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Abstract

Nanoparticles represent a new generation of drug delivery systems that can be engineered to 

harness optimal target selectivity for specific cells and tissues and high drug loading capacity, 

allowing for improved pharmacokinetics and enhanced bioavailability of therapeutics. The 

spontaneous propensity of both organic and colloidal nanoparticles to be captured by the cells of 

the reticuloendothelial system encouraged their utilization as passive targeting systems that can be 

preferentially directed to innate immune cells, such as macrophages, dendritic cells and 

neutrophils. The natural affinity for phagocytic cells suggests the possible implementation of 

nanoparticles as an immunotherapeutic platform for inflammatory diseases and autoimmune 

disorders. Here we discuss the recent advances in the application of nanotechnology to induce 

antigen-specific tolerance in autoimmunity and the use of nanoparticles for anti-inflammatory 

therapies, including treatment of inflammatory bowel diseases, psoriasis and rheumatoid arthritis.

Introduction

Nanomaterials within 1–100 nm have attracted much interest for biomedical applications 

thanks to a fortunate combination of their chemical and physical size-dependent properties 

and favorable interaction with the building blocks of life at the nanoscale. Nanoparticles 

(NPs) were eminently proposed as carriers endowed with inherent targeting properties to 

improve the available means for the cure of cancer (Ferrari, 2005). However, the impressive 

impact of nanotechnology in biomedicine has elicited the diffusion of NPs for the treatment 

of several diseases well beyond cancer research, in the attempt to find new solutions for 

currently unsolved problems. In particular, the design of high quality organic and/or 

inorganic nanocarriers represents a promising new road to the development of a novel 

generation of nanotools that match specific requirements for the management of different 
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autoimmune and/or inflammatory disease conditions (Clemente-Casares & Santamaria, 

2014). Indeed, NPs with carefully controlled chemistry, size, surface charge and tailorable 

functionalization with targeting ligands can convey drugs to previously considered 

inaccessible sites and give them new functions. Hence, nanoengineered drug carriers can 

target selectively cells and tissues, or preserve the drugs from the aggression of host 

defenses before they reach the desired destination (Xia, 2014).

The ability to fabricate NPs that fulfill exact requirements, and to adjust their size and 

morphology at the nanoscale with great precision, allows researchers to control their 

function and fate in a biological system. A number of nanodrugs have been announced in the 

marketplace in the past few years and many more are currently under clinical trials (Eifler & 

Thaxton, 2011). NP-based therapeutics, including nanoconjugates, nanoassemblies and 

nanosized formulations of approved drugs, can significantly improve the treatments of 

diseases, promising to reshape a versatile platform for pharmaceutical industries (Davis, 

Chen et al., 2008, Sun, Zhang et al., 2014).

In this review, we focus on nanomedicine-based treatments of autoimmune disorders and 

inflammatory diseases with emphasis on Inflammatory Bowel Diseases (IBDs), psoriasis 

and rheumatoid arthritis (RA).

Nanotechnology in inflammatory and autoimmune diseases

Compared to traditional drugs, “nano-drugs” present several advantages, including: 1) 

improving the delivery of insoluble drugs, maximizing the bioavailability and the treatment 

efficacy and reducing the side effects; 2) increasing the plasma half-life of peptide drugs, 

protecting them from degradation caused by the environment and by the high levels of 

proteases or other enzymes in the bloodstream; 3) co-delivering drugs and targeting agents 

for the efficient drug delivery and treatment of specific cells; 4) combining diagnostic tools 

with therapeutic mediators overcoming multidrug resistance mechanisms and resulting in 

“theranostic” agents; 5) controlling the release of drugs over a manageable period of time at 

precise dosages; 6) facilitating the drug transport across the biological barriers.

Although the number of different types of NPs intended for biomedical application is 

growing rapidly, most of them can be classified into two major classes: NPs that contain 

organic molecules and/or polymeric scaffolds as a main building material and those that use 

inorganic elements, usually colloidal metals, as a core (Fig. 1).

A key example of the first class is the biodegradable and biocompatible polymer poly(DL-

lactide-co-glycolide acid) (PLGA) and its derivatives, which are approved by the Food and 

Drug Administration (FDA) and are generally considered as election products for the 

delivery of genic material, peptides and molecules in macrophages in vitro as well as in vivo 
(Brunner, Cohen et al., 2010, Mundargi, Babu et al., 2008). Another important family of 

drug nanocarriers are the lipid-based NPs, consisting of self-assembled nanoarchitectures 

primarily based on lipids as their building blocks (Khoury, Escriou et al., 2008, Moon, 

Huang et al., 2012). These include, although are not limited to, liposomes, solid lipid NPs 

and nanoemulsions, and are currently considered among the least toxic nanomaterials for in 
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vivo applications. Extensive research has been conducted using lipid-based nanocarriers 

especially leading to progress in DNA/RNA and drug delivery (Puri, Loomis et al., 2009). 

On the other hand, most inorganic-based NPs share the same basic structure: a central core 

that defines the physical properties of the NP (including fluorescence, optical, magnetic, and 

electronic properties), with a protective (bio)organic coating on the surface, usually 

responsible for the biological recognition, for the improvement of the NP solubility, and for 

evading the clearance of the host immune system when it is undesired. This outer layer 

protects the core from degradation in a physiologically aggressive environment and can form 

electrostatic or covalent bonds, or both, with molecules that possess basic functional groups 

(Yeste, Takenaka et al., 2016).

Biodistribution and clearance of NPs in mammalians are governed by common processes 

mediated by the interaction with cells belonging to the macrophage family of the 

mononuclear phagocyte system (MPS), also referred to as reticuloendothelial system (RES), 

depending on their size and surface functionalization. For this reason, NPs exhibit a 

spontaneous propensity to be sequestered by innate immune cells. This feature makes drug 

nanocarriers particularly advantageous for targeted treatments directed toward immune 

diseases involving the contribution of circulating, as well as localized, macrophages, 

dendritic cells (DCs) and neutrophils.

The use of NPs to induce antigen-specific tolerance in autoimmune 

diseases

The possibility to control undesired immune responses has an enormous medical impact. 

Autoimmune diseases alone affect almost one every 20 individuals (Hayter & Cook, 2012) 

and, thus, represent a huge cohort of patients that might greatly benefit from NP-mediated 

approaches aimed at the induction of tolerance against specific antigens. Immune tolerance 

induction and maintenance is a very difficult task to achieve. This is partly due to the 

complexity of the immune system and partly to our poor understanding of its principles and 

mechanisms of functioning. Nevertheless, in the last decades, several approaches have been 

taken to induce antigen tolerance in the absence or in the presence of an active immune 

response. Autoreactivity and/or autoimmunity are often accompanied by the existence of an 

inflammatory environment and are characterized by the induction of autoreactive T cell and 

B cell memory formation. Inflammation allows the activation of the antigen presenting cells 

(APCs), for instance DCs, that preset the autoantigen(s) and lead to adaptive immune cell 

activation. The use of nanomaterials to target either the APCs or the autoreactive 

lymphocytes has had a tremendous impact on our capacity to control the development of 

autoimmunity, as modeled in various mouse systems. Two major approaches based on the 

use of NPs have been described so far: i) induction of tolerance by targeting the APCs ii) 

induction of tolerance by directly targeting the autoreactive lymphocytes (Fig. 2). These 

approaches have been used to block an autoreactive process via the activation of several 

possible mechanisms that, ultimately, affect adaptive lymphocyte functionality, and that lead 

to deletion, exhaustion, regulatory T cell (Treg) and B cell (Breg) induction, or a 

combination of these.
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Induction of tolerance by targeting the APCs under homeostatic conditions

Although enormous progresses have been made in the last decades, our understanding of the 

functioning of the immune system is still limited. The fundamental principles that drive 

inflammation, and consequently immune cell activation, and that lead to (adaptive) immune 

memory formation are still intensely debated. In 1989, Charles A. Janeway Jr. proposed the 

“Infectious non-self, non-infectious self-theory”(Janeway, 1989). In his theory Janeway 

proposed that the activation of the inflammatory process, which ultimately leads to the 

activation of antigen specific adaptive immune cells, is driven by the recognition of 

molecular patterns that are exclusively associated with exogenous, infectious non-self 

microorganisms (the so called PAMPs, pathogen associated molecular patterns). This idea 

has been extensively validated through the study of various families of pattern recognition 

receptors (PRRs), such as the Toll-like Receptors (TLRs), RIG-I like Receptors (RLRs), 

NOD-like Receptors (NLR) and C-type Lectin Receptors (CLRs) (Brubaker, Bonham et al., 

2015). Starting from this evidence, it has been proposed that antigen presentation in the 

absence of inflammation (i.e.: in the absence of PRR ligands) leads to immune tolerance. 

Based on this assumption, it is possible to design tolerogenic approaches that target, via an 

ad hoc designed NP, the APCs responsible for adaptive immune cell activation. Among the 

possible APCs to be targeted, DCs represent an ideal candidate. DCs are at the crossroads of 

innate and adaptive immune responses. DCs are efficient in capturing NPs, presenting the 

antigen and deciding the fate of an immune response (Metcalfe & Fahmy, 2012). The 

capacity of nanoconjugates to specifically target DCs (via the use of anti-CD11c or other 

integrins) and/or specific DC-subpopulation (i.e.: DEC-205+ DCs) can be achieved using 

specific antibodies, as recently demonstrated (Lewis, Zaveri et al., 2012). This approach 

allows efficient uptake of the cargo both in vitro and in vivo and, consequently, increased 

antigen presentation under tolerogenic (i.e.: in the absence of PRR ligands) conditions. 

Besides a direct targeting of DCs, the administration of NPs able to deliver the antigen under 

non-inflammatory conditions has been shown to efficiently induce tolerance in the context of 

experimental autoimmune encephalomyelitis (EAE). The use of NPs coupled with the 

immunodominant myelin proteolipid protein has been shown to protect against EAE (Getts, 

Martin et al., 2012). Interestingly, tolerance was achieved via multiple mechanisms, and 

particularly via Treg activation, abortive T-cell activation, and T-cell anergy induction.

Induction of tolerance by targeting the APCs with a tolerogenic drug

Although presentation of the antigen in the absence of inflammation has been used, by itself, 

as an approach to induce antigen-specific tolerance, several reports demonstrated that the co-

administration of an antigen with a tolerogenic drug might be a more efficient approach to 

control auotreactivity. The most common commercially available drugs used to control 

undesired immune responses, such as Cyclosporin A or Rapamycin (Cardenas, Zhu et al., 

1995, Ho, Clipstone et al., 1996), usually require chronic administration. This often leads to 

a general immunosuppression that favors the development of infections or tumors. For these 

reasons, the above mentioned immunesuppressive drugs are only used when no other 

alternatives are possible (i.e.: during transplantation or autoimmune disorders not responsive 

to biologics or other drugs). The possibility to specifically target subset of immune cells 

with immune-dominant antigens in the presence of a tolerogenic drug is, therefore, a very 

intriguing alternative approach. NPs are extremely versatile materials able to incorporate 
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both the antigen and the selected drug. Also, the natural ability of DCs to uptake NPs makes 

them an ideal tool to induce antigen specific tolerance (Bachmann & Jennings, 2010). Here, 

we report two strategies that have been used to induce tolerance by targeting DCs with an 

antigen and a tolerogenic drug. Maldonado et al., demonstrated that NPs that carry a peptide 

(or an entire protein) and rapamycin are able to induce a potent and durable tolerogenic state 

(Maldonado, LaMothe et al., 2015). This tolerance is restricted to the T and B cells that 

recognize the specific antigen and is resistant to subsequent multiple immunogenic 

challenges. Surprisingly the tolerogenic state upon exposure to these NPs can be achieved 

also in the presence of potent TLR agonists. This approach has been used to induce 

tolerance during allergic responses, EAE and to block the responses of antibody directed 

against factor VIII in hemophilia A mice. A second example is represented by the use of 

NPs that transport a peptide derived from the myelin oligodendrocyte glycoprotein (MOG) 

and co-deliver 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) 

(Yeste, Nadeau et al., 2012). ITE is a ligand for the transcription factor aryl hydrocarbon 

receptor (AhR). AhR is one of the transcription factors that regulate Treg cell differentiation 

(Quintana, Basso et al., 2008). The use of this nanocomplex increased the capacity of DCs to 

induce Treg cell differentiation in vitro and reduced EAE development in vivo. The 

protective effect in vivo was due to an increased number of FoxP3+ Treg cells. Similarly to 

what was found for NP-mediated co-deliver of ITE and MOG, the co-deliver of the β cell 

antigen proinsulin and ITE also proved to efficiently induce the differentiation of Treg cells 

in vivo and protect against diabetes development in non-obese diabetic mice (Yeste et al., 

2016).

Induction of tolerance by directly targeting the autoreactive lymphocytes

The NP-based approaches described so far efficiently induce antigen-specific lymphocyte 

tolerance via indirectly targeting APCs. Nevertheless, several approaches have also been 

undertaken to directly target adaptive lymphocytes to induce/expand regulatory populations. 

The use of NPs that transport disease-relevant peptide-major histocompatibility complexes 

(pMHC-NP) has proved to be particularly efficient to induce tolerance in several mouse 

models of autoimmune disorders. NPs bearing diabetes relevant peptide-MHC class I 

complexes have been shown to expand a population of autoregulatory low-avidity CD8+ T 

cells that protects against diabetes (Tsai, Shameli et al., 2010). This T cell population in turn 

suppresses antigen presentation by DCs in an interferon(IFN)-γ-, indolamine 2,3-

dioxygenase-dependent manner. The activity of the expanded autoregulatory CD8+ T cells is 

particularly interesting because –although elicited against a known relevant antigen-the 

immunosuppressive effect is due to inhibition of multiple (unknown) autoantigen-loaded 

DCs. Ultimately, this approach has the potential to suppress multiple autoreactive 

lymphocyte clones. Similar to pMHC class I loaded NPs, also NPs conjugated with 

autoimmune relevant peptide-MHC class II complexes have been generated and successfully 

used (Clemente-Casares, Blanco et al., 2016). When MHC class II is used to present the 

antigen, NP administration allows the expansion of type 1 regulatory T cells (Tr1 cells), that 

on the one hand via TGF-β and IL-10, suppress DCs activation. On the other hand, these Tr1 

cells also expand (via IL-21 production) a population of IL-10 producing Breg cells that 

further blocks autoimmune development. This approach was shown to potently dampen 

autoimmunity in mouse models of diabetes, arthritis as well as encephalomyelitis. 
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Importantly, the administration of pMHC-NPs was effective also after disease induction, and 

not only when animals were pretreated with the nano-conjugate. Also, pMHC-NPs proved to 

be effective on both murine and human T cells, did not show off-target toxicity and appeared 

to be very well tolerated upon in vivo administration (Singha, Shao et al., 2017). All these 

characteristics make pMHC-NPs very valuable tools to develop future therapies and appear 

to be very important from a translational point of view.

Finally, it was also reported that the efficacy of Treg induction can be further ameliorated by 

administering NPs that transport biologically active moieties, such as TGF-β and IL-2 

(McHugh, Park et al., 2015). Overall, these examples clearly demonstrate the translational 

potential of the use of NPs (differentially loaded, conjugated or directed) to induce antigen-

specific tolerance and ameliorate the development of an autoimmune disorder.

The use of NPs for anti-inflammatory therapies

Not only autoimmune, but also chronic inflammatory diseases are generally treated with 

systemic administration of immunosuppressive or anti-inflammatory drugs. As also 

discussed above, the prolonged use of these drugs has severe toxic effects and limited 

therapeutic benefits with large numbers of patients that respond poorly or do not respond at 

all to therapies. For instance, therapies based on monoclonal antibodies (such as monoclonal 

antibodies to tumor necrosis factor (TNF)α or other inflammatory interleukins) have several 

disadvantages: i) antibody immunogenicity rendering subsequent therapies ineffective; ii) 

reactivation of tuberculosis, (anti-TNFα), liver and marrow toxicity (anti-IL-6R) and 

susceptibility to infectious diseases (all) and iii) heterogeneity in the therapeutic efficacy. 

Therapies based on the use of corticosteroids for long periods can cause impaired glucose 

metabolism, generalized immunosuppression, cardiovascular diseases, adrenal insufficiency, 

obesity, problems in wound repair and hypertension. Finally, therapies based on the use of 

immunosuppressors, like Cyclosporin A and Tacrolimus, have severe side effects which 

comprehend generalized immunosuppression, hypertension, paraesthesiae or tremor and 

headache, hypomagnesaemia, renal impairment, and gastrointestinal upset.

For the treatment of chronic inflammatory diseases, the development of efficient and 

selective ways of targeting specific cell and tissues and relevant pathways to minimize side 

effects represents an urgent need.

NPs for drug delivery in Inflammatory Bowel Disease

The use of NPs in anti-inflammatory therapies has been deeply investigated particularly for 

Inflammatory Bowel Diseases (IBDs).

IBDs are a group of inflammatory conditions of unknown etiology involving the colon and 

the small bowel. The major types of IBDs are Crohn’s disease (CD) and Ulcerative Colitis 

(UC) that affect approximately 1.4 million persons in the United States and 2.2 million 

persons in Europe (Baumgart & Carding, 2007). These two pathological entities, even if 

classified in the same family, differ in terms of location and nature. CD can affect almost any 

intestinal segment, from the mouth to the anus (the terminal ileum is the most affected 

segment), while UC is limited to the large intestine, starting always from the rectum with the 
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potential of extending throughout the colon. Microscopically, CD has a typical transmural 

spread in the bowel wall, leading to stenosis, abscesses, and fistulas. UC is restricted to the 

mucosal layer and the main complication of the disease is colonic bleeding (Baumgart & 

Sandborn, 2007).

IBDs potently damage the bowel: almost all the patients with CD and half the patients with 

UC need at least one surgical procedure during their clinical history. Crohn’s patients are 

exposed to the risk of repeated surgery and thus to malabsorption, malnutrition, and finally 

to short bowel syndrome. UC patients have a definite risk of permanent stoma. Moreover, 

both CD and UC patients share the 20–30 times risk of developing colorectal cancer after 

10–20 years of disease history. Finally, IBDs present with extraintestinal manifestations 

(more than one third of the patients) that are highly disabling and that affect the central and 

peripheral nervous system, the liver, the joint and bones, the eyes and the skin.

Available pharmacological treatments of IBDs are focused on the control of chronic 

inflammation through systemic immunosuppression, using thiopurines, cyclosporine or 

therapies with monoclonal antibodies. All these therapies have problems of safety and long-

term efficacy, exposing patients to risk of opportunistic infections, the potential for cancer 

development, with a short-term and long-term efficacy not exceeding the 80% and 60%, 

respectively.

The ideal therapy in IBDs should be directed only against the diseased tissue, leaving 

unaltered the healthy intestine to avoid as much as possible the undesirable side effects. 

Moreover, oral administration has been identified as the most appropriate approach for 

colitis treatment (Isaacs, Lewis et al., 2005). Taking all this into account, the use of 

nanotherapeutics represents a promising new strategy for the treatment of IBD.

There are different obstacles that oral therapies must overcome to be effective: the acidic PH 

and the digestive enzymes in the stomach; the mucus in the colon and the barrier of 

epithelial cells. Ways for NPs to resist to acidic PH and to penetrate the mucus have been 

already set up (Date, Hanes et al., 2016) and new strategies will be probably developed in 

the next few years. Moreover, the strong phagocyte infiltration at the inflammatory sites, 

where the integrity of the epithelial barrier is compromised (Coskun, 2014), favors NP 

uptake by inflammatory cells specifically in the inflamed areas, thus restraining drug 

delivery at the diseased tissue. Nano-formulations of currently used drugs and potential new 

drugs, like small interfering RNAs (siRNAs) against inflammatory cytokines, have been 

shown to be suitable for oral administration. Various experimental animal models also 

demonstrated this treatment has a higher efficacy in reducing colitis symptoms compared to 

oral or systemic administration of free drugs.

PLGA have been used in rat models of acetic acid induced colitis to deliver mesalazine (5-

ASA) to the colon via oral administration after colitis induction. PLGA favored the delivery 

of the drug at the inflammatory sites and minimized systemic effects (Mahajan, Sakarkar et 

al., 2011). The same preferential accumulation of NP at the inflamed colon was observed 

when 5-ASA-loaded silica NPs (SiNP) were used for the treatment of mice with TNBS-

induced colitis (Moulari, Pertuit et al., 2008, Pertuit, Moulari et al., 2007).
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Strategies to deliver siRNAs to inhibit TNFα production by phagocytes at the inflamed 

intestine have also been tested. A major issue in siRNA-based therapies is siRNA crossing of 

cell membrane. Numerous NP-based strategies have been investigated, ranging from the use 

of thioketal NPs that are specifically degraded by ROS (Wilson, Dalmasso et al., 2010), 

present in high concentrations at the inflammatory sites, to the use of PLA, efficiently taken 

up by inflammatory phagocytes present in the diseased tissue (Laroui, Theiss et al., 2011). 

To avoid possible NP and siRNA degradation in the gastrointestinal tract a strategy called 

NP-in-microparticle oral drug delivery system (NiMOS) (Bhavsar, Tiwari et al., 2006, 

Kriegel, Attarwala et al., 2013) has also been successfully tested in DSS-induced colitis 

mouse models. Gelatin NPs are encapsulated in poli-ε-caprolactone (PCL) microparticles 

(MP). MP protects NP form degradation until arrival in the colon. Here lipases digest the 

PLC and NPs are released and taken up by phagocytes (Bhavsar & Amiji, 2007, Bhavsar & 

Amiji, 2008). NiMOS carring anti-TNFα siRNAs proved to be very efficient in neutralize 

TNFα production and alleviate DSS induced colitis symptoms (Kriegel & Amiji, 2011).

Good results in the treatment of rat colitis models have also been obtained by oral 

administration of PLGA nanoformulations incorporating the immunosuppressant 

Tacrolimus. Efficient NP accumulation at the inflammatory site and effective therapeutic 

results have been described (Lamprecht, Yamamoto et al., 2005a, Lamprecht, Yamamoto et 

al., 2005b).

Distribution of non-functionalized PLGA NPs has also been analyzed in humans. 

Interestingly, a preferential accumulation of NPs at the sites of lesions has been found in a 

way dependent on the severity of the lesion, the higher the severity the higher the 

accumulation. Diversely, no binding of NP has been observed at the mucosa of healthy 

volunteers (Schmidt, Lautenschlaeger et al., 2013). Moreover, the capacity of NP to 

accumulate at the inflamed mucosa was further improved by conjugation with PEG 

(Lautenschlager, Schmidt et al., 2013).

In these studies, NP-based drug delivery has proven to be a promising approach given the 

capacity of NP to discriminate between diseased and non-diseased tissues.

NPs for drug delivery in psoriasis

Psoriasis is a chronic inflammatory disease of the skin that affects around 2% of the 

population worldwide (Boehncke & Schon, 2015). Psoriasis has different manifestations, but 

plaque psoriasis represents the commonest form of the disease affecting almost 90% of 

psoriatic patients (Diani, Altomare et al., 2015). Notably, psoriasis is considered a common 

risk factor for several diseases, including cardiovascular diseases and diabetes. Moreover, 

about 30% of psoriatic patients also develop arthritis (Chung, Eder et al., 2015, Golden, 

McCormick et al., 2013, Husted, Thavaneswaran et al., 2011). From an immunological point 

of view, Th17, Tc17 and γδ T cells have a major role in maintaining inflammation in the 

diseased skin (Benham, Norris et al., 2013, Laggner, Di Meglio et al., 2011a, Laggner, Di 

Meglio et al., 2011b). Topical treatments, systemic administration of anti-inflammatory 

medicaments, and phototherapies are the main approaches used to control the disease. 

Nevertheless, topical treatments are not particularly effective since they do not efficiently 
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reach effector cells and systemic treatments are used only in severe forms of psoriasis given 

their important side effects.

Nanoformulations of corticosteroids for topic applications in plaque type psoriasis to inhibit 

the biosynthesis of eicosanoids have proved to be effective in animal models (Baboota, Alam 

et al., 2011). Incorporation of corticosteroids in SLNs, PLGA, microemulsions and 

liposomes has been demonstrated to be more efficient than the commercial corticosteroid 

formulations in skin penetration and reduction of inflammation (Badilli, Sen et al., 2011, 

Cevc & Blume, 2004, Korting, Zienicke et al., 1990, Zhang & Smith, 2011). 

Nanoformulations integrating compounds that reduce inflammatory cytokine production 

have been also tested. Nanostructured lipid carriers (NLPs) loaded with an analogue of 

vitamin D3, the calcipotriol, and methotrexate have shown good skin infiltration and no 

significant skin irritation (Lin, Huang et al., 2010).

Efforts have been made to generate NPs encapsulating Cyclosporin A or Tacrolimus for 

topic administration to improve the penetration of the skin, reduce the dosage and the 

systemic effects. NLPs incorporating Cyclosporin A have shown a more efficient anti-

psoriatic effect in mouse models compared to the market formulations (Arora, Katiyar et al., 

2017). Analogously, Tacrolimus incorporated into NPs self-assembled by the conjugations 

of hyaluronic acid with cholesterol (HA– Chol NPs) combined with nicotinamide (NIC), has 

proven to be more effective than the commercial Tacrolimus formulations in reducing the 

psoriatic lesions induced by imiquimod (Wan, Pan et al., 2017).

Metotrexate (MTX) is an acid folic inhibitor used for severe psoriasis. It prevents DNA 

synthesis in psoriatic lesions thus reducing keratinocytes proliferation. Moreover, it acts as 

an immunesuppressor by inducing T cell death. Numerous MTX incorporating 

nanoformulations have been produced and tested in human cadavers, animal models and in 

clinical trials. Generally, increased efficiency of drug absorption through the skin, reduction 

of diseased areas and decrease of the disease severity index have been observed (Ali, Salah 

et al., 2008, Lakshmi, Devi et al., 2007, Trotta, Peira et al., 2004, Trotta, Peira et al., 2002).

NPs for drug delivery in Rheumatoid Arthritis

Rheumatoid Arthritis (RA) is a complex, debilitating, chronic, systemic autoimmune 

disease. RA is characterized by an immunological, inflammatory and mesenchymal tissue 

reaction in the synovium accompanied by polyarticular synovitis, that ultimately leads to the 

progressive destruction of articular and periarticular structures (Harris, 1990). RA is a very 

diffuse autoimmune disease, affecting up to 0.1 to 3% of the adult population in Western 

countries and causing significant morbidity and disabilities. There are no curative therapies 

for RA, and the diverse physical and pharmacological strategies in use have the goal to relief 

pain and retard the progress of the irreversible articular damage. The current therapeutic 

strategy is aimed at reducing the inflammation in the synovia either with steroids or with 

immunesupressors, including MTX and biologic response modifiers (used in the most 

aggressive cases) such as monoclonal antibodies to TNFα, CD20 (B cell) and IL-6R.

As for the other chronic diseases, the severe side effects of current therapies impose the 

identification of new less toxic treatments.
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Macrophages are passive targets of NPs given their phagocytic activity. Moreover, NPs 

administered systemically tend to accumulate at the inflamed joint due to the increased 

permeability of capillaries at sites of inflammation (Maeda, 2001). Since macrophages play 

a major role in RA, the use of NP as drug carriers to target macrophages at the diseased 

joints is a very promising approach for reduction of systemic side effects.

Multiple NP-based approaches have been tested to treat RA in animal models.

Liposomes encapsulated non-steroidal anti-inflammatory drugs (NSAIDs) administered intra 

venous have shown very potent anti-inflammatory effects, as proved by the reduction of 

serum levels of inflammatory cytokines. In some models, complete recovery from RA has 

also been observed especially if NPs were covered with PEG to increase their half-life 

(Bernardi, Zilberstein et al., 2009, Metselaar, Wauben et al., 2003). Clear reduction of RA 

clinical scores has been also obtained using NP to deliver siRNAs for down-modulating the 

expression of inflammatory cytokines such as TNFα or the Notch1 pathway, in animal 

models. Effective encapsulation of siRNAs has been obtained using thiolate glycol chitosan 

(tGC) NPs in aqueous solution. NP-delivered anti-Notch1 or anti-TNFα siRNAs showed a 

very potent inhibition of joint inflammation in the mouse model of collagen-induced arthritis 

(CIA) (Kim, Park et al., 2015, Lee, Lee et al., 2014). Superparamagnetic iron oxide NPs 

(SPION) have been used to deliver siRNAs to the inflamed joints via systemic 

administration. In this case siRNAs that downregulate the expression of the IL-2 receptor β 
chain have been used with good results in terms of accumulation at the in inflamed joints, 

and reduction of rat experimental arthritis symptoms (Duan, Dong et al., 2014). MTX 

efficiently delays joint destruction. Different nano-formulations with encapsulated MTX 

have been tested in RA models. Arginin-glycineaspartic acid (RGD)-attached gold (Au) 

half-shell NPs containing MTX injected iv have shown accumulation at the diseased joint in 

CIA mice. Moreover, by near-infrared (NIR) irradiation and local heat generation due to Au 

half-shells, enhanced local drug release is induced with a significant improved efficacy in 

terms of dosage and recovery form disease compared to the free drug administration (Lee, 

Kim et al., 2013).

Another interesting approach made use of folate NPs to target activated macrophages. Only 

activated macrophages express folate receptor β (FR β), therefore, only macrophages 

actively involved in the inflammatory process are targeted. Administration of folic acid and 

MTX-conjugated poly(amidoamine) dendrimer (generation 5 [G5]) NP covalently 

conjugated to polyvalent folic acid (FA) (G5-FA-MTX) into CIA rats could selectively target 

and kill inflammatory macrophages with an important reduction of inflammation and 

arthritis clinical score (Nogueira, Gomes et al., 2016, Thomas, Goonewardena et al., 2011). 

MTX was also used in combination with human serum albumin NPs showing a significant 

delay in cartilage disruption in a humanized mouse model of RA (Fiehn, Neumann et al., 

2004).

Finally, Tacrolimus incorporating albumin nanoformulations have proven to be much more 

efficient in reducing arthritis clinical scores than other Tacrolimus formulations for iv or oral 

administration (Thao, Byeon et al., 2016).
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Despite the availability of numerous preclinical studies demonstrating the efficacy of 

therapeutic approaches based on the use of nanocarriers, clinical confirmation is mostly 

lacking. Very few clinical trials using nanoformulations for the treatment of these 

inflammatory diseases have been conducted or are ongoing (Table 1). Clinical research to 

ascertain the fate and the efficacy of nanodrugs is now necessary to establish nanomedicine 

as a real perspective for patients.

Conclusions

The use of NPs for the treatment of autoimmune and inflammatory diseases will offer 

innovative solutions to improve the efficacy of current immunosuppressive therapies and 

will help to overcome side effects associated with such therapies. Several experimental 

examples support the increased efficacy of NP-based drug delivery compared to current 

therapies in the treatment of autoimmune and inflammatory diseases. Not only 

nanomedicines consent the reduction of the dose and the frequency of drug administration to 

reach the desired improvement of the clinical scores, but also allow the preferential targeting 

of diseased-, compared to healthy, tissues, with a sensitive reduction of side effects. A better 

understanding of the anatomical barriers and of the innate immune mechanisms underlying 

autoimmune and inflammatory diseases is necessary for the construction of increasingly 

efficient NP-based therapies. If confirmed by clinical trial, nanomedicine promises will 

represent a significant advance to current therapies and a real perspective for patients of a 

long-lasting disease control.
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Figure 1. 
Examples of nanovectors used for the treatment of autoimmune diseases. Colloidal 

nanoparticles consist of a metal core (e.g., silica, gold, iron oxide) normally stabilized by an 

organic/polymeric coating. Organic nanoparticles can be either polymeric (e.g., PLGA) or 

lipid-based (e.g., SLNs or liposomes).
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Figure 2. 
Alternative methods to induce antigen tolerance targeting phagocytes (upper panel) or T and 

B lymphocytes (lower panel).
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Table 1

Clinical trials to test the efficacy of nanomedicine for the treatment of inflammatory diseases

Disease Drug Nanoparticle Phase Ref.

Type 1 Diabetes Proinsulin derived peptide gold nanoparticles Phase I https://clinicaltrials.gov/

Plaque Psoriasis Paclitaxel uncoted nanoparticle ointment, SOR007 Phase I https://clinicaltrials.gov/

Plaque Psoriasis Methotrexate Nisomes PhaseI/II Lakshmi, Devi et al., 2007

RA Prednisolone Liposomes Phase II https://clinicaltrials.gov/

RA TNFα inhibitor PEGylated nanomolecules Phase III https://clinicaltrials.gov/
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