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Immunoglobulin G1 Antibodies Against Phosphorylcholine
Are Associated With Protection in Systemic Lupus
Erythematosus and Atherosclerosis: Potential Underlying
Mechanisms

D. Thiagarajan,’ R. Fiskesund,” A. Frostegard,' J. Steen,' M. Rahman,' M. Vikstrém," S. Lundstrém," and
J. Frostegard'

Objective. Immunoglobulin M antibodies against phosphorylcholine (anti-PCs) may be protective in atherosclerosis,
cardiovascular disease (CVD), and systemic lupus erythematosus (SLE). We study immunoglobulin G1 (IgG1) and
immunoglobulin G2 (IgG2) anti-PCs, with a focus on atherosclerosis and SLE.

Methods. We determined anti-PCs by using the enzyme-linked immunosorbent assay in 116 patients with SLE
and 110 age- and sex-matched controls. For functional studies, we used three in-house—generated, fully human
monoclonal IgG1 anti-PCs (A01, D05, and EO1). Apoptosis was induced in Jurkat T cells and preincubated with
A01, D05, EO1, or IgG1 isotype control, and effects on efferocytosis by human macrophages were studied. Anti-PC
peptide/protein characterization was determined using a proteomics de novo sequencing approach.

Results. IgG1, but not IgG2, anti-PC levels were higher among patients with SLE (P = 0.02). IgG1 anti-PCs were
negatively associated with Systemic Lupus International Collaborating Clinics (SLICC) damage index and Systemic
Lupus Erythematosus Disease Activity Index (SLEDAI) scores (odds ratio [OR]: 2.978 [confidence interval (CI):
0.876-10.098] and OR: 5.108 [CI 1.3-20.067], respectively) and negatively associated with CVD, atherosclerotic
plagues, and echolucent plaques (potentially vulnerable plaques), but the association for the two former was not
significant after controlling for confounders. D05 had a maximum effect on macrophage efferocytosis efficiency,
followed by A0O1 and EO1. The monoclonal antibodies showed differential binding specificity to PC and PC-
associated neoepitopes. A peptide analysis showed a difference in the complementarity-determining region 3
of the three IgG1 anti-PC clones that are crucial for recognition of PC on apoptotic cell surfaces and other
neoepitopes.

Conclusion. IgG1 anti-PCs are negatively associated with disease activity and disease damage in SLE, but the
negative association with CVD is also dependent on confounding risk factors. One potential underlying mechanism
could be increased clearance of dead cells.

What is already known about this subject?

e Low levels of immunoglobulin M antibodies against phosphorylcholine (anti-PCs) is more common in patients
with systemic lupus erythematosus (SLE) compared with controls and is associated with increased prevalence
of vulnerable plague among patients with SLE.

What does this study add?

¢ |Immunoglobulin G1 (IgG1) anti-PCs are negatively associated with disease activity, disease damage, cardiovas-
cular disease, and measures of atherosclerosis in SLE.
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e \We have produced in-house, fully human monoclonal antibodies of the IgG1 isotype that increase apoptotic
cell uptake efficiently and reduce inflammation induced by lipopolysaccharide. Effects varied depending on the

clone used.

¢ A peptide analysis showed a difference in the complementarity-determining region 3 of the three 1gG1 anti-
PC clones that are crucial for the recognition of phosphorylcholine (PC) on apoptotic cell surfaces and other

neoepitopes.

How might this impact clinical practice or future developments?
e Measurement of IgG1 anti-PCs, along with other autoantibodies, could improve prevention in patients with

SLE with vascular implications.

¢ Anti-PCs could be developed as a novel treatment in SLE, either as monoclonal antibodies or as a vaccine with PC.

INTRODUCTION

Phosphorylcholine (PC) is an important component in cel-
lular membranes and in lipoproteins that is exposed and recog-
nized by the immune system when cells undergo apoptosis or
when lipoproteins, such as low-density lipoprotein (LDL), undergo
oxidation. PC is also exposed in some microorganisms, includ-
ing nematodes and bacteria (non-self). PC can be exposed on
protein, lipid, or carbohydrate carriers, and antibodies against PC
(anti-PCs) of the immunoglobulin M (IgM) isotype are prevalent,
constituting as much as 5% to 10% of the circulating IgM pool
1. PC exposed on oxidized phospholipids in oxidized low-density
lipoprotein (OxLDL) contributes to activation of immune cells such
as T lymphocytes and macrophages 2.

We reported that IgM anti-PCs are negatively associated with
cardiovascular disease (CVD), including stroke and myocardial
infarction (MI), atherosclerosis development, and mortality after Ml
1,3,4. IgM anti-PCs could also play a role in systemic lupus ery-
thematosus (SLE) because low levels of IgM anti-PCs are associ-
ated with atherosclerotic plaques, vulnerable plaques in SLE, and
disease activity 5,6. These and similar findings have largely been
confirmed and extended into other diseases such as vasculitis
and even osteoarthritis 7-12.

Efficient phagocytosis of dead and dying cells is essential
for maintaining tissue homeostasis. If not cleared in the early
stages, secondary necrosis and eventual accumulation may con-
tribute to the development of autoimmune diseases such as SLE
13. Of note, atherosclerosis is an inflammatory process in which
activated immune-competent cells, OxLDL, and dead cells in a
necrotic core are key elements 1. In both atherosclerosis and SLE,
clearance of dead cells is thus a problem, and both CVD and
prevalence of atherosclerotic plaques are increased in SLE 5,6.
Extensive studies in the past decades have shown various func-
tions that could explain underlying protective properties of anti-
PCs, especially the IgM isotype 1.

Although there has been extensive focus on the IgM isotype,
immunoglobulin G (IgG) anti-PCs and especially immunoglobu-
lin G1 (IgG1) and immunoglobulin G2 (IgG2) anti-PCs still have
not been elaborately studied. Their putative role was explored in
infection 14 but not in chronic inflammatory diseases (such as

SLE) and CVD complications, although we determined that 1gG1
anti-PC, in contrast to IgG2 anti-PC, is a protection marker in ath-
erosclerosis development 15. In this study, we report the protec-
tive role of IgG1 anti-PCs in SLE and a possible mechanism using
in-house—-produced anti-PC IgG1 clones.

MATERIALS AND METHODS

Subjects with SLE. One hundred sixteen patients with SLE
and their age- and sex-matched controls were recruited at the
Karolinska University Hospital in Huddinge, Sweden. The study,
the SLE Vascular Impact Cohort (SLEVIC), has been described
elsewhere 5. All patients with SLE fulfilled the 1982 revised crite-
ria of the American College of Rheumatology (ACR) for SLE. The
study was approved by the Karolinska Institutet Research Ethics
Committee and was done in accordance with the Declaration of
Helsinki. All subjects gave informed consent before entering the
study.

The SLEVIC study included a written questionnaire, an inter-
view, and a physical examination by a rheumatologist. In addition,
there were laboratory determinations of routine and other blood
samples and an ultrasound examination of the carotid arteries.
SLE activity was determined with the Systemic Lupus Activity
Measure (SLAM) and the Systemic Lupus Erythematosus Disease
Activity Index (SLEDAI) 16. To determine organ damage, we used
the Systemic Lupus International Collaborating Clinics (SLICC)
damage index 16.

Determination of atherosclerosis and atheroscle-
rotic plaques. We studied characteristics of atherosclerosis
among patients and controls using B-mode carotid ultrasound.
We have described the ultrasonographic methods used herein
in detail previously 5,17,18. Briefly, the carotid arteries were
examined with a duplex scanner (ACUSON Sequoia Ultrasound;
Siemens Healthineers) using a 6-MHz linear array transducer 5.
The far wall of the common carotid artery (CCA), 0.5 to 1.0 cm
proximal to the beginning of the carotid bulb, was used for meas-
urements of the intima-media thickness (IMT), defined as the dis-
tance between the leading edge of the lumen-intima echo and
the leading edge of the media-adventitia echo. The CCA lumen
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diameter was defined as the distance between the leading edge
of the intima-lumen echo of the near wall and the leading edge
of the lumen-intima echo of the far wall. The examinations were
digitally stored for subsequent computer analyses 19. The mean
values of the IMT and lumen diameter within the 10-mm long sec-
tion were calculated. When a plaque was observed in the region
of the CCA measurements, the IMT was not measured.

A carotid plague was defined as a localized intima-media
thickening greater than 1 mm and at least a 100% increase in
thickness compared with adjacent wall segments. Plaque was
screened for in the common, internal, and external carotid arter-
ies. Plaque occurrence was scored as the absence of plaque, the
presence of unilateral plaque, and the presence of bilateral plagque.
Plaque morphology in terms of echogenicity was assessed in
a modified version of the classification proposed by Gray-Weale
et al 20 and graded from 1 to 4: 1) echolucent, 2) predominantly
echolucent, 3) predominantly echogenic, and 4) echogenic.
Echolucency was defined with the arterial lumen as reference and
echogenicity with the far wall adventitia as reference.

IgG1 anti-PC generation. Monoclonal antibodies
(mAbs) were produced as described previously 21. Briefly,
the mAbs AO01, D05, and EO1 against PC were isolated from
single PC-reactive B cells of the healthy human donors. The
complementary-DNA was synthesized and cloned into expres-
sion vectors containing human immunoglobulin y (Igy), immuno-
globulin A (IgA), or immunoglobulin K (Igk). The antibodies were
produced by cotransfection of exponentially growing human
embryonic kidney cells. After 7 days of cultures, the proteins
were purified by protein G chromatography column. The anti-
body protein purity and the expression of heavy and light chains
were confirmed by sodium dodecy! sulfate—polyacrylamide gel
electrophoresis. The antibody affinity to PC hapten was meas-
ured by surface plasmon resonance on the Biacore X-100 (GE
Healthcare). Isotype control 1 (ET-901) was purchased from
Eureka Therapeutics.

Antigens and generation of oxidation products. To
test the antibody binding to different oxidation-specific epitopes
(OSEs), antigens exposing PC were chosen for the study. 1-pal-
mitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine  (POVPC)
was purchased from Avanti Polar Lipids and conjugated with
bovine serum albumin (BSA), as described elsewhere 22. Phos-
phatidylcholine (PtC) and BSA were also purchased from Sigma.
The capsular polysaccharide (C-PS) was a kind gift from Profes-
sor Birgitta Norrmark Henriques. Lipopolysaccharide (LPS) was
purchased from Sigma-Aldrich (L4391).

Cell culture. Buffy coats from healthy blood donors were
bought from the Karolinska University Hospital blood bank. Periph-
eral blood mononuclear cells were isolated using Ficoll-Paque
Plus (GE Healthcare) and differentiated into M2 macrophages with

50 ng/ml macrophage colony stimulating factor (MCSF) (Immuno-
Tools) at a density of 5 x 10° cells per mlin Roswell Park Memorial
Institute Medium (RPMI) media (Gibco; Life Technologies) in a
24-well plate. Media were replaced at day 3 and restimulated with
50 ng/ml MSCF again. Cells were subjected to phagocytosis at
days 4 to 5 depending on their level of attachment.

For the phagocytosis assay, Jurkat T cells were purchased
from the American Type Culture Collection (ATCC) and grown in
a continuous culture in RPMI media according to manufacturer’s
instruction and subjected to apoptosis as described below. THP1
cells were bought from ATCC, cultured according to the manufac-
turer’s instruction, and stimulated with LPS, as indicated, to study
anti-inflammatory effects.

IgG1 and IgG2 isotype measurement in SLEVIC. A
standard enzyme-linked immunosorbent assay (ELISA) was per-
formed to measure IgG1 and IgG2 anti-PCs in serum samples of
patients and controls from SLEVIC. The plates were coated with
a 10-pg/ml concentration of phosphorylcholine conjugated with
BSA (PC-BSA) and incubated at 4°C overnight. The plates were
washed and blocked with 2% BSA for at least an hour. Standards
and samples were diluted at 1:100 dilution and added at 100 ul
per well and incubated for 2 hours at room temperature. After
repeated washing, biotin-conjugated secondary antibodies IgG1
(B6775; Sigma) and IgG2 (15635; Sigma) were added at 1:1000
and 1:20000 dilution at 100 ul per well. Color was developed
using 3,3,5,5-tetramethylbenzidine (TMB) (Life Technologies);
the reaction was stopped with stop solution 1N H,SO,, and the
reaction was read at 450 nm using an ELISA plate reader (Spectra
Max 250; Molecular Devices). Pilot experiments indicate that there
is no cross-reactivity between the secondary antibodies (data not
shown).

Binding of anti-PCs to antigens and competition
inhibition by ELISA. Binding was assessed using the standard
ELISA procedure. A Nunc immunosorbent plate was coated with
(PC-BSA) at a 10-pg/ml concentration at 4°C overnight. The plate
was washed and blocked with 2% BSA for 1 hour. Samples (AO1,
D05, EO1, and an isotype control) at various concentrations (20,
10, 5, 2.5, 1.25, 0.625, and 0.3125 ug) were added at 100 pl per
well and incubated for 2 hours. In addition, an IgG secondary anti-
body (Sigma) conjugated with horseradish peroxidase was added
at a concentration of (1:60000) 100 pl per well and incubated
further for 2 hours. The color was developed using TMB (Life
Technologies) at 100 pl per well and stopped with 1N H,SO,. The
plate was read in an ELISA plate reader (Spectra Max 250; Molec-
ular Devices) at 450 nm. For the competition assay, the plate was
coated at a 10-pg/ml concentration of the mentioned antigen, and
the antibody was coated with the different concentration of the
competitor or without the competitor. More than 70% of binding
to the antigen was inhibited by the competitor. The percentage
of inhibition by the competitor was assessed by the following
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formula: ([optical density {OD} value with competitor — OD value
without competitor]/OD value without competitor) x 100.

Antibody binding and complement deposition to
apoptotic cells. To assess the binding of anti-PC clones or the
isotype control to the apoptotic Jurkat cells, cells induced apopto-
sis by incubating with CD95 Fas ligand (catalog No. SY-001; MBL
International) for apoptosis or by heat killing (necrosis). Apoptotic
cells without any antibodies are used as experimental controls.
Apoptosis was assessed using annexin A5 (fluorescein isothiocy-
anate) and 7-aminoactinomycin D (7-AAD) (catalog No. 559763;
BD Biosciences) (not shown). The apoptotic cells were incubated
with anti-PCs A01, D05, or EO1 or isotype controls at a 1- or 5-
ug/ml concentration for 1 hour, followed by a 30-minunte incuba-
tion with an allophycocyanin-conjugated anti-lgG antibody (cat-
alog No. 409305; BioLegend). Binding efficiency was assessed
using the BD LSRFortessa (BD Biosciences), and at least 10000
events were acquired for analysis. Analysis was done using
FlowdJo 7.5 software. The results are represented as the median
fluorescent intensity of the bound antibodies. The experiments
were repeated at least thrice.

For complement deposition assays (C1g and C3b), the
apoptotic cells were incubated with mAbs AO1, D05, and EO1 and
isotype controls at different concentration (1, 5, or 20 ug/ml) in the
presence of 20% IgG-deficient sera containing RPMI media. The
cells were further incubated with anti-C1q (catalog No. 565327;
BD Biosciences) and anti-C3b antibodies (catalog No. 551531;
BD Biosciences) for 30 minutes in fluorescence-activated cell
sorting (FACS) buffer. The cells were acquired in FACS LSR-
Fortessa, with at least 10000 events, and the acquired events
were analyzed through Flowdo.

Phagocytosis assay. Apoptosis was induced in
5-carboxytetramethylrhodamine  (TAMRA)-labeled  (catalog
No. C2734; Sigma) Jurkat T cells by CD95 ligand (catalog No.
SY-001; MBL International), which was confirmed by annexin
A5 and 7-AAD (catalog No. 559763; BD Biosciences) stain-
ing by flow cytometry (data not shown). Apoptotic Jurkat
cells were incubated with AO1, D05, EO1, or the isotype con-
trol IgG1 (1 pg/ml) in IgG-deficient serum or in a serum-free
condition 1 hour prior to phagocytosis. IgG1 anti-PC—labeled
apoptotic Jurkat cells were fed to mature MCSF-stimulated
M2 macrophages for 60 to 80 minutes in triplicates. For micro-
scopic observation, after 60 minutes, unbound Jurkat cells
were discarded. The cells were washed thoroughly with phos-
phate-buffered saline with 5 mM EDTA at least five times to
completely get rid of loosely bound cells. The washed cells
were formalin fixed for microscopic examination. The cells
were again washed and counter stained with 4',6-diamidi-
no-2-phenylindole with mounting media before pictures were
taken using a Nikon ECLIPSE TE2000-S fluorescent micro-
scope. The cells with at least 250 to 300 cells per area were

chosen, and at least three different regions were chosen for
each well. The cells were merged and counted using Image J
software (National Institutes of Health). Phagocytosis efficiency
was assessed by the number of macrophages up-taking
the TAMRA-labeled Jurkat cells to the total number of mac-
rophages in the given area. Similarly, for the FACS analysis,
the Jurkat cells were labeled with carboxyfluorescein succin-
imidyl ester and fed to macrophages. The cells were washed,
stained with CD11b, PE (BD Biosciences), and acquired in
FACS LSRFortessa for analysis. The phagocytosis efficiency is
represented in a percentage. The experiments were repeated
at least thrice for statistical analysis.

Measurement of cytokines by ELISA. ELISA kits for inter-
leukin 6 (IL-6) were purchased from R&D Systems, and the method
was performed according to the manufacturer’s instructions.

Gene sequence analysis. For each single B cell in the
96-well polymerase chain reaction plate, matching immunoglob-
ulin H (or Igy), Igk, and Igh amplicons were obtained, sequenced
(Eurofins MWG Operon), and analyzed for complementarity-
determining region 3 (CDR3) features and the number of V gene
somatic hypermutation by IgBLAST comparison (Supplementary
Table 1). The immunoglobulin CDR3 length was determined, as
indicated previously 23, using multiple sequence alignment soft-
ware (MUSCLE; European Molecular Biology Laboratory).

Proteomics peptide sequencing, sample prepara-
tion, liquid chromatography-mass spectrometry analy-
sis, and data processing. Samples were treated similarly to
what has previously been described 24. Briefly, prior to the liquid
chromatography (LC)-mass spectrometry (MS/MS) analysis, 1gG
samples (10 pg per sample) were reduced with 20 mM dithio-
threitol for 30 minutes at 56°C and alkylated with 66 mM iodo-
acetamide for 30 minutes in darkness. Trypsin was added (1 : 50
enzyme to protein ratio), and digestion was performed at 37°C
overnight. Peptides were then desalted using C18 HyperSep
Filer Plates (Thermo Fisher Scientific), dried using SpeedVac, and
resuspended in 0.1% formic acid and 0.5% acetonitrile solution.
Samples were kept at 10°C and injected on the column in 5-pl
aliquots containing 0.3 pg of digest. The instrument method was
similar to what has previously been described 25. Briefly, an EASY-
nLC system connected in line to a Fusion Orbitrap mass spec-
trometer (-Thermo Fisher Scientific) was used. Reversed-phase
nano-LC separation of the peptides was performed on a 15-cm
long EASY-Spray column (PepMap, C18, 2 um, 10 nm) using a
2-hour gradient solvent system with 1) water with 2% acetonitrile
and 0.1% formic acid and 2) acetonitrile with 2% water and 0.1%
formic acid. The flow rate was set at 300 nl/min. The mass spec-
trometer was operating in the positive DDA mode. A survey mass
spectrum was acquired in a mass to charge ratio 0f200:1700,
with a nominal resolution of 120000. lon selection for MS/MS was
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Table 1. 1gG1 and IgG2 anti-PCs among patients with SLE and controls

Patients Controls P
No. 116 110
Age, mean +SD,y 47.85+13.35 4931 £12.68 0.45
Female sex, n (%) 102 (87.9) 97 (88.2) 0.89
Current smokers, % 14 15.6 0.47
LDL, mean + SD, mmol/L 25+09 28+0.8 0.031
Homocysteine, mean + SD 13.84 £5.93 10.95+2.30 <0.001
HDL, mean + SD, mmol/L 1.61+0.47 1.68 +0.55 0.29
CRP, mean + SD, mg/ml 45+64 21+32 0.001
Glucose, mean + SD, mmol/L 47 +11 49+09 <0.001
Hypertension, n (%) 64 (5.6) 31 (26.3) <0.001
CVD, % 16.1 23 <0.001
IgG1 anti-PCs, mean + SD, AU 6797 +4.41 55.83 £2.69 0.02
IgG2 anti-PCs, mean £ SD, AU 107.1+9.73 123.7 £10.27 0.2432

Abbreviation: anti-PC, antibody against phosphorylcholine; AU, arbitrary units; CRP, C-reactive protein; CVD,
cardiovascular disease; HDL, high-density lipoprotein; IgG1, immunoglobulin G1; IgG2, immunoglobulin G2;

LDL, low-density lipoprotein; PC, phosphorylcholine; SLE, systemic lupus erythematosus.

The P values are as they stand, in bold.

performed for each precursor with both high resolution (15000)
higher-energy collisional dissociation (HCD) and electron-transfer
dissociation (ETD) fragmentation. Peptide sequences were
confirmed using PEAKS Studio software (Bioinformatics Solution
Inc.) using a combined Swiss-Prot protein sequence database
(April 2013; 20242 entries) and the monoclonal IgG genome light
and heavy chain data information. Peptide mass error tolerance
was set at 10 ppm. MS/MS fragment mass accuracy at 0.05
Da and tryptic digestion was set with a maximum of two missed
cleavages. Carbamidomethylation of cysteine was used as a
fixed modification, whereas the variable modifications were aspar-
agine and glutamine deamidation and methionine oxidation. Pep-
tide sequence quality was set as 1% false discovery rate (FDR), a
post-translational modification (PTM) score of 50, 2% ion intensity,
and de novo-only average local confidence greater than or equal
to 80%.

Statistical analysis. For clinical association studies, we
employed SPSS version 22 (IBM Corporation). A conditional
binary logistic regression was applied for association studies
between antibodies, atherosclerotic plaque, and SLICC and
SLAM index scores. A normal Student’s t test was employed for
other clinical comparisons. All experimental statistical analyses
were conducted using Prism 7 software. Student’s unpaired
t test was employed for all experimental data analyses.

RESULTS

IgG1 and 1gG2 anti-PC levels and other baseline
characteristics. The baseline characteristics of patients with
SLE are shown in Table 1. Briefly, patients with SLE are character-
ized by raised blood pressure or hypertension (P < 0.001), raised
C-reactive protein levels (P < 0.001), raised homocysteine levels
(P < 0.001) and decreased LDL levels (P = 0.03). The patients
with SLE possessed higher CVD risk compared with controls,

as shown in Table 1. A Significantly higher prevalence of CVD
(P < 0.001) was observed in patients with SLE (16.1%) compared
with controls (2.3%). Similarly, the prevalence of both atheroscle-
rotic plague and echolucent plaque was increased among patients
with SLE, as described in Supplementary Table 1 (P < 0.05). The
lgG1, but not the IgG2, anti-PC level was significantly higher in
patients with SLE (P = 0.02) compared with controls (Table 1). The
secondary antibodies did not cross-react with the other isotypes.

Table 2. Association of IgG1 anti-PCs in relation to disease activity
and organ damage scores in patients with SLE: SLAM index, SLICC
damage index, and SLEDAI®

OR cl 2
Association between IgG1
anti-PCs and the SLAM index
>66th percentile 113 0.506-2.523 0.7659

<50th percentile 1.021 0.473-2.203 0.9581
<33rd percentile 1425 0.638-3.186 0.3876
<25th percentile 2418 0.818-4.579 0137

<10th percentile 2.717 0.802-9.202 0.1083

Association between IgG1
anti-PCs and the SLICC index

>66th percentile 0.632 0.272-1.466 0.2845
<50th percentile 1649 0751-3.62 02127
<33rd percentile 27 1.193-6.111 0.0172
<25th percentile 2165 0.911-5.149 0.0805
<10th percentile 2975 0.876-10.098 0.0804

Association between IgG1
anti-PCs and the SLEDAI

>66th percentile 0718 0.322-1.599 0.4167
<50th percentile 0.941 0.473-1.99 0.8746
<33rd percentile 1479  067-3.262 0.3327
<25th percentile 3.214  1.337-7728 0.0091
<10th percentile 5108  1.3-20.067 0.0195

Abbreviation: anti-PC, antibody against phosphorylcholine; Cl,
confidence interval; IgG1, immunoglobulin G1; OR, odds ratio; SLAM,
Systemic Lupus Activity Measure; SLE, systemic lupus erythematosus;
SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; SLICC,
Systemic Lupus International Collaborating Clinics.

°A conditional logistic regression above the mean was applied for all
the parameters.

The P values are as they stand, in bold.
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IgG1 and IgG2 anti-PC levels in relation to athero-
sclerotic plaque. The IgG1 anti-PC levels (P = 0.006) were
lower in patients with SLE with atherosclerotic plague com-
pared with patients without atherosclerotic plaque, as shown in
Supplementary Table 1. No significant difference in IgG2 anti-PC
levels was observed between the two groups. Among patients
with echolucent plaque, the IgG1 anti-PC levels were significantly
lower (P = 0.02) compared with those without echolucent plaque
(Supplementary Table 1).

IgG1 and IgG2 anti-PC levels in relation to clinical
outcomes. The association of these antibodies were determined
in relation to disease activity and damage. IgG1 anti-PCs were
negatively associated with the SLAM and SLICC index scores, as
shown in Table 2, although only the SLICC index score reached
significance. When comparing the SLAM index score and 1gG1
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anti-PCs, there was a considerably negative trend that did not
reach significance at any given percentile, as shown in Table 2.
Similarly, with the SLICC damage index score, the negative trend
was seen in the lower quartiles, although the levels were only sig-
nificant below the 33rd percentile. For the SLEDAI, a strong neg-
ative association was established below the 25th percentile, as
shown in Figure 2. In contrast to IgG1 anti-PCs, 1gG2 anti-PCs
were not associated with these clinical outcomes.

Similarly, a negative association was observed with athero-
sclerotic plaque and history of CVD (Supplementary Table 2). IgG1
anti-PCs were associated with protection above the 66th percen-
tile (odds ratio [OR]: 0.41; confidence interval [Cl]: 0.17-0.95),
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Figure 1.

Peptide sequence alignment by multiple sequence alignment (MUSCLE). The figure shows reduced amino acid sequences of

monoclonal antibodies AO1, D05, and EO1. The amino acid sequences were confirmed by de novo sequencing using the liquid chromatography—
mass spectrometry approach. The variable region of the heavy (A) and the light (B) chains are shown. Complementarity-determining regions
(CDRs) of both heavy and light chains are indicated by double arrow, and the sequences are underlined. The peptide sequence analysis of
the three antibodies indicate differences in the CDR3 of both chains. The low-affinity monoclonal antibody, AO1 (determined by enzyme-linked
immunosorbent assay), has more peptides in the CDR3 of heavy chains and CDR1 of light chains compared with high-affinity binders, D05 and
EO01. On the contrary, monoclonal antibody EO1, with the highest dissociation constant (Kd value, has the least number of peptides in the CDRS.
The sequences were aligned and compared using MUSCLE software. Vh, variable heavy chain; VI, variable light chain.
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Figure 2. Antibodies against phosphorylcholine (anti-PCs) binding to different oxidation-specific neoepitopes and competition inhibition by
the antibodies. A, Binding of immunoglobulin G anti-PCs to different oxidation-specific epitopes (OSEs) was assessed by enzyme-linked
immunosorbent assay (ELISA). Anti-PC clones express differential binding patterns to different OSEs. Because phosphorylcholine (PC) is found
in cell walls of Gram-positive bacteria, such as pneumococcus, and also in some altered self-structures, such as apoptotic cells and 1-palmitoyl-
2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC); the antibody binding is tested for all known antigens that expose PC. Capsular
polysaccharide (C-PS), POVPC conjugated with bovine serum albumin (BSA), and native proteins that do not expose phosphorylcholine
phosphatidylcholine (PtC) were coated in 96 well plates. Antibodies AO1, D05, and EO1 and an isotype control at a different concentration
was added to the respective antigen, followed by a secondary antibody (1:70000). The optical density (OD) for different antigens and different
antibody concentrations was obtained. Clones D05 and EO1, with high affinity (as determined by the dissociation constant [Kd] value), strongly
bind to PC conjugated with BSA (PC-BSA) with highest capacity, followed by A01 (as determined by ELISA). But DO5 binds strongly to POVPC
compared with EO1 or AO1. Contrary to lipid antigens, monoclonal antibodies binding to bacterial C-PS show a different pattern. Monoclonal
antibody EO1 binds strongly to bacterial C-PS, followed by D05 and AO1. However, none of the antibodies bind to BSA or PtC. As expected,
isotype controls do not bind to any antigens. B, Inhibition of PC to PC or C-PS. PC (10 pg/ml) was plated on microtiter wells overnight at 4°C.
Antibodies were added to wells in the absence or presence of the indicated concentrations of competitors, and the amount of bound EO1
was detected by biotin-conjugated anti-human immunoglobulin G. The amount of bound antibodies was expressed as the percentage of EO1
binding to C-PS in the absence of a competitor.

did not reach significance after adjustment for age, hypertension, PC moiety conjugated to a carbohydrate, protein or lipid. The char-
hyperlipidemia, and glucose below the 10th percentile (OR: 4.74; acteristics and genetic information also suggest that the mAbs are
Cl: 1.10-20.53), as shown in Supplementary Table 2. All the per- different regarding the number of nonsilent mutations (Supplemen-
centiles mentioned here refer to the percentiles of antibodies. tary Table 2). To validate that the gene sequences (most importantly
the CDRs) match the protein expression, the antibodies were sub-
Gene and proteomics peptide sequencing results. jected to a proteomics peptide sequencing analysis. The sequence
Multiple-sequence alignment of the anti-PC sequences showed coverages of AO1 (heavy variable (HV): 99%; kappa variable (KV):
similarities in the CDR1 and CDR2 in the heavy chain but revealed 100%), D05 (HV: 88%; KV: 96%), and EO1 (HV: 98%; KV: 96%)
differences in the CDR3. Sequence A01 had the most number of confirmed the genetic mAb sequences (Supplementary Figure 1A).
peptides compared with D05 or EO1. Interestingly EO1 had lesser
peptides in the CDR3 compared with D05, as shown in Figure 1A. Anti-PC clones express differential binding pat-
The genetic sequence of the light chain was also similar, except terns to OSEs. IgG1 Anti-PCs were produced as described
that the CDR1 of AO1 had more sequences compared with that previously, and the dissociation constant (Kd) of the mAbs
of D05 or EO1 (Figures 1A and B). Probably, this difference in the to PC was assessed using Biacore. Consistent with the Kd

CDRB3 of the antibodies could be attributed to recognition of the value, anti-PC (A01, EO1, and DO5) clones showed differential
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binding expression to the PC-exposing molecules. As shown
in Figure 2A, antibodies D05 and EO1 showed higher binding
specificity compared with AO1.We further assessed the bind-
ing of these antibodies to pneumococcal C-PS; compared
with the other two antibodies, EO1 showed the highest affinity,
followed by D05 and AO1. But these antibodies did not bind
to native proteins, such as PtC, or the irrelevant protein BSA,

which was conjugated with PC. In addition, isotype controls
also did not bind to any of the OSEs or native proteins. To
further understand how the mAbs compete with C-PS, a com-
petition ELISA was performed. The clone EO1 inhibited 100%
of binding with PC as antigen, but the clone D05 was able to
inhibit about 75%, followed by AO1 at specified concentrations
(Figure 2B).
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Figure 3. Antibodies against phosphorylcholine (anti-PCs) improve apoptotic cell uptake by macrophages. Anti-PCs increase phagocytosis
efficiency of the macrophages. Apoptosis was induced in 5-carboxytetramethylrhodamine (TAMRA)-labeled Jurkat T cells using CD95 Fas
ligand (MBL International Corporation) for 3 hours. The apoptosis was confirmed by annexin A5 and 7-aminoactinomycin D staining with flow
cytometry (not shown). Apoptotic Jurkat cells were incubated with AO1, D05, EO1, or immunoglobulin G1 isotype control (1ug/ml), 1 hour
prior to feeding to M2 macrophages. The anti-PC-labeled apoptotic Jurkat cells were fed to mature M2 macrophages at a 1:1 ratio in an
immunoglobulin G-deficient medium for 60 mins. The cells were washed thoroughly with 5 mM EDTA before formalin fixing for microscopic
examination. The cells were counterstained with 4’,6-diamidino-2-phenylindole with mounting media before pictures were taken using a Nikon
ECLIPSE TE2000-S fluorescent microscope. The cells were merged and counted using Image J software (National Institutes of Health).
Phagocytosis efficiency was assessed by the number of macrophages up-taking the TAMRA-labeled Jurkat cells to the total number of
macrophages in the given area. The phagocytosis efficiency is represented in a percentage. A, Representative microscopic picture (x10) of
one of the phagocytosis assays. B, fluorescence-activated cell sorting (FACS) experiment showing uptake of carboxyfluorescein succinimidyl
ester-labeled Jurkat cells by macrophages. C-E, the bar graphs represent the mean + SEM of at least three independent experiments for live
and serum-free conditions and six independent experiments for an immunoglobulin (Ig)-deficient medium. ***P < 0.0001; *P < 0.05. NS, non-
significant.
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Anti-PC D05 improves M2 macrophage efferocyto-
sis efficiency in a complement-independent manner.
Apoptosis was induced in TAMRA-labeled Jurkat cells using
CD95 for 3 hours. Apoptosis was confirmed by annexin A5
expression. Apoptotic Jurkat cells labeled with monoclonal anti-
PCs were fed to macrophages for 1 hour, and the phagocytosis
efficiency was determined by fluorescent microscopy by count-
ing the number of apoptotic cells absorbed by the macrophages
to the total number of macrophages. Jurkat cells were incu-
bated at 1pg in immunoglobulin-deficient serum or in a serum-
free condition, and the phagocytosis efficiency was determined,
compared with untreated and isotype controls. The represent-
ative microscopic images are shown in Figure 3A. The repre-
sentative FACS images are shown in Figure 3B. Antibodies did
not bind to the live cells, as shown in Figure 3C. Macrophages
in the serum condition also absorbed the apoptotic cells but in
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lesser efficiency. DO5 facilitated macrophage uptake efficiency
even in the serum-free condition Figure 3D. The uptake effi-
ciency was improved with the addition of serum deficient in IgG.
Of the three mAbs, D05 improved the efferocytosis efficiency
two times (from 19% to 30%), even at a 1-ug concentration,
followed by A01 (23%), as shown in Figure 3E. But EO1 and the
isotype control did not increase efferocytosis by macrophages
in lgG-deficient serum or in serum free medium. This was in con-
sistent with the binding experiment; EO1 and the isotype do not
facilitate apoptotic cell uptake by the macrophages. The binding
of monoclonal anti-PCs to the apoptotic cells was assessed by
FACS (Supplementary Figure 1), which is in line with the apop-
totic cell uptake data. Because IgM anti-PCs improve phagocy-
tosis efficiency, we next wanted to understand if IgG1 anti-PCs
also facilitate efferocytosis by depositing complement compo-
nents such as C1q or C3b. As seen in Supplementary Figure 1,
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Immunoglobulin G1 (IgG1) antibodies against phosphorylcholine (anti-PCs) inhibit interleukin 6 (IL-6) production by lipopolysaccharide

(LPS)-stimulated THP1-like macrophages. Anti-PC clones reduce IL-6 production on LPS-stimulated THP1 cells. THP1 monocytes were
stimulated with 100 ng/ml phorbol 12-myristate 13-acetate for 72 hours. The cells were preincubated with IgG1 anti-PCs at different
concentrations (100 ng/ml to 20 pg/ml) prior to LPS (100 ng/ml) stimulation overnight. Supernatants were collected the next day and analyzed
for IL-6 secretion. All three antibodies reduced IL-6 production even at a low concentration, such as 100 ng/ml. The graphs represent the mean
+ SD of three independent experiments. A, AO1. B, D05. C, EO1. D, Isotype control. NS, non-significant.
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compared with the live cell or the cells untreated with IgG1, the
deposition is increased from 0.102% to 4.7%. But the addition of
anti-PCs (A01, D05, EO1) at three different concentrations (1, 5,
and 20 pg/ml) did not improve the complement deposition
(Supplementary Figure 2). Similar to C1q, antibody incubation
did not facilitate C3b deposition on to the apoptotic cells.

Anti-PC clones reduce IL-6 production by LPS-
stimulated THP1 cells. Antibodies had shown their effect in
increasing phagocytosis efficiency. Next, we wanted to under-
stand if the antibodies possess any anti-inflammatory properties.
To study this, THP1 cells were preincubated with or without anti-
bodies at different concentrations from 100 ng/ml to 20 pg/ml
and stimulated with 100 ng of LPS overnight. All the clones were
able to inhibit IL-6 production but at different degree, even at
the lowest concentration (100 ng/ml), as shown in Figures 4A-C.

DISCUSSION

Here, we demonstrate that IgG1 anti-PC, but not 1gG2
anti-PC, levels are negatively associated with atherosclerotic
plague in SLE as well as with potentially vulnerable echolucent
atherosclerotic plague. This finding indicates that IgG1 anti-PCs,
but not IgG2 anti-PCs, have properties comparable to IgM anti-
PCs, which were also negatively associated with atherosclerotic
and echolucent plaque in our previous study in this cohort 5. In
contrast to IgM anti-PCs, in which low levels are more prevalent in
SLE, IgG1 and IgG2 anti-PC levels were increased among patients
with SLE, but only IgG1 reached significance. This may reflect that
IgG levels are generally raised in SLE, including pathogenic anti-
bodies against cardiolipin and DNA or other nuclear components,
which in fact represents the hallmark of the disease pathogenesis.

Relatively little is known about IgG1 anti-PCs in SLE or
atherosclerosis. We previously reported a negative association
between atherosclerosis development and the circulating IgG1
anti-PC, but not IgG2 anti-PC, level among hypertensive subjects,
which is in line with our current findings 15. We have described in
detail associations between cardiac risk factors and lupus factors
in a previous article 5. Here, we also report that IgG1 anti-PCs are
negatively associated with cardiovascular events, a finding in line
with the results in relation to atherosclerosis and prevalence of
plaque. Little is known about associations between IgG1 anti-PCs
and CVD in the general population, but such studies are ongoing
in our laboratory. Another important finding is that there was a
negative association with both organ damage (SLICC) and dis-
ease activity as determined by the SLEDAI, whereas associations
with the SLAM index score did not reach statistical significance.
We think this favors the notion that the antibodies are not a neg-
ative factor in SLE even though their levels are raised. It is possi-
ble that although the IgG1 anti-PC level is raised in SLE, it could
be beneficial to have higher levels. A caveat is that we cannot
rule out immune-complex formation involving IgG1 and/or IgG2

anti-PCs, a possibility that deserves further study because some
immune complexes to some extent related to the antigen herein
are believed to be proatherogenic 26. There could be some indi-
viduals in whom such immune complexes play a negative role.
Still, the totality of measured anti-PCs herein supports mainly a
protective role at least of IgG1 anti-PCs (and IgM anti-PCs), as in
previous publications.

The difference between IgG1 and IgG2 anti-PCs is also quite
interesting. In our earlier studies, anti-PCs were divided into two
populations, group | (IgM and IgG1) and group Il (IgG2), depending
on their affinity for PC and p-nitrophenyl phosphorylcholine (NPPC)
haptens, respectively. Although group | anti-PCs recognize both
antigens, group Il antibodies recognizes only NPPC by recogniz-
ing the phenyl ring attached to them. We also demonstrated that
IgG2 anti-PCs only belongs to group I, and our interpretation of the
findings was that IgG2 anti-PCs are directed against capsulated
bacteria 15, which is in line with a previous observation of the bac-
tericidal properties of IgG2 anti-PCs encountering carbohydrate
antigens 27,28. It is also interesting to note that patients with perio-
dontitis have an increased risk of CVD with increased levels of IgG
anti-PCs, in which IgG2, but not IgG1, levels were raised 29,30.
Supporting this finding, vaccinating humans with pneumococcus
does not induce IgM anti-PCs targeted toward OxLDL 31. We thus
hypothesize that 1IgG2 anti-PCs are related to infections and IgM
and IgG1 anti-PCs are related to CVD and atherosclerosis.

There are many publications that support the notion that
IgM anti-PCs could function as protection markers in differ-
ent diseases, especially those that are atherosclerosis related
1. An important question is whether these clinical associations
also represent causation in relation to protection. Indications of
this include increased clearance of dead cells by macrophages,
both in mouse 32 and human systems 33, inhibition of uptake
of OxLDL by human macrophages and thus inhibition of foam-
cell generation 34,35, an anti-inflammatory effect in which human
anti-PCs inhibit phospholipid-induced inflammatory effects 6,
inhibition of cell death by lysophosphatidylcholine (a major phos-
pholipid component of plaque) 15, and promotion of T regulatory
cells 36.

Further evidence from experimental mouse models indicates
that passive transfer of IgM anti-PCs ameliorates atherosclerosis 37
and that active immunization with PC also has beneficial effects 38,
which is of special interest for the present study because IgG anti-
PCs could also be involved. In another interesting study, immuniza-
tion with pneumococcus by using a strong adjuvant generated an
array of antibodies, including anti-PCs, and this procedure induced
a relatively modest 30% decrease in atherosclerosis, which may to
some extent be attributed to anti-PCs 39. In mouse models, the
anti-PC repertoire is known to be limited, with a dominant clone,
TI5. In addition, anti-PCs are generally described as being T cell
independent 21. However, in humans, anti-PCs showed T cell
dependency and are predominantly produced by affinity-matured
B cells and do not exhibit clonal dominance 21,33. Instead, all
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healthy donors tested had mounted somatically mutated anti-PC
response using a broad variety of immunoglobulin genes.

To understand the role of IgG1 anti-PCs, in this study, we
used our in-house—generated, fully human mAbs, which showed
variability in binding to PC, some with higher affinity than TI5 21.
The antibodies were different clonally and regarding the number
of nonsilent mutation. Three different IgG1 mAbs with varying
affinity for PC were tested in the present study for functional
properties that could shed light on underlying mechanisms by
which IgG1 anti-PCs may protect against atherosclerosis and
SLE. Our monoclonal anti-PCs bind differentially to OSEs. D05
and EO1, being the strongest binders (as determined by Biacore),
bind efficiently to PC-BSA, compared with AO1. The mAbs had
weaker binding to OxLDL and absolutely no binding to native
LDL compared with PC, which may be related to the amount
of PC exposed upon oxidation (data not shown). Interestingly,
these antibodies showed a different profile when binding to the
C-PS of Streptococcus pneumoniae. This might be due to the
difference in the recognition of the PC moiety depending on
where they are bound (polysaccharide, protein, or even oxi-
dized phospholipids). It is well known that PC is exposed on the
teichoic acid of the pneumococcal polysaccharide 40,41. Also,
a competition assay showed that clone EO1 induced an almost
100% inhibition (Figure 2B), indicating that these antibodies
could play a role in bacterial infections such as S. pneumoniae
complications 42.

Here, we also report that IgG1 monoclonal anti-PCs
increase efferocytosis efficiency by macrophages of apoptotic
cells. This is in line with results from mouse models, in which
immature dendritic cell uptake of apoptotic cells was increased
by IgM anti-PCs 43, and with our study in human systems using
extracted polyclonal IgM anti-PCs. Phagocytosis of apoptotic
cells by macrophages and other phagocytes is an important
physiological process that is required to maintain homeostasis
by recognizing “eat-me” signals, a danger-associated molecular
pattern (DAMP) on cells undergoing apoptosis; PC- and malon-
dialdehyde-modified proteins are major examples of such
DAMPs. Defective clearance of dead cells could be a common
denominator in both atherosclerosis and SLE, which could also
partly explain the clinical relevance between these two patho-
logical conditions. Efficient phagocytosis of apoptotic cells even
promotes active anti-inflammatory properties in human mac-
rophages, promoting amelioration of inflammation 44. Defective
clearance of dead cells could thus promote a chronic inflam-
matory state, which could develop into symptom-giving auto-
immune disease 45. Clearance of dead cells is known to be
deviant and may be one of the primary causes in initiating SLE
and other autoimmune conditions, in which pathogenic autoan-
tibodies, for example, anti-double-stranded DNA antibodies, are
directed toward nucleic acids.

Impaired apoptotic cell clearance is also implicated in ather-
osclerosis because accumulation of dead cells in a necrotic core

and ensuing inflammation can cause progression and increased
inflammation in plaque 1. Not only IgM anti-PCs but also IgG1
anti-PCs could thus be protective in CVD, atherosclerosis, and
SLE, with increased clearance of dead cells as one poten-
tial mechanism. Of the three mAbs, D05 has maximum efficiency
in aiding apoptotic cell clearance compared with AO1 or EO1. This
is also supported by the evidence that D05 and AO1 bind to the
apoptotic cells significantly in higher proportion compared with
EO1. It is also quite intriguing that although DO5 and EO1 bind
with higher efficiency to PC, only DO5 improves phagocytosis effi-
ciency, whereas EO1 does not. Although EO1 is effective in recog-
nizing PC attached to a polysaccharide, it does not recognize PC
found on the cell wall of the eukaryotic cells, which could also be
attributed to the difference in the CDR3 sequence.

Unlike IgM anti-PCs, these antibodies did not recruit C1qg or
C3b complement components 43. One plausible mechanism for
the effector function could be direct involvement of Fc-y receptors.
The role of Fc-y receptors in facilitating apoptotic cell clearance is
well documented 46. In addition, these antibodies did not improve
CD36 expression upon addition at different concentrations (data not
shown), which also confirms that these antibodies do not require a
complement protein or CD36 to improve phagocytosis efficiency.
We reported that anti-PCs have anti-inflamsnmatory properties, inhib-
iting the effects of inflammatory phospholipids 6. In line with this is
the finding herein that IgG1 anti-PC clones, to varying extent, inhibit
the effects of LPS. Also, such anti-inflammatory effects could thus
contribute to the antibodies’ protective properties.

Taken together, IgG1, but not IgG2, anti-PCs could protect
against atherosclerosis, CVD, and SLE, in which the mecha-
nism may include clearance of dead cells as well as an anti-
inflammatory effect. We recently reported that both IgG and IgM
anti-PC levels are significantly higher among people from Kitava,
Papua New Guinea, living a traditional lives as hunters, gather-
ers, and horticulturalists. Of note, antibodies in higher titers in
SLE (considered pathogenic) were raised in these group of peo-
ple, but rheumatic diseases and CVD were not prevalent there,
which is not likely to be attributed only to shorter life span. Also,
other lifestyle and risk factors where more beneficial there, so
anti-PCs may be only one of several factors. We suggested that
low exposure to PC-exposing microorganisms (such as nem-
atodes, parasites, and bacteria) could be one cause, and we
identified Treponema as one such organism 47-49.

Vaccination with PC to prevent and/or treat atherosclerosis,
CVD, and SLE could thus be one possibility that deserves fur-
ther study, and our findings herein suggest that such a vaccine
should be constructed to optimize an IgG1 and IgM response to
PC bound to noncarbohydrate antigens.
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