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Monosialoganglioside-Containing Nanoliposomes Restore Endothelial
Function Impaired by AL Amyloidosis Light Chain Proteins

Daniel A. Franco, PhD; Seth Truran, BS; Volkmar Weissig, DSc, PhD; Diana Guzman-Villanueva, PhD; Nina Karamanova, DVM,;
Subhadip Senapati, PhD; Camelia Burciu, MD; Marina Ramirez-Alvarado, PhD; Luis M. Blancas-Mejia, PhD; Stuart Lindsay, PhD;
Parameswaran Hari, MD; Raymond Q. Migrino, MD

Background—Light chain amyloidosis (AL) is associated with high mortality, especially in patients with advanced cardiovascular
involvement. It is caused by toxicity of misfolded light chain proteins (LC) in vascular, cardiac, and other tissues. There is no
treatment to reverse LC tissue toxicity. We tested the hypothesis that nanoliposomes composed of monosialoganglioside,
phosphatidylcholine, and cholesterol (GM1 ganglioside—containing nanoliposomes [NLGM1]) can protect against LC-induced
human microvascular dysfunction and assess mechanisms behind the protective effect.

Methods and Results—The dilator responses of ex vivo abdominal adipose arterioles from human participants without AL to
acetylcholine and papaverine were measured before and after exposure to LC (20 pg/mL) with or without NLGM1 (1:10 ratio for
LC:NLGM 1 mass). Human umbilical vein endothelial cells were exposed for 18 to 20 hours to vehicle, LC with or without NLGM1,
or NLGM1 and compared for oxidative and nitrative stress response and cellular viability. LC impaired arteriole dilator response to
acetylcholine, which was restored by co-treatment with NLGM 1. LC decreased endothelial cell nitric oxide production and cell
viability while increasing superoxide and peroxynitrite; these adverse effects were reversed by NLGM1. NLGM1 increased
endothelial cell protein expression of antioxidant enzymes heme oxygenase 1 and NAD(P)H quinone dehydrogenase 1 and
increased nuclear factor, erythroid 2 like 2 (Nrf-2) protein. Nrf-2 gene knockdown reduced antioxidant stress response and
reversed the protective effects of NLGM1.

Conclusions—NLGM 1 protects against LC-induced human microvascular endothelial dysfunction through increased nitric oxide
bioavailability and reduced oxidative and nitrative stress mediated by Nrf-2—dependent antioxidant stress response. These findings
point to a potential novel therapeutic approach for light chain amyloidosis. (/ Am Heart Assoc. 2016;5:e003318 doi: 10.1161/
JAHA.116.003318)
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Light chain amyloidosis (AL) is associated with high
mortality and morbidity resulting from clonal overpro-
duction of amyloidogenic light chain proteins (LC) that misfold
and deposit in various organs such as the heart, vasculature,
kidneys, gastrointestinal tissue, and peripheral nerves, leading
to multiorgan damage.! Soluble prefibrillar forms of LC
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(monomers and oligomers) play a significant role in tissue
injury.>®> Our group previously showed that LC induces
endothelial dysfunction in human peripheral and coronary
microvessels and causes endothelial cell injury through
oxidative and nitrative stress*” that could be reversed by
antioxidant treatment.® Nanoliposomes are artificial vesicles
with diameters <100 nm and composed of various phospho-
lipids that were recently shown to have affinity for amyloid
proteins, both [3—amy|oid8’9 and LC." They may be the ideal
type of nanoparticles for disease treatment because their
compositions can be varied to produce desired physiological
effects, and they can be loaded with therapeutic cargo; in
addition to this structural versatility, they have the advantage
of being nonimmunogenic and fully biodegradable and have
low cytotoxicity.”'" We recently showed that phosphatidic
acid—containing nanoliposomes restored endothelial function
in microvessels exposed to LC and preserved endothelial
cell viability,” effects that parallel beneficial protection in
human microvessels exposed to B-amyloid peptides.'?
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Monosialogangliosides (GM1 ganglioside) are glycosphin-
golipids found in plasma membranes and may have a
potential advantage over phosphatidic acid in AL because
they were found to have antioxidant properties in brain and
cardiac tissues'>'®> and were shown to reduce myocardial
ischemia—reperfusion injury,'* attributes that could be ben-
eficial in reversing LC-induced oxidative stress and cell injury.
Our group formulated GM1 ganglioside—containing nanolipo-
somes (NLGM1), and the aims of this study were to test the
hypothesis that NLGM1 protects against LC-induced human
endothelial dysfunction and to identify the potential mecha-
nism underlying the protection.

Methods

Human LC Purification

LC from the urine of 4 male participants with biopsy-proven
AL with cardiac involvement (aged 5145.6 years, 2 A and 2
type) were purified using dialysis, size exclusion filtration, and
Affi-Gel blue (Bio-Rad) filtration, as described previously.®
Protein was verified by Western blot and enzyme-linked
immunosorbent assay using antiserum to human A and «
(Sigma-Aldrich). A fifth LC, AL-09FL, is a recombinant LC
derived from a k1 light chain variable domain from a patient
with cardiac AL who died 1 year after diagnosis, and the
protein sequence was deposited in GenBank (AF490909). The
expression vectors for AL-O9FL were expressed in Rosetta-
gami cells (EMD Millipore, Billerica, MA), as described
previously.'® Briefly, proteins were expressed as inclusion
bodies that were solubilized using 8 mol/L urea. Samples
were dialyzed against 10 mmol/L Tris-HCI and loaded onto a
Superdex 75 column (GE Healthcare). SDS-PAGE gels were
run to ensure the purity of the fractions. The patients who
provided human-derived LC gave informed consent for
collection, and the study was approved by and under the
supervision of the institutional review boards of the Phoenix
Veterans Affairs Health Care System and the Medical College
of Wisconsin.

Nanoliposomes

NLGM1 was prepared from phosphatidylcholine, cholesterol,
and GM1 ganglioside (molar ratios 70:25:5) by a lipid film
hydration method, similar to previous preparation methods.'?
Briefly, all lipid components were mixed together in chloro-
form and dried in a rotary vacuum evaporator to completely
remove the solvent until a thin lipid film was formed. The lipid
film was then hydrated with HEPES solution, pH 7.4, to obtain
a final lipid concentration of 10 mg/mL. The resulting
liposomal suspension was sonicated for 45 minutes in an
ice bath to obtain small unilamellar vesicles or

nanoliposomes. Larger lipid aggregates and titanium particles
resulting from sonication were removed by centrifugation at
101 g for 15 minutes at 4°C.

Human Adipose Arteriole Vasoreactivity

Following informed consent from volunteers, subcutaneous
abdominal adipose tissues were obtained from 15 male
participants (aged 63.6+2.7 years) without AL, known cardio-
vascular disease, or diabetes mellitus, during planned elective
abdominal surgeries for clinical indications (inguinal or umbil-
ical herniorrhaphies). Five patients had hypertension, 1 had
hyperlipidemia, and 2 had both hypertension and hyperlipi-
demia. Of 7 patients with hypertension, 2 were not taking
antihypertensive medications, 2 were taking lisinopril, 1 was
taking amlodipine, 1 was taking lisinopril /hydrochlorothiazide,
and 1 was taking atenolol/chlorthalidone. One patient was on
simvastatin. Three were active smokers, and 3 were previous
smokers. Arterioles (=80-300 um diameter) were isolated,
cannulated, and pressurized to 60 mm Hg (estimated physio-
logical pressure of similarly sized vessels in vivo), similar to
previously described methods.® Following preconstriction with
endothelin 1 (107°-10"* mol/L) to achieve ~60% of max-
imum diameter, baseline control dilator response to acetyl-
choline (endothelium-dependent dilation, 10~°~10~* mol/L)
and papaverine (smooth muscle—dependent dilation,
10~* mol/L) was measured by videomicroscopy. Following
washout, arterioles were then exposed (1 hour) to 20 pug/mL
LC with or without NLGM 1 (1:10 mass ratio) and with or without
L-NAME (specific nitric oxide synthase [NOS] inhibitor,
5 mmol/L), and a second (posttreatment) dilator response to
acetylcholine and papaverine was measured. The dose of LC
was chosen because it was within known physiological
concentrations of LC in patients.'” The NLGM1 concentration
was chosen because it was similar to the concentration of a
phosphatidic acid—containing nanoliposome that conferred a
protective effect against f-amyloid and LC.”"'?

Endothelial Cell Nitric Oxide Production

Human umbilical vein endothelial cells (HUVECs; passage
4-8; Lonza, Walkersville MD) were seeded evenly into 10-cm?
conical culture tubes 24 to 48 hours prior to treatment. Cells
were counted immediately before treatment by microscope.
Cells were treated with vehicle or LC (20 pg) with or without
NLGM1 (1:10 ratio for LC:NLGM1 mass) and with or without
L-NAME 5 mmol/L and sealed for 18 to 20 hours. Nitric
oxide (NO) head gas readings were measured by piercing the
seal and diverting to a calibrated Sievers 280 Nitric Oxide
Analyzer (GE Analytical Instruments) and normalized to total
cell count. Results are expressed as values relative to vehicle
control.
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Endothelial Cell Viability and Superoxide,
Reactive Oxygen Species, and Peroxynitrite
Production

Superoxide production was detected by fluorescent reaction
of dihydroethidium'® (Molecular Probes), whereas peroxyni-
trite production was detected using coumarin boronic acid
pinacolate ester'® (Cayman Chemical), similar to previous
methods.'? HUVECs were seeded into 12-well plates with
glass coverslips in the bottom 16 to 20 hours before
undergoing treatment with vehicle control, LC with or without
NLGM1, or NLGM1 for 18 to 20 hours. Cells were washed and
then stained for 15 minutes at 37°C with 5 umol/L
hydroethidine or 20 pmol/L coumarin boronate in HEPES
buffer (in mmol/L: 10 HEPES acid, 138 NaCl, 4 KCI, 1.2
MgS0,, 1.6 CaCl,, 1.2 KH,POy,, 6 p-glucose, 0.03 EDTA; pH
7.4). After staining, cells were washed again and fixed in 4%
paraformaldehyde in PBS, followed by cold methanol and then
mounted on glass slides. Slides were imaged on an EVOS FL
Auto fluorescent microscope (Life Technologies; Thermo
Fisher Scientific) using the RFP light cube (excitation 531/
40 nm: emission 593/40 nm) for reacted hydroethidine
products or the DAPI light cube (excitation 357/44 nm;
emission 447/60 nm) for 7-hydroxycoumarin. Images were
measured using Image) 1.49 analysis software (National
Institutes of Health). To assess reactive oxygen species
generation, separate sets of HUVECs underwent the same
treatments but were stained with 20 pmol/L of carboxy-2/,
7'-dichlorodihydrofluorescein diacetate (Thermo Fisher Scien-
tific) for 15 minutes, followed by washing, fixation, and
fluorescent microscopy using the GFP light cube (excitation
470/22 nm; emission 510/42 nm).

In separate experiments, cell viability was assessed by
fluorescence of calcein acetoxymethyl, a nonfluorescent
compound that can pass through the cell membrane and
requires hydrolysis by intact endogenous esterases to release
fluorescent anion calcein.?® In brief, cells treated for 18 to
20 hours with vehicle control, LC with or without NLGM1, or
NLGM1 were lifted with trypsin into flow cytometry tubes,
where they were washed and resuspended in 10 nmol/L
calcein acetoxymethyl (Life Technologies; Thermo Fisher
Scientific) HEPES buffer containing 1.6 mmol/L calcium. Cells
were allowed to stain for 15 minutes at 37°C before washing
with HEPES buffer and reading with excitation at 488 nm on
the FL-1 channel of Beckman Coulter’s FC500 flow cytometer.

Endothelial Cell Gene and Protein Expression

Gene expression was assessed using quantitative polymerase
chain reaction. HUVECs were lysed, and the RNA was
extracted and converted to cDNA using the Bio-Rad Aurum
Total RNA Mini Kit and iScript cDNA synthesis kit (Bio-Rad).

Heme oxygenase 1 (HO-1) and NAD(P)H quinone dehydroge-
nase 1 (NQO1) are proteins known to protect against
oxidative stress, whereas nuclear factor erythroid 2 like 2
(Nrf-2) is a transcription factor that regulates the expression
of antioxidant proteins (including HO-1 and NQO1). Primers
for HO-1, NQO1, and Nrf-2 were purchased from Integrated
DNA Technologies. Polymerization signal was detected using
SybrGreen (Bio-Rad) on the Thermal Cycler CFX96 Real-Time
System (Bio-Rad) with B-actin primer as the reference gene
for normalization.

To determine endothelial NOS (eNOS) protein content,
HUVECs treated for 18 to 20 hours with vehicle control, LC
with or without NLGM 1, or NLGM1 were lysed in a complete
radioimmunoprecipitation assay—based lysis buffer containing
dithiothreitol, phenylmethanesulfonyl fluoride, and phos-
phatase inhibitor cocktails (Sigma-Aldrich). Lysates were
sonicated, and the DNA was removed by centrifugation.
Protein content was determined by Bradford assay, and 30 pg
of protein was loaded for electrophoresis in precast Mini-
Protean TGX gel (Bio-Rad). Protein was transferred for
Western blot to polyvinylidene fluoride low-fluorescence
membrane for >1 hour at 100 mV. Antibodies against total
eNOS and phosphorylated eNOS (threonine 495 and serine
1177; Cell Signaling) were used at 1:1000 dilution, and all
membranes were blocked a second time before developing via
680 or 800CW infrared-fluorescent conjugated goat sec-
ondary antibody (LI-COR). Infrared fluorescent bands were
detected using the LI-COR Odyssey Clx infrared imaging
system, and signal was reported as measured using Image
Studio 4.0 (LI-COR) normalized to B-actin, which was detected
in the same manner. For detecting protein expression of HO-1
and NQO1, proteins were blotted in a manner similar to that
described for eNOS expression. HO-1 and NQO-1 antibodies
were purchased from Cell Signaling. To assess translocation
of Nrf-2 protein in the nuclear region, separate sets of
HUVECs were treated with vehicle, LC with or without
NLGM1, or NLGM1 for 18 to 20 hours. Following treatment,
cells were trypsinized and collected on ice. Nuclear proteins
were separated using nuclear and cytoplasmic extraction
reagents, according to the manufacturer’s protocol (Thermo
Fisher Scientific). Nuclear Nrf-2 proteins were assessed by
Western blotting of isolated nuclear proteins, as described
previously, and the signal was measured and normalized to
loading control protein tubulin; cytosolic Nrf-2 proteins were
also measured and normalized to loading control protein
actin.

Gene Transfection Experiments

HUVECs were subjected to RNA interference at passage 4 to
6 in 6-well plates with ~75% to 85% confluence. Three
predesigned siRNAs against Nrf-2 and control siRNAs
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(Integrated DNA Technologies) were transfected into HUVECs
using HiPerFect (Qiagen) transfection reagent, according to
the manufacturers’ recommendations. The nucleotide
sequences of the Nrf-2 siRNAs are as follows: (S1) 5'-
ACCUGUCUCUUCAUCUAGUUGUAACUG, (S2) 5-AUCUUU-
CAAAUGAUCUAAAUCUUGCUG, (S3) 5-UGCUCUUUGGACAU-
CAUUUCGUUGAAG. Lipid-transfection complexes were made
with 300 ng (100 ng each) of Nrf-2 siRNAs and either 6 pL
(low) or 12 pL (high) of HiPerFect reagent to ensure adequate
knockdown. Control complexes consisted of 300 ng of
control siRNAs and 12 pL HiPerFect. Completeness of Nrf-2
knockdown was evaluated by comparing control siRNAs with
12 pL HiPerFect to Nrf-2 siRNAs with both 6 and 12 pL of
transfection reagent. The following day, cells were washed
once in 1x PBS and given fresh growth media for 6 hours
prior to addition of NLGM1 for 24 hours. Because there was
no significant difference in outcomes between low and high
HiPerFect reagent Nrf-2 siRNA treatments, the results of both
treatments were combined. Following verification that Nrf-2
siRNA successfully knocked down Nrf-2, additional HUVECs
subjected to control siRNA were exposed to vehicle or LC with
or without NLGM1 (18-20 hours), and peroxynitrite produc-
tion and cell viability were measured, as described previously;
the results were then compared with those of HUVECs
subjected to Nrf-2 siRNA and exposed to LC with NLGM 1.

Data and Statistical Analyses

Data are expressed as mean+SEM, and a significant P value
was set at P<0.05 (2-sided). Vasoreactivity was assessed by
comparing control (baseline) and posttreatment responses in
the same arteriole to maximum acetylcholine dose
(10~* mol/L) and papaverine (10~* mol/L), using a paired
Student t test, whereas responses between the 2 treatments
were analyzed using an unpaired Student t test. To test for
overall acetylcholine curve effect (response to doses of 10~ °—
1074 mol/L), we compared the half-maximal effective con-
centration, the dose of acetylcholine that produced 50%
maximum dilation, similar to our published method.® In brief,
half-maximal effective concentration was derived using non-
linear regression with a variable slope (4 parameters) and
least squares ordinary fit (GraphPad Prism 5.0; GraphPad
Software). For endothelial cell assays, group (treatment)
comparisons were evaluated using 1-way repeated-measures
ANOVA with post hoc pairwise testing using the Holm—Sidak
method or Tukey test for normally distributed data and 1-way
repeated-measures ANOVA on ranks with post hoc pairwise
testing using Dunn’s method for data sets that do not pass a
normality test. For data sets with unequal sample sizes and
nonnormal data distribution, 1-way ANOVA on ranks was done
and post hoc pairwise testing was performed using Dunn’s
method. All post hoc pairwise comparisons were based on

multiple comparison procedures. Statistical analyses were
performed using SigmaStat 3.5 (SigmaStat) and GraphPad
Prism 5.0.

Results

Human Arteriole Vasoreactivity

As shown in Figure 1A and 1B, LC caused significant
reduction in dilation response to acetylcholine, signifying
impaired endothelium-dependent dilation; this was restored
by cotreatment with NLGM1. NLGM1 alone did not affect
dilator response to acetylcholine. Cotreatment with L-NAME
abolished the protective response of NLGM1 to LC treatment.
LC did not cause significant reduction in dilator response to
papaverine versus control (P=0.07), signifying no significant
change in smooth muscle—dependent dilation.

Endothelial Cell NO Production and eNOS Protein
Expression

LC caused significant reduction in NO production after 18 to
20 hours of exposure (Figure 2A). Cotreatment with NLGM 1
restored NO production, whereas NLGM1 alone showed no
significant difference from control. NOS inhibitor L-NAME
abolished the protective effect of NLGM1 on LC-treated cells
on NO production. There was no significant difference in total
and phosphorylated eNOS protein expression and phospho-
rylated eNOS (threonine 495)/eNOS ratio among endothelial
cells treated with vehicle, LC, LC with NLGM1, and NLGM1
(Figure 2B). Similar results were observed with phosphory-
lated eNOS (serine 1177); the phosphorylated eNOS/eNOS
ratio among the groups was also not significantly different
(Figure 2C).

Endothelial Cell Superoxide, Peroxynitrite
Production, and Cell Viability

Exposure to LC caused increased production of superoxide and
peroxynitrite (Figure 3A and 3B). NLGM1 cotreatment
decreased LC-induced superoxide and peroxynitrite produc-
tion. Reactive oxygen species production using dichlorodihy-
drofluorescein fluorescence was also measured. LC increased
reactive oxygen species production, and cotreatment with
NLGM1 decreased LC-induced increased reactive oxygen
species (control 1+0, LC 1.91+0.2, LC with NLGM1
1.38+£0.12, NLGM1 1.2440.21, overall ANOVA P=0.03,
P<0.05 LC versus control and P<0.05 LC versus LC with
NLGM1). Exposure to LC resulted in significant reduction in the
viability of endothelial cells measured by calcein acetoxymethyl
fluorescence (Figure 3C). Cotreatment with NLGM1 restored
HUVEC viability; NLGM1 alone did not affect cell viability.
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Figure 1. Arteriole vasoreactivity. A, EC50 dose of acetylcholine
(log mol/L; note that the y-axis scale is inverted). B, Maximum
dilator response to acetylcholine (10~* mol/L). Treatments were
compared with baseline control (paired analyses) and with other
treatments (unpaired analyses). Exposure to LC resulted in
reduced dilator response to acetylcholine compared with baseline
control response (n=12). Cotreatment of LC with monosialogan-
glioside-containing nanoliposomes (NLGM1) fully restored dilator
response to acetylcholine (n=14). The NLGM 1-protective
response in LC-treated arterioles was abolished by cotreatment
of L-NAME, a specific inhibitor of nitric oxide synthase (LC with
NLGM1 and L-NAME plot, n=3). Dilator response to NLGM 1 alone
did not differ from baseline control (n=3). C, Dilator response to
papaverine. There was no significant change in dilator response to
papaverine with treatment with LC, LC with NLGM1, LC with
NLGM1 and L-NAME, or NLGM1 alone. Dilator response to
papaverine did not differ significantly among the various
treatments. C indicates control; EC50, half-maximal effective
concentration; LC, light chain proteins; NLGM 1, GM1 ganglioside—
containing nanoliposomes; Tx, treatment.

Endothelial Cell Stress Response (HO-1, NQO1,
and Nrf-2)

Exposure to LC for 18 to 20 hours did not change HO-1 or
NQO1 gene or protein expression (Figure 4). NLGM1 cotreat-
ment with LC showed significant increases in HO-1 and NQO1
gene and protein expression compared with LC-treated cells

or controls. By itself, NLGM1 caused increased HO-1 and
NQO1 gene and protein expression versus control.

The Nrf-2 protein content in the nucleus of endothelial cells
was increased in cells treated with NLGM1 compared with
control (Figure 5A). Light chains did not increase nuclear Nrf-
2 versus control, but cotreatment of LC with NLGM 1 showed
a significant increase in Nrf-2 compared with LC-treated cells
alone. Cytosolic Nrf-2 protein contents were as follows:
control 1£0, LC 0.6440.11, LC with NLGM1 1.28+0.25,
NLGM1 1.6240.40 (ANOVA P=0.008, n=8). Pairwise com-
parison showed that cytosolic Nrf-2 protein in cells treated
with NLGM1 was significantly higher than in LC-treated cells
(P<0.05), but the rest of the pairwise comparisons were not
significantly different. To assess whether the increase in HO-1
and NQO1 gene expression by NLGM1 is mediated by Nrf-2
signaling, HUVECs were transfected with Nrf-2 siRNA. There
was a significant reduction in Nrf-2 gene expression in
HUVECs transfected with Nrf-2 siRNA versus control siRNA,
showing effective downregulation of Nrf-2 gene expression
(Figure 5B). HUVECs transfected with control siRNA showed
significant increases in HO-1 and NQO1 gene expression
when exposed to NLGM 1 (Figure 5C and 5D); this increase in
gene expression was abolished in HUVECs transfected with
Nrf-2 siRNA. To evaluate whether suppression of Nrf-2 gene
expression reversed the protective effects of NLGMI,
HUVECs were transfected with either control or Nrf-2 siRNA.
HUVECs treated with control siRNA and exposed to LC
showed increased peroxynitrite and reduced cell viability that
were reversed by NLGM 1 cotreatment (Figure 5E and 5F). The
protective effects of NLGM1 against LC were abolished in
HUVECs treated with Nrf-2 siRNA.

Discussion

Our results revealed the following novel and important
findings. First, NLGM1 reverses LC-induced human arteriole
endothelial dysfunction and preserves viability of endothelial
cells exposed to LC. Second, the mechanism of protection by
NLGM1 involves reduction of oxidative and nitrative stress
through induction of antioxidant stress cellular protective
mechanisms mediated through Nrf-2 signaling. These findings
point to a potential novel therapeutic approach against LC-
induced cellular injury in AL.

AL is a disease that arises from overproduction by plasma
cells of amyloidogenic LC that misfolds and deposits in
various organs as amyloid, causing multiorgan damage.'
Much evidence suggests that tissue toxicity derives, in large
part, from the soluble prefibrillar forms of LC that induce
oxidative and nitrative stress.>*>®2'"2% |jke other amyloid
diseases such as Alzheimer’s disease, vascular involvement
(both coronary and peripheral) appears to be an early and
prominent pathology in AL.**?°* We showed that acute
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Figure 2. Endothelial cell NO production and eNOS expression. A, Human umbilical vein endothelial cells exposed to 18 to 20 hours of LC
showed significant reduction in NO head gas production compared with control. Cotreatment with NLGM1 restored NO production. There was
no difference in NO production between endothelial cells treated with NLGM 1 and vehicle control (n=10 for C, LC, LC with NLGM1, n=7 for LC
with NLGM 1 and LNAME, and n=6 for NLGM1). B, Protein expression of total eNOS and peNOS (threonine 495) and phosphorylated/total eNOS
ratios were not significantly different among cells treated with vehicle, LC, LC with NLGM1, or NLGM1 (n=7). C, Similar results were observed
with peNOS (serine 1177) (n=4). C indicates control; eNOS,endothelial nitric oxide synthase; LC, light chain proteins; NLGM 1, GM 1 ganglioside—
containing nanoliposomes; NO, nitric oxide; NS, not significant; peNOS, phosphorylated endothelial nitric oxide synthase; T, total.

exposure to physiological doses of LC purified from partici-
pants with AL resulted in endothelial dysfunction, oxidative
stress, reduced NO bioavailability, and endothelial cell
death.>® Using selective antioxidant (mitoquinone), selective
inhibitor (gp91ds-tat) and eNOS cofactor supplementation
(tetrahydrobiopterin), we previously showed that increased
superoxide production by endothelial cells following exposure
to LC are likely from multiple sources including mitochondria,
NADPH oxidase, and eNOS uncoupling.® Untreated AL is
associated with poor prognosis, with median survival of
4 months in the setting of cardiac failure.?® Chemotherapy
augmented by autologous stem cell transplantation is the
treatment of choice, but this approach is associated with high
treatment-related mortality; therefore, the sickest patients,
such as those with advanced heart failure, are often ineligible
for this treatment or are limited to less aggressive regi-
mens.?”?® In addition, despite widespread use of chemother-
apy, significant morbidity and mortality remain.?? 32
Nanoliposomes are artificial phospholipid vesicles
<100 nm diameter that may be useful for amyloid diseases.

Unlike other nanoparticles, they are nonimmunogenic, fully
degradable, and structurally versatile and have lower cyto-
toxicity.”'" Nanoliposomes containing cholesterol and phos-
phatidic acid were shown to bind to f-amyloid peptides®? and
to alter the secondary structure of LC, as seen on circular
dichroism spectroscopy, while reducing LC internalization in
endothelial cells.” These effects on LC were associated with
preservation of endothelial function and protection against
LC-induced endothelial cell death.”

Our results show that NLGM1 restores human microvas-
cular endothelial function impaired by LC. The lack of
difference in vascular response between NLGM1 alone and
baseline control suggests that the effect of NLGM1 does not
occur through an intrinsic vasodilator effect. Abolition of
NLGM1 protection with the specific NOS inhibitor L-NAME in
arterioles and reversal of LC-induced reduction of NO in
endothelial cells suggest that the vascular protection is
mediated through increased NO bioavailability. LC causes
increased endothelial cell superoxide and peroxynitrite pro-
duction and reduced NO production without altering eNOS,
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Figure 3. Endothelial cell superoxide, peroxynitrite production, and viability. A, HUVECs treated with LC showed increased superoxide
production that was reversed by cotreatment with NLGM1 (n=17). B, There was increased peroxynitrite in LC-treated cells; this increase was
abolished by cotreatment with NLGM 1. NLGM1 alone showed no difference in peroxynitrite production compared with vehicle (n=11). C, Cell
viability assessed using calcein acetoxymethyl fluorescence showed reduced HUVEC viability following treatment with LC. Cell viability was
restored by NLGM 1 cotreatment (n=14). C indicates control; HUVEC, human umbilical vein endothelial cell; LC, light chain proteins; NLGM1,

GM1 ganglioside—containing nanoliposomes.
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Figure 4. Endothelial cell gene and protein expression. A, Human umbilical vein endothelial cells treated
with LC showed no significant increase in HO-1 gene expression compared with control. Cotreatment with
NLGM1 and NLGM1 alone resulted in significant increases in HO-1 gene expression compared with control
or LC-treated cells (n=13 control, n=11 LC, n=17 LC plus NLGM1, and n=11 NLGM1). B, A similar pattern
was seen for protein expression of HO-1 except there was a significant difference in HO-1 between cells
treated with NLGM1 and with LC with NLGM1 (n=7 each treatment). C, NLGM1 increased NQO1 gene
expression when given to cells alone or as cotreatment with LC compared with control or LC-treated cells
(n=12 control, n=11 LC, n=17 LC with NLGM1, n=10 NLGM1). D, NLGM1 also increased NQO1 protein
expression when given to cells alone or as cotreatment with LC compared with control or LC-treated cells
(n=8). C indicates control; HO-1, heme oxygenase 1; LC, light chain proteins; NLGM1, GM1 ganglioside—
containing nanoliposomes; NQO 1, NAD(P)H quinone dehydrogenase 1.

phosphorylated eNOS, and the phosphorylated eNOS/eNOS
ratio, suggesting that eNOS uncoupling may be a mechanism
of reduced NO bioavailability and increased oxidative and
nitrative stress; however, other sources of increased super-
oxide may also be involved, as we showed previously.® The
current findings are congruent with our previous finding that
an agent that restored eNOS coupling, the cofactor tetrahy-
drobiopterin, reversed LC-induced microvascular endothelial
dysfunction.® NLGM1 cotreatment reduced superoxide and
peroxynitrite and increased NO production in LC-treated
endothelial cells; the reduced oxidative and nitrative stress
likely plays a role in protecting endothelial cells against LC-
induced cell toxicity, as measured by calcein acetyoxymethyl
fluorescence. Peroxynitrite is a reactive nitrogen species
formed by the reaction of NO and superoxide and is one of the
most potent mediators of DNA and protein damage.*?

Our results showed that the protective effects of NLGM1
arise, at least in part, from a direct effect induced by NLGM1
in initiating endothelial cell antioxidant protective stress
response mechanisms. NLGM1 increased gene and protein
expression of HO-1 and NQO1. HO-1 is the inducible isoform

of an enzyme that functions as a defense mechanism against
oxidative stress through cleavage of heme that yields
biliverdin or bilirubin, known physiological antioxidants, in
addition to carbon monoxide, a physiological activator of
guanylyl cyclase like NO.** NQO1 is a highly inducible flavin
adenine dinucleotide—dependent flavoprotein enzyme that has
antioxidant effects through promotion of 2-electron reduc-
tions of quinones and depression of quinone levels that lead
to reduced generation of reactive oxygen intermediates by
redox cycling.?®> Both HO-1 and NQOT1 expression are
regulated by Nrf-2, a transcription factor that regulates the
expression of antioxidant proteins to protect against oxidative
damage triggered by injury and inflammation.®® Our results
showed that NLGM1 caused an increase in endothelial cell
Nrf-2 protein in the nucleus that most likely led to the
increased gene and protein expression of both HO-1 and
NQO1; the increased gene expression of HO-1 and NQO1
induced by NLGM1 was abolished when Nrf-2 gene expres-
sion was suppressed. The causal link between induction by
NLGM1 of Nrf-2/antioxidant stress response and protection
against LC injury is supported by our finding that Nrf-2
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Figure 5. Endothelial cell Nrf-2. A, Treatment with NLGM1 or cotreatment of LC with NLGM 1 resulted in
increased nuclear Nrf-2 protein compared with vehicle control or LC-treated cells (n=8). B through E,
Endothelial cell Nrf-2 siRNA transfection. B, There is reduced Nrf-2 gene expression in HUVECs transfected
with Nrf-2 siRNA compared with control siRNA, showing effective suppression of gene expression (n=6). C
and D, NLGM1 increased HO-1 and NQO1 gene expression in HUVECs transfected with control siRNA; this
increase was abolished in HUVECs transfected with Nrf-2 siRNA (n=3). E and F, In HUVECs treated with
control siRNA, LC increased peroxynitrite (n=5) and reduced cell viability (n=6); these effects were reversed
by cotreatment with NLGM 1. The protective effect of NLGM1 was reversed in HUVECs treated with Nrf-2
siRNA. C indicates control; HO-1, heme oxygenase 1; HUVEC, human umbilical vein endothelial cell; LC,
light chain proteins; NLGM1, GM1 ganglioside—containing nanoliposomes; NQO1, NAD(P)H quinone
dehydrogenase 1; Nrf-2, nuclear factor erythroid 2 like 2.

knockdown using siRNA abrogated NLGM 1 protective effects. have reduced lipid peroxidation, hydroxyl radical formation,
Why NLGM1 triggers this antioxidant response is not known and better myocardial preservation.'® Second, we report for
and would be a focus of future investigation. the first time that the mechanism, or one of the mechanisms,

Our results are novel and distinct from our previous by which NLGM1 protects against LC endothelial injury is
publication,” especially in 2 important respects. First, we through Nrf-2—mediated upregulation of antioxidant stress
purposefully changed the nanoliposome composition to responses (HO-1 and NQO1), leading to reduced oxidative and
include GM1 ganglioside. The rationale for this choice was nitrative stress and increased NO bioavailability. Because we
that, unlike phosphatidic acid, GM1 ganglioside was shown to previously demonstrated that oxidative and nitrative stress
have antioxidant properties in neural tissue exposed to underlie microvascular injury induced by amyloid proteins (LC
ischemia or toxic agents such as glutaric acid through in AL,® B-amyloid in Alzheimer’s disease,®” and medin in aortic
inhibition of lipid peroxidation or free radical scaveng- medial amyloidosis*°), the induction of an antioxidant stress
ing.'®1537:38 Eyrthermore, rat hearts pretreated with ganglio- response by NLGM1 may have potential clinical relevance not
sides exposed to ischemia—reperfusion were also shown to only to AL but also to other amyloid diseases.
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Figure 6. Proposed schema by which NLGM1 confers protec-
tion against LC-induced endothelial dysfunction. LC causes
reduced endothelial cell NO production that leads to endothelial
dysfunction. LC also causes increased oxidative and nitrative
stress that leads to reduced endothelial cell viability. NLGM1
induces antioxidant stress responses (Nrf-2, HO-1 and NQO1)
that lead to reduced nitrative stress, increased NO bioavailability,
increased endothelial cell viability, and restoration of endothelial
function. HO-1, heme oxygenase 1; LC, light chain proteins;
NLGM1, GM1 ganglioside—containing nanoliposomes; NO, nitric
oxide; NQO1, NAD(P)H quinone dehydrogenase 1; Nrf-2, nuclear
factor erythroid 2 like 2; SO, superoxide.

Our study has several important limitations. AlL-induced
vascular dysfunction affects both peripheral and central
(coronary) arterioles, and we tested efficacy only on peripheral
adipose arterioles; however, we previously demonstrated
similarity in response to LC between adipose and coronary
arterioles,® validating the adipose arteriole model as a reason-
able surrogate for coronary arteriole response. Similarly,
vasomotor responses in ex vivo arterioles paralleled the
functional dysfunction observed in brachial artery flow-
mediated dilation in living participants,*’ suggesting that our
ex vivo model recapitulates in vivo treatment responses. Our
arteriole model is limited in testing only acute effects and not
chronic exposure, so preclinical testing in animal models will be
necessary to determine whether the protective effects of
NLGM1 are durable and replicable in vivo. In addition, although
we used a primary human endothelial cell line (HUVEC), the
degree of phenotypic similarity with endothelial cells in intact
human arterioles is not fully established. The effects of LC on
larger conduit arteries were not tested and need to be studied
in the future. Although we did not test for sources of superoxide
or reactive oxygen species in this study, we previously showed
that the increased endothelial cell superoxide production
induced by LC was likely from multiple sources (mitochondria,
NADPH oxidase, and eNOS uncoupling).6

In summary, we found that light chains induce human
adipose arteriole endothelial dysfunction, reduced NO
bioavailability, increased superoxide and peroxynitrite and
reduced endothelial cell viability. NLGM1 cotreatment
restored endothelial function and cell viability by increasing
NO bioavailability, reducing peroxynitrite production and

promoting antioxidant response through a Nrf-2—mediated
signaling mechanism, as summarized in Figure 6. NLGM1 is a
potential novel treatment approach for AL that deserves
further investigation and therapeutic development.

Acknowledgments

We would like to thank our research volunteers, John Hatfield, Sara
Schwab, Didio Martinez, Wugiong Ma, the surgeons and staff of the
Phoenix VA Surgery Service, the Carl T. Hayden Medical Research
Foundation and the Phoenix VA Office of Research.

Sources of Funding

Funding was provided by the Veterans Affairs Merit grant
(I01BX007080), National Institutes of Health (NIA
R21AG044723, GM RO1 071514), Amyloidosis Foundation,
American Heart Association 0855683G, Carl T. Hayden
Medical Research Foundation, the Mayo Foundation, Mid-
western University and the generous support of amyloidosis
patients and their families. The contents of the manuscript do
not represent the views of the Department of Veterans Affairs
or the United States government.

Disclosures

None.

References

1. Falk RH. Diagnosis and management of the cardiac amyloidoses. Circulation.
2005;112:2047-2060.

2. Dubrey S, Mendes L, Skinner M, Falk RH. Resolution of heart failure in patients
with AL amyloidosis. Ann Intern Med. 1996;125:481-484.

3. Kyle RA, Wagoner RD, Holley KE. Primary systemic amyloidosis: resolution of
the nephrotic syndrome with melphalan and prednisone. Arch Intern Med.
1982;142:1445-1447.

4. Franco DA, Truran S, Burciu C, Gutterman DD, Maltagliati A, Weissig V, Hari P,
Migrino RQ. Protective role of clusterin in preserving endothelial function in AL
amyloidosis. Atherosclerosis. 2012;225:220-223.

5. Migrino RQ, Hari P, Gutterman DD, Bright M, Truran S, Schlundt B, Phillips SA.
Systemic and microvascular oxidative stress induced by light chain amyloi-
dosis. Int J Cardiol. 2010;145:67—68.

6. Migrino RQ, Truran S, Gutterman DD, Franco DA, Bright M, Schlundt B,
Timmons M, Motta A, Phillips SA, Hari P. Human microvascular dysfunction
and apoptotic injury induced by AL amyloidosis light chain proteins. Am J
Physiol Heart Circ Physiol. 2011;301:H2305-H2312.

7. Truran S, Weissig V, Ramirez-Alvarado M, Franco DA, Burciu C, Georges J,
Murarka S, Okoth WA, Schwab S, Hari P, Migrino RQ. Nanoliposomes protect
against AL amyloid light chain protein-induced endothelial injury. J Liposome
Res. 2014;24:69-73.

8. Gobbi M, Re F, Canovi M, Beeg M, Gregori M, Sesana S, Sonnino S, Brogioli D,
Musicanti C, Gasco P, Salmona M, Masserini ME. Lipid-based nanoparticles
with high binding affinity for amyloid-betal-42 peptide. Biomaterials.
2010;31:6519-6529.

9. Re F, Cambianica |, Sesana S, Salvati E, Cagnotto A, Salmona M, Couraud PO,
Moghimi SM, Masserini M, Sancini G. Functionalization with ApoE-derived
peptides enhances the interaction with brain capillary endothelial cells of
nanoliposomes binding amyloid-beta peptide. / Biotechnol. 2011;156:341-346.

10. Meng X, Fink AL, Uversky VN. The effect of membranes on the in vitro
fibrillation of an amyloidogenic light-chain variable-domain SMA. J Mol Biol.
2008;381:989-999.

DOI: 10.1161/JAHA.116.003318

Journal of the American Heart Association 9

HDYVHASHY TVNIDIYO



Nanoliposomes Protect Against AL Dysfunction

20.

21.

22.

23.

24.

25.

Franco et al

. Bhaskar S, Tian F, Stoeger T, Kreyling W, de la Fuente JM, Grazu V, Borm P,

Estrada G, Ntziachristos V, Razansky D. Multifunctional nanocarriers for
diagnostics, drug delivery and targeted treatment across blood-brain barrier:
perspectives on tracking and neuroimaging. Part Fibre Toxicol. 2010;7:3.

. Truran S, Weissig V, Madine J, Davies HA, Guzman-Villanueva D, Karamanova

N, Serrano G, Beach TG, Migrino RQ. Nanoliposomes protect against human
arteriole endothelial dysfunction induced by B-amyloid peptide. / Cereb Blood
Flow Metab. 2015;36:405-412.

. Fighera MR, Royes LF, Furian AF, Oliveira MS, Fiorenza NG, Frussa-Filho R,

Petry JC, Coelho RC, Mello CF. GM1 ganglioside prevents seizures, Na+, K+-
ATPase activity inhibition and oxidative stress induced by glutaric acid and
pentylenetetrazole. Neurobiol Dis. 2006;22:611-623.

. Maulik N, Das DK, Gogineni M, Cordis GA, Avrova N, Denisova N. Reduction of

myocardial ischemic reperfusion injury by sialylated glycosphingolipids,
gangliosides. J Cardiovasc Pharmacol. 1993;22:74-81.

. Tyurin VA, Tyurina Y, Avrova NF. Ganglioside-dependent factor, inhibiting lipid

peroxidation in rat brain synaptosomes. Neurochem Int. 1992;20:401-407.

. Levinson RT, Olatoye 0O, Randles EG, Howell KG, DiCostanzo AC, Ramirez-

Alvarado M. Role of mutations in the cellular internalization of amyloidogenic
light chains into cardiomyocytes. Sci Rep. 2013;3:1278.

. Palladini G, Lavatelli F, Russo P, Perlini S, Perfetti V, Bosoni T, Obici L, Bradwell

AR, D’Eril GM, Fogari R, Moratti R, Merlini G. Circulating amyloidogenic free
light chains and serum N-terminal natriuretic peptide type B decrease
simultaneously in association with improvement of survival in AL. Blood.
2006;107:3854-3858.

. Bindokas VP, Jordan J, Lee CC, Miller R). Superoxide production in rat

hippocampal neurons: selective imaging with hydroethidine. / Neurosci.
1996;16:1324-1336.

. Zielonka J, Sikora A, Joseph J, Kalyanaraman B. Peroxynitrite is the major

species formed from different flux ratios of co-generated nitric oxide and
superoxide: direct reaction with boronate-based fluorescent probe. J Bio/
Chem. 2010;285:14210-14216.

Neri S, Mariani E, Meneghetti A, Cattini L, Facchini A. Calcein-acetyoxymethyl
cytotoxicity assay: standardization of a method allowing additional analyses on
recovered effector cells and supernatants. Clin Diagn Lab Immunol.
2001;8:1131-1135.

Brenner DA, Jain M, Pimentel DR, Wang B, Connors LH, Skinner M, Apstein CS,
Liao R. Human amyloidogenic light chains directly impair cardiomyocyte
function through an increase in cellular oxidant stress. Circ Res.
2004;94:1008-1010.

Liao R. Primary systemic amyloidosis: a disease of light chain toxicity. Paper
presented at: Heart Failure Society of America 11th Annual Scientific Meeting;
Washington, DC; 2007.

Shi J, Guan J, Jiang J, Brenner DA, del Monte F, Ward JE, Connors LH, Sawyer
DB, Semigran MJ, Macgillivray TE, Seldin DC, Falk R, Liao R. Amyloidogenic
light chains induce cardiomyocyte contractile dysfunction and apoptosis via a
non-canonical p38 MAPK pathway. Proc Natl/ Acad Sci USA 2010;107:4188-
4193.

Berghoff M, Kathpal M, Khan F, Skinner M, Falk R, Freeman R. Endothelial
dysfunction precedes C-fiber abnormalities in primary (AL) amyloidosis. Ann
Neurol. 2003;53:725-730.

Neben-Wittich MA, Wittich CM, Mueller PS, Larson DR, Gertz MA, Edwards WD.
Obstructive intramural coronary amyloidosis and myocardial ischemia are
common in primary amyloidosis. Am J Med. 2005;118:1287.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kyle RA, Greipp PR, O’Fallon WM. Primary systemic amyloidosis: multivariate
analysis for prognostic factors in 168 cases. Blood. 1986;68:220-224.

Dispenzieri A, Gertz MA, Kyle RA, Lacy MQ, Burritt MF, Therneau TM, Greipp
PR, Witzig TE, Lust JA, Rajkumar SV, Fonseca R, Zeldenrust SR, McGregor CG,
Jaffe AS. Serum cardiac troponins and N-terminal pro-brain natriuretic peptide:
a staging system for primary systemic amyloidosis. J Clin Oncol.
2004;22:3751-3757.

Skinner M, Sanchorawala V, Seldin DC, Dember LM, Falk RH, Berk JL, Anderson
JJ, O’Hara C, Finn KT, Libbey CA, Wiesman J, Quillen K, Swan N, Wright DG. High-
dose melphalan and autologous stem-cell transplantation in patients with AL
amyloidosis: an 8-year study. Ann Intern Med. 2004;140:85-93.

Migrino RQ, Christenson R, Szabo A, Bright M, Truran S, Hari P. Prognostic
implication of late gadolinium enhancement on cardiac MRI in light chain (AL)
amyloidosis on long term follow up. BMC Med Phys. 2009;9:5.

Migrino RQ, Harmann L, Christenson R, Hari P. Clinical and imaging predictors
of 1-year and long-term mortality in light chain (AL) amyloidosis: a 5-year
follow-up study. Heart Vessels. 2014;29:793-800.

Migrino RQ, Harmann L, Woods T, Bright M, Truran S, Hari P. Intraventricular
dyssynchrony in light chain amyloidosis: a new mechanism of systolic
dysfunction assessed by 3-dimensional echocardiography. Cardiovasc Ultra-
sound. 2008;6:40.

Migrino RQ, Mareedu RK, Eastwood D, Bowers M, Harmann L, Hari P. Left
ventricular ejection time on echocardiography predicts long-term mortality in
light chain amyloidosis. / Am Soc Echocardiogr. 2009;22:1396-1402.

Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in health and
disease. Physiol Rev. 2007;87:315-424.

Kikuchi G, Yoshida T, Noguchi M. Heme oxygenase and heme degradation.
Biochem Biophys Res Commun. 2005;338:558-567.

Dinkova-Kostova AT, Talalay P. NAD(P)H:quinone acceptor oxidoreductase 1
(NQO1), a multifunctional antioxidant enzyme and exceptionally versatile
cytoprotector. Arch Biochem Biophys. 2010;501:116—123.

Yanaka A, Zhang S, Tauchi M, Suzuki H, Shibahara T, Matsui H, Nakahara A,
Tanaka N, Yamamoto M. Role of the nrf-2 gene in protection and repair of gastric
mucosa against oxidative stress. Inflammopharmacology. 2005;13:83-90.

DeFeudis FV, Orensanz Munoz LM, Fando JL. Correction factors for binding
studies—14C-sucrose and 3HOH spaces of pellets. Gen Pharmacol.
1977;8:251-255.

Fighera MR, Bonini JS, de Oliveira TG, Frussa-Filho R, Rocha ]B, Dutra-Filho
CS, Rubin MA, Mello CF. GM1 ganglioside attenuates convulsions and
thiobarbituric acid reactive substances production induced by the intrastri-
atal injection of methylmalonic acid. /nt / Biochem Cell Biol. 2003;35:465—
473.

Truran S, Franco DA, Roher AE, Beach TG, Burciu C, Serrano G, Maarouf CL,
Schwab S, Anderson J, Georges J, Reaven P, Migrino RQ. Adipose and
leptomeningeal arteriole endothelial dysfunction induced by beta-amyloid
peptide: a practical human model to study Alzheimer’s disease vasculopathy. /
Neurosci Methods. 2014;235:123-129.

Davies HA, Phelan MM, Wilkinson MC, Migrino RQ, Truran S, Franco DA, Liu
LN, Longmore CJ, Madine J. Oxidative stress alters the morphology and toxicity
of aortic medial amyloid. Biophys J. 2015;109:2363-2370.

Dharmashankar K, Welsh A, Wang J, Kizhakekuttu TJ, Ying R, Gutterman DD,
Widlansky ME. Nitric oxide synthase-dependent vasodilation of human
subcutaneous arterioles correlates with noninvasive measurements of
endothelial function. Am J Hypertens. 2012;25:528-534.

DOI: 10.1161/JAHA.116.003318

Journal of the American Heart Association 10

HDOYVIASHY TVNIDIYO



