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Abstract 

Rheumatoid arthritis (RA) is a chronic autoimmune disease that affects 0.5 to 1% of the world 

population. Current treatments include on one hand non-steroidal anti-inflammatory drugs and 

glucocorticoids (GCs) for treating pain and on the other hand disease-modifying anti-rheumatic 

drugs such as methotrexate, Janus kinase inhibitors or biologics such as antibodies targeting 

mainly cytokine expression. More recently, nucleic acids such as siRNA, miRNA or anti-miRNA 

have shown strong potentialities for the treatment of RA. This review discusses the way 

nanomedicines can target GCs and nucleic acids to inflammatory sites, increase drug penetration 

within inflammatory cells, achieve better subcellular distribution and finally protect drugs 

against degradation. For GCs such a targeting effect would allow the treatment to be more 

effective at lower doses and to reduce the administration frequency as well as to induce much 

fewer side-effects. In the case of nucleic acids, particularly siRNA, knocking down proteins 

involved in RA, could importantly be facilitated using nanomedicines. Finally, the combination 

of both siRNA and GCs in the same carrier allowed for the same cell to target both the GCs 

receptor as well as any other signaling pathway involved in RA. Nanomedicines appear to be 

very promising for the delivery of conventional and novel drugs in RA therapeutics. 
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1 Introduction 

Among inflammatory diseases of autoimmune origin, rheumatoid arthritis (RA) is the most 

common inflammatory rheumatism (Firestein, 1999). It is defined as a chronic, autoimmune 

disease that affects all types of patients with a strong prevalence in 60-80 years old women and a 

female: male ratio of 3:1 (Scott, Wolfe, & Huizinga, 2010; Tobon, Youinou, & Saraux, 2010). 

RA affects 0.5 to 1% of the world population with a higher incidence and prevalence in North 

America as well as in Northern Europe compared to Southern Europe and developing countries 

(Scott et al., 2010; Tobon et al., 2010). RA remains a serious inflammatory disease that is the 

subject of much research to improve existing therapies. Currently available are treatment of 

pain-related arthritis which includes non-steroidal anti-inflammatory drugs, glucocorticoids 

(GCs), and disease-modifying anti-rheumatic drugs (DMARDs) such as methotrexate or targeted 

DMARDs, such as Janus kinase inhibitors or of biological origin (biological DMARDs such as 

tumour necrosis factor TNFα inhibitors, costimulation modifiers, interleukin-6-inhibitors and 

B-cell depleting drugs) (Chatzidionysiou et al., 2017). Once administered, these drugs distribute 

not only in the diseased area but also in healthy tissues, leading to side-effects. More recently, 

several reports have described the possibility of inhibiting cytokine expression using small 

interfering RNA (siRNAs), microRNA (miRNAs) or anti-microRNA (anti-miRNAs) but none of 

these latest drugs is on the market for treating RA (Apparailly & Jorgensen, 2013; Evangelatos, 

Fragoulis, Koulouri, & Lambrou, 2019; Rai et al., 2019). 

Nanomedicines are taking advantage of the specific physiopathology of inflamed tissues, 

specifically of a vascular enhanced permeability effect to address encapsulated molecules to the 

tissue of interest by passive diffusion in the diseased area (Dolati et al., 2016; Pham, 2011). 

Accumulation of nanomedicines in inflamed joints could, therefore, improve anti-inflammatory 

activity while avoiding the administration of high doses and thus reducing off-target effects of 

several drugs (Lorscheider, Tsapis, ur-Rehman, et al., 2019; Ozbakir, Crielaard, Metselaar, Storm, 

& Lammers, 2014; Pirmardvand Chegini, Varshosaz, & Taymouri, 2018; Xiao, Tang, Lv, Lin, & 

Chen, 2019; M. Yang, Feng, Ding, Chang, & Chen, 2017). Considering these characteristics, 

non-targeted drugs used in rheumatoid arthritis such as GCs and nucleic acids are good 

candidates for nanomedicine-based delivery. While GCs have numerous undesirable effects due 

to their distribution throughout the body and the ubiquitous presence of GC-receptors, nucleic 

acids such as siRNAs, miRNAs or anti-miRNA display poor stability in biological fluids as well 

as low cellular penetration. The present review is aiming to summarize the impact of the 

formulation of both GCs and nucleic acids in the nanoparticulate form in terms of 

pharmacokinetics, biodistribution and therapeutic efficacy in RA. 

2 Physiopathology of rheumatoid arthritis  

Among auto-immune inflammatory diseases, RA is the most frequent. It is an autoimmune 

connective tissue disease defined by a possible attack of many tissues including the connective 

tissues, arthralgias as well as an alteration of the general state. The biological signs correspond to 

an inflammatory syndrome accompanied by the production of specific auto-reactive antibodies 
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(Y. W. Song & Kang, 2009). RA evolves by outbreaks due to inflammation of the synovial 

membrane of the joints, resulting in joint destruction and pain. Patients generally experience a 

decrease in their quality of life, potentially a disability and a reduction in life expectancy of 

about 10 years. Despite a diminution in RA mortality over the last 50 years due to new therapies, 

it remains higher than the mortality of the general population (Dadoun et al., 2013). The presence 

of genetic, hormonal, and environmental factors results in the activation of innate and acquired 

immunity and leads to a disproportionate, persistent and uncontrolled inflammatory response of 

the synovial membrane (Gibofsky, 2014).  

The physiopathology of RA can be described in three phases: i) the triggering of the autoimmune 

reaction ii) the inflammation and iii) the osteocartilaginous destruction. A major component of 

genetic susceptibility to RA can be explained by the inheritance of the HLA-DRB1 allele which 

starts the autoimmune reaction (van Drongelen & Holoshitz, 2017). Particularly, the expression 

of the HLADRB1*01 and *04 alleles corresponding to the shared epitope induces the presence 

of the HLA class II molecule on the surface of antigen-presenting cells recognizing the antigens 

responsible for the immune reaction of RA (Figure 1) (Roudier, 2000). After binding the antigen, 

the dendritic cells (DCs), migrate into lymphoid organs such as the thymus to activate naive T 

cells. DCs are partly responsible for the chronicity of inflammation because their poor regulation 

during RA results in a prolonged presentation of the responsible antigen and therefore a sustained 

immune reaction. 

Antigenic presentation to naive T cells necessarily requires co-stimulation. Firstly, the HLA 

molecule of the DCs presents the antigen to the lymphocyte via the T Cell Receptor (TCR) 

(Figure 1), secondly, the CD80 or B7 surface molecules of the DCs stimulate the CD28 receptor 

of the naive lymphocyte (Figure 1). Following this presentation, the T cells are activated and, 

depending on the cytokine environment produced by the DCs, differentiate into Th1 lymphocytes 

induced by the cytokines interleukin IL-12 and IL-18 (Figure 1) or in Th17 lymphocytes, if the 

environment is rich in IL-23 (Figure 1) (Gierut, Perlman, & Pope, 2010). It is known that 

proinflammatory Th1 lymphocytes, as well as the Th17, play a major role in inflammation in RA 

(Gibofsky, 2014; X. Li et al., 2010). 

After activation, the Th1 lymphocytes express on their surface adhesion molecules, L-selectins, 

which allow diapedesis, migration through the vascular endothelium to the inflammatory site 

through adhesion to endothelial cells which also present adhesion molecules named E-selectins 

(Tarrant & Patel, 2006). Th1 activate antigen-presenting cells (APCs) that are macrophages, 

dendritic cells and B lymphocytes, which generates positive feedback and therefore an 

amplification of the immune response. Activated B cells act as APCs and present the responsible 

antigen to naive T cells, thereby maintaining inflammation. In addition, B cells produce 

antibodies. Among them, the rheumatoid factor (RF) that was first described and then a number 

of other autoantibodies that have been discovered in RA patients among which the 

anticitrullinated protein antibodies (ACPAs) (Figure 1). Both RF and ACPAs have been 

recognized for their acceptable sensitivities and specificities, and prognostic values (Y. W. Song 

& Kang, 2009). These autoantibodies form circulating immune complexes that deposit on the 

wall of blood vessels and may lead to vasculitis. In addition, immune complexes promote the 
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production of pro-inflammatory cytokines that maintain the synovial pannus (Figure 1).  

It is recognized that T cells are essential in triggering inflammation and immune response, but 

mainly synoviocytes play a major role in maintaining local joint inflammation. Indeed, the T 

cells activate the synoviocytes by direct contact as well as by the production of pro-inflammatory 

cytokines such as interferon- (IFN), IL-2 and IL-17 (Figure 1). The synoviocytes constitute the 

majority of the cell population of the border layer of the synovial membrane. There are two types 

of synoviocytes: macrophage synoviocytes, commonly called macrophages, and fibroblast-like 

synoviocytes (Iwanaga, Shikichi, Kitamura, Yanase, & Nozawa-Inoue, 2000). Macrophage 

synoviocytes synthesize leukotrienes, prostaglandins, enzymes and free radicals responsible for 

both maintenances of inflammation and osteocartilaginous destruction. In addition, these 

macrophages produce pro-inflammatory cytokines including IL-1, Tumor Necrosis Factor  

(TNF and IL-6 (Figure 1). IL-1 and TNF are major actors in the inflammatory mechanism 

(Brennan, Jackson, Chantry, Maini, & Feldmann, 1989). IL-6 is an interesting cytokine because 

it has pro and anti-inflammatory properties. It is involved in the immune response of RA but its 

role is still not completely understood. Many other cytokines are involved in the physiopathology 

of RA (Mateen, Zafar, Moin, Khan, & Zubair, 2016; McInnes & Schett, 2007). These cytokines 

induce the synthesis of other pro-inflammatory cytokines, growth factors, chemokines, and 

adhesion molecules, thus promoting the cellular recruitment and angiogenesis necessary to 

maintain and amplify local inflammation. IL-1β and TNF-α are therefore strongly involved in the 

mechanism of erosion and osteocartilaginous destruction. On the other hand, IL-17 produced by 

activated Th1/Th17 lymphocytes is an essential cytokine in RA. It has feedback on the APCs and 

activates, throughout the inflammation, the antigenic presentation, in addition, it acts on the 

endothelial cells, promoting angiogenesis within the inflammatory site. IL-17 plays an important 

role in osteocartilaginous erosion and destruction, in fact, it activates fibroblast-like synoviocytes, 

chondrocytes as well as osteoclasts, cell types predominantly involved in osteocartilaginous 

damage (Figure 1) (X. Li et al., 2010). 

Following activation of endothelial cells, increased vascular permeability, and degradation of the 

basement membrane and extracellular matrix, endothelial cells can then migrate to the inflamed 

synovium to form a new capillary. VEGF levels are correlated with the severity of the disease, 

particularly in the early phase (Sone et al., 2001). An increase in the level of VEGF and thus in 

the vascularization is correlated with the active phases (ie the RA flares) (Paleolog, 2002). On 

the other hand, IL-1 and TNF- induce the synthesis of growth factors responsible for the 

abundant proliferation of fibroblast-like synoviocytes in the synovial membrane. fibroblast-like 

synoviocytes appear to behave similarly to certain cancer cells with a lack of apoptosis, so this 

could explain the proliferation of this cell type in the joint (Pap et al., 2000). The invasion of the 

synovial membrane and sometimes the cartilage of the joint is at the origin of the 

osteocartilaginous destruction found in RA. Finally, osteoclasts play an essential role in the 

destruction of the joint. They are activated via the RANK/RANKL signaling pathway stimulated 

by cytokines produced by Th1 lymphocytes (K. W. Kim et al., 2007) (Figure 1). 
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Figure 1: Physiopathology of rheumatoid arthritis  
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3 Therapeutic strategy in the treatment of RA 

Drugs used in the treatment of RA can be divided into two categories. One can distinguish, on 

the one hand, the crisis treatments used during inflammatory outbreaks of RA to reduce pain and 

swelling quickly over a short period, and on the other hand, the disease-modifying antirheumatic 

drugs (DMARDs) put in place as soon as possible following the diagnosis of RA. The latests 

allow to slow down, even to stop the progression of the disease and to obtain remission which 

constitutes the primary objective of RA therapy. 

3.1 Arthritis-related pain 

The analgesic treatments conventionally used during inflammatory flares are nonsteroidal 

anti-inflammatory drugs (NSAIDs) (van Laar et al., 2012). Examples include the "profens" 

(ibuprofen, ketoprofen, flurbiprofen) or other drugs such as diclofenac, naproxen, piroxicam, 

niflumic acid, indomethacin, celecoxib. This therapeutic class allows rapid relief of the patient 

but the drug duration of action is short (van Laar et al., 2012). They have no impact on the 

progression of the disease from a structural or functional point of view and do not reduce joint 

erosion (van Laar et al., 2012). Moreover, conventional NSAIDs are associated with 

gastrointestinal side effects that can result in severe bleeding, perforation, and obstruction (Laine, 

2002). 

GCs, which are steroidal anti-inflammatory drugs derived from cortisol, are the second 

pharmacological class used in symptomatic manifestations of RA (Ferreira, Ahmed Mohamed, & 

Emery, 2016). They possess a greater anti-inflammatory and immunosuppressive action than 

NSAIDs. GCs are given orally at low doses. Treatment should be as short as possible and dose 

reductions should be considered as soon as possible to minimize side effects and withdrawal 

syndrome (Hochberg, 2004). Chronic misuse of GCs leads to the emergence of strong side 

effects such as diabetes, high blood pressure or Cushing syndrome (McDonough, Curtis, & Saag, 

2008; Saag et al., 1994). Because of the ubiquitous expression of the GC receptor (Nicolaides, 

Galata, Kino, Chrousos, & Charmandari, 2010; Vandevyver, Dejager, & Libert, 2012), GC local 

therapeutic activity is diluted by side activity in other organs. Therefore, patients require repeated 

administrations of high GCs doses to reach a sufficient anti-inflammatory activity in the tissue of 

interest (Saag, 1997). The GC can also be administered locally by intra-articular injection, which 

allows obtaining a very important but still transitory efficiency (Af Klint et al., 2005). 

3.2 Disease-modifying antirheumatic drugs  

DMARDs can be divided into three groups, disease-modifying antirheumatic drugs (DMARDs), 

anti-cytokine biologic drugs and cellular immunotherapy. DMARDs constitute a very 

heterogeneous pharmacological class allowing a reduction of joint swelling, synovitis, and pain 

as well as a decrease of the markers of the inflammatory syndrome. They also limit the 

progression of erosion and improve the functional abilities of the patient. 

Methotrexate (MTX) is the first-line therapy for long-term treatment of RA because of its 

efficacy and moderate cost. It is an antifolic agent that has anti-inflammatory and 

immunosuppressive action. Because of its mechanism of action, it is necessary to institute folic 
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acid supplementation from the beginning of treatment with MTX. Sulfasalazine is cleaved in the 

body into salicyl derivative and sulfonamide. Sulfasalazine and leflunomide, an 

immunosuppressive drug, are prescribed in the case of intolerance to MTX. Two other 

immunosuppressive molecules, ciclosporin A and azathioprine have only a limited place in the 

therapy of RA. Finally, hydroxychloroquine, a drug aiming to fight against malaria was added to 

the DMARDs list. It is used as triple therapy in combination with MTX and sulfasalazine 

following a failure of MTX monotherapy (Hazlewood et al., 2016). 

The biological anti-cytokine and cellular immunotherapy treatments are indicated in the second 

line and in the long-term treatment of RA following the failure of MTX monotherapy and if 

patients have poor prognostic factors (structural damage or progression, strongly active RA, high 

inflammatory syndrome, high autoantibody level). (Rein & Mueller, 2017) All antibodies on the 

market are targeting either TNF-α, IL-1β or IL-6 (Rein & Mueller, 2017). However continuous 

systemic administration of biologics may induce side effects and mostly generates opportunistic 

infections (Downey, 2016; J. A. Singh, 2016). About half of the patients have to interrupt the 

treatment due to side effects (Buch, Bingham, Bryer, & Emery, 2007). Moreover, a recent report 

related 6% of cases of patients who are refractory to the treatment with the biologics mentioned 

above with no real explanation at the moment for the reason why these patients do not respond to 

the treatment (Kearsley-Fleet et al., 2018) 

4 Nucleic acids as new molecules for the treatment of rheumatoid arthritis 

While there are no drugs from nucleic acids marketed as anti-cytokine drugs, there are several 

attempts of knocking down mRNA or microRNA in the treatment of RA. RNA interference 

employing siRNA is a widely used approach to achieve the silencing of the gene of interest 

(Figure 2). It consists of double-stranded RNAs of 21–23 base pairs bind to a multi-protein 

complex in the cytoplasm, known as RISC for RNA-induced silencing complex. During 

assembly of RISC, one of the two siRNA strands, referred to as the passenger strand, is released, 

whereas the other strand (guide strand) binds to the argonaute protein, Ago2 (Meister et al., 2004) 

(Figure 2). This strand then guides RISC to its complementary target RNA, which is finally 

cleaved by the RNase activity located in the Ago2 protein, triggering its destruction (Figure 2) 

(J.-J. Song, Smith, Hannon, & Joshua-Tor, 2004). The site of action of siRNA is always the 

cytoplasm. Targets for siRNA in RA are mainly cytokines interleukin-1 (IL-1), interleukin-6 

(IL-6) and IL-18 (Khoury et al., 2008), TNF-α (Aldayel et al., 2018; Aouadi et al., 2009; Howard 

et al., 2009; Inoue et al., 2014; Lee et al., 2014) or signaling pathway such as NF-κB (Kanazawa 

et al., 2016; Wang et al., 2017; Zhou et al., 2014), Notch1 (M. J. Kim et al., 2015; Zhao & Zhang, 

2018), c-Rel (Fan et al., 2018), transforming growth factor β-activated kinase-1 (TAK1) (Luo et 

al., 2017), C-C chemokine receptor type 5 (H. Duan, Yang, Fang, Ding, & Xiao, 2014), STAT1 

(Scheinman, Trivedi, Vermillion, & Kompella, 2011), Polo-like kinase-1 (PLK-1) (Wada et al., 

2007). Whether the siRNA was delivered as free or by physical or chemical means, in all cases, 

an impact on inhibiting the progression of RA in animal models was observed. 
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Figure 2: Mechanism of action of siRNA 

 

MicroRNAs (miRNAs) represent a class of small endogenous non-coding RNA molecules that 

play important roles in the regulation of gene expression impacting cell differentiation, 

proliferation, and survival (Bartel, 2004). miRNAs typically bind to complementary target 

mRNAs, resulting in mRNA translational inhibition or degradation. The recently improved 

understanding of miRNA’s biogenesis and mechanisms of action has cast a new light on those 

molecules. The initial concept of miRNAs as solely developmental regulators has been 

substantially expanded as miRNAs have been found to be dysregulated in numerous diseases, 

including cancer, hepatitis, cardiovascular and inflammatory diseases (Chen, Papp, Szodoray, & 

Zeher, 2016; Esteller, 2011). Most miRNA sequences are encoded within introns of 

protein-coding genes with some miRNAs having their own promoter region. The biogenesis of 

miRNAs begins with the transcription of a long primary-microRNA transcript (pri-miRNA) by 

an RNA polymerase (Figure 3). The pri-miRNA is then cleaved by the Drosha/DGCR8 protein 

complex generating a pre-miRNA followed its migration into the cytosol (Figure 3). There, the 

terminal loop of the pre-miRNA is cleaved by RNase III Dicer and cofactor TAR RNA binding 

protein. The resulting two miRNAs strands then bind to AGO proteins forming the RISC 

complex (Figure 3). Within the RISC complex, the two miRNA strands are unwound and one of 

the strands is selected. The RISC complex containing the selected mature single miRNA strand is 

then able to bind to mRNAs with complementary nucleotide sequences resulting in translational 

repression or mRNA degradation (Figure 3) (Stenvang, Petri, Lindow, Obad, & Kauppinen, 

2012). Unlike siRNA that are highly specific, miRNAs can regulate multiple mRNA targets 

leading to potentially increased efficacy in controlling gene expression. Consequently, new 

strategies have been developed focusing on miRNA as therapeutic candidates (in the form of 
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miRNA mimics) or as molecular targets for the development of new therapeutics (in the form of 

Anti-miRNA) (Rupaimoole & Slack, 2017). 

Analysis of the miRNA profiles of autoimmune disease patients has revealed numerous 

disruptions in the expression of particular miRNAs such as miRNA-155, -146a, -326, -21, and 

-181 (R. Hu & O’Connell, 2013; Rauniyar, Wu, & Yang, 2011; R. P. Singh et al., 2013). 

Overexpression of miRNA-146a and miRNA-155 have been shown to stimulate macrophages’ 

NFκB pathway and the secretion of pro-inflammatory cytokines such as TNF-α, IL-1β, and 

IL-17 (Bala et al., 2011; O’Connell, Rao, & Baltimore, 2012). Interestingly, recent clinical 

studies have revealed that monocytes in RA patients present a significantly higher expression 

level of miRNA-155 compared to healthy control, with the miRNA-155 concentration 

correlating closely with the severity of the inflammation (Blüml et al., 2011; Elmesmari et al., 

2016). The critical role of miRNA-155 in RA has been further demonstrated in mice, as 

subcutaneous injection of collagen in miRNA‐ 155 gene-deficient animals did not lead to the 

development of clinical signs of arthritis such as an increase in paw swelling and decrease in grip 

strength (Blüml et al., 2011). At the cellular level, miRNA-155 has been identified as a key 

regulator of monocyte/macrophage apoptosis (Rajasekhar et al., 2017) and was shown to be 

overexpressed in synovial fibroblasts (Stanczyk et al., 2008). miRNA-155 has also been shown 

to polarize macrophages towards a proinflammatory phenotype (Zhang et al., 2018). From 

clinical samples, different miRNAs were regulated in patients having RA. Based on a recent 

observation, miRNA-223 may be a potential marker of disease activity since decreased serum 

level of miRNA -223 was found after therapy in early RA (Filková et al., 2014). Concentrations of 

miRNA-16, -132, -146a, -155 and -223 in synovial fluid and plasma were measured in patients 

with RA (Murata et al., 2010). Results showed that synovial fluid concentrations of miRNA -16, 

-132, -146a, and -223 were significantly lower than their plasma concentrations, and there was 

no correlation between plasma and synovial fluid miRNAs. Nevertheless, miRNA-16, -132, 

-146a, and -223 were found to be over-expressed in synovial fluid and blood plasma of patients 

compared to healthy controls (Murata et al., 2010). Finally, the miRNA expression in 

macrophages from patients with RA was recently determined. Seven miRNAs, namely 

miRNA-99a, -100, -125b, -199-3p, -199-5p, -152 and -214 were downregulated and only 

miRNA-223 was upregulated (Ogando et al., 2016). 

In cases were miRNAs are down-regulated, an approach is to reequilibrate the level of miRNA 

by the administration of the relevant lacking sequence. In the case were some miRNA are 

up-regulated the best strategy to inhibit miRNA’s activity is to develop Anti-miRNA 

oligonucleotides. Anti-miRNAs are natural or chemically-modified (e.g. phosphorothioate, 

2’OMe, locked nucleic acid) antisense oligonucleotides (ASO) designed to bind to selected 

miRNA and induce RNAse-H–mediated cleavage. Unfortunately, similarly to siRNA and other 

nucleic acid drug candidates, Anti-miRNAs are relatively unstable in vivo and chemical 

modifications may alter their biological properties. Furthermore, equally to conventional 

anti-inflammatory drugs, Anti-miRNA may cause severe off-target side effects such as reduced 

protective immunity, fibrosis, or liver steatosis (Alivernini et al., 2018). Small are the studies that 

have been carried out in vivo on the inhibition of mi-RNA. One of the most important was 
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carried out on the inhibition of miRNA-34a. As miRNA-34a was shown to participate in cell 

apoptosis, immune activation and bone metabolism, Dang et al. (Dang et al., 2017) investigated 

the effects of chemically modified anti-miRNA-34a on RA in collagen-induced arthritis (CIA) 

mice model. Arthritis scores decreased as well as joint swelling was alleviated with the 

anti-miRNA-34a treatment. The expression of inflammatory cytokines was concomitantly 

reduced. Anti-miRNA-34a delivery significantly decreased the percentage of T cells present 

including Th1, Th2, Th17, and regulatory T cells. Furthermore, anti-miRNA-34a-treated CIA 

mice demonstrated decreased inflammatory-induced bone loss. (Dang et al., 2017) 

 

 

Figure 3: Mechanism of action of miRNA 

5 The rationale for applying nanomedicines to GCs and nucleic acid delivery in RA 

The major drugs that are discussed in this review, GCs and nucleic acids, display several issues 

when administered under the free form. At first, when treated, patients require repeated 

administrations of high GCs doses to reach a sufficient anti-inflammatory effect in the tissue of 

interest inducing in parallel strong side-effects as mentioned earlier (Saag, 1997). At second, 

nucleic acids anti-miRNA, miRNA or siRNA face several hurdles that slow down the process by 

which they could reach clinical translation. The first hurdle encountered by nucleic acids is their 

poor stability in biological fluids (Layzer et al., 2004; Whitehead, Langer, & Anderson, 2009). 
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The half-life of free siRNA in a biological fluid is very short, and it is easily degraded by 

nuclease (Behlke, 2008). Moreover, it is noteworthy that because of their high molecular weight 

their hydrophilicity and the presence of negatively charged phosphate groups, they poorly cross 

cell membranes and have difficulties to reach the cytoplasm where they could exert their 

therapeutic activity (Whitehead et al., 2009). In addition, the application of siRNA in therapy is 

also limited by the immunogenicity and non-target effect of some siRNA molecules (Jackson et 

al., 2003; Jackson & Linsley, 2010; Whitehead et al., 2009).  

Nanotechnologies are taking advantage of the specific physiopathology of inflamed tissues and 

of a vascular enhanced permeability effect to address encapsulated molecules to the tissue of 

interest by passive diffusion in the diseased area (Dolati et al., 2016; Pham, 2011). Accumulation 

of therapeutic nanoparticles in inflamed joints could improve anti-inflammatory activity while 

avoiding the administration of high doses and thus reducing side effects (Lorscheider, Tsapis, 

Simón-Vázquez, et al., 2019; Lorscheider, Tsapis, ur-Rehman, et al., 2019; Ozbakir et al., 2014). 

Regarding nucleic acids, it was shown that drug delivery using nanomedicines (Apparailly & 

Jorgensen, 2013) for targeted delivery or micromedicines for local controlled delivery (De Rosa 

et al., 2002) could solve much of the issues related to their administration. In this review, we will 

approach the different types of nanomedicines used for the delivery of GCs and nucleic acids. 

6 Nanomedicines for glucocorticoids  

To overcome the obstacles described above in the application of GCs in the treatment of RA, 

many nanomedicines have been developed (Feng & Chen, 2018; Gauthier et al., 2018; Knudsen 

et al., 2015; Krakovičová, Etrych, & Ulbrich, 2009; Silva, Lopes, Lobo, & Amaral, 2015; Qin 

Wang et al., 2016). They are all aiming to efficiently load GCs, target specific tissues or cell 

types, and control drug release for a long period of time (Lühder & Reichardt, 2017; Q Wang & 

Sun, 2017) as summarized in Table I. 

6.1 Liposomes 

Liposomes are vesicular vectors composed of one or several lipid bilayers surrounding an 

aqueous core (Figure 4). Liposomes have been widely used for GCs delivery (Ozbakir et al., 

2014). Conventional liposomes are opsonized by plasma proteins resulting in rapid clearance by 

the monocyte phagocytic system (MPS) when administered intravenously (Owens & Peppas, 

2006; G. Song, Petschauer, Madden, & Zamboni, 2014). A strategy to design stealth® liposomes 

has been developed consisting in modifying vesicle surface with polyethylene glycol (PEG) 

chains to avoid immediate phagocytosis and to enhance circulation time in the blood (Allen, 

Hansen, Martin, Redemann, & Yau-Young, 1991; Klibanov, Maruyama, Torchilin, & Huang, 

1990). GCs can be encapsulated either in the aqueous compartment of liposomes in the form of 

salts (U Rauchhaus et al., 2009) or within the bilayer in their hydrophobic form (Hong Kee, 

Hack Joo, Hyun Pyo, Lee, & Si Myung, 1988) (Figure 4). 

Conventional liposomes (Table 1) made of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

were first applied to the encapsulation of prednisolone palmitate, a lipidic prodrug of 

prednisolone, and showed higher anti-inflammatory activity than prednisolone hemisuccinate, 



14 

 

following intravenous injection into rats, using a λ-carrageenin paw edema test (Hong Kee et al., 

1988). Other formulations were designed with dexamethasone. Liposomes composed of DPPC, 

1,2-dipalmitoyl-sn-glycero-3-(phosphor-rac-(1-glycerol)), sodium salt (DPPG), and cholesterol 

(50:10:40 mol%) were also given intravenously in an experimental arthritis model in mice and 

rats (Anderson et al., 2010; Rauchhaus, Schwaiger, & Panzner, 2009). In both cases, the 

PEG-free formulations considerably reduced the dose and/or frequency required to treat RA, 

with the potential to enhance or prolong therapeutic efficacy and limit side-effects (Anderson et 

al., 2010; Rauchhaus et al., 2009a; Rauchhaus et al., 2009b). 

Liposomes coated with PEG (named PEGylated or stealth®) (Table 1) were designed to deliver 

prednisolone in an adjuvant-induced arthritis (AIA) model in rats (Metselaar, Wauben, 

Wagenaar-Hilbers, Boerman, & Storm, 2003). A single injection of 10 mg/kg resulted in the 

complete remission of the inflammatory response for almost a week. In contrast, the same dose 

of unencapsulated prednisolone did not reduce inflammation, and only a slight effect was 

observed after repeated daily injections (Metselaar et al., 2003). It was further shown that this 

liposomal formulation protects against cartilage matrix destruction during experimental arthritis 

by inhibiting protease expression and activity in the inflamed synovium (Hofkens, Storm, Van 

den Berg, & Van Lent, 2011). Avnir et al. (Avnir et al., 2008) also designed PEGylated liposome 

formulation for high entrapment of methylprednisolone hemisuccinate which exhibits optimal 

pharmacokinetic profiles of long-circulating nanomedicines in both rats and beagle dogs. The 

superior therapeutic efficacy of the liposomal formulation over that of the free drug was shown 

in arthritic rats, both in early and in peak disease stages (Avnir et al., 2008). Besides, the 

therapeutic activity and adverse effects induced by 3 different GCs encapsulated in 

long-circulating liposomes were compared in arthritis induced in mice in an attempt to further 

optimize the therapeutic index of liposomal GCs (Van den Hoven et al., 2011). The GCs 

(dexamethasone, budesonide) of higher potency than prednisolone exhibited an increased 

efficacy over the non-encapsulated ones. However, side effects such as reduction of body weight 

and hyperglycemia were observed due to the amount of sustained free GC released after 

intravenous liposome administration (Van den Hoven et al., 2011). As the drug release rate is 

dependent on liposome composition, the nature of the drug and the method of encapsulation, 

Hosseini et al (Hosseini, Maleki, Eshraghi, & Hamidi, 2016) introduced a liposome formulation 

composed of phosphatidylcholine that could significantly reduce the release rate of GCs. 

Prednisolone release profiles from liposomes displayed near-zero order kinetics with a very low 

initial burst. In in vivo experiments in rats, no initial plasma concentration burst was observed. 

The slow release of GC led to a stable GC concentration in the blood circulation for a longer 

time (about 2.5 times) when compared with the control group (Hosseini et al., 2016). However, 

no comparison with other liposomal formulation was carried out. 

Active targeting was also approached for the delivery of GCs in RA (Table 1). Several ligands 

were attached to the liposomal surface for this purpose. One of the first studies consisted of 

attaching RGD peptides to long-circulating PEGylated liposomes containing dexamethasone 

phosphate targeting αvβ3 integrins overexpressed on angiogenic vascular endothelial cells at 

sites of inflammation. One single intravenous injection of these targeted liposomes resulted in a 
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strong and long‐ lasting antiarthritic effect in adjuvant-induced arthritis in rat (Koning et al., 

2006). Because activated macrophages are known to greatly overexpress the folate receptor, 

folate-liposomes were shown to selectively accumulate in arthritic rat paws to a greater extent 

than non-targeted liposomes (Poh et al., 2017) (Poh, Chelvam, Ayala-Lopez, Putt, & Low, 2018). 

When the folate liposomes containing betamethasone were administered to arthritic rats, animals 

exhibited less paw swelling, lower arthritis scores, a reduction in bone erosion, less 

splenomegaly and better maintenance of body weight when compared with untreated or 

non-targeted liposomes containing betamethasones (Poh et al., 2017). It has been recently 

reported that dexamethasone palmitate-loaded liposomes decorated with a sialic acid conjugate 

provide a reinforced accumulation in peripheral blood neutrophils, a better accumulation in the 

joints and a stronger anti-inflammatory effect in an RA model induced in Rats. (Hu et al., 2019). 

Finally, delivery of p-coumaric acid encapsulated into mannosylated liposomes was shown to 

target specifically synovial macrophages and inhibited osteoclast formation and bone resorption 

in an RA mice model (Neog & Rasool, 2018). Among all these formulations, only a few have 

reached the clinical stage. In the field of inflammatory diseases, the company Enceladus® is 

launching a phase 2b clinical trial with a liposomal prednisolone formulation. 

6.2 Polymeric Micelles  

Polymeric micelles are colloidal, supramolecular nanomedicines, with a diameter ranging from 

10 to 100 nm, usually formed from the self-aggregation in an aqueous medium of amphiphilic 

block polymers. (Jhaveri & Torchilin, 2014). The micellar structure of amphiphilic monomers is 

entropically favored and occurs above their critical aggregation concentration to results in the 

formation of a core-shell structure, where the hydrophobic part of the polymer is located inside 

(core) and the hydrophilic is on the outside (shell) (Lu, Zhang, Yang, & Cao, 2018). 

Encapsulated hydrophobic or low water-soluble drugs such as GCs are usually located in the 

hydrophobic inner core (Figure 4) and can be released by diffusion (Amjad, Kesharwani, Amin, 

& Iyer, 2017). The hydrophilic shell and the small size provide some protection in limiting 

opsonin adsorption and good stability in biological fluids which contribute towards a longer 

blood circulation time. Currently, there are reports that amphiphilic compounds can be simply 

divided into two different systems: the first one consists of block copolymers. Typically, PEG is 

used as a hydrophilic block, while the hydrophobic block can be composed of poly 

(ε-caprolactone) (Khodaverdi et al., 2019; Q Wang et al., 2016) poly-L-cysteine (H. C. Kim et al., 

2017). These systems formed by amphiphilic compounds present the advantages of being simple 

to obtain through simple chemical reactions but lack the potential for wide optimization and 

chemical modification. The second systems are the amphiphilic dendrimers or dendrons, which 

on the contrary can be synthesized by customization. Amphiphilic dendrimers have the ability of 

amphiphilic compounds to form micelles and display many additional advantages such as regular 

molecular structure, accurately controlled spatial structure and abundant surface groups (X Liu et 

al., 2014). 

Up to now, the potential of micelles as carriers for rheumatoid arthritis treatment has not been 

extensively explored. Only a limited number of amphiphilic molecules forming micelles have 
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been developed and reported, such as poly(ethylene glycol)-poly (ɛ-caprolactone) (PCL-PEG), 

polysialic acid-polycaprolactone (PSA-PCL) (Koo, Rubinstein, & Önyüksel, 2011; Wang et al., 

2016, 2019; Wilson, Zhang, Silvers, Forstner, & Bader, 2014). The work by Wang et al. (Qin 

Wang et al., 2019) on PCL-PEG demonstrated that it was possible to deliver low-dose of 

dexamethasone to inflamed joints. These stable micelles, with a diameter lower than 100 nm and 

a high encapsulation efficiency, demonstrated a relatively long persistence of dexamethasone in 

plasma compared with the free drug. It led to a better anti-inflammatory efficacy than free 

dexamethasone in the treatment of arthritis in rats (Wang et al., 2019). 

In a head-to-head comparison study, with four established nanomedicines formulations of 

dexamethasone, Quan, and co-workers (Quan et al., 2013) compared the anti-inflammatory 

effects of micelles and liposomes respectively encapsulating the same dose of dexamethasone. It 

was found in vivo that after a single intravenous injection, the formulations containing 

dexamethasone in polymeric micelles showed a sustained drug release and prolonged systemic 

activity, inducing a longer duration of therapeutic activity resulting in better joint protection. 

Although liposomes show a very slow release rate in vitro, when used on an AIA rat model, they 

interact with macrophage-like synovial cells, resulting in rapid release of the encapsulated drugs 

after lysosomal degradation. Therefore, the duration of its anti-inflammatory effect is much 

shorter than expected. This indicates that it may be more advantageous to encapsulate GCs with 

water-soluble micelles than liposomes in the treatment of rheumatoid arthritis. 

6.3 Polymer and lipid nanoparticles 

Several attempts of encapsulating GCs in poly(lactide-co-glycolide) (PLGA) polymer 

nanoparticles (Figure 4) were achieved with some moderate success due to poor drug loading, 

drug crystallization, and drug burst release effect (Gómez-Gaete, Fattal, Silva, Besnard, & Tsapis, 

2008; Gómez-Gaete, Tsapis, Besnard, Bochot, & Fattal, 2007). The most successful results were 

obtained with betamethasone (Higaki, Ishihara, Izumo, Takatsu, & Mizushima, 2005; Ishihara, 

Kubota, Choi, & Higaki, 2009). In one first study, betamethasone sodium phosphate (BSP) 

encapsulated in PLGA nanoparticles with a size of 100–200 nm were obtained. They were 

intravenously administered to AIA in rats and mice with anti-type II collagen antibody-induced 

arthritis. (Higaki et al., 2005). In both models, the treatment was effective. A single intravenous 

dose of hydrophilic BSP encapsulated in PLGA nanoparticles could lead to a rapid, complete, 

and durable resolution of joint inflammation owing to the enhanced and preferential localization 

of BSP in the inflamed joints. The same dose of free BSP after three administrations only 

moderately reduced the severity of inflammation. In addition, a histological examination, 7 days 

after the treatment, showed a significant decrease in the inflammatory cells in the joints (Higaki 

et al., 2005). The same group also developed several formulations of PEGylated PLGA 

nanoparticles with a size rangin from 45 to 115 nm, this latest exhibiting the highest 

anti-inflammatory effect (Ishihara et al., 2009). The authors stipulate that this may have been due 

to prolonged blood circulation and targeting to the inflamed joint in addition to its sustained 

release in situ (Ishihara et al., 2009). A recent system was developed in our group inspired by 

long-circulating liposomes with new features such as a high drug loading and low burst effect as 
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compared to PLGA nanoparticles (Lorscheider, Tsapis, Simón-Vázquez, et al., 2019; Lorscheider, 

Tsapis, ur-Rehman, et al., 2019). It consisted of nanoparticles made of solely a prodrug of GC, 

dexamethasone palmitate, and PEGylated phospholipids with a drug loading up to about 50% by 

weight (Lorscheider, Tsapis, Simón-Vázquez, et al., 2019). The particles were shown to modify 

the pharmacokinetics of the drug and, in a murine model of arthritis, demonstrated a preferential 

distribution in inflamed joints (Lorscheider, Tsapis, Simón-Vázquez, et al., 2019; Lorscheider, 

Tsapis, ur-Rehman, et al., 2019) enhancing the anti-inflammatory effect of dexamethasone 

compared to the free drug with even inflammation remission observed in animals (Lorscheider, 

Tsapis, ur-Rehman, et al., 2019). 

6.4 Polymer-drug conjugates 

Besides being entrapped, GCs which are mainly poorly water-soluble drugs can directly be 

chemically conjugated to water-soluble polymers producing polymer-drug conjugates (PDCs) 

(Canal, Sanchis, & Vicent, 2011; Kopeček, 2013) (Figure 4). Currently, polymers such as PEG 

(X.-M. Liu et al., 2010) or N-(2-hydroxypropyl) methacrylamide(HPMA) (D. Wang et al., 2007) 

have been successfully used for drug conjugation. In addition, several PDCs based on PEG have 

been approved for clinical use (Alconcel, Baas, & Maynard, 2011). In one study involving 

HPMA-dexamethasone conjugates, the molecular weight was found to be the predominant factor 

impacting PDC pharmacokinetics (Wei et al., 2017). The increased molecular weight of 

HPMA-dexamethasone conjugates reduced elimination, leading to lower clearance, longer 

half-life, and higher systemic exposure (Wei et al., 2017). In the CIA mouse model, Quan et al. 

demonstrated a much better distribution of the HPMA conjugates (Quan et al., 2016). However, 

while the inflammation responded more rapidly to dexamethasone HPMA conjugates compared 

to free dexamethasone, the final clinical score was equal in both cases 30 days after inducing 

arthritis. Alternative strategies for drug controlled release are based on the inflamed 

microenvironment using stimuli sensitive bonds that are redox-responsive, 

temperature-responsive or flare-responsive (Joshi et al., 2018). A very elegant study by Joshi et 

al. described the development of a hydrogel platform that exhibits disassembly and drug release 

controlled by the concentration of enzymes expressed during arthritis flares applied to 

triamcinolone (Joshi et al., 2018). After local injection, a single dose of triamcinolone-loaded 

hydrogel but not the equivalent dose of locally injected free triamcinolone reduces arthritis 

activity in the injected paw (Joshi et al., 2018). Although interesting, this system is very different 

from the others due to the route of administration and to non particulate form but can open 

perspectives for the design of systemic delivery systems. 
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Figure 4: Types of nanomedicines used for the delivery of Glucocorticoids 

7 Nanomedicines for nucleic acid delivery in rheumatoid arthritis 

7.1 Small interfering RNA (siRNAs) 

As discussed above, siRNAs have a potent ability to inhibit the translation of specific genes and 

are being studied in-depth as a promising alternative to antibodies and small molecules inhibitors  

(Apparailly & Jorgensen, 2013; Shuey, McCallus, & Giordano, 2002). Up to now, 

siRNA-nanomedicines therapy has accessed the clinics with Patisiran® a siRNA for the 

treatment of hereditary amyloidosis related to transthyretin produced by the liver that undergoes 

misfolding and aggregation generating deposits in different tissues (Yasuda et al., 2014). Liver 

targeting results from its physiological function toward colloidal particles where Kuppfer cells 

and hepatocytes are natural hosts for nanomedicines (Haussecker, 2014; Yin et al., 2014). There 

are still many challenges to overcome in targeting other tissues than the liver after systemic 

delivery of siRNA (Haussecker, 2014). Considering the great potential of siRNA to knock-down 

cytokine expression, it is important to develop efficient siRNA delivery methods that target 

tissues such as inflamed joints in RA. Nanomedicines can still provide interesting possibilities 

for the delivery of siRNAs and there are currently various carriers explored for siRNA delivery 

in adjuvant-induced arthritis, including cationic liposomes, cationic polymer nanoparticles, 

cationic dendrimers (Figure 5), that will be discussed in the next sections. 

7.1.1 Liposomes  

As they are quite versatile, liposomes were also tailored to deliver siRNAs. The basic structure 

consisted of cationic liposomes that can bind siRNA through electrostatic interactions and this 

complexation can effectively protect siRNA from the degradation by nucleases, induce high 

cellular internalization, improve the pharmacokinetics compared with free siRNA, and lower 

renal clearance of siRNA (Leng, Woodle, Lu, & Mixson, 2009). Some cationic lipids have been 

frequently used for siRNA delivery, such as 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP) (Sørensen, Leirdal, & Sioud, 2003), 
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N-(1-[2,3-dioleoyl]-propyl)-N,N,N-trimethylammonium chloride (DOTMA) (Ren, Song, Zhang, 

& Liu, 2000) and Lipofectamine® 2000 from Invitrogen® (S. Zhang, Zhao, Jiang, Wang, & Ma, 

2007). Others are homemade cationic lipids RPR209120 

(2‐[3‐{bis‐(3‐aminopropyl)‐amino}‐propylamino]‐N-ditetradecylcarbamoylmethylacetamide) 

(Byk et al., 1998) producing liposomes in the presence of a helper lipid that is 

dioleoylphosphatidylethanolamine (DOPE). Complexes made between these cationic liposomes 

and a siRNA silencing TNF-α were obtained by Khoury et al. and systemically delivered in a 

CIA murine model (Khoury et al., 2008). After weekly injections, systemic and local joint 

secretion of TNF-α was significantly inhibited, as well as IL-6 and MCP-1 (Khoury et al., 2008, 

2006). However, these complexes usually have high charge density on their surface, which can 

induce non-specific interaction with serum protein leading to aggregation and further adverse 

effects (Arima, Aramaki, & Tsuchiya, 1997). To achieve better systemic delivery of siRNA, 

many authors have considered the use of neutral or even PEGylated lipids to cover liposome 

surface and reduce protein interactions. However, since the surface is not positively charged, 

neutral and negative liposomes usually require polymer-mediated encapsulation of siRNA in 

liposome aqueous core. Compared with surface loading, the core-encapsulation of siRNA allows 

higher loading efficiency and better stability (S.-D. Li, Chono, & Huang, 2008). The introduction 

in the core of auxiliary cationic polymers, such as protamine, can achieve this goal. Protamine 

can preconcentrate siRNA into the core of liposome through electrostatic binding without 

significantly increasing liposome size (Alshaer et al., 2018; Peer, Zhu, Carman, Lieberman, & 

Shimaoka, 2007). In addition, protamine favors nucleic acid release from the endosome (Amos 

& Kearns, 1963) and improves the cytoplasmic release of siRNA. Core encapsulation of siRNA 

with protamine allowed to successfully deliver siRNA in cancer models (Alshaer et al., 2018; 

S.-D. Li, Chen, Hackett, & Huang, 2008; S.-D. Li, Chono, et al., 2008). In RA, Wang et al. (X. 

Wang, Wang, Sun, & Fu, 2018) developed a cell-permeable peptide-conjugated 

liposome-polycation-siRNA complex loaded with a siRNA targeting the ribonucleotide 

reductase M2 (RRM2), to increase the levels of apoptosis and inhibit the proliferation of 

fibroblast-like synoviocytes in RA (RA-FLS). These liposomes have a relatively small particle 

diameter (about 130 nm), high siRNA encapsulation efficiency (>90%) and high stability. It was 

confirmed that they can significantly inhibit the expression of RRM2 gene and protein by about 

80% in vivo. It is worth noting that liposomes effectively target RA-FLS, resulting in 

significantly reduced proliferation and increased apoptosis level of RA-FLS (X. Wang et al., 

2018). In addition to cationic, neutral and negative liposomes, another widely studied liposome 

form is the stable nucleic acid-lipid particle (SNALP) (Figure 5). SNALPs are constructed from 

a bilayer composed of a mixture of low cationic lipid content and fusogenic lipids to enable 

cellular uptake and endosomal release of the siRNA cargo. The surface of SNALPs is coated 

with PEG lipid conjugate, which provides a long circulation time (Morrissey et al., 2005). In a 

recent study related to SNALP delivery of anti-TNF-α siRNA, it was shown that two doses 

administered locally by intra-articular injection can efficiently suppress inflammation in an 

experimental arthritis model at relatively low anti-TNF-α siRNA dose (1μg). Furthermore, 

treatment with SNALPs leads to a reduced Th1 response (Jansen et al., 2019). 
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7.1.2 Polymer and lipids nanoparticles  

Polymeric nanoparticles have been frequently used as siRNA delivery systems (Shende, Ture, 

Gaud, & Trotta, 2019). The most prominent feature of nanoparticle carriers is related to their 

physical and chemical properties, such as composition, size, shape and surface chemistry which 

can be precisely tuned (Xu & Wang, 2015). Polymer carriers can also significantly improve the 

pharmacokinetics and biological distribution of siRNA (Oh & Park, 2009). In addition, the 

number of available surface groups provides the potentialities of chemical modification in order 

to design targeted delivery and controlled release (Sarett, Nelson, & Duvall, 2015; Zhang et al., 

2018). Polymers commonly used in nucleic acid delivery can generally be divided into natural 

and synthetic polymers (Oh & Park, 2009). Natural polymers such as chitosan, cyclodextrin, 

adenylate, protamine, collagen and cationic polypeptides have been favored due to their good 

biocompatibility and biodegradability (Howard, 2009; Nimesh, Gupta, & Chandra, 2011; 

Posadas, Guerra, & Ceña, 2010). Chitosan, that can be obtained from exoskeletons of 

crustaceans, became the most commonly used natural polymer to form nanoparticles with siRNA. 

This polymer is cheap and easily available. It can also enhance the transport of polar drugs (S. 

Zhang et al., 2007). Shi et al. synthesized a folate-PEG-Chitosan-diethylethylamine conjugate 

loaded siRNA (C. Yang, Gao, & Kjems, 2014). These nanoparticles, not only significantly 

reduced TNF-α concentration but also significantly improved articular cartilage destruction and 

bone loss in the Collagen Induced Arthritis model (Shi et al., 2018). Finally, Wang et al. 

developed a DNA nanodrugs via the conjugation of NF-κB decoy oligodeoxynucleotides) and 

VCAM-1 targeted peptides onto self-assembled DNA tetrahedrons (Z. Wang et al., 2020). The 

DNA nanodrugs reduced the level of inflammatory proteins in cells and in a model of AIA in 

mice. Reduced clinical arthritis index and improved joint rehabilitation were also achieved 

through efficient delivery of NF-κB decoy oligodeoxynucleotides (Z. Wang et al., 2020). 

 

Synthetic cationic polymers like polyethyleneimine (PEI), polylysine (PLL), and dendrimers 

(discussed separately below) are commonly used to deliver nucleic acids (Howard, 2009; 

Nimesh et al., 2011; Posadas et al., 2010; Wu, Chien, Liu, Yan, & Lin, 2012). Among these 

polymers, PEI is the most commonly used due to a wide range of molecular weights and many 

protonated amino groups, resulting in high cationic charge density under physiological pH values, 

which provides the ability to bind with nucleic acid through electrostatic adsorption (Oh & Park, 

2009). However, its high surface charge density is responsible for severe toxicity particularly due 

to strong interactions with negatively charged plasma membrane (Boeckle et al., 2004; Hunter, 

2006). In-depth studies show that the toxicity of PEI tends to increase with high molecular 

weight (Thomas & Klibanov, 2002) and with the increase of branching (Fischer et al., 2002). The 

cytotoxicity of PEI can be effectively reduced by removing terminal groups that are not 

complexed with nucleic acid (Boeckle et al., 2004). Song et al. cross-linked low molecular 

weight PEI (Mw = 1.8 kDa) through a degradable linker. This carrier that was used to deliver 

TNF-α shRNA (Interfering RNA with hair-pin configuration), has good biocompatibility, and 

relatively high transfection efficiency, being very effective in reducing the severity of arthritis in 

the CIA model (J. Song et al., 2016). Another strategy to reduce PEI toxicity consisted of 
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associating PEG to low molecular weight PEI (Mao et al., 2006). Indeed, the presence of PEG 

can significantly reduce the cytotoxicity of cationic polymers by forming a shielding layer, 

which can protect the polymer structure from damage and degradation in the body environment. 

It is worth noting that both the chain length and the grafting density of PEG have a great 

influence on siRNA condensation and stability (Oh & Park, 2009). Indeed, complexation of 

siRNA with a series of PEG derivatives of PEI demonstrated that high PEG chain density and a 

size of 0.55 kilodaltons cannot fully protect siRNA from nuclease. In contrast, other derivatives 

with PEG chain molecular weight greater than 2 kilodaltons protect siRNA from ribonuclease 

degradation.  

Rare are the papers that developed solid lipid nanoparticles for siRNA delivery in RA. Aldayel et 

al. (Aldayel et al., 2018) complexed TNF-α siRNA with biocompatible cationic lipids, and then 

incorporated the nanocomposite into an acid-sensitive polyethylene glycol 

(2000)-hydrazone-stearic acid (C18) derivative producing in final lipid nanoparticles (Aldayel et 

al., 2018). Their use in a mouse model of collagen antibody-induced arthritis demonstrated a 

reduction of paw thickness, bone loss, and improvement of the histopathological scores (Aldayel 

et al., 2018). The authors further evidenced that surface modification of the acid-sensitive 

sheddable PEGylated nanoparticles with mannose, a ligand to mannose receptors present in 

chronic inflammation sites significantly increases the targeted delivery of the nanoparticles to 

these areas (O’Mary et al., 2017). 

7.1.3 Dendrimers 

Cationic dendrimers have also attracted the attention of researchers as carriers for nucleic acid 

(Biswas & Torchilin, 2013; Dzmitruk et al., 2018; Ferenc et al., 2013). In an equal way to other 

cationic polymers, they have the ability to protect nucleic acid from nuclease degradation and 

improve their biopharmaceutical properties (Abbasi et al., 2014; Bauer & Amis, 2001; Caminade, 

Ouali, Laurent, Turrin, & Majoral, 2015; Mintzer & Grinstaff, 2011). The second difference with 

other cationic polymers is related to the synthesis leading to precise and controllable spatial 

structure and molecular weight, especially the number and structure of terminal groups on their 

surfaces. It provides rich possibilities for nucleic acid binding (Deriu et al., 2018). A large 

number of functional terminal groups are another advantage of dendrimers, which not only can 

bind a large number of nucleic acids on their periphery, but also provides a large space for 

customized functionnalisation. In the field of RA treatment, a dendrimer with 12 

azadiphosphonate groups on a phosphorus-based scaffold, has shown good anti-inflammatory 

effect by themselves without any drug loading (Hayder et al., 2011). In addition, studies have 

shown that dendrimers can also perform well in prolonging the circulating time in vivo (Maeda, 

2010). These advantages make their application in nucleic acid delivery very appealing (Bohr et 

al., 2017; Motoyama et al., 2015; Perise-Barrios et al., 2014). However, there are not many 

studies using dendriplexes in the field of RA. Jensen et al. were the first to show that 

polyamidoamine dendrimers associated with anti-TNF-α siRNA were able to significantly induce 

gene-silencing (Jensen et al., 2012). This observation was further confirmed by Pandi et al. with 

the same anti-TNF-α siRNA (Pandi et al., 2018). The reason why there are not many experiments 
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using polyamidoamine dendrimers by systemic delivery with siRNA might be due to their 

toxicity and strong affinity to the MPS. It could be worth exploring amphiphilic dendrimers 

which can form a micellar structure in aqueous solution by self-assembly. At present, 

amphiphilic dendrimers have emerged in siRNA delivery carriers with impressive effects mainly 

in anti-tumor applications (Liu et al., 2014; Liu et al., 2015; Yu et al., 2012). 

 

 
Figure 5 :  

7.2 Combined nucleic acid-drug delivery  

Due to the complex physiopathology of RA that involves a variety of related cells and cytokines 

(Alghasham & Rasheed, 2014; Burmester, Feist, & Dörner, 2014; Siebert, Tsoukas, Robertson, & 

McInnes, 2015), it is difficult to achieve an ideal therapeutic effect with one single small 

molecule drug or one anti-cytokine therapy due to the large number of targets that one of these 

drugs should reach. It appears more effective to combine two therapeutic approaches with 

different mechanisms of action. When multiple therapeutic agents target the same cellular 

pathway, they can cooperate to obtain a higher therapeutic effect and higher targeting selectivity 

(Saraswathy & Gong, 2014). Based on these considerations, developing a new delivery platform 

to deliver GCs and siRNA together appears a simple, direct and feasible method. Compared with 

single delivery, the simultaneous delivery of two loaded drugs by one carrier can reduce the loss 

in the delivery process, improve the delivery efficiency, and decrease side-effects. In the 

co-delivery strategy for RA, the primary problem to be solved is to load both hydrophobic 

glucocorticoid and hydrophilic siRNA in the same carrier. A carrier platform with co-delivery 

capability usually needs to share a positively charged surface in order to bind nucleic acid by 

electrostatic adsorption and the ability to encapsulate hydrophobic small molecule drugs. Wang 
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et al. successfully constructed a polymeric hybrid micelle system with two similar amphiphilic 

copolymers polycaprolactone-polyethyleneimine (PCL-PEI) and polycaprolactone-PEG 

(PCL-PEG). The polymeric mixed micelle system can deliver dexamethasone and anti- NF-κB 

siRNA together. Although dexamethasone and siRNA are loaded at the same time, the particle 

diameter of the polymeric mixed micelle diameter is still controlled within a small range (around 

100 nm), and the surface is slightly positively charged as demonstrated by zeta potential 

measurements. The mixed micelle system has also a good performance on the encapsulation 

efficiency of dexamethasone and siRNA. In an established RA mouse model, the delivered 

siRNA and dexamethasone respectively show arthritis inhibition effect, which may be attributed 

to the ability to selectively accumulate in inflammatory joints of arthritis mice. NF-κB siRNA 

effectively inhibits nuclear translocation of p65 and secretion of pro-inflammatory cytokines by 

activated macrophages. The combined action of siRNA and dexamethasone triggers the 

repolarization of macrophages from pro-inflammatory M1 type to anti-inflammatory M2 type 

(Wang et al., 2017).  

Mi-RNA were essentially delivered in combination with other drugs. In one recent study (Hao et 

al., 2019) designed MTX-conjugated polymer hybrid micelles in which they incorporated 

miRNA-124. Micelles were formed by the association of MTX-Polyethylenimine-Linoleic acid 

conjugated and linoleic acid-modified methoxy-polyethylene glycol. miRNA-124 was associated 

by charge interactions. Complexes exhibited folate receptor-mediated uptake in activated 

RAW264.7 cells. miRNA was able to escape from the endosome and down-regulate nuclear 

factor of activated T cells cytoplasmic1 (NFATc1). MTX-conjugated polymer hybrid 

micelles/miR-124 complexes accumulated in inflamed joints of AIA rats and showed superior 

therapeutic efficacy through both anti-inflammatory effect and direct bone protective effect. 

Combination of miR-124 and MTX in these micelles induced disease remission. In another very 

recent study, ketoprofen was associated with microRNA-within PLGA microspheres and 

administrated locally to AIA in rats. In vivo pharmacodynamic experimental results indicated 

ketoprofen in co-loaded microspheres could significantly reduce inflammation of the joints and 

miRNA-124 in the microspheres could reduce bone damage. In addition, ketoprofen and 

miR-124 co-loaded PLGA microspheres had a remarkably advanced activity over the delivery of 

either miR-124 or ketoprofen in suppressing AIA in rats. Results of western blot and 

immunohistochemistry revealed that miR-124 could reduce the level of receptor activator of 

NF-κB ligand These results although provided by local administration suggested co-delivery of 

ketoprofen and miR-124 could achieve synergistic effects on preventing inflammation and bone 

damage caused by RA (C. Yu et al., 2018). 

8 Challenges and perspective on the nanomedicine development for RA. 

Over the past decades, the treatment of RA has achieved significant progress but no cure for 

complete remission is today available. The goal of the treatment of RA focuses on relieving 

inflammation, decreasing pain, and improving the overall function to promote better life quality 

of patients. As introduced above, NSAIDs, DMARDs, and GCs are widely used clinically to 

reach this goal. However, some issue limited their clinical application including poor efficacy, 
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side effects, low responsiveness, and high costs, fostering research to solve these drawbacks.  

Owing to nanotechnologies, the pharmacokinetics of GCs and the stability of siRNA were 

improved, but there are still many challenges that cannot be ignored: 

1. The safety of the delivery system is, of course, a source of concern. The materials used to 

produce the delivery system should not induce additional toxicity. 

2. The strong uptake of nanotechnologies by the monocyte phagocytic system should be reduced 

in order to deliver as much as possible drugs to the inflamed region.  

3. Maintaining nanotechnologies stability in biological fluids and non-inflammatory tissues to 

avoid drug leakage is also an important factor to be taken into account.  

4. At present, passive targeting of nanoparticles due to their extravasation at inflamed sites is not 

particularly satisfactory, and ways to improve the targeted delivery efficiency still needs 

optimization. 

Currently, different types of delivery systems are being investigated taking into consideration the 

above concerns. Developing a suitable delivery system for combining the delivery of several 

drugs could lead to stronger anti-inflammatory effects and help to reduce the doses and side 

effects. To achieve a better therapeutic effect, drug accumulation in specific areas can be further 

enhanced by modifying the delivery system with targeting ligands. Based on the specific 

physiological microenvironment of arthritic tissues, drug release by stimuli-responsive delivery 

systems is also a good approach to reduce drug side effects in other tissues. As tumor 

microenvironment possesses many similarities with inflammatory tissue microenvironment such 

as hypoxia, acidosis, and neovascularization, the treatment of RA could benefit from advances in 

cancer treatment using nanotechnologies. 

9 Conclusions 

In conclusion, we here show that the use of nanomedicines allows to considerably improve the 

delivery of either GCs and nucleic acids. Attempts to formulate both drugs in the same carrier is 

appealing but needs to be further investigated. siRNA delivery was mostly demonstrated in 

animal models with the aim of reducing TNF-α levels which plays a major role in RA. Only a 

few experiments have described the potentialities of using miRNA or Anti-miRNA. We, however, 

believe that in the future they will be much space in designing smart delivery systems for these 

molecules. Among the different nanomedicines, it is hard today to have a clear view of which 

one would be more efficient. Many were used with success on the same murine models, therefore 

only further studies, among which toxicological studies, will allow to sort out the most optimal 

system able to move on with clinical studies. 
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Table 1: Applications of nanomedicine-loaded glucocorticoids in the treatment of rheumatoid arthritis (AIA: Adjuvant-induced 

arthritis; CIA: Collagen-induced arthritis; LPS: Lipopolysaccharide) 

 

Glucocorticoid Formulation Animal model Results Reference 

Dexamethasone  Liposomes conventional AIA/Rat  Suppression of both chronic inflammation and joint 

destruction compared to free drug. 

(Rauchhaus et 

al., 2009a) 

Prednisolone palmitate Liposomes conventional λ-carrageenin 

paw edema 

test/Rat 

 Higher anti-inflammatory activity than prednisolone 

hemisuccinate demonstrated by edema inhibition. 

(Hong Kee et 

al., 1988) 

Dexamethasone 

phosphate 

Liposomes conventional AIA/Rat  Supression of arthritis evidences by histological signs 

and and production of IL-1 and IL-6 by peritoneal 

macrophages. 

 Strong and long-lasting suppression 

 Reduction of the dose and/or frequency required to treat 

AA. 

 Limited side-effects.  

(Anderson et 

al., 2010) 

Prednisolone acetate Liposomes conventional Healthy Rat  Zero-order release. 

 Pharmacokinetic superiority for the liposomal 

prednisolone acetate above the free prednisolone. 

(Hosseini et 

al., 2016) 

Dexamethasone 

phosphate  

Liposomes conventional CIA/Mice  Liposomal DXM-P, but not free drug, resulted in a 

persistent anti-inflammatory effect. 

 Comparable clinical benefit was achieved with a single 

administration of 4 mg/kg liposomal DXM-P or daily 

administrations of 1.6 mg/kg free drug for at least 7 days. 

(Rauchhaus et 

al., 2009b) 

Prednisolone 

phosphate  

Liposomes Stealth® AIA/Rat  A single injection of 10 mg/kg resulted in complete 

remission of the inflammatory response for almost a 

week. 

 Preferential glucocorticoid delivery to the inflamed joint. 

(Metselaar et 

al., 2003) 
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Prednisolone 

phosphate 

Liposomes Stealth® AIA/Mice   A  single injection of prednisolone phosphate liopsomes 

showed a pronounced suppression of synovial immune 

cell infiltration compared to control. 

 Supression of IL-1β and metalloproteases. 

 Liposomal prednisolone suppresses destruction of the 

cartilage matrix. 

(Hofkens et 

al., 2011) 

Methyl prednisolone 

hemisuccinate 

Liposomes Stealth® CIA/Rat  & 

Beagle Dog 

 Controlled drug release during systemic circulation and 

in inflamed paws. 

(Avnir et al., 

2008) 

Prednisolone, 

dexamethasone, 

budesonide 

Liposomes Stealth® AIA/Rat  Small-sized long-circulating liposomes  of 

dexamethasone or budesonide demonstrated  higher 

potency than prednisolone with however more 

side-effects due to the amount of sustained free drug 

released 

(Van den 

Hoven et al., 

2011) 

Dexamethasone 

phosphate 

RGD-bearing Stealth® 

liposomes 

 

AIA/LPS/Rat  

inflammation 

 One single intravenous injection resulted in a strong and 

long‐ lasting antiarthritic effect.  

(Koning et al., 

2006) 

Betamethasone  Folate-bearing Stealth® 

liposomes 

AIA/Rat  Targeted liposomes selectively accumulated in arthritic 

rat paws in a larger extent than non targeted. 

 Treated animals exhibited less paw swelling, lower 

arthritis scores, a reduction in bone erosion, less 

splenomegaly and better maintenance of body weight 

when compared with untreated or non-targeted 

bethamethasone-containing liposome groups. 

(Poh et al., 

2017) 

Dexamethasone 

palmitate  

Sialic acid modified 

liposomes 

AIA rat  Sialic-acid-modified liposomes provided a greater degree 

of accumulation in the joints and a stronger 

anti-inflammatory effect in terms of RA suppression.  

(Hu et al., 

2019) 

Dexamethasone  Micelles of amphipathic 

poly (ethylene 

AIA/Rat  Long time circulation in blood and preferential 

accumulation in inflamed joints. 

(Wang et al., 

2016) 
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glycol)-block-poly 

(ε-caprolactone) 

Dexamethasone  Micelles made of 

dexamethasone attached to 

the side chains of a 

wheat-like polyethylene 

glycol (PEG) derivative via 

an acid-responsive linker 

AIA/Rat  Improved pharmacokinetics properties 

 Preferential release in acidic arthritic joints 

 Significant reduction of the arthritis score 

(Wang et al., 

2019) 

Betamethasone 

disodium 

21-phosphate 

Nanoparticles of Poly 

(lactide-co-glycolide) and 

poly(lactide-co-glycolide)-

PEG 

AIA/Rat 

Anti-type II 

collagen 

antibody-induced 

arthritis /Mice 

 

 Particles of 115 nm, exhibited highest anti-inflammatory 

activity than those of 45 nm. 

 High accumulation of the stealth nanoparticles in 

inflamed joints.  

(Ishihara et 

al., 2009) 

Dexamethasone Conjugate of 

dexamethasone- 

Polyethylene glycol  

AIA/Rat  Conjugate administration provided more than 15 days 

amelioration of ankle joint inflammation.  

( Liu et al., 

2010) 

Dexamethasone  Conjugate of 

dexamethasone-N-(2-hydro

xypropyl) methacrylamide 

copolymer 

AIA/Rat  Superior and longer-lasting anti-inflammatory effects. 

 Greater bone and cartilage preservation. 

 Selective accumulation due to potential 

macrophage-mediated retention.  

(Wang et al., 

2007) 

Dexamethasone  Conjugate of 

dexamethasone-N-(2-hydro

xypropyl) methacrylamide 

copolymer 

CIA/Mice  Localization in the arthritis joints. 

 Single dose of the conjugate and the dose equivalent of 

free drug led to comparable clinical efficacy after 30 

days. 

(Quan et al., 

2016) 

Dexamethasone Nanoparticles made of 

solely dexamethasone 

palmitate and distearoyl 

CIA/Mice  Improved pharmacokinetics properties 

 Preferential release in acidic arthritic joints 

 Significant reduction of the arthritis score 

(Lorscheider, 

Tsapis, 

ur-Rehman, et 
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phosphatidylcholine- PEG al., 2019) 
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Table 2: Applications of nanomedicine-loaded nucleic acids in the treatment of rheumatoid arthritis 

(CIA: Collagen-induced arthritis – AIA: Adjuvant-induced arthritis) 

Formulation Target/Inhibitor Animal model Results Reference 

Cationic liposomes DOTAP/PEG-DSPE TNF-α/siRNA CIA/Mice  Efficient delivery of siRNAs to 

synovial cells 

 Decrease of severity of arthrtitis and 

reduction of TNF-α mRNA in joints 

(Komano 

et al., 2011) 

Cationic liposomes 

2-(3-[Bis-(3-amino-propyl)-amino]-propylamino)-N-ditetradecylcarbamoylme-thyl-acetamide)/DOPE 

TNF-α/siRNA CIA/Mice  In vitro, TNF-α siRNA efficiently and 

specifically modulated the expression 

of TNF-α at both the messenger RNA 

and protein levels. 

 In vivo, complete cure of CIA 

(Khoury et 

al., 2006) 

Calcium phosphate/liposome-based hybrid nanoparticles covered with folic acid NF-κB/siRNA 

(Combined with 

methotrexate) 

CIA/Mice  Inhbition of NF-κB signaling 

pathways and reduction of the 

expression of pro-inflammatory 

cytokine 

 Folate receptor-targeted nanoparticles 

significantly suppressed the arthritis 

progression in mice model. 

(Duan & 

Li, 2018) 

Solid-lipid nanoparticles TNF-α/siRNA CIA/Mice  High siRNA encapsulation efficiency 

and minimum burst release of TNF-α 

siRNA  

 Targeting inflamed tissues and 

reduction of paw thickness, bone loss, 

and histopathological scores.  

(Aldayel et 

al., 2018) 

Nanoparticles of thiolated glycol chitosan  TNF-α/SiRNA CIA/Mice  Rapid cellular uptake and excellent in 

vitro TNF-α gene silencing efficacy. 

 High accumulation in arthritic joints. 

(Lee et al., 

2014b) 
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 Inhibition of inflammation and bone 

erosion 

Nanoparticles thiolated glycol chitosan Notch1/siRNA CIA/Mice  In vitro Notch1 inhibition in RAW 

264.7 macrophages 

 Higher targeting efficiency in the 

arthritic joints 

 Retarded progression of 

inflammation, bone erosion, and 

cartilage damage 

(Kim et al., 

2015) 

Nanoparticles of chitosan  diethylethylamine coupled to polyethylene glycol-folic acid. TNF-α/siRNA CIA/Mice  Protects siRNA against nuclease 

destruction 

 siRNA uptake facilitated via folate 

receptor 

 significantly decrease of inflammation 

demonstrated by improved clinical 

scores and lower TNFα protein 

concentrations in target tissues 

(Shi et al., 

2018) 

Nanoparticles made of 2,6-pyridinedicarboxaldehyde and low-molecular-weight polyethyleneimine TNF-α/shRNA CIA/Mice  In vivo inhibition of  TNF-α 

 Reduction of clinical arthritis score. 

and paw swelling 

(Song et 

al., 2016) 

Anti–C5aR1 Protamine complex associated to a C5 siRNA C5 component of 

complement 

CIA/Mice  Significantly reduced arthritis score (Mehta, 

Scheinman, 

Holers, & 

Banda, 

2015) 

Micelles of arginine-histidine-cysteine based oligopeptide-modified polymer  NF-κB CIA/mice  Effective suppression mRNA 

expression and inflammatory 

cytokine levels in the arthritic paws 

(Kanazawa 

et al., 

2016) 
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of CIA mice 

 Reduction of clinical scores and paw 

thickness. 

Micelles of  polyethylene glycol–poly ɛ-caprolactone–polyethylenimine NF-κB CIA/Mice  Hybrid micelles loaded with 

Dexamethasone and siRNA 

effectively inhibited NF-κB  

signaling in murine macrophages  

 The co-delivery system was able to 

switch macrophages from M1 to M2 

phenotype. 

(Wang et 

al., 2017) 

DNA nanodrugs NF-κB AIA/Mice  Reduction of inflammatory proteins in 

cells and in a model of AIA in mice. 

 Reduction  clinical arthritis index and 

improved joint rehabilitation. 

(Z. Wang 

et al., 

2020) 
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