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Background: LRP1 is a scavenger receptor involved in the clearance of apoptotic cells and myelin vesicles.

Results: Novel ligands for LRP1 were discovered in CNS myelin by affinity purification combined with proteomics.
Conclusion: Some ligands are intracellular proteins, suggesting a function for LRP1 in the clearance of necrotic debris.
Significance: LRP1 mediates the removal of cellular waste and could maintain homeostasis.

In the central nervous system (CNS), fast neuronal signals are
facilitated by the oligodendrocyte-produced myelin sheath.
Oligodendrocyte turnover or injury generates myelin debris
that is usually promptly cleared by phagocytic cells. Failure to
remove dying oligodendrocytes leads to accumulation of
degraded myelin, which, if recognized by the immune system,
may contribute to the development of autoimmunity in diseases
such as multiple sclerosis. We recently identified low density
lipoprotein receptor-related protein-1 (LRP1) as a novel phago-
cytic receptor for myelin debris. Here, we report characteriza-
tion of the LRP1 interactome in CNS myelin. Fusion proteins
were designed corresponding to the extracellular ligand-bind-
ing domains of LRP1. LRP1 partners were isolated by affinity
purification and characterized by mass spectrometry. We report
that LRP1 binds intracellular proteins via its extracellular
domain and functions as a receptor for necrotic cells. Peptidyl
arginine deiminase-2 and cyclic nucleotide phosphodiesterase
are novel LRP1 ligands identified in our screen, which interact
with full-length LRP1. Furthermore, the extracellular domain of
LRP1 is a target of peptidyl arginine deiminase-2-mediated
deimination in vitro. We propose that LRP1 functions as a
receptor for endocytosis of intracellular components released
during cellular damage and necrosis.

Multiple sclerosis (MS)? is an autoimmune disease in which
CNS myelin is destroyed and the survival of myelin-producing
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oligodendrocytes is compromised (1). The etiology of MS is
poorly understood, but, in some cases, oligodendrocyte apopto-
sis is detected without the involvement of immune cell infil-
trates (2). Thus, the failure to clear apoptotic cells and cellular
debris may initiate inflammation and the autoimmune
response characteristic for MS (3).

Low density lipoprotein receptor-related protein-1 (LRP1) is
a scavenger receptor with key roles in the phagocytosis of
myelin debris (4) and apoptotic cells (5, 6). LRP1 is a member of
the LDL receptor gene family, first recognized as a receptor for
apolipoprotein E and the serum protease inhibitor a,-macro-
globulin (7, 8). To date, >40 different ligands for LRP1 have
been identified, including proteases, growth factors, heat shock
proteins, extracellular matrix proteins, and foreign toxins (9).
LRP1 is a two-chain receptor in which the ligand-binding o
chain is entirely extracellular and non-covalently associated
with the membrane-spanning B chain (9). Upon binding to
LRP1 on the cell surface, LRP1 ligands are internalized, disso-
ciate in acidified endosomes, and are delivered to lysosomes,
whereas LRP1 is recycled to the cell surface (10). LRP1 also
mediates endocytosis of cell surface receptors (11) and, in this
manner, participates in the regulation of cell signaling events
(12, 13).

In addition to its function as a phagocytic receptor for
myelin, LRP1 also participates in myelin-mediated inhibition of
axon formation (14). The goal of this study was to characterize
the interactome of LRP1 in myelin. We designed fusion pro-
teins corresponding to the second and fourth clusters of com-
plement-like repeats (CCRII and CCRIV), two major extracel-
lular ligand-binding domains in LRP1 (15). CCRII or CCRIV
fusion proteins were incubated with myelin protein extracts in
the presence or absence of RAP, an LRP1 ligand binding inhib-

protein 1; MBP, myelin basic protein; PLP1, proteolipid protein 1; CNP,
2',3"-cyclic nucleotide 3’ phosphodiesterase; CFSE, carboxyfluorescein
diacetate succinimidyl ester; RAP, receptor associated protein.
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itor (16), and associated partners were identified by tandem
mass spectrometry.

Using this approach, we have identified >70 LRP1 ligands in
CNS myelin. Validation studies were performed for two
myelin-specific LRP1 ligands: cyclic nucleotide phosphodies-
terase (CNP, also called CNPase) and peptidyl arginine deimi-
nase-2 (PAD2). CNP is an enzyme highly expressed in oligo-
dendrocytes, with functions in tubulin polymerization and
oligodendrocyte process outgrowth (17). CNP is an abundant
component of myelin, accounting for up to 4% of the total pro-
tein content (18). Although myelination is normal in CNP
knock-out mice, they succumb to axonal loss and neurodegen-
eration due to impaired communication between cells (19).
Furthermore, CNP is a potential auto-antigen in MS, as CNP-
reactive T cells can be found in MS patients with active disease
(20, 21). Another potential auto-antigen in MS is the myelin
basic protein (MBP), which we previously identified as a ligand
for LRP1 (4). MBP is a substrate for our second chosen target
for validation, enzyme peptidyl arginine deiminase 2, or PAD2
(22). PAD2 catalyzes the conversion of protein arginine resi-
dues into citrulline, in a reaction called deimination or citrulli-
nation (23). Similar to CNP, PAD2 is a component of the myelin
sheath and is the only member of the PAD family expressed in
the healthy CNS (23, 24). MS patients contain higher levels of
MBP citrullination, which is thought to contribute to MBP deg-
radation and loss of myelin sheath integrity (25—28). Similarly,
MBP citrullination and PAD?2 activity correlate with disease in
animal models of MS (29, 30). Our studies demonstrate that
both CNP and PAD?2 interact with LRP1 CCRs as well as with
the full-length LRP1. Finally, we show that LRP1 can be citrul-
linated by endogenous PAD2 in vitro and that citrullination
decreases the endocytic function of LRP1.

Interestingly, many of the newly identified LRP1 ligands were
intracellular proteins, indicating a novel role for LRP1 in the
clearance of cellular debris, potentially released during necro-
sis. We further demonstrate for the first time that LRP1 regu-
lates the removal of necrotic cells and cellular debris using
model T cells and oligodendrocytes. Necrotic waste is harmful
to surrounding cells and is generated during catastrophic
events such as trauma and hypoxia or when the apoptotic cell
clearance system is saturated (31). Furthermore, necrotic
debris has been shown to initiate a proinflammatory response
by macrophages (32). During MS, improper clearance of apo-
ptotic cells and necrotic debris would thus generate an inflam-
matory environment, which would further fuel disease severity.
Taken together, the data presented here suggest that, by medi-
ating cellular and myelin-associated debris removal after cell
damage, LRP1 may inhibit the immune response generated by
excessive cellular debris at sites of inflammation.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—Glutathione S-transferase
(GST), GST-RAP, human shed LRP1, and rat LRP1 were puri-
fied as described previously (33). The following antibodies were
used: 8G1 anti-LRP1 (sc-57353, Santa Cruz Biotechnology),
anti-LRP1 C-terminal (L2170, Sigma), anti-LRP1 N-terminal
(L2420, Sigma), anti-CNP (5664, Cell Signaling Technologies),
CD11b-Alexa Fluor 488 (53-0112, eBioscience), and anti-
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GRP78 (610978, BD Biosciences). Anti-PAD2 serum was
obtained by immunizing PAD2™/~ mice with GST-PAD2.
Anti-citrulline (modified) detection kit was used to detect pro-
tein citrullination (17-347, Millipore). BV2, LRP1-positive
(PEA10), and LRP1-deficient (MEF2) fibroblasts were obtained
from ATCC and cultured in DMEM high glucose, supple-
mented with 2 mm L-glutamine, 10% FBS, and 1% penicillin/
streptomycin. The RAW 264.7 murine macrophage cell line
and Jurkat lymphocyte cell line were obtained from ATCC and
cultured in RPMI 1640, supplemented with 2 mM L-glutamine,
10% EBS, and 1% penicillin/streptomycin. The N20.1 oligoden-
drocyte cell line was cultured in DMEM high glucose/F12 at
34 °C, supplemented with 10% FBS, sodium bicarbonate, 100
png/ml G418, 20 pg/nl gentamycin, and 1% penicillin/strepto-
mycin. For differentiation into oligodendrocytes, cells were
switched to DMEM high glucose/F12, supplemented with 1%
FBS, 100 wg/ml G418, and 1% penicillin/streptomycin, and cul-
tures were maintained at 39 °C for 3 to 5 days as described
(34).

Cloning, Expression, and Purification of CCRII and CCRIV—
CCRII and CCRIV from human LRP1 were cloned into pFuse-
rFC2 (Invivogen, San Diego, CA) as described in the literature
(15) to generate Fc-fusion proteins. CCRII includes EGF repeat
4 and complement repeats 3 to 10 (LRP1 amino acids 806 to
1184). CCRIV spans complement repeats 21 to 31 (LRP1 amino
acids 3332 to 3778). CCRII and CCRIV were expressed in
CHO-K1 cells and purified from the culture supernatants on
protein A-agarose resin (GE Healthcare).

CCR Pulldowns and Proteomics—Myelin vesicles were puri-
fied from mouse brains as described previously (35). Myelin-
associated proteins were solubilized in radioimmune precipita-
tion assay buffer, containing 100 mm Tris, pH 7.5, 150 mm NaCl,
1% Triton X-100, 0.5% deoxycholate, and 0.1% SDS, supple-
mented with 1 mm CaCl, and complete protease inhibitor mix-
ture (Roche Applied Science). Protein extracts (2 mg) were
incubated with 1 pm of CCRIL, CCRIV, or Fc with or without 20
pm of GST-RAP for 16 h at 4 °C. CCRIIL, CCRIV, and Fc were
recovered by adding protein A-agarose beads for 1 h at 20 °C.
After extensive washing with radioimmune precipitation assay
buffer, proteins were either digested with trypsin or eluted with
SDS sample buffer for SDS-PAGE and immunoblot analysis.
Trypsin digestion was performed in the presence of Protease-
MAX surfactant as described by the manufacturer (Promega,
Madison, WI). Proteins associated with CCRII, CCRIV, and Fc
were identified by LC-MS/MS as described previously (36).

Cloning, Expression, and Purification of PAD2-His, GFP-
RAP, and GST-CNP—Murine PAD2 open reading frame (ORF)
was cloned into pET-30a(+) vector (Novagen). Human RAP
ORF was cloned downstream of GFP into pET-30a(+). pET-
30A(+) allows bacterial expression and contains a histidine tag
for affinity purification. Murine CNP ORF was cloned into
pGEX-2T (GE Healthcare) to allow bacterial expression and
GST tag-mediated purification. PAD2-His and GST-CNP were
purified by affinity chromatography using the Profinia purifica-
tion kit and chromatography system (Bio-Rad).

Immobilization Binding Studies—Purified BSA, rat LRP1, or
fibronectin (25 nm) (Sigma) were diluted in PBS and absorbed
on ELISA plates for 12 h at 4 °C. Wells were blocked for 1 h with
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PBS containing 1% BSA. PAD2-His (25 nm) was added to the
wells for 1 h at 20 °C. The wells were washed, and retained
PAD2-His was detected using anti-PAD2 serum, in an ELISA
format using ABTS as a colorimetric substrate. Alternatively,
purified BSA, GST, GST-CNP, or GST-RAP (350 nm) were
diluted in PBS and absorbed on ELISA plates for 12 h at 4 °C.
Wells were blocked for 1 h with PBS containing 1% BSA.
Human shed LRP1 (50 nMm) was added to the wells for 1 h at
20 °C. The wells were washed with PBS, and retained LRP1 was
detected with antibody 8G1, in an ELISA format using ABTS as
a colorimetric substrate.

Citrullination Assay—RAW 264.7 cell extract and brain pro-
tein extract were prepared in ice-cold extraction buffer (50 mm
HEPES, 150 mm NaCl, 1% Triton X-100, 10% glycerol) contain-
ing complete protease inhibitor mixture without EDTA (Roche
Applied Science). Equal amounts of protein extracts were incu-
bated with 10 ug of PAD2-His for 3 h at 37 °C in the presence or
absence of 10 mm CaCl,. LRP1 was recovered by adding 10 ug
of GST-RAP and glutathione-agarose beads (33). Glutathione-
agarose beads were washed with the extraction buffer. Proteins
were eluted with SDS sample buffer for SDS-PAGE and immu-
noblot analysis. For cell surface citrullination, LRP1-expressing
and -deficient fibroblasts were treated for 6 h at 37 °C with 150
nM recombinant PAD2 in DMEM containing 0.3% BSA. Cell
surface proteins were labeled with biotin and purified as
described (36).

GFP-RAP Endocytosis—LRP1-positive (PEA10) and LRP1-
deficient (MEF2) fibroblasts were treated for 3 h at 37 °C with
150 nMm recombinant PAD2 in DMEM containing 0.3% BSA.
After washing, cells were treated with 500 nm of GFP-RAP for
3 h at 37 °C. After washing with PBS, cells were detached with
trypsin and washed twice with PBS containing 5% FBS. Cells
were analyzed by flow cytometry on a BD FACSCalibur (BD
Biosciences). Data were plotted using the Flow]Jo software (Tree
Star).

Phagocytosis of Necrotic Cells—LRP1-positive (PEA10) and
LRP1-deficient (MEF2) fibroblasts were labeled with CFSE
according to the manufacturer’s instructions (Invitrogen). To
prepare necrotic cells, Jurkat or N20.1 cells were heat shocked
at 55 °C for 20 min and then incubated for 4 h at 37 °C. Necrosis
was confirmed by microscopy using trypan blue exclusion, or
by flow cytometry using annexin V-FITC and 7-amino-actino-
mycin D staining, according to manufacturers instructions
(eBioscience). Necrotic and live cells were labeled with Cypher5
(10 wm, GE Healthcare) for 20 min at 37 °C in DMEM, and
excessive dye was quenched by resuspending the cells in
DMEM containing 10% FBS. Necrotic and live cells were then
added to the CFSE-labeled fibroblasts in DMEM containing
10% FBS for 2 h at 37 °C (10 to 1). After washing with PBS, cells
were detached with trypsin and washed twice with PBS con-
taining 5% FBS. In experiments with BV2 cells, necrotic and live
cells were added for 30 min at 37 °C (4:1). BV2 cells were dis-
tinguished from N20.1 by staining with CD11b-Alexa Fluor 488
antibody. Cells were analyzed by flow cytometry on a BD
FACSCalibur (BD Biosciences). Data were plotted using the
Flow]Jo software (Tree Star).
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FIGURE 1. CCRIl and CCRIV bind LRP1 ligands. A, schematic representation
of LRP1 and CCRIl and CCRIV constructs. B, Fc, CCRII, and CCRIV were incu-
bated with GST-RAP as described under “Experimental Procedures,” and GST-
RAP was recovered by incubation with glutathione-agarose beads. Samples
and purified proteins were analyzed by Coomassie staining. C, Fc, CCRIl, and
CCRIV were incubated with myelin protein extract in the presence or absence
of GST-RAP. Fc and CCRs were recovered by adding protein A-agarose beads.
Samples were analyzed by Coomassie staining.

RESULTS

Preparation of CCRII and CCRIV—To identify LRP1 ligands
present in CNS myelin, we prepared two fusion proteins corre-
sponding to CCRII and CCRIV of human LRP1 (Fig. 14). These
two CCRs mediate the binding of LRP1 ligands, with the possi-
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TABLE 1
Myelin proteins associating with CCRIl and CCRIV

LRP1 Ligands in CNS Myelin

The gene products below were identified by tandem mass spectrometry as partners for LRP1 CCRs with (+) or without (—) RAP. Mean spectral counts and S.D. are shown

(n = 3).

Gene

name Fc CCRII CCRIV Fc CCRII CCRIV
RAP — - — + + +
Cnp 0*+0 83.7 0.2 73.7 = 0.3 7.6 = 0.9 6.7+ 1.1 11 04
Sept7 0*+0 33.7+7 34.2 + 0.37 0*+0 00 0.7 = 1.3
Mtaplb 0*+0 20.7 £ 0.8 27.7 0.7 0x0 0x0 0+0
Sept2 0*+0 19 £ 04 17502 0*+0 0=*+0 0=*+0
Sept8 0*+0 182 0.2 235+ 0.3 03 *1.7 00 02*+2
Padi2 0x0 17.7 £ 0.3 0x0 0x0 0x0 0+0
Mtapla 0*+0 17.2 £ 0.4 22.7 = 0.5 0*+0 00 0=*+0
Plchi 0*+0 16.7 £ 0.7 35+ 1.8 0*+0 00 00
Sept4d 0*+0 1305 14.7 = 0.8 0x0 0x0 0+0
Glul 0*+0 122+ 0.2 19 £0.2 0*+0 6=+ 0.5 55*+0.2
Pacsinl 0*+0 11 +0.1 2*05 0*+0 00 00
Rock2 0*+0 10.5 £0.8 115+ 0.6 0x0 0x0 0+0
Anln 0*+0 8.7 = 0.6 4.5+ 0.8 0*+0 0=*+0 0=*x0
Mbp 0*+0 8.5+ 0.4 9.5+ 0.6 1+17 100 8.7 £ 0.5
Gnaol 0x0 82*0.3 8.2*0.3 0x0 2*+05 1.25 0.8
Slk 0*+0 7.7 0.9 11.7 = 0.6 0*+0 0=*+0 0=*0
Myol8a 0*+0 7.5+ 0.3 0*+0 0*+0 00 0*+0
Pip1 1.7 0.7 7+02 6*+02 1*£0 57*+0.3 5*+0.3
Ank2 0*+0 6.75 + 0.3 6.2 0.1 0*+0 0=*+0 0=*x0
Csrpl 0*+0 6.5+ 0.7 5.5+ 0.6 0*+0 00 00

ble exception of a,-macroglobulin (9, 15). CCRII and CCRIV
were expressed as soluble Fc-fusion proteins in CHO-K1 cells
(Fig. 1A4) and tested by examining binding of GST-RAP in a
pulldown assay. RAP binds to LRP1 and blocks the binding of
most known LRP1 ligands (9). Equivalent amounts of CCRII,
CCRIV, or Fc (control) were incubated with GST-RAP, fol-
lowed by incubation with glutathione-agarose beads. After
washing, samples were separated by SDS-PAGE alongside the
purified proteins, and the gel was stained with Coomassie Blue.
CCRII and CCRIV, but not Fc alone, bound to GST-RAP (Fig.
1B).

Next, equivalent amounts of CCRII, CCRIV, or Fc were incu-
bated with CNS myelin protein extracts in the presence or
absence of excess GST-RAP. Fc fusion proteins were recovered
by pull down with protein A-agarose beads. As shown in Fig.
1C, several protein bands are purified from myelin with CCRII
and CCRIV, but not with Fc (arrowheads). Treatment with
GST-RAP blocks the binding of these proteins to CCRs (Fig.
1C). These results demonstrate that the recombinant Fc-fusion
proteins, CCRII and CCRIV, are functional in ligand binding
and may be used to identify LRP1 ligands.

Identification of LRP1 Ligands in CNS Myelin by Tandem
Mass Spectrometry—CCRII, CCRIV, or Fc were incubated with
CNS myelin protein extracts. Associated proteins were recov-
ered by protein A-agarose pulldown as described above. As a
control, CCRII, CCRIV, and Fc were preincubated with a
20-fold molar excess of GST-RAP to inhibit ligand binding.
Preparations were trypsin-digested, and the resulting peptides
were identified by mass spectrometry using an LTQ-Orbitrap.
As an additional control, fusion proteins also were analyzed
without incubation with myelin extracts to identify ligands
derived from CHO-K1 cells, which may co-purify with the
CCRs. Using the described method, 72 proteins were identified
as ligands for CCRII and CCRIV (supplemental Table 1). As
expected, LRP1 peptides were present only when CCRs were
analyzed and not Fc. LRP1 peptide abundance was not affected
by the presence of myelin protein or by a large excess of GST-
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RAP, indicating that these reagents did not influence CCR-
binding to protein A-agarose. LRP1 partners identified in our
screens were separated into two categories: myelin-specific
LRP1 ligands (Table 1 and Fig. 24) and CHO-K1 cell proteins
co-purifying with CCRs (Table 2 and Fig. 2B). When CCRII and
CCRIV were used to identify myelin-specific LRP1 ligands
(Table 1 and Fig. 24), we confirmed the binding of MBP and
myelin-associated glycoprotein, two proteins that we have pre-
viously reported as ligands for LRP1 (4, 14). The myelin pro-
teins, CNP and PLP, also were identified as ligands for LRP1
using our screen.

Surprisingly, myelin-specific CCR partners included many
intracellular proteins. We identified members of the septin
family (septins 2, 4, 7, and 8) and microtubule-associated pro-
teins, Mtapla and Mtaplab, as novel LRP1 ligands (Table 1 and
Fig. 2A). As shown in Table 2 and in Fig. 2B, 10 proteins co-pu-
rified at significant levels with CCRII and CCRIV when the
fusion proteins were expressed in CHO-KI1 cells. This list
includes known LRP1 ligands such as RAP, matrix metallopro-
teinase-9, and tissue inhibitor of metalloproteinase 2 (37, 38)
together with previously unidentified LRP1 ligands, such as the
proteases matrix metalloproteinase-19 and legumain, and the
extracellular matrix proteins SPARC and collagen 5 (col5a2).
As anticipated, following GST-RAP treatment, the spectral
counts for RAP binding to CCRII and CCRIV increased from 10
to 71 and from 15.2 to 46.2, respectively. This result shows that
exogenous RAP can efficiently bind to the CCRs.

In both categories of LRP1 ligands, comparable binding to
CCRII and CCRIV was most frequently observed. However, we
were also able to identify proteins that bind specifically to
CCRII or CCRIV, but not both. Collagen 5 (Col5a2), PAD2 or
Padi2,and MYO18 (Myo18a) bind only to CCRIL, whereas legu-
main, tissue inhibitor of metalloproteinase 2, and FHL1 (four
and a half LIM domains 1) bind only to CCRIV (Fig. 2B). Taken
together, our results suggest that the binding sites for a variety
of LRP1 ligands reside within a specific domain of LRP1, allow-
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FIGURE 2. Identification of LRP1 CCR ligands. A, myelin proteins interacting
with LRP1 CCRs were as follows: Cnp, CNP; Sept7, septin-7; Mtap1b, microtu-
bule-associated protein-1b; Sept2, septin-2; Sept8, septin-8; Padi2, PAD2;
Mtap1a, microtubule-associated protein-1a; Plcb1, phosphatidylinositol-bis-
phosphate phosphodiesterase B-1; Sept4, septin-4; Glul, glutamine synthe-
tase. B,endogenous proteins associating with LRP1 CCR were as follows: Glg1,
Golgi glycoprotein-1; Lgmn, legumain; Timp2, tissue inhibitor of metallopro-
teinase-2; Sparc, secreted protein acidic and rich in cysteine; Fhl1, four and a
half LIM domains protein 1; Mmp19, matrix metalloproteinase-19; Hpse, hepa-
ranase; Mmp9, matrix metalloproteinase-9; Fcho2, FCH domain only pro-
tein-2; Col5a2, collagen 5.

ing inhibitor design for targeted disruption of specific LRP1-
ligand interactions.

PAD2 and CNP Are Novel LRP1 Ligands in Myelin—To val-
idate the results obtained using proteomics we chose a candi-
date approach. We selected two myelin-specific proteins, CNP
and PAD2, as targets for validation, due to the proposed
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involvement of these proteins in neurodegeneration and MS.
CNP is a major protein component of myelin, an early marker
of oligodendrocyte myelination (39), and a potential auto-anti-
gen in MS (20, 21). The proposed function of CNP is to mediate
the compaction of myelin by organizing the tubulin network
(40). PAD?2 is a member of the PAD family of Ca®>"-dependent
enzymes, which catalyze the post-translational modification of
protein arginines, in a process called deimination or citrullina-
tion (24). PAD2 expression and the level of citrullination cor-
relate with active disease in both human MS and the animal
models of MS (25-30).

We first confirmed binding of PAD2 and CNP to CCRII and
CCRIV by immunoblot analysis. As shown in Fig. 34, PAD2 in
whole CNS myelin interacted with CCRIL, but not with CCRIV
or Fc, confirming the results of our proteomic analysis (Fig. 34).
CNP bound to both CCRII and CCRIV but not the control
protein Fc (Fig. 3B). GST-RAP treatment completely inhibited
association of both PAD2 and CNP with the CCRs (Fig. 3).

We next determined whether recombinant PAD2 and CNP
bind to full-length LRP1. We expressed PAD2 as a His-tagged
fusion protein and CNP as a GST-tagged fusion protein in bac-
teria, as described under “Experimental Procedures.” Protein
preparations were first tested for purity by SDS-PAGE. As
shown in Fig. 4, recombinant PAD2 and CNP migrated as single
bands with an apparent size of 80 and 60 kDa, respectively, as
anticipated (Fig. 4A4). Binding of PAD2-His and GST-CNP to
LRP1 was then evaluated using an ELISA format. Purified LRP1,
fibronectin, and BSA were immobilized in microtiter plates.
Recombinant PAD2-His bound to LRP1, but did not bind to
purified fibronectin or BSA under the same conditions (Fig.
4B).

To study binding of LRP1 to CNP, BSA, GST, GST-CNP, and
GST-RAP were immobilized in microtiter plates. Shed LRP1,
which was purified from human plasma, was then incubated
with the immobilized proteins. Binding of shed LRP1 to GST-
CNP wells was significantly increased compared with binding
to BSA or GST alone (Fig. 4C). Shed LRP-1 binding to immo-
bilized GST-RAP was used as a positive control.

LRP1 Is Citrullinated by PAD2—Protein citrullination con-
verts positively charged arginine residues into the neutral resi-
due, citrulline, which can substantially alter protein structure
and function (23). To test whether LRP1 is a target for PAD2-
mediated citrullination, we performed in vitro citrullination
assays. RAW 264.7 cell protein extracts were incubated with or
without PAD2 in the presence or absence of Ca?". LRP1 was
then recovered by affinity precipitation with GST-RAP, and
samples were subjected to immunoblot analysis. As is shown in
Fig. 54, when cell extracts were incubated with PAD2 in the
presence of Ca*>*, LRP1 citrullination was readily detected. As
expected, LRP1 was precipitated under all conditions. Other
proteins also were citrullinated by PAD2, as determined by
immunoblotting for citrullinated proteins in the RAW 264.7
cell extracts. As a control, we determined that levels of LRP1
and Grp78 were present in equal quantity in the initial cell
extracts incubated with PAD2.

Next, we examined whether LRP1 can be citrullinated in
whole brain extracts (Fig. 5B). Protein extracts from mouse
brain were prepared and supplemented with Ca®>* alone, or
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TABLE 2
Proteins co-purifying with CCRIl and CCRIV in CHO-K1 cells
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The gene products below were identified by tandem mass spectrometry as partners for LRP1 CCRs with (+) or without (—) RAP. Mean spectral counts and S.D. are shown

(n = 3).
Gene
name Fc CCRII CCRIV Fc CCRII CCRIV
RAP - - - + + +
Lrpl 00 29.2 + 0.1 75 + 0.2 33x17 22.6 = 0.1 58.5 = 0.3
Glgl 0+0 68.5 = 0.1 717 0.2 07 =17 305 1+08
Lgmn 00 0+0 157 £ 0.3 0.7 £ 0.9 0+0 0+0
Lrpapl 04+ 14 10 £ 02 152+ 0.1 3+17 71 %02 462 =02
Timp2 0+0 1+08 12203 030 = 1.7 00 020 2
Sparc 0+0 167 £ 0.1 102 0.3 00 0.7 =09 0713
Fhil 00 0+0 4.7 =05 0+0 00 05*2
Mmp19 0+0 6.7 = 0.1 4.5+0.3 00 1.3+ 04 403
Hpse 0+0 9.7 + 0.4 3+03 03+17 03+ 17 00
Mmp9 00 32%05 12+08 0+0 00 0+0
Fcho2 0+0 20 1+08 00 00 00
Col5a2 00 5+ 0.76 0+0 00 0+0 0+0
A GST-RAP Cell surface proteins were labeled with membrane imperme-
Q R < able biotin and recovered by streptavidin affinity precipitation.
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FIGURE 3. PAD2 and CNP bind to specific CCRs. Purified myelin protein
extracts were incubated with Fc, CCRII, and CCRIV in the presence or absence
of GST-RAP as described under “Experimental Procedures.” Fc and CCR were
recovered with protein A-agarose beads. Samples and myelin extracts were
analyzed by immunoblot to detect PAD2 (A) and CNP (B). The vertical line was
used to highlight a longer exposure of the same membrane to show expres-
sion of PAD2 in myelin extract. Arrows indicate GST-RAP recognized by the
anti-PAD2 mouse serum developed against a GST-PAD2 fusion protein.

with recombinant PAD2 and Ca®>*. LRP1 was recovered by
affinity precipitation with GST-RAP and protein citrullination
was examined. As is shown in Fig. 5B, in the absence of added
Ca®", we did not detect citrullination of LRP1. However, when
we added Ca®" to the brain extracts, to activate endogenous
PAD, LRP1 citrullination was observed. Because PAD2 is the
only member of the PAD family expressed in the healthy CNS,
it is reasonable to conclude that endogenous PAD2 citrullinates
LRP1 (24). Adding recombinant PAD2 to mouse brain extracts,
in the presence of Ca®>"*, induced robust LRP1 citrullination.
(Fig. 5B).

In the CNS extracts, LRP1 was one of many proteins that are
citrullinated by PAD2, as determined by immunoblot analysis
for citrullinated proteins in protein extracts (Fig. 5B). Next, we
sought to determine whether extracellular PAD2 can citrulli-
nate cell surface proteins. LRP1-positive and -deficient fibro-
blasts were treated with recombinant PAD2 for 6 h at 37 °C.
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Affinity precipitates were then analyzed by immunoblot for the
presence of citrullination and LRP1. As is shown in Fig. 64,
PAD?2 induces a robust citrullination of cell surface proteins.
Furthermore, cell surface citrullination is increased in LRP1
positive cells (Fig. 64). LRP1 was only detected in LRP1 positive
cells, as expected.

We further tested whether PAD2-mediated citrullination of
cell surface proteins affects the endocytic function of LRP1.
LRP1-positive and -deficient fibroblasts, previously treated
with recombinant PAD2 for 3 h at 37 °C, were incubated with
GFP-RAP for 3 h (Fig. 6B). After extensive washing, GFP fluo-
rescence was assessed by flow cytometry as a measure of LRP1-
mediated endocytosis. No fluorescence was detected with
LRP1-deficient cells, as expected (Fig. 6B). PAD2 treatment
induces a small but significant decrease (12 = 2%, n = 4) in
GFP-RAP association with LRP1-positive cells. Therefore, our
data suggests that citrullination of cell surface proteins by
PAD?2 can decrease the endocytic function of LRP1.

LRP1 Is a Phagocytic Receptor for Necrotic Cells—Multiple
LRP1-specific ligands identified in our proteomic screen are
myelin-enriched cytoplasmic proteins, including components
of the cytoskeleton. We thus hypothesized that LRP1 could be a
novel receptor involved in the clearance of necrotic cells and
cellular debris. To test this hypothesis, we prepared two types of
necrotic cells by heat shock treatment: the T cell-like Jurkat cell
line and the oligodendrocyte cell line N20.1 (34). Four hours
post induction of necrosis, >95% of the cells are trypan blue-
positive, indicating the loss of plasma membrane integrity (data
not shown). Furthermore, necrotic Jurkat cells were 95% posi-
tive for both annexin-5 and 7-amino-actinomycin D when ana-
lyzed by flow cytometry (Fig. 7A). Finally, necrotic N20.1 cells
showed ruffling of the plasma membrane when compared with
live cells by phase contrast microscopy (Fig. 7B).

Necrotic Jurkat cells were labeled with CypHer5, a pH-sen-
sitive fluorescent dye (41), and added to CFSE-labeled LRP1
positive and deficient fibroblasts. After 2 h of incubation at
37 °C, engulfment of necrotic cells was analyzed by flow cytom-
etry. As shown in Fig. 7, LRP1-positive cells are phagocytosing
necrotic Jurkat cells more efficiently than LRP1-deficient cells
(2.7-fold increase, p < 0.0001, n = 3; Fig. 7, C and D). On the
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FIGURE 4. PAD2 and CNP interact with full-length LRP1. A, PAD2-His and
GST-CNP were expressed as fusion proteins in bacteria and subjected to SDS-
PAGE with Coomassie staining. B, BSA, FN (Fibronectin), and LRP1 were
adsorbed onto plastic wells and incubated with purified PAD2-His. PAD2
binding to the immobilized phase was detected in an ELISA format, using
anti-PAD2 serum, as described under “Experimental Procedures.” ***, p <
0.001.C, BSA, GST, GST-CNP, and GST-RAP were adsorbed onto plastic wells as
described under “Experimental Procedures” and incubated with soluble
human LRP1. LRP1 binding to the immobilized phase was detected in an
ELISA format, using LRP1 a-chain-specific antibody 8G1. ***, p < 0.001.

other hand, engulfment of live Jurkat cells was not significantly
different between LRP1-positive and -deficient fibroblasts. In a
complimentary approach, when LRP1-positive fibroblasts were
pretreated with an LRP1 antagonist (GST-RAP), engulfment of
necrotic cells was inhibited to the levels observed in LRP1-de-
ficient cells (supplemental Fig. 1A4). To next examine the func-
tion of LRP1 in the phagocytosis of CNS myelin debris, we
repeated necrotic cell internalization experiments using the
microglial cell line BV2 as model phagocytes and the oligoden-
drocyte cell line N20.1 as model necrotic cells (34, 42). When
BV2 were pretreated with GST-RAP, phagocytosis of necrotic
oligodendrocytes was inhibited by 35% (p < 0.001, n = 6; Fig. 7,
E and F), whereas no significant difference was detected with
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FIGURE 5. LRP1 is a substrate for PAD2-mediated citrullination.
A, RAW264.7 cell extracts were incubated with or without purified PAD2 and
CaCl,, as described under “Experimental Procedures.” LRP1 was then purified
using GST-RAP pulldown. Samples and input were analyzed by immunoblot-
ting (IB) using LRP1 a-chain-specific antibody or with an antibody specific for
citrullinated proteins. Grp78 immunoblot was used as a control of protein
load. B, brain protein extract was incubated with or without CaCl,, or with
CaCl, and purified PAD2, as described under “Experimental Procedures.”
LRP1 was then purified using GST-RAP pulldown. Samples and input were
analyzed by immunoblotting using LRP1 a-chain-specific antibody or with an
antibody specific for citrullinated proteins.

live oligodendrocytes following GST or GST-RAP treatment.
Finally, endocytosis of necrotic oligodendrocytes was also
inhibited in LRP1-deficient fibroblasts (supplemental Fig. 1B).

Together, our results demonstrate that LRP1 binds intracel-
lular proteins present in myelin. We also describe a new func-
tion for LRP1 as a phagocytic receptor for necrotic cells and
cellular debris that could be present in the CNS.

DISCUSSION

Proper clearance of dead cells is critical for tissue homeosta-
sis. Defects in apoptotic cell clearance can lead to secondary
necrosis and release of cellular components into the extracellu-
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lar environment, generating an inflammatory stimulus that
could lead to the development of autoimmune diseases, includ-
ing MS (3, 43).

LRP1 was recently reported to function as a phagocytic
receptor for apoptotic cells and myelin debris (4 —6). Although
LRP1 was originally described as a scavenger receptor for extra-
cellular proteins (9), it is now clear that LRP1 function is more
complex than just mediating endocytosis (9). LRP1 can regulate
cell signaling events and functions in inflammation and neuro-
genesis (12, 44).

The goal of the present study was to characterize LRP1
ligands present in CNS myelin. The LRP1 ligand-binding
domains CCRII and CCRIV were prepared as fusion proteins
and used in an affinity-based proteomics screen. Using this
approach, we identified >70 ligands for LRP1. These ligands
could be separated into two categories based on their cellular
localization: extracellular and intracellular proteins. Some of
the proteins were identified because of their ability to co-purify
with the CCRs during expression and purification (Table 2 and
Fig. 2B). This category included known ligands for LRP1, such
as RAP, matrix metalloproteinase-9, and tissue inhibitor of
metalloproteinase 2 (16, 37, 38). The most abundant LRP1
ligand discovered in the extracellular protein category is a
member of the FGF receptor family: Golgi glycoprotein 1
(GLG1)/cysteine-rich fibroblast growth factor receptor/E-se-
lectin ligand 1. GLG1 function remains elusive but studies using
GLG1 knock-out mice suggest a role during development as an
FGF18 receptor (45). Furthermore, GLG1 is an E-selectin
ligand involved in leukocyte extravasation during inflammation
(46). By mediating the removal of GLG1 from extracellular
spaces, LRP1 may modulate leukocyte migration.

We also identified membrane bound myelin-specific pro-
teins during our screen. We confirmed the interaction of MBP
and myelin-associated glycoprotein with LRP1 (Table 1 and
supplemental Table 1) (4, 14) and also detected PLP1 as LRP1
ligands (Table 1). The most surprising result we obtained by
proteomics screening was the identification of numerous
intracellular LRP1 ligands in myelin (Table 1). These
included cytoskeleton proteins such as septin 2, 4, 7, and 8;
MTAPIla and 1b; and ROCK. MTAP and septins are known
components of myelin (47-49). As myelin wraps multiple
times around the axon, the formation and maintenance of
the myelin sheath is dependent on the cytoskeleton, proba-
bly explaining the abundance of cytoskeletal proteins in
myelin preparations (50).

We selected two intracellular proteins as candidates for val-
idation as LRP1 binding partners: CNP and PAD2. CNP is a
major component of myelin, with a potential role in myelin
formation and compaction (40). Clearance of CNP by LRP1
may be critical because it has been identified as a potential
auto-antigen in MS (21), and auto-reactive populations of
CNP-specific T cells were identified in MS patients with active
disease (20). Similarly, PAD2 is a common component of the
CNS myelin (24), and its up-regulation is thought to be an early
marker of demyelinating disease due to the reduced stability of
the citrullinated protein components of the myelin sheath (25).
We demonstrate here that LRP1 is a potential regulator of
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Jurkat cells for 2 h. After washing, fibroblast-associated CypHer fluorescence was analyzed by flow cytometry. D, results are normalized to the difference of
CypHer median fluorescence between LRP1-positive cells incubated with necrotic cells and untreated LRP1-positive cells (a representative of two independent
experiments is shown; ****, p < 0.0001). E, BV2 cells were incubated with live or necrotic CypHer-labeled N20.1 cells for 30 min. After washing, BV2 were stained
with CD11b-Alexa Fluor 488 antibody and BV2-associated CypHer fluorescence was analyzed by flow cytometry. F, results are normalized to the difference of
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is shown). *** p < 0.001. ns, not significant.

demyelination via interaction with CNP and PAD2. Further-
more, LRP1 can itself be post-translationally modified, at least
in vitro, by endogenous PAD2 present in brain extract. We also
demonstrate that LRP1 function in endocytosis is regulated by
extracellular PAD2-mediated citrullination. Whether PAD2-
mediated citrullination affects endocytosis of only a subset, or
all LRP1 ligands, remains to be determined.

Finally, we demonstrate here for the first time a new function
for LRP1 in clearing necrotic debris. LRP1 has been previously
described as a phagocytic receptor for apoptotic cells (5, 6). In
this study, we demonstrate that LRP1 function was required for
optimal engulfment by both non-professional (fibroblasts) and
CNS professional (microglia) phagocytes of necrotic T cells and
necrotic oligodendrocytes. Removal of dead and dying oligo-
dendrocytes and infiltrating or resident activated lymphocytes
could be of critical importance in neuroinflammatory states

4546 JOURNAL OF BIOLOGICAL CHEMISTRY

such as MS, as a means of removal of potential auto-antigens
and danger signals.

In conclusion, our study demonstrates that LRP1 specifically
associates with numerous proteins in myelin and is a novel phag-
ocytic receptor for necrotic cells. To our knowledge, we are the
first to describe that LRP1 can interact with a variety of cytoplas-
mic proteins through the extracellular domain. Our results
strongly indicate that the function of LRP1 extends beyond regu-
lation of extracellular matrix and cell surface proteins and is con-
sistent with the proposed function of LRP1 in mediating the
removal of apoptotic cells and necrotic debris during inflamma-
tory diseases of the CNS, including MS. Further elucidation of the
mechanisms by which LRP1 may regulate inflammatory diseases
could pave the way for the development of therapeutic treatments,
perhaps based on CCRII and CCRIV, which would be utilized to
inhibit inflammation and the autoimmune response.
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