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Abstract

Due to the increasing population of individualswith cardiovascular diseases and related
comorbidities, there is an increasing need for development of synergistic therapeutics. Monocytes
are implicated in a broad spectrum of diseases and can serve as a focal point for therapeutic
targeting. This review discusses the role of monocytes in cardiovascular diseases and highlights
trends in monocyte targets nanoparticles in three cardiovascular-related diseases: Diabetes,
Atherosclerosis, and HIV. Finally, the review offers perspectives on how to develop nanoparticle
monocyte targeting strategies that can be beneficial for treating co-morbidities.

1. Introduction

There are many reasons to consider monocytes as convergences point for therapeutic
intervention. First, monocytes are a circulatory, immune cell population, and their
circulatory nature makes them easier targets for therapeutic modulation compared to
targeting tissue-resident immune cells. Like other innate immune cells, monocytes have
surface pattern recognition receptors (PRRs) that can bind to glycoproteins, reactive oxygen
species, chemokine receptors, adhesion molecules, and immunoglobulins [1]. Using these
motifs, the surface of nanoparticles can be modified to target specific subsets of monocytes.

Monocytes and macrophages are members of the reticuloendothelial system (RES), a
multi-cellular system designed to clear particles within the circulation and tissues. Many
nanoparticle strategies attempt to evade monocytes [2,3]. However, with this barrier out
of the way, monocyte delivery becomes even more advantageous. Nanoparticles (NPs)
have tunable physical and chemical characteristics, making them flexible to design
monocyte-targeted drug delivery systems. Conventional NPs range from 1 to 300 nm

in size [4] and can affect tissue permeability and cellular endocytosis mechanisms.

NPs have an increased ability to travel through the endothelium in inflammatory sites,
epithelium, and penetrate microcapillaries and can be functionalized to target specific
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tissues or cell populations. The physical and chemical characteristics of NPs also affect

the pharmacokinetics and pharmacodynamics of drug delivery by enhancing biodistribution,
bioavailability, or increasing circulation times [5]. Changing the nanoparticle composition
creates opportunities for controlled drug release and NP surface functionalization. In
particular, polymeric formulations have been used for their controlled delivery because the
polymer degradation can be tightly controlled and thus linked to drug release [6-8].

Furthermore, NPs facilitate combinational therapy, which is beneficial for synchronizing
the biodistribution of drugs designed to have a synergistic effect. By modulating NPs
composition, it is possible to combine hydrophobic and hydrophilic drugs [9] or therapeutics
of different classes such as oligonucleotides, small molecules, and proteins [10,11]. NP
encapsulation allows the administration of higher therapeutic doses without increasing
systemic toxicity [12]. Drug insolubility is a significant pharmaceutical barrier that
nanoparticles addresses. In 2010, an estimated 40% of drugs were insoluble according to
the biopharmaceutical classification system (BCS) [13]. Through encapsulation into NPs,
previously insoluble, hydrophobic drugs can overcome these /7 vivo delivery challenges
[14]. Genexol, an FDA- approved polymer micelle formulation of paclitaxel, is an excellent
example of a successful nanoparticle formulation [15,16].

2. Monocytes and macrophages as a convergence point for nanoparticle-

mediated therapeutics

Monocytes comprise 2%-10% of the total white blood cell population and yet are one of
the most potent innate immune cells in orchestrating systemic inflammatory responses.
Monocytes originate in the bone marrow and circulate within the bloodstream. Upon
activation, monocytes can migrate into inflamed tissue and do so as early as two hours after
receiving an inflammatory signal [17]. The nearly arrived monocytes then perform antigen
presentation, phagocytosis, and cytokine production. Monocytes are myeloid lineage cells
closely related to dendritic cells and macrophages and can differentiate into either subtype,
depending on the external environmental stimuli. In this manner, monocytes can shape the
quality and magnitude of innate and adaptive immune responses.

Monocytes participate in inflammatory processes from wound-healing/regeneration to viral
or bacterial clearance. To perform these heterogeneous tasks, monocytes modulate their
phenotype through a process called polarization. Polarization can be measured by aggregate
changes at the genetic, proteomic, and/or functional level in response to engagement with
extracellular stimuli. Monocytes can simultaneously respond to multiple stimuli, resulting
in a highly heterogeneous, often contradictory polarization response. While this plasticity
is better described as a continuous spectrum, it is useful to superficially categorize them
within three discrete, anchoring subsets, classical or pro-inflammatory, intermediate, and
non-classical or anti-inflammatory [18]. In humans, the subsets are identified by LPS
coreceptor CD14 and FCyI11 receptor CD16 membrane surface expression. CD14 is
expressed on all monocytes but is highest in the pro-inflammatory (CD14M3hCD16!ow)
subset responsible for bacterial recognition and induction of pro-inflammatory cytokines
[3,19]. Anti-inflammatory monocytes are characterized by low CD14 but high expression
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of CD16, an immunoglobulin involved in facilitating phagocytosis, signal transduction, and
degranulation [20]. Intermediate monocytes (CD14"MCD16'") express a relatively equal
amount of CD14 and CD16, are high sources of pro-inflammatory cytokines, and are
involved in MHCII antigen presentation [21,22]. In mice, monocytes are distinguished by
the differential expression of Ly6C [23]. Ly6CN9" expression denotes pro-inflammatory,
classical activation while low expression indicates an anti-inflammatory, non-classical
phenotype [24].

Monocytes have access to nearly every organ in the human body and chemokine receptors
govern their trafficking The major monocyte/macrophage trafficking players are CCR2,
CCR5, and CX3CR1. CCR2 is a monocyte receptor for CCL2 ligand whose high expression
is associated with pro-inflammatory monocytes [25-27]. CCR2 is required for Ly6Chigh
monocyte emigration from the bone marrow and entry into distal tissues [28,29].

Monocyte subset dynamics are implicated in the progression and resolution of many
diseases. These phenotypes are relevant because they appear in different quantities and at
different times during disease pathogenesis. CCR5 is primarily implicated in lymphocyte
migration, but it is upregulated on monocytes under inflammatory conditions like sepsis
and viral/bacterial infection [30,31]. CX3CRL1 is present on all blood monocytes but has
differential expression depending on steady-state and inflammatory conditions [32,33].
CX3CR1N expression, in contrast, is associated with Ly6C'® non-classical monocytes
[27,34]. CX3CR1N Ly6C!°(CD16*; human) have a wound-healing phenotype and are
particularly valuable following injury [35]. Ly6CNi9" monocytes migrate to the injury
site after a skeletal muscle injury and participate in pathogen clearance and antigen
presentation [36,37]. This is followed several days later by LyC!® monocytes which facilitate
angiogenesis and recruitment of other anti-inflammatory cell phenotypes [38]. Because
monocytes serve supporting roles in multiple inflammatory sites, there is potential to
approach monocytes as a single target.

In a scientific era where we can design nanoparticle strategies to modulate immune function,
we should also consider that a monocyte’s a priori polarization may impact the capability to
uptake nanoparticles. when better understood and incorporated into the immunomodulating
design, this reciprocal relationship can improve short-term therapeutic efficacy and long-
term outcomes. This review explores the current state of monocyte targeted drug delivery
with a focus on polarization and/or differentiation modulating nanotechnology. We will
focus on monocytes; however, since monocyte function is interlinked with that of
macrophages and dendritic cells, the latter populations will also be discussed. We will
highlight the role of monocytes in the context of individual diseases and discuss how
therapeutics impact them. Finally, we offer a perspective on how nanoparticle targeting can
be beneficial as a mechanism for comorbidity targeting.

3. Nanoparticle strategies for treating chronic inflammatory diseases at

high risk of developing cardiovascular diseases.

Cardiovascular Disease (CVD) is a leading cause of death in developed countries,
accounting for nearly 50% of mortalities [53,54]. CVD is not one ailment but rather a
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spectrum of diseases affecting the heart structure and function as well as the vasculature
systems. CVD can manifest in nearly every tissue; stroke affects blood vessels in the

brain, retinopathy, blood vessels in the eye, nephropathy, damage to blood vessels within
the kidney. Independent of lifestyle factors such as diet, several chronic inflammatory
diseases are risk factors for CVD development [53-55]. An example is Type 1 Diabetes,
where individuals have an increased risk of developing CVD. Moreover, CVD is the
predominant cause of mortality for individuals with diabetes [56]. There are similar trends
in Atherosclerosis [58], HIV [59-61], sickle cell, and SARS-CoV-2 [55,62]. From a cellular
standpoint, the cardiovascular system is heavily affected by immune cells such as monocytes
and macrophages, endothelial cells, and hematopoietic systems. Monocyte polarization
differentiation affect the progression of CVDs [63,64]. Developing nanoparticles that
interact with monocytes in advantageous ways could be an avenue to improved diseased
outcomes. In the diseases outlined in this paper there are a variety of monocyte receptors
that are somehow impacted by disease in monocytes and offer potential therapeutic targets
for a range of nanoparticle strategies (Fig. 1).

For the purposes of this review, we conducted a systematic PubMed literature search for
monocyte or macrophage nanoparticle mediated treatment in select CVDs in comparison

to non-nanoformulated therapies. We included papers that either specifically targeted
monocytes and/or macrophages as well as those that provided adequate characterization

of their behavior. Roughly 4% of the nanoparticle drug delivery related papers targeted
monocytes and/or macrophages. (Fig. 2A). This is a reasonable finding given that most CVD
related therapies do not use nanoparticle formations but rather are already FDA-approved,
small molecule or protein therapeutics (i.e., ACE inhibitors, ARBSs, anti-retroviral drugs,
insulin). For example, less than 3% of the papers found were actively targeting monocyte

or macrophage involvement in Diabetes (Fig. 2B). Most Diabetes-related nanoparticle

drug delivery studies were related to insulin delivery. However, a temporal assessment

of literature trends show that nanoparticle drug delivery approaches are increasing in
popularity, likely because of their ability to address challenges of bioavailability, toxicity,
sustained release, and targeted delivery. Because there are numerous individual diseases
within the CVD spectrum, we highlighted three CVDs that have a unique pathogenesis but
have can some overlap in comorbidity occurrence. Our PubMed literature search revealed
that of the cardiovascular diseases we investigated, atherosclerosis had the largest number of
papers with drugs modulating monocyte or macrophage function, although only around 4%
used nanoparticles as drug carriers (Fig. 2C). Surprising, HIV showed the highest percentage
of monocyte or macrophage targeted articles (Fig. 2D). This could be indicative of the
major role that monocytes and macrophages play in disease progression. Although this
disease prominently associated with CD4 + T-cells, monocytes and macrophages a key viral
reservoir and are a growing therapeutic target in the field.

Moreover, we used the PubMed literature search to assess the nanoparticle carrier types
variation. We found that across All CVDs (Fig. 3A) there was a relatively equal distribution
between the three large groups (i.e. polymers, lipids, and metal/semiconductor). However,
amongst Atherosclerosis, Diabetes, and HIV the distributions were more skewed, suggesting
an interesting design preference phenomena. This section of the review will highlight the
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role of monocytes in specific CVDs and related monocyte-targeted nanoparticle delivery
strategies.

3.1. Nanoparticles to treat Atherosclerosis

3.1.1. Role of monocytes in Atherosclerosis—Atherosclerosis is a chronic CVD
characterized by the inflammation of the arterial wall, which can lead to many complications
and other heart diseases. The risk of Atherosclerosis development is increased due to various
factors, including high cholesterol, smoking, and high blood pressure. Atherosclerosis
typically affects older adults and currently falls within the leading cause of death, heart
disease [39]. Current treatments only work to stop or slow the progression of Atherosclerosis
but do not effectively reverse the progression of the atherosclerotic lesions [40].

Atherosclerotic plaques are initiated by the expansion of lipoproteins in the subendothelial
space, which prompts an immune response [41,42]. As the subendothelial accumulation
continues, the lesion blocks the arterial pathways disrupting normal blood flow to

the brain, kidneys, heart, and the lower-body extremities. Monocytes are recruited to
atherosclerotic lesions early in the plaque formation process. Animal models suggest

that Ly6CNi pro-inflammatory monocytes enter plaques at higher numbers and induce
pro-inflammatory cytokine-mediated activation of endothelial cells [34,43,44]. Once
inside the lesion, monocytes can differentiate into macrophages, further exacerbating

the pro-inflammatory imbalance. Atherosclerotic plagues contain a high density of foam
macrophages, macrophages that have endocytosed an uncontrolled amount of lipoproteins,
and cholesterol ester [45,46].

3.1.2. Nanoparticle strategies—Nanoparticle encapsulation with therapeutics that
can repolarize monocytes worked well in Atherosclerosis models. Statins are potent anti-
inflammatory agents that benefit from nanoparticle encapsulation due to their low system
bioavailability. Statin-loaded nanoparticles can reduce macrophage plaque load, reduced
expression of pro-inflammatory and monocyte recruitment genes [47-49]. Interestingly,
some studies show statin-loaded high-density lipoprotein nanoparticles can preferentially
accumulate in monocyte-derived macrophages rather than monocytes atherosclerotic plaques
[48]. This finding suggests that nanoparticle targeting can select for even closely

related cell types Pioglitazone-incorporated PLGA nanoparticles showed similar uptake

in atherosclerotic resident monocytes and/or macrophages but had the added benefit of
modulating monocytes to an Ly6C'°, anti-inflammatory phenotype [50]. The shift to an
anti-inflammatory state was correlated with decreased plaque ruptures which clinically is
associated with 60% of acute myocardial infarctions [50,51]. Ca2+/calmodulin-dependent
protein kinase y (CaMKIly) siRNA nanoparticles predictably result in a decrease in
CaMKIl+y but also increase MerTK expression in macrophages [52], effectively polarizing
atherosclerotic macrophages into an anti-inflammatory phenotype [53]. While CaMKIly
is not a canonical anti-inflammatory agent, it altered macrophage function in a desired
anti-inflammatory manner. Employing such strategies could be meaningful for identifying
novel drug targets.
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Around a third of the monocyte or macrophage targeted nanoparticle studies in
atherosclerosis used lipid-based nanoparticles (Fig. 3B). This feature could also be attributed
to the role of lipid uptake in pro-atherogenic monocytes and macrophages. Oxidized
low-density lipoprotein (oxLDL) receptors have been used to target intimal macrophages,
the vascular wall resident macrophages in atherosclerotic plaques. Intimal macrophages
have increased CD36 expression, a scavenger receptor associated with oxLDL uptake

and is correlated with progressive Atherosclerosis [54]. Nanoparticles formulated with
phosphatidylcholines and epigallocatechin gallate, L-Enano, show increased binding affinity
to mouse macrophages /n vitro [55]. /n vivo L-Enano administration resulted in smaller
atherosclerotic lesion surface areas compared to control. During /n vitro studies, L-Enano
decreased pro-inflammatory cytokine secretion in peritoneal macrophages. The difference
was not seen /n vivo, however, the authors cite this may be due to LDLr =/~ mouse model
associated dermatitis that may mask the L-Enano therapeutic effect [56]. In other studies, the
phosphatidylcholine-coated liposome-like nanoparticles demonstrated preferential uptake in
intimal macrophages within aortic lesions, highlighting a theranostic targeting technique
[57,58].

Another sizable portion of the surveyed literature involved magnetic nanoparticles (MNPS)
(Fig. 3B). MNPs have been prominent in Atherosclerosis treatments because of their uptake
in monocytes and macrophages as well as for their MRI diagnostic imaging potential.
Monocyte chemoattractant protein-1 (MCP-1) conjugated to iron oxide MNPs helped
identify regions of high monocyte accumulation in during different stages of Atherosclerosis
pathogenesis[59,60]. MNPs combined with a therapeutic agent have also been used.
Superparamagnetic iron oxide nanoparticles (SPION) conjugated with dexamethasone,

a corticosteroid (SPION-DEXA), achieved an 8.5-fold increase in anti-inflammatory
scavenger receptor CD163 expression when incubated with peripheral blood mononuclear
cells (PMBCs) in comparison to a 7.5-fold increase when using free DEXA [61,62].
However, reporting of SPION effects on macrophages polarization vary upon dose, disease
model and disease stage, yielding inconsistent results [63]. Contrary to their expectations,
intra-arterial SPION-DEXA administration increased macrophage presence within early-
stage plaque formation and ultimately manifested a pro-inflammatory effect [61,64]. A
separate study using pegylated-DNA coated SPIONs exhibited preferential uptake in M2
(F4/80*/CD301%) macrophages though whether there was an increase in the total number of
macrophages was not investigated [65].

Inhibition strategies can have anti-atherogenic effect by blocking monocyte interaction with
downstream partners. CCR2 is perhaps the most used targets because of its role in monocyte
recruit to inflammation sites. Calin et al. used CCR2-antagonist PEGylated liposomes to
reduce endothelial cell expressions of vascular cell adhesion molecule-1 (VCAM -1) [66].
This decreased monocyte adhesion and transmigration by approximately 28% and 53%,
respectively, in their Boyden chamber atherosclerotic model. CCR2-shRNA nanoparticles
are expansive in the literature, though the predominant formulations are variations of
polymeric [67,68], lipid [69] structures. Other blocking strategies target lipoprotein uptake
or other relevant pro-atherogenic pathways. Self-assembled mucic acid, lauryl chloride, and
PEG containing nanoparticles were used to block oxLDL uptake, decrease oxLDL induced
TNF-a expression, and reduced foam cell formation [70,71].
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Diabetes

3.2.1. Role of monocytes in Diabetes—Diabetes Mellitus (DM) is a family of
metabolic diseases characterized by high blood sugar levels caused by deficiencies in
insulin production or insulin resistance [72]. The two most common classifications of
Diabetes are Type 1 and Type 2, although others, gestational Diabetes, fit this spectrum.
Type 1 Diabetes (T1D) is linked to the autoimmune targeted destruction of beta cells of
the pancreas. In contrast, Type 2 Diabetes (T2D) is attributed to insulin resistance and
strongly correlates with obesity and lifestyle. DM contributes directly to increased risk
of cardiovascular diseases, including hypertension, cardiovascular autonomic neuropathy,
nephropathy, cardiomyopathy, and myocardial infarction [73].

The phenotype of monocytes is altered in the diabetic environment and play a considerable
role in the pathogenesis of DM and the subsequent cardiovascular disease [74-76]. The

two main types of Diabetes have different mechanisms in which the disease progresses.
T1D is an autoimmune disease in which the immune system attacks insulin-producing cells.
T2D is typically characterized by insulin resistance or dysregulated insulin production.
However, both presentations exhibit increased expression of adhesion molecules and
pro-inflammatory cytokines. Moreover, when stimulated, monocytes exhibit a higher pro-
inflammatory response in comparison to non-diabetic donor-derived monocytes. Monocytes
from individuals with T2D released higher pro-inflammatory cytokines (TNFa, IL6, IL1,
IL8) and adhesion molecules when compared to controls and T1D individuals [77]. Blood
samples taken from DM patients both T1D and T2D revealed higher monocyte counts and
higher pro-inflammatory CD14*CD16~ expression in comparison to non-diabetic patients
[78].

3.2.2. Nanoparticle strategies—Within the category of monocyte or macrophage
targeting studies in Diabetes, there was a common use of relatively even distribution

of nanoparticle types employed (Fig. 3C). Nanoparticle targeting across all subsets were
used to suppress pro-inflammatory monocytes and macrophages thereby decreasing insulin
resistance and beta-cell destruction. Yong et al. developed a TNF-a converting RNA
silencing enzyme nanocomplex to target adipose tissue macrophages to decrease TNF-a
secretion [79]. The complex saw 90% cellular uptake reduced soluble TNF-a by 50%

in LPS-stimulated macrophages. /n7 vivo models in mice saw lower blood glucose levels
and higher glucose sensitivity. Similar success in decreasing T2DM insulin resistance

and overall pro-inflammatory cytokine expression, was observed when delivering with
curcumin-loaded liposomes (curcusomes) [80]. Some of this effect can be contributed to
the macrophage targeted effects. Curcumin encapsulated nanoparticles have been shown

to produce anti-inflammatory responses in macrophages [81-83]. The direct connection
was made in a study by Yekullo et al., which used a leptin deficient mouse model of
insulin resistance to demonstrate curcusomes ability to as blocked /n vivo LPS-induced IL6
production in macrophages [82]. The same study also showed that curcosomes inhibited an
oxidative burst in /n vitro peritoneal macrophages as well as dendritic cells.

However, there was an interesting preference for using biodegradable polymers particularly
in the context of modulate monocyte behavior in Diabetic, wound healing environments.
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Polymers like hydrogels are frequently used in wound applications because of their ability
to maintain shape and capability for controlled drug release. In the studies surveyed,

drug loaded hydrogels were also used to promote anti-inflammatory polarization and
angiogenesis [84,85]. One such example is a carboxymethyl cellulose, carbomer, and A2
americana composite hydrogel that induced anti-inflammatory polarization and promoted
wound closure [86].

Moreover, in contrast to the Atherosclerosis studies where metal nanoparticles were strongly
correlated with diagnostic imaging, metal and/or semiconductor nanoparticles found in

the Diabetic studies were employed to repolarize monocytes and macrophages [87,88].

In one study, mannose-modified, silicon oxide nanoparticles were used to differentiate
macrophages into an anti-inflammatory M2 phenotype to promote angiogenesis in a diabetic
mice model skin injury[89].

As mentioned in the first section, monocytes and macrophages can be convergent targets

for nanoparticle therapies because of their complimentary roles in CVD disease progression.
A promising area is the development of TNF related apoptosis inducing ligand (TRAIL)
nanoparticles for T1D and T2D and for Diabetes induced Atherosclerosis. TRAIL is
naturally found on circulating monocytes and possess anti-atherogenic properties [90-92].
In addition, loss of TRAIL in an ApoE-/— mouse models led to increased diabetic
neuropathy evidenced by increase pro-inflammatory gene expression and macrophage
infiltration [93]. Nanoparticle strategies that increased TRAIL surface expression[94,95]
could be a meaningful strategy for treating diabetes and diabetic induced complications like
Atherosclerosis.

3.3.1. Role of monocytes in HIV—HIV Although Human Immunodeficiency Virus
Type 1 (HIV) is classically known for its immunosuppression caused by CD4 + T cell
depletion, monocytes and macrophages play a huge role in its pathogenesis. Macrophages
are infected in the initial stages of HIV infection and persist as viral reservoirs [96]. Data
on circulating monocytes is currently under debate because of HIV DNA measurement
challenges [97]. However, mounting evidence suggests that monocytes can ultimately
become reservoirs that can disseminate the virus to distal organs such as the central
nervous system [98,99]. CD14**CD16™ (intermediate) and CD14*CD16** (non-classical)
monocytes subsets are more permissive to HIV-1 infection, a feature attributable to their
higher expression levels of CCR5 [100]. CCRS facilitates viral entry, and higher levels of
CCRS are correlated with higher infection rates in monocytes [101]. CXCR4 is also an
effective coreceptor for HIV viral entry in normal and CCR5™!! monocytes and monocyte-
derived macrophages [102].

3.3.2. Nanoparticle strategies to treat HIV—Nano-formulated Antiretroviral
treatments (NanoART) comprised the most subpopulation of HIV monocyte/macrophage
targeting studies found in our review (Fig. 3D). NanoART has enhanced tissue
biodistribution and targeting abilities leading to better outcomes [103,104]. Some ARTs
have a short biological half-life and poor pharmacokinetic profiles. Liposomes enhanced
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transdermal delivery of indinavir and mPEG-PCL encapsulated Indinavir oral delivery both
elicited a sustained release profile [105-107]. These advancements were further tested in
different in nanoparticle composition including dendrimers, micelles, although the solid drug
conjugate was the predominant nanotechnology employed (Fig. 3D).

NanoART formulations have not only helped increase the antiretroviral global
bioavailability, but they have enhanced the ability to target reservoir cells like macrophages
and monocytes. Dendrimer formulations augmented the uptake of efavirenz by monocytes
and micelle formulations increased drug aqueous solubility and bioavailability [108,109].
Monocyte or macrophage targeted nanoparticle therapies have shown increased uptake

and viral suppression in monocyte and monocyte-derived macrophages [110,111].

A poly(ethylene oxide)-maodified Poly (epsilon-caprolactone) nanoparticle was used

to encapsulate the protease inhibitor saquinavir, increasing intracellular concentration

in monocytes from 0.54 nM/mg to 4 nM/mg compared to the free drug analog

[112]. Nanoparticle encapsulation can also increase ART bioavailability in monocytes/
macrophages by bypassing drug transporters and metabolic enzymes [113]. Such is the
case for PLGA-based elvitegravir which demonstrated doubled uptake in HIV-infected
macrophages, resulting in a 24% decrease in viral replication from day 2 to day six
compared to control macrophages [110]. Moreover, nanoparticle complexing enhanced
macrophage cellular uptake and the growth inhibition efficiency of gallium during HIV,
mycobacterium tuberculosis, or M. smegmatis co-infection [114,115]. These studies indicate
the benefit of producing nano-formulations of already successful drugs.

A small, but intriguing subset of papers employed biomimetic nanoparticles, delivery
systems that use cell membranes, cell-derived products like exosomes or synthesized
biological membranes, as their drug delivery tool (Fig. 3D). One group developed CD4

+ T cell membrane-coated nanoparticles to selectively reduced viral replication and induce
death via autophagy in HIV-1-infected CD4 + T cells and macrophages [116,117]. Notably,
the core of these nanoparticles is PLGA polymers, but the targeting efficacy is highly
related to the biomimetic membranes. Similarly, another paper developed immunoliposomes
that facilitated macrophage phagocytosis of HIV-1 virus-like particles [118]. By mimicking
immune cell and virus membrane interactions, the immunoliposomes elicited phagocytosis
in a manner that triggered intracellular trafficking to the cellular phago-lysosome. All the
aforementioned strategies demonstrate the power of synergizing nanoparticle design with
monocyte and macrophage function.

4. Conclusions and outlook

Monocytes have a significant role cardiovascular disease progression, either by their direct
contribution or indirect, accrued side effects. Because of this, nanotechnology can be used to
modulate monocyte function, leading to enhanced therapeutic efficacy. Our literature search
demonstrated that monocyte or macrophage targeted nanoparticles represent a minority of
the total nanoparticle related papers in the CVD arena. However, this is likely to increase
over time as the field matures and more nanoparticle versions of existing therapies are
developed.
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Given the rise in individuals living with CVD comorbidities [106,119], there will be a

need to develop therapeutics that can synergistically meet those needs. Monocytes should
be considered as a convergent nanoparticle target. Nanoparticles present an opportunity to
combine multiple therapies and facilitate cellular or tissue-specific therapeutic targeting.

A great example is Metformin, an FDA-approved drug that can treat T2D. Metformin

is delivered orally and has little toxicity; however, it is susceptible to cellular efflux
through organic cation transporters [120]. Metformin reduces pro-inflammatory cytokine
production, foam cell formation, and alter responses to oxidative stress and migration
[121,122]. Similarly, Metformin promoted an anti-atherogenic profile in macrophages in an
in vivo Normoglycaemic Ldlr—/- hyperlipidaemic mice model [123]. This drug is typically
delivered as a small molecule; however, nanoparticle encapsulation could help increase its
bioavailability as well as targeting to desired monocyte/macrophage populations.

The rise in comorbidities presents another therapeutic challenge. The existence of pre-
existing chronic inflammatory conditions may affect future immune responses. This became
evident during the COVID19 pandemic when it was observed that individuals with Diabetes,
respiratory illness, and hypertension had worse post-infection outcomes [124]. Individuals
with CVVD comorbidities are likely to have more opportunistic bacterial and viral infections,
often with the monocyte as a vital feature in its progression [29,124,125]. By limiting
systemic, off target effects, nanoparticle technology may become beneficial in reducing
comorbidity development.

There are several strategic themes in the monocyte drug delivery systems mentioned.
Passive targeting (using the cells as drug delivery carriers) worked well for penetrating
difficult-to-reach tissues. More direct strategies include depletion, receptor inhibition,
thereby preventing monocytes functions like adhesion and phagocytosis. However, true
active targeting has been achieved with modulating monocyte and macrophage function.
This process will likely become more sophisticated with the improvements in genomic and
proteomic disease-related monocyte/macrophage data. In addition, they use of literature
meta-analysis will facilitate deeper understanding of emerging drug delivery trends. As we
further decipher the role of monocyte heterogeneity, it becomes easier to identify novel
targets. Combined with improved nanoparticle formulations, the combinatorial space for
monocyte drug targeting is endless.

Acknowledgements
The authors would like to thank the Editors for their support. In addition, we send a special thanks to Colette

Bilynsky, Hannah Yankello, and Natasha Vinod for their support with technical editing, formatting, and assistance
with graphics.

Funding Sources

Research reported in this publication was supported by National Institute of General Medical Sciences of the
National Institutes of Health under award numbers 1 R35 GM142957-01, 5T32GM133353-02, and the GEM
Fellowship.

Abbreviations:

ARV antiretroviral

Adav Drug Deliv Rev. Author manuscript; available in PMC 2022 August 08.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aldarondo and Wayne Page 11

ART antiretroviral treatment

BCS biopharmaceutical classification system
CaMKlly Ca2+/calmodulin-dependent protein kinase y
CvD cardiovascular disease

CCL C-C motif chemokine ligand

CCR C-C motif chemokine receptor

CD cluster of differentiation

CovID19 Coronavirus Disease 2019

CX3CR1 C-X3-C motif chemokine receptor 1
DNA deoxyribonucleic acid

DEXA dexamethasone

DM Diabetes Mellitus

FCylll Fc y Receptor 11

FDA Food and Drug Administration

GP glycoprotein

HIV human immunodeficiency virus
ICAM-1 intercellular adhesion molecule 1

IL Interleukin

LPS Lipopolysaccharide

LDLr low-density lipoprotein receptor

Ly6C lymphocyte antigen 6 complex

Mac-1 macrophage-1 antigen

MNP magnetic nanoparticle

MHC Major Histocompatibility Complex
MerTK Mer Proto-Oncogene, Tyrosine Kinase
mMmPEG-PCL Methoxypoly(ethylene glycol) Poly(caprolactone)
MCP-1 monocyte chemoattractant protein-1
NanoART nano-formulated antiretroviral treatment
NP nanoparticle
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NF-kB Nuclear Factor x B
NRTI nucleoside reverse transcriptase inhibitors
oxLDL oxidized low-density lipoprotein
PRR pattern recognition receptors
PLHIV people living with HIV
PEG poly(ethylene glycol)
PLGA poly(lactic-co-glycolic acid)
Akt protein kinase B
RES reticuloendothelial system
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
ShRNA short hairpin ribonucleic acid
SiRNA short interfering ribonucleic acid
SPION Superparamagnetic iron oxide nanoparticles
TRAIL TNF related apoptosis inducing ligand
TNF-a tumor necrosis factor a
T1DM Type 1 Diabetes Mellitus
T2DM Type 2 Diabetes Mellitus
VCAM-1 vascular cell adhesion molecule-1
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Monocytes as a nanotherapeutic convergence point

Nanoparticle targeting Significance in
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Fig. 1. Diagram of using nanoparticlesto therapeutically targets monocytes and macrophagesin
common CVDs.

Nanoparticle targeting strategies highlight several themes in which nanoparticles can be
used to change monocyte and macrophage function. (Knockdown) siRNA Delivery can used
to decrease knockdown functionally relevant proteins. Re(polarization) Nanoparticles be
used to change and/or maintain a given phenotype via cytokines or chemokines delivery.
(Receptor Blocking) This tactic can be used to block receptor binding thereby inhibiting
monocyte adhesion or transmigration into inflamed tissue. In addition, nanoparticles can

be used to modulate phagocytosis to prevent bacterial or viral infection. These delivery
strategies can be applied to various surface receptor classes on monocytes and macrophages.
These receptors are often upregulated in CVDs and as such demonstrate the potential for
these cells as convergent therapeutic targets. The arrows indicate whether the receptor is
upregulated or downregulated in the disease.
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Monocyte targeted nanoparticles
across Cardiovasuclar Diseases
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Fig. 2. Literature analysis of monocyte and/or macrophage targeted nanoparticlesin CVDs.
Using Pubmed advanced search methods, papers were compiled, screened, and categorized

to quantify the percentage of nanoparticle targeting monocyte papers (Targeted) compared
to papers involving any nanoparticle treatment (Non-targeted). The literature was searched
with respect to the following categories A) All CVDs, B) Atherosclerosis, C) HIV, and D)
Diabetes. Review papers were excluded from this analysis.
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Composition of monocyte targeted
nanoparticles in Cardiovasuclar Diseases
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Fig. 3. Literature analysis of monocyte and/or macrophage targeted nanoparticlesin CVDs.
Using the search parameters from the monocyte targeting group shown in (Fig. 2), the

studies were further categorized by nanoparticle composition types. The literature was
searched with respect to the following categories A) All CVDs, B) Atherosclerosis, C)
Diabetes, and D) HIV. Notable nanoparticle delivery schemes were listed for each disease
scheme to denote unique trends found in the literature. Review papers were excluded from
this analysis.
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