
with OxLDL. As shown in Figure 3B, autophagy was decreased
in piceatannol-treated cells. Autophagy was also reduced by the
NOX (NADPH oxidase) inhibitor DPI (Fig. 3B). Both SYK
and ROS regulate MAPK8/9 activity in macrophages,® which in
turn regulates autophagy.”® Indeed, MAPK8/9 phosphorylation

www.tandfonline.com
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in response to OxLDL was inhibited by SYK and NOX inhibi-
tors (Fig. 3C) and the MAPKS/9 inhibitor reduced autophagy in
response to OxLDL (Fig. 3B). The results with pharmacologic
inhibitors of NOX and MAPKS8/9 were confirmed in experi-
ments with BMDM from 70x2™" and map/eé’*/* mice (Fig. 3D
and E). MAPK8/9- and ROS-mediated BECNI1 release from a
BECNI1-BCL2 complex is an important mechanism of autoph-
agy induction.?”® As shown in Figure 3F-H, OxLDL induced
dissociation of BECN1 from BCL2 in BMDM, but not in the
BMDM pretreated with NOX and MAPKS8/9 inhibitors nor in
the BMDM from 70x2~'~ and mﬂkaiF

To further test whether SYK regulates the intracellular ROS
response to OxLDL in macrophages, BMDM isolated from WT
and Jyk7/7 mice were incubated with OxLDL, and ROS were
measured by FACS. We confirmed the SYK knockdown in the
BMDM differentiated from the bone marrow of sy}f/* mice
(Fig. 4A),'® and that the SYK knockdown does not affect the via-
bility of BMDM incubated with PBS or with OxLDL (Fig. S2).
As shown in Figure 4B and C, OxLDL-induced ROS

mice.
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Macrophage SYK deﬁciency immunoblotted with antibodies against BECN1 and BCL2, and band intensities were quantified.
diminishes CD4™" T cell activation Mean £ SE;n =3 —4.% P < 0.05 ™ P < 0.005.

Next, we tested whether the SYK defi-
ciency-induced inhibition of MHC-II
expression in response to OxLDL affects CD4" T cell activa-
tion. To propagate CD4™" T clones specific to OxLDL antigens,
we immunized C57BL/6 mice with malondialdehyde (MDA)-
LDL, a well-characterized antigen and component of OxLDL,
which induces strong immune response 7 and autophagy (Fig.
S4). CD4' T cells isolated from the spleen of MDA-LDL-
immunized mice were incubated with WT and S_)//C_/_ BMDM
exposed to MDA-LDL (supplemented with OxLDL to enhance
autophagy). CD4™ T cell proliferation and IL2 secretion were
significantly reduced when the antigen was presented by syk™~

788
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macrophages compared to WT macrophages (Fig. 7). Nonspe-
cific CD4" T cell proliferation in response to the plated CD3
and CD28 antigen demonstrates that sy~
respond normally to generalized stimulation (Fig. S5).

macrophages can

SYK regulates OSE antibody response to hypercholesterolemia
To test the in vivo relevance of our finding that SYK is
involved in regulation of OxLDL-induced macrophage MHC-II
expression via an autophagy-related mechanism and antigen pre-
sentation to CD4" T cells, we measured plasma levels of

Volume 11 Issue 5
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Figure 5. SYK regulates OxLDL-induced autophagy in vitro and in vivo. (A to D) BMDM isolated from WT and syk~’~ mice were incubated with PBS or
25 g/ml OXLDL for 18 h. (E to H) WT and syk~”~ mice were intraperitoneally injected with 0.2 ml of PBS or 100 wg/ml OXLDL. After 24 h, peritoneal cells
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tified. Mean £ SE; n = 3 —4.* P < 0.05; **, P < 0.005. Scale bar: 10 pm.
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Figure 6. SYK regulates macrophage MHC-II expression in response to
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40 wM SYK inhibitor (PIC, piceatannol) or 1 mM autophagy inhibitor
(3MA) for 2 h and then incubated with PBS or 25 p.g/ml OxLDL for addi-
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FACS. Mean £ SE; n =3 —4.* P < 0.05; **, P < 0.005.

represent innate natural antibodies, which are generated by B-1
cells in a Th cell-independent manner. Both total IgM and IgM
to the OSE noted above were similar in /4" and ldlr"~
x}//e_/_ mice (Fig. S7B). These data indicate that SYK may con-
tribute to the regulation of adaptive immune responses to

OxLDL.
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Discussion

SYK is best known for its function in transducing ITAM-
mediated signaling from BCR and TCR and its role in the patho-
4 For these reasons, SYK has
become a promising therapeutic target, and although the results
of recent clinical trials have not supported further development
of the SYK inhibitor fostamatinib for the treatment of rheuma-

. . . 1
genesis of autoimmune diseases.

toid arthritis, other more specific and potent SYK inhibitors are
in the pipelines of several pharmaceutical companies. This atten-
tion to SYK as a therapeutic target makes it urgent to better
understand the roles this kinase plays in various cell types, other
than B and T cells, and in the pathologies different from classic
autoimmune diseases.

In our earlier studies, we have demonstrated that SYK mediates
TLR4-dependent macrophage responses to oxidized cholesterol
esters in minimally modified LDL (mmLDL), resulting in NOX2
activation, cytokine secretion, and macropinocytosis.ls’m’ 2
Unlike mmLDL, OxLDL consists of advanced lipid oxidation
products and binds to macrophages preferentially via CD36. In
our experiments, OxLDL, but not mmLDL (not shown), induced
autophagy in macrophage cell lines and in primary macrophages.
Remarkably, SYK has been reported to mediate CD36 signaling
as well,"®'? although the exact mechanism of this pathway is not
well understood.

In the current manuscript, we show that in response to
OxLDL, SYK mediates ROS production and activation of
MAPKS8/9, which in turn results in the release of BECN1 from
its complex with BCL2 and thus induce autophagy. The
OxLDL-induced and SYK-mediated autophagy in macrophages
upregulates surface expression of MHC-II, OSE antigen presen-
tation to CD4" T cells and, under conditions of hypercholester-
olemia and lipoprotein oxidation, generation of IgG antibodies
to OSE of OxLDL. The latter are an important component in
the pathogenesis of atherosclerosis. These results offer a new spe-
cific mechanism relevant to the pathogenesis of atherosclerosis
and underscore the overall importance of autophagy in antigen
presentation. Indeed, the lysosomal pathway has been implicated
in the mechanism of antigen loading onto MHC-I1.”* Tt has
been shown that autophagosomes fuse with MHC-II in antigen-
presenting cells resulting in the presentation of antigens and the
initiation of adaptive immune responses.”” Similarly, the
CLEC7A/dectin-1 (C-type lectin domain family 7, member A)-
SYK signaling pathway contributes to the induction of autophagy
and facilitates MHC-II-dependent immune responses to
fungi.’?’a’34 Thus, SYK is important in the formation of autopha-
gosomes, MHC-II antigen presentation and immune responses
to both endogenous, host-derived (OxLDL) and exogenous,
pathogen-associated molecular patterns, although our data do
not exclude a role of SYK in other mechanisms affecting MHC-
I expression.

Our results also support a role for SYK in regulation of ROS,
which are strongly implicated in the induction of autophagy.
Macrophages stimulated with TLR and FCGR ligands induce
autophagy in a NOX2-dependent manner.”> TNF-induced

autophagy depends on ROS production as well.*® In
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lation of adaptive immune responses via an Figure 7..Macrophage SYK expression is required for antigen presentation to CD4™ T cells. WT- or
. . SYK-deficient BMDM were pretreated with 25 pwg/ml OxLDL plus 25 pg/ml MDA-LDL for 18 h and
autophagy-mediated mechanism. then cocultured with CD4™ T cells isolated from the spleens of WT mice immunized with MDA-LDL
for additional 72 h. (A and B) At 72 h, T cell proliferation was measured by FACS. (C) At 48 h, IL2
levels in coculture media were measured by ELISA. Mean =+ SE; n =3 —4.* P < 0.05; **, P < 0.005.

Materials and Methods

Animals and diet

C57BL/6 (000664), ldlr—"" (002207), nox2™'"~ (002365),
and map/e87/7 (004319) mice were purchased from Jackson Lab-
oratories. To generate myeloid-cell-specific Syk knockdown
mice, syleﬂ ox/flox mice were bred with lysm-cre mice as described.'®
We further refer to sykﬂ oxiflox lysm-cre(+) mice as 5)//6_/_ and syk-
fioxifiox lysm-cre(—) mice as wild type (WT). To generate myeloid-
cell-specific SYK knockdown in mice in the Ldlr knockout back-
ground, sy#" [ysm-cre(+) were bred with ldly™"" mice. We
further refer to ldlr—"~ _V_)/kﬂ oxflox lysm-cre(+) as ="~ 5)//67/7 and
to ld[r_/_sy/e+/+ lysm-cre(4) as ="~ Eight-week old mice on
the ldlr="~ background were fed a high-fat diet (HFD) contain-
ing 1.25% cholesterol and 21% fat (Harlan Teklad, TD96121)
for 12 wk. All animal experiments were approved by the UC San
Diego Institutional Animal Care and Use Committee.

Cell culture

Bone marrow-derived macrophages (BMDM) were obtained
by incubating bone marrow cells isolated from tibias and femurs
of WT, syk™"", nox2™"", and mapk8™'~ mice with CSF1/macro-
phage colony stimulating factor (L929 conditioned medium) fol-
lowing the published protocols.'®** Murine macrophage-like
RAW264.7 cells were cultured in DMEM (Cellgro, 10-013-
CV) supplemented with 10% fetal bovine serum (FBS; Omega
Scientific, FB-01) and 50 pg/ml gentamicin (Omega Scientific,
GT-10). To make RAW?264.7 cells stably expressing GFP-LC3,
cDNA encoding murine Map1lc36/Lc3b was amplified by poly-
merase chain reaction (PCR) using RNA isolated from
RAW264.7 cells and was subcloned into the pEGFP-C2 (Clon-
tech, 6083-1). Cells were transfected with expression plasmid
GFP-LC3B using GenJet In Vitro DNA transfection reagent
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(SignaGen Laboratories, SL100488). Single colonies were
selected in the presence of 500 pg/ml G418 (Omega Scientific,
GN-00). Positive clones were selected by immunoblot analysis
using an anti-LC3A/B antibody (Cell Signaling Technology,
12741) and a fluorescence microscope. Cells were cultured in
DMEM supplemented with 10% FBS, 50 pg/ml gentamicin
and 500 pg/ml G418 to maintain selection. Piceatannol and Baf
were from Calbiochem (527948 and 508409, respectively),
MAPKS8/JNK1-MAPK9/JNK2) inhibitor from Cell Signaling
Technology (8177), and DPI and 3MA from Sigma (D2926 and
M9281, respectively).

LDL isolation and modification

Normolipidemic volunteers’ plasma was obtained according
to a protocol approved by the UC San Diego Human Research
Protection Program. Native LDL (density=1 .019-1.1063 g/ml)
was isolated by sequential ultracentrifugation.*® Endotoxin con-
tamination was tested by a LAL QCL™1000 kit (Lonza, 50—
648U), and only LDL preparations with endotoxin levels below
0.025 EU/mg protein were used in this scudy. OxLDL was pro-
duced in vitro as previously reported.*"*? Briefly, 0.1 mg/ml of
human native LDL was incubated with 10 uM CuSOy for 18 h
at 37°C. Thiobarbituric acid reactive substances (TBARS; typi-
cally, more than 30 nmol/mg in OxLDL) were measured to con-
firm LDL oxidation. OxLDL was concentrated to 1 mg/ml using
a 100-kDa cut-off centrifugal concentrator (Millipore,
UFC810024) and sterile filtered (0.22 pm). MDA-LDL and
MAA-LDL were produced as previously reported.”® The modi-
fied LDL was extensively dialyzed with PBS containing EDTA.
The level of LDL apoB-lysine modification was determined by
trinitrobenzenesulfonic acid assay (TNBS).*
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Measurement of ROS

BMDM were stimulated with PBS or 25 pg/ml OxLDL for
10 min and then incubated with 10 wM 2’,7'-dichlorodihydro-
fluorescein diacetate (DCF-DA, Invitrogen, D399) for 10 min
as described.”" Cells were analyzed using a FACScanto 1T (BD
Biosciences, San Jose, CA) flow cytometer. Geometric means of
FACS histograms were measured and presented as bar graphs.
Experiments were repeated 3 times.

Quantitative PCR (qPCR)

Total RNA was isolated from 1x10° BMDM using Nucleo-
spin. RNA columns (Clontech, 740955). Isolated RNA was
reverse transcribed using RNA to ¢cDNA EcoDry (Clontech,
639543) following the manufacturer’s protocol. Quantitative
PCR was performed using KAPA SYBR FAST Universal gPCR

kit (KAPA Biosystems, KK4602), with the following

792

Autophagy

body for 30 min at room temperature. Fol-
lowing the staining, cells were immediately
analyzed by FACS. Geometric means of
FACS histograms were measured and pre-
sented as bar graphs. All experiments were repeated at least
3 times.

OxLDL uptake

BMDM cells were incubated with PBS or 25 pg/ml OxLDL
in 20% 1929 conditioned medium supplemented with 5% lipo-
protein-deficient serum. After 40 h, cells were stained with Oil
Red O (Sigma, 00625-25G) as described previously.'® Intracel-
lular Oil Red O was extracted in 1 ml isopropanol and the opti-
cal density was measured at 510 nm.

Immunoblot and coimmunoprecipitation analysis

SDS-PAGE and immunoblot were performed as previously
described."” Briefly, cells were lysed with an ice-cold lysis buffer
(50 mM Tris-HCI, pH 7.5, 1% Triton X-100 [Sigma, T9284],
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5 mM Na3;VOy,,
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1 mM NaF, and a protease inhibitor cocktail [Sigma, P8340]) and
centrifuged for 10 min at 13,000 rpm. Equal protein amounts of
cell lysates were loaded on a 4-12% Nu-PAGE gel (Invitrogen,
NP0321), subjected to electrophoresis and then transferred to a
PVDF membrane (Millipore, IPVH00010). The membranes were
blocked with 5% nonfat dry milk (Cell Signaling Technology,
9999S) in T-TBS (0.5% Tween 20 [Hoefer, GR128-500] in TBS
[Teknova, T1680]) for 1 h at room temperature and incubated
with primary antibodies against LC3A/B, p-SYK, p-MAPKS/9,
GAPDH (Cell Signaling Technology 12741, 2711, 4671, 2118,
respectively), SQSTM1/p62 (Abcam, ab56416), MHC-II and
SYK (Santa Cruz Biotechnology, sc-59322 and sc-1077, respec-
tively) overnight at 4°C. Next day, the membranes were washed
and incubated with an HRP-conjugated secondary antibody (Cell
Signaling Technology, 7074) for 1 h at room temperature. Anti-
body-bound proteins were visualized with ECL Prime Western
Blotting Reagent (GE Healthcare, RPN2232) and an Opti-
ChemHR Imaging System (UVP, Upland, CA). All data were
quantified using Image] software (NIH). In order to study dissocia-
tion of BECN1 from BCL2, cell lysates were immunoprecipitated
with an anti-BCL2 antibody (Santa Cruz Biotechnology, sc-492)
and then immunoblotted with an anti-BECN1 antibody (Santa
Cruz Biotechnology, sc-11427).

Immunocytochemistry

To analyze the induction of autophagy, cells were washed with
PBS and fixed with 3.7% formaldehyde for 15 min at 37°C and
then permeabilized with 0.5% Triton X-100 for an additional
10 min at room temperature. Cells were washed with PBS and
blocked with 5% BSA (Gemini Bioproducts, 700-102P) for
20 min at 37°C and then incubated with an anti-LC3 (Cell Sig-
naling Technology, 12741) and anti-SQSTM1 (Abcam,
ab56416) antibodies, followed by an Alexa Fluor 488-labeled
anti-rabbit IgG (Invitrogen, A11034) and an Alexa Fluor 594-
labeled anti-mouse IgG (Invitrogen, A11032) and Hoechst
33358 for 1 h at room temperature. After 3 washes with 0.1%
Triton X-100 in PBS and 2 washes with PBS, cells were mounted
on cover glass and fluorescent images were captured with a Delta
Vision Digital Imaging System (Applied Precision, Issaquah,
WA).

ANXAS5/annexin V staining

ANXAS5 binding was analyzed using an ANXAS5-FITC apo-
ptosis detection kit according to the manufacturer’s protocol
(eBioscience, BMS500FI). Briefly, BMDM were incubated with
PBS or OxLDL for 18 h, then sequentially washed with PBS and
binding buffer. Cells were incubated with FITC-conjugated
ANXA5 for 15 min and then washed 2 times with binding
buffer. ANXAS5 binding was analyzed by FACS.

Immunization with MDA-LDL

C57BL/6 mice were immunized subcutaneously with 0.15 ml
of 1 mg/ml MDA-LDL in PBS emulsified with complete
Freund’s adjuvant (Sigma-Aldrich, F5881). After 2 wk, the mice
were injected intraperitoneally with 0.15 ml of 0.5 mg/ml
MDA-LDL emulsified in incomplete Freund’s adjuvant (Sigma-
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Aldrich, F5506). Following 2 more wk, the mice were injected
intraperitoneally with 0.15 ml of 0.5 mg/ml MDA-LDL emulsi-
fied in incomplete Freund’s adjuvant. After 10 d, the mice were
injected intravenously with 0.1 ml of 0.25 mg/ml MDA-LDL
without adjuvant. After 3 d, the mice were sacrificed and spleens
were collected.

CD4™" T cell proliferation and IL2 secretion assays

Splenic CD4 ™ T cells were isolated from the spleens of MDA-
LDL-injected mice using CD4™ T Cell Isolation Kit II (Miltenyi
Biotec, 130-095-248). After isolation, purity of CD4™ T cells
was determined by FACS using antibodies against ITGAM/
CDI11b-FITC, CD4-FITC, CD5-APC, CD8A-PerCp-Cy5.5,
and CDI19-APC-Cy7 (BD Bioscience, 553310, 553729,
550035, 551162, and 557655, respectively). Purified CD4" T
cells were labeled with CFSE (Invitrogen, C34554) following the
manufacturer’s protocol and suspended in culture medium
(RPMI 1640 [Corning Cellgro, 10-040-CV] containing 10%
FBS, 10 mM HEPES [Corning, 25-060-CI], 2 mM L-gluta-
mine, 0.1 mM nonessential amino acid solution [Gibco, 11140—
050], 0.05 mM 2-mercaptoethanol, 50 pg/ml gentamycin
[Omega Scientific, GT-10]). Antigen presenting cells—BMDM
isolated from WT and syk_/_ mice—were plated at 0.3 x 10°
cells per well on a 96-well plate and incubated with 25 pg/ml
OxLDL plus 25 pg/ml MDA-LDL for 18 h. CD4™ T cells were
added at 3 x 10° and cocultured with the activated BMDM for
72 h. T cell proliferation was measured by FACS as described.**
Media from BMDM and CD4" T cell cocultures were collected
at 48 h and centrifuged at 10,000 rpm for 5 min to remove
floating cells. Levels of IL2 were measured using a mouse 112
DuoSet ELISA (R&D Systems, DY402).

Measurement of immunoglobulin titers

Immunoglobulin titers in plasma were measured by chemilu-
minescent enzyme immunoassays as previous described. >4
Briefly, 96-well plates were coated with various antigens at 5 g/
ml in PBS overnight at 4°C. Next day, the plates were blocked
with TBS containing 1% BSA (BSA-TBS) for 30 min at room
temperature. Serum was diluted 1:100 with 1% BSA-TBS and
incubated in plates for 90 min at room temperature. Antibody
titers were measured using an alkaline phosphatase-conjugated
anti-mouse IgM  (Jackson ImmunoResearch Laboratories,
115-055-208) and anti-mouse IgG2c (Sigma, A9688) antibod-
ies, followed by incubation with LumiPhos 530 (Lumigen,
P-501). Data are expressed as relative light units counted
per 100 ms (RLU/100 ms). IgG2 immunoglobulins represent a
class of Th1-dependent antibodies,” and IgG2c is the dominant
subclass expressed in C57BL/6 mice, which do not make
IgG2a.*

Statistical analyses

Graphs represent means =+ standard error from 3 to 5 inde-
pendent experiments. Results were analyzed using the Student ¢
test or one-way ANOVA with the Bonferroni post hoc test, and
the differences with P < 0.05 were considered statistically
significant.
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