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Abstract

Clearance of apoptotic debris is a vital role of the innate immune system. Drawing upon principles
of apoptotic clearance, convenient delivery vehicles including intrinsic anti-inflammatory
characteristics and specificity to immune cells can be engineered to aid in drug delivery. In this
article, we examine the use of phosphatidylserine (PtdSer), the well-known “eat-me” signal, in
nanoparticle-based therapeutics making them highly desirable “meals” for phagocytic immune
cells. Use of PtdSer facilitates engulfment of nanoparticles allowing for imaging and therapy in
various pathologies and may result in immunomodulation. Furthermore, we discuss the targeting
of the macrophages and other cells at sites of inflammation in disease. A thorough understanding
of the immunobiology of “eat-me” signals is requisite for the successful application of “eat-me”-
bearing materials in biomedical applications.
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1. Introduction

Efficient clearance of pathogenic invaders, dead and dying cells (apoptotic and necrotic),
and cellular debris is vitally important for long-term maintenance of tissue homeostasis in
living systems [1-3]. The immune system plays a large role in tissue homeostasis as it is
finely tuned to recognize and rapidly process both endogenous and exogenous particles
[4,5]. Innate immune cells recognize and often engulf exogenous particles via recognition of
“danger-associated” moieties; see Table 1. Canonically, recognition of danger-associated
patterns by innate immune cells results in cellular activation and the release of
chemoattractant proteins, which recruit additional inflammatory cells to the area [6-9]. In
contrast, clearance of dead cells as part of constant cell deletion and renewal is by and large
“immunologically silent” [10]. For instance, it is estimated that the human immune system
clears about one million dead or dying cells every second without causing immune
activation [11]. Understanding and adapting the mechanisms involved in these processes
offer a paradigm for advanced drug delivery. Approaches that mimic apoptotic cells, utilize
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apoptotic cells themselves as therapeutic agents, or interfere with receptors that recognize
“danger-associated” species have been shown to be effective in delivery strategies in various
disease states.

We will discuss therapeutic strategies that harness apoptotic clearance machinery by
incorporation of “eat-me” signals (EMS). An “eat-me” signal is a molecular signal
expressed on the surface of a cell or a particle that is recognized by a corresponding receptor
on a phagocytic cell (innate immune cell) to initiate phagocytosis (cell), endocytosis, or
pinocytosis (particle) [12]. This action is usually concomitant with repressed immune
activation, and recapitulates the clearance of endogenous apoptotic debris. Probably the most
widely described EMS — phosphatidyserine (PtdSer) [13,14] is the main focus of this
review. Although other EMS have been described (calreticulin, phosphoethanolamine,
oxidized lipids and recently discovered cardiolipin), reports describing the therapeutic utility
or use in /n vivoimaging are scarce (Table 1). In the first part of this article we discuss
various applications of nanomaterial-based vehicles decorated with PtdSer that have been
used for standalone therapy or for delivery of therapeutic agents. In the second part of this
article, we review imaging probe delivery, and utility of PtdSer-targeted contrast agents in
various pathological conditions employing numerous imaging modalities.

We limit our discussion to nanoparticulate- based vehicles bearing EMS serving as
substrates for immune cell engulfment. We will not discuss the work defining those
mechanisms behind the detection of cell death by innate immune cells (Annexin V [15-18]
and other PtdSer-targeted molecules [19-22]). We refer the reader to a series of excellent
reviews on the biology of EMS and apoptosis [13,14,23,24]. Likewise, the approaches that
take advantage of “danger-associated” molecules for drug delivery have been reviewed
elsewhere [25-27].

2. Therapy with phosphatidylserine carriers

Phosphatidylserine (PtdSer) is a phospholipid component of cell membranes in eukaryotes.
Under normal physiological conditions, PtdSer serves primarily as a component of the inner
cell membrane of the phospholipid bilayer and is retained there by the enzyme
aminophospholipid translocase [14,28]. When a cell undergoes apoptosis, however, the
activity of aminophospholipid translocase is lost and phospholipid scramblases serve to both
disturb the membrane’s aminophospholipid asymmetry and expose a significant amount of
PtdSer to the outer leaflet [14,29]. This exposed PtdSer is a specific recognition signal for
phagocytic digestion of apoptotic cells [30], with several ligand-receptor mechanisms having
been elucidated for the recognition of PtdSer on the surface of apoptotic cells [13,14].

Engineered nanomaterials bearing synthetic PtdSer have been designed to mimic apoptotic
cells and serve as a great resource for nanoparticle targeting and drug delivery. We highlight
two approaches utilizing PtdSer nanoparticles. First, nanoparticles that mimic apoptotic cells
via surface-decorated PtdSer have been shown to exhibit immuno-regulatory functions in
multiple models of inflammation. Second, PtdSer decorated nanocontainers loaded with
drugs and therapeutic oligonucleotides, with PtdSer, directing these agents to sites of
abundant phagocytic cell accumulation and activity. The utilization of PtdSer as a targeting
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ligand is based on the intrinsic capacity of phagocytic cells to clear PtdSer-containing
vehicles more efficiently than the bare drug or imaging probe, enhancing agent delivery to
phagocytic cell types in various diseases, such as sickle cell anemia, thalassemia, and
various neoplastic cells in leukemia, melanoma, and colon cancer [31-33]. Thus, there is
obvious utility in applying PtdSer-containing nanoparticle in both investigative and
therapeutic settings.

2.1. Anti-inflammatory therapy via PtdSer signaling

Nanoparticles (NPs) such as liposomes containing PtdSer in their bi-layer have been used to
mimic cellular debris as a therapeutic strategy for inflammation resolution, these are often
referred to as “synthetic apoptotic cells”. Synthetic apoptotic cells leverage signaling
cascades initiated in innate immune cells during endogenous cellular apoptosis, a process
that is fundamentally anti-inflammatory and “immunologically silent”. While receptors that
recognize PtdSer are increasingly better-defined, the signaling through these receptors is not
completely understood. It is known, however, that the engulfment of PtdSer-containing
nanoparticles such as liposomes (PSL) has a direct effect on anti-inflammatory cytokine
production, similar to downstream of recognition of the dead cells. PSL have therefore been
explored in a number of models of systemic and local inflammation that demonstrated their
utility as an anti-inflammatory and immunomodulatory agents.

2.1.1. Resolving systemic inflammation with PtdSer nanoparticles and their
effects on various cell types—Transforming growth factor-p (TGF-p) is a key anti-
inflammatory mediator implicated in apoptotic cell-driven immune modulation. Multiple
studies have demonstrated that apoptotic cell administration increases production of TGF-
B1. Similarly, in one example, instillation of PSL in lipopolysaccharide stimulated lungs
increased production of TGF-p1 and ameliorated inflammation, the effect that was not seen
when phosphatidylcholine (PC) liposomes were used [34]. A mechanism by which PSL
inhibit inflammation (adaptive immune response) is thought to be dependent on TGF-
released from phagocytes and variety of cells that engulfed the liposomes in peripheral
tissues including fibroblasts, epithelial cells and endothelial cells. Pre-treatment with PSL
followed by antigen stimulation resulted in increased TGF- levels in draining lymph nodes
and decreased numbers of immune cells such as macrophages, dendritic cells and T-
lymphocytes — an indication that PSL repress inflammation, at least in part, by stimulating
secretion of TGF-f and the generation of regulatory T-cells (Fig. 1a). Interestingly, in this
study PSL failed to inhibit phenotypic and functional maturation of dendritic cells in
response to proinflammatory stimuli, whereas others observed an inhibitory effect [35]. In
the latter study, PSL inhibited the maturation as well as pro-inflammatory cytokine release in
DNCB-stimulated dendritic cells, decreasing Th1 cell-mediated immune response via effects
on CD4™ T cells. It is worth noting that the same inhibitory actions were observed when
dendritic cells were treated with apoptotic cells [36].

An additional mechanism of action of PSL were suggested to be partly dependent on
peroxisome proliferator-activated receptor gamma (PPAR-v) activation [37]. PPAR-y
enabled PSL to reduce the late phase of inflammation induced by carrageenan injection in
mice. In this model of acute inflammation [38], PSL were effective for up to 48 h after
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administration of carrageenan. Treatment with PSL but not PC liposomes, decreased
carrageenan-induced edema, local concentrations of inflammatory cytokine IL-1p, the
expression of cell adhesion molecules and leukocyte migration for up to 48 h [37].

PtdSer-NPs have been targeted to various cell types in a number of inflammatory conditions.
Investigated /n vitro, applied locally or intravenously, PtdSer-NPs have been shown to
efficiently target phagocytes such as macrophages and macrophage-like cells. This was
concomitant with reduction in inflammatory molecules production by these cell types and
the surrounding tissue, and some specific effects that further improved the beneficial
therapeutic response (Fig. 1b).

PSL have been employed to reduce inflammation in infarct repair; Intravenous injection of 1
pum-sized liposomes presenting PtdSer in the lipid bilayer and entrapping iron oxide
nanoparticles (imaging probe) have been shown to deposit to macrophages at the infarct site
in a rat model of myocardial infarction (MI). Liposome accumulation was demonstrated by
magnetic resonance imaging (MRI) and confirmed by immunohistology [39]. The treatment
with PSL but not with PC liposomes increased angiogenesis that promoted infarct repair and
downregulated inflammation via secretion of the anti-inflammatory cytokines, such as IL-10
and TGF-p.

A relatively novel experimental application of PSL technology showed that PSL protected
against neurodegeneration in an acute model of retinal ischemia, a condition involving loss
of function of neurons, including neuronal death. Dvoriantchikova et al. reported a
significant reduction in proinflammatory chemokines such as Cc/2, Ccl5and Cxcl10 after 24
h of intraperitoneal administration of PSL. Moreover, this correlated with neuronal survival
and reduced retinal neuronal damage [40]. A similar strategy has been used to target
Alzheimer’s microglia (brain resident macrophages) that are activated by disease-associated
amyloid-#-peptide, resulting in the killing of neurons by excessive release of pro-
inflammatory cytokines. This potentially beneficial treatment strategy inhibited microglial
activation through the reduced production of inflammatory cytokines (TNF-a) and nitric
oxide (NO), thus demonstrating putative neuroprotection [41].

A combination of PtdSer and other bioactive lipids may improve the cellular response in
disease, offering a therapeutic benefit. For instance, the production of phosphatidic acid (PA)
at the internal leaflet of the cell membrane by phospholipase D (PLD) contributes to the
antimicrobial response, manifested through calcium signaling, phagolysosome maturation,
and reactive oxygen species (ROS) production. It was observed that macrophages that
ingested pathogens such as Mycobacterium tuberculosis (MTB) inhibit intracellular PLD
activity resulting in lower than normal levels of PA. Applying this antimycobacterial
signaling, Greco et al. incorporated macrophage-directing PtdSer and PA into asymmetric
liposomes resulting in potent antibacterial activity. More specifically, PtdSer was placed in
the liposome bilayer, while PA was encapsulated, creating Janus-like particles referred to as
“apoptotic body-like liposomes with PA (ABL/PA)” [42]. ABL/PA were effectively
engulfed by macrophages, which decreased the expression of mRNA levels of pro-
inflammatory genes and promoted Ca%*-mediated phagolysosome maturation. Most
importantly, the addition of the ABL/PA to MTB-infected cell lines or cells from the lungs
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of infected patients resulted in a reduction in bacterial load. MTB-infected mice treated
intranasally showed reduction in circulating pro-inflammatory mediators and markers of
tissue and liver toxicity. These results suggest that the ABLs may prove an effective
mechanism to deliver bioactive lipid therapeutics that fight infection in macrophages.

Interesting findings demonstrating the possible utility of PtdSer-based therapies in bone cells
have been reported by Wu and colleagues [43]. The authors demonstrated that PSL
prevented bone loss via inhibition of osteoclastogenesis. Osteoclastogenesis is the
differentiation of osteoclasts from osteoblasts in the bone marrow cavity in an inflammatory
environment causing significant bone loss. PSL targeted mononuclear osteoclast precursor
(OP) cells, in contrast to PC liposomes did not accumulate in OP cells. This resulted in the
secretion of TGF-p1 and prostaglandin E2 (PGE) that synergistically inhibited
osteoclastogenesis [43]. In a follow up study, intramuscular administration of PSL in an
adjuvant arthritic (AA) rat model triggered a similar cascade of anti-inflammatory responses
and resulted in a significant inhibition of AA-induced trabecular bone loss. It was also
suggested that PSL may contribute not only to the prevention of trabecular bone loss, but
also to the facilitation of trabecular bone formation in the AA [44]. These results
demonstrated that PtdSer-based therapeutic strategy might extend beyond macrophage
targeting and may possibly be effective for other cell types.

2.2. Delivery through direct recognition of PtdSer on synthetic nanocarriers

Nanoparticle strategies intended to interact minimally with the cells of immune system
while still containing PtdSer are particularly challenging. Such strategies are common in
cancer chemotherapy, as the intention is primarily to deliver cell-killing drug to cancerous
cells and secondarily to avoid the delivery of cell-killing agents to phagocytic cells of the
immune system. One promising development offers a potential solution to this challenge;
SapC-DOPS NPs. SapC-DOPS NPs have so-called “fusogenic” activity with particles
interacting with the endogenous PtdSer on cancer cells resulting in NP-cell fusion. PtdSer is
highly expressed on tumor cells of certain cancers, especially high in pancreatic cancers
[45], which allows for selective targeting of SapC-DOPS. SapC-DOPS contain phospholipid
dioleoylphosphatidylserine (DOPS) and Saponin C (SapC), which is an 80 amino acid
multifunctional glycoprotein expressed in the lysosomal membrane of all cell types. The
SapC protein selectively induces fusion of PtdSer at acidic pH of tumor environment and
acts as a bridge between PtdSer on tumor cells and PtdSer on the nanocarrier. The delivery
of SapC to the tumor cells by means of this mechanism, leads to the activation of lysosomal
acid sphingomyelinase and rise in ceramide levels, which, in turn, activate caspases leading
to apoptotic cell death [46]. This approach was also adapted for treatment of other cancers
and has demonstrated promising results (Table 2).

An important potential safety concern with SapC-DOPS nanocarriers is whether their
intravenous administration involves inadvertent interaction with the innate immune cells.
This was recently examined by Kaihua et al. with RAW264.7 macrophages and in wild-type
mice with repeated intraperitoneal administration over 28 days. The study showed that
SapC-DOPS caused an increase in inflammatory cytokines such as IFN-y, TNF-a, IL-1 in
serum and by peripheral macrophages. It was noted that the immune response elicited by
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chronic SapC-DOPS administration was somewhat similar to that of lipopolysaccharide
(LPS) and occurred through pattern recognition receptor TLR-4 signaling mechanism [47].
Targeting of cancer cells with SapC-DOPS NP is an attractive alternative to chemotherapy,
however, given its fast clearance due to PtdSer recognition by immune cells and pro-
apoptotic mechanism of action, safety considerations may take precedence over anti-tumor
efficiency, and present a barrier to clinical translation.

The challenge of rapid sequestration of PtdSer NPs by phagocytic cells, particularly in the
liver and spleen, was also recently discussed in a drug delivery study that aimed to treat
atherosclerotic plague macrophages in mice with LXR agonist GW3965. Although the
authors observed that PtdSer nanoparticles modulated key LXR genes (ABCA1, SREBP-1c)
and resolved inflammation in cultured macrophages, contrasting results were observed in
LDL receptor knockout mice [48]. When poly(lactic-co-glycolic acid) (PLGA) nanoparticles
loaded with GW3965 and PtdSer were administered, PtdSer-containing NPs (PSNP-LXR)
were not superior to NP-LXR that did not have PtdSer. When the atherosclerotic regions
were stained for CD68* macrophages NP-LXR treatment caused a 50% reduction in
macrophage numbers, whereas PSNP-LXR and free GW3965 treatments were less effective
demonstrating 40% and 30% reduction, respectively. Researchers pointed out that faster
clearance of PSNP-LXR by liver Kupffer cells could be responsible for their decreased
accumulation in the plaque, attributing to observed difference in efficacy between the two
types of NPs. Consistent with this explanation, PS-LXR showed higher levels of
triglycerides in liver as compared to NP-LXR (140 vs. 117 mg/dL), likely because of hepatic
side-effect actions of LXR agonist, known to cause hypertriglyceridemia in the liver.
Interestingly, these observations may be directly related to increased affinity of liver
hepatocytes for PtdSer NPs. The hepatocyte cell line HepG2 showed dose- and time-
dependent uptake of PtdSer-NPs [49].

Given the ability of EMS to ameliorate inflammation, of particular interest are EMS-
composed nanocarriers that discriminate cell’s inflammatory status and allow for selective
targeting of inflamed cells. Such a strategy may find therapeutic application for treatment of
chronic inflammatory conditions such as atherosclerosis and obesity, where macrophage
inflammation plays a key pathogenic role. Bagalkot et al. reported a new lipid-latex hybrid
nanoparticles (LiLa-NP) that targeted pro-inflammatory classically-activated (“M1”-type)
macrophages more efficiently than anti-inflammatory macrophages. The targeting was
achieved by virtue of two EMS: PtdSer and oxidized cholesterol derivative 9-CCN.
Macrophage labeling by LiLa-NP was confirmed /n vitro by means of imaging flow-
cytometry and /n vivo by means of MRI and in-travital imaging in animal models of
atherosclerosis and obesity [50]. The authors also demonstrated that LiLa-NP can deliver a
payload of anti-inflammatory drug rosiglitazone, a potent PPARYy agent, that efficiently
downregulated the expression of inflammatory molecules in LPS-stimulated RAW264.7
macrophages.

Another area of therapeutic potential for PtdSer NPs may be in the targeted induction of the
immune response to a specific antigen. A study by Yotsumoto et al. used PSL loaded with
ovalbumin (OVA) antigen in co-culture studies using OVA-specific Th1 clone 42-6 A cells
with splenic adherent cells (SAC) [51]. OVA-loaded PSL induced production of key Thl
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cytokines such as IL-12 and IFN-y. When used /n vivo, PSL loaded with OVA significantly
increased IFN-y levels in serum and spleen versus OVA control. These studies demonstrate
that PSL loaded with antigens have the potential to facilitate T cell activation toward a
specific action by targeting antigens to antigen presenting, innate immune cells populations
[52].

2.3. Delivery through a combination of a targeting vector and PtdSer

Targeting moieties such as antibodies or peptides that recognize markers in disease may
significantly improve the targeting of nanocarriers [53]. An attractive prospect is to combine
targeted delivery with the affinity of PtdSer to phagocytic cells. Such an approach may be
particularly useful when macrophage targeting is required, as the PtdSer-bearing carrier
would be delivered to sites with high abundance of macrophages enabling efficient
intramacrophage delivery. There are but a few examples where this targeting has been tested.
Immunoliposomes decorated with anti-Env antibodies (targets an HIV surface protein) and
PtdSer efficiently bound HIV-like particles. These particles were efficiently engulfed by
macrophages [54]. This is important, because macrophages are believed to be the first cells
encountered by the HIV-1 virus during infection and they are needed for viral replication
and the subsequent spread of infection. It is known that HIV infection impairs antibody-
mediated phagocytosis in macrophages. It was posited that HI\-directed carriers presenting
PtdSer might represent a novel macrophage-centric approach to fighting HIV by improving
macrophage-mediated clearance of HIV particles, decreasing immune system activation and
stimulation of B cells, and enhancing production of antibodies against the virus.

In another report, PSL containing a seven amino acid peptide sequence specific for lung
epithelium (endothelin receptors) delivered a prototypical GFP plasmid to the lung. The
PtdSer enabled fusion of liposomes with the endosomal membrane at low pH causing
release of the plasmid cargo into the cytoplasm. The intra-tracheal instillation of these
liposomes in rat model resulted in the expression of GFP in bronchioles and alveoli within 5
days. Hence, the synergistic action of PtdSer and targeting peptide demonstrated that PSL
could serve as potential gene delivery vector [55].

3. Imaging with PtdSer carriers

EMS have been used in the imaging of inflammatory environments including but not limited
to atherosclerosis, cancer, arthritis, and certain neurological disorders where innate immune
cells such as macrophages and dendritic cells play a primary role in disease. Targeting of
macrophages using PtdSer has been successful using magnetic resonance imaging (MRI),
ultrasound, fluorescence, and single photon emission computed tomography (Table 3).

3.1. Magnetic resonance imaging (MRI)

A series of reports from our group demonstrated that liposomes and anionic vesicles
decorated with PtdSer exhibited enhanced affinity for macrophages in atherosclerosis,
allowing their imaging. In several experimental setting these particles modulated
inflammatory pathways. A common feature of atherosclerotic plaques is the presence of
inflammatory macrophages [56]. Atherosclerosis-associated macrophages commonly exhibit
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multiple dysfunctional features including the upregulation of pro-inflammatory cytokines
and transformation into lipid-laden foam cells that may directly contribute to the progression
of atherogenesis and cardiovascular disease [57]. Importantly, the genesis of foam cells is
believed to relate to the engulfment of apoptotic cells (called efferocytosis) and oxidatively
modified lipids formed during low-density lipoprotein (LDL) oxidation [58]. Therefore, a
nanoparticulate carrier of an MRI contrast agent that mimics apoptotic cells and/or oxidized
lipids may have an amplified recognition by atherosclerotic plaque macrophages enabling
plaque detection.

An earlier report by our laboratory noted that PSL accumulate in the atherosclerotic plaque
of ApoE ™~ mice even in the absence of polyethylene glycol (PEG), whereas this targeting
pattern was not seen for PC liposomes. PEG is widely used in drug delivery, particularly in
nanocarriers offering “stealth” properties and prolonged circulation half-lives. Therefore, in
the absence of PEG, one could envision the rapid sequestration of PtdSer particles by the
reticuloendothelial system (RES). However, we noted that gadolinium-tagged PSL
delineated atherosclerotic plaque for at least four hours while under continuous MRI
imaging. In addition, prominent accumulation of PSL were observed (by confocal
microscopy) in plague macrophages 24 h after agent administration, suggesting that PtdSer
clearly enhances liposomal accumulation in the arterial wall [59]. Interestingly, our results
have been recently confirmed by other researchers using almost identical liposomal
formulation [60].

Macrophage-targeting in atherosclerosis may be enhanced if an additional EMS is used in
conjunction with PtdSer. Based on the known affinity of oxidized lipids to plaque
macrophages [61], the oxidized cholesterol ester derivative cholesterol-9-carboxynonanoate
(9-CCN) was used in combination with PtdSer to increase macrophage engulfment in a
rabbit model of spontaneous atherosclerosis with features similar to humans. Watanabe
hereditary hyperlipidemic (WHHL) rabbits were used to test this dual-EMS targeting
strategy [62]. It was shown that this strategy not only improves the imaging of macrophages
in atherosclerosis 24 h post-injection (vs. ~12 h for single-EMS PSL), but also increases the
circulation residence time of the dual-EMS carrier, possibly due to its spontaneous /n vivo
association with serum low-density lipoprotein (LDL).

The most recent approach from our group that takes advantage of PtdSer/9-CCN-enhanced
targeting involves imaging inflammatory macrophages in atherosclerotic plaque and adipose
tissue through LiLa nanoparticles. In this approach, hybrid LiLa-NPs are labeled with
gadolinium lipids and near-infrared dye to allow simultaneous MR and optical detection.
LiLa-NP enhanced atherosclerosis imaging through MRI in high-fat fed ApoE~~ mice and
were cleared much more rapidly in these mice as compared to wild-type mice, as evidenced
by 3D FLASH MR imaging and confirmed by traditional pharmacokinetic studies. This was
possibly due to higher uptake of LiLa-NP by inflammatory macrophages that are
ubiquitously expressed in atherosclerotic ApoE~~mice but to the lesser extent in wild-type
animals [50].

LiLa-NP also allowed selective discrimination of M1 versus M2 macrophages in adipose
tissue. Intravital imaging experiments utilizing AlexaFluor 647-labeled LiLa-NP as a
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contrast agent and genetic mouse model that expresses yellow-fluorescent protein in
circulating and tissue-resident macrophages (c-fmsYFP* mice) were performed in obese and
lean mice. The time-lapse imaging of the fat pad demonstrated faster LiLa-NP uptake in
M1-macrophages of obese mice (inflammatory M1 macrophages are highly expressed in
obesity) as compared to uptake in M2 macrophages in lean mouse model [50].

The combination of immuno-targeting with macrophage-directing EMS-nanocarriers may
additionally improve atherosclerosis targeting. We explored the use of antibodies against
myeloid related protein 8/14 (MRP 8/14), a pro-inflammatory protein secreted by
macrophages and neutrophils in atherosclerotic plaque in response to immune activation.
MRP 8/14 is abundant in rupture-prone necrotic areas of atherosclerotic plaques and thus an
attractive target for imaging and therapy. Immunonanoparticles with two EMS (PtdSer and
9-CCN) delivered MRI contrast to both plague macrophages and endothelial cells.
Endothelial cell enhancement may be due to endothelium-bound MRP 8/14. The results
were confirmed by means of attenuated gadolinium enhancement in aorta of mice lacking
both ApoE and MRP (ApoE~~/Mrp 147/7), which confirmed specificity of this targeting
approach [63]. Although most of these studies show that phagocytic EMS can preferentially
target inflammatory macrophages in atherosclerosis, there is a possibility of translation to
other potential clinical applications where macrophage inflammation has detrimental effects.
Thus, EMS targeting may be impactful for treatment of cardiovascular disease, obesity,
diabetes, and cancer.

3.2. CT imaging

Clinical CT imaging is a widely used modality that offers excellent spatial resolution and
tissue specificity. We have shown the applicability of PSL loaded with the FDA-approved
CT contrast agent iodixanol for macrophage targeting in plague using two large animal
models of atherosclerosis. We tested these liposomes in WHHL rabbits and in balloon-
injured artery New Zealand white rabbits (NZW) [64]. The development of atherosclerosis
in WHHL rabbits resembles human plaques, whereas the NZW injury model recapitulates
vascular inflammation. We hypothesized that changes in macrophage biology, local
abundance of macrophages, and nature of the endothelium would result in uptake differences
of PSL and their retention in the plaque macrophages. Surprisingly, we found no difference
in targeting and accumulation of PSL between these models. We found, however, that the
size of PSL influenced their uptake and retention in plaques as indicated by CT imaging.
Thus, PSL with hydrodynamic diameter of ~111 nm were optimal for plaque accumulation.

3.3. SPECT imaging

Non-PEGylated, indium-111-radiolabeled liposomes (}11In)-PSL have been used in SPECT
imaging of atherosclerotic plaques in ApoE ™~ mice and WHHL rabbits [65]. In this study,
liposomes of 100 and 200 nm were first tested in cultured macrophages. These /n vitro
findings suggested that the smaller 111In-PS100 (100 nm) liposomes were more efficient at
targeting macrophages than 1111n-PS200 (200 nm) liposomes. Liposomes with unnatural D-
serine PtdSer were used to test the specificity to PtdSer receptors on the macrophages,
showing lower uptake in macrophages, comparable to that of PC liposomes. (111In)-PSL
showed fast blood clearance in the order of several minutes (~3 min). £n face
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autoradiography and histologic analysis demonstrated accumulation of both formulations in
atherosclerosis. The authors also noted high liver accumulation for both formulations and
suggested that a certain level of PEGylation of liposomes may be incorporated in order to
alter blood clearance rate while maintaining macrophage targeting.

3.4. Contrast-enhanced ultrasound imaging

Microbubbles (MBs) are ubiquitous in contrast-enhanced ultrasound imaging. Usually
fabricated from sugar matrices, polymeric microspheres and proteins, and filled with gases
or perfluorocarbons, MBs rapidly resonate in an ultrasound beam. Their contraction and
expansion depends on the pressure changes of the ultrasound wave allowing for diagnostic
ultrasound imaging. Early studies demonstrated that some PtdSer-containing MBs efficiently
targeted blood leukocytes. It was hypothesized that incorporation of PtdSer into MBs
resulted in an negatively charged particle enhancing leukocyte targeting. However, MB
phagocytosis by blood leukocytes was likely a result of “eat-me” targeting. Thus, Jonathan
and colleagues used PtdSer lipid-based MBs (filled with decafluorobutane) which bound
leukocytes via complement-mediated activation and also to monocytes via PtdSer receptor
binding [66]. In addition, non-invasive ultrasound imaging allowed quantification of MBs in
mice with ischemia—reperfusion kidney injury. Within 10 min of intravenous administration
PtdSer MBs were seen attaching to leukocytes in the inflamed venules compared to standard
lipid micro-bubbles. After ischemia—reperfusion, the signal from retained MBs was 2-fold
higher for PtdSer-containing than for standard lipid MBs. Another study by the same
research group tested these PtdSer-MBs for assessing severity in post ischemic myocardial
injury by coronary artery occlusion in dogs [67]. In dogs with ischemia, the PS micro-bubble
accumulation in leukocytes by myocardial contrast echocardiography (MCE) correlated with
leukocyte accumulation by radionuclide imaging using 99MTc-RP517.

Multi-targeted MBs along with PtdSer, as-integrins, and vascular adhesion molecule
(VCAM-1) have been reported for contrast ultrasound perfusion imaging in murine models
of vasculogenesis (subcutaneous matrigel) or hind-limb ischemia produced by arterial
occlusion [68]. Incorporation of these ligands on MBs enables monitoring of recovery from
ischemia and the response of inflammation in tissue healing.

PtdSer-containing MBs targeted activated neutrophils with selective signal enhancement in
ischemic limb (signal correlated with staining for polymorphonuclear leukocytes). Similar
enhancement was seen with MBs containing integrin and VCAM-1 receptor ligands.
VCAM-1 enhanced signals persisted longer and correlated with endothelial expression of
VCAM-1 in intramuscular arterioles and venules by immunohistochemistry. This study
demonstrated that molecular imaging can detect inflammatory processes that coincide with
the appearance of functional microvessels, the type of cells and adhesion molecules involved
in healing and vascular remodeling after injury [68].

Echogenic MBs with PtdSer alone or in combination with targeting antibodies offer the
opportunity to detect vascular inflammation by non-invasive ultrasound imaging, however
significant challenges remain. For example, it is necessary to achieve a minimum
concentration of MBs at the target site. Also, the ultrasonic signal must be capable of
producing acceptable signal from the MBs that achieved their target versus the noise of the
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tissue. This relates to the major challenge, which is distinguishing between resident/targeted
MBs and circulating MBs as well as from non-specific signal produced by the blood-intimal
interface.

4. Conclusions and future prospective

Modern nanoparticle (NP) technologies are often directed to a specific cell type via a
targeting ligand (e.g antibody) [53] or deliver their cargo to disease sites via synthetically
modified natural lipoproteins [69—-71]. These strategies are challenging requiring complex
NP synthesis, expensive antigen bio-conjugation, discordance of targets between mouse and
human, and NP deposition in the liver increasing potential toxicity. These issues may
hamper successful application of targeted NPs in clinical settings and, possibly, the reason
why currently FDA-approved NPs or those in late phase clinical trials do not rely on
antibody-antigen interactions [72,73]. Intelligent surface manipulation on NPs, which are
made of safe materials, presents a meaningful opportunity for successful and efficient
translation to clinical applications. Here, we highlight recent advances in the field of NPs
that have been targeted via “eat-me” signals (EMS), mainly PtdSer and discuss therapeutic
and diagnostic potential of such strategies. It is clear that the incorporation of PtdSer not
only aids in targeting inflammatory phagocytic cells but also as an anti-inflammatory signal
for resolution of inflammation. Hence, PtdSer carriers equipped with an imaging agent may
represent an attractive “theranostic” (therapy + diagnosis) approach when one encapsulates a
therapeutic agent into PtdSer carriers. The latter is obviously important in combined
imaging-therapy setting, but also could be useful for understanding mechanisms of diseases
and impaired apoptotic cell clearance.

To date, most imaging studies with EMS-bearing contrast agents have focused on diagnostic
detection of cardiovascular abnormalities, including atherosclerotic plaque imaging.
Although landmark studies by Z. Fayad, W. Mulder and E. Fisher provided almost
exhaustive perspective on imaging of plaque with nanocarriers targeted via antibodies
[71,74,75] and peptides [76-79] that recognize macrophages within atherosclerotic lesions,
most of the above-mentioned challenges remain and may hamper clinical translation because
of the antigenic nature of targeting approach employed in these studies. At the same time,
the ability to accurately predict the risk of atherosclerotic plaque rupture and its
complications in the clinic is currently limited to invasive diagnostic tools such as
intravascular ultrasound (IVVUS) and optical coherence tomography (OCT) [80]. Emerging
“molecular imaging” approaches that are based on recognition of pathophysiologic
processes such as rise in tissue pH or increased metabolic activity of cells can often provide
valuable information regarding disease severity and outcomes [81]. For example, molecular
imaging of macrophages that relies upon detection of their high metabolic activity in
inflamed plaque can be achieved by measuring hypermetabolic uptake of 2-deoxy-2-
(-18F)fluoro-D-glucose (18F-FDG) using positron emission tomography (PET) [82,83].
Interestingly, the uptake of 18F-FDG-like tracer 2-deoxy-2-(18F)fluoro-D-mannose (*8F-
FDM) was significantly increased in macrophages expressing mannose receptor (“M2”-
phenotype) as detected in plaques of atherosclerotic rabbits [84]. The role of “M2”
macrophages in tumor growth should be mentioned, with various anti-cancer nanomedicines
targeting the mannose receptor receiving attention recently [85,86]. Intriguingly, molecular
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imaging of “M1”-type macrophages, that to the best of our knowledge has been
underexplored, may be achieved through “eat-me” targeting [50].

Current clinical approaches to image plaque in patients are quantitative and are not directed
at providing additional information of characteristics that could predict risk. There is no
current approach that combines imaging with delivery of a therapeutic at the same time.
There is extraordinary interest in assessment of lesions that can provide better risk
discrimination of plaques that are likely to result in complications and importantly to be able
to intervene in such lesions. The landmark PROSPECT trial using intravascular ultrasound
[87], studies by Motoyoma et al. in CT [88], Rudd et al. with PET-CT [89-91] and studies
by Yuan et al. using MRI [92] have demonstrated that aspects of vulnerable plagque may be
identified using imaging approaches. EMS approaches have the value of being applicable to
a broad range of platforms and importantly provide a modality-naive approach of
combinatorial imaging therapeutics. The field of molecular imaging and intervention has
matured to a point where intelligent contrast agent and drug delivery using recent new
insights in atherosclerosis may be leveraged. Recently, two first-in-human nanotherapy trials
were conducted in atherosclerosis patients (ClinicalTrials.gov Identifiers NCT01647685 and
NCT01601106). Thereby engineered nanotherapeutics with EMS such as PtdSer and others
present an exciting new treatment paradigm for halting plaque progression and rupture.

Many challenges remain ahead such as possible immunogenicity of PtdSer carriers and very
broad targeting patterns associated with the abundance of “PtdSer-hungry” phagocytes in
nearly every tissue. Toxicity of PtdSer agents is another issue that needs more thorough
evaluation before possible translation in humans.

Acknowledgments

This review was completed with support from American Heart Association (NCRP Scientist Development Grant
13SDG14500015) to Andrei Maiseyeu, and from National Institute of Diabetes and Digestive and Kidney Diseases
(grant 5 KO1 DK099475) to Jeffrey Deiuliis.

Abbreviations

PtdSer
OVA
PSL
ABL
PC
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IL 10
IL1B
PPAR-y
TGFB
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Ccl5

Ccl2
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NO

EMS
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DNCB
CD4* T cells
ROS

PLD

MTB
PGE,
SapC-DOPS
LPS

LXR
ABCA1l
SREBP-1c
PLGA
GW3965
HepG2
CD68
SAC
HIV-1virus
GFP

MRI
SPECT

interleukin 12

interleukin 10

interleukin 1p

peroxisome proliferator activated receptor
transforming growth factor §

Tumor necrosis factor a

Chemokine (C-C maotif) ligand 5
Chemokine (C-C motif) ligand 2\
fractalkine chemokine (C-X3-C motif) ligand 1
nitric oxide

eat me signal

nanoparticles

2,4-dinitro, 1-chlorobenzene

T helper cells expressing cluster of differentiation 4
reactive oxygen species

phospholipase D

Mycobacterium tuberculosis
prostaglandin E2

Saponin C dioleoylphosphatidylserine
lipopolysaccharide

Liver X receptor

ATP-binding cassette transporter

Sterol regulatory element-binding transcription factor 1

poly(lactic-co-glycolic acid)
LXR agonist

hepatocarcinoma cell line

Cluster of Differentiation 68 expressed on macrophage

splenic adherent cells

human immunodeficiency 1 virus
green fluorescent protein
magnetic resonance imaging

single photon emission computed tomography
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CT computed tomography

PEG polyethylene glycol

RES reticuloendothelial system

9-CCN cholesterol-9-carboxynonanoate

MRP 8/14 myeloid related protein 8/14

ApoE apolipoprotein E

WHHL Watanabe hereditary hyperlipidemic

NZW New Zealand white

MCE myocardial contrast echocardiography

VCAM-1 vascular adhesion molecule
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a PtdSer Nanoparticles ameliorate systemic inflammation
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Fig. 1.

S)?stemic and local anti-inflammatory effects of PtdSer-based carriers. a) PtdSer-liposomes
(PSL) exhibit systemic anti-inflammatory actions by means of inhibition of antigen
presentation by dendritic cells (and possibly monocytes/macrophages) and inhibit T-
lymphocyte proliferation in Thl immune response. This is believed to be dependent on
levels of transforming growth factor beta-1 (TGF-B1). Whether PSL directly modulate the

function of dendritic cells in this process is not clear. b) PSL acted in various phagocytic and

non-phagocytic cell types and elicited anti-inflammatory response. Some specific effects
were also noted as indicated.
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Some of the well-described molecules that facilitate immune clearance and their proposed use in drug delivery

and imaging.

Recognition molecule

Therapy or imaging
Description/mechanism of action  applications

Danger-associated molecules

“Eat-me” signals (EMS)

Urate crystals

Cholesterol crystals

HMGB1

HSP90

Plasma DNA

Formylated peptides and Mitochondrial DNA
Neutrophil extracellular traps

Purine metabolites: ATP

IL-33

S100 calcium binding proteins

Extracellular matrix proteins: Hyaluronate

Exhaustive review list of other DAMPs

Phosphatidylserine (PtdSer) and oxidized
PtdSer

Calreticulin (CRT)
Phophoethanolamine (PE) and oxPE
Cardiolipin (CL) and oxCL

Other oxidized lipids

[93,94]

[95]

[96,97]

[98]

[99,100]

[101]

[102]

[103]

[104]

[63,105] [63]

[106] A number of reports,
see, for example [107—
109]

[5,12]

[12,30,110-112] See specific references
further in this review

[113]

[114,115]

[116] [117] [118,119]
[120,121]

[122] [62,123-126]
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Table 2

PtdSer-based delivery systems and their utility in various disease conditions
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Functional effect or

Carrier Therapeutic agent delivered mechanism of action Indication or target Reference
Liposomes Prototypical gene (GFP plasmid) Fusogenic property of Gene delivery to lungs [55]
PtdSer for enhanced
DNA delivery
PtdSer Clearance of HIV-bound  Antiviral (HIV infection) [54]
particles
Phosphatidic acid (PA) or Reduction of bacterial Mycobacterium tuberculosis [42]
combination PA + isoniazid load (MTB) infection
SapC-DOPS Saposin C Tumor cell apoptosis, Pancreatic cancer, brain tumor  [46,127-132]
lysosomal cell death imaging, glioblastoma, lung
cancer, neuroblastoma
Poly(lactic-co-glycolic acid)  LXR agonist Reduced inflammation Atherosclerosis [48]
and number of CD68*
macrophages
Carbon nanotubes Cytochrome C Disruption of Alveolar macrophages [133]

endosomes and
activation of the caspase
cascade, apoptosis
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Table 3

Molecular imaging with EMS vehicles
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Imaging modality Carrier and contrast agent Disease/animal model Imaging enhancement effects  References
Magnetic resonance Gadolinium (Gd)-PtdSer-cholesterol-9-carboxynonanoate Atherosclerosis. Watanabe T1 weighted MRI: high T1 [62]
imaging (MRI) [9-CCN] liposomes (OxPL vesicles) hereditary hyperlipidemic contrast in the vessel wall upto
(WHHL) rabbit model of 24 h.
atherosclerosis
Gd-PtdSer liposomes Atherosclerosis. ApoE™~ mice  T1 weighted MRI: rapid and [134]
significant enhancement in the
aortic wall upto 4 h.
Gd-PtdSer liposomes RAW 264.7 macrophages Cellular relaxivity (/1 = 0.8 [60]
+0.4 mM~Ls71) was lower
thanin (71=3.0£0.3
mM-~1.s71) solution.
Compartmentalization of
PtdSer liposomes results in
lower rl.
PtdSer, Q-carboxynonanoyl-cholesteryl ester, Gd lipid and Atherosclerosis. ApoE"‘ mice  T1 weighted MRI: enhanced [63]
phospholipid-PEG conjugated anti-Mrp polyclonal contrast to noise ratio (22 fold
antibody (aMrp-NP) liposomes higher) in ApoE~'~ abdominal
aorta.
CT imaging lodixanol-NIR800-rhodamine-PtdSer-Liposomes Atherosclerosis. WHHL and Smaller PtdSer liposomes (d=  [64]
balloon-denuded cholesterol- 112 + 4 nm) were more
fed New Zealand White effective in CT signal
(NZW) rabbits enhancement in aorta in both
animal models.
Fluorescence imaging ~ Quantum dot-PtdSer -PEG micelles J774A.1 macrophages 50:50 M ratio of PtdSer and [135]
PEG evaded uptake by
macrophages, varying PtdSer
and PEG can differentially
image macrophage uptake
Ultrasound imaging PtdSer micro-bubbles Ischemia: renal ischemia— Signal was 2-fold higher for [66]
reperfusion injury C57BL/6 PtdSer -containing micro-
mice. bubbles than for standard lipid
micro-bubbles.
Myocardial contrast echocardiography (MCE) imaging/ Myocardial Ischemia. dogs- Spatial extent of inflammation  [67]
PtdSer micro-bubbles ultrasound imaging of the left by MCE similar to
anterior descending (LAD) radionuclide imaging
and left circumflex (LCX) by 9MTc-RP517.
arteries
Perfusion imaging/PtdSer-integrin-VCAM-1 micro-bubbles  /schemia: models of CEU imaging of matrigel [68]
vasculogenesis (subcutaneous  showed the formation of
matrigel) or hind-limb channels with flow at day3.
ischemia produced by arterial Selective signal enhancement
occlusion in C57BL/6 and in ischemic limb with PtdSer,
MCP-17"~ mice integrin, VCAM-1 targeted
micro-bubbles.
SPECT imaging 1111 labeled- PtdSer liposomes Atherosclerosis. ApoE~"~ mice  En face autoradiography [65]

revealed successful
visualization of plaques
by 11In labeled- PtdSer
liposomes
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