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Dysfunctional macrophages underlie the development of several diseases includ-
ing atherosclerosis where accumulation of cholesteryl esters and persistent
inflammation are 2 of the critical macrophage processes that regulate the progres-
sion as well as stability of atherosclerotic plaques. Ligand-dependent activation of
liver-x-receptor (LXR) not only enhances mobilization of stored cholesteryl ester but
also exerts anti-inflammatory effects mediated via trans-repression of proinflammatory
transcription factor nuclear factor kappa B. However, increased hepatic lipogen-
esis by systemic administration of LXR ligands (LXR-L) has precluded their therapeutic
use. The objective of the present study was to devise a strategy to selectively deliver
LXR-L to atherosclerotic plaque-associated macrophages while limiting hepatic uptake.
Mannose-functionalized dendrimeric nanoparticles (mDNP) were synthesized to fa-
cilitate active uptake via the mannose receptor expressed exclusively by
macrophages using polyamidoamine dendrimer. Terminal amine groups were used
to conjugate mannose and LXR-L T091317 via polyethylene glycol spacers. mDNP-
LXR-L was effectively taken up by macrophages (and not by hepatocytes), increased
expression of LXR target genes (ABCA1/ABCG1), and enhanced cholesterol efflux.
When administered intravenously to LDLR−/− mice with established plaques, signif-
icant accumulation of fluorescently labeled mDNP-LXR-L was seen in atherosclerotic
plaque-associated macrophages. Four weekly injections of mDNP-LXR-L led to sig-
nificant reduction in atherosclerotic plaque progression, plaque necrosis, and plaque
inflammation as assessed by expression of nuclear factor kappa B target gene matrix
metalloproteinase 9; no increase in hepatic lipogenic genes or plasma lipids was
observed. These studies validate the development of a macrophage-specific de-
livery platform for the delivery of anti-atherosclerotic agents directly to the plaque-
associated macrophages to attenuate plaque burden.

Abbreviations: CE = cholesteryl ester; DNP = dendrimeric nanoparticles; FC = free- or unesterified
cholesterol; LXR = Liver-X-receptor; mDNP = mannose functionalized DNP; mDNP-LXR-L = mDNP
conjugated to LXR ligand T0901317; MPMs = mouse peritoneal macrophages; PAMAM =
polyamidoamine dendrimer
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INTRODUCTION

Macrophages are effector cells that not only play a
major role in innate and adaptive immunity, but also play
an important role in tissue repair and homeostasis.
However, normal physiological functions of mac-
rophages are perturbed in several diseases including
metabolic diseases such as atherosclerosis, diabetes, and
obesity. Therefore, targeting the recruitment, activa-
tion, or regulation of dysfunctional macrophages
represents a promising therapeutic strategy. With the ad-
vancement of nanotechnology, development of
nanomedicines to efficiently target dysfunctional mac-
rophages can strengthen the effectiveness of therapeutics
and improve clinical outcomes.1 Several macrophage-
specific surface receptors have been described including
mannose receptor,2 folate receptor,3 and TIM-4 or BAI-14,5

that can potentially be used for effective targeting. Al-
though folate-functionalized nanomedicine to target
cancerous tissue-associated macrophages has been
described6; strategies to target dysfunctional mac-
rophages in other chronic diseases such as atherosclerosis
are very limited.

Among the vast repertoire of nanomedicine options,
polyamidoamine (PAMAM) dendrimers offer several dis-
tinct advantages for the development of multifunctional
dendrimeric nanoparticles (DNP). More than 120 ter-
minal amine groups on PAMAM dendrimer generation
5.0 permit accessible surface modifications and also offer

high buffering capacity for the unique “proton-sponge”
effect desirable for endosomal escape. Furthermore,
PEGylation of DNP prevents agglomeration, decreases
the highly positive charge on the surface, and increases
the high steric exclusion, thus extending the circulation
time in the blood.7-9 We have successfully developed
several PAMAM-derived nanoparticles and demon-
strated their use for enhanced delivery of drugs10 as well
as for gene delivery.11 Furthermore, functionalized
PAMAM dendrimer-triglycine-Epidermal growth factor
nanoparticles were demonstrated to successfully deliver
drugs or nucleic acids via specific receptor binding.12 Thus,
PAMAM dendrimer-based DNPs represent a viable start-
ing point to develop nanomedicines to target dysfunctional
macrophages.

Atherosclerosis is one of the many metabolic dis-
eases where dysfunctional macrophages play a causal
role and are involved in all stages of its development.
The 2 main and causally related characteristics of the
dysfunctional macrophages in atherosclerosis are accu-
mulation of cholesteryl esters (CE) and inability to
appropriately resolve inflammation.13,14 Intracellular CE
accumulation in macrophages can be reduced by en-
hancing the removal of unesterified or free cholesterol
(FC), a process rate-limited by intracellular CE hydro-
lysis catalyzed by neutral CE hydrolase (CEH),15,16 and
earlier studies from our laboratory have demonstrated
CEH overexpression-mediated increase in CE
mobilization.17-19 FC generated by CEH-mediated hy-
drolysis of CE becomes available for ApoA1 or High
density lipoprotein-dependent efflux through FC trans-
porters ABCA1/G120 and carried to the liver for final
elimination from the body. Although overexpression of
ABCA1 attenuates atherosclerosis,21,22 deficiency of
ABCA1 in macrophages enhances plaque progression.23

Therefore, a strategy to enhance FC removal from dys-
functional macrophage foam cells by simultaneously
increasing CEH activity24 and ABCA1/G1 expression25

is likely to attenuate foam cell formation. Activation of
liver-X-receptor (LXR) is one such strategy. LXR acti-
vation in macrophages is athero-protective,25,26 and the
underlying mechanism is thought to be increased ex-
pression of ABCA1/G1 resulting in increased FC efflux
from macrophage foam cells. Functional LXR re-
sponse elements are also present in the proximal CEH
promoter and LXR-L increase CEH promoter activity.27

Therefore, targeted delivery of LXR-L to macrophages
will potentially increase FC efflux by modulating 2
critical intracellular mechanisms. Ligand-mediated ac-
tivation of LXR also suppresses inflammation via trans-
repression of nuclear factor kappa B (NF-κB)-mediated
inflammatory pathways.28 Consistently, administration
of an LXR agonist results in attenuation of atheroscle-
rosis in LDLR−/− and ApoE−/−29 mice, and macrophage

AT A GLANCE COMMENTARY

Background
No modalities are currently available to directly
deliver therapeutic agents to atherosclerotic plaque-
associated dysfunctional macrophages to modulate
plaque size or characteristics. Herein, we describe
the development of a mannose-functionalized
dendrimeric nanoparticle platform for specific de-
livery of LXR ligand to plaque-associated
macrophages. In contrast to increased hepatic li-
pogenesis associated with systemic delivery of LXR
ligands, no dyslipidemia was noted while athero-
sclerotic plaque size as well as plaque inflammation
or necrosis was reduced.

Translational Significance
Development of a macrophage-specific delivery plat-
form represents a significant advance in direct
delivery of pharmaceutical agents to atheroscle-
rotic plaque-associated macrophages to beneficially
modulate disease process and improve outcomes.
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LXR are considered as endogenous inhibitors of
atherosclerosis.30 Despite these promising effects, the
use of LXR-L in clinical arena is hindered by the ob-
served hepatic steatosis (>6-fold increase in liver
triglycerides [TGs]) and hypertriglyceridemia (>2-fold
increase) because of activation of hepatic LXR.31 In the
liver, LXR acts as a master lipogenic transcription factor
to directly regulate fatty acid synthase (FAS) and sterol
regulatory element-binding protein 1 ([SREBP1] a pro-
lipogenic transcription factor), thus enhancing
lipogenesis.32 Hence, to maximize the efficacy of LXR-L
in treatment of atherosclerosis, it is essential to devise
a strategy to selectively deliver LXR-L to atheroscle-
rotic plaque-associated macrophages while limiting its
hepatocyte uptake.

The present study was therefore undertaken to develop
such a functionalized DNP-based platform for specific
delivery of payloads to macrophages. Advantage was
taken of the specific surface expression of mannose re-
ceptor on macrophages to develop mannose functionalized
DNP (mDNP) for targeted delivery of LXR-L to mac-
rophages. Data presented herein demonstrate the suitability
of mDNP for specific delivery of LXR-L to macrophages
and not to hepatocytes, thereby eliminating the undesir-
able lipogenic effects in the liver. Furthermore, the data
also show that targeted delivery of LXR-L to athero-
sclerotic plaques-associated macrophages results in LXR-
L-dependent plaque attenuation and favorable modulation
of plaque characteristics.

MATERIALS AND METHODS
Materials. Ethylenediamine core PAMAM dendrimer

generation 5.0 (technical grade) was purchased
from Dendritech (Midland, MI). Fluorescein
isothiocyanate (FITC), 4-nitrophenyl chloroformate
(NPC), triethylamine, COOH-polyethylene glycol
(PEG)-NH2 (Mn = 3500 g/mol), tetrahydrofuran, 1-ethyl-
3-(-3-dimethylaminopropyl) carbodiimide hydrochloride,
N-hydroxysuccinimide (NHS), and LXR-L T0901317
were purchased from Sigma-Aldrich (St. Louis, MO).
Mannose-PEG-NHS (Mn = 3500 g/moL) was custom syn-
thesized by JenKem Technology (Plano, TX). Near
infrared dye 800CW-NHS ester was obtained from Li-
COR Biotechnology (Lincoln, NE). SnakeSkin dialysis
tubing with 3500 molecular weight cutoff (MWCO) was
purchased from Thermo Scientific (Rockford, IL). Wil-
liam’s E medium, Dulbecco’s Modified Eagle’s Medium
medium, fetal bovine serum (FBS), and Dulbecco’s
phosphate-buffered saline (DPBS) were obtained from
Gibco BRL (Carlsbad, CA). Trypsin-EDTA (0.25%),
streptomycin, and penicillin were obtained from Invitrogen
Co. Vectashield mounting media were purchased from
Vector Laboratories (Burlingame, CA). RNeasy Mini Kit

was purchased from QIAGEN. High-capacity cDNA
Reverse Transcription Kit and TaqMan Universal PCR
Master Mix, no AmpErase UNG were obtained from
Applied Biosystems. All other chemicals were pur-
chased from Sigma-Aldrich.

Synthesis and characterization of functionalized DNP. The
overall synthesis scheme is shown in Fig 1, A. In brief,
5 mg of LXR-L (10 mg/mL in DMSO as stock solu-
tion) and COOH-PEG-NH2 (the molar ratio of PEG to
LXR-L was 1:1.05) was mixed in 10 mL of tetrahydro-
furan and stirred overnight in the presence of NPC (the
molar ratio of PEG to NPC was 1:1.5) and excess tri-
ethylamine. The reaction product was filtered, and the
solvent was evaporated under vacuum. The obtained
residue was dissolved in water, subjected to dialysis
with 3000 MWCO overnight and then lyophilized to
obtain COOH-PEG-LXR-L. COOH-PEG-LXR-L was
coupled to the amino groups on the surface of PAMAM
dendrimer G5.0 in DMSO via the 1-ethyl-3-(-3-dimethyl-
aminopropyl) carbodiimide hydrochloride-NHS reac-
tion. Following an overnight incubation, the solvent was
dialyzed by water to remove the DMSO and lyophi-
lized to obtain DNP-LXR-L. The DNP-LXR-L was
dissolved in 0.1 M sodium bicarbonate solution and
mannose-PEG-NHS was added (the molar ratio of
mannose-PEG-NHS to G5 was approximately 10:1). The
resulting mixture was stirred overnight at room temper-
ature followed by sufficient dialysis with 3000 MWCO
and lyophilization to get the final product mDNP-LXR-
L. To facilitate monitoring of intracellular uptake and
trafficking, FITC was coupled to mDNP-LXR-L or G5
as described earlier.33 To monitor the specific targeting
to macrophages in atherosclerotic plaques, Near infra-
red (NIR) dye 800CW-NHS ester was coupled to the
mDNP-LXR-L based on the procedure described before.34

1H NMR spectra were recorded on a Varian supercon-
ducting Fourier-transform NMR spectrometer
(Mercury-300).35 D2O was used as the solvent. The proton
chemical shift of D2O is 4.8 ppm. The particles used in
this study were DNP (PAMAM G5.0), mDNP (mannose
functionalized DNP), and mDNP-LXR-L (mannose
functionalized DNP conjugated to LXR-L T0901317).
Particle size and zeta potential information was ob-
tained by using a Malvern Zetasizer Nano ZS90 apparatus
(Malvern Instruments, Worcestershire, UK). Changes in
the size and zeta potential of mDNP-LXR-L were also
monitored during 24-hour incubation at 37°C to test its
colloidal stability after re-suspension in DPBS.

In vitro validation. Cell culture. Thioglycollate-elicited
mouse peritoneal macrophages (MPMs) were har-
vested, and non-adherent cells were removed after 4
hours, and medium was replaced with fresh growth
medium (10% FBS containing Dulbecco’s Modified
Eagle’s Medium medium).24 Primary mouse hepatocytes
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were prepared as described earlier.36 Cells (0.7 × 106

cells/well) were plated in collagen-coated 6-well plates,
and the growth medium (William’s E medium without
phenol red containing hepatocyte thawing as well as
plating supplement from Invitrogen) was changed after
3 hours. After 24 hours, the medium was replaced with
fresh medium.

Mannose receptor expression. The mannose receptor
expression was examined in macrophages or hepato-
cytes by Western blot analyses. Briefly, cells were
washed twice with ice-cold DPBS, and then lysed by
incubating in the RIPA buffer supplemented with pro-
tease and phosphatase inhibitor cocktail (Sigma-Aldrich)

for 30 minutes at 4°C. The proteins (~30 µg) were
separated by 10% SDS-PAGE (Bio-Rad Laboratories),
transferred to polyvinylidene difluoride membrane,
immunoblotted with 1:200 diluted anti-mannose recep-
tor rabbit polyclonal antibody (ab64693, Abcam,
Cambridge, MA) and followed by goat anti-rabbit
antibody conjugated to IRDye 800 CW (green). Posi-
tive immunoreactivity was detected using the Odyssey
CLx imaging system. The membrane was stripped and
re-probed for actin using mouse monoclonal antibody
(sc-47778, Santa Cruz Biotechnology) and goat anti-
mouse secondary antibody conjugated to IRDye 680CW
(red).

Fig 1. Synthesis and characterization of mDNP-LXR-L. (A) Schematic to show the steps involved in the synthesis. LXR-L was PEGylated and
then coupled with DNP G5.0 to form DNP-LXR-L. Mannose-PEG-NHS was conjugated with DNP-LXR-L to get mDNP-LXR-L. To facilitate in
vitro and in vivo imaging, mDNP-LXR-L was labeled with either FITC or 800CW. (B) The 300 MHz 1H NMR spectrum of pure PAMAM G5,
mannose-PEG-NHS, LXR-L, and mDNP-LXR-L. In the spectrum of mDNP-LXR-L, multiple protons peaks between 2.2 and 3.4 ppm belong to
protons from PAMAM G5; a singlet peak at 3.6 ppm belongs to the repeat units of PEG in mannose-PEG-NHS and peaks in the red rectangle stand
for the LXR-L. (C) Morphology of mDNP-LXR-L visualized by TEM. (D) Hydrodynamic size of mDNP-LXR-L measured by DLS. (E) Changes
on zeta potential of mDNP-LXR-L in colloidal state over 24 hours. (F) Changes on size of mDNP-LXR-L in colloidal state over 24 hours. DLS,
Differential light scattering; FITC, fluorescein isothiocyanate; LXR-L, liver-x-receptor ligand; mDNP, mannose-functionalized dendrimeric nanoparticles;
NHS, N-hydroxysuccinimide; NMR, Nuclear Magnetic Resonance; PAMAM, polyamidoamine dendrimer; TEM, Transmission Electron Microscopy.
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Evaluation of cell viability following mDNP-LXR-L
uptake. Freshly isolated MPMs (0.8 × 106 cells/well) or
mouse hepatocytes (0.3 × 106 cells/well) were plated in
48-well plates, and growth medium was changed after
4 hours. After 24 hours, the growth medium was re-
placed with fresh medium containing increasing
concentrations of mDNP-LXR-L and incubated for an
additional 24 hours. Cell viability was determined using
WST-1 assay.

Cellular uptake of mDNP by macrophages or
hepatocytes. For imaging of mDNP uptake, cells were
plated in 2-well chamber slides. At the end of each
treatment, cells were washed with DPBS, fixed with
4% formaldehyde at room temperature for 20 minutes,
permeabilized with 0.1% Triton X-100 for 5 minutes,
and the cell nuclei were counterstained with 4’, 6-diamino-
2-phenylindole (DAPI) for 5 minutes. Cellular uptake
was assessed by fluorescent imaging, a 405 nm laser
line was selected for DAPI, and a 488 nm laser line
was selected for FITC. For quantification of uptake,
cells were harvested at the end of the incubation,
analyzed by flow cytometry, and uptake of mDNP was
expressed as mean fluorescence intensity. To evaluate
the specificity of mDNP uptake by macrophages, MPMs
were pretreated with 0.1 mM mannan (mannose recep-
tor antagonist) for 30 minutes before the addition of
0.2 µM mDNP-FITC.

CEH activity. Intracellular CEH activity was mea-
sured by monitoring the hydrolysis of cholesteryl [1-14C]
oleate. The substrate was presented as micelles and was
prepared as described by Hajjar et al.37 In a standard assay,
25 µL of this substrate was used in a final volume of
500 µL, giving the final concentration of 6 µM cholesteryl
oleate, 23.7 µM phosphatidyl choline, and 12.5 µM
sodium taurocholate. CE hydrolytic activity was mea-
sured using 3 different protein concentrations to ensure
linearity, and each assay was performed in duplicate. The
activity is expressed as nmoles of [1-14C] oleate released/
h/mg protein.38

FC efflux assays. Freshly isolated MPMs (1 × 106 cells/
well) were plated in 24-well culture plates and incubated
overnight. The intracellular FC and CE pools were
labeled with [3H]-cholesterol by incubating the cells
for 48 hours with serum-free medium containing 1
µCi/mL [3H]-cholesterol (Perkin Elmer) and 25 µg/mL
acetylated LDL (Kalen Biomedical, Inc). The cells were
then washed and incubated with serum-free medium
for 24 hours to allow all pools of cholesterol to equili-
brate. Following equilibration, FC efflux was initiated
by replacing the medium with growth medium contain-
ing 10% FBS, and % FC efflux was determined as
described earlier.18

In vivo validation. All animal procedures were ap-
proved by the Institutional Animal Care and Use

Committee of Virginia Commonwealth University and
conform to the relevant ethical guidelines for animal
research. LDL receptor knockout mice (LDLR−/−) orig-
inally obtained from Jackson Laboratory and maintained
in the laboratory in a barrier facility were used for all
studies. At 10 weeks of age, mice of both sexes were
fed a high-fat, high-cholesterol Western-type diet (WD,
TD88137, Harlan Teklad), which contained 21% fat,
0.15% cholesterol, and 19.5% casein by weight with
no sodium cholate for 12 weeks. After 12 weeks, the
mice were switched to chow diet. The experimental
group was injected (i.v., weekly for 4 weeks) with
mDNP-LXR-L (200 µg in 100 µL DPBS), and the control
group did not receive any injections. It should be noted
that strong in vitro and in vivo data demonstrating no
effects of mDNP in modulating LXR target gene ex-
pression in macrophages or liver precluded the necessity
to inject control mice with mDNP alone. Following an
overnight fast, the mice were euthanized (by inhalation
of isoflurane) to collect blood, aorta, and heart for
analyses.

Uptake of mDNP by atherosclerotic plaque-associated
macrophages. To image the uptake of mDNP by ath-
erosclerotic plaque-associated macrophages in vivo, NIR-
mDNP (labeled with 800CW) were injected (i.v., 0.25 mg
800CW/kg, 3 mice per group) into LDLR−/− mice with
established atherosclerotic lesions as a result of WD
feeding for 16 weeks. For ex vivo imaging, the major
organs (heart, liver, spleen, lung, and kidney, as well as
the entire aorta) were harvested after 24 hours and imaged
using Odyssey Fc Imaging System (LI-COR, Lincoln,
NE) at ex/em = 780/800 nm.To quantify the uptake by
the macrophages associated with the aortic lesions,
mDNP-FITC was injected into 16-week-old atheroscle-
rotic mice (0.5 mg FITC/kg, 3 mice per group). Aortic
arch was dissected, cleaned, and digested as described
by Galkina et al39 and used in our laboratory.40 Isolated
cells were re-suspended in Fluorescence activated cell
sorting buffer containing Fc block and incubated with
fluorescently labeled anti-CD45 antibody (CD45-PE,
eBioscience) and anti-CD11b antibody (CD11b-
AlexaFluor 700, eBioscience) for 20 minutes at 4°C. After
washing, specific immunofluorescent staining of indi-
vidual cells in the total cell suspension was detected by
flow cytometry (BD Biosciences, Canto II) and the data
were analyzed using FlowJO software (Tree Star Inc.).
Uptake of mDNP-FITC was quantified by determining
the mean fluorescent intensity of FITC in CD11b+ mac-
rophages in the CD45+ population. To evaluate retention
of CD11b+FITC+ cells in the atherosclerotic plaques fol-
lowing a single injection, data were expressed as
%CD11b+FITC+ cells at given time.

Expression of LXR-target genes. Total RNA (from
MPMs, hepatocytes, or liver) was extracted with RNeasy
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Mini Kit (Qiagen, Valencia, CA). Five microgram of total
RNA was reverse transcribed with Thermoscript RT-
PCR System (Invitrogen), and first-strand cDNA was used
to perform real-time PCR using Stratgene Mx3000p real-
time PCR system with TaqMan Gene Expression
Assays for ABCA1 (Mm00442646_m1), ABCG1
(Mm00437390_m1), FAS (Mm00662319_m1), and
SREBP1 (Mm00550338_m1) (Applied Biosystems,
Foster City, CA).

Plasma analyses. Total plasma cholesterol, TGs, liver
enzymes aspartate transaminase and alanine transami-
nase, as well as blood urea nitrogen (BUN) and creatinine
were determined using the Cobas c311 automated
chemistry analyzer with reagents, calibrators, and con-
trols from Roche Diagnostics. Interleukin-6 levels were
determined using Ready-set-Go ELISA kit from
eBioscience.

Quantitative atherosclerosis analyses. The aorta was dis-
sected from the heart to the iliac bifurcation, cleaned of
any surrounding tissue, opened longitudinally, pinned on
black wax, and fixed for 24 hours in 10% buffered for-
malin. The fixed aortas were imaged on a black
background using a Canon Digital Camera fitted with a
60 mm, f/2.8 Macro Lens. Total area and the area oc-
cupied by the lesions in the aortic arch as well as total
aorta was determined using Axiovision Image Analysis
software (Carl Zeiss).24

Morphological analyses of the lesions. Hearts were fixed
in buffered formalin, paraffin embedded and sectioned.
Once the aortic sinus was visible, serial sections (5-µm
thick) were transferred to numbered slides. Serially num-
bered slides were then stained with Masson trichrome
stain and hematoxylin-eosin. Images were acquired with
Zeiss Observer A1 inverted microscope and analyzed by
Axiovision Image Analysis Software to quantify the total
lesion or % necrotic area.24

Immunohistochemistry. Heart sections (2 per slide)
with visible aortic root were dewaxed using CitraSolv
and rehydrated using serial incubations in 100%, 95%,
and 70% ethanol followed by deionized water. Follow-
ing antigen retrieval in preheated citrate buffer (10 mM
sodium citrate, 0.05% Tween 20, pH 6.0, 95°C), the
sections were incubated with 5% horse serum (block-
ing solution) to block nonspecific sites. The sections
were subsequently incubated overnight with either
primary antibody (negative control) or anti-matrix
metalloproteinase 9 (MMP-9) antibody (sc-6840, goat
polyclonal antibody, 1:50 dilution in blocking solu-
tion). Following 3 washes in PBS, sections were then
incubated with biotin-conjugated horse anti-goat IgG
for 1 hour followed by NeutrAvidin-conjugated Alexa
Flour546 as the fluorescent detection reagent. Cover-
slips were mounted using ProLong Diamond antifade
mountant with DAPI (Molecular Probes). Images were

acquired using a Zeiss inverted microscope fitted with
a digital camera in a multi-acquisition mode using
pseudo-coloring.

Statistical analysis. All data were analyzed using
GraphPad Prism software. Statistical significance of dif-
ference between groups was determined by analysis of
variance, and Tukey multiple comparison tests were
performed to evaluate the significant difference between
groups, if applicable. P < 0.05 was considered statisti-
cally significant.

RESULTS
Synthesis and characterization of mDNP-LXR-L. Fig 1, A,

details the steps involved in the synthesis of mDNP-
LXR-L using PAMAM dendrimer G5.0 as a polymeric
core, LXR-L T0901317 as the model drug, and mannose-
PEG-NHS as a targeting ligand. PEG spacer between
LXR-L and PAMAM G5.0 as well as mannose and
PAMAM G5.0 was added to achieve a longer circula-
tion time in blood. Following the synthesis, the final
product mDNP-LXR-L was purified by sufficient dialy-
sis and characterized for its physiochemical properties.
1H NMR spectrum (Fig 1, B) shows that the final product
has relatively high purity without interfering proton peaks
from the reactants, intermediates, or reaction solvent. The
methylene protons of branching units within the dendrimer
have multiple peaks between 2.2 and 3.4 ppm. The methy-
lene protons of repeat units from mannose-PEG and PEG-
LXR-L have a singlet peak at 3.6 ppm. The proton peaks
between 6.5 and 7 ppm are attributed to the benzene ring
protons of LXR-L. Based on the integrals of the proton
peaks, the stoichiometric ratio for PEG-LXR-L:PEG-
mannose-NHS:G5.0 was approximately 5:10:1. The
particles had a relatively uniform size as seen in Fig 1,
C. The surface functionalization chemistry did not no-
ticeably change the size of DNPs. The mean
hydrodynamic size of mDNP-LXR-L was ~5 nm with
a narrow polydispersity (Fig 1, D), consistent with the
reported value of commercially available PAMAM
dendrimer G5.0. The zeta potential of mDNP-LXR-L de-
creased from ~30 mV (unmodified PAMAM dendrimer
G5.0) to ~6 mV (zero time point, data not shown) and
did not change over time (Fig 1, E), suggesting that the
PEGylation significantly shielded the positively charged
dendrimer surface. Colloidal stability tests also showed
that mDNP-LXR-L had excellent stability with no obvious
change in size (Fig 1, F) over the 24-hour time period
tested.

In vitro validation. Evaluation of cellular toxicity. Mouse
hepatocytes or MPMs were exposed to increasing
concentrations of mDNP-LXR-L, and cell viability
was evaluated. As shown in Fig 2, A, no significant
decrease in cell viability was noted in MPMs even
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when exposed to a concentration of 2 µM. However, a
decrease in cell viability was noted when hepatocytes
(Fig 2, B) were exposed to concentrations above
0.2 µM.

Specificity of uptake by macrophages. Activation of
LXR in hepatocytes leads to an undesirable increase in
lipogenic target genes,31 leading to increased hepatic
lipid accumulation. The foremost objective of the present
study was to develop a platform with specific delivery
to macrophages and yet limited the uptake by hepato-
cytes. For targeted delivery of DNP to macrophages,
advantage was taken of the specific expression of
mannose receptor on macrophages. As shown in Fig 3,
A, mannose receptor was highly expressed on MPMs
(labeled as MΦ) and negligible expression was seen in
hepatocytes. Consistently, macrophages showed higher
uptake of mDNP-FITC compared with primary mouse
hepatocytes (Fig 3, B), and significantly higher mean
fluorescent intensity of FITC was associated with mac-
rophages compared with hepatocytes (1070.2 ± 99.8 vs
310.3 ± 45.2, P < 0.001, n = 6) (Fig 3, C), validating
the specificity imparted by mannose functionalization
of DNP. It is noteworthy that in addition to mac-
rophages, mannose receptors are also expressed on
immature dendritic cells where they mediate high effi-
ciency uptake of glycosylated antigens.41Being phagocytic
in nature, macrophages are likely to nonspecifically take
up DNP, and the ability of mannose functionalization to
impart specificity was further tested by comparing

concentration-dependent uptake of DNP-FITC and
mDNP-FITC by MPMs. A concentration-dependent in-
crease in uptake of DNP was noted and at all
concentrations tested; uptake of mDNP-FITC was higher
than that seen for DNP-FITC (Fig 4, A). Using 0.2 µM
as the optimized concentration, DNP uptake kinetics was
evaluated. Not only was the uptake time-dependent, in-
creased uptake of mDNP-FITC was also noted at all
time points compared with DNP-FITC (Fig 4, B),
demonstrating specific macrophage targeting by
mannose functionalization of DNP. Based on the
observed fluorescent intensities, maximum uptake was
noted by 24 hours and it was indistinguishable with that
seen at 48 hours. More importantly, no morphological
changes were noted, and cell viability remained un-
changed with time. Specificity of uptake of mDNP-
FITC by MPMs was further confirmed by evaluating the
uptake in cells pretreated with mannose receptor antag-
onist mannan. Significant reduction in mDNP-FITC by
MPMs exposed to mannan (Fig 4, C) further demon-
strated the specificity of mDNP uptake by macrophages
via the mannose receptor.

Intracellular functionality of LXR-L (T0901317) when
delivered using mDNP-LXR-L. With the primary objective
to develop a macrophage-specific delivery platform
with limited or negligible delivery to hepatocytes, we
next tested the ability of mDNP-LXR-L to activate
LXR in MPMs and increase the expression of LXR-
target genes (eg, ABCA1 and ABCG1). As shown in

Fig 2. mDNP-LXR-L does not affect cell viability: (A) Freshly isolated MPMs (0.8 × 106 cells/
well) were plated in 48-well plates and growth medium was changed after 4 hours. After 24
hours, the growth medium was replaced with fresh medium containing increasing concentra-
tions of mDNP-LXR-L and incubated for additional 24 hours. Cell viability was determined
using WST-1 assay. (B) Freshly isolated hepatocytes (0.3 × 106 cells/well) were plated in 48-
well plates, and growth medium was changed after 4 hours. After 24 hours, the growth medium
was replaced with fresh medium containing increasing concentrations of mDNP-LXR-L and
incubated for additional 24 hours. Cell viability was determined using WST-1 assay. Data are
expressed as % cell viability compared with the no treatment control (mean ± SD, n = 6). LXR-
L, liver-x-receptor ligand; mDNP, mannose-functionalized dendrimeric nanoparticles; MPM,
mouse peritoneal macrophages; WST-1, Water soluble tetrazolium-1.
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Fig 5, A, compared with untreated controls or mDNP
alone, significant increase in ABCA1 and ABCG1
expression was noted when MPMs were treated with
mDNP-LXR-L. Furthermore, this LXR-mediated in-
crease in gene expression was comparable with that
seen with MPMs treated with free LXR-L. In contrast,
as shown in Fig 5, B, mDNP-LXR-L failed to increase
the expression of LXR-target genes (eg, FAS and
SREBP1) in hepatocytes while exposure of hepato-
cytes to free LXR-L led to significant increase in the
expression of FAS and SREBP1.To further examine the
functional consequences of LXR-L-dependent increase
in gene expression, cellular CEH activity was moni-
tored. mDNP-LXR-L delivered LXR-L significantly
increased CEH activity compared with MPMs treated with
mDNP alone (Fig 5, C). This increase in CEH activity
by mDNP-LXR-L was comparable with that observed

by directly treating the MPMs with free ligand, indicat-
ing that mDNP-LXR-L delivered ligand is equally
effective. The potential therapeutic use of developing a
macrophage-specific platform is to be able to facilitate
the removal of stored CE from macrophage foam cells
in an effort to reduce atherosclerotic plaque burden. There-
fore, to further examine if mDNP-LXR-L mediated
increase in ABCA1/ABCG1 expression as well as in-
crease in CEH activity leads to an increase in FC removal
from MPMs, FC efflux was monitored. Significantly
higher FC efflux was observed from MPMs treated with
mDNP-LXR-L compared with those treated with mDNP
(Fig 5, D) at both time points tested. Furthermore, this
increase in FC efflux was comparable with that seen in
MPMs directly treated with free LXR-L, demonstrat-
ing the efficacy or functionality of LXR-L delivered by
mDNP-LXR-L.

Fig 3. Specific uptake of mDNP-FITC by macrophages: (A) Total protein extracts prepared
from freshly isolated MPMs as well as primary mouse hepatocytes were subjected to Western
blot analyses to evaluate the expression of mannose receptor. Blots were stripped and re-
probed with β-actin as the housekeeping gene. (B) MPMs as well as hepatocytes were plated
in 2-well chamber slides as described under Methods section and incubated with mDNP-
FITC (0.2 µM) for 24 hours. Cells were washed with PBS, fixed with buffered formalin, and
imaged using Carl Zeiss inverted fluorescent microscope. (C) MPMs as well as hepatocytes
were plated in 6-well tissue culture dishes and incubated with mDNP-FITC (0.2 µM). After
24 hours, cells were harvested and cell-associated FITC fluorescence was determined by FACS.
Data (mean ± SD, n = 6) are shown as mean fluorescent intensities. FACS, Fluorescence ac-
tivated cell sorting; FITC, fluorescein isothiocyanate; mDNP, mannose-functionalized dendrimeric
nanoparticles; MPM, mouse peritoneal macrophages; PBS, phosphate-buffered saline.
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In vivo validation. Uptake of mDNP by atherosclerotic
plaque-associated macrophages. To evaluate delivery of
payloads to atherosclerotic plaques, initial experiments
compared the uptake of intravenously administered DNP
or mDNP conjugated to NIR dye 800CW by different
tissues including the aorta. Ex vivo imaging of the dis-
sected aorta was performed to monitor uptake of DNP
by plaque-associated macrophages. Considerable in-
crease in uptake of mDNP compared with
nonfunctionalized DNP was noted in the isolated aortic
tree (Fig 6, A, Top Panel). It is noteworthy that
macrophage-rich tissues such as liver, kidney, lung, and
spleen also show uptake of NIR-DNP consistent with
uptake by resident macrophages in these tissues (Fig 6,
A, Middle and Bottom Panels). Although mannose
functionalization in NIR-mDNP-LXR-L did not affect
the uptake by these tissues, significant increase in uptake
was observed only in the aorta (Fig 6, B). Furthermore,

mannose functionalization significantly reduced the clear-
ance by kidney probably because of the surface
modification of DNP by mannose and PEG spacer.To spe-
cifically determine the uptake by arterial plaque-associated
macrophages, uptake of mDNP or mDNP-LXR-L
fluorescently labeled with FITC was monitored. A 3-fold
increase in FITC mean fluorescent intensity was noted
in CD11b+ macrophages isolated from atherosclerotic
aortic arches from high fat high cholesterol containing
WD (TD88137)-fed LDLR−/− mice treated with mDNP
compared with untreated control mice (Fig 6, C) 24 or
48 hours post injection. It is noteworthy that conjuga-
tion with LXR-L did not significantly affect the overall
uptake of mDNP by plaque-associated macrophages; no
difference noted between the data from mice injected with
mDNP and mDNP-LXR-L. To further assess the reten-
tion of mDNP by atherosclerotic plaque-associated
macrophages after a single intravenous injection, CD11b+

Fig 4. Concentration- and time-dependent increase in the uptake of mDNP-FITC by MPMs. (A) Freshly isolated MPMs were plated in 2-well chamber
slides and incubated with increasing concentration of either FITC (green)-labeled DNP (DNP-FITC) or with FITC-labeled mannose functionalized
DNP (mDNP-FITC) for 24 hours. (B) Freshly isolated MPMs were plated in 2-well chamber slides and incubated with 0.2 µM of either DNP-FITC
or with mDNP-FITC for 8-48 hours, as indicated. Cells were washed with PBS, permeabilized, counterstained with nuclear stain DAPI (blue), and
imaged as described under Methods section. Representative images from 3 independent experiments are shown. (C) MPMs were plated in 24-well
plates and incubated with mDNP-FITC (0.2 µM) in the absence or presence of mannose receptor antagonist, mannan (0.1 mM). After 24 hours, the
cells were harvested and cell-associated FITC fluorescence was determined by FACS. Data (mean ± SD, n = 6) are shown as mean fluorescent in-
tensities. DAPI, 4’, 6-diamino-2-phenylindole; FACS, Fluorescence activated cell sorting; FITC, fluorescein isothiocyanate; mDNP, mannose-
functionalized dendrimeric nanoparticles; MPM, mouse peritoneal macrophages; PBS, phosphate-buffered saline.
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macrophages containing FITC label from mDNP were
examined by flow cytometry. As shown in Fig 6, D, the
percentage of CD11b+FITC+ cells (macrophages with
mDNP-FITC) in the atherosclerotic plaques was highest
3 days post intravenous injection. Although a decrease
in this population of cells was noted thereafter, 20% of
isolated cells were still FITC positive 8 days post injec-
tion. Collectively, these in vivo uptake data not only
demonstrate successful targeting of atherosclerotic plaque-
associated macrophages by mDNP but also indicate >20%
retention of mDNP by the plaque-associated mac-
rophages for at least 8 days, providing the necessary
justification for a weekly treatment regimen. Furthermore,
based on the observed lack of effect of mDNP
administration on expression of LXR target genes in
plaque-associated macrophages (Fig 7, B), no injections
were given to the control group in subsequent studies.

Functionality of LXR-L delivered by mDNP-LXR-L. To eval-
uate the functionality of mDNP-LXR-L in activating LXR
in plaque-associated macrophages and thereby enhanc-
ing the expression of LXR target genes, expression of
the specific target genes was monitored. Intravenously
administered mDNP-LXR-L significantly increased the
expression of ABCA1 and ABCG1 in atherosclerotic
plaque-associated macrophages (Fig 7, A). Consistent with
limited uptake of mDNP by hepatocytes as shown in
Fig 3, B, no change in hepatic LXR target genes in-
volved in lipogenesis (eg, FAS, SREBP-1) was observed
(Fig 7, B). Therefore, mDNP represents a suitable plat-
form for providing the beneficial effects of LXR-L at the
atherosclerotic plaque site.

Lack of the undesirable hepatic effects of LXR ligand
using mDNP-LXR-L. Four weekly i.v. injections of mDNP-
LXR-L were given to LDLR−/− mice fed a WD for 12

Fig 5. mDNP-LXR-L delivered LXR ligand appropriately increases gene expression leading
to increased FC efflux. MPMs (A) or primary hepatocytes (B) were plated in 6-well culture
dishes and incubated with either LXR ligand T0901317 or mDNP or mDNP-LXR-L (0.2 µM)
for 24 hours; untreated cells were used as controls. Expression of LXR target genes (ABCA1
and ABCG1 in MPMs and FAS and SREBP1 in hepatocytes) was evaluated by QPCR using
total RNA as described under Methods section. Data (mean ± SD, n = 3) are expressed as fold
increase over controls. (C) MPMs e plated in 6-well plates were exposed to either LXR ligand
T0901317 or mDNP or mDNP-LXR-L (0.2 µM) for 24 hours. Cells were washed once with
cold PBS and harvested in cold buffer on ice as described under Methods section. Following
disruption of cells by sonication and removal of cell debris, CEH activity was measured using
a radiometric assay. CEH activity (mean ± SD, n = 3) is expressed as % untreated controls. (D)
MPMs, plated in 24-well plate, were loaded and labeled with [3H]-cholesterol as described under
Methods section. During the 24 hours equilibration, cells were exposed to either LXR ligand
T0901317 or mDNP or mDNP-LXR-L (0.2 µM). FC efflux to medium containing 10% FBS
was monitored for 8 and 24 hours. Data (mean ± SD, n = 6) are expressed as % efflux. *P < 0.05
and NS—not significant. CEH, cholesteryl esters hydrolase; FBS, fetal bovine serum; LXR-
L, liver-x-receptor ligand; mDNP, mannose-functionalized dendrimeric nanoparticles; MPM,
mouse peritoneal macrophages; PBS, phosphate-buffered saline; QPCR, quantitative or real-
time polymerase chain reaction.
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weeks. Fasting plasma was collected at the time of eu-
thanasia. Treatment with free LXR-L is reported to result
in more than 2-fold increase in plasma TG and total cho-
lesterol levels.31 However, plasma total cholesterol or TG
levels were unchanged between untreated control and
mDNP-LXR-L treated mice (Fig 8, A). Although no
change in the expression of FAS or SREBP1 was noted
48 hours after mDNP-LXR-L injection as shown in Fig 7,
B, expression of these genes was monitored again after
4-week treatment to exclude any possible long-term off-
target effects. As shown in Fig 8, B, even after 4-week

treatment, there was no increase in LXR target genes (FAS
and SREBP1) in the liver. These data provide additional
proof that mDNP-LXR-L represents a superior plat-
form for the delivery of LXR-L as it eliminates the
undesirable hepatic lipogenic effects. Plasma levels of
aspartate transaminase and alanine transaminase re-
mained unchanged with mDNP-LXR-L treatment,
indicating lack of hepatotoxicity (Fig 8, C). Although
plasma creatinine levels were below the detectible limits
in control as well as mDNP-LXR-L-treated mice, BUN
levels were not different between the 2 groups,

Fig 6. In vivo uptake of mDNP by tissues and arterial plaque-associated macrophages: LDLR−/− mice (both sexes) with established atheroscle-
rotic plaques were injected (i.v.) with either NIR-DNP or NIR-mDNP-LXR-L in sterile PBS. (A and B) After 24 hours, mice were euthanized, and
major organs (heart, liver, spleen, lung, and kidney) as well as entire aorta from the heart to the iliary bifurcation was removed and cleaned to remove
all the adventitious tissue. After opening to expose the arterial plaques, the aortas were imaged to assess uptake of fluorescent mDNP. Representa-
tive images are shown in A and quantification is shown in B. Data (mean ± SD, n = 6) are presented as total fluorescence per milligram tissue. (C)
For assessing the uptake of mDNP-FITC by aortic plaque-associated macrophages, Western diet-fed LDLR−/− mice were either injected with PBS,
or mDNP-FITC or mDNP-LXR-L-FITC. Control animals were injected with PBS alone. Following euthanasia after 24 or 48 hours, aortic arch from
each mouse was quickly dissected and digested to obtain single cell suspension as described under Methods section. Cells were then stained for
CD11b and analyzed by flow cytometry. Mean fluorescent Intensity, a measure of FITC-labeled DNP uptake is shown as % control (mean ± SD,
n = 4). *P < 0.05. (D) In a separate experiment, time-dependent retention of FITC-labeled mDNP-LXLR-L by atherosclerotic plaque-associated mac-
rophages after a single i.v. injection was monitored. Data (mean ± SD, n = 3) are shown as % of CD11b+FITC+ cells in the total cells isolated.
FITC, fluorescein isothiocyanate; LXR-L, liver-x-receptor ligand; mDNP, mannose-functionalized dendrimeric nanoparticles; NIR, Near infrared.
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Fig 7. Delivery of LXR ligand using mDNP-LXR-L increases expression of LXR target genes
in plaque-associated macrophages but does not affect expression of lipogenic genes in the liver.
Mannose functionalized DNP (mDNP) with or without conjugated LXR ligand in sterile PBS
were injected via the tail vein of LDLR−/− atherosclerotic mice of both sexes. Control animals
were injected with PBS alone. Following euthanasia, aortic arch and liver from each mouse
was quickly dissected and total RNA was isolated. Gene expression of the indicated genes in
aortic arch associated macrophages (A) and liver (B) was assessed by QPCR as described under
Methods section. Data (mean ± SD, n = 3) are expressed as fold increase over controls. *P < 0.05.
LXR, liver-x-receptor; mDNP, mannose-functionalized dendrimeric nanoparticles; PBS, phosphate-
buffered saline; QPCR, Quantitative or real-time polymerase chain reaction.

Fig 8. Specific delivery of LXR ligand by mDNP-LXR-L does not affect plasma lipid com-
position and hepatic gene expression. Atherosclerotic LDLR−/− mice of both sexes were given
4 weekly i.v. injections of mDNP-LXR-L. Plasma and liver were collected at the time of eu-
thanasia and analyzed as described under Methods section. (A) Plasma total cholesterol (TC)
and triglyceride (TG) levels are shown as mg/dL (mean ± SD, n = 6). (B) Expression (relative
to untreated controls) of indicated genes in liver was determined and data are presented as
mean ± SD, n = 6. (C) Plasma levels of AST, ALT (U/L), BUN (mg/dL), and IL-6 (ng/dL) and
data are presented as mean ± SD, n = 6. ALT, alanine transaminase; BUN, blood urea nitro-
gen; IL-6, Interleukin-6; LXR-L, liver-x-receptor ligand; mDNP, mannose-functionalized
dendrimeric nanoparticles.
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suggesting no untoward renal effects (Fig 8, C). Circu-
lating levels of interleukin-6, an inflammatory marker,
were also not altered in mDNP-LXR-L-treated mice
(Fig 8, C).

Modulation of atherosclerosis. Effects of mDNP-
mediated delivery of LXR-L on 2 critical parameters of
atherosclerosis were monitored, namely, plaque size and
inflammation. En face analyses shown in Fig 9, A, dem-
onstrate a reduction in atherosclerotic plaques following
4-week treatment with mDNP-LXR-L, and this de-
crease in plaque area in the aortic arch was statistically
significant (Fig 9, B). Effect of treatment on plaque de-
velopment was also evaluated at another site, namely, the
aortic root where plaques develop in the tricuspid aortic
valve. As shown in Fig 9, C, reduced plaques were seen
in mice receiving 4-week treatment with mDNP-LXR-L

compared with untreated mice. Total plaque area of the
aortic root or plaques in all 3 aortic valves was quanti-
fied, and percent area occupied by the plaques was
significantly reduced following 4-week treatment (Fig 9,
D). It should be noted that mice of both sexes were in-
cluded in these studies and no significant sex-dependent
differences were noted. Therefore, combined data for both
sexes are presented in Fig 9, B and D.In addition to con-
tributing to the growth and progression of atherosclerotic
plaques, CE-laden macrophage foam cells also undergo
increased apoptosis, leading to the development of ne-
crotic cores. Treatment with mDNP-LXR-L not only
reduced plaque area but also decreased the necrotic areas
within an individual plaque (Fig 10, A). Quantification
of the necrotic area as percentage of total plaque area
showed a significant reduction following treatment with

Fig 9. Specific delivery of LXR ligand by mDNP-LXR-L attenuates plaque development. LDLR−/− mice were
fed a Western-type high-fat high-cholesterol diet for 12 weeks and divided into 2 experimental groups, and re-
ceived weekly injections of either PBS (control) or mDNP-LXR-L (200 µg in 100 µL sterile PBS, labeled treated)
via the tail vein. Mice were euthanized after 4 weeks of treatment. (A) Representative en face images of the aortas.
(B) Quantification of the area occupied by the plaque in the aortic arch (white opaque areas in the images) was
performed using Axiovision software and the data are presented as % plaque area (mean ± SD, n = 6, both sexes).
(C) Hearts were fixed in buffered formalin, embedded in paraffin, and 5-µm sections were stained with H&E.
Images were acquired using Carl Zeiss inverted microscope. Representative images of the aortic root showing
the plaque development in the aortic valve leaflets (marked by black dashed lines). (D) Quantification of the plaque
area. Data are expressed as % plaque area per leaflet (mean ± SD, n = 6, both genders). *P < 0.05. H&E, hematoxylin-
eosin; LXR-L, liver-x-receptor ligand; mDNP, mannose-functionalized dendrimeric nanoparticles; PBS, phosphate-
buffered saline.
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mDNP-LXR-L (Fig 10, B).To assess the effects of
mDNP-LXR-L on the status of plaque inflammation, ex-
pression of MMP-9, an NF-κB target gene, was examined
by immunohistochemistry. Dramatically reduced stain-
ing of MMP-9 was seen in plaques from mice treated
with mDNP-LXR-L (Fig 11). These data are consistent
with the established or direct effects of LXR activation
on macrophage MMP-9 expression42 and further dem-
onstrate the suitability of mDNP as a strategy for delivery
of anti-inflammatory agents such as LXR-L directly to
the plaque site.

DISCUSSION

Targeted delivery of pharmacological agents is an ac-
tively pursued research area and a very desirable
therapeutic strategy. Currently available therapies for at-
tenuation of cardiovascular disease focus primarily on
reducing plasma cholesterol with the objective of pre-
venting plaque progression. No therapy approved for
clinical use is presently available for targeted reduction
in existing plaque burden or plaque-associated inflam-
mation. Despite the demonstrated benefits of LXR

activation, the undesirable hepatic lipogenic effects have
precluded the use of LXR-L in vivo.31,43 Herein we report
the successful development of a functionalized DNP-
based platform (mDNP-LXR-L) for targeted delivery of
LXR-L to atherosclerotic plaque-associated macrophages
where active uptake is mediated by the presence of
mannose receptor on macrophages. This is in contrast
to passive delivery of LXR-L by PEGylated nanoparticles
used before.44 Most importantly, this functionalized
platform eliminates the undesirable hepatic lipogenic
effects.

Because of their well-defined structures with the near
monodispersity, high water solubility, and ease of multi-
functionalization, DNP represent a very attractive drug
delivery platform. Three important characteristics for
effective delivery using DNP are increased circulation
time for enhanced uptake, specific cell targeting, and
delivery of drugs such as LXR-L with limited water
solubility. We introduced PEG spacers between LXR-L
and PAMAM G5.0 as well as mannose and PAMAM
G5.0 to accomplish longer resident time in circulation
by slowing the rapid uptake of DNP by macrophages
in the reticuloendothelial system. Furthermore, the zeta

Fig 10. Specific delivery of LXR ligand by mDNP-LXR-L attenuates plaque necrosis. (A) Serial
sections (5 µm) of the aortic root from paraffin-embedded hearts (from mice described in Fig 9)
were stained with Mason’s trichrome stain. Images were acquired using Carl Zeiss inverted
microscope. Representative images of the aortic root showing the necrotic areas (white blank
areas) in the aortic valve leaflets. (B) Quantification of the necrotic area. Total plaque was out-
lined (solid black line) and necrotic white areas were identified using Axiovision software (shown
by dotted line) and % necrotic area calculated. Data are expressed as % necrotic area per plaque
(mean ± SD, n = 9). *P < 0.05. LXR-L, liver-x-receptor ligand; mDNP, mannose-functionalized
dendrimeric nanoparticles
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potential of mDNP-LXR-L decreased from ~30 mV
(unmodified PAMAM dendrimer G5.0) to ~6 mV and
did not change over time (Fig 2, E), suggesting that the
PEGylation significantly shielded the positively charged
dendrimer surface. This decreased positive charge
leads to the longer circulation time and enhanced
cytocompatibility of DNP. The increase in circulation
time because of PEGylation and specific uptake of mDNP
via the mannose receptor likely underlies the enhanced
uptake and retention of mDNP-LXR-L by atheroscle-
rotic plaque-associated macrophages out of the
reticuloendothelial system. Macrophage-specific target-
ing of mannose-coupled nanoparticles in various tumors
has been described earlier,45-47 and mannose-functionalized

PAMAM dendrimers have mainly been developed for
the study of protein-carbohydrate interactions.48

Goonewardena et al, however, demonstrated uptake of
mannose-conjugated G5 dendrimers by tumor-associated
macrophages as well as activated bone marrow-derived
monocyte-macrophages.49 Taking advantage of the high
expression of folate receptor on activated mac-
rophages, earlier studies have used folate functionalized
nanoparticles for macrophage targeting,50 and this strat-
egy is currently being favorably considered for rheumatoid
arthritis therapy.51 Because of dysfunctional endothe-
lium as well as leaky vasa vasorum, atherosclerotic
plaques have high levels of exposed collagen IV that
has recently been used for targeted delivery of

Fig 11. Specific delivery of LXR ligand by mDNP-LXR-L attenuates expression of pro-inflammatory and NF-κB target gene MMP-9. Serial sec-
tions (5 µm) of the aortic root from mice described in Fig 9 (n = 6) were stained for MMP-9 as described under Methods section; specificity of
MMP-9 staining was confirmed by staining the sections in the absence of MMP-9 antibody (labeled—No antibody). Images were acquired using
Carl Zeiss inverted microscope under same exposure parameters. Three representative images for each condition are shown. Control—heart sec-
tions from mice with no i.v. injections; +mDNP-LXR-L—Heart sections from mice given 4 weekly injections of mDNP-LXR-L. LXR-L, liver-x-
receptor ligand; mDNP, mannose-functionalized dendrimeric nanoparticles; MMP, matrix metalloproteinase; NF-κB, nuclear factor kappa B.
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nanoparticles to the plaque site.52 However, whether
such targeting strategies deliver the payloads specifical-
ly to plaque-associated macrophages remain to be defined.
Zhang et al used PLGA-b-PEG-based nanoparticles en-
capsulating a synthetic LXR agonist GW 3965 for passive
delivery to atherosclerotic plaque and did not observe
an increase in hepatic expression of SREBP-1.44 However,
these studies did not involve any specific macrophage
targeting, and in the absence of a demonstrated lack of
altered hepatocyte uptake of PLGA-b-PEG-based
nanoparticles, the authors speculated that the observed
deficiency of LXR effects in the liver were likely because
of accelerated clearance of these nanoparticles by hepatic
sinusoids.44 In contrast, the data presented herein direct-
ly demonstrate delivery as well as functionality of mDNP
delivered LXR-L in atherosclerotic plaque-associated
macrophages with no apparent increase in delivery or
functionality of LXR-L in hepatocytes. Therefore,
mannose functionalization represents a significant ad-
vancement over systemic delivery of LXR-L in
elimination of undesirable hepatic lipogenic effects.

In addition to the plaque volume, increased choles-
terol content of macrophage foam cells also contributes
to increased intra-plaque inflammation, likely enhanc-
ing the necrotic processes. Large necrotic areas, considered
a marker of advanced atherosclerotic lesions, are thought
to destabilize the atherosclerotic plaque and induce plaque
rupture that underlies acute coronary events such as
heart attacks and strokes. Targeted delivery of LXR-L
to plaque-associated macrophages not only reduced plaque
size but also decreased necrosis. Based on the data
from a genome-wide scan of LXR chromatin binding
and gene regulation in human macrophages, Pehkonen
et al reported a strong association with apoptosis-
related functions.53 The observed decrease in the necrotic
area is, therefore, consistent with the role of LXR-L in
attenuating apoptosis. Furthermore, LXR-L-dependent
increase in FC efflux from plaque-associated macro-
phage foam cells is likely the second mechanism
underlying reduced necrosis. By targeted transgenic
overexpression of the rate limiting enzyme CEH in
macrophages to stimulate FC efflux we have earlier
demonstrated similar reduction in plaque necrosis and
macrophage apoptosis.24 Collectively, these data suggest
that mDNP-LXR-L-mediated delivery of LXR-L to the
plaque-associated foam cells reduces necrosis by likely
enhancing FC efflux as well as reducing apoptosis.

Increased expression of MMPs and/or imbalance
between MMPs and tissue inhibitor of MMPs (TIMP)
results in plaque destabilization and rupture, leading
to acute coronary events in humans. MMP-9 is an NF-
κB target gene, and activation of LXR induces
anti-inflammatory pathways including reduction in NF-
κB-mediated gene expression.28,54 Consistently,

mDNP-LXR-L-mediated delivery of LXR-L resulted in
dramatic reduction in the expression of MMP-9 in the
plaques and is likely to contribute to plaque stability.

It needs to be emphasized that currently no treat-
ment strategy is available to facilitate reduction in the
size or volume of existing plaques; pharmacological in-
terventions are limited to decreasing hypercholesterolemia
either by reducing absorption of dietary cholesterol by
ezetimibe or inhibiting de novo synthesis of cholester-
ol by statins. Accurate measurement of plaque volume
before and after any treatment is a technical limitation
in the evaluation of reduction in plaque size. Intravas-
cular ultrasound is a recent development for in vivo
assessment of plaque burden but given its invasive nature,
it is currently restricted to very high-risk patients. None-
theless, in 1 landmark study using 5 weekly injections
of a reconstituted High density lipoprotein particle to
enhance FC efflux from plaque-associated macrophage
foam cells, reduction in plaque volume by 1.06 ± 3.17%
(assessed by intravascular ultrasound) was considered clin-
ically significant.55 Furthermore, a recently concluded
randomized controlled trial showed a 0.95% decrease in
atheroma volume following treatment with proprotein
convertase subtilisin kexin type 9 inhibitor evolocumab.56

Therefore, the observed ~10% reduction in plaque area
by 4 weekly injections of mDNP-LXR-L represent a
promising advance, and future studies will evaluate the
potential of this platform in plaque regression, provid-
ed technical advances are in place to quantify in vivo
plaque burden in mice before and after treatment.

In conclusion, these preclinical studies form the basis
for future development of functionalized DNP-based plat-
forms for targeted delivery of therapeutics to be used as
alternatives or in conjunction with the currently used strat-
egies for reducing the burden of cardiovascular diseases
or improving plaque stability.
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