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Abstract

The important role of monocytes and macrophages in diseases like cancer and atherosclerosis has

started to get uncovered in the last decade. In addition, subsets of these cell types are believed to

participate in the initiation and aggravation of several diseases including cancer and

cardiovascular disease. For this reason, monocytes and macrophages have recently been identified

as interesting targets for both diagnosis and treatment of the aforementioned pathologies.

Compared with free therapeutic or imaging agents, nanoparticle formulations provide several

advantages that improve the pharmacokinetics and bioavailability of these agents. In addition, the

possibility of surface functionalization creates numerous ways to optimize nanoparticle delivery.

Recent advances in nanomedicine have led to the development of multifunctional nanoparticles

that allow simultaneous diagnosis and treatment of monocytes and macrophages with high

specificity. Relying on the inherent ability of monocytes and macrophages to easily take up

foreign particles, the use of nanoparticles provides a precious opportunity for the management of

several inflammatory diseases.
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The innate immune system regulates the initial defenses toward infection and disease and

includes a widely distributed network of cells that ‘patrol’ the body. As we enter the second

decade of the 21st century, the authors find that the understanding of the innate immune

system has grown remarkably over the last 50 years. While the cooperative functions of the

two major components in immunity (cellular and humoral) were initially recognized in

1908, it was not until the late 1960s that the field of innate immunity took a strong foothold,

with the discovery that the lack of a well-developed phagocytic function of innate immune

cells could cause a severe immunodeficiency disease with fatal outcomes [1]. Since then, the

field of innate immunology, facilitated by the development of modern biochemical

techniques, has matured to an enormously broad and intriguing web of knowledge that is

based on three simple principles, namely recognition of pathogens, killing these pathogens

and self-tolerance. The key players in all of these processes are the myeloid cells, among

which the monocyte-derived macrophages are probably the most versatile phagocytes [2].

Macrophages cannot be described as a uniform population of cells since they are found

throughout the body and their forms and functions are most likely characterized by the

location in which they reside. Their numbers are constantly replenished by a pool of

circulating blood monocytes that originate either directly from the bone marrow or, as

suggested in a very recent study, from a reservoir within the spleen [3]. Moreover, the

authors and others have shown that major tissue-resident macrophages may derive from

local progenitors and are maintained by local proliferation as was recently confirmed [4].

While most macrophages are unmistakably related to the host’s health maintenance,

‘supervising’ their environment and reacting to pathogen invasion or damage, others are just

as well involved in the initiation, progression and aggravation of many major diseases such

as cancer [5], cardiovascular disease (CVD) [6], diabetes [7] and tuberculosis [8].

Since macrophages are constantly involved in ‘screening’ for infection or disease, they are

naturally widely distributed within the body. Macrophages express an impressive amount of

different receptors (e.g., Fc, complement, scavenger and lectin receptors) that allow them to

actively recognize a wide array of ligands and molecules. While their ability to engulf

pathogens, apoptotic cells and other debris makes them an important player in any type of

inflammation, they are also known to be involved in the pathogenesis of many diseases.

Because of this bilateral role, macrophages have rapidly become an attractive target for both

diagnosis and treatment of diseases. Therefore, the development of new strategies to

specifically target macrophages (and monocytes) has become the focus of many research

efforts in the last decade [9–12].

The specific targeting of monocytes and macrophages with nanoparticles may hold great

promise for both the diagnosis and treatment of the major diseases (cancer, CVD, diabetes

and tuberculosis). The application of nanotechnology in (bio)medicine is referred to as

nanomedicine, and involves drug delivery [13] or, in case of diagnostics, the delivery of

contrast-generating materials [14] to specific targets using so-called nanocarriers. The main

advantages of these nanoparticle systems are the possibility to incorporate high payloads of

the aforementioned drugs and/or contrast agents, the improved pharmacokinetics and

bioavailability of these payloads and the possibility of surface functionalization [15]. The

latter includes coating nanoparticles with polymers that improve the circulation half-life as
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well as derivatization with targeting ligands [16]. In the case of targeting monocytes and

macrophages, their ability to easily take up foreign particles provides a precious opportunity

for nanomedical intervention. In this review, the authors will present the current state of

nanoparticle-based drug delivery and diagnostics in the context of specifically targeting

monocytes and macrophages for both treatment and diagnosis of related diseases.

General roles of monocyte & macrophage subsets

Monocytes

Until the discovery of different surface markers, such as CD14 and CD16 on human

monocytes, monocytes were considered to be rather homogenous groups of immune cells

with similar physiological functions. The identification of different antigenic markers leads

to the discovery of at least two different subsets of monocytes in both humans and mice.

However, most of the studies on monocyte subsets have been performed in mice, which

have a different distribution of mononuclear cells [17]. While the characteristics of both

mouse and human monocytes were found to be surprisingly similar [18], one has to be

cautious and not forget that the differences in function have not been fully explored.

In the blood circulation, ‘classical’ monocytes, or Ly6Chi in mice and CD14hiCD16− in

humans, account for approximately 50% of the monocytes in mice and 90% of the

monocytes in humans, respectively. ‘Nonclassical’ monocytes, or Ly6Clow in mice and

CD14+CD16+ in humans, most likely account for the rest [19]. Notably, the exact number of

subsets of monocytes, their specific role and mutual connections remain unclear. However,

the discovery of these subsets has led many to believe in a predisposition of monocytes

subsets and fueled new and interesting theories for targeted diagnosis and treatment

concerning these cells. An overview of the generally acknowledged subsets and their

functions is described below.

The identification of monocyte subsets does not only depend on the expression of main

surface markers, but also by the monocytes’ ability to respond to different signaling

molecules. In 2003, Geissmann et al. showed that the distinct migratory properties of the

two main monocyte subsets were due to the presence of receptors for inflammatory

chemokines, like CX3CR1, CXCR2 and CCR2, on Ly6Chi/CD14hiCD16− monocytes,

which were absent on Ly6Clow/CD14+CD16+ monocytes (Figure 1). This observation not

only confirmed the heterogeneity of monocytes but also put forward a clear functional

difference between the two subsets. This functional difference, the ability to respond to

inflammation, was further explored in numerous studies, which all showed that the presence

of CCR2 on monocytes is a necessity for the proper migration of monocytes to sites of

inflammation [20–23]. Thus, while it was already known that tissue macrophages are mainly

renewed by local proliferation independently of monocyte influx [24], most inflammatory

macrophages still rely on their circulating predecessors in case of acute inflammation. A

study by Swirski et al. confirmed this by showing the trafficking of monocytes from the

reservoir in the spleen to injured tissue shortly after ischemic myocardial injury [3]. By

contrast, Zigmond et al. recently reported on the uniqueness of the gut, as it is believed to be

the only organ with a continuous infiltration of Ly6Chi monocytes that participate in normal

maintenance [25]. It was only after local inflammatory stimuli that these monocytes were
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observed to change into proinflammatory effector cells. These studies underlined the

importance of Ly6Chi/CD14hiCD16− monocytes in inflammation as well as maintenance in

the gut, but also suggest that these monocytes most likely play an active role in fueling

certain diseases [26].

The role of Ly6Clow/CD14+CD16+ or nonclassical monocytes is less well understood and

their exact function remains subjected to divergent research results. As numbers of human

CD14+CD16+ monocytes in the blood were found to increase in relation to several

pathologies, including cancer [27] and atherosclerosis [28], they were at first described as

‘inflammatory’ monocytes. However, this view is probably not precise as their role seems

far more complex and situational. Indeed, it was found that the migratory ability of Ly6Clow/

CD14+CD16+ monocytes to inflamed sites is far less than that of the Ly6Chi/CD14hiCD16−

counterparts [18, 29]. The nonclassical monocytes express CCR5 instead of CCR2 (Figure

1) and the current belief is that these monocytes express an anti-inflammatory phenotype,

mostly being involved in later stages of inflammation and wound healing [3]. Interestingly, a

recent publication by Carlin et al. revealed a detrimental role for Ly6Clow monocytes in the

survey of endothelium lining the capillaries [30]. Ly6Clow monocytes were found to respond

to TLR-7-dependent danger signals from the endothelium by increasing their intravascular

retention, attracting neutrophils and orchestrating the elimination of endangered endothelial

cells. Thus, while Ly6Clow monocytes are unlikely to participate in inflammation dependent

on CCR2, their role in the maintenance of the vascular system could help explain why

Ly6Clow monocytes have previously been linked to atherosclerosis and cancer [26].

Macrophages

Macrophages are mononuclear cells with a strong phagocytic function. They reside within

practically all tissues, ready to engulf a wide variety of pathogens, apoptotic cells and other

debris, but also participate in resolving inflammation and tissue remodeling, making them

indispensible in both immunity and maintenance [31]. They have a close relation to

dendritic cells as they originate from the same common myeloid progenitor, share many

surface markers and react to the same growth factors [32], although dendritic cells are

primarily known for activation of lymphocytes [33]. Macrophages are a heterogeneous

group of cells that cannot easily be divided into subsets. There is a wide array of

macrophage subsets that perform different functions depending on their anatomical location,

for example, osteoclasts (bone) [34], Kupffer cells (liver) [35] and alveolar macrophages

(lung) [36]. Within a single organ, such as the spleen, many subsets of macrophages with

divergent functions coexist. For example, red pulp macrophages engulf old red blood cells

while different subsets of white pulp macrophages are involved in the immune response

[37]. However, in the case of inflammation, two general roles of macrophages can be

distinguished, namely inflammatory and anti-inflammatory (or regulatory).

Inflammatory macrophages, also called M1 macrophages, are often referred to as being

classically activated, as opposed to the alternatively activated regulatory macrophages, or

M2 macrophages. The M1 macrophages are known to react strongly to invading pathogens

(LPS and lipoteichoic acid) or other danger signals (IFN-γ and tumor necrosis factors) by

producing proinflammatory cytokines, inducible nitric oxide synthases and reactive oxygen
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species (Figure 1) [38]. They are the type of macrophages that are predominantly seen in the

early phase of acute inflammation or in the later stages of chronic inflammation [39]. While

they exert most of their functions locally, the secretion of proinflammatory cytokines, like

CXCL9 and CXCL10, attracts T cells and natural killer cells to aid in the inflammatory

process [5]. However, in some cases, the M1 macrophages are unable to cease their

production of inflammatory mediators, leading to an uncontrolled inflammation and finally

tissue destruction as a result of reactive oxygen species and the recruitment of other immune

cells. Many autoimmune diseases are believed to originate from this process. In

atherosclerosis, activated M1 macrophages turn into so-called foam cells after accumulating

lipids. These foam cells are believed to contribute substantially to atherosclerotic plaque

formation and will be discussed in more detail below.

The anti-inflammatory macrophages or M2 macrophages are known as regulatory

macrophages with tolerogenic and restorative properties. The M2 macrophage, which is

induced by IL-4 [5], is mainly active in the later stages of acute inflammation, in Th2

skewed inflammation and many chronic diseases (Figure 1) [31]. As stated before, at the

point where the immune system has resolved the infection, it becomes crucial to control the

inflammation. In these later stages, M2 macrophages produce anti-inflammatory mediators,

such as IL-10 and IL1-receptor antagonist, and arginase 1, to dampen the inflammation. In

addition, they produce cytokines, like CCL-22, to attract supporting cells (Th2 cells and

Tregs) [40] that help to maintain homeostasis. They are also actively involved in wound

healing and fibrosis by phagocytosis of cellular debris and the secretion of several factors

with tissue remodeling properties, like matrix metalloproteases, growth factors and

angiogenic factors [41]. However, the anti-inflammatory activities of M2 macrophages can

also cause unwanted tolerance in cancer [5]. The suppressive role of tumor-associated

macrophages (TAMs) results in growth and metastasis of the tumor and is discussed in more

detail below.

While the general subsets of M1 and M2 macrophages are acknowledged, the classical view

of predestined inflammatory or anti-inflammatory macrophages has become untenable. It

now seems that subsets of macrophages exist only because they are programmed by their

environment to become inflammatory or anti-inflammatory. Switching between different

phenotypes along the course of an inflammation, from a M1 to a M2, seems to be the rule

rather than the exception [42,43]. The fact that macrophages are constantly submerged in

high levels of anti-inflammatory IL-10 in many tissues also points toward a scenario of

interchangeable phenotype. It is only when the initial regulatory state is broken by infection

or disease that macrophages tend to turn toward a more inflammatory phenotype. Adding to

this, many inflammatory (chronic) disorders, like inflammatory bowel disease (IBD) [44],

rheumatoid arthritis (RA) [45] and diabetes [46], are caused by a change in the environment,

which leads to a broken regulatory/tolerant state of the macrophages involved.

Role of monocytes & macrophages in cancer & CVD

Cancer

Over the last few decades, a vast amount of evidence has been collected that highlighted the

importance of monocytes and macrophages in cancer. Inflammatory (M1) macrophages are
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involved in eliminating unwanted tumor cells, but M2 TAMs represent a more pronounced

subset that can inhibit the antitumor response, enhance tumor growth and promote

metastasis [47]. The presence and number of these TAMs are in many cases correlated with

a poor prognosis for patient survival [48]. Likewise, splenectomized mice showed a great

reduction of relocating monocytes and subsequent TAM numbers, which resulted in reduced

tumor growth and metastasis [49]. The exact origin of these TAMs is currently unknown,

although several mechanisms have been proposed. The tumor environment is characterized

by hypoxia, dying cells and chronic inflammation [50], and these features attract and

activate monocytes and macrophages alike. Within this environment, TAMs are strongly

influenced by the secretion of signal molecules by other immune cells and tumor cells. It is

molecules such as CCL-2 [51], CSF-1, IL-10 and TGF-β that are of key importance to the

monocyte recruitment and polarization toward an M2 phenotype of TAMs. It must be noted,

however, that different tumors can induce differential skewing of macrophages, depending

on the origin of the tumor [52].

While most TAMs are generally characterized by impaired antigen presentation and

inflammatory capabilities [5], several subsets of TAMs can be distinguished. Transcriptome

analysis shows the different roles that TAMs can adopt, depending on the tumor in which

they reside (Figure 2) [47]. Invasive TAMs produce growth factors such as EGF that

promote tumor growth. Furthermore, they produce proteases that can remodel the

extracellular matrix, providing easy passage for tumor cells. Immunomodulatory TAMs

participate in the production of anti-inflammatory cytokines, like IL-10, and can recruit

Tregs by the release of CCL-22. They are thought to be related to myeloid-derived

suppressor cells, which can suppress inflammatory responses by recruiting Tregs.

Angiogenic and metastatic TAMs produce factors like VEGF that promote blood vessel

growth and promote metastasis. Furthermore, they express the VEGFR1, which is linked to

premetastatic niche forming (Figure 2) [47].

CVD & atherosclerosis

Atherosclerosis, the major contributor to CVD, is characterized by the development of lipid-

rich lesions within the major arteries. As the lesions progress into atherosclerotic plaques,

they can narrow the artery lumen and reduce blood flow, or more importantly, can rupture

into the lumen. A ruptured plaque causes the formation of a thrombus (Figure 3C) [6,53],

which can break free and cause obstructions, frequently leading to a myocardial infarction or

stroke.

The processes that are involved in the initiation and progression of the disease have recently

been described in great detail by others [53,54], and the importance of monocytes and

macrophages in these processes has become undisputed. As low-density lipoprotein (LDL)

in the blood starts to accumulate at subendothelial locations within the artery walls,

monocytes and other leukocytes will be attracted to these sites (Figure 3A). Initial

inflammatory processes result in oxidized LDL that causes the expression of more adhesion

molecules by the endothelial cell layer above. Especially proinflammatory CCR2-expressing

monocytes accumulate within the developing plaque [55], eventually maturing into

inflammatory macrophages. Within the lesion, macrophages engulf lipids, including
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oxidized LDL and cholesterol crystals, and transform into so-called ‘foam cells’ [56].

Interestingly, Kadl et al. recently identified a possible new macrophage subset that develops

in response to atherogenic (oxidized) phospholipids [57]. At the same time, smooth muscle

cells are believed to grow outward from the underlying media, producing extracellular

matrix molecules that make up most of the lesion’s fibrous cap. The amount of immune cells

in the lesions increases over time, either by infiltration or local proliferation [58],

stimulating atherosclerotic plaque growth (Figure 3B). As more macrophages, T cells and

mast cells promote the ongoing inflammatory process [59,60], many smooth muscle cells

and foam cells undergo apoptosis, promoting the formation of a necrotic core at the center of

the lesion. Macrophages produce proteases that break down extracellular matrix, such as

collagen fibers, and destabilize the plaque. Eventually, these necrotic and unstable plaques

can rupture, resulting in the exposure of plaque components to the blood and subsequent

thrombus formation within the arterial lumen by platelet adhesion (Figure 3C).

Nanomedicine

The use of nanotechnology in (bio)medicine, referred to as nanomedicine, is comprised of

several distinct applications including treatment and diagnosis of disease [61].

Nanomedicine makes use of nanomaterials (usually <100 nm in one dimension) that, due to

their size, possess unique features compared with larger particles (>100 nm) [62]. For

example, it has been shown that the size of the nanoparticles influences their distribution and

uptake in vivo [63,64] and also influences drug loading and release capabilities, as well as

the stability of the nanoparticles [65]. In addition, smaller nanoparticles have increased

surface to mass ratio, allowing for more efficient incorporation of surface molecules that can

optimize their functionality. Compared with free therapeutic or imaging agents, nanoparticle

systems provide several advantages that improve the pharmacokinetics and bioavailability of

these agents. In addition, the possibility of surface functionalization creates numerous ways

to optimize nanoparticle delivery [66]. The development of nanoparticle systems is a

comprehensive task that, among others, involves the adjustment of features like size,

stability, surface characteristics, targeting, drug loading, drug release, circulation half-life

and eventually therapeutic or diagnostic efficacy and toxicity [62]. As research continues,

the fabricated systems have become more advanced and more adapted to a specific goal

[64]. For example, while many of the first-generation nanoparticles lacked specificity and

were cleared from the body at a fast rate, surface modification with, for example, a

poly(ethylene) glycol coating increases their stability and elimination half-life dramatically

[13]. In addition, nanoparticles can be equipped with specific targeting moieties to increase

their accumulation in targeted biological systems, providing a more selective treatment with

potentially less adverse effects. Although much progress has been made, several challenges

in nanoparticle research still exist, including the integration of controlled release or

theranostic properties [67], and will remain the focus of research for many years to come.

Over the course of the past few decades, a wide range of nanoparticle systems, differing in

size, composition and function, have been developed and approved for clinical use [68]. The

most used drug delivery systems are first-generation liposomal nanoparticles and polymeric

nanoparticles. Liposomes were the first class of nanoparticles to be considered for targeted

drug delivery. They consist of a bilayered lipid membrane surrounding a variable-sized
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aqueous core. While the core is used to load therapeutics, derivatization of the membrane

with various compounds can improve the stability and efficacy of the liposomes [13].

Because of their biodegradable nature and ability to improve drug bioavailability, several

liposomal variants are already in clinical use. Polymeric nanoparticles are comprised of

several biodegradable (co)polymers and are often formed through self-assembly [69], a

process driven by the hydrophobic, hydrophilic and amphiphilic characteristics of the

different (co)polymers. Because of the vast amount of different polymer combinations, the

variations in polymeric nanoparticle composition and properties are endless [69]. In

addition, many types of drugs can either be attached to or encapsulated in polymeric

nanoparticles, while derivatization with targeting ligands can improve their effectiveness

[62].

As the use of nanoparticles for the delivery of drugs has been shown to hold great promise,

more and improved nanoparticle systems for the treatment and diagnosis of disease are

being developed and several of them are now in clinical trials [68]. Besides liposomes and

polymeric nanoparticles, other systems include dendrimers [70], inorganic nanocrystals [71]

and polymeric micelles [72]. Especially in the field of oncology [73] and to a lesser extent in

CVD [74], nanoparticle systems that provide better methods of treatment and diagnostics are

currently under development. Since the focus of this review lies in the therapeutic

possibilities of targeting monocytes and macrophages specifically, an overview of the most

prominent nanoparticle systems targeting these cells will be provided below.

Applications of nanomedicine in targeting monocytes & macrophages

Targeting monocytes & macrophages

As the understanding of the role of monocytes and macrophages in many diseases, including

cancer [5], CVD [6], diabetes [7], tuberculosis [8], RA [75], IBD [76] and chronic

obstructive pulmonary disease (COPD) [77], grows, a lot of recent research has been

dedicated toward targeting these cells. As mentioned before, the specific targeting of

monocytes and macrophages represents a unique opportunity that is facilitated by the

advantages provided by nanoparticle systems and the inherent ability of monocytes and

macrophages to effectively take up foreign materials. While most of the currently approved

nanoparticle systems were designed to avoid uptake by the mononuclear phagocyte system

(MPS) to increase their half-life, a novel approach consists of applying nanoparticles that

include modifications that enhance their uptake by monocytes and macrophages. These

modifications include changes in size, surface charge and the use of specific targeting

ligands [78]. Since monocytes and macrophages possess a great repertoire of receptors (e.g.,

scavenger receptors, lectin receptors, Fc receptors and integrins) for the internalization of

ligands, a wide variety of lipids, proteins, lectins and antibodies can be used for this purpose.

In general, the combination of characteristics of nanoparticles that increase their uptake by

the MPS include a >100 nm size [79,62], a negative surface charge [80,81] and

derivatization with ligands, targeting one of the characteristic receptors of these cells. In

addition, subsets of macrophages can be targeted specifically by decorating nanoparticles

with small synthetic molecules. For example, while dextran-coated metal nanoparticles are a

popular choice for targeting macrophages in general, additional decoration with glycine
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increases their uptake by activated macrophages [82]. A selection of nanoparticle systems

targeted to monocytes and macrophages is provided in Table 1.

Nanoparticle-facilitated diagnosis of monocytes & macrophages

Nanoparticle systems are well suited for the diagnosis of disease and can provide prognostic

information on patients with established diseases. As mentioned before, diagnostic

nanoparticles not only provide an enhanced circulation half-life of the contrast agent, but

can also improve the specificity through targeted imaging. There are a multitude of

diagnostic imaging techniques that can be combined with a variety of nanoparticle contrast

agents for molecular imaging purposes [83]. MRI is often combined with iron oxide

nanoparticles or nanoparticles loaded with gadolinium chelates [84,85]; gold nanoparticles

are a potent x-ray computed tomography (CT) agent [86,87]; in addition, 98Zr and 111In-

labeled nanoparticles can be used for PET [11,88] and single-photon emission computed

tomography (SPECT) [89], respectively. In addition to clinical imaging modalities,

preclinical fluorescence/optical imaging methods benefit from nanoparticulate luminescent

materials such as quantum dots [86]. To render inorganic nanoparticles more biocompatible

for in vivo use, a multitude of coatings, including phospholipids, polysaccharides and HDL,

have been researched. Each of the different coatings provides unique features that influence

the functionality and specificity of the nanoparticle [71]. Moreover, they allow for the

incorporation of additional imaging labels that can add optional ways of visualizing them.

The location, numbers and different subsets of macrophages in tumors and atherosclerotic

plaques has been studied in great detail and can be used to predict the prognosis of diseases

[48,90]. Therefore, multiple studies on visualizing (subsets of ) macrophages for diagnostic

purposes have been performed in both cancer and CVD. Recently, Keliher and colleagues

reported a macrophage-specific nanoparticle that allowed in vivo imaging of tumors by PET

[10]. To accomplish this, small dextran nanoparticles (13 nm) that had been previously

shown to accumulate in macrophages [91], were radiolabeled with 98Zr and applied in a

syngeneic colon carcinoma mouse model. Figure 4A shows the localization of the

nanoparticles within four mouse tumors visualized by PET. Histological Mac-3 staining

showed colocalization of 98Zr dextran nanoparticles with TAMs, suggesting uptake by these

cells.

Another recent study used fluorescence molecular tomography (FMT) and MRI to visualize

TAMs in a mouse model of soft tissue sarcoma in the left crural muscle [92]. In this study, a

magnetofluorescent nanoparticle with high specificity for activated macrophages was used,

combining a dextran-coated iron oxide core supplemented with the VT680 fluorochrome.

LSL-KrasG12D-p53−/− mice with established tumors were injected with the imaging agent.

After 24 h, in vivo imaging by MRI and FMT revealed the distribution of TAM within the

tumor (Figure 4B). FMT-MRI fusion images revealed colocalization of both signals.

Histological analysis of tumor tissue confirmed uptake of the nanoparticles by tumor-

associated macrophages with an M2 phenotype, while no uptake was reported in leukocytes

or tumor cells in the region.
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Compared with the field of cancer research, the field of CVD is relatively new to the use of

nanoparticle systems. However, when specifically targeting monocytes and macrophages,

the same diagnostic techniques can be used. A nice example of the use of MRI to identify

macrophages in atherosclerosis was reported in a study by Cormode et al. in 2008. In this

study, a multimodality contrast agent platform was created by surrounding a variable

inorganic core with an HDL shell, mimicking HDL particles present in the body [86]. The

core consisted of either gold, quantum dots or iron oxide. ApoA-1 incorporated in the

lipoprotein shell provided affinity to macrophages, while the inclusion of rhodamine

provided optional (in vitro) visualization possibilities. The nanocrystals core HDL particles

were injected into apolipoprotein E−/− mice with advanced atherosclerotic plaques. In vivo

MRI showed localization of the nanoparticles within the aortic wall (Figure 4C). Further ex

vivo analyses and fluorescence measurements confirmed the nanoparticles to be localized

mainly within the present macrophages. In addition, control nanoparticles without ApoA-1

showed almost no accumulation within the aortic wall.

Another study by the group of Nahrendorf used PET-CT imaging for the detection of

monocytes and macrophages in aortic aneurysms (AA) [85]. In AA, monocytes and

macrophages are linked to inflammation of the arterial wall that in turn can lead to

acceleration of complications [93]. Early detection of such inflammation can possibly

predict the increased risk. Dextran-coated iron oxide was used as a contrast agent scaffold

for subsequent 18F conjugation. Apolipoprotein E−/− mice which had been kept on a high-

cholesterol diet for 6 months were subsequently administered with angiotensin-II for 28

days, a model for AA induction. Initial aneurisms were detected by micro-CT while

nanoparticle uptake in AA was visualized by PET (Figure 4D) and guided by CT. PET

intensity was significantly higher in AA compared with controls, as displayed in the graph

of Figure 4D. Up to 90% of the nanoparticles were found to be specifically associated with

monocytes and macrophages in AA, as established by immunostaining and flow cytometry.

Despite the limited resolution of PET, this technique showed the macrophage burden in AA

through the use of nanoparticles, and in the future, may provide better assessment of risk and

allow for a more personalized treatment regimen.

Treatment of disease by monocytes & macrophage nanoparticle targeting

Today, many of the available liposomal and polymeric nanoparticle systems are aimed at the

treatment of cancer [73]. Most of them were developed with the goal to transport a drug into

a targeted (solid) tumor as they provide longer circulation half-life and better bioavailability

compared with free drugs. The tumor vasculature is inherently ‘leaky’ and enables the

extravasation of nanoparticles into tumor tissue through the enhanced permeability and

retention (EPR) effect [64]. In addition, as tumors have a less developed lymphatic system,

clearance of nanoparticles from the tumor is impaired. The EPR effect has provided the

basis for many effective nanoparticle therapies. Problems that had to be avoided using this

tactic were the possible side effects from poor targeting and low half-life due to clearance by

the MPS. However, as the pivotal role of monocytes and macrophages in cancer and other

diseases like atherosclerosis has become apparent, the specific targeting of the MPS seems

to hold great promise for future therapies.
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A study by Leuschner et al. exemplified the potential of nanomedicine to target monocytes

and macrophages in inflammatory diseases. Their nanoparticle therapy was aimed at

reducing the expression of CCR2 receptor on the Ly6Chi monocyte subset by nanoparticle-

delivered siRNA [11]. To that end, the authors incorporated fluorescently labeled siRNA

into a lipid-based nanoparticle system that was readily taken up by splenic monocytes as

determined by in vivo fluorescence measurements. Since CCR2 is monocyte (and even

subset) specific and responsible for migration of monocytes from the bone marrow [21] and

the spleen to the site of inflammation, the siRNA nanoparticles were found to decrease

monocyte recruitment in atherosclerosis, myocardial infarction, diabetes and cancer. For

example, the therapy reduced the myocardial infarct size by 34% and increased islet graft

survival after pancreatic islet transplantation. In a mouse model of lymphoma, it reduced the

number of TAMs by 54% as well as the tumor size (Figure 5A). In a mouse model for

atherosclerosis, the treatment reduced the number of monocytes and macrophages in lesions

by 82%, as shown by flow cytometry analysis. Immunohistochemical staining for CD11b

showed up to 46% reduction in the number of myeloid cells while the lesion size itself was

decreased by 38% (Figure 5C). The versatility of this nanomedical method signifies that

nanoparticle-based treatments targeted toward monocytes can have a great impact on the

treatment for a variety of diseases.

Another study from 2007 also targeted the recruitment of monocytes. However, instead of

inhibiting their trafficking, Choi et al. used monocytes in combination with nanoparticles to

create a ‘Trojan horse’ therapy for an in vitro model of cancer [9]. These nanoparticles

consisted of a silica core surrounded by a gold shell that can absorb light in a near-infrared

spectrum that penetrates tissue. While the nanoparticles stay naturally inert within the cell,

illumination by a laser with the corresponding wavelength to the resonance of the

nanoparticles allowed it to convert the light into heat [94]. This heat increased the local

temperature to such levels that it killed the surrounding tissue. While other similar therapies

use nanoparticle systems that rely on targeting the tumor cells, in this study monocytes were

used to infiltrate the tumor instead. Cultured monocytes were incubated with the

nanoparticles and were differentiated into macrophages. Subsequently, macrophages

containing the nanoparticles were added to spheroids, an in vitro model for hypoxic tumors.

Macrophages were observed to infiltrate into the spheroids, where laser illumination resulted

in tissue destruction (Figure 5B). However, near infrared can only pass through a few inches

of tissue, which until now only allows for the treatment of subcutaneous tumors. New

techniques that allow near-infrared light to be used in deeper tissues will have to be

assessed, for example, through the use of intravascular catheters.

A promising translational study by Lobatto et al. showed the potential of liposomal

glucocorticoids to treat atherosclerosis in a rabbit model [95]. Glucocorticoids, such as

prednisolone, are potent anti-inflammatory hormones that are used to combat several

inflammatory diseases [96]. To increase the efficacy and decrease the adverse effect,

prednisolone was incorporated in long-circulating liposomal carrier. Additional labeling

with paramagnetic GD-DTPA-DSA lipids enabled the visualization of its accumulation in

the inflamed vessel wall by clinical MRI. Within 7 days after treatment, 18F-

fluorodeoxyglucose PET revealed a reduction in inflammation in arterial wall, which
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indicated the effectiveness of the treatment. As glucocorticoids are known to have an

antiangiogenic effect as well, the permeability of the target region was evaluated by

dynamic contrast-enhanced MRI. Two days after the treatment, plaque permeability was

found to be decreased, showing the effectiveness of the treatment (Figure 5D). The exact

therapeutic and nanoparticle targeting mechanism are still a topic of investigation.

Interestingly, while long-circulating liposomes are actually designed to avoid uptake by

macrophages, they were found to be strongly associated with macrophages inside the

atherosclerotic aorta. As the amount of macrophages in plaques also decreased after several

days of treatment, correlating with the decreased permeability, this could indicate a possible

role for macrophages in the observed therapeutic effects. As this specific nanoparticle

system was found to be rather effective in treating several facets of atherosclerosis, it would

be interesting to see the effect of glucocorticoid-loaded nanoparticle systems that

specifically target macrophages.

Expert commentary

Advances in nanochemistry in general and novel nanoparticle production methods in

particular have paved the way for exciting novel applications. While an impressive number

of promising nanoparticle systems are currently available, several aspects need to be

addressed. As of today, only a handful of nanoparticle systems have been approved for use

in the clinic. While many nanoparticle systems have been shown to possess great potential

for treatment and diagnosis of disease, toxicity issues remain a concern as systemic exposure

and accumulation in the body is significantly elevated compared with low molecular weight

agents. Controlled release second-generation nanoparticle systems are now tested in clinical

trials and are believed to have longer lasting effects at lower doses [97]. While these

nanoparticle systems use more advanced techniques, like ligand targeting and activated drug

release, multifunctionality is usually not exploited. Theranostic nanoparticle systems, which

are nanoparticle drug formulations that can also be tracked by means of noninvasive

imaging, hold promise for screening patients amenable for such nanotherapy. In case

imaging reveals the nanotherapy to not accumulate at the diseased site a patient can be easily

excluded from the therapy at a very early stage. However, while theranostic nanoparticles

can be very advantageous for clinical use, their production and the involvement of elaborate

diagnostic procedures may not be cost effective and complicate clinical exploitation.

Five-year view

Future applications

A lot of time and effort has been spent on the development of so-called stealth nanoparticles.

These nanoparticles have improved half-life because their surfaces are coated with

hydrophilic polymers that increase stability and avoid clearance by the MPS – that is, uptake

by monocytes and macrophages. Conversely, the important role of monocytes and

macrophages in cancer and atherosclerosis has been uncovered in the last decade. As

described in this review, several research groups have now started to explore the

possibilities of monocyte and macrophage targeted nanotherapeutics. For example,

nanoparticle systems can specifically inhibit the trafficking of monocytes to inflamed

tissues, thereby reducing inflammation in a variety of pathological processes. In addition,
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diagnostic nanoparticle systems targeting macrophages provide multiple ways of locating

and diagnosing atherosclerotic lesions or tumors in vivo.

The role of monocytes and macrophages in many diseases (RA, IBD, diabetes and COPD) is

still under investigation, and it is likely that new insights may create new opportunities for

nanomedical interventions. It is not unlikely that, with the help of nanoparticle systems, we

will soon be able to polarize monocyte and macrophage subsets and use them to help treat

disease. The design of novel nanoparticle systems should therefore be tailored to novel

insights in immunopathology. The progress the field has witnessed in the past 5 years

indicates that 5 years from now, as our understanding of diseases increases and more

advanced and safe nanoparticle systems enter clinical trials, nanoparticle treatment will have

started to enter the clinic for a variety of inflammation-related conditions.
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Key issues

• While the presence of most monocytes and macrophages is related to the host’s

health maintenance, some subsets of these cells are involved in the initiation,

progression and aggravation of major diseases such as cancer and

atherosclerosis.

• Nanoparticle systems provide several advantages that improve the

pharmacokinetics and bioavailability of therapeutic or imaging agents. In

addition, the possibility of surface functionalization allows for direct targeting

of monocytes and macrophages.

• Monocytes and macrophages have been shown to be promising targets for both

diagnosis and treatment of cancer and cardiovascular disease.

• Newly developed multifunctional nanoparticles will provide multiple ways of

locating and diagnosing atherosclerotic lesions or tumors in vivo.
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Figure 1. Monocyte and macrophage subsets
Monocytes and macrophages are generally divided into two subsets that represent different

expression patterns of surface markers and functions. Monocytes are divided into Ly6Chi/

CD14hiCD16– monocytes (50% in mice and 90% in humans, respectively) and Ly6Clow/

CD14+CD16+ monocytes (50% in mice and 10% in humans, respectively). Ly6Chi/

CD14hiCD16− monocytes are characterized by expression of CCR2, which allows for

trafficking of the monocytes towards inflamed tissues. Ly6Clow/CD14+CD16+ monocytes

lack CCR2 but express CCR5 instead. It is not known if one of these subsets specifically

matures into one of the two major macrophage subsets. M1 macrophages are known as

inflammatory macrophages. They produce inflammatory cytokines and reactive oxygen

species. They primarily stimulate the Th1 response and are involved in tissue destruction in

many inflammatory diseases. M2 macrophages are described as anti-inflammatory or

regulatory macrophages. They produce IL-10 to dampen local inflammation and are mainly

involved in the Th2 response and chronic diseases. Their ability to produce tissue

remodeling factors makes them valuable in the remodeling and regeneration of tissue.

However, their functions are also a cause of unwanted tolerance in cancer.
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Figure 2. Subsets of tumor-associated macrophages can influence the tumor environment
Tumor-associated macrophages (TAMs) are polarized toward phenotypes favoring tumor

growth. These ‘educated’ macrophages have been shown to interact with the tumor cells and

provide them with several benefits. By producing anti-inflammatory mediators, TAMs

create a tolerant environment for the tumor cells to thrive. Expression of growth factors and

proteases by TAMs allows for further growth and invasiveness of the tumor. TAMs also

promote angiogenesis by secreting several growth factors, allowing further progression of

the tumor. Metastasis is promoted by angiogenesis but also by the formation of metastatic

niches by TAMs at distant locations.
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Figure 3. Monocytes and macrophages in the development of an atherosclerotic lesion
(A) The initial processes of atherosclerotic plaque initiation are unknown. However, early

inflammation in the arterial wall results in the infiltration of monocytes that differentiate into

activated macrophages. Macrophages will take up oxidized LDL and free lipids,

transforming into lipid-rich foam cells. (B) A deregulation of the inflammatory process

causes increased expression of adhesion molecules on endothelial cells above, resulting in

enhanced influx of immune cells. At the same time, SMCs are thought to grow outward and

establish themselves under the endothelial layer, producing extracellular matrix proteins that

eventually form a fibrous cap. Local proliferation of macrophages and lymphocytes

increases atherosclerotic plaque growth. (C) As more immune cells promote the

inflammation, foam cells and SMCs go into apoptosis and form a necrotic core. Proteases

produced by macrophages further destabilize the lesion, which is believed to increase the

risk of plaque rupture. A ruptured lesion exposes its tissue factors to coagulation factors in

the blood, resulting in the formation of a thrombus. LDL: Low-density lipoprotein; SMC:

Smooth muscle cell.
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Figure 4. Diagnostics in cancer and cardiovascular disease
(A) A macrophage-specific nanoparticle that allowed for in vivo imaging of tumors by PET

scan. Small dextran nanoparticles were shown to accumulate in macrophages and were

radiolabeled with 98Zr. The nanoparticles can be seen to be localized in four different

tumors in 2D and a 3D rendered image. (B) MRI (top) in combination with fluorescence

molecular tomography (bottom) for tumor-associated macrophage (TAM) visualization in a

mouse model of soft tissue sarcoma. A magnetofluorescent nanoparticle with high

specificity for activated macrophages was used, revealing distribution of TAMs within the

tumor. Both imaging techniques showed TAMs to be located at the same sites. (C) A
multimodality contrast agent platform was created to identify macrophages in

atherosclerosis. Combination of a HDL shell surrounding a variable inorganic core

mimicked HDL particles present in the body. The core consisted of either gold, quantum

dots or iron oxide. In vivo MRI shows localization of the nanoparticles within the aortic

wall. Accumulation within macrophages was confirmed afterwards. (D) PET-CT imaging

for the detection of monocytes and macrophages in aortic aneurysms (AA). Dextran-coated

iron oxide nanoparticles were used as a base for subsequent 18F conjugation to the particle.

Nanoparticle content in AA was visualized by PET and guided by CT. PET intensity in AA

was significantly higher compared with the controls, as displayed in the graph. Up to 90% of

the nanoparticles were tracked specifically to monocytes and macrophages in the AA by

staining.

(A) Reproduced with permission from [10].

(B) Reproduced with permission from [92].

(C) Reproduced with permission from [86].

(D) Reproduced with permission from [85].
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Figure 5. Treament of cancer and cardiovascular disease
Except for (D), studies used monocyte- and macrophage-specific nanoparticle systems. (A)
An effective therapy based on inhibition of the production of the CCR2 receptor on the

Ly6Chi monocyte subset by siRNA technology. Tumor size reduction and reduced TAM

numbers. siCON represents control values while siCCR2 represents inhibitory siRNA (n =

5–7). Supplementary in vivo fluorescence measurements (not shown) of the labeled siRNA

confirmed its location to be mainly in the spleen. The siRNA was found to decrease

monocyte recruitment. In a mouse model of lymphoma it reduced the number of TAMs by

54% as well as the tumor size. (B) Monocytes and macrophages in combination with

nanoparticles to create a ‘Trojan horse’ therapy for an in vitro model of cancer.

Nanoparticles consisting of a silica core surrounded by a gold shell absorb light in a near-

infrared spectrum that resonates with the nanoparticle. Light is then converted to heat that

can kill the surrounding tissue. Monocytes and macrophages (red) were observed to infiltrate

into the spheroids (green), where laser illumination resulted in tissue destruction (yellow).

(C) The effective therapy based on inhibition of the production of the CCR2 receptor on the

Ly6Chi monocyte subset by siRNA technology. An immunohistochemical analysis of aortic

roots is shown on the left. The amount of CD11b-positive cells was decreased as well as

lesion size. siCON represents control values while siCCR2 represents inhibitory siRNA (n =

8–14). (D) Dynamic contrast-enhanced MRI shows the potential of a liposomal combination

of glucocorticoids to treat atherosclerosis in a rabbit cancer model. Initial MRI (left) showed

nanoparticles to be localized in the inflamed vessel wall. The antiangiogenic effect of

glucocorticoids reduced the permeability within 2 days after the treatment (right).

Nanoparticles were found to be strongly associated with macrophages inside the

atherosclerotic aorta.

(A) Adapted with permission from [11].

(B) Reproduced with permission from [9].

(C) Adapted with permission from [11].

(D) Reproduced with permission from [95].
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Table 1

Nanoparticle systems targeting macrophages for diagnostics and treatment.

Particle type Ligand Imaging/therapeutic Disease Ref.

Diagnostic

CLIO Dextran MRI Diabetes [98]

Ferumoxytol (USPIO) Carboxy-dextran MRI Cancer/atherosclerosis [99,100]

P1133 (USPIO) Folate MRI Cancer [84]

64Cu-DTPA-NP (MION) Dextran PET-CT/MRI Atherosclerosis [101]

Protein cage LyP-1 Fluorescence imaging Atherosclerosis [102]

99mTc-nanobody Anti-MMR SPECT Arthritis/cancer [103,104]

Quantum dot Fluorescence imaging Cancer [105]

Treatment

Liposome Anionic lipids Rifampicin Tuberculosis [106]

Liposome Muramyl tripeptide MTP-phosphotidylethanolamine Cancer [107]

Liposome Anti-VCAM-1 Prostaglandins Atherosclerosis [108]

Liposome Mann-C4-Chol Dexamethasone Inflammatory lung disease [109]

Dendrimer Folic acid Methotrexate Inflammatory arthritis [110]

Chitosan Chitosan Anti-TNF-α siRNA Inflammatory arthritis [111]

Quantum dot Doxorubicin Inflammatory lung disease [112]

Gelatin Mannan Didanosine HIV [113]

Theranostic

CLIO-AF750-THPC Dextran Fluorescence imaging/phototoxicity Atherosclerosis [114]

CLIO: Crosslinked dextran-coated iron oxide; MION: Monocrystalline iron oxide nanoparticle; THPC: Meso-tetra(hydroxyphenyl)chlorin; USPIO:
Ultra-small superparamagnetic iron oxide.
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