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ARTICLE INFO ABSTRACT

Keywords: Abdominal aortic aneurysm (AAA) is a progressive aortic dilatation, causing ~80% mortality upon rupture.
Abdominal aortic aneurysm Currently, there is no approved drug therapy for AAA. Surgical repairs are invasive and risky and thus not
ER stress

recommended to patients with small AAAs which, however, account for ~90% of the newly diagnosed cases. It is
therefore a compelling unmet clinical need to discover effective non-invasive strategies to prevent or slow down
AAA progression. We contend that the first AAA drug therapy will only arise through discoveries of both effective
drug targets and innovative delivery methods. There is substantial evidence that degenerative smooth muscle
cells (SMCs) orchestrate AAA pathogenesis and progression. In this study, we made an exciting finding that
PERK, the endoplasmic reticulum (ER) stress Protein Kinase R-like ER Kinase, is a potent driver of SMC
degeneration and hence a potential therapeutic target. Indeed, local knockdown of PERK in elastase-challenged
aorta significantly attenuated AAA lesions in vivo. In parallel, we also conceived a biomimetic nanocluster (NC)
design uniquely tailored to AAA-targeting drug delivery. This NC demonstrated excellent AAA homing via a
platelet-derived biomembrane coating; and when loaded with a selective PERK inhibitor (PERKi, GSK2656157),
the NC therapy conferred remarkable benefits in both preventing aneurysm development and halting the pro-
gression of pre-existing aneurysmal lesions in two distinct rodent models of AAA. In summary, our current study
not only establishes a new intervention target for mitigating SMC degeneration and aneurysmal pathogenesis,
but also provides a powerful tool to facilitate the development of effective drug therapy of AAA.

PERK
Biomimetic nanomedicine
Targeted delivery
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1. Introduction

Abdominal aortic aneurysm (AAA) is a common and highly lethal
type of vascular disease, claiming an estimated total number of 13,000
deaths per year in the US alone [1,2]. AAA features progressive weak-
ening and dilation of the abdominal aortic wall culminating in the
abrupt and lethal rupture which is associated with an 80% mortality rate
[2,3]. Unfortunately, despite the recent progress in AAA screening, there
is still no medical treatment that can effectively prevent or halt the
expansion and rupture of AAA lesions [4,5]. Surgical repairs remain the
only option available in the clinic for management of AAA, which can be
not only costly and risky, but also leaves patients with small diameter
AAA lesions on “watchful waiting” with no treatment [6,7]. Therefore, it
is imperative to develop effective non-surgical strategies to fulfil this
unmet clinical need [8].

The current lack of a pharmacological therapy for AAA can be partly
attributed to our incomplete understanding of this disease. The etiology
of AAA is multifactorial [9]. While the contribution from circulating
factors has long been considered critical to AAA pathophysiology
[10-12], recent studies start to shed new light on the importance of
vascular smooth muscle cells (SMCs) in AAA formation and rupture
[13-16]. Indeed, SMCs are the most prevalent cell type that constitutes
the mechanical strength and elasticity of the aortic wall [17]. Under
diseased conditions, SMCs can display a wide range of degenerative
phenotypes that directly contribute to the aortic destruction, including
cell death, pro-inflammatory and proteolytic behaviors [15,18]. There-
fore, understanding and targeting SMC degeneration may hold the key
to developing effective medical treatments for AAA.

Another key roadblock to AAA therapy is the lack of targeted drug
delivery. With a traditional route of systemic delivery approach, low
drug doses are often ineffective yet high doses are too toxic — a dilemma
epitomized by doxycycline, a once promising AAA drug that has un-
derwent two decades of active clinical trials yet recently deemed inef-
fective [4,5,19]. The advent of nanotechnology offers a promising
solution to improve the formulation of existing and investigative drugs,
with demonstrated success in clinical applications such as chemotherapy
and vaccine development [20,21]. However, as summarized in our
recent review, the paucity of published reports on developing
AAA-targeting nanoparticles testifies the need for further research ef-
forts on this pressing topic [22].

We envision that translational success requires the discovery of an
effective intervention target (new drug) coupled with precision drug
delivery (new nanoplatform) to the AAA lesion. In this study, we present
experimental evidence supporting the role of protein kinase RNA-like
endoplasmic reticulum kinase (PERK) in driving SMC degeneration
and hence AAA pathogenesis. PERK represents one of the three branches
of the endoplasmic reticulum (ER) stress response pathway tightly
involved in multiple vascular diseases, yet its mechanistic and thera-
peutic implications in aneurysms remain largely unknown. In parallel,
we developed a nanoparticle platform for the targeted delivery of
GSK2656157, a second-generation selective inhibitor of PERK [23].
Coated with platelet membranes, the nanoclusters (NC) —composed of
dendritic poly(amidoamine) (PAMAM)-poly(lactic-co-glycolic acid)
(PLGA) nanoparticles— displayed selective lesion-targeting capacity at
different stages of elastase-induced experimental AAA.

Finally, our study demonstrated both preventive and interventional
value of targeted PERK inhibition therapies, as a weekly regimen of
GSK2656157-loaded biomimetic NC can effectively block the aneu-
rysmal dilation in rodents with either acutely injured aortas or pre-
existing AAA lesions.

2. Materials and methods
2.1. Materials

Dendritic poly(amidoamine) (PAMAM) (4th generation with
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hydroxyl terminal), dimethyl sulfoxide (DMSO), glycolide, lactide, and
tin(II) 2-ethylhexanoate (Sn(Oct)3) were acquired from Sigma-Aldrich
(St. Louis, MO). PERK inhibitor (PERKi, GSK2656157) was purchased
from LC laboratories (Woburn, MA). Cyanine5 (Cy5) fluorescent dye
was obtained from Lumiprobe Co. (Hallandale Beach, FL). Other re-
agents were purchased from Thermo Fisher Scientific (Fitchburg, WI).

2.2. Preparation and characterization of the biomimetic nanoclusters
(NO)

First, PAMAM, glycolide and lactide were used to synthesize
PAMAM-PLGA-OH via ring-opening polymerization using Sn(Oct), as a
catalyst [24]. PAMAM-PLGA-OH was then reacted with succinic anhy-
dride under basic pH to yield PAMAM-PLGA-COOH [25]. Cy5 was
conjugated onto the surface of PAMAM-PLGA-COOH through an ami-
dation reaction to yield fluorescent PAMAM-PLGA-COOH/Cy5 [25].
The chemical structures of PAMAM-PLGA-OH, PAMAM-PLGA-COOH,
and PAMAM-PLGA-COOH/Cy5 were characterized by proton nuclear
magnetic resonance spectroscopy (*H NMR) and Fourier-transform
infrared (FTIR) spectroscopy. Furthermore, the molecular weight was
determined using triple-detection gel permeation chromatography
(GPCQ). The degradation profiles of the PAMAM-PLGA-COOH polymer
stored in buffers with a pH value of either 5.5 or 7.4 at 37 °C were
quantified by monitoring the weight loss and molecular weight (using
GPC) of the polymer for 4 weeks [26,27].

PERKi was loaded into PAMAM-PLGA-COOH via a dialysis method
[28,29]. The resulting PERKi-loaded unimolecular nanoparticles were
suspended in PBS to form nanoclusters spontaneously. The platelet
membrane-coated nanoclusters (aka biomimetic NC) were fabricated via
an extrusion process. To validate the successful coating process of
platelet membrane on nanocluster, confocal imaging was used to
observe the colocalization of Cy5 and DiO which were used to label
PAMAM-PLGA-COOH and platelet membrane, respectively [30]. The
hydrodynamic diameters, zeta potentials, and morphology of the bio-
mimetic NC were studied by dynamic light scattering (DLS) and trans-
mission electron microscope (TEM). The loading content and release
profile of PERKi in the biomimetic NC were quantified by HPLC.
Detailed information on the preparation and characterization of the
biomimetic NC can be found in the supplementary document and
Fig. S1.

2.3. Protocol statement

All animal studies conform to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Research protocols are
approved by the Institutional Animal Care and Use Committees and
Institutional Biosafety Committee at University of Virginia. Human
specimens were obtained under approved institutional review board
(IRB), including tissue slides from de-identified donors provided by
CVPath Institute (Gaithersburg, MD).

2.4. Cell culture

Human aortic VSMC and culture media (SmBm-2 basal medium for
experimental purposes, and SmGm-2 complete medium for expansion)
were purchased from Lonza (Walkersville, MD) and cultured at 37 °C
with 5% CO; as previously described [31,32]. To ensure the properties
of SMC contractile phenotypes, we limited the primary cell culture to
passage 5-7 for all the in vitro experiments described in this study.
Accutase (Thermo Fisher Scientific, Waltham, MA) was used for cell
detachment to ensure fast cell adhesion and optimal cell status as
established in our prior reports [31,32].

2.5. Elastase-perfusion procedure to create acute AAA in rats

All adult male Sprague-Dawley rats (Charles River, weighing



N. Yodsanit et al.

300-350 g) were maintained in a temperature and humidity-controlled
animal facility under a 12 h light-dark cycle. Food and water were
available ad libitum. Animals were randomly assigned to each treatment
group. Elastase perfusion was performed as previously described [33].
Following confirmation of anesthesia (isoflurane) and sterile prepara-
tion of the incision sites, a midline incision was made and the infrarenal
region of the abdominal aorta was isolated. The pre-perfusion maximal
aortic diameter was recorded using an electric microcaliper. After
ligating aortic branches, the aortic diameter before infusion was
measured. A PE-10 polyethylene tubing was inserted via right saphe-
nous artery and advanced to the infrarenal region, and temporary li-
gations were applied to both proximal and distal end of the isolated
aorta segment. The infrarenal segment of the abdominal aorta was then
continuously perfused with 0.27 mL porcine elastase solution (1
unit/mL) over the course of 54 min using an infusion pump. After the
infusion, the tubing was retrieved. After confirming the reperfusion of
blood flow and hemostasis, the maximal aortic diameter after infusion
was recorded. Bowel contents was recovered, muscle layers were
re-approximated with 4-0 nylon sutures, and then a secondary closure
was made to close the skin with 4-0 nylon sutures. For the therapeutic
studies, rats received intravenous injection of the NC or appropriate
control treatment (at the dosage of 2.5 mg/kg) through tail veins
immediately post procedure. Localized viral transduction in
elastase-perfused rat abdominal aorta was achieved as previously
described [34], using lentivirus solution for scrambled or PERK-specific
shRNA (>1 x 10° IFU/mL) as described and validated in our prior study
[31]. Analgesics and post-operative care were provided according to
ACUC policy at University of Virginia.

2.6. Murine model with chronic AAA development

A chronic model of AAA was adopted from that described by Guanyi
Lu et al. [35] All male c¢57bl/6 mice (The Jackson Laboratory, 8-12
weeks) were maintained in a temperature and humidity-controlled an-
imal facility under a 12 h light-dark cycle. Mice were subject to drinking
water modification with 0.2% p-Aminopropionitrile (BAPN), starting 3
days prior to the elastase challenge. The modified elastase procedure
was performed based on a recently published methodology [35].
Following confirmation of anesthesia (isoflurane) and sterile prepara-
tion of the incision sites, a midline incision was made and the infrarenal
region of the abdominal aorta was dissected. The mice received topical
application of 0.2 U porcine pancreatic elastase for 8 min onto the
abdominal aortic segment. After removing and rinsing the residual
elastase solutions, bowel contents were returned to the original posi-
tions, muscle layers were re-approximated with 7-0 nylon ligature, and
then a secondary closure was made to close the skin with 7-0 nylon
ligature. For the intervention studies, mice received intravenous injec-
tion of the NC or appropriate control treatment (at the dosage of 2.5
mg/kg) through tail veins at day 7 post elastase procedure — a time
point at which mice developed established AAA lesions as characterized
in prior studies [36]. Mice continued to receive weekly injections of the
therapeutics or the respective controls through the 4-week course of
study. Murine AAA lesions were evaluated based on maximal aortic
diameters using Vevo 2100 high-resolution ultrasound imaging at day
0 (baseline), day 7, and day 28, as described in Supplementary
Document.

2.7. Histological examination of tissue specimens

After euthanasia, abdominal aortas and the main organs or tissues
including heart, liver, lung, spleen, intestine, and kidney were collected,
fixed with 4% paraformaldehyde, and embedded in paraffin in a tissue
base mold. The paraffin blocks of human or rodent tissues were
sectioned at a microtome setting of 5 pm for Hematoxylin&Eosin (H&E),
Van Gieson’s (VVG), and Masson’s trichrome (MT) staining, as well as
immunofluorescent staining, as previously described [32,37]. For
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immunofluorescent staining, antigen retrieval was conducted using a
decloaking chamber (NxGen, Biocare Medical, Pacheco, CA), followed
by incubation with primary antibodies. Depending on whether
dye-conjugated primary antibodies were used, the sections were then
incubated with corresponding secondary antibodies conjugated with
Alexa Fluor 594 for 1.5hr. Detailed information of antibodies is included
in Supplemental Table S1. For frozen sections, unfixed abdominal aortic
specimens were embedded in OCT compound (Tissue-Tek, Sakura
Finetek). To determine the in situ localization of NC and cellular coloc-
alization, frozen sections from mice administered with Cy5-conjugated
biomimetic NC were subjected to co-staining with Alexa
Fluor-conjugated antibodies for SMC marker (aSMA) and macrophage
marker (CD68). The images were captured by an EVOS M7000 micro-
scope for morphometric and epi-fluorescent analysis, or by a STELLARIS
5 confocal point scanning system with Leica DMi8 inverted microscope
(Leia Microsystems Inc., Buffalo Grove, IL).

2.8. mRNA extraction, and qPCR analysis

mRNA was isolated from cultured VSMC and collected tissue speci-
mens using TRIzol following the manufacturer’s instructions. Purified
mRNA (1 pg) was used for the first-strand cDNA synthesis and quanti-
tative RT-PCR was performed using the QuantStudio3 (Applied Bio-
systems, Carlsbad, CA). Each cDNA template was amplified in triplicates
using SYBR Green PCR Master Mix, with the primer sequences provided
in the Supplementary Document (Table S2).

2.9. Statistical analysis

All data are presented as mean + standard error of the mean (SEM).
Statistical analysis was performed using GraphPad Prism 9.1.0. For
multiple group-wise comparison, one-way analysis of variance
(ANOVA) was performed followed by Tukey post-hoc tests. For two-
group comparison, Student’s t-test was performed. The value P < 0.05
was considered to be statistically significant.

3. Results
3.1. The PERK pathway is activated in clinical and experimental AAAs

ER stress PERK pathway represents a promising therapeutic target in
vascular diseases, and recent studies suggest a possible correlation be-
tween aberrant ER stress response and AAA [38,39]. In the present
study, we first determined the level of PERK activation in healthy aorta
versus AAA specimens from human donors. As shown in Fig. 1A,
immunofluorescence staining revealed excessive phosphorylation of
PERK (p-Thr980, P-PERK) in degenerative SMCs (co-staining with SMC
marker, aSMA) as well as macrophages (co-staining with macrophage
marker, CD68) in aneurysmal aortas collected from AAA patients (note
the disrupted smooth muscle content and elastic laminae), and its acti-
vation level (determined by P-PERK fluorescence intensity as in Fig. 1B)
was significantly higher than that from healthy aortas. Similarly,
Western blot analysis of aortic tissue homogenates also revealed sig-
nificant upregulations of PERK activation (P-PERK) as well as its
downstream proteins (ATF4 and CHOP) in elastase-induced experi-
mental AAA specimens from rats (Fig. 1C and D). Of particular note,
CHOP is the effector transcription factor shared by all ER stress response
pathways and closely implicated in cell death initiation, and recent
study revealed that CHOP global deficiency protected against thoracic
aortic aneurysm/dissection [40,41]. Collectively, our data confirm the
robust activation of PERK pathway in experimental AAA models as well
as degenerative, pro-AAA SMCs, and hence suggests a potential role of
PERK-targeting agents in AAA treatment.
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3.2. PERK loss-of-function reverses, its gain-of-function exacerbates SMC
Degeneration In Vitro

The degenerative phenotype transition of SMC is the critical step that
foreshadows the aneurysmal expansion and the ultimate wall collapse
[15,42]. In the current study, we challenged primary culture of human
SMC with transient porcine pancreas elastase exposure to induce cell
death as established in previous studies [43]; in parallel, TNFa, a classic
stimuli of cellular degeneration, was administered to stimulate the
pro-inflammatory, proteolytic, and de-differentiated gene responses in
SMC [44]. It is worth noting that TNFa stimulation alone is not sufficient
to induce SMC death [44]. As shown in Fig. 2, silencing PERK with
siRNA effectively rescued the loss of SMC viability and pro-apoptotic
Caspase-3/7 activities (Fig. 2A), and in the meanwhile, profoundly
reduced the mRNA levels of markers of the pro-inflammatory (IL6,
MCP1) and proteolytic responses (MMP2) (Fig. 2B). Consistent with our
prior studies, the reduction in PERK expression led to significant resto-
ration of aSMA expression (Fig. 2B), whose reduction upon TNFa
stimulation is a known indicator of SMC’s de-differentiation.
Conversely, adenovirus-mediated PERK overexpression exacerbated
SMC death (Fig. 2C and D). Together, these in vitro loss- and
gain-of-function results strongly support a key role of PERK in driving
the degenerative, pro-AAA phenotype transition of SMC.

3.3. Local PERK silencing confers effective control over Development of
Elastase-induced AAA lesions

To further establish the role of PERK as a potential intervention
target in AAA management, we performed local transgene study in vivo
via intraluminal infusion of lentivirus to achieve localized shRNA-
mediated knockdown following elastase induction (Fig. 3A). In situ
macroscopic analysis of abdominal aorta indicates a significantly
reduced aortic diameter from animals transduced with PERK-silencing
lentivirus, in comparison to the scrambled shRNA control (Fig. 3B and
C). Additionally, using tissue mRNA samples from resected aneurysmal
lesions, we observed significant amelioration of hallmarks of
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Fig. 1. The PERK Pathway is Activated in Clinical
and Experimental Specimens of AAA. (A) Immuno-
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degenerative SMC phenotype as shown in Fig. 3D, including reduced
expression of ECM proteolytic gene MMP2, mitigation of inflammatory
response gene IL6, and preservation of smooth muscle content as evi-
denced by increased aSMA level. Similarly, immunostaining of Myh11
confirmed the successful restoration of SMC differentiation proteins
(Fig. S2A). Additionally, MCP1, a potent macrophage chemoattractant
critically implicated in SMC degeneration and AAA pathogenesis, was
also shown to be reduced at mRNA level upon aortic PERK silencing
(Fig. S2B). Concomitantly, the mRNA level of macrophage marker CD68
also decreased numerically, in line with the established role of MCP1 as
a chemoattractant for macrophage. Effective PERK silencing was also
confirmed at mRNA level (Fig. 3D). Taken together, these in vivo loss-of-
function data further corroborate a specific role for PERK-targeting
strategies in AAA prevention and treatment.

3.4. Development of an AAA-targeting biomimetic NC drug delivery
platform

One of the critical roadblocks barring successful translation of
existing and new therapeutic strategies is the lack of effective drug de-
livery systems tailored for AAA treatment. In response to this unmet
need, herein we designed a unique biomimetic nanocluster for targeted
delivery of PERKi (Fig. 4A). The nanocluster core was formed sponta-
neously by PERKi-loaded PAMAM-PLGA-COOH unimolecular nano-
particles in an aqueous solution. To confer lesion-targeting capacity to
the NC, the surface of the NC was coated with platelet membrane
because platelets have been well documented to specifically home to
and enrich in aneurysmal lesion sites (Fig. 4A). To confirm the successful
coating of platelet membrane on NC, we conjugated platelet membrane
vesicles with DiO dye prior to membrane isolation and extrusion. As
shown in Fig. 4B, confocal imaging confirmed the colocalization of Cy5
(conjugated to NC) and DiO dyes (labeled to platelet membrane), sug-
gesting successful biointerfacing [30].

PAMAM-PLGA-OH was synthesized via ring-opening polymerization.
Then, PAMAM-PLGA-OH was reacted with succinic anhydride to yield
PAMAM-PLGA-COOH in order to facilitate the cell membrane coating
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Fig. 2. PERK Loss-of-function Reverses, its Gain-of-
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[45]. The initial molecular weight of PAMAM-PLGA-COOH was 90.4
kDa with a polydispersity index (PDI) of 1.39, as measured by GPC
(Table S3, Fig. S1D). The degradation profiles of PAMAM-PLGA-COOH
were determined by monitoring the weight loss and molecular weight
(via GPC) of PAMAM-PLGA-COOH after hydrolysis at pH 5.5 and 7.4
[26,27]. As shown in Fig. S1G, the GPC peak at 23 min (the initial
molecular weight of PAMAM-PLGA-COOH) decreased with prolonged
storage time for both pH 5.5 (top) and 7.4 (bottom). However, the
reduction in the GPC peak at 23 min occurred more rapidly at pH 5.5
than pH 7.4, suggesting faster degradation at acidic condition. This is
consistent with the faster weight loss observed at pH 5.5 (Fig. S1F).

In order to track the biomimetic NC in AAA sites and major organs,
Cy5-tagged PAMAM-PLGA-COOH was synthesized by conjugating Cy5
onto the surface of PAMAM-PLGA-COOH via an amidation reaction
(Fig. 4C). The PERKi loading content in the biomimetic NC quantified by
HPLC was 19.8%. The hydrodynamic diameter of the PAMAM-PLGA-
COOH unimolecular nanoparticle was 28.8 nm in chloroform. The size
of platelet membrane vesicle was 167.2 nm, and its zeta potential was
—34.9 mV. The hydrodynamic diameter of the platelet membrane-
coated NC was 195.8 nm and its zeta potential was —26.4 mV
(Table S3, Fig. S1E). Furthermore, the diameter of the spherical bio-
mimetic NC was round 170 nm under TEM (Fig. 4D, S1E). Furthermore,
the biomimetic NC enabled targeted delivery of the hydrophobic PERKi
with a biphasic controlled release profile. Fig. 4E shows the release
profile of PERKi from the biomimetic NC in PBS (pH 7.4) with 2%
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tween80 at 37 °C for 45 days. The biomimetic NC exhibited an initial
burst release (~57% release within 24 h) to exert prompt control of the
highly active degenerative events within the aortic wall. Following the
bolus phase, the biomimetic NC continued to provide a sustained release
of the remaining PERKi over the course of at least 1 month (~87%
release by 27 days) — a feature that is most desirable for the long-term
management of the progressively dilating AAA lesions via potentially
reducing the overall drug dose required.

To investigate the biomimetic NC’s homing ability to AAA lesions,
we prepared the biomimetic NC using Cy5-conjugated PAMAM-PLGA-
COOH. In an elastase-induced AAA model that features an aggressive
disease course that plateaus at day 7 post operation, we injected the
biomimetic NC via tail vein at different time points and harvested the
whole aortas (from arch to iliac bifurcation) for ex vivo IVIS imaging 24 h
post injection. As shown in the bright-field images, the abdominal aortic
segments progressively dilated in a chronological order, representing
the nascent (1 day), small (3 days), and fully established (7 days) AAA
lesions (Fig. 5A). In stark contrast to the minimal signals detected in the
sham surgery controls, the aneurysmal lesion segments collected at all
three stages of AAA development demonstrated strong enrichment of
Cy5 fluorescent signals (Fig. 5B). Additionally, the organ distribution of
the biomimetic NC is also provided in Fig. 5C and D, showing relatively
low non-specific organ retention. Similarly, using a recently established
murine AAA model that features a slower yet more chronic disease
course, the AAA-lesion targeting capability of the biomimetic NC was
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Fig. 3. Local PERK Silencing Conferred Effective
Control over Development of Elastase-induced AAA
Lesions. Lentivirus expressing either scrambled con-
trol or PERK-specific shRNA was intraluminally
infused immediately after the porcine elastase chal-
lenge to create AAA lesion. Aorta segments were
collected at day 7 post the procedure for analysis. (A)
Overview of experimental design. (B) Analysis of
aortic diameter increase (fold change of maximal di-
ameters at day 7 versus day O baseline). (C) Repre-
sentative images of AAA lesions at macroscopic and
microscopic levels (VVG: elastin staining shown as
the black, wavy structure; MT: collagen staining
shown in blue, and muscle content shown in red) at
day 7 post procedure. Scale bar: 125 pm. (D) Tissue
homogenate mRNA analysis of AAA-signature gene
expression changes. Quantitation of mRNA levels of
inflammatory cytokine genes (IL6), ECM proteolytic
genes (MMP2), and SMC contractility gene (aSMA) in
AAA segments from elastase-challenged aortic seg-
ments. Mean + SEM, n = 5 rats; *p < 0.05. Mann-
Whitney nonparametric test.

Fig. 4. Design and Characterization of an AAA-
targeting Biomimetic NC. (A) Overview/Illustration
of experimental design. Drug-encapsulated bio-
mimetic NC were prepared using extrusion method.
(B) Confocal images demonstrating the successful
coating process of biomimetic nanocluster. The
merged fluorescence images show the colocalization
of Cy5 and DiO which were labeled with PAMAM-
PLGA-COOH and platelet membrane, respectively.
Scale bars: 10 pm. (C) Synthesis schemes of PAMAM-
PLGA-OH, PAMAM-PLGA-COOH and PAMAM-PLGA-
COOH/Cy5. (D) TEM images of the platelet
membrane-coated NC. Scale bars: 200 nm. (E) The in
vitro release profile of PERKi from biomimetic NC in
PBS (pH 7.4) with 2% tween80 at 37 °C. Mean +
SEM, n = 3.
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Fig. 5. Biodistribution of the biomimetic NC in a rat

. 2.0E+08 - E i::m AAA model. Elastase-challenged rats or the sham
",'% o 15E+08 - e control (perfused with heat-inactivated elastase) were
@ g intravenously injected with Cy5-loaded biomimetic
E 3 1.0E+08 NC. Aortas and other major organs from rats collected
Sham  Dayt Day3 Day7 || (it E e o at day 1 (nascent AAAs), day 3 (small AAAs), and day
— e s 2 : 7 (fully established AAAs) were imaged using an IVIS
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with those from the sham control. (A) Homing of the
biomimetic NC to experimental AAA lesions of
different stages. (B) Normalized radiant efficiency of
AAA lesions (Fig. 5A) was determined based on Cy5
signal intensities captured (Ex/Em: 650/720 nm)
after normalization to tissue weight. (C) Representa-
tive IVIS images of the major organs (heart, liver,
spleen, lung, kidney, intestine, aorta). (D) Normalized
radiant efficiency of major organs (Fig. 5C) was
determined based on Cy5 signal intensities captured
(Ex/Em: 650/720 nm) after normalization to tissue
weight. Data are presented as mean + SEM with n =
4 or 5 rats per group. Statistical analysis was per-
formed using one-way ANOVA with Tukey’s post hoc
analysis. *P < 0.05, **P < 0.01 between the respec-
tive AAA and sham groups at each time point. Mean

+ SEM, n = 4-5 rats; *P < 0.05, **P < 0.01. One-way ANOVA with Tukey post-hoc analysis.

also demonstrated (Fig. S3). To examine the in situ localization and
cellular uptake of the biomimetic NC in AAA lesion sites, co-
immunostainings with antibodies specific to SMC (¢SMA) and macro-
phage markers (CD68) were conducted on frozen sections from the
aforementioned aortic specimens. As shown in Fig. S3D, Cy5 fluores-
cence signal — indicative of NC — were mostly observed in the medial
layer, especially SMC; on the other hand, colocalization with CD68"
macrophages that predominantly infiltrated into the adventitia was
sparse. Overall, these data collectively provided strong evidence sup-
porting the specific AAA-targeting ability of the platelet membrane-
coated NC platform, particularly toward the medial SMC.
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3.5. Targeted delivery of PERK inhibitor prevents AAA formation

To explore the preventative value of PERK inhibition on AAA
development, we applied the AAA lesion-homing NC to achieve targeted
delivery of GSK2656157, a second-generation PERK inhibitor (abbre-
viated as PERKi) [23]. Based on our prior proof-of-concept study and the
in vitro drug release profile, we provided a single dose regimen (2.5
mg/kg payload) intravenously injected immediately after the
elastase-perfusion procedure in rats (Fig. 6A). On day 7, macroscopic
analysis revealed a profound beneficial effect of the targetedly delivered
PERKi via the biomimetic NC (abbreviated as PERKi-NC) on halting the
aneurysmal expansion, with at least 30% reduction in aortic diameter
(Fig. 6B) in comparison to either saline injection (abbreviated as Saline),

Fig. 6. Targeted Delivery of PERK Inhibitor Pre-
vented AAA Formation. Targeted delivery of a se-
lective PERK inhibitor prevented the elastase-induced
aortic dilation and degeneration in a rat model. (A)
Overview of experimental design. Immediately
following the elastase-infusion procedure, rats were
randomly assigned to a one-time intravenous injec-
tion with the following four treatments (all equivalent
to 10 mg/kg payload): saline control (Saline), empty
NC control (NC), free PERK inhibitor GSK2656157
(PERKi), and GSK2656157-encapsulated biomimetic
NC (PERKi-NC). (B) Analysis of aortic diameter in-
crease (fold change of maximal diameters at day 7
versus day O baseline). Mean + SEM, n = 5-6 rats, *p
< 0.05. One-way ANOVA with Tukey post-hoc anal-
ysis. (C) Representative images of AAA lesions at
macroscopic and microscopic levels (VVG: elastin
staining shown as the black, wavy structure; MT:

D aSMA L6 MMP2 collagen staining shown in blue, and muscle content
] i ° ] shown in red) at day 7 post procedure. Scale bar: 125
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free form PERKi (abbreviated as PERKi), or empty biomimetic nano-
clusters (abbreviated as NC). Histologically, targeted PERK inhibition
led to improved vascular remodeling, as evidenced by preserved elastin
integrity and collagen content (Fig. 6C). Moreover, mRNA analysis of
the lesion tissue homogenates showed significantly reduced expression
of aforementioned marker genes of SMC degeneration, IL6 and MMP2.
Effective restoration of smooth muscle maturation markers such as
aSMA (Fig. 6D) and Myh11 (Fig. S4A) was also documented. Despite a
numerical reduction, no statistical difference was observed among the
treatment groups regarding macrophage-related markers such as MCP1
and CD68 (Fig. S4C). Additionally, no signs of systemic toxicity were
observed based on histological evaluation of key organs (Fig. S5A) as
well as qPCR analysis of tissue damage marker expressions in liver and
spleen (Fig. S5B). To our knowledge, thus far, our data herein provides
the first in vivo evidence supporting the anti-AAA efficacy of
PERK-targeting therapy.

3.6. A Weekly Regimen of Targeted PERK inhibition therapy halts the
growth of pre-existing AAA lesions

As summarized in a recent meta-analysis, there is a lack of inter-

vention studies to treat pre-existing aneurysmal lesions [46,47]. To
better evaluate the interventional potential of our new therapy, we

A

Intervention Study Design in Mice
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adopted a weekly regimen (2.5 mg/kg payload) starting at day 7 post
procedure when established AAAs already formed (Fig. 7A) — a study
design that has been widely adopted in existing reports concerning AAA
intervention [36,48]. In this particular study, we chose a modified
murine model of AAA based on recent reports, which features a chronic
yet progressive disease course of aneurysmal dilation [35]. The addition
of BAPN, a nonreversible inhibitor for the collagen/elastin-crosslinking
enzyme lysyl oxidase (LOX), robustly leads to disruption of the elastic
laminae and increases the risk of aneurysmal rupture, recapitulating the
natural effects of aging as observed in elderly populations [49,50].
Non-invasive ultrasound imaging confirmed the presence of established
AAA lesions (defined as >50% dilation of maximal inner aortic diam-
eter) at day 7 post procedure (Fig. S6). As aforementioned, IVIS study
confirmed the capacity of Cy5-conjugated biomimetic NC to specifically
home to pre-existing AAAs in this model (Fig. S3). At the 4-week
endpoint, extensive aneurysmal dilations could be observed in all
three control groups that received either saline (Saline), free solution of
PERKi (PERKi), or empty nanocluster injections (NC); in stark contrast,
while AAA lesions still persisted in mice that received targeted PERK
inhibition therapy (PERKi-NC), the progression of the pre-existing an-
eurysms was significantly hampered (Fig. 7C and Fig. S6C). Improved
histological features (e.g., elastin and collagen structures) were associ-
ated with the treatment of targeted PERKi (Fig. 7B). Similarly,

Fig. 7. A Weekly Regimen of Targeted PERK Inhi-
bition Therapy Halted the Growth of Pre-existing

AAA creation: Weekly
Elastase challenge 1.V. Injection

l | ! |

AAA lesions. (A) Overview of experimental design.
A modified murine model was used to recapitulate
the chronic disease progression of AAA. Ultrasound
l (abbreviated as US) imaging was performed at indi-
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shown in red) at day 28 post procedure. Scale bar:
125 pm. (C) Analysis of aortic diameter increase (fold
change of maximal diameters at day 28 versus day
0 baseline). Mean + SEM, n = 10-12 mice. **P <
0.01. One-way ANOVA with Tukey post-hoc analysis.
(D) Tissue homogenate mRNA analysis of AAA-
signature gene expression changes. Quantitation of
mRNA levels of inflammatory cytokine genes (IL6),
ECM proteolytic genes (MMP2), and SMC contrac-
tility gene (xSMA) in AAA segments from elastase-
challenged aortic segments. Mean + SEM, n = 10
mice. *P < 0.05, **P < 0.01. One-way ANOVA with
Tukey post-hoc analysis.
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characteristics of SMC degeneration, including increased
pro-inflammatory/proteolytic (IL6/MMP2) and reduction in matur-
ation/differentiation gene expression (¢SMA/Myhll), were robustly
mitigated upon the targeted delivery of PERKi (Fig. 7D and S7A).
Reduction in MCP1 and CD68 levels — indicative of decreased macro-
phage infiltration — was also documented upon targeted PERKi
(Fig. S7C). Consistent with the significantly reduced overall drug dose,
the overall safety profile of the current weekly regimen was confirmed
with the lack of systemic toxicities (Fig. S8).

4. Discussion

Abdominal aortic aneurysm (AAA) is a common disease in aged
populations, diagnosed as at least 1.5-fold focal dilation of the abdom-
inal aorta [1]. Surgical repair, even though risky and expensive, is the
only treatment available for AAA [4]. Thanks to improved non-invasive
screening technologies, an increasing number of AAAs are being
detected [51,52]. However, the majority of these are characterized as
small AAA (<5.5 cm in men; <5 cm in women) not elected for surgical
repair [53,54]. Current clinical evidence suggests that AAA size alone
does not provide a fully reliable prediction of aneurysmal rupture as a
single parameter, and patients with small yet greater than 3.5 cm AAAs
are still at risk [54]. Ruptured small AAA has been reported to constitute
around 10%-17% of all ruptured AAA cases [55-57]. Therefore, there is
a compelling medical need to discover safe (non-surgical) drug therapy
to stabilize small AAA lesions from progressing to deadly rupture [7]. As
populations age rapidly, this need is mounting and imminent [58].

The search for effective drug treatment of AAA has been actively
ongoing for decades. Extensive clinical trials have been conducted with
anti-hypertensive (e.g., propranolol and perindopril) [59,60] and
lipid-lowering medications (fenofibrate) [61], proteolytic inhibitors (e.
g., doxycycline) [4,5,19], and other miscellaneous classes of drugs (e.g.,
anti-platelet therapy) [62], albeit none has demonstrated definitive
clinical benefits. Two FDA-approved drugs, rapamycin and metformin,
emerge as promising candidates to be repurposed for treatment of small
diameter AAAs, although definitive clinical efficacies are yet to be seen
[33,63-65]. In recent years, numerous molecular mechanisms and tar-
gets have been discovered to be critically implicated in the degeneration
of SMC and hence AAA pathogenesis, e.g., programmed cell death
pathways [44], non-coding RNAs [66-68], SMC de-differentiation
transcription factors [15,69,70] etc. However, the majority of these
molecular targets are either “undruggable” or associated with significant
“off-target” complications of existing drugs, thereby severely compro-
mising translational perspectives. In this regard, further exploration of
new disease drivers of AAA, particularly those with available selective
agonists/antagonists, are certainly warranted.

The current study provides the very first proof-of-concept evidence
to support PERK as viable intervention target for AAA. Previously, our
group established PERK as a key driver in promoting the hyperplastic
and de-differentiated phenotype transition of SMCs [31,32]. Although
the excessive activation of PERK and other ER stress response proteins
has been documented in prior studies surveying experimental and
clinical AAAs, there is no literature documenting the specific role of
PERK in SMC degeneration and aneurysmal diseases [38]. Using both
gain- and loss-of-function approaches in vitro, we demonstrated a clear
role of PERK in dictating all salient phenotypes of SMC degeneration,
including cell death, inflammation (e.g., induction of cytokine and
chemoattractant gene expressions), proteolysis, and de-differentiation.
Our observation of PERK’s role as a “master regulator” of SMC pheno-
type transition is line with recent reports in the context of vascular
calcification and atherosclerosis [71-74]. Moreover, our in vivo studies
further indicated that tuning down PERK through either genetic
silencing or targeted delivery of selective PERKi effectively prevent AAA
lesion formation in an elastase-induced model in rats. Additionally,
excessive activation of PERK was also noted in lesion-infiltrating mac-
rophages, which constitute another key cellular population that
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critically contributes to AAA pathogenesis. Indeed, PERK has been
widely shown to be a molecular driver of macrophage activation,
including recent reports in cardiovascular disease models [75]. It is
worth noting that our in vivo loss-of-function approaches primarily
target the medial layer, primarily occupied by SMC. Nevertheless, a
macrophage-specific role of ER stress PERK pathway in AAA patho-
genesis cannot be excluded, which warrants future investigations. In
fact, non-discriminately blocking PERK in multiple disease-driving cell
types (e.g., SMC and macrophages) specifically in AAA lesion sites may
offer more effective therapeutic efficacy.

Together with our prior reports of the endothelium-protective and
anti-thrombotic benefits of PERK blockade therapy [31,32] — both of
which are highly desirable in the management of aneurysmal diseases
[22], we contend that PERK confer a novel opportune target for treat-
ment of AAA.

Recent years witnessed a growing interest in the implication of ER
stress in aneurysmal diseases [38,39]. In fact, the therapeutic effects of
pan-ER stress pacification with promiscuous inhibitors (e.g., taur-
oursodeoxycholic acid, intermedinl-53) have previously been docu-
mented in multiple recent reports [76,77]. Global deletion of CHOP, a
common downstream effector shared by all three ER stress response
pathways, led to reduced aneurysm formation and dissection, further
highlighting the significance of aberrant ER stress reponses in aneu-
rysmal diseases [40,41]. However, most preceding studies failed to
dissect the specific role of each individual branch within the ER stress
response, namely the PERK pathway, IRE1/XBP1 pathway, and ATF6
pathway. Data derived from other disease categories informed the
functional non-redundancy and distinct biological outcomes of targeting
the three pathways [78]. To date, there is only one existing report on the
detailed mechanistic contribution of individual ER stress pathways in
aneurysm [79]. In this study, the authors probed the role of IRE1/XBP1
pathway in regulating SMC phenotype maintenance, and deleting
unspliced XBP1, the substrate of the IRE1 kinase, exacerbated aortic
aneurysm lesion in a SMC-specific knockout model. Given the paucity of
in-depth studies on this topic, it is of both mechanistic and therapeutic
interests to specifically probe the PERK branch of ER stress response in
the context of SMC degeneration and AAA.

Despite the rising interest in new drug/target development and
repurposing efforts, none have yielded an FDA-approved drug therapy
for AAA. This bleak reality presses an urgent need for a paradigm shift to
more sophisticated precision drug delivery. Indeed, in the absence of a
targeted delivery formulation, prior clinical trials of promising AAA
therapeutics (e.g., doxycycline) and ER stress inhibitors (e.g., PERKi)
have been universally plagued with issues such as poor pharmacokinetic
and pharmacodynamic properties or systemic toxicity, which signifi-
cantly limit their therapeutic development and translation [4,7,80].
Judiciously designed nanotechnologies have been widely developed for
imaging and targeted delivery in cardiovascular diseases, representing a
promising avenue to help achieve the optimal therapeutic outcomes of
PERKi [81].

However, as summarized in our recent review, research efforts on
AAA-targeting nanotechnologies are surprisingly limited [22]. Over the
last few years, we and others have developed a series of biomimetic
nanoplatforms via biointerfacing with rationally chosen cell membrane
coatings [82-86]. Such biomimicry concept has been widely adopted for
a spectrum of disease applications; as for aneurysmal diseases, the only
existing report described a macrophage-mimetic nanoparticle with
surface conjugation of avf3 integrin-targeting peptide cRGD, which
enabled targeted delivery of rapamycin to aneurysmal lesions in a cal-
cium chloride-induced model in rats [87]. Since platelet aggregation
and accumulation are highly prevalent features in AAAs, we hypothe-
sized that a platelet-inspired design with platelet membrane coating
could enable aneurysm-homing capacity. Indeed, our rationally
designed platelet-mimetic nanoclusters displayed highly specific
enrichment at both nascent and full-sized AAA lesions in
elastase-induced rodent models, and were taken up predominantly by
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SMC in the medial layers of aneurysmal aortas. As shown in other car-
diovascular disease models, such lesion targeting capacity is likely
mediated by the panel of adhesion molecules present on the outer sur-
face of the platelet membrane, including integrins and transmembrane
glycoproteins that could specifically bind to the exposed extracellular
matrix proteins (e.g., collagen IV) in the aneurysmal aortas [82].
Additionally, this innovative delivery platform enabled targeted de-
livery of the hydrophobic PERKi with a biphasic controlled release
profile. The PAMAM-PLGA nanocluster core was designed to achieve an
initial burst release (~ 60% release within 24 h) to exert prompt control
of the highly active degenerative events within the aortic wall.
Following the bolus phase, the nanoclusters could continue to provide a
sustained release of the remaining PERKi over the course of at least 1
month (~85% release by 27 days) — a feature that is most desirable for
the long-term management of the progressively dilating AAA lesions.
Sustained drug release enabled by biomimetic nanoclusters can ulti-
mately lead to effective control of experimental AAA lesions at a
dramatically reduced overall drug dosage (a 2.5 mg/kg, weekly regimen
versus the conventional 50 mg/kg, twice to three times daily regimens
for existing PERK inhibitors) [23,80]. This presents a significant
improvement, as severe systemic toxicities have been documented with
existing ER stress inhibitors delivered through traditional routes [80].
We contend that other investigative AAA therapeutics plagued with
suboptimal in vivo drug performances could broadly benefit from this
drug delivery platform for future improvement.

Another major accomplishment of our current study lies in the
interventional potential of our targeted PERK inhibition therapy in
halting the progression of pre-existing AAAs. Indeed, patients typically
already bear existing AAA lesions at the time of diagnosis. It thus re-
mains an imperative task to translate research into effective intervention
for existing AAA. At the moment, how to stabilize an already formed
AAA lesion still remains the top challenge in both basic and clinical
arenas [47]. Unfortunately, a bleak reality is that the vast majority of
past pre-clinical studies rather adopted a preventative study design —
that is, the experimental treatments were administered either prior to or
at the time of AAA induction procedures, when the experimental an-
eurysms were not yet formed. In a recent meta-analysis, merely 35 out of
4758 published works were identified as intervention studies [46]. Our
current study adds to this short list of research endeavors aimed at the
ultimate translation into clinical utility for the intervention of
pre-existing AAAs.

A major limitation of this proof-of-concept study is the use of only
one experimental inducer of AAA in rodents. In our current study, local
application of porcine pancreatic elastase was used to induce the initial
destruction of elastic integrity, followed by subsequent loss of SMC,
immune cell infiltration, and ECM destruction. This methodology has
been widely used to study the acute onset phase (short-term) as well as
the long-term progression (long-term, with the incorporation of BAPN),
which is ideal to determine both the preventive and interventional ef-
ficacy of the biomimetic NC-based PERKi therapy. The advent of recent
single-cell RNA sequencing (scRNA-seq) efforts, especially the compar-
ative analysis of clinical and elastase-induced experimental AAA speci-
mens, further supports the notion that the elastase model is well suited
to study the role of SMC degeneration and other pathological compo-
nents (e.g., macrophage infiltration) in the onset and progression of AAA
[88,89]. Nevertheless, we acknowledge the limitations that we may not
be able to extrapolate the role of PERK based on results derived from
only one experimental model. Indeed, as summarized in our recent re-
ports and others, no single experimental model could fully recapitulate
the pathophysiological features of clinical AAA. Other commonly used
models, including the angiotensin II (Angll) model and the calcium
model, each has their unique advantages in terms of clinical relevance,
such as the involvement of hypertension, hypercholesterolemia, and
aortic calcification. To further strengthen the mechanistic significance
and potential clinical utility, future studies in additional mouse models
of AAA are warranted.
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5. Conclusions

Despite the prevalence and lethality of AAAs, there are still no drug
therapies nor tailored drug delivery platforms with proven clinical
benefits. Our study provides the first evidence that the ER stress PERK
kinase critically contributes to the degenerative phenotypic transitions
of SMCs and hence presents a viable intervention target for AAA man-
agement. Moreover, we developed a biomimetic nanocluster platform
that enables targeted delivery of selective PERK inhibitors to AAA le-
sions in experimental models. Such targeted PERK inhibition therapy
not only demonstrates clear preventative benefits against AAA forma-
tion, and when administered to animals with pre-existing AAAs, it also
demonstrates clear interventional benefits in stopping the chronic pro-
gression of aneurysmal dilation — a key feature that was often missing
in the majority of prior research efforts concerning AAA therapies.
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