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Abstract

Inflammation, a common feature of many diseases, is an essential immune response that
enables survival and maintains tissue homeostasis. However, in some conditions, the
inflammatory process becomes detrimental, contributing to the pathogenesis of a disease.
Targeting inflammation by using nanomedicines (i.e. nanoparticles loaded with a therapeutic
active principle), either through the recognition of molecules overexpressed onto the surface
of activated macrophages or endothelial cells, or through enhanced vasculature permeability,
or even through biomimicry, offers a promising solution for the treatment of inflammatory
diseases. After providing a brief insight on the pathophysiology of inflammation and current
therapeutic strategies, the review will discuss, at a pre-clinical stage, the main innovative
nanomedicine approaches that have been proposed in the past five years for the resolution of

inflammatory disorders, finally focusing on those currently in clinical trials.
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List of abbreviations

5-ASA: 5-AminoSalicylic Acid (also
called Mesalazine)

APCs: antigen-presenting cells

AMPS: 2-Acrylamido-2-MethylPropane-
Sulfonic acid

ATP: Adenosine Triphosphate

bFGF: basic fibroblast growth factor
COVID-19: coronavirus disease 2019

DC: dendritic cells

Dex: Dexamethasone
EAE: experimental autoimmune
encephalomyelitis

ELVIS: Extravasation through Leaky
Vasculature and subsequent Inflammatory
cell-mediated Sequestration

EPR:  Enhanced Permeability and
Retention

FDA: Food and Drug Administration

HA: Hyaluronic Acid

HIF:  Hypoxia-Inducible transcription
Factor

IBD: Inflammatory Bowel Diseases
ICAM: Inter-Cellular Adhesion Molecule
IFN-y: Interferon gamma

IL-10: Interleukin 10

LMWH: Low Molecular Weight Heparin
LPS: LipoPolySaccharide

LXR: Liver X Receptor

MAPK: Mitogen Activated Protein Kinase

MPO: Myeloperoxidase

MPSS:  MethylPrednisolone ~ Sodium
Succinate

NF-kB: Nuclear Factor-kappa B

NIPAM: N-Isopropyl acrylamide

NPs: Nanoparticles

NSAID: Non-Steroidal Anti-inflammatory
Drug

pDNA: plasmid DeoxyriboNucleic Acid
PEG: Polyethylene Glycol

PEI: Polyethyleneimine

PLGA: Poly(Lactic-co-Glycolic Acid)
PRR: Pattern-Recognition Receptor

PSL: PhosphatidylSerine-containing
Liposome

ROS: Radical Oxygen Species

RA: Rheumatoid arthritis

TCR: T cell receptors

TLR: Toll-Like Receptor

TNF-a: Tumor Necrosis Factor alpha
VCAM: Vascular Cell Adhesion Molecule
VEGF: Vascular Endothelial Growth

Factor



1. Introduction
Inflammation represents a mechanism of the body’s defence, originating from multiple causes

such as infectious agents (viruses, bacteria), physical agents, radical oxygen species (ROS),
metabolic stress (hypoxia), to cite only few examples[1]. In some situations, the inflammatory
process may, however, become detrimental. The COVID-19 infection, associated in certain
cases with a strong cytokine storm, a viral sepsis and an uncontrolled systemic inflammation,
leading to acute respiratory distress represents an example of such adverse reaction[2, 3].
Historically, the first to define the clinical symptoms of inflammation was Celsus in the first
century AD, who described four cardinal signs of inflammation as follows: “rubor et tumor
cum calore et dolore” (redness and swelling with heat and pain). In 1858, Virchow added a
fifth cardinal sign: ‘‘functio laesa” (disturbance of function)[1].

Depending on the origin of the agent, inflammation can be classified by whether it is caused
by an external agent or an endogenous abnormal response. Based on its duration,
inflammation can either be acute or chronic. Acute inflammation has been considered a
defence of innate immune response induced by infection or injury[4], while chronic
inflammation can accompany some pathological states without any infection or injury, like in
obesity[5].

Recently, Antonelli and Kushner redefined inflammation as the innate immune response to
potentially harmful stimuli such as pathogens, injury, and metabolic stress[6]. [ndeed, proper
inflammatory responses initiate a broad spectrum of innate immune protection and orchestrate
long-term adaptive immunity toward specific pathogens. As such, the host immune system
brings out layers of regulatory mechanisms that in return modulate the initiation, progression
and resolution of inflammation[6, 7]. Generally, the inflammatory response (Figure 1) is
perceived as a reaction of recognition of the infectious agent (inducers), a step which involves
specialized (sensors) body cells as well as circulating proteins. After recognition, there is a
production of mediators of inflammation which target the diseased tissue[6, 8]. But both,
innate and adaptive immune system, trigger the inflammatory process. Indeed, the
components of the innate immunity include phagocytes (i.e., neutrophils, monocytes,
macrophages), inflammation-related serum proteins (e.g., complement, C-reactive protein),
cell receptors that signal a defensive response (e.g., Toll-like receptors) and cells that release
cytokines and inflammatory mediators (i.e., macrophages, mast cells, natural-killer cells)[7].
The complement system not only acts as the first line of defense for the body, but also links

innate and adaptive immunity and plays an important role in peripheral lymph nodes to



enhance B and T cell responses. Activation of adaptative immunity occurs after innate
immunity signaling and/or antigen presentation by specialized cells known as antigen-
presenting cells (APCs), which include dendritic cells (DC) and macrophages. In contrast to
the innate immune system, the adaptive immune system is highly specific against one or more
antigens after their recognition by specialized receptors at the surface of B and T
lymphocytes[9]. B cells are the main producers of antibodies which recognize and bind
antigens. T cells are lymphocytes that express T cell receptors (TCR) on their surface and
serve essential roles in cell-mediated immunity. However, more and more data show that this
distinction between innate immunity and adaptive immunity, does not correspond to reality
since enormous interdependence between the two immune responses exists. For example,
nitric oxide and reactive oxygen species (ROS) produced by macrophages, dendritic cells or
other components of the innate immunity can modulate T cell function and survival[10].

In most cases, the acute inflammatory response is controlled over time, and is normally
finished once the insult is eliminated and the damaged tissue repaired. However, in some
situations, when the inflammatory inducer persists, a chronic inflammatory response may
establish. And when the inflammatory processes last for a long period of time, inflammation
may become harmful and damaging for the tissues, which can in turn, contribute to the
development and pathogenesis of chronic diseases of altered homeostasis. For example,
lymphocyte T cells are thought to be the main triggers of autoimmune disease processes. In
addition to innate immunity, adaptive mechanisms, through antigen recognition by the
lymphocytes, production of antibodies, and their interaction with complement and phagocytic
cells of the innate immunity such as macrophages, control both the nature and shape of the
inflammatory responses. Thus, through this retro-activation of innate mechanisms, adaptive
responses frequently provoke a persistent inflammation, which contributes to the process of
chronic inflammation[7].

Inflammation is a very complex mechanism with, however, new advances in the
understanding of its molecular mechanisms each year. Excellent reviews exist in this area
describing the pathophysiological mechanisms[1, 6, 8]. It is now known that a large spectrum
of diseases are accompanied by an uncontrolled inflammatory response, among these being
sepsis, asthma, obesity and type 2 diabetes, neurodegenerative diseases, cardiovascular
diseases (e.g. atherosclerosis, cardiac ischemia/ reperfusion), cancer, bowel disease, Crohn
disease, rheumatoid polyarthritis, to cite only a few[11]. The understanding of the
pathophysiology of the inflammation has allowed to identify proteins expressed by certain

cells during inflammation (e.g. ICAM, VCAM, Selectins, ...). Additional phenomena such as
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the EPR (enhanced permeability and retention) effect have been identified. This effect, which
is an interesting feature of inflamed tissues, leads to an increased vascular permeability
coupled to a deregulated necovascularization[12]. EPR effect was first described in tumors
were discontinuous endothelium in newly formed and immature vessels are formed. In
inflammatory diseases, a similar effect was described with, however, some specificity. Thus,
loss of endothelium integrity can result in abnormal neoangiogenesis observed in diseased
tissues. The neovascularization mechanisms is described to be induced by hypoxia and
inflammation which are critical factors. Hypoxia promotes activation of hypoxia-inducible
transcription factors (e.g. HIF-1, HIF-2) and subsequently expression of growth factor (e.g.
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF)), finally leading to a
loss of intercellular junctions between endothelial cells[12, 13]. On the other hand,
neutrophils, which are predominate in acute inflammation, promote vascular permeability by
releasing neutrophil elastase, myeloperoxidase and MMP-9, which contribute to enhanced
vascular permeability. Wang et al, referred this phenomenon as ELVIS effect (Extravasation
through Leaky Vasculature and subsequent Inflammatory cell-mediated Sequestration) and
use it to deliver polymer prodrugs[14, 15]. Other studies have exploited the leaky vasculature
during inflammation to deliver nanomedicines like PEGylated polycyanoacrylate [16] or
liposomes [17] to the spinal cord of rats with experimental autoimmune encephalomyelitis
(EAE).

Today, the therapeutic strategies include the use of steroidal or non-steroidal anti-
inflammatory drugs. But two additional therapeutic approaches have recently emerged: the
use of anti-leukotrienes that inhibit the recruitment of inflammatory cells and of pro-
inflammatory cytokine inhibitors, like anti-TNF alpha or anti-IL-1 monoclonal antibodies.
However, these treatments are sometimes not enough to obtain an optimal pharmacological
activity. Drug limitations include non-specific biodistribution, low bioavailability and/or short
half-life into the body. Moreover, high dosages are needed to be administered to patients,
which cause off-target side effects with only modest success in controlling inflammatory
disease symptoms[18].

To avoid some of these limitations, the use of nanoparticles (NPs), with a size from a few
tenths to a few hundred of nanometers, has gained increasing interest. It is nowadays possible
to obtain biocompatible nanomedicines (i.e. NPs loaded with active principle) with a highly
controlled shape, size and surface charge[19-22]. Moreover, a passive exploitation of this
characteristic leaky wvasculature has allowed an increased delivery and accumulation of

nanomedicines through sub-endothelial space. Additionally, targeting moieties on
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nanoparticles’ surface may allow an active accumulation and a controlled drug release into the
diseased cells and tissues, reducing toxicity and side-effects[23-25]. Therefore, many
nanomedicines were developed with the aim to treat diseases with an inflammatory
background, including cancer[26, 27], cardiovascular pathologies[28-30], autoimmune
diseases[31], metabolic syndrome[32], neurodegenerative diseases[22, 33, 34].

We have excluded in this review nanomedicines dedicated to cancer therapy where
inflammatory processes occurs, because there are already excellent reviews on this
subject[35-37]. Nevertheless, to the best of our knowledge, there is no recent review making
the state of the art on the use of nanomedicines when inflammation in general becomes
detrimental.

This review will focus on the new nanomedicine concepts that have emerged during the last
five years concerning the management of inflammatory diseases at the pre-clinical stage. The

last part deals with the very low number of nanomedicines in clinical trials.

2. Recent nanomedicines for the treatment of inflammation
A better understanding of the molecular and cellular events underlying the inflammatory
response has opened some new perspectives in the treatment of inflammation, particularly
through the development of well-designed nanomedicines. Indeed, nanoparticles (NPs) can be
specifically engineered to go preferentially to the target tissue from the site of administration,
thus addressing issues of conventional therapies such as off-target organ side effects and
systemic toxicity, exacerbated by frequent and long-term dosing. The formulation of
nanoparticles regulating the expression of pro- and anti-inflammatory molecules and targeting
inflammatory sensors or macrophages through phagocytosis, holds great promise for the
treatment of inflammatory diseases (Figure 2, Table 1). In addition, using nanocarriers to
specifically target effector cells, particularly antigen-presenting cells, could be of great value
to promote cellular response or immune tolerance thanks to their modulability which allows
them to passively (optimizing the size and/or surface charge of nanoparticles) or actively
(decorating nanoparticles with specific antibodies) target these cells[38]. Considerable
attention to develop more effective anti-inflammatory nanomedicines, in order to overcome
the side effects observed with conventional therapy, has resulted in the development on anti-

inflammatory nanomedicines.



2.1. Steroid-based nanomedicines
Corticosteroids are a class of steroid hormones involved in a wide range of physiological
processes, including stress response, immune response and regulation of inflammation.
Particularly, glucocorticoids are potent anti-inflammatory corticosteroids, regardless of the
inflammation's cause, whose effect is mainly through a lipocortin-1 synthesis mechanism[39,
40]. Some examples of the mostly used glucocorticoids for the treatment of inflammation are
hydrocortisone and derivatives, prednisolone, dexamethasone or budesonide. Their
therapeutic strength is extensively recognized, but they inexorably exhibit severe side effects
after few weeks of treatment (such as weight gain, high blood pressure, high blood sugar, or
even cataracts, bone loss, and muscle weakness)[41, 42] limiting their clinical use. Thus,
various nano-formulations of corticosteroids[43] were proposed to overcome those limitations
(Figure 3, Table 1).
Prednisolone is one of the most popular corticosteroids used for encapsulation into
nanocarriers. For example, prednisolone nanocapsules, composed of a polymer wall
surrounding an oily core, and coated with a pH-responsive enteric polymer (Eudragit S100),
were designed and tested in healthy rats. This oral system allowed a high encapsulation
efficiency of ca. 90% and a drug release triggered into the colon, as a consequence of neutral
pH. This should increase the selectivity and efficacy of prednisolone for the treatment of
inflammatory bowel diseases (IBD) or other colonic diseases[44].
Similarly, for oral administration, spherical polymer microsponges with a size of around
30um, but with nano-porous microstructures, were also loaded with prednisolone and coated
with Eudragit S100. The microsponges structure facilitated plastic deformation which was
needed for the formation of mechanically strong tablets applicable for clinics. In addition,
these microsponges displayed a high drug loading (around 86%), allowing dose and dose
frequency reduction which should decrease prednisolone side effects and have some interest
for the treatment of IBD[45]. However, the proof of concept was only validated in vitro, while
in vivo studies are still lacking to validate this approach.
Another interesting strategy, based on orally or/and rectally administered lectin-decorated
glucocorticoid loaded nanoparticles, was developed for an active targeting and selective
adhesion to the inflamed tissue in vitro in experimental colitis. This strategy seems to be a
promising tool for treatment of inflammatory bowel diseases[46]. Other recent pre-clinical
studies have further demonstrated the therapeutic added value of prednisolone nano-
formulations. For example, prednisolone loaded liposomes were assessed in a 8-week-old

male LEWIS rat model of renal ischaemia-reperfusion injury, and liposomes were found to
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accumulate in the inflamed kidney after systemic delivery. The treatment increased the
presence of anti-inflammatory macrophages and reduced monocyte chemoattractant protein-1
mRNA production, concomitant to a reduced pro-inflammatory profile in the kidney[47].
Although leading to very interesting data, it is important to note that the experiments were
performed with young age animals and the final point of analysis remained quite short (i.e. 96
h). And young animals respond more efficiently than older ones, whereas, in the daily
medical practice elderly people represent the population of patients the more affected by
inflammatory diseases.

Rheumatoid arthritis (RA) is a chronic, systemic inflammatory disease treated with high doses
of glucocorticoids. To avoid non-specific body biodistribution, solid-lipid nanoparticles were
coated with hyaluronic acid in order to target hyaluronic receptor CD44 over-expressed on the
surface of synovial lymphocytes, macrophages and fibroblasts in inflamed joints in RA. After
intravenous injection into 6-week-old mice with collagen-induced arthritis, a significant
improvement of the disease has been obtained, likely due to the specific accumulation of NPs
into the inflamed tissue[48]. Folate-targeted double liposomes (i.e. small unilamellar vesicles
encapsulated into a big liposome) containing two therapeutic agents (Prednisolone and
Methotrexate) were also developed and assessed by systemic administration in collagen-
induced arthritis in rats. These liposomes displayed high stability, enhanced loading capability
and further enhanced the site-specific drug delivery to activated macrophages at inflamed
joints in RA[49]. Gaafar et al. designed elastic niosome (“ethoniosomes”) nanoparticles
loaded also with prednisolone for ocular delivery. The ethoniosomes composed of Span60
and cholesterol and using ethanol 20% v/v as a hydrating solution to the surfactant/lipid
materials were tested in rabbits subjected to a clove oil-induced severe ocular inflammation.
A reduction to half of the time for complete healing was observed, in addition to a reduced
intraocular pressure, one of the main side effects observed with conventional anti-
inflammatory treatments. Besides, this system demonstrated good physical stability for at
least 2 months at the fridge temperature with good ocular tolerability and minimal ocular
irritation, suggesting good potential for translation into the clinic[50].

Methylprednisolone, already used in clinics for spinal cord injury treatment, is unfortunately
accompanied by dose-related side effects due to systemic injection. The loading of
methylprednisolone sodium succinate (MPSS) into polycaprolactone NPs dispersed in a fibrin
glue-based gel system was tested in a rat model of induced spinal cord injury either by topical

or intraperitoneal administration. The localized delivery of MPSS onto the lesion site enabled



a reduced damage on spinal cord[51]. This therapeutic effect was explained by a dramatic
decrease of caspase-3 and a moderate decrease in pro-inflammatory cytokines.
Dexamethasone (Dex) is another glucocorticoid drug with anti-inflammatory activity. A
recent study demonstrates that dendrimer-Dex gel attenuated corneal inflammation more
efficiently than free-Dex, by decreasing macrophage infiltration and pro-inflammatory
cytokines expression, in a rat corneal inflammation model. The designed system is a
biocompatible hydrogel conjugated to Dex and based on hydroxyl-terminated
polyamidoamine dendrimers and hyaluronic acid, cross-linked via thiolene click chemistry for
subconjunctival injection[52]. Noteworthy, a single subconjunctival injection of this nano-
formulation led to a prolonged efficacy for a period of 2 weeks with a reduced central corneal
thickness and an improved corneal clarity, without elevation of the intraocular pressure.
Moreover, the subconjunctival route is clinically accessible and can allow the administration
of a relatively large volume of nanomedicine. Dexamethasone nanomedicines could also be
very efficient for the treatment of rheumatoid arthritis or ulcerative colitis, bypassing the
serious adverse effects associated with important doses of drug free. Thus, Wang et al.
developed self -assembled poly(ethylene glycol) / poly(e-caprolactone) polymer micelles
loaded with Dex for intravenous injection at low dose of Dex (0.8 mg/kg body weight) in a rat
model of arthritis. Although displaying moderate adverse effects, these polymeric micelles
demonstrated substantial anti-inflammatory potential, including suppression of paw swelling
and erythema, down-regulation of pro-inflammatory cytokines expression and protection of
articular cartilage and bone from degradation and erosion[53].

Spherical polymer nanoconstructs loaded with Dex were also intravenously injected to a
mouse model of colitis. A strong systemic anti-inflammatory effect was observed through a
reduced macrophage infiltration and the expression of pro-inflammatory cytokines. These
cellular effects were accompanied by a better animal recovery manifested by a reduced weight
loss and a decreased rectal bleeding. These benefits were less evident in animals treated with
the drug free[54]. Furthermore, using the same model, Dianzani et al. assessed the efficacy of
orally administered multi-drug nanoparticles co-loaded with Dexamethasone and Butyrate.
Both in vitro and in vivo, the treatment induced a significant decrease of pro-inflammatory
cytokine release, which was more effective at doses 10-fold lower than the dose required to
achieve the similar pharmacological efficacy with the single free drugs treatments[55]. If
delivering simultaneously multiple drugs may be interesting, further research is, however,
necessary to better understand the exact mechanism underlying the enhanced anti-

inflammatory effect of this multidrug nano-formulation. Very recently, by using an interesting
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approach, Wang’s team optimized a prodrug composed of N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer linked to dexamethasone for the treatment of
inflammatory arthritis. By intravenous injection in a rat model of arthritis, they observed very
effective and safe therapeutic anti-inflammatory effects compared to other prodrug
formulations. This attractive study promoted the importance of identifying the most potent
therapeutic nanomedicines by evaluating the design and screening of activation
mechanism[56].

Budesonide is a topical anti-inflammatory synthetic steroid, which was formulated for oral
administration as first-line therapy in mild to moderate ileocecal Crohn’s disease patients[57].
In order to minimize early drug release and activity in the stomach and small intestine, Naecem
et al. encapsulated Budesonide into dual pH- and time-dependent polymer nanoparticles
composed of Eudragit FS30D, as a pH-sensitive polymer, and Eudragit RS100, as a
controlled-release polymer. It was shown that in a mouse model of colitis, dual pH/time-
dependent systems had greater therapeutic potential than single Eudragit FS30D or single
Eudragit RS100 system. This beneficial effect was explained by the release of Budesonide at
the right place (i.e. colon) during the right time (i.e. 24h)[58]. The use of Eudragit with
various functionalities, either pH-sensitive or for controlled release, opens interesting
perspective for clinical applications, particularly for colon-targeting treatments such as in
IBD. Thus, nanotechnology has been used in oral dosage formulation design as strategies to
further enhance uptake into diseased tissue within the colon [59]

Other nano-formulations to target and decrease inflammation are in development. For
example, Budesonide loaded into Hyaluronic Acid (HA) or poly(lactic-co-glycolic acid)
(PLGA) nanoparticles exhibited higher anti-inflammatory effects than the free drug in vitro
on human colon carcinoma Caco-2 cell line and on inflamed intestinal mucosa in mice
respectively[60, 61].

Together these preclinical results underline the feasibility to improve the delivery of anti-
inflammatory drugs in vivo. However, to be closer to the human diseases, the choice of the
animal model, the duration of the treatment and the end points deserve to be better thoughtful,

as will be discussed below (see part 4).

2.2. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) nanomedicines
Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) act through the inhibition of

cyclooxygenase proteins that metabolize arachidonic acid into prostaglandins[62]. Due to
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short half-life and high percentage of protein binding, high doses of NSAIDs are needed to be
efficient, which in turn causes undesirable side effects, such as an increased risk of
gastrointestinal and cardiovascular complications[62, 63]. Some NSAIDs NPs have recently
been in development in order to counteract these side effects but, for the moment, they are
only investigated at an in vitro pre-clinical stage.

Gongalves et al. have loaded Diclofenac, a NSAID that inhibits prostaglandin synthesis by
reducing cyclooxygenase-1 and cyclooxygenase-2 with relative equivalence, into chitosan-
poly(y-glutamic acid) NPs. This approach did not show any cytotoxicity for human
macrophages. NPs were rapidly phagocyted and activated these cells, also inhibiting
prostaglandin E2 and IL-6 production[64]. More recently, Shang et al. designed a novel
intestinal targeted drug delivery system for oral administration; this system that combines
PEGyso and methacrylic acid (MAA)) hydrogel and Ibuprofen-loaded PLGA NPs, could site-
specifically deliver the drug into alkaline environment at a sustained-release manner. Such
process improved the bioavailability and decreased the side effects of Ibuprofen[65].
Celecoxib is a COX-2 inhibitor indicated for long-term treatment of rheumatoid arthritis. It is
administered orally, but unfortunately, this molecule shows adverse systemic complications in
patients. In rats with experimental arthritis, the topical application of a gel containing this
anti-inflammatory drug into solid lipid nanoparticles was found more efficient in inhibiting

the inflammatory process, compared to untreated or conventional gel treated animals[66].

2.3. Nano-encapsulated anti-inflammatory mediators

Anti-inflammatory mediators represent another approach for the treatment of inflammatory
diseases. For instance, cytokine IL-10, one of the main anti-inflammatory cytokines possesses
multiple effects in immuno-regulation and inflammation[67]. It mainly downregulates the
expression of other pro- or anti-inflammatory cytokines, enhances immune B cell survival,
proliferation, as well as, antibody production. Besides, IL-10 is implied in blocking NF-xB
activity and is involved in the regulation of the JAK-STAT signalling pathway. But its
clinical use is complicated by important cytokine-related side effects [68]. To overcome these
limitations, new IL-10 anti-inflammatory nano-formulations were developed (Table 1).

A typical example is the development of nano-sized phosphatidylserine-containing liposomes
(PSL) conjugated to IL-10. Toita et al. showed in a mouse model of obesity that
intraperitoneal injection of IL-10-conjugated PSL had a better macrophage targeting ability

and an enhanced anti-inflammatory effect than PSL alone, due to the synergistic anti-
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inflammatory effects of IL-10 and PSL. It was suggested that this association could be used as
a macrophage-targeted therapy for inflammation-related diseases[69].

Another example is the development of biodegradable polyester NPs incorporating IL-10 for
the targeted delivery of atherosclerotic plaques. Intravenous injection of these NPs
significantly reduced acute inflammation in an atherosclerotic murine model and were shown
to be more potent than IL-10 free. In addition, it was observed that plaque rupture was
prevented by increasing the fibrous cap thickness, simultaneously to the decrease of the
necrotic cores[70]. More recently, Baganizi et al. have bioconjugated recombinant IL-10 to
poly(vinylpyrolidone)-coated silver NPs. These nanoparticles showed an improvement of the
cytokine stability and a better anti-inflammatory effectiveness in mouse macrophages as
manifested by a decrease in IL-6 and TNFa production[71]. However, this study was limited
by the fact that silver NPs could not be delivered in vivo for inflammation treatment. Indeed,
at the cellular level, toxicities have been reported, including reactive oxygen species
generation, DNA damages and cytokine induction during in vitro studies[72, 73]. In vivo,
studies also indicated adverse effects on many organs of the circulatory, respiratory, central
nervous, hepatic and dermal systems[74, 75].

Other studies focused on the nano-formulation of antagonists of the pro-inflammatory
cytokine IL-1 receptor. Particularly, self-assembled IL-1 receptor antagonist (IL-1Ra)-
presenting nanoparticles were developed. Two examples of this kind of NPs are: IL-1Ra-
poly(2-hydroxyethyl methacrylate)-pyridine NPs and IL-1Ra core/satellite NPs, based on
methyl viologen-functionalized polymeric NPs as the core, and a trans-isomer of azobenzene
modified IL-1Ra as the corona. The pharmacological efficacy of these nanodevices were
investigated after local injection in a rat model of inflamed joints[76,77] and both IL-1Ra-
presenting nanoparticles demonstrated interesting anti-inflammatory effects, mainly inhibiting

the IL-1B-stimulated pro-inflammatory production.

2.4. Anti-inflammatory peptides nanomedicines
Anti-inflammatory peptides, which are small bioactive molecules containing up to 50 amino
acids, are raising increasing interest[78]. For example, the anti-inflammatory peptide
KAFAK, an inhibitor of mitogen-activated protein kinase-2, was assessed in a cartilage
explant inflammation model. To increase the peptide’s therapeutic lifetime, KAFAK was first
loaded into co-polymerized 2-acrylamido-2-methylpropane sulfonic acid (AMPS) and N-
isopropylacrylamide (NIPAM) monomers, to form pH-dependant poly(NIPAM-co-AMPS)
nanoparticles[79, 80]. These NPs demonstrated the ability to selectively diffuse through the

13



degraded cartilage explants before to release the peptide, allowing a significant reduction of
pro-inflammatory cytokine production. However, the authors noted that the high affinity of
KAFAK towards the nanoparticles core and the lack of core degradation resulted in the
release of less than half of the loaded peptides, thus limiting the therapeutic applications of
this approach[80]. Then, the same authors developed a more complex delivery system, based
on poly(NIPAM) nanoparticles with degradable disulfide crosslinks (abbreviated as
NGPEGSS), loaded with KAFAK peptides. The system relies on the co-polymerization of
NIPAM and AMPS monomers, coated with polyethylene glycol (PEG) and using the
degradable crosslinker bis(acryloyl)cystamine (BAC) for more effective release into the
intracellular compartment[80, 81]. Ex vivo, a preferential accumulation of the NPs was
observed throughout the inflamed aggrecan-depleted cartilage explants compared to their
healthy counterparts and, simultaneously, a significant reduction of IL-6 pro-inflammatory
cytokine was measured. Moreover, these NPs were stable and released less than 10% of the
loaded KAFAK over 96h at pH=7.4 in a non-reducing environment. Thus, their ability to
diffuse into the damaged cartilage, maintaining the majority of their payload prior to cell
uptake by chondrocytes and macrophages, combined with a release of the peptide into these
cells, represented an improvement comparatively to the treatment with the free peptide or

with the previously described poly(NIPAM-co-AMPS) NPs[81].

2.5. Nanomedicines for gene therapy
Another strategy to control the inflammation is based on the manipulation of genetic material.
In recent years, significant progresses have been made to design gene delivery systems for
obtaining enhanced therapeutic efficacy with less off-target side effects. It is expected that
targeted gene therapy could reduce the above-mentioned limitation by localizing the targeted
gene at the site of the inflammation. Small interfering RNAs (siRNAs) were found to be a
promising approach for silencing specific genes involved in inflammation. However, siRNA

delivery into the cytosol of immune cells remains a challenge.

Many different mediators were considered for the development of gene nano-therapies (Table
1). For example, siRNA silencing proinflammatory cytokine tumor necrosis factor (TNFa)
expression was entrapped into mannose-modified trimethyl chitosan-cysteine nanoparticles.
In vitro, the NPs were internalized by rat peritoneal exudate cells, through endocytosis and
micropinocytosis pathways. But more interestingly, in a rat model of acute hepatic injury,
TNFa siRNA-loaded NPs orally administered induced an effective TNFa knockdown at a

very low dose (i.e. 50ug/kg)[82]. Along the same line, cationic lipid nanoemulsions were also

14



proposed for the delivery of anti-TNFa siRNA to the brain. It was shown that after intranasal
administration in a rat model of LPS-induced neuroinflammation, the nanoemulsion
concentrated preferentially into the brain, inducing a local down-regulation of TNFa[83].
Similarly, poly(ethylene glycol)-poly(caprolactone) polymeric micelles conjugated with anti-
TNFa siRNA were administered intranasally in a rat model of cerebral ischemia-reperfusion
injury associated with neuroinflammation. The rats subjected to the micelles treatment exerted
a decrease of TNFa production and a significant improvement of their neurological score, as
compared with the treatment using naked anti- TNFa siRNA[84].

Very recently, intranasal administration of cationic phosphorus dendriplexes loaded with anti-
TNFa siRNA were shown very effective in a murine acute lung inflammatory model. Indeed,
the authors observed a specific targeting toward macrophages, resulting in a major inhibition
of TNFa, as well as, a better anti-inflammatory regulation of other cytokines[85].

Since in inflammation sites there is an overexpression of folic acid receptors by macrophages,
a modified chitosan nanocarrier has been constructed, deploying folic acid, diethylethylamine
and PEG groups to deliver TNFa siRNA. A significant decrease of inflammation in a murine
arthritis model, close to human disease, was observed in animal receiving intraperitoneal
injections of these NPs[86]. Nevertheless, the observed results should be discussed since the
effects were observed only after multiple days of treatment, whereas TNFa levels usually tend
to decrease rapidly (within a day) after siRNA treatment.

In order to downregulate TNFa and reduce RA progression, Aldayel et al designed
PEGylated solid-lipid nanoparticles composed of lecithin and cholesterol and loaded with
lyophilized TNF-a-siRNA. When this formulation was intravenously injected in a mouse
model of collagen antibody-induced arthritis refractory to methotrexate therapy, the results
obtained showed a good treatment efficacy, opening the hope for patients refractory to
methotrexate[87]. Similar results have been obtained with lipid-polymer hybrid nanoparticles

loaded with siRNA directed against TNFa. Intra-articular injection, in an experimental

arthritis mouse model, showed that this nanotherapy could efficiently suppress the

inflammatory process, this effect being obtained with a low TNFa-siRNA dose (i.e 1ug)[88].

Gene therapy was also evaluated on a different aspect of inflammation, relying on the control
of macrophage polarization. Indeed, M1 macrophages are pro-inflammatory and have a
central role in host defence against infection, while M2 macrophages are associated with
responses to anti-inflammatory reactions and tissue remodelling[89]. Therefore, re-

polarization of macrophages from the M1 phenotypes to M2 phenotypes by plasmid DNA
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(pDNA), siRNA or miRNA, represents an exciting prospect for the treatment of inflammatory
diseases. In this context, IL-10 pDNA was encapsulated into alginate-based nanoparticles
decorated with tuftsin, a tetrapeptide located in the heavy chain of immunoglobulin G which
actively targets macrophages[90]. After intraperitoneal administration, these NPs were found
to concentrate in inflamed paws of arthritic rats, due to a continuous recruitment of
macrophages in the inflamed tissues, and a sustained local and systemic IL-10 expression was
observed. Another nano-formulation of IL-10 pDNA was designed, using hyaluronic acid-
poly(ethyleneimine) (HA-PEI) NPs. In this study, IL-10 pDNA and IL-4 pDNA, who are both
supposed to play a key role in the polarization of macrophages, were encapsulated into these
NPs. It was found that the in vitro transfection occurred in peritoneal macrophages over-
expressing CD44 receptor and increased M2 phenotype surface markers due to the expression
of IL-4 and IL-10. Besides, the intraperitoneal administration of these NPs to LPS-induced
inflamed mice also significantly increased the M2 markers expression, showed elevated levels
of serum IL-10 and reduced inflammation[91]. When microRNA-223, which is a miRNA that
has been proved to alter macrophage polarization and activation, was encapsulated in the
same nanocarrier[92], similar re-polarization of macrophages and anti-inflammatory effects
were observed in vitro[93].

Other similar approaches are described in Table 1. But the crucial message here is that if gene
nanotherapy could be effective in pre-clinical rodent models, it remains urgent to validate the

proof-of-concept in bigger animal models, closer to human diseases.

2.6. Biomimetic nanoparticles

When injected intravenously, most of the nanomedicines are rapidly captured and eliminated
by the immune system if they are not PEGylated. Biomimetic nanoparticles are hybrid
nanostructures in which the uppermost layer is similar to a cell membrane (e.g. erythrocytes,
immune cells, cancer cells and platelets)[94, 95]. In this category are included cell membrane-
coated nanoparticles and liposomes engineered with cell membrane proteins. This strategy
brings the biological characteristics of the source cells and leads to an exhibited prolonged
circulation of the nanoparticles and an active targeting capability; moreover, these biomimetic
nanoparticles are less likely to be recognized by the immune system since the membrane
coating has the inherent characteristics of the mother cells. Excellent reviews have been
published in this field [96-99] and we cover here only the very recent publications.

Current clinical treatment of rheumatoid arthritis primarily targets the inflammatory response

by using anti-cytokine biologics such as those inhibiting tumour necrosis factor alpha (TNF-
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a) and interleukin (IL-1). However, the response rate still remains unsatisfactory[100]. Since
neutrophils play an important role in resolving inflammation and repairing tissues
damage[101], in a very interesting approach Zhang et al., fused neutrophil membrane onto
polymeric cores and injected these hybrid biomimetic nanoparticles into the knee joint in a
mouse model of collagen-induced arthritis and in a human transgenic mouse model of
arthritis. The results showed a significant therapeutic efficacy by reducing joint damage and
suppressing overall arthritis severity[102]. Of note, the authors used a biodegradable polymer
which is FDA approved (i.e PLGA), to prepare the nanoparticles core. In another strategy,
macrophage membrane-coated polymeric nanoparticles have shown to bind and neutralize
endotoxins and to inhibit systemic inflammatory response in a mice lipopolysaccharide (LPS)
model of inflammation after intravenous injection[103].

In another study, biomimetic nanoparticles were synthesized using membrane proteins
purified from activated J774 macrophages and loaded with rapamycine. In a model of ApoE-
/- mice with atherosclerotic plaques, it was observed that systemic injection of these hybrid
NPs was able to suppress cell proliferation within the aorta[104].

Other strategies have been developed such as leukocyte-mimetic liposomes with the ability to
translocate through inflamed endothelial cell layers[105]. Macrophage-derived microvesicles-
coated PLGA nanoparticles were able to target rheumatoid arthritis (RA) after intravenous
injection, displaying significant enhancement of the therapeutic efficacy in a collagen-induced
arthritis mouse model. Similarly, macrophage-coated nanoparticles encapsulating tacrolimus
significantly suppressed the progression of RA in mice[106].

Together these studies suggest that hybrid biomimetic nanomedicines represent a new and
promising approach, since they possess unique biodistribution characteristics exhibited by
different cell types used and, flexible designs derived from adaptable nanoparticle cores.
However, some important concerns remain including possible immune reactions and
complement activation after their administration. Besides, the scaling-up and the sterilisation

of these biomimetic nanodevices also require specific developments.

2.7. Other applications of nanoparticles for immune system modulation
Strategies to activate or inhibit receptors implied in the inflammatory response are also
potential ways to reduce inflammation (Table 1, Figure 3). One example is the liver X
receptors (LXRs), whose activation in macrophages is atheroprotective and suppresses
inflammation[107]. Thus, some recent studies focused on the formulation of LXR agonists in

macrophage-targeted nanoparticles, such as mannose functionalized dendrimeric NPs[108],
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biodegradable diblock PLGA-b-PEG copolymer NPs[109], or synthetic high density
lipoprotein NPs[110]. Intravenous injection of all these different nano-formulations were
found to increase the expression of LXR target genes, to exert anti-inflammatory effects and
to inhibit the development and necrosis of plaques in LDLr-deficient and ApoE-deficient
mouse models of atherosclerosis. Particularly, these nano-formulations allowed an enhanced
cholesterol efflux[108-110], a reduction of CD68-positive macrophage content of plaques by
50%[109] and an up-regulation of expression of ATP-binding cassette transporters[110].
Nanomedicines with immunosuppressants are also in development for improving the
pharmacological efficacy and reducing the adverse events of these molecules. Topical
administration of tacrolimus (FK506) loaded onto monolein nanoparticles were tested in a
psoriasis-like skin inflammation in mice, and appeared to be more efficient than tacrolimus
free dissolved in propylene glycol[111]. Positively charged Tacrolimus-loaded nanomicelles
were found to prolong eye surface retention, to enhance corneal permeability, to exert anti-
apoptotic effects on the corneal epithelium and overall to suppress expression of
inflammatory related factors in a dry eye disease rabbit model.[112]. Besides, PEGylated
liposomes loaded with the immunosuppressive drug FK506, were found to inhibit the
expression of cytokines, such as interferon-y and tumor necrosis factor-a, and reduced
inflammation and fibrosis of the myocardium in a rat experimental autoimmune myocarditis
after systemic administration[113]. Liposomal nano-formulations were also used to
encapsulate cyclosporine A, another immunosuppressive drug. For example, intravenous
administration of liposomal-cyclosporine A could improve cerebral ischemia and reperfusion
injuries like neuroinflammation in a rat model, by inhibiting the inflammatory responses
including MPO activity and TNFa level[114]. A further study on neuroinflammation in rats
also proved the anti-inflammatory efficacy of cyclosporine-A using a cationic oil-in-water
nanoemulsion upon intranasal administration[115].

Studies on mesalazine (5-ASA), an aminosalicylate anti-inflammatory drug mainly used in
inflammatory bowel disease, focused in ameliorating the contact between the drug and the
inflamed tissues by increasing adhesion and retention time. Practically, 5-ASA loaded onto
silicon dioxide nanoparticles were tested in a dextran sodium sulfate-induced mouse model of
ulcerative colitis. A significant decrease of IL-6, TNF-a and MPO was noted after oral
administration of these NPs[116]. Along the same line, a very recent study designed an
inclusion complex of 5-ASA in hydroxypropyl-B-cyclodextrin loaded onto chitosan NPs. This
delivery system exhibited a sustained-release profile, and the NPs were more effective than

the free drug in inhibiting the secretion of pro-inflammatory cytokine-stimulated colon cancer
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cells[117]. In another study, polymeric nanoparticles were rectally administered to protect
low molecular weight heparin (LMWH) from intestinal degradation and to provide targeted
delivery to inflamed tissue in experimental colitis mice. Such a combination shows a highly
specific therapy by its protection against degradation in luminal environment and selective
drug delivery inflamed intestinal tissue[118].

An unusual approach consisted in the design of prodrugs that will spontaneously self-
assemble as nanoparticles in solution. This is what our group has developed through the
construction of nanoparticles made of squalene, a natural and biocompatible lipid precursor of
the cholesterol’s biosynthesis. Of note, this lipid is already used in clinic as vaccine adjuvant.
Squalene has been employed as a building block for the bio-conjugation with different
hydrophilic drug molecules, and demonstrated the ability to self-assemble in aqueous medium
in the form of nanoparticles[119, 120]. In general, these squalene-based nanoparticles were
found to be non-cytotoxic, exhibited a high drug payload, an enhanced therapeutic response,
and they were quite simple to prepare. Based on this concept, very recently, we discovered a
new painkiller nanomedicine consisting in leu-enkephalin conjugated to squalene. And, the
nanoparticles showed prolonged anti-pain effects on inflammatory pain in rats. Since they
were found to target the inflamed area after intravenous administration and to act only on the
peripheral opioid receptors, this nanomedicine opens the door to the treatment of intense pain
without inducing tolerance and addiction, as observed with morphine and related synthetic
opioids. The targeting of the inflamed area was found to occur by the EPR-like effect[121].
Squalene has also been conjugated to adenosine, a crucial regulatory autocrine and paracrine
factor with anti-inflammatory properties[122, 123]. Adenosine is physiologically presents at
low levels in unstressed tissues, and is rapidly released from the intracellular space to the
extracellular space in response to pathophysiological conditions, such as hypoxia, ischemia,
inflammation or trauma, to generate various cellular responses that aim to restore tissue
homeostasis[122, 123]. Nevertheless, the use of adenosine in clinic is limited because of a
very short plasma half-life and the need to administer high dosages which induce important
side effects. Squalenoyl-adenosine nanoparticles may therefore represent a promising
approach in the treatment of inflammatory disorders surpassing adenosine limitations.
Intravenous administration of these nanoparticles already demonstrated a significant
neuroprotective effect in experimental models of stoke in mice and spinal cord injury in a rats,
where inflammation is part of the diseases[124].

Since inflammation is accompanied by the overproduction of radical oxygen species[125],

molecules with antioxidant capacities have been formulated as nanoparticles in order to
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increase the targeting of inflamed tissues and improve drug bioavailability. For example
lycopene, a carotenoid drug with antioxidant and anti-inflammatory activity[126] and
glutathione[127] were both tested in animals with experimental rheumatoid arthritis. Wu e a/.
also developed andrographolide-loaded poly(ethylene glycol) and poly(propylene sulphide)
micelles which showed to synchronically alleviate inflammation and oxidative stress in an
ApoE”" atherosclerotic mice model[128]. In addition, our group recently developed a novel
antioxidant/anti-inflammatory multidrug squalene-based nanoparticle formulation, allowing
simultaneous delivery of adenosine and tocopherol in tandem to targeted sites by exploiting
dysfunctions of the endothelial barrier at the sites of acute inflammation. These nanoparticles
demonstrated promising anti-inflammatory and protective effects in mice models of
endotoxemia and lethal systemic shock, with potential to treat uncontrolled inflammation
associated with many diseases, including severe COVID-19[129].

Another interesting example is represented by metallic nanoparticles, the archetype being
gold nanoparticles. The use of gold for therapeutic purposes dates back to Antiquity in China
and Egypt, but only recently the scientific community developed a strong interest in gold
nanoparticles for biomedical applications, especially because they can be easily functionalised
and possess imaging and therapeutic capabilities[130]. The anti-inflammatory property of
nanogold was recently explained by the down regulation of inflammatory mediators like
TNF-a, IL-1B, COX-2 and transcription factor NF-kB (Nuclear factor-kB)[131]. Although
systemic administration of these nanoparticles produced a significant anti-inflammatory
activity in vivo, on different mouse models[132, 133], it has to be noted that gold, even if well
tolerated by the body, is not a biodegradable material and may remain for a long time into the

body, as previously demonstrated in a mouse model[ 134].

Apart from being used as drug delivery platforms, NPs have also been engineered to modulate
the immune system. The induction of antigen-specific adaptive immunity exclusively occurs
in lymphoid tissues, where T and B cells meet antigen or antigen-loaded APC (dendritic cells,
macrophages). Since dendritic cells can activate T cells, vaccination protocols targeting DCs
are promising approaches to enhance immune responses. When injected into the blood,
nanoparticles interact most frequently with antigen-presenting cells (APCs). Among the
APCs, dendritic cells (DCs), which are the most specialized, are capturing and processing
antigens before migration to lymphoid tissues, allowing T or B cells activation. By this way,
nanoparticles may allow modulating the immune response. For example, De Koker et al.

engineered hybrid nanoparticles composed of silica- poly(methacrylic acid) polymer. When
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injected in vivo, these NPs target and accumulate in lymph nodes, suggesting a possible
application for the lymphatic delivery of antigens and immune-modulation[135]. And Muller
et al. designed a versatile nanoparticle vaccine platform to promote an antigen-specific
humoral response. These NPs were able to sustain a prolonged antigen presentation to APCs
and to produce a strong immune response, as compared to the free antigen. Moreover, the
size, charge, and surface characteristics of the NPs were found to be key parameters for

improving the lymphatic trafficking of the NPs and their subsequent uptake by APCs[136].

To overcome resistance or production of antibodies which may occur after treatment with
Rituximab (anti-CD20), another interesting approach was developed by Kopecek et al. who
developed polymer prodrugs to target B cells. This approach, initially tested for B-cell
malignancy treatment[137-140], was recently evaluated in a pre-clinical model of
inflammatory rheumatoid arthritis (RA)[141]. The treatment, tested in a collagen-induced
rheumatoid arthritis in mice, was composed of two conjugates: (i) a bispecific engager, Fab'-
MOREFI1 (obtained by linking Fab' fragment of CD20 mAb to the 3’ end of a morpholino
oligonucleotide (MORFT1) via a thioether bond) and (ii) a receptor crosslinking mediated by
HPMA-based P-(MORF2). Compared to untreated mice, a delayed progress of RA was
observed. And this new approach could open the way for the treatment of other autoimmune

diseases.

However, this research area based on the modulation of the immune system has mainly been
developed for cancer immunotherapy (see reviews[142-144]), while the studies reporting the
modulation of immune system in other inflammatory diseases are less. In this sense, Gao et
al., designed an innovative antibacterial vaccine. The authors used Escherichia coli as a
model pathogen membrane and coated them onto small gold nanoparticles (AuNPs) with a
diameter of 30 nm. When injected subcutaneously, the NPs induced rapid activation and
maturation of dendritic cells in the lymph nodes of the vaccinated mice, with in addition, the
generation of durable antibody responses. These results demonstrated that using natural
bacterial membranes to coat synthetic nanoparticles holds great promise for antibacterial
vaccines[145]. Autoimmune diseases are caused by antigenically complex immune responses
of the adaptive and innate immune system against specific cells, tissues or organs. Type 1
diabetes is a T cell-dependent autoimmune disease that is characterized by the destruction of
insulin-producing B cells in the pancreas. Yeste et al., engineered nanoparticles to deliver a
tolerogenic molecule, for inducing a tolerogenic phenotype in DCs. A significant delay of

diabetes onset was observed in nonobese diabetic mice receiving this immunomodulatory

21



nanoformulation[146]. For the future, a deeper understanding on the NP-immune cell
crosstalk could guide the development of nano-immunotherapeutic approaches with an

increased therapeutic efficacy.

3. Clinical trials and commercial markets

Many nanomedicines, mainly liposomes, have entered clinical practice, and even more are
being investigated in clinical trials for a wide variety of therapeutic and imaging indications.
To date, only few tenths of nanomedicines are FDA approved and few hundreds of clinical
trials are investigating new nanomedicines[147], cancer therapy being the main application.
Recently, three other nanomedicines have been approved: Patisiran/ONPATTRO, VYXEOS,
AND NBTXR3/Hensify[148]. However, to the best of our knowledge, very few anti-
inflammatory nanoparticles have succeeded to reach clinical trials (Table 2).
Anti-inflammatory liposomal formulations are one of the most promising nanomedicines for
the treatment of acute and chronic inflammation. For example, after intravenous
administration, long-circulating prednisolone-containing liposomes were found to accumulate
into macrophages of patients with symptomatic iliofemoral atherosclerosis, as a result of
prolonged circulation half-life. Nevertheless, in contrast to the pre-clinical efficacy data
obtained in rabbits[149], short-term treatment did not reduce arterial wall permeability or
arterial wall inflammation in humans[150-152]. This may have resulted from an insufficient
dose of prednisolone reaching the plaque; and although increasing the dose will likely resolve
this issue, it would also introduce the risk of adverse effects. Another possible explanation
may be a timing issue since, based on pre-clinical results, the authors evaluated the clinical
results only after 10 days of treatment. But most studies evaluating the impact of anti-
inflammatory agents in human cardiovascular diseases showed therapeutic efficacy only after
several weeks of treatment [150]. Despite the lack of anti-inflammatory activity, the study
proved for the first time that targeted delivery of nanomedicines to atherosclerotic lesions is
feasible in humans. This could provide guidance for the development of future nano-
formulations for the imaging or the treatment of atherosclerosis.

Interestingly, such prednisolone-encapsulated liposome formulations were also tested in phase
IT clinical trials for the treatment of arteriovenous fistula[153], graves ophthalmopathy, and
ulcerative colitis[154]. Recently, the clinical study for the treatment of ulcerative colitis
exhibited strong positive results in 70% of the patients, with 4 patients out of 13 in remission,

and 7 out of 13 showing a reduction of the endoscopy sub-score[155]. In addition, a phase I1I
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clinical trial for the treatment of rheumatoid arthritis has started but no results are available
for the moment.

A liposomal formulation of cyclosporine A in a lipogel was also developed for a topical
application to treat mild to moderate stable plaque psoriasis and tested in an early-phase
clinical trial[156]. The clinical performance of this liposomal gel was superior to that of
cyclosporine incorporated in a conventional dermatological formulation at equal drug
concentration. Pharmacokinetic studies and other safety evaluation protocols indicated the
good tolerance of the liposomal formulation which has induced uniform reduction of plaque
elevation[156]. Other liposomal formulations are currently in development, such as liposomal
corticosteroids or liposomal dexamethasone, whose clinical translation has started very
recently in patients with progressive multiple myeloma[157].

Pitavastatin is a statin known to have vasodilating properties and to modulate inflammatory
response. To evaluate the safety, tolerability, and pharmacokinetics for intravenous
administration of Pitavastatin-loaded PLGA nanoparticles (NK-104-NP), a phase I clinical
trial was recently conducted in healthy Japanese male subjects. The study proved that NK-
104-NPs exhibited dose-dependent pharmacokinetics and was well tolerated with no
significant adverse effects in healthy volunteers[158].

In a very recent pilot clinical study, an oil-in-water nanoemulsion containing all trans- retinoic
acid (Tretinoin), showed a good efficiency against acne after topical application[159].
Similarly, when subjected to focal thermolysis of sebaceous gland by near infrared laser,
silica-gold nanoshells (150 nm) coated with PEG, were effective to provide a significant
reduction in occurrence and appearance of inflammatory lesions[160].

In conclusion, very few nanomedicines specifically designed for the treatment of
inflammation are nowadays assessed in clinical trials. In order to operate translation from the
bench to the bedside, several experimental challenges need to be addressed. Key issues related
to the clinical development of anti-inflammatory nanoparticles include biological challenges
such as understanding the biology of specific diseases and the biological interaction of
nanoparticles in patients, commercialization hurdles related to large-scale manufacturing, to
cost-effectiveness in comparison to current therapies and to regulatory standards,
biocompatibility and safety[161]. Reducing complexity in nanoparticle design and synthesis
should, therefore, be one of the main goals to generate clinically translatable nano-sized

therapeutics.
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4. General discussion
In recent years, cellular and molecular advances have improved the comprehension of the
inflammatory response, leading to the discovery of multiple targets for biological therapies
against inflammatory diseases. In addition to a variety of safe and quite effective anti-
inflammatory agents already available, such as aspirin and other nonsteroidal anti-
inflammatory drugs, many biological agents have also been developed including antibodies
and nucleic acids for cytokine inhibition or to reduce the extravasation of immune cells into
the inflamed tissues[162]. In spite of promising progresses made in developing such
treatments, the widespread distribution of the inflammatory signaling pathways in multiple
cell types and tissues leads to important off-target side effects and to systemic toxicities.
Combined with a relatively low bioavailability or/and limited half-lives, necessitating
repeated and expensive high dosages responsible for severe side effects, current therapies still
remain with clinical hurdles to overcome.
This has prompted the academic research to design nanocarriers in order to improve the
delivery of anti-inflammatory compounds. After administration, such nanomedicines follow a
kinetic process of absorption, distribution, metabolization and elimination. In addition, they
distribute in a different way in the body depending if their surface is naked, decorated with
PEG, or loaded with a ligand for an active targeting. In this way, numerous nanoparticles
loaded with various anti-inflammatory molecules were developed and have shown real
therapeutic improvements in pre-clinical models (Figure 3).
Other than being drug delivery carriers, nanoparticles have also been used as vaccine adjuvant
and for modulation of the immune system. Different data suggest that the shape of the NPs
can affect the interactions with innate immune system. Once injected into the body the NPs
immediately encounter the innate immune system and generate specific response as foreign
substances. Apart that the coating with poly (ethylene glycol) delays the protein corona
formation at their surface, the physicochemical properties of NPs (size, charge,
hydrophobicity and stiffness) will also determine their interaction with the innate system.
For example, it was shown that the uptake of nanorods by macrophages was more efficient
than the uptake of nanospheres[163]. And a comparison of the complement activation using
spherical, rods and disks polystyrene NPs evidenced that rods and disks generated more
important complement activation than spheres at later time points[164].
But today it remains still unclear which physical properties or chemical composition of

nanoparticles can drive to immune modulation.
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There is also an urgent need to develop new in vitro and in vivo pre-clinical models, better
mimicking the pathophysiology of the disease in humans. For instance, the EPR effect has
become during decades a general condition to allow the targeting of nanoparticles or
liposomes through leaky vasculatures towards tumor or inflamed areas, in most of the
experimental pre-clinical rodent models. But in the clinical reality, the occurrence of the EPR
effect is far to be systematic. Various other parameters need to be taken into consideration,
like the distribution and diffusion deep into the inflamed tissue (which is bigger in humans
than in mice), the extend of drug release, the blood perfusion of the inflamed area, the nature
of the extracellular matrix, etc. Thus, concerning the inflammatory processes, are the pre-
clinical models really reliable? And to what extent the observed vascular permeability in pre-
clinical models is transposable to human? Answering those questions and developing
clinically relevant animal models is a key to allow a better selection of disease-driven nano-

formulations[165].

Different administration ways, oral, local, topical or intravenous have been tested with anti-
inflammatory nanomedicines. While intravenous delivery allows a direct access to the whole
body, the local delivery proved to be effective, allowing to directly concentrate the drug into
the diseased tissue. If the choice of administration route depends evidently on the localization
of the inflammation site, it should also customize the choice of the materials and the design of
the nanomedicines (presence or not of PEG or other ligands).

The route of administration such as intravenous or the direct injection into the inflamed site
can influence the induction of the immune response. Thus, when NPs are administered
intravenously, the protein corona formed at the surface of the NPs and the complement
eventually activated can alter biodistribution and therapeutic efficacy. But when the NPs are
administered locally, the immune response is mainly dependent on the tissue residential cells.
Chemical and physical properties of the NPs, including size, surface charge, and surface
chemistry, are other important factors in the context of systemic inflammation. For example,
it was observed that LPS-induced inflammation resulted in splenic macrophage polarization
and altered leukocyte uptake of polystyrene nanoparticles depending on their size[166].
Concerning local administration, poly(lactic acid) particles need a size of at least 3 um to

guarantee the retention in inflamed joints[167].

Of note, as detailed in this review, different types of nanocarriers have been employed for the
delivery of anti-inflammatory drugs, including liposomes, polymer nanoparticles, micelles or

prodrugs. To compare their delivery abilities is quite hazardous because the experimental
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conditions are diverse. Liposomes are evidently the most advanced in terms of clinical
translation and some liposomal formulations are even FDA approved. However, they
generally display a lower stability in biological fluids than polymer nanoparticles or prodrugs,
sometimes leading to a fast drug leakage. And their drug loading capacities are often limited.
On the other hand, in case of intravenous administration, polymer micelles may disassemble
due to a high critical micellar concentration which doesn’t occur with polymer nanoparticles

which may be considered as frozen micelles.

But as shown in this review, the clinical translation of the nanoparticles remains still limited.
This is due, in part, to the complexity related to the pharmaceutical development of
nanomedicines, including their biocompatibility and safety. We also note that chronic
inflammatory diseases bring together cofounding factors such as age, overweight and
obesity and sometimes genetic predisposition to cite only a few. However, most of the
preclinical studies to assess anti-inflammatory nanomedicines are performed on young and
healthy animals, with an induced accelerated inflammatory disease and subject to normal fed.
These factors should therefore be carefully considered in order to improve the translation
from preclinical models to the clinic. In addition, the difference between rodent and human
immune systems may represent an important obstacle for translating studies performed in
mice into human clinical trials. This is the reason why there is an urgent need to develop pre-
clinical experimental models with pathophysiological similarities closer to human

inflammatory disease.

Bio-inspired nanodevices represent a new generation of innovative nanomedicines with the
aim to mimic natural circulatory cells. They are able to increase the blood circulation time and
to improve the distribution of the loaded drug towards the inflammatory cells and tissues.
However, their immunogenicity, scale-up and characterization remain important hurdles

before starting clinical trials.

Besides, problems related to the scaling-up, the government regulations and the overall cost-
effectiveness if compared to the current available anti-inflammatory therapies are other
important limitations in the success of the anti-inflammatory nanomedicines in general. The
often complex architectural design of many nanomedicines described in this review, likely
results in difficulties for performing reproducible sample preparations, safe and in good
quantities[ 168]. And this is particularly important since a slight modification of the size, the

shape and/or the nanoparticle surface chemistry may dramatically influence the stability, the
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interaction with biological media, as well as, the biodistribution and clearance of the
nanocarriers. Thus, reliable and standardized methodologies to obtain reproducible
nanoparticles are absolutely required[169]. There is often a gap between the academic
environment where innovative nanocarriers are designed and the industrial context, where
reproducible preparation and manufacturing processes supported by analytical methodologies

are needed.

5. Conclusion
As shown in this review, there is an increasing interest to improve the delivery of small drug
molecules or biotherapeutics (i.e. nucleic acids, peptides, proteins) for the resolution of
inflammatory diseases. This represents a unique opportunity for pharmaceutically developable
nanoscaled drug delivery systems, especially to optimize drug safety and efficacy through
improved biodistribution and pharmacokinetics and to resolve the issues related to the

difficulty to administer fragile biomolecules.
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Figures and Tables Captions

Figure 1: Schematic representation of the inflammatory response.

Briefly, inducer signals (1) (e.g. wound, pathogens) trigger sensors (2) on inflammatory cells
present in the damaged area, which start to induce the production and release of multiple
mediators (3). Mediators, including plasma proteases, chemokines, cytokines, and vascular
modification factors lead in turn to vascular modifications, recruitment of blood platelets and
other inflammatory cells such as phagocytic leukocytes (e.g. neutrophils) and act on effector
cells (4) and tissues to resolve inflammation. Adaptive immunity is also implicated in
inflammation response, through lymphocytes B and T able to recognize and respond to
antigens presented by antigen-presenting cells such as dendritic cells. Adaptive mechanisms
may function either by direct cytotoxic effects or by secretion of antibodies interacting with

elements of the innate inflammatory response (complement proteins, phagocytic cells...).

Figure 2: Anti-inflammatory nanomedicines: strategies and targets

Different types of nanoparticles were developed or are still in pre-clinical development for the
management of inflammation. Among them liposomes, polymer nanoparticles, micelles,
dendrimers, or hydrogel-based formulations. These nanoparticles could be naked or
functionalized with targeting moieties, such as coating groups and antibodies or other affinity
ligands. This allows them to target passively, through the leaky vasculature or actively the
main actors of inflammation, including macrophages, endothelial cells, membrane receptors

on inflammatory cells, anti-inflammatory genes and cytokines.

Figure 3: Examples of anti-inflammatory diseases and their innovative nanomedicines.
A large spectrum of materials and different strategies are developed for the treatment of

inflammatory diseases.

Table 1: Overview of new innovative nanomedicines for pre-clinical therapies against
inflammatory disorders.

Lack of information in a table cell will be noted N/A (not available).

Abbreviations: AMPS: 2-Acrylamido-2-MethylPropane-Sulfonic acid, ATP: Adenosine
Triphosphate, DOTAP: 1,2-Dioleoyloxy-3-(trimethylammonium)propane, IFN-y: Interferon
gamma, IL-10 (or IL-1Ra): Interleukin 10 (or Interleukin 1 receptor antagonist), LPS:
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LipoPolySaccharide, MCP-1: monocyte chemoattractant protein 1, MPO: Myeloperoxidase,
NF-«B: Nuclear Factor-kappa B, NIPAM: N-Isopropyl acrylamide, NPs: Nanoparticles,
pDNA: plasmid DeoxyriboNucleic Acid, PEG: Polyethylene Glycol, PEI: Polyethyleneimine,
PLGA: Poly(Lactic-co-Glycolic Acid), TNF-a: Tumor Necrosis Factor alpha

Table 2: Some examples of anti-inflammatory nanomedicines under clinical trials
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Table 1: Some examples of new innovative nanomedicine systems for pre-clinical therapies against inflammatory disorders

Nanocarrier Active Inflammatory Animal Treatment time Tested doses Main results Ref
principle lesion model and route of
administration
Eudragit S100 Prednisolone  Healthy Wistar Albino  Every 30mins, from 1h 5 mg/kg of NPs, « Specific colon targeting [45]
polymeric NPs rats to 6h oral administration with a lag time
Pegylated liposomes ~ Prednisolone  Renal ischemia and 8-week-old 96h 10 mg/kg of NPs, e Specific accumulation in [47]
reperfusion injury male intravenous (i.v.) inflamed kidney
LEW/HanHsd injection * Increase of anti-inflammatory
rats macrophages recruitment
* Decrease of MCP-1 mRNA
production
Hyaluronic acid- Prednisolone  Collagen-antibody 6-week-old 4 injections, once 15 mg/kg of « Selective accumulation in [170]
coated solid lipid NPs induced model of male DBA/1 every three days equivalent inflamed tissue
arthritis in Freud’s mice prednisolone each e Good therapeutic efficacy
adjuvant time, intra- based on analysis of joints,
articular injections pannus formation, bone
preservation and reduction of
pro-inflammatory cytokines
Nano-sized elastic Prednisolone  Clove oil-induced Albino Every 4h, 3 times a Equivalent to 500 e Time for complete healing [50]
niosome severe ocular rabbits day, for 6 days pg of prednisolone reduced to half
inflammation (A or P) each time, Significant decrease of
ocular delivery intraocular pressure elevation
Polycaprolactone Methyl- Acute spinal cord Male Wistar ~ 24h Doses = N/A, * Reduced damage on [51]
NPs dispersed in prednisolone  injury Albino rats topical and spinal cord
fibrin glue-based gel ~ sodium intraperitoneal * Decrease in caspase 3 and
system succinate administration pro-inflammatory cytokines
levels
Hyaluronic acid Dexamethaso  Corneal alkali burn 8-week-old 24h, 72h, 7 days or 14  Equivalent to 1.76 1.6-fold better anti- [52]
hydrogel-based ne model Lewis rats days mg /kg of Dex, inflammatory activity at 10-

hydroxyl-terminated
polyamidoamine
dendrimers

subconjunctival
injection

fold lower concentration
than free drug in vitro

* In vivo: corneal features
improvements, and decrease
in macrophage infiltration



Poly(ethylene
glycol)-poly(
g-caprolactone)
polymer micelles

Spherical polymeric
nanoconstructs

Solid lipid NPs

N-(2-
hydroxypropyl)metha
crylamide (HPMA)
copolymer NPs

Dual pH- and time-
dependant polymeric
NPs composed of
Eudragit FS30D and
Eudragit RS100
PLGA NPs

Phosphatidyl
serine:phosphatidyl
choline (3:7 mol/mol)
liposomes

Dexamethaso
ne

Dexamethaso
ne

Dexamethaso
ne and
Butyrate

Dexamethaso
ne

Budesonide

Budesonide

Recombinant
mouse IL-10

Adjuvant arthritis
model by
mycobacteria
inoculation in
Freund’s adjuvant

Dextran sodium
sulfate induced
model of arthritis

Dextran sodium
sulfate induced
model of arthritis

Adjuvant-induced
arthritis

Dextran sodium
sulfate-induced
model of colitis

Oxazolone-mediated
experimental colitis

12 weeks High Fat
Diet-induced obesity
and atherosclerosis

6-8 weeks
Wistar rats

8-week-old
female
C57Bl/6]
mice

8-week-old
male BALB/c
mice

Male Lewis
rats

7-week-old
mice

8 to 12-week-
old BALB/c
mice
C57BI1/6 mice

4 injections of Dex, on
days 14, 16, 18, 20

after arthritis induction

At day 2 after lesion: 6
consecutive treatments
distributed until 16
days

Daily treatment started

from day 6 after lesion,

for 3 days

One injection, at day
14, 15, 16 or 17 after
arthritis induction

2h, 6h, or 10h

18h

One treatment after 12
weeks of diet

0.8 mg/kg of Dex,
intravenous
injection

5 mg/kg each time,
i.v. injections

0.1 mg/kg of
dexamethasone
and 4 mg/kg of
Butyrate, oral
administration

10 mg/kg of
dexamethasone,
intravenous
injection

0.5 mg/kg of drug
(0.168 mg/kg of
budesonide), oral
administration

42 ug of NPs, oral
administration

1 ug/mouse of
equivalent rIL-10,
intraperitoneal
injection

and pro-inflammatory
cytokines production

e Paw swelling and erythema
suppression

* Down-regulation of pro-
inflammatory cytokines

* Protection of articular
cartilage and bone from
degradation and erosion

* Reduced weight loss and
rectal bleeding

* Reduced macrophage
infiltration and
pro-inflammatory cytokines
production

» Significant decrease of pro-
inflammatory cytokines,
more effectively at doses 10-
fold lower than with free
drugs

 Better systemic bone quality
and bone protection

* Amelioration of joint
inflammation

* Improved colon-specific
drug targeting

* Body characteristics
improvement

* Selective targeting at the site
of inflammation

» Significant decrease in
visceral fat weight

* Reduced size of adipocytes

* Reduced IL-6 and TNF-a
secretion, and level of

[53]

[54]

[55]

[56]

(58]

[60]

[69]



Biodegradable
polyester polymeric
NPs made with core
polymer I, IT and
PLGA-PEG-CollV

Poly(NIPAm-co-
AMPS) NPs

NGPEGSS NPs
system incorporating
NIPAm, AMPS,
BAC, and PEG
polymers

Chitosan/poly(y-
glutamic acid) NPs

Mannose-modified
trimethyl chitosan-
cysteine NPs

Recombinant
mouse IL-10

Anti-
inflammatory
cell
penetrating
peptide
KAFAK
Anti-
inflammatory
cell
penetrating
peptide
KAFAK
Diclofenac

TNF-a siRNA

Zymosan A (0.2
mg/mouse)-induced
peritonitis (1) and 12
weeks of Western
Diet-induced
atherosclerosis (2)

Osteoarthritis model
induced by removal
of native aggrecan of
cartilage explants
and IL1p treatment

Osteoarthritis model
by removal of native
aggrecan cartilage
explants and IL1S3
treatment

LPS-induced
inflammation

Acute hepatic injury
induced by LPS and
D-GaIN

8 to 10-week-
old female
C57B1/6] (1)
and 8 to 10-
week-old
male LdIr”

2

3-month-old
bovine knee
joints
explants

3-month-old
bovine knee
joints
explants

In vitro
human
macrophages

Male
Sprague-
Dawley rats

4h treatment (1) and
1/week for 4 weeks (2)

One treatment after 2
days of culture

One treatment after 2
days of culture

24h, 48h

100 or 500
ng/mouse of
equivalent rIL-10
(1)and 5 pg of
rIL-10/ i.v.
injection (2)

50 pg NPs,
treatment on
cartilage explants

50 ug NPs,
treatment on
cartilage explants

0.7 mg/mL, in
vitro treatment

20 pgor 50 ug of
equivalent TNF-a
siRNA/kg, oral
administration

alanine amino transferase
(decreased liver injury)

* Improvement of fibrous
cap thickness

* Reduction of necrotic
core area

* Tempered inflammation in
peritonitis with decrease in
polymorphonuclear
neutrophils infiltration

* Better macrophage
targeting ability

* Specific targeting of
inflamed joint tissues

* Reduction of pro-
inflammatory cytokines

* Specific targeting of
inflamed joint tissues
Significant suppression of
IL-6 production on days 4,6
and 8

* Rapid internalization (within
3 hours) without toxicity
below 0.7 mg/mL

* Stimulation of production of
prostaglandin E2
Reduction of IL-6 production

* Effective TNF-a knockdown
at low doses

* Dramatic alleviation of
inflammatory conditions in
the liver (congested central
vein, swollen, disarranged
hepatocytes, and
broken cytolemma)

[70]

[79]

[81]

[64]

[82]



Nanoemulsion
formulation of
cationic lipid DOTAP

Poly(ethylene
glycol)-
poly(caprolactone)
polymer micelles
conjugated with Tat
cell-penetrating
peptide and siRNA
targeting TNF-a
Dendrimers
functionalized with
cationic
pyrrolidinium or
morpholinium
surface groups

Modified chitosan
nano-carrier
deploying folic acid,
diethylethylamine
and PEG groups

Tuftsin/alginate NPs

TNF-a siRNA

TNF-a siRNA

TNF-a siRNA

TNF-a siRNA

IL-10 pDNA

LPS intranigral
injection-induced
Parkinson’s disease
model

transient middle
cerebral artery
occlusion model of
cerebral ischemia-
reperfusion injury

LPS-induced acute
lung inflammation
model by intranasal
administration of
LPS

Collagen-antibody
induced model of
arthritis

Adjuvant arthritis
model by inoculation
with Mycobacterium
butyricum in
Freund’s adjuvant

Male
Sprague-
Dawley rats

10-week-old
Sprague-
Dawley male
rats

6 to 8-week-
old female
CD-1 mice

8 to 12-week-
old female
DBA/1 mice

Male Lewis
rats

6h, 24h

At 30 min after middle
cerebral artery
occlusion

28h, 96h

Treatment at day 1, 3,
5, 7 after induction of
inflammation and
sacrifice at day 10

From 1h to 24h

1.5 mg/kg of NPs,
intranasal
administration

Equivalent of 30
pg of siRNA,
intranasal
administration

Pre-treatment 24h
before
inflammation,
with 2 mg/kg of
eq. siRNA
concentration,
intranasal
administration

4 intraperitoneal
injections at 50 pg
of siRNA each

Intraperitoneal
injection at day 19
post-lesion of 3
mg of NPs

* Preferential concentration
into the brain
Brain downregulation
of TNF-a

 Transport of the drug to the
brain directly across the nasal
mucosa, without going
through the BBB

* Reduced infarcted area and
better neurological scores

e Significant suppression of
TNF-a production

* Specific targeting in
macrophages

* Major inhibition of TNF-a

* Modulation of all other
cytokines (strong anti-
inflammatory effect)

* Significant decrease of
inflammation observed by
improved clinical scores and
lower TNF-a concentration
in inflamed tissues

* Decrease in articular
cartilage destruction and
bone loss

* Specific targeting of
macrophages in inflamed
paws

* Continuous recruitment of
M2 macrophages to
inflamed tissues

* Sustained local and systemic
IL-10 expression

[115]

[84]

[85]

[86]

[90]



Hyaluronic acid/
polyetyleneimine
NPs

Hyaluronic
acid/chitosan NPS

Mannose-
functionalized
dendrimeric NPs
using
polyamidoamine
dendrimer

Biodegradable
diblock PLGA-b-
PEG copolymer NPs

IL-10 and IL-
4 pDNAs

Cytokine
response
modifier A
pDNA

Liver X
receptor
(LXR) ligand
T0901317

Liver X
receptor
(LXR) ligand
GW3965

Intraperitoneal
injection of Brewer-
thioglycollate
medium to recruit
peritoneal
macrophages

Anterior cruciate
ligament transection
model of
osteoarthritis

12 weeks of Western

Diet to induce
atherosclerosis

Zymosan A-induced

peritonitis

6 to 8-week-
old C57Bl/6

mice

6 to 8-week-
old Male
Sprague-
Dawley rats

Ldlr” mice

Ldlr” mice

48h

3 injections, every 4
weeks starting 4 weeks
after lesion

Once per week for 4
weeks after the 12
weeks of diet

5h treatment (1) or
over 2 weeks (2)

2h post
inflammation,
intraperitoneal
injection of 100 pg
of equivalent
pDNA

4 ug of NPs/rat
each time, 1.v.
injections

200 pg of NPs by
1.v. injection

10 mg/kg of
equivalent agonist
1h prior to
Zymosan injection
(1) or 6 injections
of 10 mg/kg (2),
1.v. injections

* Effective targeting of
peritoneal macrophages over-
expressing CD44 receptors

» Significant increase of
Arg/iNOS ration and
CD163 expression

* Reduced level of TNF-o and
IL-1p in peritoneal
macrophages and fluid

* Increased IL-10 and
IL-4 expression

* Significant inhibition of
cartilage damage, synovial
inflammation, and loss

of type II collagen

* Down regulation of IL-1p,
MMP-3 and MMP-13 in
synovial tissues

* Specific uptake by
macrophages and not
hepatocytes in
atherosclerotic plaques

* Increased expression of LXR
target genes
(ABCA1/ABCGI)

* Enhanced cholesterol efflux

» Significant reduction in
atherosclerotic plaque
progression, plaque necrosis,
and plaque inflammation

* Significantly more efficient
than free drug for inducing
LXR target gene expression
and suppressing
inflammatory factors

* Reduction of CD68-positive
macrophage content of

plaques (by 50%)

[91]

(48]

[108]

[109]



Phospholipid-
reconstituted ApoA-I
peptide-derived
synthetic HDL

Raspberry-like
core/satellite NPs
with methyl violagen-
functionalized
polymeric NPs (core)
and azobenzene
(corona)

Oleic acid-
incorporated liquid
crystalline
monoolein-based NPs

Positively charged
PEP-

PEG-PBG polymer
micelles

PEGylated liposomes

PEGylated liposomes

Liver X
receptor
(LXR) ligand
T0901317

IL-1Ra
antagonist
protein

Tacrolimus
(FK506)

FK506

FK506

Cyclosporin
A

Atherogenic diet for
14 weeks

Healthy

Daily topical dose
(1.5 mg) of
Imiquimod on
shaved back for 5
days to induce a skin
inflammation
(psoriasis)

Dry eye disease
animal model by
subcutaneous
injection of
scopolamine

Experimental
autoimmune
myocarditis model
induced by
immunization with
porcine myosin

Transient middle
cerebral artery

8-week-old
male ApoE-
deficient mice

8 to 10-week-
old male
Sprague-
Dawley rats

8 to 11-week-
old BALB/c
mice

6-week-old
C57BL/6
mice

7-week-old
male Lewis
rats

Male Wistar
rats

3 times a week for 6
weeks

One treatment

Once a day, for 7 days
after inflammation
induction

4 times a day for 5
days

Treatment on day 14
and 17, sacrificed on
day 21

Smin after ischemia,
for 48h

30 mg/kg of NPs,
which is equal to
1.5 mg/kg of
ligands, i.v.
injections

5 ug of cy7-
labelled NPs,
intra-articular
injection

30 ug of
equivalent
Tacrolimus each
time, topical
administration

Topical
application of 30
pg of the
formulation each
time

0.035 mg/kg, 0.17
mg/kg or 0.35
mg/kg of
equivalent drug
per treatment, i.v.
injection

2.5 mg/kg of
equivalent

* Specific accumulation in
plaque and plaque regression

 Up-regulation of expression
of ATP-binding cassette
transporters and increased
cholesterol efflux in
macrophages

* Improved retention time due
to prolong half-life time of
IL-1Ra in the joint compared
to soluble form

» Significant increase in the
amount of drug permeated
and retained

* More efficient in the
treatment of skin
inflammation than
Tacrolimus in
propylene glycol

e Significantly reduce
apoptosis of corneal
epithelium

e Suppression of
inflammatory-related factors
(TNF-a, IL-6, MMP-9...)

* Increased level of FK506 in
both plasma and hearts

* Suppression of pro-
inflammatory cytokine
expression such as
TNF-o and IFNy

* Reduced inflammation and
fibrosis in the myocardium

» Significant recovery of the
infarct size, brain oedema,

[110]
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Omega-3 fatty acid
rich flaxseed oil-
based nanoemulsion
system

Silicon dioxide NPs

Squalene-adenosine
NPs

Cyclosporin
A

Mesalazine

Tocopherol
(VitE)

occlusion by 90 min
brain ischemia
induction, followed
by 48h reperfusion

LPS model of
neuroinflammation

5% dextran sodium
sulphate-induced
ulcerative colitis
model
Endotoxemia model
of inflammation
induced by
intraperitoneal
injection of LPS

Sprague-
Dawley rats

8 to 9-week-
old male
BALB/c mice

(8-12)-week-
old Male
C57BL/6 and
female
BALB/c mice

%h

Once a day, for 7 days,
sacrifice
on day 8

One treatment, 30 min
after LPS injection

cyclosporin A, i.v.
injection

Pre-treatment 3h
prior to
inflammation,
with 5 mg/kg of
NPs, intranasal
administration

100 mg/kg per day
of NPs, oral
administration

15 mg/kg SQAd
NPs (5.5 mg/kg of
equivalent
adenosine) and 15
mg/kg VitE,
intravenous
injection

and neurological activities
compared to free drug

¢ Inhibition of inflammatory
responses including MPO
activity and TNF-a levels

* Higher uptake in major
regions of the brain

* Inhibition of pro-
inflammatory cytokines

[115]

» Significant decrease of IL-6  [116]
and TNF-a cytokine
production and MPO activity

* Significant decrease in TNF-  [129]
a and increase in IL-10
production

e Significant reduction of
MCP-1 and IL-6 in the lung
and kidney

» Mitigation of MDA levels

* Improved survival rate and
clinical scores in lethal LPS
model



Table 2: Some examples of nanomedicines under clinical trials

Nanocarrier Active Disease Patients and clinical Main Results Ref.
principle phase
PEGylated Prednisolone [llio-femoral 14 patients, mean age 70 ¢ the treatment did not reduce arterial wall [150]
liposomes atherosclerosis years (+ 7 years) permeability or inflammation
* prolonged circulation half-life of prednisolone
PEGylated Prednisolone Moderate to 18 patients (iv 54 weeks after initiation of treatment only 4 [155]
liposomes severe active administration) patients out of 13 in remission
ulcerative colitis
Liposome Cyclosporine Chronic plaque 38 patients (receiving 14 weeks after initiation of treatment, complete [156]
(lipogel or cream) psoriasis cyclosporine lipogel or  clearance was observed in lesion sites in 41%
conventional patients treated with cyclosporine lipogel and none
cyclosporine cream or  for patients treated with cyclosporine cream or
placebo placebo gel
Glutatione- Methyl -- Assessment of safety, e slow release formulation with reduced toxicity [171]
PEGylated prednisolone pharmacokinetics and  and prolonged decrease in the lymphocyte count
liposomes pharmacodynamics
PLGA Pitavastatine Healthy 40 patients, Phase I, iv ¢ well tolerated [158]
volunteers administration * no significant adverse response
Nanoemulsion Tretionin Acnee vulgaris 10 patients with mild to e clinical safety of the formulation in humans [159]
(oil in  water moderate acnee vulgaris
emulsion) lesions
PEGylated silica - Photothermolysis Acnee vulgaris 37 patients * efficacy in inducing photothermal disruption of [172]

gold nanoshells

(ultrasound 10
sec to 10 W/cm?)

acne vulgaris
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