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Targeting oxidized LDL improves insulin sensitivity
and immune cell function in obese
Rhesus macaques%
Shijie Li 4,*,**, Paul Kievit 1,*, Anna-Karin Robertson 3, Ganesh Kolumam 4, Xiumin Li 4, Karin von Wachenfeldt 3,
Christine Valfridsson 3, Sherry Bullens 4, Ilhem Messaoudi 2, Lindsay Bader 1, Kyra J. Cowan 4, Amrita Kamath 4,
Nicholas van Bruggen 4, Stuart Bunting 4, Björn Frendéus 3, Kevin L. Grove 1,***
ABSTRACT
Oxidation of LDL (oxLDL) is a crucial step in the development of cardiovascular disease. Treatment with antibodies directed against oxLDL can
reduce atherosclerosis in rodent models through unknown mechanisms. We demonstrate that through a novel mechanism of immune complex
formation and Fc-γ receptor (FcγR) engagement, antibodies targeting oxLDL (MLDL1278a) are anti-inflammatory on innate immune cells via
modulation of Syk, p38 MAPK phosphorylation and NFκB activity. Subsequent administration of MLDL1278a in diet-induced obese (DIO) nonhuman
primates (NHP) resulted in a significant decrease in pro-inflammatory cytokines and improved overall immune cell function. Importantly, MLDL1278a
treatment improved insulin sensitivity independent of body weight change. This study demonstrates a novel mechanism by which an anti-oxLDL
antibody improves immune function and insulin sensitivity independent of internalization of oxLDL. This identifies MLDL1278a as a potential therapy
for reducing vascular inflammation in diabetic conditions.
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1. INTRODUCTION

Obesity is a major risk factor for the development of metabolic
syndrome, which is comprised of pathophysiological conditions such
as hypertension, hyperlipidemia, and insulin resistance [1]. Epidemio-
logical studies have shown that metabolic syndrome greatly increases
the risk for associated diseases such as type 2 diabetes mellitus (T2DM)
and cardiovascular disease (CVD) [2,3]. A recent report examining data
in the Framingham Heart Offspring Study demonstrated that, on
average, metabolic syndrome increases the relative risk of CVD by
2.5 fold [4]. It is now well accepted that insulin resistance is a major risk
factor for the development of cardiovascular complications like athero-
sclerosis, which account for the majority of the mortality and morbidity
associated with metabolic syndrome [5–8].
The progression of atherogenesis has been well described and is
comprised of several processes. LDL deposition and oxidation within
vasculature is an initial step and oxidized LDL (oxLDL) activates
endothelial cells and attracts monocyte infiltration into the subendothe-
lial space. These events result in activation of macrophages, the
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generation of foam cells, and, ultimately, the formation of atherogenic
plaques. Besides their role in plaque development, destabilization, and
rupture [9], pro-inflammatory macrophages, in particular those depen-
dent on the MCP-1/CCR2 chemokine-receptor axis, have been impli-
cated in the development of metabolic syndrome [10–16]. Similarly,
there is increasing evidence that oxLDL is involved not only in the
pathogenesis of atherosclerosis and CVD, but also in the development of
adiposity, insulin resistance, and even T2DM [17,18].
Native LDL, a lipoprotein that consists of phospholipids, cholesterol,
cholesterol esters, triglycerides, and apolipoprotein B (apoB), circulates
through the blood stream and shuttles lipid particles. The LDL-receptor
mediates cellular uptake of native LDL. Oxidized LDL, however, is
recognized by scavenging receptors, such as CD36 [19], present on
macrophages and endothelial cells, which directly results in the formation
of foam cells [20]. In addition, oxLDL itself is pro-atherogenic through its
ability to act as a chemoattractant for macrophages [21,22], and induce
the release of MCP-1 from endothelial cells and macrophages [23,24].
OxLDL is also very immunogenic as some people develop autoantibodies
to oxLDL. Interestingly, several studies have suggested that increased
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oxLDL autoantibody levels might be protective against the development of
cardiovascular disease [25–27] as well as metabolic disease [28].
Previous studies by Schiopu et al. have demonstrated that human oxLDL
antibodies administered to atherosclerosis-prone apoE−/− mice can
reduce the formation of atherosclerotic plaque [29], and, in the apoE−/−
LDLR−/− mice, this antibody reduces plaque macrophage content and
leads to plaque regression [30]. These same oxLDL antibodies potently
inhibited release of the atherogenic M1 macrophage-tropic chemokine
(MCP-1) from human monocytes and monocyte-derived macrophages
cultured in the presence of oxLDL in vitro [31]. Together, these
observations point to targeted inhibition of macrophage recruitment
and inflammatory activity being important mechanisms underlying the
anti-atherogenic activity of the anti-oxLDL antibody, but do not assess
the molecular mechanisms through which the anti-oxLDL antibody
inhibits inflammatory responses in isolated monocytes. Given that
obesity and the metabolic syndrome are considered an inflammatory
condition [32] involving both the adaptive and innate immune systems,
further testing this anti-oxLDL antibody in a model of insulin resistance
could provide insight into the possible contribution of inflammation
through oxLDL to disrupt glucose homeostasis.
The role of the innate immune system in the development of athero-
sclerosis and insulin resistance has been well documented [32]. Recent
work has reported a contribution of the adaptive immune system to both of
these disease processes as well. T-cells in the atherosclerotic plaque
[33,34] as well as in adipose tissue [35] are known to contribute to the
development of atherosclerosis and insulin resistance, respectively. Thus, it
is plausible that the underlying mechanisms for activating T-cells in both of
these diseases are overlapping. For instance, adiponectin has been
demonstrated to elicit a pro-inflammatory response in both human
macrophages and CD4 positive T-cells [36]. Further, a recent study
demonstrated that ablation of T-bet, a transcription factor important for
proper CD4 positive T-cell lineage development, resulted in improved
glucose tolerance in mice fed a high fat diet [37] by reducing the number
of activated CD4þ T-cells. Given that activated T-cells are associated with
the development of atherosclerosis [37], these findings would suggest that
improvements in the immune system, adaptive or innate, could have a
beneficial outcome on metabolism as well as atherosclerosis.
Here, we characterize the anti-oxLDL molecular mechanism of action,
and assess its effects on metabolic and immunological function in a
unique nonhuman primate model of diet-induced obesity (DIO-NHP).
Unexpectedly, we demonstrate that the inhibitory effect of anti-oxLDL on
the monocyte-mediated inflammation response is mediated through
immune complex formation, and this effect is dependent on the antibody
Fc fragment and FcγRII on responsive cells to transduce inhibitory intra-
cellular signaling. We then confirm the anti-inflammatory action of anti-
oxLDL in the DIO-NHP model and clearly demonstrate that treatment
with anti-oxLDL in DIO-NHP decreased systemic pro-inflammatory
markers, improved adaptive immunity and improved insulin sensitivity.
2. MATERIALS AND METHODS

2.1. oxLDL antibody
MLDL1278a is a fully human recombinant monoclonal antibody based
on a human IgG1 framework directed against a specific oxidized low-
density lipoprotein (oxLDL) epitope (malondialdehyde [MDA]-modified
human ApoB-100). A high-affinity human IgG1 antibody was then
developed with specificity to both MDA-LDL and the MDA-ApoB-100
epitope. Biacore analyses showed that this antibody binds to human
MDA LDL (Academy Biomedical, Houston, TX) with high affinity, with a
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KD-value of 876 nM [29]. The binding epitope corresponds to the
human ApoB100 (amino acids 661–680). This region is completely
conserved in the Rhesus macaque (ApoB100 amino acids 684–703).

2.2. Monocyte isolation and culture
Blood samples were obtained from healthy subjects under approved
protocols. Monocytes were isolated using CD14 microbeads (Miltenyi
Biotec) from purified PBMC (Ficoll-Paque Plus, Amersham Biosciences,
Piscataway, NJ), according to the manufacturer's instructions. Freshly
isolated CD14-positive monocytes were resuspended in RPMI 1640
medium (Invitrogen, Carlsbad, CA) supplemented with 10% human AB-
positive serum containing oxidized LDL (Sigma-Aldrich, St. Louis, MO),
penicillin, and streptomycin. Cells were sown into 96-well high binding
ELISA plates (Corning, Tewksbury, MA) pre-coated with 3 μg/ml MDA-LDL,
at a density of 7.5� 105 cells/ml. Lipopolysaccharide (LPS, Sigma-Aldrich,
St. Louis, MO) at 0.3 ng/ml was added to the culturing medium to
stimulate cytokine secretion from these cells, and the cells were
concurrently treated with MLDL1278a or control IgG1. Function-blocking
mouse IgG1 anti-human FcγRI, FcγRII and FcγRIII monoclonal antibodies
were from AbD Serotech (Dusseldorf, Germany). TLR activators Pam3Csk4,
R837, polyIc were purchased from InvivoGen (San Diego, CA), IL-1β and
GM-CSF were from R&D systems (Minneapolis, MN). Culture media were
collected 40 h after treatment to test MCP-1 concentration.

2.3. Cytokine measurements and antibody binding ELISA assays
MCP-1 protein was quantified in cell culture media using a commercially
available ELISA kit (R&D Systems, Minneapolis, MN). Supernatants
harvested at completion of the cell culture were saved and stored at
−80 1C until the start of analysis. Cytokines and biomarker levels in
both monocyte culturing medium and monkey plasma were determined
using a commercially available high-throughput assay (Myriad RBM,
Austin, TX). Binding of MLDL1278a and its mutants to immobilized LDL
or MDL-LDL was tested with an ELISA assay as described previously
[29].

2.4. Immunoblot analysis
Whole-cell lysates from primary human monocytes were extracted with
RIPA buffer (150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% [v/v] sodium
deoxycholate, 0.1% [w/v] SDS, and 50 mM Tris–chloride, pH 8.0). After
centrifugation to remove cell debris, aliquots of the 20,000 g super-
natant were subjected to 10% SDS/PAGE, after which the proteins were
transferred to Hybond-C extra nitrocellulose filters (Amersham
Biosciences, Piscataway, NJ). The filters were incubated at room
temperature with primary antibodies. Bound antibodies were visualized
by chemiluminescence (Super Signal Substrate; Thermo Fisher Scien-
tific, Waltham, MA) using a 1:5000 dilution of donkey anti-rabbit IgG, or
donkey anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA),
conjugated to horseradish peroxidase. Filters were exposed to Kodak
X-Omat Blue XB-1 film at room temperature for 1–60 s. Blotting
intensities were quantified by ImageJ. All primary antibodies (purified
commercially by protein A and peptide affinity chromatography) were
obtained from Cell Signaling Technology (Danvers, MA).

2.5. Animals
The experimental group consisted of 6 adult monkeys (age 9–12) that
have been exposed to a high-fat diet for 5 years, weighing from 14.4 to
21 kg at the start of the study. In addition, 20 control animals maintained
on standard chow diet were analyzed for most of the measurements and
experiments. All animal care and procedures were done according to the
IACUC at the Oregon National Primate Research Center (ONPRC) at Oregon
lecularmetabolism.com 257
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Health & Science University (OHSU). For all studies, food intake was
carefully recorded every day and water was provided ad libitum. Lights
were on from 7am–7pm.

2.6. Animal diet
Animals were fed a diet high in sucrose and fat, manufactured by Test
Diet (Diet 5A1F, 31.6% of calories from fat, 52.3% calories from
carbohydrates, 16.1% from protein; cholesterol 946 ppm; Purina Mills,
Inc., St. Louis, MO). Twenty high-fat diet biscuits were provided to each
animal and food intake was documented at the end of the day. The
animals did not have access to food overnight. Animals on the high-fat
diet were supplemented with 500 ml of Kool-Aidþ20% fructose three
times a week (HFFD). The control animals were fed regular chow (Test
Diet 5049, 13.9% of calories from fat, 59.6% calories from carbohy-
drates, 26.5% from protein; Purina Mills, Inc.).

2.7. Animal study experimental design
The experiment was divided in three phases. In Phase I, or baseline
period, animals were maintained on the HFFD, and food intake and
fructose consumption were recorded on a daily basis. One week prior to
the start of the MLDL1278a treatment, the animals were sedated with
Telazol, and an intravenous glucose tolerance test (IVGTT) was
performed to obtain baseline information on the glucose homeostasis
and insulin resistance of the animals. In addition, the animals were
analyzed for body composition using a DEXA scanner (Hologic Discovery
A, Hologic, Inc., Bedford, MA) while the animals were still sedated. Blood
samples were collected while the animals were sedated, immediately
prior to the start of the IVGTT.
During treatment, MLDL1278a was administered at 10 mg/kg once a
week intravenously for a total of 12 weeks, meaning all animals
received a total of 13 doses. This dose was based on previous studies in
mice (0.5–1 mg per mouse; [37]), taking into account that the Rhesus
macaque has a slower clearance than mice. Three days after the final
dose was administered, the animals underwent another DEXA scanning
and an IVGTT. In addition, blood was collected for cytokine and
metabolite measurements. During the washout period, animals received
no drug. Food intake and fructose consumption were monitored daily. At
the end of 12 weeks of washout, the animals underwent a final DEXA
scan, IVGTT, and blood sample collection.

2.8. Intravenous glucose tolerance test
Intravenous glucose tolerance tests were performed by measuring blood
glucose clearance after an intravenous bolus infusion of a sterile 50%
dextrose solution (600 mg/kg) as previously described [38]. An IVGTT
was performed prior to the drug (PRE), after 12 weeks of drug exposure
(POST) and a final one after 12 weeks of drug washout (WASH). Animals
were not fed on the morning of IVGTTs after an overnight fast. Blood
glucose was measured immediately in whole blood with a glucometer
(Onetouch Ultra Blood Glucose Monitor, LifeScan, Milpitas, CA, USA).
Plasma insulin level was assayed by the ONPRC/OHSU Endocrine
Services Laboratory using Immunolite 2000.

2.9. T cell phenotype and cytokine production
T-cell phenotype and T-cell responsiveness were determined as described
previously [39,40]. PBMCs were isolated from whole blood following
centrifugation over Ficoll-Histopaque (Sigma, St Louis, MO). Cells were
either analyzed immediately or were frozen for subsequent analysis using a
controlled cryopreservation apparatus procedure (CryoMed Freezer ♯7454,
ThermoForma, Marietta, OH), with no significant differences between the
analyzed properties of fresh and frozen/thawed cells. For phenotype
258 MOLECULAR METABOL
analysis, PBMC were stained with antibodies directed against CD8b, CD4,
CD28, and CD95. All antibodies were purchased from Biolegend (San
Diego, CA) with the exception of the CD8b antibody, which was purchased
from Beckman Coulter (Brea, CA) and used per manufacturer's recom-
mendations. Samples were collected using FACSLSRII (BD, San Jose, CA),
and data analyzed using FlowJo (Treestar, Ashland, OR), with a minimum
of 106 events collected/sample.
For cytokine production, PBMC were stimulated with anti-CD3 (FN18
clone, Invitrogen, Carlsbad, CA) for 6 h in the presence of Brefeldin A
(Sigma, St Louis, MO) to block cytokine secretion. At the end of the
incubation, PBMC were stained with antibodies directed against CD8b,
CD4, CD28, and CD95 as described above. The cells were then fixed
and permeabilized using a kit (Biolegend, San Diego, CA), before the
addition of antibodies directed against IFNγ and TNFα (Biolegend, San
Diego, CA). Samples were collected using FACSLSRII (BD, San Jose,
CA), and data analyzed using FlowJo (Treestar, Ashland, OR), with a
minimum of 106 events collected/sample.

2.10. Body composition analysis
The monkeys were scanned in a DEXA-scanner (Hologic, Inc., Bedford,
MA) for body composition. Animals were sedated with Telazol (3 mg/kg)
and the sedation was maintained with ketamine (5 mg/kg). The animals
were laid flat on the DEXA (Hologic Discovery A) and a whole body scan
performed. Data were imported into an Excel file and analyzed with
GraphPad Prism (GraphPad Software, La Jolla, CA).

2.11. Statistical analysis
Data are expressed as mean7s.e.m. A repeated measures ANOVA was
used to test the significance of the outcomes utilizing a Dunnett's
posthoc test to test for significant differences from the starting condition
(GraphPad Software, La Jolla, CA). A p-value of 0.05 or lower was
considered significant. In some instances, an ANOVA with Bonferroni
posthoc testing was performed and is noted as such in the figure
legends. A p-value lower than 0.05 was considered significant.
3. RESULTS

3.1. MLDL1278a inhibits LPS stimulated MCP-1 release in primary
monocytes in an antibody Fc-dependent manner
We have shown previously that MLDL1278a inhibits MCP-1 release from
primary monocytes, a property that may contribute to the decreased
macrophage content observed in antibody-treated atherosclerotic mice
[30]. Comprehensive analysis of cytokines and biomarkers revealed that
a series of LPS-stimulated inflammatory cytokines (CD40, CD40 ligand,
IL-1a, Il-6, IL-7, IL12 p40) were significantly reduced by anti-oxLDL
treatment in human primary monocytes (Supplementary Table 1).
Therefore, the antibody exhibits a general anti-inflammatory effect on
these stimulated immune cells. In an effort to dissect the molecular
mechanism underlying the antibody's anti-inflammatory effect, we used
MCP-1 as the primary readout for the in vitro monocyte assay because
of its role in atherosclerosis progression, the robustness of the change
and consistency among donor cells.
Macrophages express an array of cell surface receptors capable of
binding and signaling in response to oxLDL [41,42]. Importantly,
macrophages also express inhibitory antibody receptors (Fcγ recep-
tors) that have been implicated in protection against atherosclerosis
[43]. It is therefore conceivable that the anti-inflammatory effects of
MLDL1278a may result from either scavenging of oxLDL and
prevention of oxLDL-induced receptor signaling—a mechanism that
ISM 2 (2013) 256–269 & 2013 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



would involve antibody variable domain (Fv) binding to oxLDL—and/
or active inhibitory signaling involving antibody constant domain (Fc)
interactions with macrophage Fc receptors following antibody
(Fv-mediated) binding to oxLDL. We therefore characterized
MLDL1278a's dependency on antibody Fv- and Fc-domains for
blockade of monocyte MCP-1 release.
Monocytes were incubated with MLDL1278a antibody in the full-
length IgG1 format or in the F(ab′)2 format lacking the FcγR binding
antibody constant region in the presence of oxLDL-containing human
serum. Consistent with previous findings, MLDL1278a IgG1 showed
near complete inhibition of MCP-1 release, as compared to treatment
with control (ctrl) IgG1 antibody. In contrast, treatment with
MLDL1278a F(ab′)2 did not reduce MCP-1 concentrations signifi-
cantly compared to treatment with ctrl IgG1 (Figure 1A). This result
suggests that MLDL1278a confers its inhibitory activity through its
constant domain (Fc fragment). Since monocytes and macrophages
express multiple FcγRs capable of binding antibody Fc, we assessed
roles of different FcγRs in MLDL1278a blocking of monocyte MCP-1
release. Monocytes were pre-incubated with function-blocking
monoclonal antibodies to FcγRI, FcγRII, or FcγRIII before being
treated with MLDL1278a. Antibodies to FcγRII, but not to FcγRI or
FcγRIII, completely neutralized the inhibitory activity of MLDL1278a
and restored culture supernatant MCP-1 concentrations to ctrl IgG1
treatment levels. FcγR function-blocking antibodies themselves had
no effect on MCP-1 release from cells exposed to control IgG1
(Figure 1B). These results demonstrated that MLDL1278a blocking of
MCP-1 was both antibody Fc-dependent and macrophage FcγR-
dependent.
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Figure 1: Inhibitory activity of MLDL1278a is antibody Fc and FcRII dependent. Human monocyt
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3.2. MLDL1278a forms immune complexes with aggregated oxLDL to
inhibit monocyte MCP-1 release
FcγRs, with the exception of FcγRI, are low-affinity, high-avidity
receptors that bind antibody constant domains only when they are
presented in multimerized form, such as when antibodies form
immune complexes following binding to aggregated or multivalent
antigen [44]. The above data indicated that MLDL1278a exerted its
MCP-1 blocking activity through antibody Fc interactions with FcγRs.
To gain further evidence that MLDL1278 MPC-1 blocking activity was
mediated through FcγR-signaling, we investigated if the blocking
activity of MLDL1278a is dependent on formation of oxLDL:antibody
immune complexes. We first examined if the oxidized LDLs that are
present in human serum used for culturing these cells can mediate
immune complex formation and are required for the antibody's
blocking activity, by depleting lipids from the serum. Surprisingly, we
continued to detect MCP-1 inhibition by MLDL1278a with delipidated
serum, although the MCP-1 level is generally lower (Supplementary
Figure 1A and B). Further investigation led to the observation that
MLDL1278a spontaneously binds the surface of culturing plates,
even in the presence of 10% serum (Supplementary Figure 1C). The
immobilized antibody would mimic immune complex and could
engage FcγRs on the surface of monocytes. To circumvent this
problem and confirm oxLDL:MLDL1278a immune complex is indeed
capable and required to mediate the blocking activity of MLDL1278a,
we avoided spontaneous antibody binding to plate surface by using
plates without tissue culture treatment (Supplementary Figure 1D).
We then pre-coated MDA-LDL or native LDL at increasing density on
untreated plates, before culturing and treating monocytes.
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We confirmed Fc dependency using F(ab′)2 of MLDL1278a with the new
culturing system. To rule out the possibility that decreased bulkiness of
F(ab′)2 accounted for lost blocking activity, we also generated full-length
IgG1 MLDL1278a Fc-mutants (deglycosylated MLDL1278a and MLDL1278a
IgG1-DANA) with abolished binding to antibody FcγRs, and analyzed their
MCP-1 blocking activity. The deglycosylated form and DANA mutant, as well
as F(ab′)2 of MLDL1278a, showed no MCP-1 blocking activity, validating
our data with the F(ab′)2 reagent and further demonstrating that
MLDL1278a blocking effects were truly Fc-dependent (Figure 1C). Impor-
tantly, wild-type IgG1 and FcγR-binding deficient variants of MLDL1278a
showed near identical binding to oxLDL, demonstrating that the loss of
functional activity did not result from impaired (Fv-mediated) oxLDL binding
(Figure 1D).
Consistent with an immune complex dependent mechanism, MLDL-
1278a blocked MCP-1 release only when MDA-LDL was coated, with
the efficacy increasing in an MDA-LDL coating concentration
dependent manner that reached saturation at approximately 3 μg/
ml (Figure 2A and B). Similarly, when a fixed MDA-LDL coating
concentration (3 μg/ml) was used, MLDL1278a dose-dependently
blocked monocyte MCP-1 release (Figure 2C), in a manner that
correlated with increasing density of antibody complexed with
immobilized oxLDL (Figure 2D). MLDL1278a did not inhibit MCP-1
release when native LDL was coated at the same concentrations
(Figure 2C), confirming that MLDL1278a's effect was oxLDL specific,
and demonstrating that blocking activity could not be achieved by
incubation with monovalent ligand but required immune complex
formation between aggregated oxLDL and MLDL1278a.
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3.3. MLDL1278a inhibits monocyte MCP-1 release induced by multiple
different pro-inflammatory stimuli by negatively regulating NF-κB activity
The above data had unexpectedly demonstrated that MLDL1278a exerted
its MCP-1 blocking effects by molecular mechanisms that involved antibody:
oxLDL immune complex formation and antibody constant domain interac-
tions with monocyte FcγRs. These observations are incompatible with a
mechanism-of-action involving reduced pro-inflammatory signaling through
blocking of oxLDL binding to monocyte oxLDL receptor, but instead implied
that by binding to FcγRs, MLDL1278a triggered active inhibitory signaling
that counteracted macrophage inflammatory responses induced by LPS
stimulation. With such a mechanism of action, we might expect
MLDL1278a to reduce monocyte MCP-1 release induced by other pro-
inflammatory stimuli. To assess this intriguing possibility, we treated
monocytes with multiple different potent pro-inflammatory stimuli known to
trigger monocyte MCP-1 release and implicated as drivers of plaque and
adipose tissue inflammation, and assessed MLDL1278a's MCP-1 blocking
activity.
As expected, pro-inflammatory agents LPS, TLR-1/2 ligand Pam3CSK4,
TLR-7 ligand R837, TLR-3 activator poly IC, as well as IL-1β and
GM-CSF, which activate through IL-1 receptor and GM-CSF receptor,
respectively, induced robust MCP-1 release in monocytes. Strikingly,
MLDL1278a potently attenuated monocyte MCP-1 release induced by all
stimuli, irrespective of what surface receptor they signaled through
(Figure 3A). This is consistent with the notion that MLDL1278a, through
immune complex formation and FcγR engagement triggers active inhibitory
signaling, rather than blocking individual receptors for certain inflammatory
stimulus.
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Since the antibody effect on primary monocytes is mediated through
antibody clustering and FcγRs engagement, we next surveyed the
phosphorylation of FcγR downstream kinases, aiming to identify the
signaling event mediating the inhibitory effects. We show in Figure 3B
that LPS treatment increased phosphorylation of Syk, the kinase directly
associated with FcγRIIa, as well as MAPK p38. More importantly, the
addition of MLDL1278a dramatically decreased the phosphorylation of
these two kinases caused by LPS. Increased activity of MAPK, in
particular p38 MAPK, has been shown to increase synthesis of
inflammation mediators at the level of transcription and translation
[45–47]. We also examined the expression level and post-translational
modification of regulatory proteins of NF-κB, the transcriptional activator
of a spectrum of pro-inflammatory cytokines. IκBα the major negative
regulator of NF-kB, is dramatically upregulated at the protein level by
MOLECULAR METABOLISM 2 (2013) 256–269 & 2013 Elsevier GmbH. All rights reserved. www.mo
MLDL1278a treatment, and this effect is particularly profound in the
presence of LPS. IκBα binds NF-κB and prevents it from translocating to
the nucleus, thus preventing NF-κB activation. The ubiquitination and
degradation of IκBα is dependent on its phosphorylation, so the elevated
protein level of this protein is consistent with the attenuated phosphor-
ylation observed (Figure 3B and C). Thus, increased IκBα level, which
inhibits NF-κB nuclear translocation and activity, combined with reduced
MAPK p38 activity, contributes to decreased cytokine production upon
MLDL1278a treatment (Figure 3D).

3.4. Baseline characterization of the diet-induced obese macaque
Since the anti-inflammatory effect of MLDL1278a we observed on primary
cells was impressive and significant, a subsequent study was performed
to determine what the effect of this antibody was in an animal model.
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Diet-induced obese Rhesus macaques (DIO-NHP) were maintained on a
high fat diet supplemented with fructose (HFFD) and have previously been
demonstrated to develop the full spectrum of the metabolic diseases. The
basic characterization of the HFFD animals is shown in Table 1, along
with the relative comparison to 20 normal lean age matched macaques
maintained on a standard chow diet. HFFD intake varied greatly between
animals, ranging from 1657 kCal/day to 3246 kCal/day. On average,
the animals on the highly palatable HFFD diet ate 3 times more calories
than animals on a control diet (23237223 for HFFD versus
718726 kCal/day) (Table 1 and Figure 4A). Animals maintained on a
HFFD had a higher body weight and adiposity, with the total percent fat
mass being approximately 35% in HFFD animals and 20% in controls
(Figure 4B and C). These animals also had a small but significant increase
in lean mass (18%; Table 1 and Figure 4D), which is typically associated
with obesity. Regarding glucose homeostasis, there was no significant
difference in fasted blood glucose levels and HbA1c levels. However, the
HFFD animals did demonstrate significant increases in fasting insulin and
HOMA-IR (Figure 4E and F). In addition, in an IVGTT HFFD animals have
impaired glucose clearance and require more insulin secretion, as
measured by the area under the curve (Table 1 and Figure 4G). This
indicates that the animals were insulin resistant, but not diabetic. As
expected from animals being maintained on a HFFD, fasting circulating
triglycerides (TGs) levels, HDL-C and total cholesterol were significantly
elevated in the HFFD animals, compared to chow fed controls. Using
NMR-based analysis of particle sizes, we showed that fractions containing
VLDLþchylomicron particles and HDL particles were significantly ele-
vated in the HFFD animals (Table 1 and Supplementary Figure 3).
3.5. Effects of MLDL1278a treatment on metabolism and glucose
homeostasis
MLDL1278A was administered to HFFD-fed rhesus monkeys, and
MLDL1278A serum concentrations were measured at multiple time points,
and the pharmacokinetic parameters were determined (Supplementary
Figure 2 and Supplementary Table 3). While the HFFD animals ate
substantially more than the control cohort, there was no effect on the food
intake when animals were treated with MLDL1278a (Figure 4A). Body
weight (Figure 4B), however, was slightly but significantly decreased, using
repeated measures ANOVA during the treatment period (p¼0.0037). The
High fat fructose diet (n¼6) Chow (n¼20)

Body weight (kg) 17.170.9 11.670.5***

Lean mass (kg) 10.571.4 8.970.3***

Fat mass (kg) 5.771.1 2.470.3***

Trunk fat (%) 41.775.2 21.972.0***

BMC (g) 466.9770.2 439.3710.4

BMD (g/cm2) 0.61670.058 0.60070.010

Food intake (kCal/day) 23237223 718725.7***

Glucose (mg/dL) 54.871.87 54.471.29

Insulin (mIU/l) 46.5711.5 20.973.29*

GTT-Glucose AUC 12,0347484 94117319***

GTT-Insulin AUC 16,53974633 768171066*

HbA1c (%) 6.0070.20 6.2970.22

HOMA-IR 6.1271.4 2.7870.4**

VLDL particles (nM) 48.673.06 3.671.08***

Triglycerides (mg/dL) 52.277.6 33.271.2***

Cholesterol (mg/dL) 196.8720.1 110.074.5***

HDL-C (mg/dL) 104713.1 7073.8**

Table 1: Characteristics of diet-induced obese Rhesus Macaques. Comparison of body weight, food
intake, body composition and serum chemistry between diet-induced obese Rhesus Macaques and regular chow-fed Rhesus

Macaques. Values represent the mean7SEM. Analysis ANOVA with Bonferroni posthoc.
* po0.05. ** po0.01. *** po0.001 denotes significant difference from HFFD.
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animals rebounded after treatment was stopped. There was no significant
difference in body fat and lean mass (Figure 4C and D).
To determine whether MLDL1278a affected glucose homeostasis, we
performed IVGTT prior to and at the end of a 12-week treatment period.
An additional IVGTT was performed after 12 weeks of washout, to
determine whether any changes would return to baseline. Treatment with
MLDL1278a significantly reduced fasting insulin levels (Figure 4E), HOMA-
IR (Figure 4F) and insulin secretion during the IVGTT (Figure 4G) in the
HFFD-prediabetic animals over the 12 weeks, although their levels were
not completely normalized to CTR levels. After the 12-week washout
period, all values returned to pretreatment levels. Fasting glucose
(Figure 4H) and the rate of glucose clearance during the IVGTT
(Figure 4I) were not altered by 12 weeks of MLDL1278a treatment,
which may not be surprising since these animals were not diabetic. We
have graphed the glucose and insulin concentrations for the HFFD diet
animals at the three different timepoints (Figure 4I and J). These data
support the original finding that insulin secretion during a glucose
tolerance is significantly reduced, most likely the result of improved
insulin sensitivity.
While animals treated with MLDL1278a tended towards decreased HDL
and TG levels closer to the range of the control animals, this effect was
not significant. Furthermore, there was no effect of MLDL1278a
treatment on systemic LDL or oxLDL levels. The finding that MLDL1278a
did not affect systemic oxLDL levels is consistent with MLDL1278a's
specificity for extensively modified (MDA-modified) oxLDL. MLDL1278a
was raised against MDA-modified ApoB100 peptide [30]. MDA mod-
ification is a relatively advanced form of oxidation, and MDA-LDL is
thought to be principally present in plaque and chronically inflamed
tissue and only at low or undetectable levels in the systemic
compartment [48]. Our previous findings are consistent with
MLDL1278a being specific for such extensively modified oxLDL;
MLDL1278a binds strongly to plaque oxLDL [49], but does not bind to
or binds only weakly to oxLDL present in serum (unpublished data).
Further, MLDL1278a does not interfere in herein used oxLDL quantifica-
tion ELISA, as demonstrated in previous spiking experiments with
MLDL1278a in human serum (data not shown). VLDL levels steadily
declined throughout the treatment period with MLDL1278a; however,
this effect was only significant in the post-treatment period
(Supplementary Figure 3).
3.6. Effects of MLDL1278a treatment on the immune system
Many studies have now provided evidence for a strong correlation
between increased cytokine levels and insulin resistance [50,51]. There
is evidence to suggest that pro-inflammatory macrophages are causal
and propagate insulin resistance by cytokine secretion [52]. Specifically,
TNFα or molecules in the signaling pathway downstream of the TNFα
receptor have been implicated in the development of DIO and several
associated conditions, such as insulin resistance [53–55]. Using an
ELISA-based analysis, we determined that plasma TNFα concentrations
are indeed significantly elevated in the HFFD animals compared to the
control animals (Figure 5A). Furthermore, these HFFD fed animals also
had elevated basal levels of plasma IL1β, GM-CSF, and IFN-γ
(Figure 5B–D). Using a commercially available high-throughput assay,
we identified several cytokines and biomarkers associated with meta-
bolic diseases in humans that were different between the HFFD and
chow-fed animals (Supplementary Table 1). MCP-1, CD40, and sex
hormone-binding globulin (SHBG) were elevated, according to the
commercial cytokine-screening assay; elevations in all three are
associated with an increased risk of cardiovascular disease [56–59].
ISM 2 (2013) 256–269 & 2013 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com
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Figure 4: MLDL1278a has little impact on body weight homeostasis, but improves insulin sensitivity. (A) Animals eating a HFFD consume on average 3 fold more calories per day than control
animals. MLDL1278a treatment did not affect HFFD food intake in obese rhesus macaques (pre versus post), nor was there an effect of drug washout on calorie intake (Wash). HFFD increased
body weight (B), Fat mass (C) and Lean mass (D) (*po0.001 unpaired two-tailed t-test between control and pre for all comparisons). MLDL1278a treatment has a small, but significant, effect on
body weight (p¼0.0037) and fat mass (p¼0.019; repeated measures ANOVA, with letters a and b denoting significant differences of groups by Bonferroni posthoc). Animals fed a HFFD had
significantly higher fasting insulin level (E), HOMA-IR (F) and insulin secretion during a glucose tolerance test (G). All increases were attenuated by treatment with MLDL1278a during the treatment
period, and returned to baseline levels after treatment was stopped (E–G). Fasting blood glucose levels were not affected by diet or treatment (H). (I-J) Combined glucose clearance (I) and insulin
secretion (J) during the ivGTT in HFFD animals. Two-tailed unpaired t-test where po0.05 is considered significant. **po0.01.
Consistent with the observation that MLDL1278a exhibits anti-inflammatory
effect on purified monocytes, treatment with MLDL1278a resulted in a
significant decrease in plasma TNFα and IL–1β levels by week 8 (Figure 5A
and B). Surprisingly, neither of these cytokines returned to pretreatment
levels, even after 12 weeks of washout. GM-CSF levels were relatively
stable during the earlier and later course of the study, but peaked
significantly after 8 weeks of MLDL1278a treatment in HFFD NHP. IFN-γ
levels trended upwards during the 12-week treatment phase; however this
did not reach significance until after the treatment was completed. Although
MCP-1 was elevated with HFFD in these monkeys, its level was not
reduced upon antibody treatment (Supplemental Figure 4). Nevertheless, we
did note a significant decrease of En-Rage, which is also a potent
chemoattractant for monocytes and able to stimulate monocyte cytokine
release. In addition, CD40 ligand, βFGF, EGF and VEGF are down-regulated
by MLDL1278a in both LPS-stimulated monocytes and HFFD-fed monkeys
MOLECULAR METABOLISM 2 (2013) 256–269 & 2013 Elsevier GmbH. All rights reserved. www.mo
(Supplementary Table 1 and Figure 4), as determined by high-throughput
screening analysis of the samples. Considering the difference between LPS-
stimulated pure monocytes cultured in vitro, and the multiple cell types of
the immune system under physiological conditions, it is not surprising that
some cytokines differ between the two systems.

3.7. Effect of MLDL1278a treatment on T-cell populations
Recent studies have demonstrated that both the adaptive and innate
immune systems play a role in diet-induced obesity [60,61]. As such,
we analyzed the effect of the MLDL1278a treatment on the phenotype of
the T-cell populations in the circulation. First, naïve, central memory and
effector memory CD4 and CD8 T-cell subset populations were
determined by fluorescence flow analysis, following combined staining
with CD4/CD8, CD28, and CD95 mAb, as previously described [62]. The
HFFD animals displayed a clear change in CD4 populations, significantly
lecularmetabolism.com 263



Figure 5: Changes in plasma inflammatory cytokines in response to diet and MLDL1278a antibody treatment. The gray straight line in each panel indicates the average plasma cytokine level in
normal diet-fed control animals. (A) TNF- was significantly increased in HFFD animals (two-tailed t-test; po0.0001) compared to control animals when measured by ELISA. Treatment with
MLDL1278a significantly reduced TNF- levels compared to week 0 (repeated measures ANOVA with Dunnett’s posthoc analysis) from week 8 to at least week 24. (B) HFFD significantly increased
IL-1 levels (two-tailed t-test; po0.001) and MLDL1278a treatment significantly improved IL-1 levels from 4 weeks after treatment was initiated. IL-1 levels were still significantly lower 24 weeks
after the start of the treatment. (C) GM-CSF levels were not altered by HFFD, however a significant spike in levels was detected 8 weeks after the treatment was initiated. (D) IFN- levels were
increased in response to the HFFD, and MLDL1278a treatment resulted in a significant rise in IFN- levels during the treatment period. Levels remained elevated during the washout period. Values
represent the mean7SEM.

Original article
decreasing the pool of CD4 naïve T-cells (Figure 6A, control versus pre,
p¼0.05), in favor of CD-4 central memory T-cells (Figure 6B, control
versus pre, ♯, po0.05). More importantly, treatment of the animals
with MLDL1278a resulted in a reversal of this shift (Figure 6A and B, pre
versus post, *po0.05, **po0.01). The CD4 effector memory pool was
not affected by either the HFFD or the treatment (Figure 6C).
Although HFFD had no direct effect on the distribution of CD8 positive
T-populations, MLDL1278a treatment resulted in a significant shift from CD8
effector memory to the central memory phenotype (Figure 6E and F), with no
change in CD8 naïve cells (Figure 6D). These observations were reversed
after the washout period. In all, these results argue that MLDL1278a has a
positive outcome on the status of the adaptive immune system.

3.8. T-cell responsiveness is improved with MLDL1278a treatment
To determine whether the responsiveness of the T-cells has been affected
by the HFFD or MLDL1278a treatment, we subjected isolated subsets of
T-cells to T-cell receptor cross-linking, using agonistic anti-CD3 mAb and
determined IFN-γ and TNF-α production. Following this immunological
stimulus, T-cell responsiveness in all subsets was clearly diminished in HFFD
animals (Figure 7A–D, ctrl versus pre). This decrease in T-cell responsive-
ness induced by HFFD was maintained over the duration of the study.
However, within the HFFD diet group, MLDL1278a treatment significantly
264 MOLECULAR METABOL
increased the percentage of responding cells in all of the subsets of T-cells
(Figure 7A–D, pre versus post). In addition, this improvement was reversed
when the treatment was stopped (Figure 7A–D, post versus wash).
4. DISCUSSION

In recent years, it has been recognized that inflammation is an important
driving force for metabolic disorders, such as obesity, insulin resistance,
and atherosclerosis [63–65]. Oxidative stress contributes to inflamma-
tion both locally and systemically. oxLDL is thought to be a key
oxidatively-modified molecule that drives atherosclerosis, and it has
been implicated in plaque initiation, progression, and destabilization. The
strong association of oxLDL with atherosclerosis [66] and the ability of
oxLDL particles to promote inflammation in different types of cells
provided the rationale for development of a human anti-oxLDL antibody
for treatment of atherosclerosis [29]. The molecular premise was that
antibodies to oxLDL would neutralize and prevent oxLDL from binding to
and signaling inflammation through oxLDL receptors present on
inflammatory immune cells, most notably macrophages. In this study,
we demonstrate that an anti-oxLDL antibody exhibits significant anti-
inflammatory effects in a unique nonhuman primate diet-induced obesity
ISM 2 (2013) 256–269 & 2013 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com
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Figure 6: Changes in T-cell repertoire in response to HFFD and MLDL1278a treatment. (A) HFFD reduced populations of CD4 Naı̈ve T-cells, which was reversed by treatment with MLDL1278a.
(B) CD4 Central Memory T-cells were increased in HFFD animals, and returned to control levels when treated with MLDL1278a. CD4 effector memory T-cells (C) and CD8 Naı̈ve T-cells (D) were not
altered by diet or treatment. (E and F). Central and Effector memory T-cells were not affected by diet, however treatment induced a significant shift in T-cell population from Effector to Central
Memory T-cells. Values represent the mean7SEM. Student t-test for diet effect (Pre versus control; ¼po0.05) and repeated measures ANOVA for effect of treatment (*¼po0.05,
**¼po0.01, ***¼po0.001 with Bonferroni post hoc testing).
model of human metabolic syndrome and cardiovascular disease, and
that this antibody functions unexpectedly by a mechanism that does not
involve inhibition of oxLDL:oxLDL receptor signaling.
The inhibitory signal delivered by MLDL1278a was co-dependent on
antibody:antigen immune complex formation, requiring binding to high-
density oxLDL- and antibody constant domain interactions with FcγR to
attenuate immune cell inflammatory responses. It was known that oxLDL
co-localizes with macrophages and is abundant in plaque tissue [49].
These observations are consistent with a unique mechanism-of-action of
MLDL1278a involving (1) antibody localization to oxLDL rich plaque tissue;
(2) immune complex formation through binding to densely aggregated
antigen; (3) FcγR crosslinking and inhibitory signaling to deactivate
inflammatory activity in macrophages. With such a mechanism,
MLDL1278a would present a truly tissue specific anti-inflammatory drug,
i.e., it would only exert its anti-inflammatory activity and modulate
macrophage function in the relevant diseased (chronically inflamed, oxLDL
and macrophage containing) tissue.
Although immune complexes are thought to drive inflammatory
responses in several disease settings, including rheumatoid arthritis, it
has also been reported that immune complexes can attenuate
inflammatory cytokine release induced by LPS [67]. Monocytes and
macrophages show remarkable plasticity and functional heterogeneity
[68]. On the one extreme of this continuum are the classical pro-
inflammatory M1 macrophages, which in response to exogenous or
endogenous danger signals, e.g., toll-like receptor ligands, respond by
vigorous release of pro-inflammatory cytokines. On the other side of the
MOLECULAR METABOLISM 2 (2013) 256–269 & 2013 Elsevier GmbH. All rights reserved. www.mo
continuum are the regulatory M2 macrophages, which by production of
IL-10 suppress immune responses and exert anti-inflammatory activity.
Interestingly, previous studies had demonstrated that co-incubation of
monocytes with M1-inducing pro-inflammatory ligands, e.g. toll-like
receptor agonists or IL-1, with antibody immune complexes skews
macrophages away from a pro-inflammatory M1 phenotype towards a
regulatory anti-inflammatory phenotype [69]. The signaling pathways
that mediate these changes, however, remain largely uncharacterized.
Here, we further the understanding of cell signaling pathways involved in
antibody immune complex-mediated skewing of macrophages by
demonstrating that MLDL1278a—an antibody that is dependent on
immune-complex formation and antibody interactions with macrophage
FcγRs to exert its anti-inflammatory activity—modulates phosphoryla-
tion of several kinases downstream of FcγRs and TLRs, ultimately
leading to decreased activation of the transcription factor NF-κB and
decreased pro-inflammatory cytokine release. We propose that when
clustered by high density of its antigen, MLDL1278a, through its Fc
fragment, cross-links immunoreceptor tyrosine-based activation motif
(ITAM) associated FcγRIIa and immunoreceptor tyrosine-based inhibitory
motif (ITIM) associated FcγRIIb. This leads to dephosphorylation and
inactivation of FcγRIIa associated Syk through the ITIM associated
phosphatases SH2-Containing 5′-Inositol Phosphatase (SHIP) and SH2-
Containing protein tyrosine phosphatase-1 (SHP-1), and subsequent
inactivation of downstream signaling molecules including p38 MAPK, as
has been previously described [70,71]. Although we have not detected
consistent changes on the phosphorylation of SHP-1 and SHIP, which
lecularmetabolism.com 265
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Figure 7: The ability of T-cells to respond to stimuli is improved with treatment. (A–D). The
percentage of all CD4 and CD8 memory T-cells was significantly reduced in animals fed a HFFD
(Student’s t-test ¼po0.05). Repeated measures analysis with Bonferroni posthoc testing
demonstrated significant improvements in the ability of T-cells to respond to CD3-mediated
activation, which returned to pre-treatments levels after the washout period was completed
(**po0.01). Values represent the mean7SEM.
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may not fully recapitulate their phosphatase activities, we did find
phosphatase inhibitors could reverse the inhibitory effect of MLDL1278a
on primary monocytes, indicating phosphatase activities are important
for the observed effects in these cells (data not shown). Notably, anti-
oxLDL immune complexes also significantly increased levels of the
NF-κB inhibitory protein IκBα, which leads to decreased NF-κB activity
in the nucleus. While more detailed characterization of the kinases that
mediate these changes is needed, herein presented data demonstrate
for the first time that antibody immune complexes through FcγRII
engagement can modulate a variety of signaling and transcriptional
events, which ultimately lead to the downregulation of inflammatory
cytokine production.
Consistent with this proposed mechanism of action, administration of
MLDL1278a to diet-induced obese monkeys decreased systemic levels
of several macrophage-associated proinflammatory cytokines, including
TNF-α and IL-1β (Figure 5). The decrease in IL1β levels may be
especially important as this change would be predicted to be protective
against CVD, since knockout of IL1β in the mouse model of CVD (apoE
−/−) significantly reduced the severity and occurrences of athero-
sclerosis [72]. Similarly, anti-oxLDL antibody treatment also reduced
266 MOLECULAR METABOL
several other cytokines, including EN-RAGE, CD40 ligand and bFGF,
even though their levels were not initially different from control animals
(Supplementary Figure 4 and Supplementary Table 1). EN-RAGE, like
MCP-1, is a potent chemoattractant for monocytes and EN-RAGE
induces monocyte IL-1β and TNF-α release [73]. Like oxLDL and pro-
inflammatory macrophages, the pro-inflammatory EN-RAGE/RAGE axis
has further been implicated in metabolic syndrome [74], T2DM [75], and
atherosclerosis [76–78]. EN-RAGE is the ligand for RAGE that can be
activated in response to CRP [79]. EN-RAGE is also thought to be
involved in diabetic macro- and micro-angiopathy [80]. IL15 is
expressed in atherosclerotic plaques in humans and apoE−/− mice,
and is thought to be involved in T cell recruitment [81]. Finally, it has
been shown that oxLDL increases the production and release of bFGF,
which, in turn, directly stimulates smooth muscle cell proliferation in
vasculature and promotes atherosclerosis [82].
However, not all cytokines were decreased by MLDL1278a treatment, as
both IFNγ and GM-CSF were increased by this treatment (Figure 5). The
increase in IFNγ was persistent beyond the cessation of oxLDL
immunotherapy, while the increase in GM-CSF was only transient,
peaking after 8 weeks of treatment and then declining by 12 weeks of
treatment. The increase in IFNγ may appear counter intuitive; however
this increase may be reflective of the adaptive nature of the immune
system and could signal a change in other areas of the system. Follow-up
studies are needed to fully understand the impact of the immune system,
including innate and adaptive immune systems. The transient increase in
GM-CSF in response to oxLDL immunotherapy may also be an indication
of a reduced risk of cardiovascular complications, since GM-CSF
deficiency increases the lesion size and macrophage infiltration in ApoE
−/− mice [83]. Thus, GM-CSF may promote smaller stable atherosclerotic
lesions. The reason for the only transient spike in GM-CSF is unknown.
Although levels were still elevated by the end of the treatment period, the
changes in GM-CSF levels with ox-LDL immunotherapy quickly returned
to basal levels once treatment was stopped.
The finding that several pro-inflammatory cytokines were suppressed
beyond the 12-week washout period suggests that oxLDL immunother-
apy could have long-term beneficial effects. However, in our study, the
beneficial effects of oxLDL immunotherapy on insulin sensitivity had
returned to pretreatment levels after the 12-week washout period.
These observations indicate that the insulin-sensitizing and the systemic
cytokine-decreasing effects of oxLDL immunotherapy may result from
targeting pro-inflammatory macrophages residing in different body
compartments. The role of pro-inflammatory macrophages in develop-
ment of metabolic syndrome, insulin-resistance, T2DM, as well as CVD,
is now well-established, and recent studies using a system biology
approach to interconnect genetic, genomic, and environmental data
support a causal role for macrophages in disease [84,85]. Notably,
tissue macrophages are known to be major producers of several of the
pro-inflammatory cytokines shown herein to be down-regulated by anti-
oxLDL-treatment, including TNF-α, IL-1β, and EN-RAGE [80]. It was, for
example, reported that almost all of adipose tissue TNF-α in rodents is
produced by adipose tissue macrophages [86]. OxLDL immunotherapy
may further directly, or indirectly, through targeting of macrophages,
block the action of oxLDL on the adipocyte or hepatocyte and improves
insulin sensitivity independent of the circulating cytokine levels [11,12].
Based on our hypothesized mechanism-of-action, for the anti-oxLDL
antibody to exert its effect in adipose tissue, the latter would need to
contain oxLDL targeted by this antibody. According to current under-
standing and our own observations, extensively oxidatively modified
LDL, including the MDA-LDL that is bound by MLDL1278A, is largely
confined to plaque tissue where it is thought to perpetuate inflammation
ISM 2 (2013) 256–269 & 2013 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



[48,49,87]. Interestingly, however, as greater adipose tissue increases
lipoxygenase and decreases superoxide dismutase production, it has
been hypothesized that adipose tissue contributes to LDL oxidation [48].
It is thus conceivable that inflamed adipose tissue, like inflamed plaque,
contains oxLDL targeted by MLDL1278a. While further studies are
needed to characterize in more detail the cellular and molecular
interactions that underlie anti-oxLDL IgG effects on inflammation and
insulin sensitization, herein presented and earlier reported [31,40] data
are consistent with targeting of pro-inflammatory macrophages being an
important mechanism underlying anti-oxLDL therapeutic activity.
Adaptive immune system abnormality has recently been proposed to
promote insulin resistance and obesity [60,61]. Our DIO monkeys indeed
show a skewed peripheral CD4 T cell compartment, and both CD4 and
CD8 T cell responses to T cell receptor cross-linking were decreased in
DIO compared to control monkeys, indicative of suppressed immune
function. More importantly, treatment with MLDL1278a shifted the
T-cells to a more naïve state and improves T-cell responsiveness.
The underlying mechanism of these phenomena and whether these
changes contribute to the beneficial effects on the metabolic parameter
need to be further investigated.
In summary, this study demonstrated that anti-oxLDL IgG immune therapy
is capable of modulating macrophage pro-inflammatory activity through
delivery of dominant inhibitory FcγR-signaling in vitro, and that it reduces
inflammation and improves insulin sensitivity in a unique nonhuman
primate model, sharing several characteristics with human metabolic
syndrome and cardiovascular disease. Impressively, these changes were
observed independent of any changes in food intake or body composition.
In addition to providing protection from cardiovascular disease [29], the
insulin-sensitizing action of this therapy simultaneously targets two co-
morbidities of obesity. Anti-oxLDL IgG treatment could provide a new tool
in the fight against the morbidity of the obesity epidemic.
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